

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-4775-5
DOI 10.3389/978-2-8325-4775-5

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Water and carbon dynamics, ecosystem stability of forest and grassland in response to climate change

Topic editors

Xiaoming Kang – Institute of Wetland Research, Chinese Academy of Forestry, China

Shoujia Sun – Research Institute of Forestry, Chinese Academy of Forestry, China

Fenghui Yuan – University of Minnesota Twin Cities, United States

Xianjin Zhu – Shenyang Agricultural University, China

Xiaojuan Tong – Beijing Forestry University, China

Topic Coordinator

Hui Huang – Research Institute of Forestry, Chinese Academy of Forestry, China

Citation

Kang, X., Sun, S., Yuan, F., Zhu, X., Tong, X., Huang, H., eds. (2024). Water and carbon dynamics, ecosystem stability of forest and grassland in response to climate change. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-4775-5





Table of Contents




Editorial: Water and carbon dynamics, ecosystem stability of forest and grassland in response to climate change

Hui Huang, Yu Zhou, Xiaoming Kang, Xianjin Zhu and Xiaojuan Tong

Plant Evolution History Overwhelms Current Environment Gradients in Affecting Leaf Chlorophyll Across the Tibetan Plateau

Yicheng He, Tingting Li, Ruiyang Zhang, Jinsong Wang, Juntao Zhu, Yang Li, Xinli Chen, Junxiao Pan, Ying Shen, Furong Wang, Jingwen Li and Dashuan Tian

Only zinc (Zn) among micronutrients is an important predictor of grassland production

Congcong Liu, Meng Xu, Ying Li and Nianpeng He

Joint control of seasonal timing and plant function types on drought responses of soil respiration in a semiarid grassland

Ruyan Qian, Yanbin Hao, Linfeng Li, Zhenzhen Zheng, Fuqi Wen, Xiaoyong Cui, Yanfen Wang, Tong Zhao, Ziyang Tang, Jianqing Du and Kai Xue

Verification of sap flow characteristics and measurement errors of Populus tomentosa Carr. and Salix babylonica L. based on the liquid level equilibrium method

Yunjie Liu, Hanhan Zhang, Changming Ma, Bingxiang Liu and Changjun Ding

Richness and distribution of endangered orchid species under different climate scenarios on the Qinghai-Tibetan Plateau

Huawei Hu, Yanqiang Wei, Wenying Wang, Ji Suonan, Shixiong Wang, Zhe Chen, Jinhong Guan and Yanfang Deng

Drought effects on tree growth, water use efficiency, vulnerability and canopy health of Quercus variabilis-Robinia pseudoacacia mixed plantation

HanSen Jia, ChongFan Guan, JinSong Zhang, ChunXia He, ChangJun Yin and Ping Meng

Regulating carbon and water balance as a strategy to cope with warming and drought climate in Cunninghamia lanceolata in southern China

Xuan Fang, Tian Lin, Biyao Zhang, Yongru Lai, Xupeng Chen, Yixin Xiao, Yiqing Xie, Jinmao Zhu, Yusheng Yang and Jian Wang

Forage quality and physiological performance of mowed alfalfa (Medicago sativa L.) subjected to combined light quality and drought

Chunxia He, Yan Zhao, Yao Wang, Jinfeng Cai, Jun Gao and Jinsong Zhang

Microtopography mediates the climate–growth relationship and growth resilience to drought of Pinus tabulaeformis plantation in the hilly site

Hongming Zhao, Jiabing Wu, Anzhi Wang, Dexin Guan and Yage Liu

Eddy covariance measurement-based differences in annual evapotranspiration between forests and grasslands in China

Renxue Fan, Mingyu Sun, Xianjin Zhu and Qiufeng Wang

Ecosystem carbon use efficiency in ecologically vulnerable areas in China: Variation and influencing factors

Zhaogang Liu, Zhi Chen, Guirui Yu, Meng Yang, Weikang Zhang, Tianyou Zhang and Lang Han

Response of leaf biomass, leaf and soil C:N:P stoichiometry characteristics to different site conditions and forest ages: a case of Pinus tabuliformis plantations in the temperate mountainous area of China

Yutao Wang, Yiming Zhang, Lijiao Wang, Xin Jing, Lei Yu and Ping Liu

The effects of ectomycorrhizal and saprotropic fungi on soil nitrogen mineralization differ from those of arbuscular and ericoid mycorrhizal fungi on the eastern Qinghai-Tibetan Plateau

Miaomiao Zhang, Shun Liu, Xiangwen Cao, Miao Chen, Jian Chen, Gexi Xu and Zuomin Shi

Methane dynamics from a mixed plantation of north China: Observation using closed-path eddy covariance method

Wenwen Yuan, Hui Huang, Jinsong Zhang, Ping Meng, Jun Li, Tonggui Wu, Fang Zhou and Qingmei Pan

Extreme temperature events reduced carbon uptake of a boreal forest ecosystem in Northeast China: Evidence from an 11-year eddy covariance observation

Yujie Yan, Li Zhou, Guangsheng Zhou, Yu Wang, Jiaxin Song, Sen Zhang and Mengzi Zhou

Spatiotemporal dynamics of net primary productivity and its influencing factors in the middle reaches of the Yellow River from 2000 to 2020

Wenxi Xuan and Liangyi Rao

Surface energy partitioning and evapotranspiration in a Pinus tabuliformis plantation in Northeast China

Xiang Gao, Jinsong Zhang, Jinfeng Cai, Songyi Pei, Linqi Liu, Ping Meng and Hui Huang

The role of climate, vegetation, and soil factors on carbon fluxes in Chinese drylands

Zhaogang Liu, Zhi Chen, Guirui Yu, Weikang Zhang, Tianyou Zhang and Lang Han

The estimation and partitioning of evapotranspiration in a coniferous plantation in subtropical China

Mingjie Xu, Qianhui Ma, Shengtong Li, Fengting Yang, Tao Zhang, Fei Xu, Bin Yang, Hui Zhang, Shu Zhang, Qianyu Wang, Yuanyuan Tang and Huimin Wang

Changes and net ecosystem productivity of terrestrial ecosystems and their influencing factors in China from 2000 to 2019

Yutao Huang, Fang Wang, Lijuan Zhang, Junfang Zhao, Hong Zheng, Fan Zhang, Nan Wang, Jiakai Gu, Yufeng Zhao and Wenshuai Zhang

Two-level mixed-effects height to crown base model for moso bamboo (Phyllostachys edulis) in Eastern China

Xiao Zhou, Yang Zhou, Xuan Zhang, Ram P. Sharma, Fengying Guan, Shaohui Fan and Guanglu Liu

Quantifying changes in soil organic carbon density from 1982 to 2020 in Chinese grasslands using a random forest model

Jie Chen, Asim Biswas, Haohai Su, Jianjun Cao, Shuyan Hong, Hairu Wang and Xiaogang Dong

Comparison of plant diversity-carbon storage relationships along altitudinal gradients in temperate forests and shrublands

Shuaizhi Lu, Dou Zhang, Le Wang, Lei Dong, Changcheng Liu, Dongjie Hou, Guoping Chen, Xianguo Qiao, Yuyouting Wang and Ke Guo

Phenotypic plasticity of growth ring traits in Pinus hartwegii at the ends of its elevational gradient

Lizbeth Carrillo-Arizmendi, J. Jesús Vargas-Hernández, Philippe Rozenberg, Marlin Pérez-Suárez and Angel Roberto Martínez-Campos





EDITORIAL

published: 03 April 2024

doi: 10.3389/fpls.2024.1306381

[image: image2]


Editorial: Water and carbon dynamics, ecosystem stability of forest and grassland in response to climate change


Hui Huang 1,2,3, Yu Zhou 4*, Xiaoming Kang 5*, Xianjin Zhu 6 and Xiaojuan Tong 7


1Key Laboratory of Tree Breeding and Cultivation of National Forestry and Grassland Administration, Research Institute of Forestry, Chinese Academy of Forestry, Beijing, China, 2Collaborative Innovation Center for Sustainable Forestry in Southern China, Nanjing Forestry University, Nanjing, China, 3Henan Xiaolangdi Forest Ecosystem National Observation and Research Station, Jiyuan, China, 4Academic Affairs Office, Jining Polytechnic, Jining, China, 5Institute of Wetland Research, Chinese Academy of Forestry, Beijing, China, 6College of Agronomy, Shenyang Agricultural University, Shenyang, China, 7School of Ecology and Nature Conversation, Beijing Forestry University, Beijing, China




Edited by: 

Yu Liu, Northwestern Polytechnical University, China

Reviewed by: 

Niall Patrick Hanan, New Mexico State University, United States

Suman Dhakal, Rutgers University, United States

Jiabing Wu, Chinese Academy of Sciences (CAS), China

*Correspondence: 

Xiaoming Kang
 xmkang@ucas.ac.cn

Yu Zhou
 zhouyucaf@caf.ac.cn


Received: 03 October 2023

Accepted: 26 March 2024

Published: 03 April 2024

Citation:
Huang H, Zhou Y, Kang X, Zhu X and Tong X (2024) Editorial: Water and carbon dynamics, ecosystem stability of forest and grassland in response to climate change. Front. Plant Sci. 15:1306381. doi: 10.3389/fpls.2024.1306381



Keywords: water and carbon cycling, climate change, ecosystem fluxes, ecosystem stability, forest and grassland ecosystem


Editorial on the Research Topic 

Water and carbon dynamics, ecosystem stability of forest and grassland in response to climate change





Introduction

Climate change, characterized by long-term trends in temperature and rainfall, has emerged as a prominent concern in recent years (Seddon et al., 2016), exerting substantial impacts on the global carbon, water, and energy cycles of forest and grassland ecosystems. Additionally, the increasing frequency of extreme weather events can have devastating consequences for various terrestrial ecosystems (IPCC, 2023).

To further investigate the impact of climate change on forest and grassland ecosystems and to support China’s efforts to reach its peak carbon dioxide emissions and carbon neutrality goals, this Research Topic was proposed. This Research Topic comprises 23 original research articles and 1 opinion article, presenting recent advancements in the following areas: (1) carbon, water, and energy cycling of forest and grassland ecosystems in response to climate change, and (2) the response and adaptation of vegetation characteristics and ecosystem stability to climate change.





Carbon, water, and energy cycling in forest and grassland ecosystems

Carbon storage in terrestrial ecosystems plays a crucial role in mitigating climate change and achieving the goal of “carbon neutrality” by 2060. Chen et al. quantified the dynamics of soil organic carbon density (SOCD) from 1982 to 2020 and identified the dominant drivers using random forest regression. The authors identified temperature, vegetation greenness, elevation, and wind speed as the primary drivers of changes in SOCD. Grassland degradation may contribute to the loss of soil organic carbon and have a negative impact on the climate. This emphasizes the importance of prioritizing carbon management. Based on inventories conducted in the Taihang Mountains Priority Reserve, Lu et al. found that structural diversity enhanced carbon storage in forests, while species diversity promoted carbon storage in shrublands. In addition, increasing elevation strengthened the relationship between structural diversity and carbon in forests, but weakened the relationship between species diversity and carbon in shrublands. All of these differences were attributed to niche and architectural complementarity, in addition to life strategies that could guide differentiated management of forests and shrublands. Liu et al. synthesized field measurements of ecosystem carbon use efficiency (CUEe) and demonstrated significant differences in CUEe among different ecologically vulnerable areas. This research is valuable for understanding the impact of climate change on vegetation.

Evapotranspiration (ET) is a crucial factor in regulating global water and energy cycles. Based on the annual evapotranspiration (AET) values of forests and grasslands in China measured using eddy covariance, Fan et al. analyzed the differences in AET values and spatial variations between forests and grasslands. They found that forests had significantly higher AET values than grasslands. However, there was no significant difference in AET values between forests and grasslands after controlling for mean annual precipitation (MAP)-related factors. The spatial variation of AET in forests and grasslands is influenced by multiple factors, with MAP playing a dominant role. Furthermore, AET exhibited similar responses to MAP in different ecosystem types, resulting in comparable AET values under similar climatic conditions.





Vegetation response and adaptation to climate change

The Qinghai-Tibetan Plateau (QTP) is the highest and largest plateau in the world, characterized by diverse topographic conditions and climatic types. It experiences relatively little disturbance from human activities, making it an important area of research for studying vegetation response and adaptation to climate change. Using the MaxEnt model, Hu et al. simulated the potential impacts of climate change on the richness and distribution of endangered orchid species in the 2050s and 2070s. They found that the potential distribution area of orchid species would increase, while the richness of orchid species would generally decrease with increasing elevation in the future. Additionally, the selection of protected areas in the southeastern QTP should be a key consideration for future conservation plans. These results help us to predict the potential impacts of climate change on species richness and distribution, which are crucial for the conservation of endangered species. He et al. measured leaf chlorophyll (Chl) levels of grassland species at various sites in the QTP and identified a significant spatial pattern in leaf Chl. They observed that leaf Chl decreased with latitude but increased with longitude, under the combined effect of climate (photosynthetically active radiation (PAR), humidity index), soil nutrients, and plant functional group. Moreover, plant evolution has played a dominant role in shaping the variation in leaf Chl levels. It was observed that leaf Chl levels decrease non-linearly with plant evolutionary divergence time, which corresponds well with the non-linearly increasing trend in PAR or the decreasing trend in temperature during the geological timescale uplift of the Tibetan Plateau. This finding has the potential to prompt a reevaluation of the photosynthetic capacity of plants and the carbon cycle from an evolutionary perspective.

In recent years, there has been an increase in the frequency and duration of droughts. Also, the impact of these drought events on carbon fluxes has received considerable attention, especially in the mid-latitude semi-arid region. Qian et al. reported findings that the regulation of soil respiration by drought depends on seasonal timing and communities in a semi-arid grassland. The prolonged drought had more pronounced effects on soil respiration and heterotrophic respiration than the initial drought. Under drought conditions, soil water content indirectly regulates soil respiration through the microbial biomass content and gross primary production. More attention should be paid to droughts with different seasonal timing and the consequent changes in plant structure when predicting carbon dynamics under climate change. Jia et al. investigated the growth resilience indices and intrinsic water use efficiency (iWUE) of Q. variabilis and R. pseudoacacia across three crown classes using dendrochronology and carbon isotopes. Growth resilience indices, iWUE, and the current canopy health score, which serves as a proxy for vulnerability to canopy dieback, were analyzed to assess the relationships between these indicators and drought-induced mortality. The study provides helpful information on species selection and management measures for plantations in lithoid mountain areas with an increasing risk of drought. Based on eddy covariance fluxes from different ecosystems, Liu et al. found that soil factors have a greater impact on carbon fluxes in the drylands than climate and vegetation factors. It is necessary to fully consider the disparate effects and cascading relationships of these three factors on fluxes.

Moreover, frequent temperature extremes are common in the mid- and high-latitudes of the Northern Hemisphere, which is also an important area of research for climate change. Yan et al. demonstrated that temperature is the primary factor influencing seasonal fluctuations in net ecosystem carbon exchange on a daily scale, based on 11 years of eddy covariance observations. They also found that extreme temperature events would lead to a significant reduction in carbon uptake in the boreal forest ecosystem. These findings provide valuable data for assessing carbon budgets in the context of climate change.





Perspective

This Research Topic presents the latest research on how climate change and extreme weather events affect the mass and energy cycles in forest and grassland ecosystems and the adaptation of plants. It highlights the importance of ecosystem management and provides insights into evolutionary processes, species diversity, plant functional groups, and the impact of drought at different times of the year. The Research Topic also encompasses the interconnected relationships among these factors. However, the coverage of this research in terms of time and space is still limited. More research is still needed to gain a deeper understanding of how ecosystems interact with and respond to climate change.
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Aims: Leaf chlorophyll (Chl) is a fundamental component and good proxy for plant photosynthesis. However, we know little about the large-scale patterns of leaf Chl and the relative roles of current environment changes vs. plant evolution in driving leaf Chl variations.

Locations: The east to west grassland transect of the Tibetan Plateau.

Methods: We performed a grassland transect over 1,600 km across the Tibetan Plateau, measuring leaf Chl among 677 site-species.

Results: Leaf Chl showed a significantly spatial pattern across the grasslands in the Tibetan Plateau, decreasing with latitude but increasing with longitude. Along with environmental gradient, leaf Chl decreased with photosynthetically active radiation (PAR), but increased with water availability and soil nitrogen availability. Furthermore, leaf Chl also showed significant differences among functional groups (C4 > C3 species; legumes < non-legume species), but no difference between annual and perennial species. However, we surprisingly found that plant evolution played a dominant role in shaping leaf Chl variations when comparing the sum and individual effects of all the environmental factors above. Moreover, we revealed that leaf Chl non-linearly decreased with plant evolutionary divergence time. This well-matches the non-linearly increasing trend in PAR or decreasing trend in temperature during the geological time-scale uplift of the Tibetan Plateau.

Main Conclusion: This study highlights the dominant role of plant evolution in determining leaf Chl variations across the Tibetan Plateau. Given the fundamental role of Chl for photosynthesis, these results provide new insights into reconsidering photosynthesis capacity in alpine plants and the carbon cycle in an evolutionary view.

Keywords: alpine grassland, evolutionary history, leaf chlorophyll, photosynthesis, photosynthetically active radiation, plant functional group


INTRODUCTION

Leaf chlorophyll (Chl) is fundamental for harvesting light for plant photosynthesis (Croft et al., 2017). The importance of leaf Chl for photosynthesis has been comprehensively evaluated at both ecosystem and species levels. Across terrestrial ecosystems, numerous studies, using remote sensing techniques, reveal the close relationships between leaf Chl fluorescence and photosynthetic processes, such as rubisco concentration, maximum rate of carboxylation (Vcmax), and electron transport (Jmax) (Carswell et al., 2000; Kattge et al., 2009; Luo et al., 2019). At the species level, leaf Chl has been mostly studied at the local scale (Croft et al., 2017). However, across contrasting environments, species-level Chl might show great variations due to the difference in plant evolutionary histories, climate, soil, and functional groups (Li et al., 2018a,b; Zhang et al., 2020). To date, we still know little about the large-scale patterns and key drivers of species-level leaf Chl variations (Ryu et al., 2019).

Plant evolutionary history may be crucial to drive leaf Chl variations (Schmerler et al., 2012). Previously, leaf Chl is found to show evolutionary divergence among 823 woody species across forest ecosystems (Li et al., 2018a), denoting the potential role of evolutionary history in affecting leaf Chl. However, we do not know the direction of evolutionary effects on leaf Chl (Li et al., 2018a). Coincidently, the geological time-scale uplift of the Tibetan Plateau keeps pace with plant evolutionary history, providing an ideal opportunity to test how plant evolution regulates the direction of leaf Chl variations. Specifically, following the collision of the India and Eurasia continent (c. 50 million years ago), the Tibetan Plateau begins to uplift rapidly (Royden et al., 2008; Wang et al., 2008). This should cause directional changes in environmental conditions, especially for photosynthetically active radiation (PAR) and temperature. Based on the well-known correlations of PAR or temperature with altitude, PAR should gradually increase but temperature decreases during the uplift (Blumthaler et al., 1997). These environmental changes during plant evolutionary history may decrease the leaf Chl in newly evolved species across the Tibetan Plateau, due to the evolutionary adaptation to extremely high PAR (avoiding radiation damage) and cold environment (more resource allocation to plant survival) (Knapp and Smith, 2001).

In addition to plant evolution, current climate and soil nutrients might affect leaf Chl as well (Anjum et al., 2011; Genesio et al., 2020). Generally, plants tend to enhance leaf Chl in light-limited environments, helping to compete for the limiting light resource and sustain plant growth (Hallik et al., 2009; Li et al., 2018a; Genesio et al., 2020). For example, leaf Chl is found to be higher for trees' understory than in the canopy (Niinemets, 2010). Low precipitation normally causes soil water stress and air dryness, negatively influencing the elasticity of chloroplast membrane and the synthesis of leaf Chl (Rastogi et al., 2020; Xiong and Nadal, 2020). Soil nutrient availability may influence leaf Chl via altering plant nutrient uptake and use. For instance, leaf Chl is generally stimulated by more nitrogen (N) input (Cai et al., 2011; Guo et al., 2014; Rhein and Silva, 2016), because N is the most essential but limiting element to synthesize leaf Chl (Cai et al., 2011; Croft et al., 2017). Phosphorus (P) is also the basic element for plant photosynthesis, such as adenosine triphosphate (ATP), phosphodiester linkage (Lambers et al., 2011), and 5-aminolevulinic acid (ALA, a basic compound for Chl synthesis) (Masuda et al., 1996). Based on the importance of P for energy biosynthesis (ATP) and ALA, leaf Chl may vary with soil P availability.

Plant functional group (PFG) has the potential to determine leaf Chl variations (Zhang et al., 2020; Kelly et al., 2021). For example, C4 plants have the ability to increase intercellular CO2 concentration, which leads to a stronger photosynthetic capacity than C3 plants (Wang et al., 2011; Osborne et al., 2014). It is thus expected that C4 species might have a higher leaf Chl to utilize the higher CO2 concentration for maximizing photosynthesis. Among PFG with different life spans, annual plants tend to allocate more resources to aboveground growth, while perennial plants invest more in belowground growth to maintain the advantage in competing for soil resources in the long term (Onoda et al., 2017; Monroe et al., 2019). This suggests that annual species adopt a resource-use strategy, but perennial species with a resource-conservative strategy (Wright et al., 2004). This strategy difference likely results in a higher leaf Chl in annual than perennial species, which enables to increase the photosynthetic capacity of annual species for its fast growth. Legume species generally have advantages in obtaining soil N, possibly leading to higher leaf N and Chl than non-legume species (Guo et al., 2017; Zhang et al., 2020). Consequently, leaf Chl may be different among PFGs, due to the difference in the photosynthetic pathway, life span, and nitrogen-use strategy. In spite of these potential mechanisms above, we still do not know the relative importance of plant evolutionary history vs. current environment changes in shaping the patterns of leaf Chl across a range of contrasting environments.

Based on the reasoning above, the uplift of the Tibetan Plateau provides an ideal opportunity to explore the role of plant evolution in shaping leaf Chl variations (Xu et al., 2010; Chen et al., 2013). Furthermore, recent global changes (e.g., warming, precipitation change, and N deposition) have substantially impacted leaf Chl and photosynthetic processes across this area (Fu et al., 2014; Fu and Shen, 2016). Thus, we conducted a grassland transect survey (97 sites) of leaf Chl among common species (93 species from 27 families) and related variables across the Tibetan Plateau. Specifically, we addressed the following questions: (1) What are the regional patterns and key environmental control of leaf Chl concentration among alpine herbaceous species? (2) What is the role of plant evolution in affecting leaf Chl concentration relative to current environmental changes?



MATERIALS AND METHODS


Site Description

We conducted a grassland transect survey of leaf Chl from the east to west of the Tibetan Plateau, covering a large gradient (1,600 km) of climate, soil nutrients, and ecosystem type. In total, we investigated 97 sites (Supplementary Figure 1), spanning a latitude range from 30.24 to 33.67°N, longitude from 80.36 to 92.13°E, and elevation from 4,181 to 5,016 m. The average annual PAR (1981–2010) is between 2461.8 and 2860.4 mol m−2, annual temperature between −5.37 and 0.99°C, and annual precipitation between 61 and 441 mm. Ecosystem types included alpine steppe, alpine meadow, and alpine desert grassland. Soil available N varied from 6.48 to 443.71 mg kg−1 and available P from 0.94 to 7.11 mg kg−1. Detailed geographical information of the sampling sites is presented in Supplementary Table 1.



Field Survey and Measurement

The field survey was carried out from July to August during the growing season in 2019 and 2020. According to local vegetation, in each site, three 5 m*5 m plots were randomly established in a 10 m*200 m area. In each sampling site, we randomly selected at least three plant individuals (3~6 replications) for each of the common species (above 80% of the local species) across three plots. Specifically, healthy leaf Chl was measured by the SPAD-502 Chl meter (Minolta, Osaka, Japan) (Uddling et al., 2007; Yuan et al., 2016). We measured the value of SPAD in the middle of the leaf, and leaf veins were excluded in each measurement. To more accurately estimate leaf Chl, the value was obtained by the mean of at least three readings in different positions of each individual. Finally, the mean value of leaf Chl in each site species was estimated at least by three plant individuals. In total, we measured 2,031 individuals among 93 herbaceous species from 27 families (many species occurring in multiple sites). All the species are grouped into legumes (10) vs. non-legume species (83), C4 (12) vs. C3 species (81), or annual (20) vs. perennial species (68).

Accordingly, three soil samples were randomly collected by a 7.5 cm-diameter soil auger at 0–10 cm depth in each plot. Then, we mixed three soil samples into one composite sample in each plot. The composite soil samples were screened by a 2-mm mesh to remove roots and stones (Pan et al., 2021). Totally, there were three composite soil samples at each site. A part of the soil was in cold storage by the portable refrigerator, and the other part was air-dried in labs. We measured soil available N (AN) by the alkali solution diffusion absorption method. Soil available P (AP) concentration was firstly extracted by the NaHCO3 solution (0.5 M) and then analyzed using the UV-visible spectrophotometer (Olsen, 1954).



Statistical Analyses

Before analyses, we obtained the data for mean annual precipitation (MAP) and temperature (MAT) from the Worldclim Database (http://www.worldclim.org), based on our location information. We then calculated humidity index (HI) as follows: HI = MAP / (MAT +10) (Martonne, 1926). PAR data were acquired from the dataset of “Global radiation, photosynthetically active radiation, and the diffuse components in China, 1981–2010” (Ren et al., 2018).

To obtain the divergence time of our sampling species, we first confirmed whether all the species (93 species from 25 families) have been included by The Plant List (http://www.theplantlist.org). Then, we established the phylogenetic tree using the “phytools” and “S.PhyloMaker” packages (Qian and Jin, 2016). The divergence time of each species was quantified by the branch length of each species in the phylogenetic tree (Qian and Jin, 2016). At last, we tested the strength of the phylogenetic signal for leaf Chl, using Blomberg's K and Pagel'λ K analyses with the “Picante” package (Blomberg et al., 2003).

Based on the data above, we first used the t-test analysis to compare the difference in leaf Chl between C3 and C4 species, annuals and perennial species, or legumes vs. non-legume species. Then, the linear or non-linear regression analyses were applied to analyze the pairwise relationships of leaf Chl with plant evolutionary divergence time (family and genus levels), climate (PAR and HI), soil nutrients (AN and AP), and location information (latitude, longitude, and altitude). All the regression analyses were performed by the “stats” package (Flynt and Dean, 2016).

Moreover, we performed the Structural Equation Model (SEM) to distinguish the direct and indirect effects of environmental factors and plant evolution on leaf Chl. Before the SEM analysis, we firstly established a conceptual model of potential casual pathways in driving leaf Chl, based on the traditional knowledge and the correlations between environmental factors (Supplementary Figure 2). Then, the model performance was assessed by the chi-square test (χ2 = 10.178, p = 0.12) with the “Lavaan” package (Rosseel, 2012). Finally, we analyzed and compared the standardized pathway coefficients of plant evolution and environmental factors on leaf Chl by summing all the direct and indirect effects. All statistical analysis was carried out in R software (version 3.6.3, R Foundation for Statistical Computing) and all the figures were made using the “ggplot2” package (Ginestet, 2011).




RESULTS


The Regional Patterns and Environmental Controls of Leaf Chl

Across grasslands on the Tibetan Plateau, a significant spatial pattern of leaf Chl was detected among 677 site species. Leaf Chl was lower with increasing latitude or decreasing longitude (Figures 1A,B), but showed no significant trend with altitude (Figure 1C). Along with environmental gradients, leaf Chl reduced with PAR significantly (Figure 2A), but increased with HI (Figure 2B). Furthermore, leaf Chl was enhanced by higher soil N availability (Figure 2C), but had no response to soil P availability (Figure 2D).


[image: Figure 1]
FIGURE 1. The latitudinal (A), longitudinal (B), or elevation (C) patterns of leaf chlorophyll (Chl) across grasslands in the Tibetan Plateau. Red dots represent species-specific observations in each site. The blue lines and shades represent the regression lines with a 95% confidence band.



[image: Figure 2]
FIGURE 2. Relationships of leaf chlorophyll (Chl) with PAR [(A) photosynthetically active radiation], humidity index (B), AN [(C) soil available nitrogen], and AP [(D) soil available phosphorus]. Red dots represent species-specific observations in each site. The blue lines and shades represent the regression lines with a 95% confidence band.


Among different PFGs, we found a greater leaf Chl in C4 species (37.61 ± 0.91) than in C3 species (30.04 ± 0.85) (Figure 3). Leaf Chl in legume species (22.22 ± 0.59) was lower than in non-legume species (33.03 ± 0.79). However, leaf Chl showed no significant difference between annual and perennial species.


[image: Figure 3]
FIGURE 3. Leaf chlorophyll (Chl) in different functional groups. Different colors represent different comparisons of functional groups, such as C3 vs. C4 species, annual vs. perennial species, or legume vs. non-legume species. Bar height indicates the mean of leaf Chl with its standard error. Different letters represent a significant difference among different functional groups. The numbers in the bar represent the observations of leaf Chl in different functional groups.




The Dominant Role of Plant Evolution in Affecting Leaf Chl

Blomberg's K value indicated that the phylogenetic signal was not significant for leaf Chl among 93 species. Additionally, Pagel'λ values showed that variations in leaf Chl were mainly due to external environmental changes (not genetic variations) during plant evolutionary history (Supplementary Figure 3). Furthermore, we found that plant evolutionary divergence time was a good predictor for leaf Chl variations. A decreasingly evolutionary trend was detected for leaf Chl in a non-linear manner at both family (Figure 4A, R2 = 0.421, p < 0.001) and genus levels (Figure 4B, R2 = 0.163, p < 0.01). That is, modern species (lately evolved species) had a lower leaf Chl than ancestral species (early evolved species).


[image: Figure 4]
FIGURE 4. The relationships between leaf chlorophyll (Chl) and plant evolutionary time (million years) at both family (A) and genus levels (B). Different colors represent different plant families or genera. The size of dots represents the number of site species at family or genus levels. The blue lines represent the regression lines.


Based on the SEM analyses, we further quantified that plant evolution was the dominant driver for leaf Chl variations across the Tibetan Plateau (Figure 5). Specifically, the path coefficient of the plant evolution effect was 0.347. However, the sum of coefficients of other influencing pathways was lower than that of the plant evolution effect. The coefficient of the HI direct effect was 0.159. Those of the indirect effects of HI were 0.090 (HI→PAR → Chl), 0.071 (HI→soil N → Chl), and −0.011 (HI→soil P→Chl). The individual coefficients of PAR, soil available N and P were −0.106, 0.090, and −0.093, respectively.


[image: Figure 5]
FIGURE 5. The direct and indirect impact pathways of plant evolutionary time, climate [humidity index, photosynthetically active radiation (PAR)], and soil nutrient [soil available nitrogen (N) and phosphorus (P)] in determining leaf Chl variations. The solid lines indicate significant pathways, while dashed ones represent marginally significant pathways (0.05 < p < 0.1). Blue lines are positive pathways, while red ones mean negative pathways. The numbers near the arrows represent standardized path coefficients, and the arrow width is proportional to the size of path coefficients. Significance levels are indicated by **p < 0.01; ***p < 0.001; ∧p < 0.1.





DISCUSSION

As opposed to most previous studies conducted at the local scale (Croft et al., 2015, 2017; Lu et al., 2020), this study presented a large-scale pattern of leaf Chl among 677 site-species across grasslands on the Tibetan Plateau. Surprisingly, we found that plant evolutionary history was more dominant than current environmental changes in impacting the regional patterns of leaf Chl. This is different from the traditional view that leaf Chl is mainly affected by environmental factors, such as PAR (Genesio et al., 2020), soil water, and nutrient availability (Li et al., 2018b; Zhang et al., 2020). Moreover, we further detected the direction of evolutionary effects on leaf Chl, with the decreasing trend of leaf Chl along with evolution across the alpine grasslands. This Chl evolution response well-matches the increase in PAR during the uplift of the Tibetan Plateau. These indicate that the uplift of the Tibetan Plateau provides an ideal opportunity to study the evolutionary effects on plant traits. As leaf Chl is a fundamental component for photosynthesis, these results offer new insights into reconsidering plant photosynthesis capacity and the carbon cycle in an evolutionary view.


The Spatial Patterns and Environmental Control of Leaf Chl

Across grasslands on the Tibetan Plateau, the spatial variations of leaf Chl concentration are mainly impacted by climate (PAR, HI), soil nutrients, and PFG. Along climate gradient, we revealed a decrease in leaf Chl with increasing PAR, which is consistent with our expectation and supported by previous studies (Niinemets, 2010; Genesio et al., 2020; Zhang et al., 2020). It is likely because plants are usually exposed to strong radiation across the Tibetan Plateau (Valladares and Niinemets, 2008). To avoid excessive radiation damage, alpine plants usually reduce leaf Chl and chloroplast number to offset the harmful effect of high radiation (photo-protection response), as well as to protect chloroplast interior structure (Klem et al., 2012; Genesio et al., 2020). Furthermore, alpine plants usually invest extra resources to protect them from suffering high radiation, such as cell membrane (thylakoid and mesophyll) thickening (Hallik et al., 2009). This perhaps leads to the reduction in resources for Chl biosynthesis and leaf Chl as well. Along the water gradient, leaf Chl was suppressed in drier environments (decreasing HI). This is caused by the fact that long-term drought stress could damage the thylakoid membrane and mesophyll cells, further reducing leaf Chl concentration (Alberte and Thornber, 1977). Besides, plants tend to invest more resources for survival under drought stress (Alberte and Thornber, 1977; Mihailović et al., 1997; Lei et al., 2006), indirectly decreasing resource allocation to leaf Chl (Bokhari, 1976; Estill et al., 1991; Mihailović et al., 1997).

Soil nutrient availability was also found to determine leaf Chl variations. The increase in leaf Chl with soil available N revealed in this study is in line with previous studies. For example, a positive relationship is normally detected between leaf N and Chl concentration (Croft et al., 2017; Zhang et al., 2020), and leaf N concentration is found to increase with soil available N (Zhao et al., 2003, 2005; Boussadia et al., 2011). This results from the fundamental role of the N element in constituting leaf Chl (Croft et al., 2017). In contrast, we found little effect of soil P availability on leaf Chl, likely caused by stronger N limitation than P limitation in alpine grasslands (Gao et al., 2018; Du et al., 2020).

A significant difference was detected among PFGs for leaf Chl as well. The greater leaf Chl in C4 than C3 species is partly due to the fact that C4 species have a stronger capacity to harvest CO2 than C3 species (Wang et al., 2011; Christin and Osborne, 2014). In contrast with our expectations and previous findings (Zhang et al., 2020), we revealed no difference in leaf Chl between annual and perennial species. Annual species are usually expected to invest more resources in fast aboveground growth and reproduction (high leaf Chl with resource-use strategy), but perennial species allocate more to belowground growth for the advantages in long-term persistence (low Chl with resource-conservative strategy) (Wright et al., 2004). However, across our grassland transect in the Tibetan Plateau, plants face multiple stresses of extremely low temperature, high radiation, and drought (Chen et al., 2013). Thus, the greatest pressure faced by alpine plants might be survival, not fast growth for resource competition. Furthermore, annual plants tend to invest more resources in reproduction. These together cause little difference in leaf Chl between annual and perennial species. Contrary to our expectation, we found a lower leaf Chl of legume than non-legume species. Generally, legumes have the advantage of obtaining soil N via rhizobium, possibly promoting leaf N and Chl (Zahran, 1999; Graham and Vance, 2003; Wei et al., 2019). Nevertheless, our results indicate that more N uptake in legumes in alpine may not be mainly used for leaf Chl biosynthesis. The symbiont of rhizobium costs a lot of resources and energy (Zahran, 1999). Besides, more N needs to be invested in resisting the stress of coldness, high radiation, and drought (Wang et al., 2018). These indicate that legume tends to increase investment in belowground resources and abiotic stress resistance, which may reduce aboveground allocation and further decrease leaf Chl. In addition, we found that leaf Chl in the grass species was lower than in the forb species (Supplementary Figure 5), which is supported by recent studies in alpine and temperate grasslands (Zhang et al., 2020).



The Role of Plant Evolution in Affecting Leaf Chl

Across grasslands in the Tibetan Plateau, we revealed a decreasing trend of leaf Chl evolution among 677 site-species (93 species from 25 families). Our result is among the first to detect the direction of leaf Chl evolution, complementing previous studies that found the evolutionary divergence of leaf Chl among grassland species (Li et al., 2018a). This evolution pattern well-matches the gradual increase in PAR during the geological uplift of the Tibetan Plateau. Specifically, about 50 million years ago, the India-Eurasia continental collision rapidly uplifted the Tibetan Plateau until now (Royden et al., 2008). This geological uplift causes a gradual enhancement in PAR during plant evolutionary history (Blumthaler et al., 1997). Facing high radiation, plants do not necessarily invest more resources in leaf Chl for light capture (Qiu et al., 2011; Genesio et al., 2020; Zhang et al., 2020). To avoid strong radiation damage, alpine plants tend to evolve toward the strategy with lower leaf Chl. The additional resource from decreasing leaf Chl might be allocated to resist high radiation, such as densely villous aggregated globose, thicken bracts, and other morphological adaptions (Wen et al., 2014; Ibanez et al., 2017). Besides increased PAR, the temperature gradually reduces with the uplift (Zhisheng et al., 2001; Liu et al., 2006; Ge et al., 2014). On one hand, low temperature suppresses plant physiological activities (Bokhari, 1976; Fu et al., 2014; Li et al., 2018b), further reducing the biosynthesis of leaf Chl (Bokhari, 1976). On the other hand, low temperature forces alpine plants to invest more resources in cold resistance (Li et al., 2018b), likely cutting down allocation to leaf Chl during plant evolutionary history.

Moreover, we found that leaf Chl non-linearly declined with plant evolutionary divergence time, with a faster decrease recently. This non-linear evolution pattern also matches well with the different uplift stages. Before the continental collision (c. 50 million years ago), the crust movement is relatively inactive (Royden et al., 2008), and the evolutionary rate of leaf Chl was slow as revealed in our results. The Tibetan Plateau began to uplift after the collision (Rowley and Currie, 2006), while the uplift has been again accelerated about 20 million years ago (Royden et al., 2008; Wang et al., 2008). The different rates of the Tibetan Plateau uplift among multiple stages again support our results that the decreasing rates of leaf Chl evolution were quicker. These suggest that the uplift of the Tibetan Plateau provides an excellent opportunity for future studies to test the evolutionary effects on plant traits and functions. The greatest decrease in leaf Chl evolution recently calls our attention to the evolutionary constraint on plant photosynthesis and carbon cycle, especially for the regions where climate is quickly becoming warmer and wetter over the past decades (Chen et al., 2013).

Interestingly, the evolution of leaf Chl showed great variations in the lately evolved stage. This implies that some species evolve quickly toward the strategy with lower leaf Chl (Kita et al., 2004; Wang et al., 2004; Liu et al., 2013), but other species tend to inherit from ancestral traits when facing great environmental changes during evolutionary history (Wen et al., 2014; Volis et al., 2018). Furthermore, we found that the quickly evolved species were mainly coming from Poaceae, while the conservatively evolved species were from Asteraceae and C4 functional group. These suggest that it is interesting and valuable to study the mechanisms underlying different Chl evolutionary responses among different species with the uplift of the Tibetan Plateau, as well as the consequence for plant photosynthesis and the carbon cycle in alpine grasslands.

Overall, the SEM analysis concluded that plant evolution was the dominant driver for leaf Chl variations when compared with the individual or sum effects of current environmental changes (i.e., HI, PAR, and soil nutrient availability). Contrary to the traditional view that leaf Chl is mainly affected by climate, soil nutrients, and PFG (Zhang et al., 2020), our result highlights the dominant role of plant evolution in driving leaf Chl of alpine plants across the Tibetan Plateau. Interestingly, future efforts are deserved to quantify the other sources of great variations in leaf Chl across contrasting environments, such as soil Mg and Fe availability. As leaf Chl is fundamental to harvesting light for plant photosynthesis, these results have important implications as follows. (1) The geological uplift of the Tibetan Plateau offers an ideal opportunity to explore the impacts of plant evolution on leaf photosynthetic traits and the underlying mechanisms. (2) These results suggest the potential role of plant evolutionary history in photosynthetic capacity, which is largely ignored in previous studies. (3) Plant evolution might function on the ecosystem-level carbon cycle, arousing our awareness to reconsider the carbon budget across the Tibetan Plateau in an evolutionary view.




CONCLUSION

As opposed to previously local-scale studies, our study presented a large-scale pattern of leaf Chl among 677 site-species across grasslands in the Tibetan Plateau. More importantly, we found that it was plant evolution, rather than current environment changes, dominantly shaping leaf Chl variations in alpine plants across contrasting environments. This challenges the traditional view that leaf Chl is mainly regulated by climate, soil resource, and PFG. Interestingly, we also detected the direction of evolutionary effects on leaf Chl, with a non-linear decreasing trend during plant evolution history. This evolutionary response well matches the non-linear enhancement in PAR during different uplift stages of the Tibetan Plateau. These suggest that the geological uplift of the Tibetan Plateau provides a great chance to study the impact of plant evolution on alpine plant traits and functions. These new findings arouse our attention to reconsidering ecosystem carbon balance across the Tibetan Plateau from an evolutionary perspective.
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Introduction

The effects of climatic factors and soil nutrients in the determination of plant biomass production have long been of central interest to ecologists (Huxman et al., 2004; Fay et al., 2015). Recently, Radujković et al. (2021) found that soil micronutrients (particularly Zn and Fe) were important predictors of aboveground biomass production (Biomass). In their analyses, the combination of atmospheric factors that best explained the variation in Biomass was selected first; then, soil physicochemical properties, C-N-P nutrients, and other nutrients (K, Ca, Mg, Na, S, Zn, Fe, B, Cu, and Mn) were sequentially added to construct structural equation models (SEMs). However, the sequence of nutrient variable introduced to the model matters, and consequently influence the construction of the final best model. More importantly, although separately adding Zn and Fe to the SEM explained additional variations in Biomass, they grouped Zn and Fe into one composite variable and argued that both micronutrients were important predictors of Biomass given the significant effect of the composite variable. However, they did not examine whether it was appropriate to simultaneously include both Zn and Fe in the model. Here, we re-analyzed the dataset using multiple statistical methods and revealed that the SEM incorporating both micronutrients (including both Zn and Fe) as was done by the original paper was not the best model.



Data analysis

In the final model of Radujković et al. (2021) (Figure 1A), seven environmental variables were used to explain the variation in Biomass. We first used these seven variables to fit a multiple linear model: lm (Biomass ~ MAPgs + Ndep + CEC + SOM + C:N + Fe + Zn). We found that Fe and SOM had no significant effects on Biomass. To further demonstrate this, we used these seven variables to construct an SEM. This SEM was similar to Radujković et al. (2021) final SEM but without composite variables, which showed that Fe and SOM had no significant direct effects on Biomass (Figure 1B). After removing these two paths from the model, we found that the SEM was significantly improved, with a lower AICc value (Figure 1C). These results indicate that the final SEM of Radujković et al. (2021) is not the best model to explain the variation in grassland production. Finally, through model comparison and optimization (the R code is provided in the Supplementary Material), we obtained the best SEM to understand the key factors determining grassland production (Figure 1D). Different from their opinion that their results that zinc (Zn) and iron (Fe) were predictors of grassland production, our results indicated that only zinc (Zn) among micronutrients is a significant predictor.


[image: Figure 1]
FIGURE 1
 Comparison of structural equation models (SEMs). Panel (A), the SEM of Radujković et al. (2021); Panel (B), Radujković's (2021) SEM without composite variables; Panel (C) shows that the direct effects of both Fe and SOM on Biomass were set to zero. Panel (D), our best SEM. Numbers along the arrows, and the width of the arrows, indicate standardized path coefficients. MAPgs, mean annual precipitation during the growing season; Ndep, total atmospheric inorganic nitrogen deposition; Fe, extractable iron; Zn, extractable zinc; CEC, cation exchange capacity; SOM, soil organic matter; C:N, carbon-to-nitrogen ratio; Biomass, standing crop (live biomass and recently senescent material) at the peak of the growing season.


In addition, we used another method to construct a SEM to explain the factors underlying the variation in Biomass. Before SEM construction, we performed automated model selection using glmulti (Calcagno and De Mazancourt, 2010) based on AICc to determine the best combination of all environmental variables initially used in Radujković et al. (2021). This method allowed us to perform model selection by creating a set of models with all possible combinations of initial variables and sorting them according to the AICc. Five models with ΔAICc <1 were selected (Table 1). In these models, Zn was always retained, and Fe was always excluded. Based on the variables selected by these five linear models, we constructed five SEMs, of which three were consistent with our previous SEM (Figure 1D).


TABLE 1 The best models explained the variation in biomass.
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Discussion

In summary, we demonstrated that the SEM of Radujković et al. (2021) was not the best model for understanding the predictors of grassland production and that Fe was not a key soil micronutrient for predicting Biomass in their dataset. Even though it seems that the difference between Radujković's (2021) results and ours is minor, we argue that it should be highlighted. Our results have at least two important implications. First, the appropriate statistical procedures are the premise of sound scientific finding, and our study provides a paradigm for future SEM construction and optimization. Second, their study may motivate more experimental or observational studies focusing on soil Zn and Fe in the future, but our results indicate that, under the limited experimental resources, only Zn should be a priority for understanding the effects of soil micronutrients on grassland production.
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Globally, droughts are the most widespread climate factor impacting carbon (C) cycling. However, as the second-largest terrestrial C flux, the responses of soil respiration (Rs) to extreme droughts co-regulated by seasonal timing and PFT (plant functional type) are still not well understood. Here, a manipulative extreme-duration drought experiment (consecutive 30 days without rainfall) was designed to address the importance of drought timing (early-, mid-, or late growing season) for Rs and its components (heterotrophic respiration (Rh) and autotrophic respiration (Ra)) under three PFT treatments (two graminoids, two shrubs, and their combination). The results suggested that regardless of PFT, the mid-drought had the greatest negative effects while early-drought overall had little effect on Rh and its dominated Rs. However, PFT treatments had significant effects on Rh and Rs in response to the late drought, which was PFT-dependence: reduction in shrubs and combination but not in graminoids. Path analysis suggested that the decrease in Rs and Rh under droughts was through low soil water content induced reduction in MBC and GPP. These findings demonstrate that responses of Rs to droughts depend on seasonal timing and communities. Future droughts with different seasonal timing and induced shifts in plant structure would bring large uncertainty in predicting C dynamics under climate changes.

KEYWORDS
soil respiration, autotrophic respiration, heterotrophic respiration, climate extremes drought timing, function types, stability


Introduction

In terrestrial ecosystems, carbon (C) fixed by plants or stored in the soil would release into the atmosphere in the form of CO2 (i.e., soil respiration, Rs), thus Rs is an important part of the C cycle and the main way that ecosystems return CO2 fixed by photosynthesis to the atmosphere (Wang et al., 2015). Rs includes two sources: heterotrophic or microbial respiration (Rh) and autotrophic or root respiration (Ra) (Hanson et al., 2000). Rs and its components were sensitive to changes in precipitation (Liu L. L. et al., 2016; Du et al., 2020), especially in water-limited semiarid grasslands (Thomey et al., 2011; Zhang et al., 2022). For example, extreme drought reduced Rs by strongly limiting photosynthetic substrate supply and microbial activities (Wang et al., 2013; Xu et al., 2019). However, the synchronous or asynchronous response of Rh and Ra in the face of droughts is not well understood (Huang et al., 2018; Sun et al., 2019). Mounting evidence suggested that the frequency and intensity of extreme drought would increase due to anthropogenic climate change during this century (Mallakpour and Villarini, 2016). Therefore, understanding the response patterns of Rs and especially its components to extreme drought is critical for the assessment of the ecosystem C cycle in the context of extreme climate events.

Drought events can occur throughout the year and changes in water availability caused by drought determine plant growth and carbon uptake and release (De Boeck et al., 2011; Wolf et al., 2016; Zeiter et al., 2016; Zhang et al., 2019c). Since the demand of plants for water varies seasonally, the response of ecosystems to droughts may vary with different seasonal drought timing. For example, spring and summer drought strongly regulate carbon flux season by limiting the plant canopy development and inhibiting rapid plant growth (De Boeck et al., 2011; D’Orangeville et al., 2018). Especially, seasonal variations in precipitation during the warm or dry season have a more significant impact on ecosystems due to the evaporative demand at the peak (Zeppel et al., 2014; Sun et al., 2016). In contrast, during the late growing season, plants approach to senescence and photosynthesis is reduced and late season droughts have little negative impact on productivity (Dietrich and Smith, 2016; Kannenberg et al., 2019). Collectively, these findings addressed that the response of multiple ecosystem attributes to drought with different seasonal timing were inconsistent, such as leaf photosynthesis, net ecosystems exchange, flowering phenology, and reproduction (Dietrich and Smith, 2016; Meng et al., 2019; Hahn et al., 2021; Li et al., 2022). Since processes are particularly associated with Rs (Song et al., 2012; Ru et al., 2018; Post et al., 2020), droughts that occur at different stages of the growing season are expected to have different effects on Rs. In recent years, the research on drought timing discussed mainly the comparison between drought treatment and ambient control (Tammy, 2014; Denton et al., 2017; Meng et al., 2019). Although these are valuable, such a method is affected by the seasonal cycle and interannual variation of precipitation (Li et al., 2022). Therefore, knowledge of how Rs and its components respond to drought with seasonal timing is very limited and how to distinguish the drought timing and drought intensity is essential.

A growing body of literature has described the importance of plant functional type (PFT) in regulating the process of carbon cycle, such as Rs (Johnson et al., 2011; Kuiper et al., 2014; Zhou et al., 2019). The responses to drought stress vary among different PFTs due to differences in phenology, biomass allocation, and rooting depth (Prevéy and Seastedt, 2014). For example, shrubs have a competitive advantage over graminoids in coping with drought stress, possibly because the deep root distribution of shrubs is conducive to absorbing nutrients and deep soil moisture (Liu et al., 2011; Wilson et al., 2018). Species richness can determine ecosystem stability, with species-rich communities generally being more stable to drought stress (Roscher et al., 2013; Elst et al., 2017), mainly depending on the dominant species. The effects of extreme drought events during important phenological periods of dominant species may be greater than those during other periods (Hovenden et al., 2014; Meng et al., 2019). However, little attention have been given to comparing the regulation of PFTs in response to seasonal droughts.

Changes in plant performance due to environmental disturbance may alter the amount of carbon (C) that plants can allocate underground (Connell et al., 2021). Plant regulated Rs through impacts on autotrophic respiration generated by root growth (Luo and Zhou, 2006; Zhang et al., 2021). Also, litter production and root exudates indirectly impact heterotrophic belowground respiration by altering soil microbial activity (Carbone et al., 2011; Zhao et al., 2016). Under disturbance, water, nutrients, and other resources are limited to access, leading to changes in species richness and community composition (Metcalfe et al., 2011; Xu et al., 2015); ultimately, it has a whole range of effects on Rs. However, a long-term drought experiment found that the effects of microbial activity inhibition and plant community adaptation on Rs offset each other, leading to no significant changes in Rs (Zhou et al., 2016). Therefore, the regulation of PFTs to Rs during seasonal drought stress is controversial (Welp et al., 2007; Estruch et al., 2020; Yan et al., 2021) and further research are urgently needed.

Here, to explore the response of Rs to drought, especially with different seasonal timing events and in various plant function types, we, respectively, imposed an extreme drought in the early-, mid-, and late stage of the growing season on three modeled plant communities (i.e., two grass species community, two shrub species community, and their combination community). Specifically, we tested the following three objectives: (i) Do drought effects on total soil respiration and its components vary among seasonal timing? (ii) Whether the response of soil respiration to drought can be determined by different plant function types? (iii) How seasonal timing and plant function types regulate the effects of drought on total respiration and its components?



Materials and methods


General situation

We conducted the study in a semiarid grassland at the Research Station of Animal Ecology (44°18′N, 116°45′E 1079m.a.s.l) in Inner Mongolia Autonomous Region, China. The mean annual temperature (1953-2012) of this region is −1.4°C and the mean annual precipitation is 350 mm with 80% of the rainfall received in the growing season (May to September) (Zhang et al., 2019b). Among average precipitation during the growing season, 75% is ecologically effective precipitation (recorded daily precipitation >3 mm during the growing season (Hao et al., 2017)). The grassland is dominated by the xeric rhizomatous grass (Leymus chinensis), needle grass (Stipa grandis), and perennial forb (Medicago falcata). Many other representative plants are widely distributed in the study area, which are of great importance. The soil in this area is classified mainly as chestnut, with 60% sand, 18% clay, and 17% silt (Hao et al., 2018).



Experiment design

The effect of drought on the Rs joint control of seasonal timing and plant functional types (PFTs) was studied using a two-way split-plot experiment design, with drought treatment in the main plots and PFTs in the sub-plots, with three replications. Four drought treatments were set up in the main plots with three replicates: early-stage drought (DE, May-June), mid-stage drought (DM, July-August), late stage drought (DL, August-September) treatments, and ambient treatment as control (CK), respectively (the division of growing season, see Li et al. (2019)). The ambient control plots remained without rainfall manipulation and received ambient rainfall year-round. According to a ∼60-year record provided by The Xilin Gol League Meteorological Administration, we defined an extreme drought event as 30 consecutive days without effective precipitation during the growing season because the longest interval between two consecutive rainfall events was 30 days. The rain-out shelters were used to prevent natural rainfall in the plots to achieve experimental droughts; for details see Hao et al. (2017).

Each main plot was made up of three sub-plots, corresponding to three PFT treatments: Graminoids (G; Leymus chinensis and Stipa grandis), Shrubs (S; Caragana microphylla and Artemisia frigida), and their combination (Graminoid × Shrub: GS). These four widespread species selected were dominant local species. The experimental plant communities were established in May 2012 (Supplementary Figure 3). Every species had the same proportion in terms of the seed quality for all communities. The quality of seeds for the species in four-species communities was half of corresponding species in two-species communities. The seeds were evenly sown after being well blended. According to the previous phenological record, the height of Graminoids plots was about 22 cm and the total coverage was about 70%, of which Stipa grandis accounted for about 40% and Leymus chinensis about 20%. For Shrub plots, the community height and coverage were 10 cm and 80%, of which Caragana microphylla was about 15% and Artemisia frigida was about 65%. The height of Graminoid × Shrub plots was about 15 cm and the total coverage was about 75%, including 10% of Leymus chinensis, 20% of Stipa grandis, 15% of Caragana microphylla, and 30% of Artemisia frigida (photos could be found in Supplementary Figure 3). Each sub-plot had an area of 2m × 2m and 1 m intervals between sub-plots. Data were collected from the central square meter of each plot to avoid the edge effect. To prevent horizontal water transfer, the metal sheet was placed 40 cm deep around each sub-plot and inserted 10 cm into the soil. At the beginning of the study in May 2017, air temperature (HMP45C temperature probe; Vaisala, Woburn, MA, United States) and photosynthetic active radiation (LI-190SB quantum sensor; LI-COR, Inc., Lincoln, NE, United States) were compared to ensure no significant difference between the value measured under the shelter and that measured at the open space near the plot. Throughout the experiment, the composition of the plant community was maintained by monthly removing seedlings of all other species.



Soil respiration and microclimate measurements

The modified Mesh-bag method was used to distinguish Ra and Rh (Moyano et al., 2007). In 2013, we arranged two polyvinyl chloride polymer collars (20 cm diameter and 15 cm height) into the soil in each plot and selected one to set Nylon mesh bags with 40 cm deep × 25 cm diameter, and 33 μm aperture for root exclusion (Zhou et al., 2019). Rs and Rh were directly estimated on soil collar with and without root exclusion, while Ra was estimated by the difference value (Ra = Rs - Rh). Rs and its components were measured 12 across the whole growing season for all plots (It was planned to be measured every 10 days but adjusted for irresistible factors). The measurements were conducted between 10:00 and 14:00 BST (Beijing Summer Time) on sunny days by a portable infrared gas analyzer Li-8100 (LI-COR, Inc., Lincoln, NE, United States) with a stainless-steel jar. The jar lid was placed on each collar for 120 s to continuously record CO2 concentration at 1 s intervals, usually 15 to 30 s was required to reach a steady state between each measurement. The soil water content (SWC) at depth of 10 cm was measured at the time of Rs measurements by the external temperature sensor called T-type thermocouple (Li-COR, Inc., Lincoln, NE, United States) and water sensor called ML2X (LI-COR, Inc., Lincoln, NE, United States), respectively.



Ecosystem CO2 exchange measurements

Gross primary productivity (GPP) was calculated by the difference between ecosystem respiration (RE) and net ecosystem exchange (NEE). NEE (with sunlight) and RE (with lightproof) were synchronously measured directly with Rs using a transparent chamber (50 cm × 50 cm × 50 cm) attached to an infrared gas analyzer (LI-840A, LI-COR Inc., Lincoln, NE, United States). In brief, CO2 concentration in the chamber was recorded every second until 120 s and the first and last 10 s were deleted. All flux measurements were conducted during the morning (9:00–11:30) on sunny days.



Soil sample and soil property measurement

We collected three soil cores (3 cm in diameter and 10 cm in depth) and then mixed them into a composite fresh sample for each plot at the end of treatments. Each soil sample was sieved to ≤ 2 mm directly. The chloroform fumigation–extraction method was used to estimate soil microbial biomass carbon and nitrogen (MBC and MBN) (Vance et al., 1987). In brief, after being fumigated (10 g dry weight equivalent, fumigation for 24 h with ethanol-free CHCl3) and unfumigated, the fresh soil samples were extracted by shaking for 30 min in 60 ml of 0.5 M K2SO4. Then, the extracts were filtered and frozen at −20°C before being analyzed by dichromate digestion and Kjeldahl digestion. MBC and MBN were calculated as the difference between extractable carbon in the fumigated and nitrogen in the unfumigated samples using conversion factors of 0.38 and 0.45.



Sensitivity of Rs to extreme drought

Ecologists have proposed a new definition of sensitivity to focus on the drought timing (Zhang et al., 2017; Liu et al., 2021), as the unit change of output per unit change of input in relative terms. To assess the sensitivity of soil respiration to drought seasonal events, the sensitivity was calculated as the relative change in response parameters of relative change in precipitation in the manipulation plots compared with the control plots, according to Eq. (1):

[image: image]

Where X drought and X control are mean Rs, Ra, or Rh across all drought and control plots, respectively. GSP drought and GSP control are the precipitation amounts in drought and control plots during the growing season. The sensitivity of drought seasonal events is expressed as the proportion of parameter response per precipitation change. Negative or positive values would indicate whether response parameters are suppressed (< 0) or promoted (> 0) by drought, while the absolute value is not of primary importance.



Statistical analyses

Given the split-plot design, rainfall manipulation was restricted in the main plot and automatically implements the nesting of plant functional types. We used two-way ANOVA to test the effects of drought with seasonal timing, plant function types, and their interactions on seasonal mean SWC, GPP, Rs, Ra, and Rh and their sensitivities, MBC and MBN. Duncan’s multiple comparison (Duncan’s Multiple Range Test) was used to compare the mean difference of the above variables among these treatments in each plant function type. Homogeneity of variances and normally distributed errors had been met by Levene Test and Shapiro–Wilk test. If these assumptions were not satisfied, then the data were transformed using Box-Cox power. Linear regression was used to correlate Rs, Ra, and Rh with SWC in three PFT treatments, respectively. In addition, a path analysis was conducted to quantify the direct and indirect effects of extreme drought on Rs. Based on the previous research theories and hypothetical models (Dias et al., 2010; Burri et al., 2018; Dong et al., 2020), we established four main pathways, including the change of SWC caused by drought, biological factors (GPP and MBC), and sensitivity to explore the effects of drought on Rs. Especially, the validity of the model was tested using chi-square (χ2) tests, standardized root-mean-square residual (SRMR) index, root-mean-square error of approximation (RMSE) index, and goodness-of-fit index (CFI), and CFI close to one indicate a good model fit (Grace et al., 2010; Liu et al., 2017). All analyses were performed by R (4.0.0) and path analysis was performed using AMOS 24.0 (IBM; SPSS).




Results


Seasonal dynamics of soil moisture content

Total growing season precipitation (GSP) was 130.8 mm in 2017, a 46.8% decrease compared with the long-term average (245.9 mm from 1953 to 2017). According to the probability density functions of growing season precipitation based on the ∼60-year data on this site, 2017 GSP was at the left of the 10th percentile (Supplementary Figure 1). The amounts of natural precipitation excluded were 28.6 mm, 36.6 mm, and 21.9 mm for the early-, mid-, and late stage drought treatment, respectively. There was a reduction of 21.86%, 27.98%, and 16.74% during the early-, mid-, and late stage drought treatments compared with the ambient treatment, respectively (Figure 1A).
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FIGURE 1
(A) Seasonal variations in daily precipitation (mm) and air temperature during the growing season of 2017. (B–D) Seasonal changes in soil water content (SWC, volume %) at 0 to 10 cm soil depth in three plant functional types (PFT): graminoids plots (G), shrub plots (S), and graminoid × shrub plots (GS) during the growing season in 2017, respectively. Shades (A) or lines (B–D) of blue, red, and green correspond to the drought treatment occurring in the early- (DE), mid- (DM), and late stage (DL) growing season, respectively. The solid rectangles indicate the occurring time of different extreme drought treatments (no effective rainfall 30 days’ interval). The numbers in the solid rectangles represent the mean decreased rainfall (A) and soil moisture (B–D) of each drought period compared with the corresponding ambient condition over the whole growing season, respectively.


Overall, extreme drought treatments significantly decreased the seasonal average SWC (F3,24 = 22.09, P < 0.01, Table 1). Over the whole growing season, in the Graminoid plots, SWC was decreased by 6.33, 38.36, and 13.10% in the early-, mid-, and late stage drought treatment, respectively (Figure 1B). Likewise, SWC was reduced by 11.96, 37.85, and 12.25% in the Shrub plots and 13.43%, 42.97%, and 10.90% in the Graminoid × Shrub plots in three seasonal drought treatments, respectively (Figures 1C–D). However, neither PFT treatments effect (F2,24 = 0.43, P = 0.66) nor the interaction between drought timings and PFT treatments on SWC were significant (F6,24 = 0.60, P = 0.72) (Table 1).


TABLE 1    Results of variance analysis of drought, plant function types (PFTs), and their interactive effects on soil water content (SWC), microbial biomass carbon (MBC) and nitrogen (MBN), gross primary productivity (GPP), soil respiration (Rs), autotrophic respiration (Ra), and heterotrophic respiration (Rh).
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Response of soil respiration to droughts

Extreme drought significantly affected Rs (F3,24 = 60.34, P < 0.001) and Rh (F3,24 = 58.20, P < 0.001) across all three PFT treatments (Table 1 and Figure 2). Overall, mid-drought drastically reduced Rs and Rh during and after the treatment period in all three plant functional types, resulting in the largest reduction in Rs and Rh among the three droughts. In contrast, early drought had little effect on Rs and Rh. There were significant interactions between drought and PFT on Rs (P < 0.01) and Rh (P < 0.01), which mainly reflected that late drought suppressed Rs and Rh in shrub and combination communities but not in graminoid communities. Although drought also had significant effects on Ra (F3,24 = 9.55, P < 0.001), we did not find obvious differences between drought and ambient treatments in each PFT community.
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FIGURE 2
Growing season mean value of total soil respiration (Rs, A), autotrophic respiration (Ra, B), and heterotrophic respiration (Rh, C) under different drought timing treatments in three PFTs in 2017. Data are mean ± 1SE. Different letters indicate significant differences (P ≤ 0.05) among treatments.




Sensitivity of soil respiration and its components to drought

The seasonal extreme drought had significant effects on the sensitivity of Rs and its components (Table 2, all P ≤ 0.05). Similar to absolute values responses, Rs and Rh had the largest negative sensitivities to the mid-drought than the early- and late drought, while overall Ra had similar sensitivities to three droughts (Figure 3 and Table 3). Overall, Rh was more sensitive to droughts than Ra. PFT treatments had little effect on the sensitivity of Rs and its components, and a significant interaction effect between seasonal drought and PFT treatments occurred in the sensitivity of Rs (F4,18 = 2.93, P = 0.05), yet.


TABLE 2    Results of two-way ANOVA for the effects of droughts with seasonal timing, plant function types (PFTs), and their interaction on the sensitivity of soil respiration and its components.
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FIGURE 3
Sensitivity of Rs, Rh, and Ra responses to drought treatment in the G(A), S(B), and GS plots(C). Sensitivity is a dimensionless parameter [Eq. (1)]. Different letters indicate significant differences (P ≤ 0.05) between treatments.
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FIGURE 4
Seasonal dynamics of Rs (A–C), Ra (D–F), and Rh (G–I) in 2017, corresponding to PFTs of G, S, and GS, respectively. Letters, arranged in the same vertical order as the points they refer to, indicated significant differences (a, identical to controls). For clarity, only significant differences were depicted. Data are mean ± 1SE.



TABLE 3    Results from t-test of sensitivity of soil respiration and its components to drought imposed in early-, mid-, and late growing season, respectively.
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Response of MBC, MBN, and GPP to droughts

MBC, MBN, and GPP all showed the largest drop in response to mid-drought than the other two droughts in all PFT treatments (Figures 5A–C).
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FIGURE 5
Growing season mean value of soil microbial biomass (MBC, A), microbial biomass nitrogen (MBN, B), and gross primary productivity (GPP, C) in three PFTs under different drought timing treatments in 2017. Data are mean ± 1SE. Different letters indicate significant differences (P ≤ 0.05) between treatments.


In the Graminoids plots, mid-stage drought reduced MBC, MBN, and GPP by 9.53, 10.54, and 42.28% compared with control treatments. Similarly, MBC, MBN, and GPP were reduced by 10.59, 8.82, and 62.61% in the Shrub plots and 7.09, 17.41, and 55.92% in the Graminoid × Shrub plots. GPP showed a decrease in early-stage drought, 12.50% reduction in the Graminoids, and 18.02% reduction in the Shrub plots but an insignificant increase in the Graminoid × Shrub plots (24.96%) (Figure 5C).

PFT treatments and interaction between drought and PFT also had a significant influence on GPP (both P < 0.01), which mainly reflected that late-drought suppressed GPP in shrub and combination communities but not in graminoid communities. Although interaction effect had no significant influence on MBC and MBN (Table 1, MBC: F3,24 = 0.47, P = 0.63; MBN: F3,24 = 0.83, P = 0.45), we also found MBC and MBN was suppressed by late-drought in shrub and combination communities.



The influence of abiotic and biotic factors on soil respiration

Results of path analysis showed that drought treatments reduced soil respiration mainly directly through SWC or indirectly through MBC and GPP (Figure 6). The changes in MBC, GPP, and sensitivity caused by soil moisture had positive effects on Rs, Ra, and Rh, some were not significant yet (Figure 6), and the influence of SWC was stronger in Rh than Ra with higher standardized regression weights than Rs (0.50 vs. 0.37). Moreover, the altered sensitivity induced by MBC and GPP had a significantly positive influence on Rs and its components. The direct positive relationships between the sensitivity and Rs, Ra, and Rh were quantified by path coefficients of 0.41, 0.75, and 0.19, respectively. In general, these approaches explained 81, 75, and 87% of the total variance in Rs, Ra, and Rh, respectively.
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FIGURE 6
Path analysis of the effects of extreme drought joint with species composition changes in abiotic and biotic factors on Rs (A), Ra (B), and Rh (C). For Rs pathway, χ2 = 0.43, P = 0.81, and df = 2, RMSEA < 0.01, AGFI = 0.99, CFI = 1.00; For Ra pathway, χ2 = 1.42, P = 0.49, and df = 2, RMSEA < 0.01, AGFI = 0.98, CFI = 1.00; For Rh pathway, χ2 = 1.87, P = 0.39, df = 2, RMSEA < 0.01, AGFI = 0.97, CFI = 1.00 (a high P-value associated with a χ2 test indicates a good fit between the model and the data, i.e., no significant discrepancies). Solid and dashed arrows represent significant (P ≤ 0.05) and non-significant relationships (P > 0.05). Values associated with solid arrows represent standardized path coefficients.





Discussion


Higher sensitivity of Rh to droughts than Ra

In our study, Ra and Rh showed asynchronous responses to drought events. Rs to drought was mainly determined by variations in seasonal mean Rh, nearly accounting for 75 to 85% of Rs (Figure 2), while Ra remained unchanged by and large during the growing season (Figure 4). Additionally, we found the sensitivity of Rs and Rh to mid-drought was lower than other droughts, no matter in which plant composition, while that is not obvious in Ra (Figure 3). Regardless of the functional types, the absolute value of Rh sensitivity was significantly higher than that of Ra in response to mid-drought and there was no significant difference to other droughts (Supplementary Figure 4), indicating higher sensitivity of Rh than Ra. The dominant role of Rh in response to drought stress was consistent with findings in past studies in the temperate steppe (Liu et al., 2019; Meng et al., 2021). This might be explained by the fact that the changes in water caused by drought mainly affect microbial activity directly, which has a stronger impact on Rh (Ru et al., 2018; Li et al., 2020). Compared with Ra, Rh exhibited a much stronger change in response to changing SWC, which led to the significant relationship between Rs and SWC (Supplementary Figure 2). Additionally, our result of path analysis indicated that process MBC and GPP regulated by SWC mainly regulated soil respiration in response to drought (Figure 6). Given that Rh was strongly related to microbial activity via decomposition of soil organic carbon (Moyano et al., 2013; Zhang et al., 2019a), the possible reason is that decreased microbial activity reduces the contact between substrates and extracellular enzymes involved in decomposition (Jassal et al., 2008; Kuzyakov and Gavrichkova, 2010; Weldmichael et al., 2020), and the decreased quantity and quality of beneficial microorganisms inhibits plant growth and GPP, leading to higher sensitivity of Rh to drought than Ra.



Rs was larger affected by droughts in the middle growing season rather than in other seasons

In concert with our hypothesis, Rs was suppressed by mid- and late-drought regardless of different PFTs (Table 1, Figure 2), especially during drought period with a sharp decrease in soil water content (SWC) (Figure 4). Significant relationship between Rs and SWC in all PFTs provided further support for the above argument (Supplementary Figure 2). Our results accord with the largely accepted notion that soil water content is considered one of the most important factors affecting the temporal variation of soil respiration (Schimel et al., 2001; Shi et al., 2008; Ru et al., 2018), especially for arid and semi-arid ecosystem (Knapp et al., 2008; Liu L. et al., 2016; Felton et al., 2019).

Moreover, Rs was largely affected by droughts in the middle growing season rather than other seasons. Our results showed that Rs was more affected by middle drought than any other period (Figure 2). Sensitivity of Rs and its components to different drought treatments provided further support for the above argument (Figure 3), which directly compared the timing effects per se. Previous studies have shown that the middle of the growing season corresponds to the peak period of soil respiration and emission due to high temperatures (Lee et al., 2018; Li et al., 2019). In our study, the reduction in SWC during mid-drought treatment was 20% to 30% more than that during early drought treatment, while precipitation reduction was similar (Figure 1). This may stem from the fact that the high air temperature causes higher evapotranspiration and leads to greater water stress during mid drought. (Figure 1A). In previous results, the drought happening in the hot season caused larger water stress due to higher evapotranspiration than that in the relatively cool season which provided further support for the above argument (De Boeck et al., 2011).

Water stress reduced Rs mainly by inhibiting the microbes’ activity and the supply of photosynthetic substrates on a daily and seasonal time scale (Wang and Fang, 2009; Yan et al., 2011). Our result showed that mid-stage drought treatment had the strongest negative impacts on GPP and the proxy of microbial activity, MBC, leading to the largest reduction in this period (Figure 5), which was consistent with path analysis result that SWC reduced soil respiration by changing GPP and MBC (Figure 6). Interestingly, SWC had a more significant restriction on MBC than GPP (Figure 6). Previous studies considered low GPP during drought was due more to stomatal closure and consequently reduced photosynthesis in response to high vapor pressure deficit (Kolb et al., 2013). We speculate that extreme drought stress reduced Rs mainly through a negative effect on microbial activity and secondarily via suppression in substrate supply. This coincided with a meta-analysis study recently which suggested that the microbial activity showed high sensitivity to decreased precipitation and resulted in a large decrease in microbial biomass and respiration rate (Zhang and Zhang, 2016; Du et al., 2020). In addition, compared with the rapid and immediate effects of MBC, the climate extremes did not cause significant and rapid changes in the plant (Li et al., 2020).



Plant functional types regulated responses of Rs to late droughts

The influence of PFTs on Rs and Rh response to drought depended on drought timing, and the regulation only occurred in the late drought treatment (Table 1, Figure 2). We unexpectedly observed that the growing season mean Rs and Rh was significantly reduced by late drought in Shrub and Graminoid × Shrub plots (Figure 2), which was consistent with the response of MBC and GPP to late drought (Figure 5). In contrast, the late drought did not significantly affect the MBC and GPP of the Graminoids community, so Rs was not significantly decreased in this community. Previous studies have found that plant species usually exhibit substantial differences in nutrient acquisition strategy, photosynthetic capacity, and litter quality, which ultimately affect both autotrophic and heterotrophic respiration (Du et al., 2018; Zhang et al., 2021). Besides, plant functional groups differ in their production of microbial diversity, such as AM hyphae, and will influence soil respiration by mediating AM fungal abundance (Emily, 2012; Johnson et al., 2015; Gui et al., 2018). It is likely that shrubs are deeper rooting which may allow them to access these soil water reservoirs (Jing et al., 2014; Hoover et al., 2017), and the presence of shrub functional groups will influence microbial activity and then modulate the response of soil respiration to drought.

And we speculate that the regulation of PFTs to drought stress depends on the intensity (Kuiper et al., 2014). There was no significant difference in Rs between the three communities in the mid- and early-stage drought treatment in the present study (Fig. 4), which may result in drought conditions in 2017. The drought stress was so severe that the regulation effects of the plant to maintain ecosystem stability was weakened (Kreyling et al., 2008) and not obvious, especially in the mid-stage of the growing season. While during an early-stage drought, the community has not recovered and the water use efficiency is similar among different functional types (Limousin et al., 2015), so the regulation difference of different plant functional types is little in the early growing season. However, we must recognize that our results are probably underestimating the effect of extreme droughts since treatment plots were compared to “control” plots that were also somehow drought stressed. Therefore, more data are needed to test the difference between normal years and dry years.




Conclusion

In this study, we exposed a manipulative extreme-duration drought to three modeled plant function types (PFTs) during the early-, mid-, and late-stage of the growing season. Regardless of seasonal timing and plant functional type, Rh dominated negative responses of Rs to droughts, because low SWC induced reduction in MBC and GPP, while Ra overall unchanged under droughts in this semiarid grassland. However, the magnitude of the negative effects of droughts on Rs and Rh depended on seasonal timing and plant functional type. Interestingly, late drought reduced Rs and Rh in shrub and combination communities but not in graminoid communities. In summary, our results highlighted that Rs in response to droughts depended on both seasonal timing and plant functional type and that microbe and plant co-regulated Rs to droughts.
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This study clarified the characteristics and influencing factors of sap flow in Populus tomentosa Carr. and Salix babylonica L., and verified the applicability of Granier’s original formula for measuring the sap flow of the two species, aimed to provide a basis for the accurate assessment of tree transpiration. P. tomentosa and S. babylonica were used as research objects, their sap flow was measured by the thermal dissipation probe method (TDP), together with changes in meteorological factors and soil water content. Meanwhile, the transpiration of both species was measured by the liquid level equilibrium method (LLE) to verify the applicability of Granier’s original formula. We found that: (1) the sap flow velocity of P. tomentosa and S. babylonica under typical sunny and cloudy conditions showed unimodal or bimodal changes, which were highly significantly correlated with meteorological factors (P < 0.01), but they were all small and poorly correlated with meteorological factors on rainy days. (2) The sap flow velocity of both species was significantly and negatively correlated (P < 0.05) with the daily change in stem and soil water content at 10–20 cm. (3) Compared to that calculated with the LLE method, the sap flows of the two species calculated by the TDP technique using Granier’s original formula were seriously underestimated, with error rates of -60.96% and -63.37%, respectively. The Granier’s correction formulas for P. tomentosa and S. babylonica established by the LLE method were Fd = 0.0287K1.236 (R2 = 0.941) and Fd = 0.0145K0.852 (R2 = 0.904), respectively, and the combined correction formula was Fd = 0.0235K1.080 (R2 = 0.957). It was verified that the errors of sap flow calculated by the specific correction formulas for P. tomentosa and S. babylonica were -6.18% and -5.86%, and those calculated by the combined correction formula were -12.76% and -2.32%, respectively. Therefore, the characteristics of the sap flow velocity of P. tomentosa and S. babylonica on sunny, cloudy and rainy days were different and significantly influenced by meteorological factors. The original Granier’s formula for calculating their sap flow resulted in a large error, but can be measured more accurately by constructing specific correction and combination formulas through the LLE method.

KEYWORDS
Populus tomentosa Carr., Salix babylonica L., sap flow, influencing factors, dissipation probe method, liquid level equilibrium method, Granier calibration


Introduction

Tree transpiration plays an important role in the water balance of forest trees (Chang et al., 2014). Trunk sap flow is a direct indicator of tree transpiration that reflects the physiological characteristics of individual trees and is critical in maintaining hydraulic transport between the soil and atmosphere as well as in providing oxygen to thin-walled xylem cells and promoting nutrient uptake (Hubbart et al., 2007; Mcdowell et al., 2010). Studies have shown that plant sap flow is mainly influenced by meteorological factors and soil moisture (Yang et al., 2019; Zhao et al., 2021). Meteorological factors affect the water potential gradient between the boundary layer and the inner cavity of the leaves, thus affect the opening and closing of stomata (Chen et al., 2010). Kanalas et al. (2010) concluded that soil moisture is the fundamental factor affecting transpiration intensity and that if the soil moisture content is minimal, then the sap flow is minimal regardless of the meteorological factors driving it. The plant stem is the pathway through which soil water enters the leaves for transpiration (Tyree and Sperry, 1988), and changes in water tension in the trunk as the tree transpires cause microvariations in trunk diameter (Martínez-Vilalta et al., 2007). The shrinkage of the trunk indicates the depletion of water stored in the xylem, and the process of its diurnal variation indicates the sum of all external and internal conditions that affect the water relationships of the tree (Zweifel and Häsler, 2001). Therefore, the variations in trunk sap flow and stems at the daily scale may be able to jointly reflect the response of plant water use to changes in environmental conditions.

The thermal dissipation probe method (TDP) is a way of measuring stem sap flow velocity obtained by Granier after experiments, and it is widely used because of its relatively reliable measurement results, simple operation, and low cost (Liu et al., 2011; Molina et al., 2019). However, in recent years, many scholars have begun to question its accuracy, and it is generally believed that the measured values of trunk sap flow are lower than the actual values (Liu et al., 2012; Rana et al., 2019; Dix and Aubrey, 2021). Pasqualotto et al. (2019) found in Corylus avellana L. trunk sap flow that the original Granier’s formula underestimated the effective transpiration of the tree by 60%. Xie and Wan (2018) found that the errors in trunk sap flow measured by TDP ranged from 40 to 80% for Quercus variabilis Bl. and more than 80% for Robinia pseudoacacia L. It can be concluded that Granier’s original formula is not applicable to all tree species, and Smith and Allen (1996) recommended that the Granier formula coefficients be calibrated for each tree species. Currently, the in vitro stem weighing method is the main test method for sap flow correction. For example, the sap flow of Pinus caribaea Morelet, Pinus sylvestris L., Fagus grandifolia subsp., and Tamarix ramosissima Ledeb. were corrected by this method (Hultine et al., 2010; Steppe et al., 2010; Fan et al., 2018), and the fitting effect was better because the experimental conditions were controlled, reducing operational errors and external influences. However, the in vitro stem weighing method is performed under positive pressure, which is inconsistent with the vacuum state of trees under natural conditions and may also lead to the formation of embolism in the xylem and increased resistance to transport, resulting in an underestimation of the true values (Schenk et al., 2013; Fuchs et al., 2017). The whole-tree container weighing method is an accepted method but has problems such as invariable operation and higher labor intensity (Ma et al., 2021). However, the liquid level equilibrium (LLE) used in this paper is a new method of sap flow calibration formed by combining the whole-tree container method and the marsupial bottle water control method (Ladefoged, 1960; Roberts, 1977; Knight et al., 1981), and it is accurate in measurement and can be used as a base for simultaneous comparison and water consumption correction.

Currently, the main ecological problems in most areas of China are low per capita forest and green space, scarcity of water resources, and insecurity of ecological water (Gao et al., 2011). If we can accurately calculate the water consumption of forest trees and then realize precise irrigation, it is of certain importance for the effective use of ecological water resources in China. Therefore, in this paper, Populus tomentosa Carr. and Salix babylonica L., the main fast-growing timber forest species in northern China (Wang et al., 2018; Qu et al., 2022), were the objects of the research, and the changes in sap flow were continuously measured using TDP and the LLE methods and combined with the continuous changes in meteorological factors, soil moisture and radial direction of the trunk. The purpose of this paper is to answer the following questions: (1) changing characteristics and influencing factors of sap flow velocity, (2) verification of the original Grainer formulas, and (3) correction of the original Grainer formulas of P. tomentosa and S. babylonica, so as to reveal the transpiration water consumption pattern and water consumption capacity of the two species, and provide theoretical guidance for the accurate assessment of transpiration of major fast-growing timber forest species and the utilization and management of water resources, which is of great significance to improve the economic and ecological benefits of forest land in China.



Materials and methods


Study site

This experiment was conducted in the West Campus of Hebei Agricultural University in Baoding, Hebei Province, China (N38° 48′23″, E115° 24″58′, 20 m above sea level). The area is located in central Hebei Province and belongs to the warm temperate continental monsoon climate zone. The average annual temperature is 12°C, the average annual sunshine hours are 2,511 h. The average annual precipitation is approximately 575.9 mm, which is mainly concentrated in June—August, with the highest precipitation in July. The average annual wind speed is 1.8 m⋅s–1, and the average annual evaporation is approximately 1,430 mm.

The experiment period was from August to October of 2021. In April of 2021, nine P. tomentosa and S. babylonica specimens, each 3 years old, with healthy growth, without diseases or pests, and with straight trunks, were selected from the Science and Technology Park of Hebei Agricultural University and transplanted to the West Campus of Hebei Agricultural University and planted in large containers. The containers were 54.5 cm in diameter at the top, 41.0 cm in diameter at the bottom, and 41.0 cm in height, with a water supply and drainage port at the bottom. To make the drainage smooth, the barrel was padded with stones approximately 4 cm high. After transplanting, cultivated on soil containing nutrient substrate with reasonable water and fertilizer management, and after stabilizing growth, three sample trees with good and consistent growth of each P. tomentosa and S. babylonica were selected for the test (Table 1). At the beginning of the experiment, the containers were wrapped in all directions with radiation-proof films to prevent the evaporation of soil moisture and to reduce the damage of the containers by solar radiation. During the whole experiment, the containers were not always wrapped. Each experiment was conducted on 3–7 consecutive sunny days, and at the end of the experiment, the wrapped radiation-proof films were removed and the soil was allowed to breathe normally for about 3 days before the next experiment, thus avoiding the effect of long-term soil wrapping on the growth of the sample trees.


TABLE 1    Basic characteristics of sample trees.
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Research methods


Measurement of sap flow velocity by thermal dissipation probe method

The sap flow velocity is measured by TDP. A set of thermal dissipation probes (AV-3665R, Rainroot Scientific Ltd., China) was installed in each tree, and the distance between the two probes is 10 cm. The basic principle is that two probes composed of thermal elements are inserted into the sapwood, and the probe inserted on top is heated using a constant current, while the probe below serves as a control. As the heat transfer from the sapwood increases with the stem flow velocity, more heat is removed from the heating probe, resulting in a temperature difference. The temperature difference between the two probes is greatest when the stem flow velocity is zero or very small (ΔTmax). 20 mm probes are used, powered by a 12 V rechargeable battery.

The installation was scheduled for July 2021. The probes were installed at 1.3 m above ground in the trees. First, the rough bark of the sample wood was scraped off at the probe mounting point, and then two vertical holes were drilled with a drill of a specific specification into which the probes were inserted. After the probes were inserted, they were clamped with a foam block and wrapped with insulating and antiradiation material after being fixed with tape. Finally, the probes were sealed with tape to prevent rainwater from entering. The whole stem flow velocity measurement system, including the stem flow meter, was composed of the TDP feedback line and data collector, which was used to collect and record the sap flow data automatically with a sampling frequency of 60 s and a data collection interval of 10 min. The sap flow velocity was calculated by Granier’s original formula (Granier, 1985) as follows:
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Where Fd is the sap flow velocity (cm3⋅cm–2⋅S–1); Fs is the sap flow (cm3⋅S–1); ΔTmax is the maximum temperature difference of the probes when the sap flow velocity is zero or very small. The weakest sap flow velocity of each day generally occurs in the early morning hours, and the ΔTmax is determined using the maximum temperature difference over a 3-day period in this study; ΔT is the temperature difference when sap flow velocity is occurring; As is the sapwood area of the sample (cm2).

The cumulative sap flow volume S (cm3) is:

[image: image]

Where n is the number of collected samples; Fsi is the sap flow (cm3⋅S–1) at the i-th collection; Δt is the sampling interval time (s).

Results obtained with continuously heated TDP probes showed that the natural thermal gradient had a direct effect on the sap flow measurement with a large potential error, and the natural thermal gradient of more than 0.2°C was not negligible (Do and Rocheteau, 2002). Before conducting the experiment, we referred to the results of Ma (2020) for the sap flow measurement of the same tree species in the region and found that their natural thermal gradients were all below 0.2°C. Therefore, we neglected the effect of the natural thermal gradient in our experiment.



Measurement of transpiration by liquid level equilibrium method

The transpiration is measured by LLE. Water levels of barrel-planted P. tomentosa and S. babylonica are recorded under continuous sunny, windless weather using a marsupial bottle, which is a bottle made of special glass (5 cm inner diameter, 5.6 cm outer diameter, 100 cm height). The upper end of the bottle has a vent, the lower end contains the vent at 8 cm above the ground and the water inlet at 3 cm from the ground, and the water inlet and the bottom of the barrel of the two drainage ports are connected with polyvinyl chloride (PVC) pipe to the end of the door valve to prevent the water from entering the barrel when filling the bottle. When filling the bottle, the door valve is closed, the upper exhaust port is opened, the air flows, and the atmospheric pressure is stable. When the water level reaches approximately 90 cm, the upper exhaust port is blocked, the door valve is opened, and the vacuum state is maintained in the bottle. When the water in the barrel reaches saturation, the height of the falling water level is recorded. The recording time was 6:00–20:00, and the water level change was recorded every half hour. To avoid the effect of sunlight on the bottle, it was wrapped with radiation-proof film. The difference in water level height between two consecutive records of the bottle multiplied by the bottom area is the transpiration of P. tomentosa and S. babylonica in half an hour (Figure 1). The marsupial bottle has the ability to control the water level and automatic replenishment, which allows the water level inside the planting container to be maintained at an appropriate level. Based on the water balance principle, the amount of water consumed in the marsupial bottle is equal to the amount of water consumed by the tree in the well-packed planting container.
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FIGURE 1
Schematic diagram of LLE method for measuring transpiration. 1, Data collector; 2, Switch; 3, Sample tree; 4, TDP; 5, Planting container; 6, Permeable matrix; 7, Soil moisture probe; 8, Scale line; 9, Water; 10, Equilibrium water level; 11, Intake pipe; 12, Exhaust pipe; 13, Marsupial bottle; 14, Weather station.




Monitoring of soil moisture transport

A soil moisture monitor (TH302, Tang Hua Ltd., China) was used to monitor the change in soil moisture transport. Its working principle is to use probes to monitor the moisture in the soil in real time and then reflect the change in soil moisture content. The soil moisture monitoring probes were inserted into the two species, P. tomentosa and S. babylonica. The probes were inserted at soil depths of 10, 20, and 30 cm and were covered with soil. The other end of the probes were connected to a universal data collector, and the data collector was connected by Bluetooth to THHelper software on a cell phone. The data were recorded and stored at a time interval of 5 min.



Monitoring change of diameter at breast height

The change in diameter at breast height (DBH) was monitored using a trunk radial change recorder (DBL60, ICT International, Australia), which has a high resolution and is capable of measuring small changes in the stem to micrometer (μm) level accuracy. The principle of the operation is to monitor the stem change in real time using the relationship between the pressure and the sensor due to the radial variation in the trunk that exerts pressure on the fixed probe. The trunk radial change recorders were installed at the stem of each tree species (1.5 m above ground level) before the start of the formal experiment and were set to record and store data once every 30 min.



Monitoring of meteorological factors

During the test period, solar radiation (RA, W⋅m–2), relative air humidity (RH, %), atmospheric temperature (TA, °C), wind speed (WS, m⋅s–1), rainfall (Rain, mm) were automatically monitored by a weather station (RR-9170, Rainroot Scientific Ltd., China) located approximately 5 m from the sample site. The sampling interval was 10 min for recording and storage. The vapor pressure deficit (VPD, kPa) was calculated by the formula (Zhao et al., 2017):
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Determination of sapwood area

At the end of the test, the trunk core was drilled at a height of 1.3 m using a growth cone, and then the drilled core was dyed to observe the areas of sapwood and heartwood distribution, and the sapwood thickness was measured and recorded statistically to determine the sapwood area (Dang et al., 2020).




Data statistics and analysis

The water consumption of the sample trees calculated by Granier’s original formula is the sap flow velocity, the water consumption recorded by LLE is the transpiration, and the transpiration divided by the sapwood area is the transpiration velocity. To facilitate verification and correction, the units are standardized to cm3⋅cm–2⋅s–1.

The transpiration measured by LLE was used as a benchmark to verify whether there was any error in the sap flow velocity measured by TDP. The temperature difference coefficient (K) measured by TDP was used as the horizontal axis, and the transpiration velocity measured by LLE was used as the vertical axis to establish calibration equations for P. tomentosa and S. babylonica. Then, the calibration equations of each tree species were used to test the sap flow of the corresponding tree species and to verify the validity of the equations. The data of the two species were combined to fit Granier’s correction formula for the bulkwood species, and the formula was tested against the sap flow velocity of the two species measured by TDP to verify the validity of Granier’s correction formula for bulkwood species.

Relative to the transpiration velocity measured by LLE, the coefficient of determination (R2) and the Willmott consistency index (D) were used to test the appropriateness of the calibration formulas, the root mean square error (RMSE) and the mean absolute error (MAE) were used to test the accuracy of the calibration formulas and transpiration velocity, and the mean bias error (MBE) was used to determine the deviation of the calibration formulas and transpiration velocity.
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Where, n is the number of observations; Ei is the sap flow velocity of the calibration equations; Oi is the transpiration velocity, and [image: image] is the average of the transpiration velocity. The closer R2 is to 1, the better the fitted model; the D index is close to 1, and the closer RMSE, MAE, and MBE are to 0, indicating that the transpiration velocity is in good agreement with the sap flow velocity of the calibration equations (Abbas et al., 2011).

Microsoft Excel 2016 was used to organize and calculate the original data, and SPSS 24.0 was applied to analyze the correlation between environmental factors and sap flow velocity.




Results and analysis


Characteristics of changes in sap flow velocity and influencing factors


Characteristics of changes in sap flow velocity

Figure 2 shows that the daily changes in sap flow velocity of P. tomentosa and S. babylonica under typical sunny, cloudy and rainy conditions showed an increasing and then decreasing pattern, and the sap flow velocity was sunny > cloudy > rainy. The sap flow velocity of P. tomentosa showed a “single-peak” pattern of change on sunny days, a “double-peak” pattern on cloudy days, and fluctuated very little on rainy days. The sap flow velocity of S. babylonica showed a “single-peak” pattern on sunny and cloudy days, and it was also very small on rainy days.
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FIGURE 2
The changes of sap flow velocity of P. tomentosa and S. babylonica under different weather conditions.




Response of sap flow velocity to meteorological factors

The correlations between the sap flow velocity of P. tomentosa and S. babylonica and meteorological factors were analyzed on sunny, cloudy and rainy days (Table 2), and the results showed that the sap flow velocity of P. tomentosa was highly significantly and positively correlated with TA, RA, and VPD, highly and negatively correlated with RH on sunny, cloudy and rainy days, the overall correlation between sap flow velocity and meteorological factors was weak on rainy days. The sap flow velocity of S. babylonica was highly significantly and positively correlated with TA, RA, WS, and VPD, highly significantly and negatively correlated with RH on sunny and cloudy days, and it was also weakly correlated with each meteorological factor on rainy days.


TABLE 2    Correlations between sap flow velocity of P. tomentosa and S. babylonica and meteorological factors.

[image: Table 2]

To further clarify the main meteorological factors affecting P. tomentosa and S. babylonica under different weather conditions, stepwise regression analysis was used to establish regression models with TA, RH, RA, WS, and VPD, and the factors entering the models were the main influencing factors. The regression equations of sap flow velocity and meteorological factors on sunny, cloudy and rainy days were as follows:

P. tomentosa (sunny days) = 1.137VPD+0.001RA+ 0.015RH - 1.916 R2 = 0.926

P. tomentosa (cloudy days) = 0.014WS+0.037TA+0.001RA - 0.009RH+0.13 R2 = 0.967

P. tomentosa (rainy days) = 0.031TA+0.743VPD-0.001WS - 0.379 R2 = 0.580

S. babylonica (sunny days) = 0.497VPD+0.013RH- 0.025TA - 0.746 R2 = 0.954

S. babylonica (cloudy days) = 0.140VPD - 0.092 R2 = 0.899

S. babylonica (rainy days) = 0.001WS+0.062RH+0.040TA - 0.001RA+2.049VPD - 6.864 R2 = 0.863

From the above Equations, it can be seen that the main influencing factors of sap flow velocity of P. tomentosa on sunny days were VPD, RA, and RH; on cloudy days they were WS, TA, RA, and RH; on rainy days they were TA, VPD, and WS; the main influencing factors of sap flow velocity of S. babylonica on sunny days were VPD, RH, and TA; on cloudy days they were VPD; and on rainy days they were WS, RH, TA, RA, and VPD.



Relationship between sap flow velocity and diameter at breast height

As seen in Figure 3, the sap flow velocity and DBH changes of both P. tomentosa and S. babylonica showed opposite trends at the daily scale. During the daytime, with increasing temperature and solar radiation, transpiration of the trees was enhanced, and the sap flow velocity was accelerated. The water stored in the trunk during the previous night might be utilized preferentially, so the water in the trunk was reduced continuously, leading to the shrinking of the stem, and the sap flow velocity increased continuously at this stage. Later, as the temperature and solar radiation decreased, transpiration also decreased gradually, the sap flow velocity began to show a decreasing trend, the stem began to expand slowly until the temperature and solar radiation increased, the sap flow velocity increased, and the stem contracted again.
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FIGURE 3
The changes of sap flow velocity and DBH of P. tomentosa and S. babylonica.


As seen in Table 3, the DBH microvariation and TA, RH, RA, and VPD of P. tomentosa and S. babylonica were all highly significantly correlated. Both were highly significantly negatively correlated with TA, WS, and VPD and highly significantly positively correlated with RH.


TABLE 3    Correlation coefficients between DBH microvariation and meteorological factors of P. tomentosa and S. babylonica.

[image: Table 3]



Response of sap flow velocity to soil water transport

A container full of soil without trees planted was used as a blank control, and the marsupial bottles continuously supplied water to the P. tomentosa and S. babylonica planted in the containers and the blank control. It can be seen from Figure 4 that the higher the depth of the blank experimental soil layer is, the greater the soil water content, and the soil water content at different depths showed an increasing trend, and the greater the depth of the soil layer is, the more obvious the trend of soil water content change. As soil capillary water was transported upward under the action of matrix potential and gravitational potential, its rising rate gradually decreased with time under continuous water supply. For P. tomentosa and S. babylonica, the lower the depth of the soil layer is, the lower the soil water content. Water was transported from bottom to top, and its soil water content was lower as it was closer to the surface soil. The trend of soil water content changes at three different depths was not the same, which might be caused by the large absorption of surrounding soil water by the roots. The soil water content was highest at depths of 20–30 cm, and the trend of change was not obvious, indicating that there might be a small amount of roots distributed in this layer, while the trend of soil water content at depths of 10–20 cm was obvious and similar to the trend of sap flow velocity, which indicated that the roots of P. tomentosa and S. babylonica may be mainly distributed in this soil layer. The upward trend of the change of soil water content at 0–10 cm depth may be due to sufficient water to make the soil water continuously transported upward, even though the phenomenon of water absorption by the roots existed at this soil layer, but in general it did not affect the continuous rise, and in the process of rising and constantly approaching the soil water content at 10–20 cm, it could finally reach a relative equilibrium state.
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FIGURE 4
The changes of soil water content in blank control, P. tomentosa and S. babylonica at different soil depths.


The correlations between the sap flow velocity and soil water content at different depths were determined for P. tomentosa and S. babylonica, and the results showed that the sap flow velocity of both species was highly significantly negatively correlated with the soil water content at 10–20 cm (P < 0.01). Figure 5 shows that the sap flow velocity of P. tomentosa and S. babylonica showed an opposite trend with the soil water content at 10–20 cm. As the roots of trees may be widely distributed at this depth, with the increase in transpiration, the trees gradually absorb a large amount of water, and when the root absorption rate is greater than the water transport rate, the soil water content begins to decline; when the transpiration rate gradually decreases, the root absorption is smaller than the soil water transport rate, and then the soil water content gradually increases.
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FIGURE 5
The changes of sap flow velocity and soil water content of P. tomentosa and S. babylonica.





Validation and correction of the original Granier’s formula


Validation of the original Granier’s formula

TDP was used to measure the sap flow, and LLE was used to simultaneously measure transpiration. The sap flow measured by TDP of the two species was positively correlated with the transpiration measured by LLE (P < 0.01), showing a consistent pattern of variation, but the transpiration was significantly greater than the sap flow (Figure 6), indicating that the TDP-measured sap flow underestimated the true values.
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FIGURE 6
Daily changes of transpiration and sap flow of P. tomentosa and S. babylonica.


The transpiration and sap flow of the two species were linearly fitted separately (Figure 7). The sap flow of P. tomentosa and S. babylonica were both smaller than the transpiration, with error values of -60.96% and -63.37%, respectively. Therefore, it is necessary to correct the original Granier’s formulas.
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FIGURE 7
Validation of the original Granier’s formulas of P. tomentosa and S. babylonica.




Correction of the original Granier’s formula

The correction equations were obtained by fitting a power function with the TDP-measured K as the horizontal coordinate and the LLE-measured transpiration rate as the vertical coordinate. The specific correction equations for P. tomentosa and S. babylonica were Fd = 0.0287K1.236 (R2 = 0.941) and Fd = 0.0145K0.852 (R2 = 0.904), respectively. Compared with Granier’s original formula Fd = 0.0119K1.231, the coefficient α of the correction formula for P. tomentosa (0.0287) is larger than that of Granier (0.0119), and the correction coefficient β (1.236) is similar to that of Granier (1.231); the coefficient α (0.0145) of the correction formula for S. babylonica is larger than that of Granier (0.0119), and the correction coefficient β (0.852) is smaller than that of Granier (1.231). The K values and transpiration rates of P. tomentosa and S. babylonica were integrated to establish the combined correction equation: Fd = 0.0235K1.080 (R2 = 0.957). Compared with Granier’s original formula Fd = 0.0119K1.231, the coefficients α (0.0235) and β (1.080) of the combined correction formula were both different from the coefficients of Granier’s original formula (Figure 8).
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FIGURE 8
Correction formulas for P. tomentosa and S. babylonica.




Validation of Granier’s correction formulas

There were significant positive correlations between the sap flow measured by Granier’s original formula, specific correction formulas, combined correction formula, and transpiration measured by LLE of P. tomentosa and S. babylonica (p < 0.01); however, the sap flow calculated by Granier’s original formula was obviously lower than that calculated by the other three methods (Figure 9). Compared with Granier’s original formula, both the specific correction formulas and the combination correction formula were closer to the transpiration value measured by LLE.
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FIGURE 9
Daily variations of transpiration and sap flow of P. tomentosa and S. babylonica.


The sap flow calculated by Granier’s original formula and specific correction formula and the transpiration measured by LLE of P. tomentosa and S. babylonica were fitted linearly (Figure 10). The results showed that the sap flow calculated by the specific correction formulas was closer to the reference line of 1:1, while that calculated by Granier’s original formula was obviously lower. Compared with those of transpiration, the errors of sap flow calculated by the specific correction formulas were 6.18% and 5.86%, respectively, and the errors were obviously reduced.
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FIGURE 10
Verifying the correction formulas of P. tomentosa and S. babylonica.


As shown in Figure 11, the overall sap flow calculated by the combined correction formula for P. tomentosa and S. babylonica was closer to the 1:1 reference line, with an error of -3.97%. The errors of the combined correction formula for P. tomentosa and S. babylonica were -12.76% and -2.32%, respectively, which was more accurate.
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FIGURE 11
Verifying the combination formula of P. tomentosa and S. babylonica.


To further verify the accuracy of the specific and combined correction formulas for P. tomentosa and S. babylonica, the validity of the formulas was tested for deviations from the true transpiration rates using the D-index, RMSE, MAE, and MBE (Table 4). The combined correction formula and specific correction formulas of P. tomentosa and S. babylonica were both valid and similar, with the transpiration rates measured by LLE.


TABLE 4    Effectiveness of P. tomentosa and S. babylonica in calculating sap flow velocity by Granier’s original formula, specific correction formulas and combined correction formula.
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Discussion


Characteristics of changes in sap flow velocity and influencing factors

The daily patterns of sap flow velocity vary significantly under different weather conditions. Most studies concluded that the sap flow velocity showed a single-peaked or a double-peaked curve on sunny days (Zhu et al., 2013). Yu (2010) showed that the sap flow velocity of Robinia pseudoacacia L. showed a single-peaked curve on sunny days and a double-peaked curve on cloudy days, which is consistent with the results of this study on P. tomentosa. In contrast, the sap flow velocity of S. babylonica showed a single-peaked curve on both rainy and sunny days, which may be greatly related to the selection of tree species. Most studies concluded that sap flow velocity had no obvious pattern of change on rainy days and that it was greater on sunny days than on rainy days (Li et al., 2019; Wang, 2020). In this study, the sap flow velocity of P. tomentosa and S. babylonica changed minimally and it was at the lowest velocity during rainy days, which was mainly due to the high relative humidity of the air during rainy days. The vapor pressure deficit between the inside and outside of the leaves was smaller on rainy days, and the rainfall could lead to the closure of leaf stomata, thus showing a greater inhibitory effect on tree transpiration (Cui et al., 2020).

Various environmental factors, such as the biological structure of trees and soil moisture content, exert constraints on the sap flow velocity (Yang et al., 2013). Studies have shown that sap flow velocity was significantly and positively correlated with RA, TA, and WS and significantly and negatively correlated with RH (Granier et al., 1996). As with the results of this study, the sap flow velocity of both P. tomentosa and S. babylonica under sunny and cloudy days was highly significantly and positively correlated with TA, RA, WS, and VPD and highly and negatively correlated with RH, and the overall correlation between sap flow velocity and meteorological factors was weak during rainy days, indicating that sap flow changes increased with TA, RA, and WS and decreased with RH. However, the main environmental factors affecting the trunk sap flow velocity of the two species in the same environment were different in this study, which may be related to the physiological and biochemical characteristics of the trees themselves (Li et al., 2019). Gong et al. (2011) pointed out that although environmental factors had an extremely important influence on tree trunk sap flow, species variability was also one of the important factors that cannot be ignored in sap flow variation, confirming the complexity and relativity of the mechanisms affecting and regulating transpiration water consumption in trees (Li et al., 2017). Studies have shown that more than 90% of the water absorbed by the soil is dissipated to the atmosphere in the form of transpiration (Wang et al., 2012). Ma et al. (2017) concluded that the normal growth of Populus beijingensis W. Y. Hsu was affected when it was subjected to water stress, and Wang et al. (2020) found that the transpiration rate of Betula platyphylla Suk. was accelerated when the soil water content was relatively sufficient; when the soil water was deficient, the stomata were closed or incompletely opened to adapt to the water stress, and the transpiration rate was reduced. Unlike the results of this study, the soil water content at 10–20 cm in P. tomentosa and S. babylonica was more variable, and the change in soil water content at this layer and sap flow velocity were highly significantly negatively correlated, this may be because this experiment was conducted in containers, and the marsupial bottles were constantly supplying sufficient water. The soil moisture meter monitored the change in soil moisture at the microscopic level, and at the macroscopic level, it was always at saturation. Transpiration leads to the depletion of stored water in sapwood tissues, some contraction and expansion of stems occurs at the daily scale, and water reserves in the stem contribute to transpiration and play an important role in optimizing water transport by buffering the extremes of water depletion (Zweifel et al., 2001). Through studies on Populus hopeiensis Hu et Chow, Pinus tabulaeformis Carr., Quercus liaotungensis Blume, and Robinia pseudoacacia L. (Liu et al., 2018, 2021), it was found that sap flow velocity showed an inverse pattern of variation with daily changes in stems, which is the same as the results of this experiment. Stem microvariation was considered to be correlated with meteorological factors such as TA, VPD, TA, and rain (Drew and Downes, 2009; Ehrenberger et al., 2012), which is similar to the conclusions reached in the present experiment, further indicating that stem daily variation is a marker indicating the water status of plants. It was concluded that the coordinated response of transpiration, stem water storage dynamics and tree growth-based water use efficiency allows trees to cope with seasonal and interannual drought conditions (Sánchez-Costa et al., 2015). Correlation analysis revealed that P. tomentosa sap flow velocity was highly significantly negatively correlated with stem change (P < 0.01) and significantly negatively correlated with soil water content (P < 0.05), and soil water content was highly significantly positively correlated with stem change (P < 0.01). S. babylonica sap flow velocity was highly significantly negatively correlated with both stem change and soil water content (P < 0.01), and stem change was significantly positively correlated with soil water content (P < 0.05), which showed that there was a close relationship between sap flow velocity, stem microvariation and soil water content.



Validation and correction of the original Granier’s formula

Granier’s original formula, which is one of the core elements of the heat dissipation sap flow determination technique, was constructed based on the calibration results of three species of Pseudotsuga menziesii (Mirb.) Franco, Pinus nigra Arn. and Quercus pedunculata Ehrh. and extended to other tree species for application (Granier, 1985). The formula was considered to be applicable to all tree species. However, in recent years, some scholars have studied the results of Quercus alba L., Corylus avellane Linn., Fagus grandifolia subsp., Robinia pseudoacacia L., Quercus variabilis Bl., Tamarix ramosissima Ledeb. and Chimononthus praecox (L.) Link and noted that there were cases of underestimation or overestimation of the true values of sap flow with relative errors ranging from -80 to 9% (Hultine et al., 2010; Steppe et al., 2010; Sun et al., 2012; Xie and Wan, 2018). In this study, the errors of P. tomentosa and S. babylonica were -60.96% and -63.37%, respectively. TDP measurement errors are mainly due to the biological and physical characteristics of trees, such as the sapwood area of Granier’s original formula, which requires the measurement of cross-sectional area without damaging the tree, possibly resulting in errors in determining the sapwood area (Jia et al., 2020; Ma et al., 2020). The length of sapwood conduits, the size of conduit diameter, and the number of grain pores, which affect the water transfer efficiency of conduits (Baas, 1976; Tyree and Zimmermann, 2013; Li, 2018). The differences in hydraulic conductivity of wood in different orientations, and the non-uniform distribution of trunk sap flow in radial depth caused by differences in xylem structure, which can also cause measurement errors (Becker, 1996; Cermak and Nadezhdina, 1998; Nadezhdina et al., 2002; Tateishi et al., 2008). The determination of the maximum temperature difference ΔTmax in Granier’s original formula, which may also have some errors that may vary with temperature and sap flow velocity (Lu et al., 2004). The fact that as the measurement time increases, the thermal damage to the trunk caused by the TDP heating probes increases, which may also have an impact on the accuracy of the measurement (Wiedemann et al., 2016). Thus, the effects of wood anatomy and the surrounding environmental factors on sap flow should be further investigated to reveal the causes of errors.

Because of the varying errors in the determination of trunk sap flow by TDP, many researchers have calibrated the original Granier’s formula coefficients. Sun et al. (2012) used the calibration coefficients for the calculation of sap flow in Populus deltoides Marsh. (α:0.0121, β:1.141), Quercus alba L. (α:0.0128, β:1.470), Ulmus americana L. (α:0.0272, β:2.572), Pinus echinata Mill. (α:0.0101, β:1.303), and Pinus taeda L. (α:0.0097, β:1.336) to reduce the errors of these five tree species to approximately 4% and the error for Liquidambar styraciflua L. (α:0.0124, β:1.115) to 8%. Rubilar et al. (2017) quantified the sap flow of 2-year-old Eucalyptus globulus L. using Granier’s original formula and further improved the sap flow determination using the calibrated parameters α = 0.0385 and β = 1.245. In this study, by verifying and correcting the original Granier’s formula for P. tomentosa and S. babylonica, the specific correction equations were obtained as Fd = 0.0287K1.236 (R2 = 0.941) and Fd = 0.0145K0.852 (R2 = 0.904), respectively, and the combined correction equation formula was Fd = 0.0235K1.080 (R2 = 0.957). For both the specific correction equations and the combined correction equation, the coefficients were all different from Granier’s original equation, and both fit better. It can also be reflected that both species belong to bulk-porous timber species, and the wood anatomical structures are relatively homogeneous in both, which makes them suitable for the development of a generalized calibration formula for bulk-porous timber. In contrast, the ring-porous and nonporous species need further calibration measurements because there are large differences in moisture transport structures for different species, as Bush et al. (2010) pointed out that the TDP method had a greater error rate for true sap flow with ring-porous wood, while Sun et al. (2012) also found that TDP underestimated sap flow more for bulk-porous wood (34–55%) than for ring-porous wood (9–15%). It is evident that the wood anatomy of different species can significantly affect the accuracy of TDP (Lu et al., 2004). In future studies, to improve the estimation accuracy, it can be combined with methods such as the lysimeter method (Tfwala et al., 2018) and high-precision electronic potometer method (Pasqualotto et al., 2019) to construct combined calibration equations (Bleby et al., 2004; Fuchs et al., 2017) by stand type or climatic zone, classified according to bulk-porous, ring-porous and nonporous material, which is more generalizable.




Conclusion

The sap flow velocity of P. tomentosa and S. babylonica under different weather conditions showed different curves. Meteorological factors and soil moisture content are the driving factors of sap flow velocity of both species. Sap flow velocity, soil water content and stem daily variation together reflected the water use dynamics of P. tomentosa and S. babylonica.

Compared to that measured by the LLE method, the sap flow measured by Granier’s original formula for P. tomentosa and S. babylonica was severely underestimated. We established and validated the specific correction formulas and the combined correction formula for both species, and the errors of sap flow calculated by the specific correction formulas for both species were -6.18% and -5.86%, and those calculated by the combined correction formula were -12.76% and -2.32%, respectively. Thus, the accuracy of the established specific correction formulas and the combined correction formula for estimating the sap flow of P. tomentosa and S. babylonica were both considerable.
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Predicting the potential influences of climate change on the richness and distribution is essential for the protection of endangered species. Most orchid species are narrowly distributed in specific habitats and are very vulnerable to habitat disturbance, especially for endangered orchid species on the Qinghai-Tibetan Plateau (QTP). In this study, we simulated the potential influences of climate change on the richness and distribution of 17 endangered orchid species on the QTP using the MaxEnt model based on the shared socioeconomic pathways scenarios (SSPs) in the 2050s and 2070s. The results showed that aspect, annual precipitation, elevation, mean temperature of driest quarter, topsoil pH (H2O), and topsoil sand fraction had a large influence on the potential distribution of endangered orchid species on the QTP. The area of potential distribution for orchid species richness ranging from 6 to 11 under the current climate scenario was 14,462 km2 (accounting for 0.56% of QTP), and it was mostly distributed in the southeastern part of QTP. The area of orchid species richness ranging from 6 to 11 under SSP370 in the 2070s was the smallest (9,370 km2: only accounting for 0.36% of QTP). The largest area of potential distribution for orchid species richness ranging from 6 to 11 was 45,394 km2 (accounting for 1.77% of QTP) under SSP585 in the 2070s. The total potential distribution area of 17 orchid species richness all increased from the 2050s to the 2070s under SSP126, SSP245, SSP370, and SSP585. The orchid species richness basically declined with the increasing elevation under current and future climate scenarios. The mean elevation of potential distribution for orchid species richness ranging from 6 to 11 under different climate scenarios was between 3,267 and 3,463 m. The mean elevation of potential distribution for orchid species richness ranging from 6 to 11 decreased from SSP126 (3,457 m) to SSP585 (3,267 m) in the 2070s. Based on these findings, future conservation plans should be concentrated on the selection of protected areas in the southeastern part of QTP to protect the endangered orchid species.

KEYWORDS
orchid species, climate change, species richness, mean elevation, MaxEnt model, potential distribution


Introduction

Orchidaceae, with more than 25,000 species and about 880 genera in the world, is one of the most diverse and largest families of flowering plants (Fay and Chase, 2009). They have the highest speciation rate, but they also have the highest extinction rate (Gravendeel et al., 2004). Most orchid species have narrow habitats and are more susceptible to habitat disturbance than other plants (Cozzolino and Widmer, 2005), which may result in large-scale extinctions with climate change (Swarts and Dixon, 2009). Orchid species are considered as the flagship group of biological protection because of their ornamental and medicinal value, endangered status, and important role in the ecosystem.

The Qinghai-Tibetan Plateau (QTP) is rich in orchid species. In addition, more than one-third of the orchid species on the QTP are endemic to China. The QTP is the highest and largest plateau in the world with an average altitude of more than 4,000 m and an area of 2.5 million km2 (Zhang et al., 2016). The larger latitude span makes the region have more low-latitude belts. The various topographic conditions and climate types give birth to the rich biodiversity in the low-latitude belt, which is one important hotspot of the 34 biodiversity hotspots in the world (Medail, 2001). The QTP with its diverse vegetation, complicated geographical environment, and relatively less disturbance from human activity comes into being a relatively unique natural environment and ecosystem. The two characteristic features of QTP, namely, primitiveness and fragility, make the plateau an ideal place to study the dynamic in vegetation and its reaction to climate change (Zhang et al., 2014). Compared with other plants, orchid species are extremely impressionable to climate change (Juiling et al., 2020; Liu et al., 2021). The southwestern region (Yunnan and Sichuan) is the distribution and differentiation center of orchid species compared with other areas of China (Guo and Wang, 2013).

How species richness varies along an altitude gradient has been a hot topic in biodiversity studies (Acharya et al., 2011). There are three types of relationships, namely, high richness at low altitude, hump mode with high diversity at middle altitude, and monotonically decreasing pattern with altitude (Grytnes and Beaman, 2006; Wang et al., 2007). Climatic variables are the most important factors to explain species abundance patterns with altitude, especially for large-scale research (Sanders et al., 2007). The study by Acharya et al. (2011) shows that precipitation and temperature can explain clearly the orchid species abundance along the Himalayan elevational gradient. There are several mechanisms related to the regions and environments to describe the pattern of orchid species richness along the elevational gradient in Yunnan (Zhang et al., 2015). However, there is no related study on the changes in orchid species richness along the altitude gradient on the QTP, especially predicting potential richness using the MaxEnt model under different shared socioeconomic pathways scenarios (SSPs).

The MaxEnt model, mainly used in ecology and biogeography research fields, is currently the most widely used species distribution model (Elith et al., 2006; Phillips et al., 2006; Barbosa and Schneck, 2015; Vaz et al., 2015). Research fields mainly involve potential distribution research of species under different climate change scenarios (Li et al., 2013), prediction of the area of potential distribution for invasive organisms (Callen and Miller, 2015), and suitable habitat research of endangered species and species with the economic value (Wan et al., 2014; Chemura et al., 2016). The MaxEnt model is easy to operate, can use categorical and continuous data as environmental variables to participate in modeling, and can obtain stable results even with a small amount of sample data (Phillips and Dudik, 2008). SSPs, provided by the sixth Coupled Model Intercomparison Project (CMIP6), consider the impacts of socioeconomic and land use on the development of regional climate change (Kebede et al., 2018; Zhang et al., 2019). The scenarios of SSP126, SSP245, SSP370, and SSP585 were used to predict the potential richness and distribution of orchid species. The starting point of SSPs is high, and the simulation result is close to the real value (Riahi et al., 2017).

In this study, the endangered 17 orchid species on the QTP were predicted using the MaxEnt model under different climate scenarios in the current, the 2050s, and the 2070s. Based on these databases, together with other environmental variables, we evaluated the relationship between elevation and orchid species richness under different climate scenarios on the QTP. The questions we tried to answer were as follows: (1) How orchid species richness is distributed? (2) Which environmental factors affected the distribution of orchid species richness on the QTP? and (3) How the area and mean elevation of potential distribution for orchid species richness on the QTP changed? These findings will be valuable for establishing reserve sites to protect the endangered orchid species on the QTP.



Materials and methods


Study area

The Qinghai-Tibetan Plateau, located between 73°19′∼104°47′E and 26°00′∼39°47′N, is the highest plateau in the world with an average altitude of above 4,000 m above sea level. The total area is about 2.5 million km2 (Figure 1). The special geographical environment and surface features of the QTP have formed an extremely complex climatic condition (Yang et al., 2020). From southeast to northwest of the QTP presents a climate change from warm-wet to cold-dry (Feng et al., 2020). In terms of annual precipitation, there are obvious differences between seasons and regions on the QTP. The precipitation is mainly concentrated in summer, and the main distribution of precipitation in spring and autumn is in the southern QTP. The QTP become the region with the strongest climate change in the context of global warming. Due to the fragile and vulnerable climate change, the QTP is an ideal region to study the impacts of global warming on the alpine vegetation system (Xu et al., 2016).
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FIGURE 1
Geographical locations and photos of 17 orchid species on the Qinghai-Tibetan Plateau (QTP).




Study species

The orchid species were selected from the list of national key protected and endangered species. They have great medical or ornamental value and have more distribution sites. Finally, the 17 orchid species on the QTP selected in this study are as follows: Cypripedium flavum, Cypripedium franchetii, Cypripedium shanxiense, Orchis chusua, Orchis latifolia, Orchis tschiliensis, Platanthera metabifolia, Coeloglossum viride, Tulotis fuscescens, Herminium alaschanicum, Herminium monorchis, Neottianthe cucullate, Neottianthe monophyla, Habenaria tibetica, Listera puberula, Neottia acuminata, and Spiranthes sinensis. Among them, C. flavum, C. franchetii, O. tschiliensis, N. monophyla, and H. tibetica are endemic to China. The 17 orchid species included vulnerable (VU), near threatened (NT), and endangered (EN) species (Table 1; IUCN, 2019). The main value, the red list level, and the protected level of 17 orchid species were obtained from China Rare and Endangered Plant Information System.1 The geographical location information for 17 endangered orchid species from nine genera was obtained from the following: (1) Global Biodiversity Information Facility (GBIF2) and (2) Chinese Virtual Herbarium (CVH3). Species distribution records from 1864 to 2019 were selected and proofread by Google Earth,4 and the duplicate records were removed. The records of the occurrence data in Excel were converted to csv format for predicting.


TABLE 1    The 17 orchid species selected in this study.
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Environmental variables

Initial environmental variables with 19 bioclimatic variables, three topographic variables, and 17 topsoil factors were used in this study. Bioclimatic variables were downloaded from the WorldClim dataset (Fick and Hijmans, 2017).5 The website provides 19 climate variables with 1 km spatial resolution related to precipitation and temperature from 1970 to 2000, which were used as baseline Climate Scenario Data. Future bioclimatic data including four scenarios of Shared Socioeconomic Pathways (SSPs) with 1 km spatial resolution were obtained from BCC_CSM2_MR provided by the sixth Coupled Model Intercomparison Project (CMIP6) (Kebede et al., 2018). SSP126, SSP245, SSP370, and SSP585 were used to analyze the spatial and temporal changes in the annual temperature and precipitation during 2041–2060 (2050s) and 2061–2080 (2070s) (Wu et al., 2019). SSP126 with (SSP1)-RCP2.6 forcing at a low level of greenhouse gas emissions is a sustainable development path; SSP245 with (SSP2)-RCP4.5 forcing at a mediate level of greenhouse gas emissions is a medium development path; SSP370 with (SSP3)-RCP7.0 forcing at a mediate-high level of greenhouse gas emissions is a medium-high development path; and SSP585 with (SSP5)-RCP8.5 forcing at a high level of greenhouse gas emissions is a development path ruled by fossil fuels (Riahi et al., 2017; Li et al., 2020).

Terrain variables including elevation, slope, and aspect were derived from the digital elevation model (DEM) by spatial analyst tools using ArcGIS10.7. The DEM data were obtained from the WIST Geodatabase of NASA.6 Soil factors were extracted from Harmonized World Soil Database (HWSD7), which provides detailed spatial information about basic soil attributes.

All environment variables (bioclimatic, topographic, and soil) were resampled to the spatial resolution of 1 km and were processed to the same geographic range. In addition, the correlation coefficient between variables was calculated to consider the effects of collinearity on the model accuracy. The variables with r below 0.8 and contributing larger to the model were used in the modeling (Zeng et al., 2016; Yan et al., 2020). Finally, 14 environmental variables were used in the modeling for further analysis (Table 2).


TABLE 2    Environmental variables selected in the model.
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MaxEnt model processing

The MaxEnt model was used to predict the species potential distribution based on current geographic locations and associated environmental variables and provide a spatial representation of habitat suitability on a scale from 0 (lowest suitability) to 1 (highest suitability) (Shi et al., 2021). The distribution data of orchid species and 14 environmental data were imported into MaxEnt3.4.4, which was kept with other settings as default (500 iterations, 0.00001 convergence threshold, 10,000 max background point) (Elith et al., 2011). The jackknife was turned on to evaluate the importance of environmental variables (Pearson et al., 2007); 70% of the known distribution points were randomly used for training, and 30% of the distribution points were selected for testing (Jose and Nameer, 2020). The model trained with current climate data was projected on future climate data for four SSP scenarios to determine potential distributions in the 2050s and 2070s. Average output (based on ten replicates for each species) was used for further analyses. The area under the receiver operating characteristics curve (AUC) with values from 0 to 1 was used to assess the accuracy of the model. The average AUC scores from 0.7 to 0.8 are “fair,” from 0.8 to 0.9 are “good,” and more than 0.9 are “excellent.” In a word, the average AUC values of more than 0.75 are acceptable (Elith et al., 2006; Fourcade et al., 2014).



Analysis of model predictions

The model outputs were converted into raster format and were reclassified into four arbitrary habitat suitability categories based on nature breaks through ArcGIS (Peterson and Cohoon, 1999). The area and mean elevation of the unsuitable habitats, low suitable habitats, medium suitable habitats, and high suitable habitats were calculated by the zonal statistic tool (Brown, 2014). The richness of orchid species was obtained through binarization and superposition processing by a raster calculator in the ArcGIS platform (Figure 2). The threshold of 0.05 was selected to convert the continuous habitat suitability for each species to the binarized habitat. According to the value of richness, we divided a four-level grade scale (1, 2–3, 4–5, 6–11) to reflect the trend of orchid distribution.
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FIGURE 2
Flow diagram of the methodology adopted.





Results


Model accuracy and contribution of environmental factors

The average AUC values of training in model with current and future climate scenarios were more than 0.9, and the mean AUC values of testing in model with current and future climate scenarios were more than 0.85. The model performance was good–excellent.

The internal jackknife test was used to evaluate the importance of environmental variables. The results showed that the distribution of 17 orchid species on the QTP was related to topography (aspect and elevation), climate (annual precipitation and mean temperature of the driest quarter), and soil [Topsoil pH (H2O) and Topsoil sand] (Table 3). Aspect was the most important variable influencing the distribution of the orchid species. Aspect contributed more than 50% to model output for 17 species. The following variables determining the distribution of 17 orchid species were annual precipitation (Bio12: average for 8.98%), elevation (Ele: average for 8.96%), topsoil pH (H2O) (T_PH_H2O: average for 6.49%), mean temperature of the driest quarter (Bio9: average for 4.47%), and topsoil sand fraction (T_SAND: average for 1.45%).


TABLE 3    The contribution (%) of environmental variables to the MaxEnt model output of 17 orchid species.
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Potential distribution of 17 orchid species in the current climate

The smallest area in high suitable habitat for S. sinensis was 18 km2 and concentrated in the southeastern part of Tibet. The largest area in high suitable habitat for Neottianthe monophylla was 174,178 km2 and concentrated in Tibet, Yunnan, and Sichuan. The smallest area of total suitable habitat for T. fuscescens was 5,291 km2 (only accounting for 0.21% of QTP). The largest area of the total suitable habitat for T. fuscescens was 1,230,403 km2 (accounting for 47.88% of QTP). The mean elevation in high suitable habitat for 17 orchid species was basically above 3,000 m except T. fuscescens and C. flavum. The lowest mean elevation in high suitable habitat was 678 m for T. fuscescens. The highest mean elevation in high suitable habitat was 4,466 m for O. tschiliensis (Table 4).


TABLE 4    The area and elevation in potentially suitable habitat for 17 orchid species under current climate conditions.

[image: Table 4]



Area changes of potential distribution for orchid species with different richness

The area of potential distribution for orchid species richness ranging from 6 to 11 under the current climate scenario was 14,462 km2 (accounting for 0.56% of QTP) and mostly distributed in the southeastern part of QTP (Figure 3). The total potential distribution area of orchid species under the current climate scenario was 1,223,314 km2 (accounting for 47.60% of QTP). The potential distribution area of orchid species decreased with increasing abundance under different climate scenarios (Table 5). The area of orchid species richness ranging from 6 to 11 under SSP370 in the 2070s was the smallest (9,370 km2: only accounting for 0.36% of QTP). The largest area of potential distribution for orchid species richness ranging from 6 to 11 was 45,394 km2 (accounting for 1.77% of QTP) under SSP585 in the 2070s. The largest total potential distribution area of 17 orchid species richness was 2,045,072 km2 (accounting for 79.57% of QTP) under SSP126 in the 2070s. The area of potential distribution for orchid species richness ranging from two to three increased from SSP126 to SSP585 in the 2070s. However, the area of potential distribution for orchid species richness ranging from four to five decreased from SSP126 to SSP585 in the 2050s. The total potential distribution area of 17 orchid species richness all increased from the 2050s to 2070s under SSP126, SSP245, SSP370, and SSP585, respectively (Figure 4).


TABLE 5    The area (km2) of orchid species richness under different climate scenarios.
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FIGURE 3
The current richness distribution of 17 orchid species on the Qinghai-Tibetan Plateau (QTP).
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FIGURE 4
Prediction results for potential orchid species richness under different climate scenarios in the 2050s and 2070s.




Mean elevation changes of potential distribution for orchid species with different richness

The mean elevation of potential distribution for orchid species richness decreased with increasing abundance under different climate scenarios except for SSP245 in the 2050s (Table 6). In a word, the orchid species richness basically decreased with ascending elevation. The mean elevation of potential distribution for orchid species richness ranging from 6 to 11 under different climate scenarios was between 3,267 and 3,463 m. The mean elevation of potential distribution for orchid species richness ranging from 6 to 11 decreased from SSP126 (3,457 m) to SSP585 (3,267 m) in the 2070s. However, the mean elevation of potential distribution for orchid species richness ranging from 2 to 3 increased from SSP126 (3,769 m) to SSP585 (3,850 m) in the 2070s. The mean elevation of potential distribution for orchid species richness ranging from 2 to 3 gradually decreased from SSP126 (3,899 m) to SSP370 (3,683 m) in the 2050s. However, the mean elevation of potential distribution for orchid species richness ranging from 2 to 3 gradually increased from SSP126 (3,769 m) to SSP370 (3,814 m) in the 2070s. The mean elevation of potential distribution for orchid species richness ranging from 4 to 5 gradually decreased from SSP126 to SSP370 both in the 2050s and 2070s.


TABLE 6    The mean elevation (m) of orchid species richness under different climate scenarios.
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Discussion


Potential distribution of orchid species richness

The orchid family is one of the richest in the flowering plants realm and includes many rare, threatened, and endangered species (Tsiftsis et al., 2008). In this study, we explored the richness of 17 endangered orchid species on the QTP under different climate scenarios. The results indicated that the orchid species richness is highest in the southeastern part of QTP. The richness of orchid species basically declined with the increasing elevation under the current and future climate scenarios. The relationship between species abundance and elevation has been a controversial topic in biogeography research. The previous study indicated that the highest species richness locates at the mid-elevational belts with richness declining both at higher and lower elevations (McCain, 2004). In this study, the results showed that the mean elevation of potential distribution for orchid species richness ranging from 6 to 11 under different climate scenarios was between 3,267 and 3,463 m. The potentially suitable habitats of orchid species declined above 3,500 m may be due to a change from broadleaf forest to a dominance of coniferous forest above 3,000 m (Acharya et al., 2011). The previous study found that the distribution of the orchid species was in fact a clear linear decreasing trend with elevation (Roberts and Brummitt, 2006; Timsina et al., 2021). Their results demonstrated that all species may distribute at a given elevation or an elevational range, but species richness peaked at the mid-elevation zone. In addition, the relatively low orchid species richness at low elevation may be as a result of the few intact suitable habitats that remain and extinctions due to human disturbances (Strasberg et al., 2005). Especially, 17 endangered orchid species selected in this study are more vulnerable to human effects at low altitude.



Influences of environment variables on the potential distribution of orchid species richness

The orchid species are easily susceptible to the environment, and their potential distributions are highly related to environmental variables (Ye et al., 2020). Previous studies demonstrated that climate and soil factors could have influences on the orchid species distribution (Tsiftsis et al., 2008; Gaskett and Gallagher, 2018; Bell et al., 2021). In this study, we explored the influences of climate change, topographical factors, and soil variables on the endangered orchid species on the QTP. We found that aspect, annual precipitation, elevation, topsoil pH (H2O), mean temperature of the driest quarter, and topsoil sand fraction had a large influence on the distribution of endangered orchid species on the QTP, which was in accordance with the findings of previous studies (Chapagain et al., 2021).

Climate change was an important factor affecting the potential distribution of orchid species on the QTP. There were significant influences of the annual precipitation (Bio12) and mean temperature of the driest quarter (Bio9) on the potential distribution of orchid species, which may be associated with the growing elevation of different orchid species because elevation shows complicated climate factors, such as humidity and temperature (Tsiftsis et al., 2008). The orchid species distribution was found to be mainly climate driven because the total gain of the MaxEnt model was largely influenced by temperature and precipitation (Shrestha et al., 2021). Most orchid species survive in a specific temperature range, and some can tolerate temperature as low as 4°C (Acharya et al., 2011). The thermoeconomic indicator was introduced to be a link between climate change and the earth’s global temperature variation, which clarified the effect of the increasing water vapor in the atmosphere because of the rising mean earth temperature and the saturation pressure of water vapor itself (Lucia et al., 2021).

Aspect was an important factor affecting the potential distribution and richness of endangered orchid species on the QTP. The importance of aspect in the orchid distribution may be due to the more climate types. Many orchid species do not face the south slope (Shaw, 1984).

Some previous studies demonstrated that many orchid species have a symbiotic relationship with mycorrhizal fungi which depends on some soil conditions, such as nutrients, organic content, and pH (McCormick and Jacquemyn, 2014). In this study, we found that topsoil pH (H2O) was also one of the environment variables influencing the distribution of orchid species, which is in line with the findings of Liu et al. (2021). This may be partly because soil variables may affect the distribution of mycorrhizal fungi and have an effect on the potential distribution of orchid species.



Influences of other factors on the potential distribution of orchid species richness

Apart from climate conditions, topographical factors and soil variables, there may be other factors affecting the distribution of orchid species, such as vegetation (Opedal et al., 2015), human disturbance (Liu et al., 2021), presence of pollinators (Duffy and Johnson, 2017), and mycorrhizal fungi (McCormick et al., 2018), which were beyond our analysis. Biotic interactions play an important role in species distribution models. If biotic interactions are not considered, it may overestimate the potential distributions of species. Almost totally orchid species depend on mycorrhizal symbionts and pollinators. The sexually deceptive orchid species are often highly specialized, so the interactions with their pollinators are expected to strongly affect distribution predictions (Tsiftsis and Djordjević, 2020). Global warming will not only cause changes in the potential distribution of orchid species but also lead to the decrease in areas suitable for pollination of orchid species. The lack of pollen vector may be devastating for fringed hare orchid which is not autogamous and must rely on a single pollinator species (Kolanowska et al., 2021). Therefore, future studies are needed to combine these factors to explore the influences on the endangered orchid richness on the QTP.



Conservation of orchid species richness on the Qinghai-Tibetan Plateau

Orchidaceae is an important flagship group in biological protection (Pillon and Chase, 2007; Tsiftsis et al., 2019). Consistent with the condition in other areas all over the world, a large number of orchid species, especially endangered species, were driven to extinction because of overcollection, habitat fragmentation, and destruction (Swarts and Dixon, 2009). Many orchid species have high ornamental, medicinal, and other economic value, so the trade of orchid species exists in different countries and regions around the world, especially in some orchid distribution hotspots, which has been the important reason why many orchid species are endangered (Phelps and Webb, 2015). All the wild orchid species were listed in the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES). In the past years, 17 orchid species have been evaluated according to the regional conservation status based on IUCN rank. However, some species with distribution area sizes, such as T. fuscescens and S. sinensis, were not further assessed due to their limited distributional information. Under this circumstance, in situ conservation is very significant to conserve threatened orchid species (Juiling et al., 2020). According to our study, the highest richness of endangered orchid species is located in the southeastern part of QTP. We need further research to identify conservation gaps and design nature reserves for protecting the endangered orchid species from extinction in these regions.




Conclusion

In this study, we explored the potential effects of climate change on the richness and distribution of 17 endangered orchid species on the Qinghai-Tibetan Plateau based on the SSP scenarios in the 2050s and 2070s using the MaxEnt model. First, the results showed that aspect, annual precipitation, elevation, topsoil pH (H2O), mean temperature of the driest quarter, and topsoil sand fraction had a large influence on the potential distribution of endangered orchid species on the QTP. Second, the mean elevation of potential distribution for orchid species richness ranging from 6 to 11 under different climate scenarios was between 3,267 and 3,463 m. Third, the orchid species richness is largest in the southeastern part of QTP and basically declined with the increasing elevation under current and future climate scenarios. Based on these findings, future conservation plans should be concentrated on the selection of protected areas in the southeastern part of QTP to protect the endangered orchid species.
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Drought-induced forest canopy die-back and tree mortality have been commonly recorded in the lithoid mountainous regions of northern China. However, the capacity of trees to regulate their carbon and water balance in response to drought remains inadequately understood. We measured tree growth, intrinsic water use efficiency (iWUE), vulnerability, and canopy health during drought events using dendrochronology, C isotope measurements, and a tree canopy health survey in a mixed plantation of Quercus variabilis and Robinia pseudoacacia. Resistance (Rt), recovery (Rc), resilience (Rs), and increased amplitude in iWUE compared to the indices 3 years before drought (iWUEr) were calculated for each species across the dominant tree (D), co-dominant tree (CD), and suppressed tree (S). Our results revealed that D and CD showed lower Rt, higher Rc, and higher iWUEr than S. After exposure to multiple sequential drought events, Q. variabilis showed an increasing trend in Rt, and R. pseudoacacia showed a decreasing trend in Rc. R. pseudoacacia exhibited a more conservative strategy towards drought, resulting in a negative SRt-iWUEr (slope of the linear model fitted to capture the trend between Rt and iWUEr) during drought events than Q. variabilis. For individual trees, lower Rc or positive SRt-iWUEr Q. variabilis and negative SRt-iWUEr R. pseudoacacia were more susceptible to canopy die-back. In conclusion, our study offers a new perspective for improved management practices in the design of silvicultural actions for forestry plantations in lithoid mountainous areas with increasing drought risk.




Keywords: drought stress, radial growth, resistance, stable isotopes, canopy die-back



Introduction

Since the 1970s, China has implemented an ecosystem restoration program to repair vulnerable ecosystems and restore trees in previously degraded ecosystems (Cao et al., 2011). However, weak growth rates and tree mortality have arisen in large-scale plantations, even though many tree species have been chosen for drought tolerance (Wu et al., 2004; Sun et al., 2018b; Zhao et al., 2018). For these plantations, despite major progress in understanding how water deficits affect functioning (Wang et al., 2017; Sun et al., 2018a), the relationship between functional indices and species survival under extreme drought remains poorly understood and limits our ability to adequately predict tree mortality risk accompanied by continuing warming and aridification in the future.

Recent syntheses of drought physiology have highlighted the need to consider the capacity of trees to regulate their carbon and water balances under drought conditions (Mitchell et al., 2013; Gentilesca et al., 2021). These frameworks suggest that carbon starvation (Sevanto et al., 2014) or hydraulic (Grote et al., 2016) failure may be responsible for the drought-induced mortality in trees. Also, it has been observed that drought stress changes with selection of tree species or tree species mixtures (Pretzsch et al., 2013; Merlin et al., 2015). Different species growing in the same soil water status may perform differently in a mixed forest, and drought will likely disturb the current equilibrium between the co-existing species (Fekedulegn et al., 2003; Tognetti et al., 2007; Jucker et al., 2014). For example, in mixed plantations on the Loess Plateau, top shoot die-back and mortality are frequent in Populus hopeinsis and Robinia pseudoacacia. However, other species such as Ulmus pumila rarely have similar difficulties (Zhang and Shang, 2002). The reasons for these species-specific differences in response to drought are still not thoroughly understood. In addition to these drivers, the presence of various individual tree social statuses within a stand adds another layer of complexity to the tree’s response to drought (Merlin et al., 2015). This social position suggests a disparity in the accessibility of resources such as water, nutrients, and light, which results in differences in the reactions to severe droughts (Trouvé et al., 2017). Consequently, some studies have comprehensively discussed the effect of water stress on the growth of deciduous trees of various social statuses. However, these findings are inconsistent (Liu and Muller, 1993; He et al., 2005). Therefore, it is critical to incorporate both species and social status into the stand as explanatory factors when evaluating the carbon and water balance responses of mixed plantations to drought.

In particular, tree growth resilience indices and intrinsic water-use efficiency (iWUE) are important indicators for the response analyses of carbon and water balance to drought (Forner et al., 2018; Sun et al., 2018a; Nolan et al., 2021; Zhang et al., 2022). Forest stability reactions during drought events are typically categorized as having either immediate or delayed effects, representing their ability to maintain functions during and after drought events (Trouvé et al., 2017; Zas et al., 2020). iWUE is defined as the net photosynthetic rate to stomatal conductance, which evaluates the water loss through the stomata. The trade-off between carbon capture and water loss is not a serious conflict in favorable climate conditions, resulting in a slight increase in tree growth when iWUE increases (Guerrieri et al., 2019; Lu et al., 2019). Under extreme drought events, the increase in iWUE is mainly induced by closing stomata to save water and maintain their leaf water potential within a safe range at the expense of reduced carbon uptake (Martin-Benito et al., 2017). In this case, the growth resistance of the trees will decrease or remain constant, which has been reported in the recent literature on dead trees under controlled environmental conditions (Sun et al., 2018b; Zadworny et al., 2019). Previous research has provided insights into tree growth and iWUE responses to drought in North China, although the results are inconsistent (Wu et al., 2015; Sun et al., 2018b; Song et al., 2019). However, few empirical studies have evaluated the effectiveness of these indicators for predicting the risk of drought-induced mortality.

In this study, we used dendrochronology and carbon isotopes to understand the growth resilience indices and iWUE for Q. variabilis and R. pseudoacacia across three crown classes. We related growth resilience indices, iWUE, with the current canopy health score, a proxy for vulnerability to canopy die-back, to assess the relationships between these indicators and drought-induced mortality. The following two questions were the focus of our investigation: (1) How did growth resilience indices and iWUE vary between species, crown classes, and drought events? (2) Which post-drought resilience and iWUE indices influence current canopy die-back?



Materials and methods


Study area

This study was conducted in a young mixed forest at a height of approximately 410 m above sea level in the lithoid hilly region of North China (35°02’ N, 112°28’ E) (Figure 1). Warm-temperate continental monsoon weather prevailed at the site over the course of 50 years, with a mean annual temperature of 14.5°C and mean annual precipitation of 609.3 mm. In the study region, there has been a significant increase in the annual mean temperature over the last 30 years (Figure 2A). The geological substrate is composed of limestone. The soil at the site was 40–50 cm deep and classified as brown loam. The sites were covered by 46-year-old mixed deciduous Q. variabilis and R. pseudoacacia trees.




Figure 1 | The location of the plots and the nearby meteorological stations.






Figure 2 | (A) Average annual temperature (T), the dotted line indicates the trends considering T for the 1990–2018 period; (B) summer (June to August) precipitation (P) and SPEI calculated from October of the previous year to September of the current year (SPEI12sep) – dotted line for the 1960–2018 period. The dark line indicates the SPEI threshold of -1.5 (indicative of severe drought).





Climatic data

Monthly mean temperature and total precipitation data were obtained from the Jiyuan County Meteorological Station (35°5’ N, 112°38’ E, 10 km from the site; Figure 1). We obtained the standardized precipitation evapotranspiration index (SPEI) calculated from October of the previous year to September of the current year (SPEI12sep) to evaluate drought severity with the SPEI program (Vicente-Serrano et al., 2010). This methodological approach avoids climatic parameters in the months following stem growth (Conte et al., 2018). Positive SPEI values imply wet conditions, whereas negative values indicate dry conditions. We selected three drought years (years with SPEI12sep< −1.5: 2002, 2009, and 2013) for the period 1960–2018 (Figure 2B).



Field sampling and dendrochronological methods

A forest survey was conducted in August 2019 by establishing 23 inventory plots (30 × 30 m). Geographic coordinates and characteristics of these plots are provided in Supplementary Table S1. In each plot, trees with a diameter at breast height (DBH) ≥ 4.0 cm were permanently marked, measured (DBH, height X–Y coordinates), and recorded (species and crown class). The crown classes were defined as dominant (D), co-dominant (CD), and suppressed (S). In the present study, D trees had crowns extending above the main canopy, CD trees had crowns making up the main canopy, and S trees had crowns extending into the lower portion of the main canopy (Seidel et al., 2011).

Fifty to sixty trees were selected from each plot. In total, 1265 trees were sampled (799 Q. variabilis; 466 R. pseudoacacia). Two complete cores (90° from one another) were collected per sample tree perpendicular to a height of 1.3 m with standard 5.15-mm increment borers (Häglof, Långsele, Sweden). The cores were air-dried and sanded with papers of progressively finer grains until tree rings were clearly visible. Tree rings were dated under a stereomicroscope (Leica, Germany), and tree-ring width was measured using a LINTAB measuring device (Frank Rinn, Heidelberg, Germany, resolution: 0.01 mm). Cross-dating was further validated using COFECHA v11 (Holmes, 1983).

Several statistics commonly used in dendrochronology were calculated to assess the quality of the tree-ring width series using the dplR package (Bunn, 2008): first-order autocorrelation (AC) of raw width data (Fritts, 1976), mean sensitivity (MS) of indexed growth values, mean correlation (Rbt) between trees (Briffa, 1990), and expressed population signal (EPS) (Wigley et al., 1984), which measures the statistical quality of the mean site chronology as compared with a perfect, infinitely replicated chronology (Table 1).


Table 1 | Chronology statistics in dominant trees (D), co-dominant trees (CD) and suppressed trees (S) for sampled Q. variabilis and R. pseudoacacia.



The past diameters were extrapolated using the tree-ring widths of the cores. A proportional approach was used to reduce the impact of eccentricity on the growth increment (Bakker, 2005). The tendency caused by the geometrical limitation of adding a volume of wood to a stem with increasing radius was corrected by translating tree-ring widths into basal area increments (BAIs) as follows:



where R is the tree radius and n is the year of tree-ring formation.



Growth resilience indices

To evaluate growth resistance and resilience to each drought event, we calculated three indices for each species and crown class using BAI data: resistance (Rt), recovery (Rc), and resilience (Rs) (Lloret et al., 2011).







where BAID is the mean BAI during a drought event and BAIpre and BAIpost are the mean BAIs in the 3 years before or after the drought event.



Water use efficiency analysis

After cross-dating, several similar-age tree cores of each crown class were manually separated into slivers using a dissecting scope and razor blade. A total of 135 trees were selected (68 Q. variabilis and 67 R. pseudoacacia). To estimate the effects of the iWUE response to drought, we analyzed iWUE in drought events (iWUED) and the average iWUE in the 3 years before the drought event (iWUEB). The wood of each drought event and 3 years before each drought event was homogenized into a sample. All samples were ground into powder using a ball mill instrument. Whole wood samples were subjected to isotopic analysis as recent research has demonstrated that whole wood can be used instead of a-cellulose in short-term eco-physiological and dendrochronological studies to measure stable C isotopes (Au and Tardif, 2009). Approximately 3–4 mg of each sample (dried for 24 h in an oven at 60°C) in a tin cup was completely burnt to gas using a TOC Element Analyzer (Elementar Analysensysteme GmbH. Hanau, Germany). It was then injected into a carbon dioxide isotope analyzer (CCIA-38-EP, Los Gatos Research, USA) to determine δ13C. Three subsamples were randomly selected from each mixed sample, each of which was taken twice. The bi-weight method was then used to average the six values from each mixed sample into a single value. The δ13C values were expressed using the Vienna Pee Dee Belemnite scale.

iWUE (μmol mol−1) was calculated according to standard methodologies and formulae was calculated using (Farquhar and Richards, 1984):



where A is the rate of CO2 assimilation by the leaves, gs is the rate of leaf stomatal conductance, Ci is the leaf intercellular CO2 concentration and Ca is. atmospheric CO2 concentration (Ca). To determine Ci/Ca, we used the equation 6 (Farquhar et al., 1982):



where δ13Ctree represents δ13 measured from tree rings; δ13Catm is the value for the atmospheric value obtained from the Earth System Research Laboratory of the U.S. National Oceanic and Atmospheric Administration. a is the discrimination due to diffusion of 13CO2 through stomata (a = 4.4‰) and b is fractionation discrimination by Rubisco against 13CO2 (b = 27‰).

To evaluate the degree of change in iWUE during drought events, we calculated the ratio of iWUED and iWUEB (iWUEr).



Canopy health

For each sample tree, health condition was evaluated by the canopy health score described previously (Stone et al., 2008; Nolan et al., 2021) based on visual estimates in August 2019, which summed five crown attribute scores (scale of 1 to 5): crown size, crown density, dead branches, crown epicormic growth, and leaf discoloration. Additional details are presented in Supplementary Table S2. Scores ranged from 0 for trees with no leaves left to 25 for healthy trees.



Data analysis

The differences in Rt, Rc, Rs, iWUE, and canopy health score among crown classes of Q. variabilis and R. pseudoacacia were analyzed using the least significant difference (LSD) test. Prior to statistical analysis, we checked all indices for normality and homoscedasticity, and statistical significance was set at p< 0.05.

To test the relationship between radial growth and iWUE during the three drought events, Rt was linearly regressed against iWUEr for each crown class. In addition, a linear model was fitted to capture the trend between Rt and iWUEr for each sample tree, with the slope of this model (SRt-iWUEr) indicating the magnitude of the growth reduction with an increase in iWUE during the three drought events. We evaluated the tree canopy health score as the response variable in linear regressions against the growth resilience indices, iWUEr and SRt-iWUEr.

R 4.1.3 was used to conduct all statistical analyses (Team R C, 2013).




Results

The EPS values were all greater than 0.85 in every instance to suggesting the qualities of chronologies were sufficient good (Table 1). The Rbt, MS, and EPS values were higher for D and CD than for S.


Radial growth analysis

Q. variabilis and R. pseudoacacia for the three canopy classes had a similar pattern in their BAIs: a steady increase during the first 20 years followed by a substantial and significant decrease during the three drought events (Figure 3). A significant negative trend of BAI was observed in suppressed R. pseudoacacia (−1.5% year-1, p<0.01) after the first 20 years, with the trends also being slightly negative but not significant for other types of trees. Q. variabilis and R. pseudoacacia had lower average BAI values in S than in D and CD.




Figure 3 | Mean curves of basal area increment (BAI) chronologies of Q. variabilis and R. pseudoacacia for three canopy classes. The black dotted line corresponds to 2002, 2009, and 2013 drought.





Resistance, recovery and resilience to drought

For Q. variabilis and R. pseudoacacia, in terms of drought Rt and Rc, significant differences in responses were observed for each drought event between the three canopy classes. The order of the Rt values was S > CD > D, and the order of the Rc values was D > CD > S (Figure 4). With the increase in drought events experienced by trees, the Rt of Q. variabilis in each canopy class showed an increasing trend, and the Rc of R. pseudoacacia in each canopy class showed a decreasing trend. During the 2002 drought event, D was less resilient than S. On the other hand, S was less resilient than D during the 2009 and 2013 drought events.




Figure 4 | Mean resistance (Rt), recovery (Rc), resilience (Rs) calculated for Q. variabilis and R. pseudoacacia of three canopy classes during drought events. Different letters indicate significant difference (p< 0.05) in drought responses between three canopy classes.





iWUE responses to drought

The iWUE of both species significantly decreased in response to drought in relation to the iWUE of the three years preceding drought events (Table 2). For the average iWUEr of the three drought events between the three canopy classes, the order of Q. variabilis was D (1.21) > CD (1.15) > S (1.11) and that of R. pseudoacacia was CD (1.22) > D (1.15) > S (1.10).


Table 2 | Mean values of iWUE for each species, canopy class.





Relationships between Rt and iWUEr

For Q. variabilis, the relationships between Rt and iWUEr of D showed significant positive trends (p< 0.05) during the three drought events (Figure 5). In contrast, no significant trends of Rt-iWUEr were observed in the CD and S of Q. variabilis, except for S in the 2002 drought event (p = 0.004). For R. pseudoacacia, the Rt-iWUEr of the three canopy classes showed significant negative trends during the three drought events (p< 0.05). The negative correlation between Rt and iWUEr eased as the slopes of the regression lines increased with an increase in drought events experienced by trees.




Figure 5 | Relationship between Rt and iWUEr of Q. variabilis and R. pseudoacacia for three canopy classes during drought events.





Growth resilience indices, iWUEr and canopy health

The significant trends were observed between canopy health scores and Rc and SRt-iWUEr of Q. variabilis, on the other hand, health scores increased with SRt-iWUEr of R. pseudoacacia (Figure 6), indicating that lower Rc and positive SRt-iWUEr Q. variabilis, negative SRt-iWUEr R. pseudoacacia were the more vulnerable to canopy die-back during drought. The canopy health score as a function of crown class was analyzed using ANOVA, and the results showed that S trees for these two species were significantly more susceptible to canopy die-back than D and CD trees.




Figure 6 | Relationship between canopy health scores and growth resilience indices, iWUEr, and SRt-iWUEr of Q. variabilis and R. pseudoacacia.






Discussion

Despite receiving far less scholarly attention than natural forests do, plantations play an essential role in rehabilitating endangered ecosystems (Brockerhoff et al., 2008; Rodriguez-Vallejo et al., 2021). By combining resistance indices, iWUE, and canopy health score data, we have provided valuable field data to help predict tree mortality risk in these forests.


Effects of species and crown classes on BAI and iWUE response to drought

Similar to previous observations, the radial growth of both species was significantly reduced under drought-induced water stress (Martín-Benito et al., 2008; Eilmann and Rigling, 2012; Mazza et al., 2021). A decline in the carbon stock available for functions during drought events is associated with reducing photosynthetic products and changing the method of carbon allocation and utilization (Flexas et al., 2006; Körner, 2015). For example, drought promotes more carbohydrates and starches in tree leaves to be decomposed to regulate osmotic pressure (Chaves et al., 2003)e, and some studies have also shown that under drought, trees may accumulate a larger proportion of non-structural carbohydrates through photosynthesis, which is used to maintain respiration in the dormant season and the growth of earlywood in the following year, which leads to the hysteresis of growth (Lacointe, 2000; Richburg, 2005).

D and CD trees showed higher growth reductions than S trees for both species during drought, whereas the recovery of D and CD was enhanced afterward, consistent with some of the existing studies (Martín-Benito et al., 2008; Merlin et al., 2015; Trouvé et al., 2017). One explanation could be that D and CD trees are more exposed to drought as they intercept more resources in forests dominated by asymmetrical competition (Linares et al., 2010). In addition, despite the general drought conditions, S trees may benefit from better growth conditions (slightly cooler, less radiation, or better ventilation) than D and CD trees because they have less leaf area exposed to intense radiation and high temperatures owing to partial shading (Aussenac, 2000; von Arx et al., 2012). Other features of S trees, including smaller crowns, lower root densities (Liu and Muller, 1993; Augspurger and Bartlett, 2003), and lower carbohydrate reserves (Richardson et al., 2013) may hinder their recovery to pre-drought growth levels (Galiano et al., 2011; Grote et al., 2016).

Accumulated stresses from multiple drought events led to an increase in Rt in Q. variabilis and a decrease in Rc in R. pseudoacacia. R. pseudoacacia, as an early successional species, seems to be maladjusted to frequent drought years typical of low altitudes in North China (Tanaka-Oda et al., 2010). Its poor performance in recovering growth after drought might be due to its ineffective control mechanism in dealing with water loss (Eilmann and Rigling, 2012). We anticipated that given the different levels of drought tolerance among the species, the growth releases would come from the death of the less drought-resistant R. pseudoacacia, benefiting Q. variabilis radial growth during the upcoming drought event (Rubio-Cuadrado et al., 2018).

Rs measures the capacity of trees to recover their pre-drought growth rate after drought, with Rs< 1 indicating a persistently detrimental effect caused by drought on subsequent growth. With an increase in drought events experienced by trees, the Rs of D showed increasing trends, and the Rs of CD and S showed decreasing trends. This may indicate that the sensitivity of the drought response changed after withstanding numerous drought occurrences. CD and S will be more vulnerable to drought than D, and are more likely to experience carbon famine (Trifil et al., 2017), increasing the likelihood that they will die.

R. pseudoacacia, a non-native tree species, had slightly higher iWUE than Q. variabilis (a native tree species). Similar results have been reported for other native and nonnative tree species. For example, Song et al. (2019) reported a higher increase in iWUE for non-native trees than for native tree species in forests in Northeast China. When drought occurs, a higher increase in the iWUE for the non-native species compared with the native species seems to be attributable to higher climatic sensitivity or corresponding stronger water stress. In contrast, R. pseudoacacia has more conservative water use (Fan, 2010; Nadal-Sala et al., 2017), which partly reflects the differences in xylem structure. R. pseudoacacia produces more vessels, but its diameter appears to be smaller than that of oaks (Nola et al., 2020; Özden Keleş and Savaci, 2021). Greater resistance to water transportation and cavitation under drought conditions may be achieved with vessels of smaller diameters (Sperry et al., 2006), resulting in lower hydraulic conductivity and higher iWUE. In addition, under drought conditions, R. pseudoacacia closes its stomata at an early stage compared to Q. variabilis, resulting in a rapid decline in stomatal conductance and photosynthesis (Fan, 2010; Jin et al., 2011; Colangelo et al., 2018), at the same time, more apparent morphological changes in adaptation to water limitation were observed in R. pseudoacacia, such as leaf shedding (Wang et al., 2017), which could partially explain the higher iWUE to drought observed in R. pseudoacacia.

S trees were below the main canopy, resulting in less coupling with the atmosphere, which created a higher ratio between boundary layer conductance and canopy stomatal conductance (Wullschleger et al., 2000), as well as assimilated respired CO2 (lower δ13C) within the canopy, and drought induced stomatal closure. Therefore, reduced mesophyll conductance (gm) could increase iWUE. Height alone is supposed to make water transport to the leaves more difficult, resulting in a decrease in gm with height (Cano et al., 2013); the lower the height of S trees compared to D and CD trees, the lower the gm. These features may lead to lower iWUE for S trees.



Drought modifies Rt-iWUEr

In the lithoid hilly areas with shallow soil, the negative trend between Rt and iWUEr could be the result of a more substantial reduction in soil moisture, which causes plants to close their stomata to save water and maintain their leaf water potential within a safe range at the expense of reduced carbon uptake (McDowell, 2011). Unlike R. pseudoacacia, Q. variabilis showed no significant negative trend in Rt-iWUEr, which agrees with previous results on contrastive research of native and non-native tree species (Song et al., 2019). Non-native tree species may have greater stomatal control than native species, consequently enhancing iWUE to the detriment of growth (Gentilesca et al., 2021). In addition, the absence of Rt-iWUEr might be attributed to variable allocation to other tissues, and remobilization of carbohydrate reserves frequently causes a disconnect between tree growth and carbon assimilation (Urrutia-Jalabert et al., 2015).



Canopy health

The difference in relationships between canopy health scores, growth resilience indices, and iWUEr of R. pseudoacacia and Q. variabilis revealed partly different reasons for drought-induced mortality. For R. pseudoacacia, SRt-iWUEr was negatively linked to canopy health scores, suggesting that carbon starvation may cause canopy die-back in trees undergoing severe drought (Wang et al., 2017; Colangelo et al., 2018). The lower SRt-iWUEr indicates that the increased iWUE resulting from multiple drought events prevented carbon uptake by R. pseudoacacia. However, reduced carbon uptake has a negative effect on driving phloem transport, maintaining turgor, and refilling embolized xylem during drought, and mortality occurs as soon as one or more of these processes reaches a threshold (McDowell et al., 2011). R. pseudoacacia showed a growth reduction in drought-induced mortality at a local scale (Wang et al., 2017). According to their findings, no significant difference was observed in the growth rate between dead and healthy R. pseudoacacia before severe drought. After multiple drought events, the growth rate of dying trees fell and remained very low, even resulting in only a row of earlywood conduits without latewood being observed on tree cores during drought events (Wang et al., 2017). Current photosynthetic products are not readily available because of the influence of the main canopy on the photosynthetic capacity of the S trees (Martín-Benito et al., 2008). Structural growth is associated with higher demands for older carbon pools, which are primarily reserves accumulated during favorable growth years. However, replenishing older carbon pools with new sugar inputs may become more challenging after multiple drought events (Richardson et al., 2013). Therefore, for R. pseudoacacia, the lower carbon storage and SRt-iWUEr of S trees compared with those of D and CD trees may explain their higher mortality.

There was a clear link between low Rc capacity and high SRt-iWUEr to drought in Q. variabilis and the increased risk of canopy die-back. Previous studies have revealed a typical pattern for oaks experiencing multiple drought events: oaks usually die a few years after the drought because the time period needed for oak reserves to recover may be too long, resulting in a gradual decline in resilience and increased mortality rates (Galiano et al., 2012; Granda et al., 2013; Granda et al., 2014). For Q. variabilis, a higher percentage of consumption of stored nonstructural carbohydrates during drought events resulted in a positive trend in Rt-iWUEr (higher SRt-iWUEr), further limiting the ability of trees to recover following drought occurrences (Galiano et al., 2012; Rosas et al., 2013). No evidence of such depletion of individuals was found in this study, but inconsistent findings were found between net ecosystem productivity based on eddy covariance and Q. variabilis biomass growth based on biometric methods in a local mixed deciduous plantation dominated by Q. variabilis during drought events, partly because of the consumption of stored non-structural carbohydrates (Jia et al., 2022).




Conclusion

The effect of drought on the growth and functioning ofin plantations has been anone of the important concerns for researchers and forest managers to proactively address climate-related global challenges. Our study confirms the differing responses of three crown classes, R. pseudoacacia, and Q. variabilis, to several specific drought events.: During the drought, D and CD showed a higher reduction in growth and higher increase amplitude in iWUE than S, did but also recovered faster afterward. A more conservative water-saving strategy was reflected in the negative correlation between Rt and iWUEr inof R. pseudoacacia than in Q. variabilis. Lower Rc, and positive SRt-iWUEr Q. variabilis, and negative SRt-iWUEr R. pseudoacacia were more susceptible to canopy die-back during drought due to stress from multiple drought events. This study provides helpful information on species selection and management measures for plantations in lithoid mountainous areas with increasing drought risk.
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Human activities have increased the possibility of simultaneous warming and drought, which will lead to different carbon (C) allocation and water use strategies in plants. However, there is no conclusive information from previous studies. To explore C and water balance strategies of plants in response to warming and drought, we designed a 4-year experiment that included control (CT), warming (W, with a 5°C increase in temperature), drought (D, with a 50% decrease in precipitation), and warming and drought conditions (WD) to investigate the non-structural carbohydrate (NSC), C and nitrogen (N) stoichiometry, and intrinsic water use efficiency (iWUE) of leaves, roots, and litter of Cunninghamia lanceolata, a major tree species in southern China. We found that W significantly increased NSC and starch in the leaves, and increased NSC and soluble sugar is one of the components of NSC in the roots. D significantly increased leaves’ NSC and starch, and increased litter soluble sugar. The NSC of the WD did not change significantly, but the soluble sugar was significantly reduced. The iWUE of leaves increased under D, and surprisingly, W and D significantly increased the iWUE of litter. The iWUE was positively correlated with NSC and soluble sugar. In addition, D significantly increased N at the roots and litter, resulting in a significant decrease in the C/N ratio. The principal component analysis showed that NSC, iWUE, N, and C/N ratio can be used as identifying indicators for C. lanceolata in both warming and drought periods. This study stated that under warming or drought, C. lanceolata would decline in growth to maintain high NSC levels and reduce water loss. Leaves would store starch to improve the resiliency of the aboveground parts, and the roots would increase soluble sugar and N accumulation to conserve water and to help C sequestration in the underground part. At the same time, defoliation was potentially beneficial for maintaining C and water balance. However, when combined with warming and drought, C. lanceolata growth will be limited by C, resulting in decreased NSC. This study provides a new insight into the coping strategies of plants in adapting to warming and drought environments.




Keywords: warming, drought, carbon and water balance, defoliation, Chinese fir



Introduction

The Intergovernmental Panel on Climate Change (IPCC) has shown that human actions contribute to a gradual increase in global average surface temperature due to elevated emissions of greenhouse gases such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) (IPCC, 2021). Human actions increase atmospheric evaporation and increase the possibility of droughts (IPCC, 2021). In current and future climate change, warming and drought may occur simultaneously and are expected to affect plant physiology and ecosystem function (Auyeung et al., 2013; Zhang et al., 2021). These effects include combined effects on plant foliar chemistry (Orians et al., 2019) as well as changes in carbon (C) balance and water balance (Mystakidis et al., 2016).

Carbon (C) plays a central role when plants are grown in negative environments because it is one of the most abundant and versatile elements involved in plant metabolism (Hartmann et al., 2020). Non-structural carbohydrates (NSC) can reflect the C balance between photosynthetic C assimilation and metabolic C demand in woody plants (Kannenberg and Phillips, 2019) and include soluble sugar (e.g., glucose and sucrose) and starch. Plants through newly absorbed C and stored NSC provide growth and other physiological functions such as respiration, osmoregulation, and defense mechanisms (Hartmann and Trumbore, 2016; Gersony et al., 2020; Trowbridge et al., 2021; Liu et al., 2022). At the same time, NSC is an important reserve substance that can be used in stressful environments (Yang et al., 2018), such as drought, warming, and excessive CO2 (Xu et al., 2013; Fernández de Simón et al., 2022). The NSC can reflect the C equilibrium status of the plants when grown in a negative environment. Therefore, identifying the changes of NSC storage under adverse conditions not only is key for understanding C dynamics in trees in the context of global climate change, but also has broader implications for ecosystem function and the prediction of forest responses to global change (Katarína et al., 2019).

NSC is of particular interest as they are the dominant currency of C allocation and they are also a critical indicator of C limitation of trees (Hartmann et al., 2020). Currently, drought is one of the most crucial abiotic stresses affecting plants and can affect a range of physiological processes in trees, which, in turn, affects their growth and productivity (Seleiman et al., 2021). At present, various studies have reported the impact of drought on NSC, but there are conflicting results regarding NSC dynamics during drought (Mitchell et al., 2013; Lin et al., 2018). Therefore, further investigations are needed to better understand and predict adaptation strategies of plant C balance to global climate scenarios. At the same time, warming may have deleterious consequences on subtropical and tropical forests because numerous tree species occur near the thermal optimum due to climate change (Li et al., 2016). It has been shown that at high temperatures, a decrease in photosynthesis due to higher respiration, stomatal closure, may lead to a rapid depletion of the C storage pool (Zhao et al., 2013). Similar to drought, the effects of warming on plant NSC are not obviously established (Shi et al., 2015; Danielle et al., 2016; Tang et al., 2016; Zheng et al., 2018). Most studies thus far have focused only on the response of NSC to individual plant tissues to environmental stresses (Michael et al., 2014; Hartmann and Trumbore, 2016). This can lead to inconsistent results, as different tissues may have different C allocation strategies. Changes in NSC concentration between different plant organs can reflect the allocation strategy of NSC under negative C balance (He et al., 2020; D'Andrea et al., 2021; Guo et al., 2021). At present, the mechanism of the effect of drought on NSC is essentially understood, but adaptation strategies of C balance under drought and how warming affects the concentration and distribution of NSC in plants remain unclear. In addition, studies have shown that carbon in forest ecosystems may be vulnerable to the combined effects of drought and warming (Bonan, 2008). In particular, subtropical forests may be affected by additional warming and frequent droughts (Ma et al., 2017; Zhang et al., 2019). Therefore, quantitative studies of the contribution of NSC to the C balance under warming and drought conditions are essential for understanding the survival and growth of subtropical plants.

Intrinsic water use efficiency (iWUE) is defined as the ratio of the photosynthetic uptake of CO2 to the simultaneous transpiration loss of water vapor, both through the stomata (Farquhar et al., 1982a). Previous studies have shown that plants can improve their tolerance by increasing the iWUE values to help them grow under drought stress as water stress increases (Churakova et al., 2020; Yang et al., 2021). At the same time, high temperature may reduce stomatal conductivity and the transpiration rate of trees in leaves and increase iWUE (Granda et al., 2014; Hararuk et al., 2019), but the increase in iWUE did not offset the negative impact of warming on tree growth (Ren et al., 2022), which drove growth declines of about 50% (Heilman et al., 2021). In the course of plant life, water and carbon are so closely connected that it is difficult to separate them. Further research is needed to understand the relationship between iWUE and C, and strategies for C and water adaptation in a warming and drought environment. This knowledge gap has limited the understanding of the forest C and water cycle and the exploration of its mechanisms.

Under drought stress, trees mainly prevent water loss by reducing stomatal conductance and assimilation rate, while controlling C uptake by plants (Farquhar and Sharkey, 1982b; Adams et al., 2009). Meanwhile, the trees’ stored NSC has a potential role in increasing tolerance and maintaining survival (Francisco et al., 2018; Lin et al., 2018). iWUE serves as an indicator of stomatal responses to environmental variability and is indicative of the trade-off between C uptake and water loss (Kannenberg et al., 2021). If trees have water loss to promote tree growth, they would not be able to cope with increased drought. Hence, competition forces the trees to have a trade-off relationship between carbon uptake and water loss (Zhang et al., 2022). Tree-scale iWUE is affected by the allocation of C to different organs, and the formation, storage, and utilization of NSC to regulate plant metabolism (Hartmann and Trumbore, 2016). Therefore, the NSC and iWUE may cooperate to cope with environmental stress. Warming and drought affect carbon and water fluxes and their coupling relationships in ecosystems. Understanding how carbon and water respond to warming and drought conditions can help us predict future forest adaptation strategies under global climate change conditions.

To better explore the C and water adaptive strategies of woody plants in future warming and drought environments, the study focused on Chinese fir [Cunninghamia lanceolata (Lamb.) Hook.], one of the most valuable timber species in southern China, which is a typical subtropical coniferous tree species. This study is also significant for the carbon budget of terrestrial ecosystems (Yu et al., 2016). A 4-year experiment studied the effects of artificial soil warming (5°C) and isolation of 50% rainfall on tree C and water balance by investigating the NSC, iWUE, and C and N stoichiometry in multiple tissues (leaves, roots, and litter). This study aimed to answer the following questions: (1) How do the effects of warming and drought stress affect NSC and their composition in plants? (2) How do plants regulate their own C and water balance to adapt to warming and drought stress?



Materials and methods


Study sites

The study was carried out in the Forest Ecosystem and Global Change National Observation and Research Station of Fujian Normal University in Chenda Town (26°19′ N, 117°36′E), Sanming City, Fujian Province, China (Figure 1). The climate was characterized as a subtropical monsoon. The study site had a mean annual rainfall of 1,670 mm, which mainly fell from March to August, and the mean annual temperature was 19.1°C, besides a relative humidity of 81%. The soil has been classified as clay, gibbsite mixed, thermal, and Typic Hapludult. The elevation is 300 m above sea level.




Figure 1 | Map of the study area.





Experimental design

The experiment was a randomized complete block factorial design in twenty 2 m × 2 m mesocosms, including four treatments with five mesocosms per treatment. Factor levels were combined in four treatments: non-warming and non-isolated precipitation (CT), elevated temperature (5°C above the ambient soil temperature) and non-isolated precipitation (W), ambient temperature and isolated precipitation 50% (D), and elevated temperature and isolated precipitation 50% (WD).

The mesocosm and the surrounding soil were separated by four PVC boards (200 cm × 70 cm deep) to prevent mutual interference. In October 2013, heating cables with a depth of 10 cm and a spacing of 20 cm (the same cables were laid in all the communities) were laid in parallel. Soil temperature was measured using temperature sensors (T109; Campbell Scientific Inc., Logan, UT, USA) buried continuously between the heating cables in each mesocosm. The soil temperature significantly increased (5°C) in the warmed mesocosms at 10 cm depth by using warming cables, and the effects of the cables over the soil surface were equal to those of the control (Zhang et al., 2019).

In November 2013, 80 C. lanceolata seedlings with an average height of (25.7 ± 2.52) cm and an average trunk base diameter of (3.35 ± 0.48) cm were selected and randomly transplanted into the test mesocosms: in each mesocosm, four trees were planted. The drought experiment was carried out by excluding 50% of the precipitation with a rain shelter. The specific physical and chemical properties of soil were as follows: In the four treatments, the average soil moisture varied considerably throughout and, relative to CT, it decreased by 14.3%, 16.0%, and 28.8% in D, W, and WD, respectively. The soil temperature of the W and WD treatments increased significantly compared with the CT treatment. Soil pH and total C and N were not significantly different, whereas available N increased significantly by 21.2% in WD (Zhang et al., 2019).



Experimental material

Samples were collected in April 2018. Leaves were sampled: trees in the south-facing part of the mesocosm were selected, and 40 fully expanded leaves of the same height were randomly collected from the branches, while litter was collected from the ground and placed in marked envelopes. The roots were sampled: an inner growth ring (diameter 20 cm, depth 20 cm) is placed in the center of each mesocosm. The inner growth ring is smashed into the soil, the soil in the ring is dug out and quickly brought back to the laboratory, all the roots are picked out and washed with water, and the living roots are picked out and placed in a marked envelope. All samples were oven-dried at 65°C for 72 h. Dried samples were ground to a powdered form using a mortar and pestle and passed through a 0.149-mm sieve before measuring C, N, δ13C, and NSC.



Elemental analysis

Samples’ C and N concentrations were measured using a CN auto analyzer (Vario Max CN, Elementar, Langenselbold, Germany). Stable isotopic analysis for C was performed using an isotope ratio mass spectrometer (Finnigan MAT-253; Thermo Electron Crop., San Joss, CA, USA) coupled to an automatic online elemental analyzer (Flash EA1112; Electron Crop).



Stable isotope analysis

To evaluate short-term iWUE, we performed δ13C analyses. The δ notation was used to express stable isotopic abundances per mille (‰) relative to international standards:

 

where Rsample is the value of sample 13C/12C, and Rstandard is the value of the standard material 13C/12C.

Beginning with raw δ13C measurements, Eqs. (2) and (3) were used to calculate iWUE.

 

where δ13Cair and δ13Csample denote the δ13C values of atmospheric CO2 and the sample, respectively. The average δ13Cair was obtained from Antarctic ice core data (Mccarroll and Loader, 2004); Δ is related to the intercellular CO2 concentration (Ci) and the ambient CO2 concentration (Ca), as described by Farquhar et al. (1989) as follows:

 

where a is the discrimination against 13CO2 during CO2 diffusion through the stomata (a = 4.4‰) and b is the discrimination associated with carboxylation (b = 27‰). The iWUE was calculated using Eq. (4):

 

where 1.6 is the ratio of the gaseous diffusivity of CO2 to the water vapor and the Ca value is from Zhang et al. (2019).



NSC analysis

The concentration of NSC is the sum of soluble sugar and starch. The NSC concentration was determined using a modified phenol–sulfuric acid method (Buysse and Merckx, 1993; Zhao et al., 2021).

Preparation of sucrose standard solution: sucrose was baked to a constant weight at 80°C, weighed to the nearest 100 mg using a digital balance (accurate to 0.0001 g), dissolved in distilled water, and poured into a 100-ml volumetric flask. Next, a standard solution of sucrose was prepared at concentrations of 20, 40, 60, 80, and 100 g/L, and the absorbance was measured at 490 nm with an ultraviolet spectrophotometer to construct a standard curve.

Extraction of soluble sugar: Dried sample powder (60 mg) was extracted with 10 ml of 80% ethanol for 24 h and centrifuged at 4,000 rpm for 10 min, and the supernatant was poured into a 20-ml volumetric flask. Next, 5 ml of 80% ethanol was added to the residue and centrifuged for 5 min before the supernatant was transferred to a volumetric flask. The solution was diluted to 20 ml and used to determine the concentration of soluble sugar.

Extraction of starch: The residue was baked after the aforementioned extraction at 100°C for 3 h, added with 10 ml of distilled water and 3 ml of 3% HCl, placed in a boiling water bath for hydrolysis for 3 h, then filtered and diluted to 20 ml, which was used for starch content determination.

Determination of soluble sugar and starch concentration: In this step, 1 ml of the sample solution and 1 ml of 28% phenol solution (dissolved in 80% ethanol) were added to a centrifuge tube followed by immediate addition of 5 ml of concentrated sulfuric acid; next, the tube was shaken for 1 min and allowed to react or 15 min. Absorbance was measured at 490 nm with an ultraviolet-visible spectrophotometer, and concentrations of soluble sugar and starch were calculated based on the standard curve for sucrose.



Statistical analyses

A two-way analysis of variance was used to probe the effects of warming, water stress, and their combination. Differences in mean NSC concentrations and compositions, iWUE, C and N concentrations, and ratios between different tissues were analyzed using a one-way analysis of variance. Individual treatment means were compared using the LSD test to identify whether they were significantly different at p< 0.05. Single linear regression models were used to compare the relationships between NSC, soluble sugar, and starch concentrations for iWUE. A principal component analysis (PCA) was performed on the data in order to examine the NSC concentrations in the three tissues and their composition with respect to C, N, and C/N ratios, as well as the contribution of iWUE to plant adaptation. All statistical analyses were carried out using the SPSS 20.0 statistical software. The figures were drawn using Origin 9.0 and Canoco 5.0 software.




Results


NSC concentrations and composition in different treatments

In the leaves, WD caused a highly significant decrease in soluble sugar concentration of 15.3% compared to CT (p< 0.01), with no significant effect of W or D alone (Figure 2A). W and D alone significantly increased starch concentration by 31.9% and 32.6% (p< 0.01; Figure 2D), respectively, and the ratio of soluble sugar to starch decreased highly significantly in all three treatments (p< 0.01; Figure 3A). NSC showed the same trend as starch, with a highly significant increase of 14.8% and 17.6% in W and D alone, respectively (p< 0.01; Figure 3D). A two-way ANOVA for W and D found that all four variables changed significantly in response to the interaction of temperature increase and drought (p< 0.05).




Figure 2 | Effects of warming and drought on soluble sugar concentrations in the leaves (A), roots (B), and litter (C), and starch concentrations in the leaves (D), roots (E), and litter (F) of C lanceolata. The bars with different letters were significantly different from each other (p< 0.05). Treatments: control (CT), warming (W), drought (D), and warming plus drought (WD). Values were mean ± SE (n = 5); treatment in the combination was expressed as W, warming effect; D, drought effect; and W×D, interactive effect of warming and drought; *, significant effect at p< 0.05; **, highly significant effect at p< 0.01; ns, no significant effect at p> 0.05.






Figure 3 | Effects of warming and drought on the ratios of soluble sugar to starch in the leaves (A), roots (B), and litter (C) and NSC concentrations in the leaves (D), roots (E), and litter (F) of C lanceolata. The bars with different letters were significantly different from each other (p< 0.05). Treatments: control (CT), warming (W), drought (D), and warming plus drought (WD). Values were mean ± SE (n = 5); treatment in the combination was expressed as W, warming effect; D, drought effect; and W×D, interactive effect of warming and drought; *, significant effect at p< 0.05; **, highly significant effect at p< 0.01; ns, no significant effect at p> 0.05.



In the roots, soluble sugar solutions were highly significantly increased by 27.7% in W compared to CT (p< 0.01; Figure 2B). Neither temperature increase nor water stress had a significant effect on the starch solution (Figure 2E). However, the ratios in roots were visibly greater than those in leaves and litter, and the ratios were greater than 1 only in roots (Figures 3A–C). The trend of NSC was similar to that of soluble sugar with a highly significant increase of 13.9% in W (p< 0.01; Figure 3E). The results of the two-way analysis indicated that all indicators except starch were significantly affected by the interplay of warming and drought.

In the litter, only soluble sugar showed a highly significant increase of 20.1% under the D treatment (p< 0.01; Figure 2C), and the interaction between W and D had a highly significant effect on them (p< 0.01). ​However, neither W nor D has a significant effect on starch and NSC (Figures 2F, 3F).



iWUE in different treatments

In the leaves, the D treatment significantly increased iWUE by 6.8% compared with CT (p< 0.05; Figure 4A). In the roots, iWUE showed no significant differences between either the combined effects or the individual effect (Figure 4B). In the litter, compared with the CT treatment, the W and D treatment significantly increased iWUE by 12.4% and 20.8%, respectively (p< 0.05; Figure 4C). The combined effects of the W and D treatments were highly significant for iWUE (p< 0.01; Figure 4C).




Figure 4 | Effects of warming and drought on iWUE in the leaves (A), roots (B), and litter (C) of C lanceolata. The bars with different letters were significantly different from each other (p< 0.05). Treatments: control (CT), warming (W), drought (D), and warming plus drought (WD). Values were mean ± SE (n = 5); treatment in the combination was expressed as W, warming effect; D, drought effect; and W×D, interactive effect of warming and drought; *, significant effect at p< 0.05; **, highly significant effect at p< 0.01; ns, no significant effect at p> 0.05.





Relationship between NSC, soluble sugar, starch and iWUE

According to Figure 5, the concentration of soluble sugar and NSC could be used with iWUE to establish a regression model in three parts (leaf, root, and litter). The concentration of soluble sugar and NSC increased with iWUE. It showed that iWUE was significantly and positively correlated with soluble sugar and NSC, respectively. In addition, the concentrations of soluble sugar, NSC, and iWUE reached a relatively elevated value of 0.92 and 0.78, respectively. Thus, the correlation between soluble sugar and iWUE, NSC, and iWUE was strong.




Figure 5 | Relationships between soluble sugar (A), starch (B), and NSC (C) concentrations and iWUE in leaves, roots, and litter.





C and N stoichiometric characteristics in different treatments

In the leaves, compared with the CT treatment, the C and N concentrations and the C/N ratio were not significantly different in W, D, and their combined effects (Table 1). In the roots, the C concentrations were significantly different under the interaction of the W and D treatments (p< 0.05; Table 1). The N concentrations were significantly increased by 29.3% in the D treatment than in the CT treatment, which led to a significant decline of 21.4% in the C/N ratio (p< 0.01; Tables 1 and 2). In the litter, the same trend as the roots was observed: N concentrations increased by a highly significant 30.6% at the D treatment, resulting in a highly significant decrease of 21.4% in C/N ratios (p< 0.01; Tables 1 and 2).


Table 1 | Repeated measures analysis of variance (ANOVA) of C and N concentrations and C/N ratios in leaves, roots, and litter of C. lanceolata.




Table 2 | C and N concentrations and C/N ratios in leaves, roots, and litter of C. lanceolata.





NSC concentrations, iWUE, and C and N stoichiometric characteristics of the role in three parts

PCA revealed all the experimental metrics of this study in the four treatments. In our study, the NSC concentrations, iWUE, C and N concentrations, and C/N ratio were used as variables in the different treatments. PC 1 separated the three parts perfectly, showing that leaves were on the left, roots were in the middle, and litter were on the right, which explained 61.29% of the overall variance (Figure 6). Cumulative contribution rates of PC 1 and PC 2 were 86.03%.




Figure 6 | Principal component analysis (PCA) of NSC concentrations, iWUE, C, N concentrations, and C/N ratios in three parts of plant under four treatments.



Among the three parts, the N concentration and the C/N ratio were the most crucial factors in PC 1, where the N concentration and C/N ratio acted in opposite directions and, combined with Figure 6, showed that C played a key role. Additionally, NSC concentrations and iWUE were the most important factors in PC 2 (Table 3). NSC and iWUE were also indicators of changes in C. Therefore, C was the main physiological factor for adapting to warming and drought environments. The analysis showed that NSC, iWUE, and N elements as well as the C/N ratio could be used as discriminative indicators for C. lanceolata in both warming and drought environments, and that the aforementioned indicators jointly regulated C changes to help C. lanceolata survive in stressful environments.


Table 3 | Principal component analysis correlation matrix of physiological indices for three parts of C. lanceolata in four treatments.






Discussion


Effects of warming and drought on NSC and composition

NSC provided substrates for plant growth and metabolism and played a central role in plant responses to the environment (Gersony et al., 2020; Yang et al., 2022). In the present study, the increased NSC in the roots under W treatment was primarily due to the increase in soluble sugar. These results suggested that NSC in the roots is primarily regulated by soluble sugars. Moreover, the study found that warming reduced soluble sugar in the leaves and increased them in the roots, suggesting that soluble sugar in the leaves was transported to the roots under the warming treatment. Because xylem vessels in roots are more susceptible to embolism damage, they need sufficient soluble sugar to participate in xylem embolism refilling to maintain silique swelling pressure (Li et al., 2020). Also, the fact that the ratio of soluble sugar to starch is greater than 1 further confirmed the above conclusion. In addition, drought caused a significant increase in soluble sugar in the litter, suggesting that the leaves occupied a large amount of the growing resource before defoliation. Defoliation can mitigate the negative effects of drought by reducing the consumption of soluble sugars (Quentin et al., 2012; Li et al., 2022). Meanwhile, the increasing NSC in the leaves under W or D treatment was primarily due to the increase in starch that showed that NSC in the leaves is primarily determined by starch in response to warming and drought. However, Adams et al. (2017) and Li et al. (2018) showed that soluble sugar increased while starch decreased in leaves and roots of trees under drought conditions (Adams et al., 2017; Li et al., 2018). Ecologically driven evolution may be generating diversity in starch storage in trees (Furze et al., 2021). Furze et al. (2021) showed that approximately 60% of NSC in the trunk of tree species with more leaves was stored in the form of starch, while only about 35% of NSC is stored as starch in other tree species (Furze et al., 2021). Starch acts as a long-term storage molecule and contributes to the formation of reserves. Stored reserves act as a buffer during warming and drought (Furze et al., 2021). Presumably, NSC is stored mainly in the form of starch in the plant as more leaves fall. The evidence pointed towards stored starch as the main fuel source for survival during and recovery following stressors such as drought and disturbance, and we suggested that the higher starch concentrations associated with deciduousness may confer ability to maintain C balance for the aboveground part of a Chinese fir in a changing environment (Adams et al., 2017; Earles et al., 2018; Smith et al., 2018; Piper and Paula, 2020).

NSC has been shown to be an essential indicator for assessing whether trees are C-starved, yet we have an incomplete picture of how they adapt to changes in NSC storage in a warming and drought environment. In this study, drought caused NSC to rise; however, Signori-Müller et al. (2021) analyzed NSC in leaves and branches of 82 Amazonian tree species across a wide precipitation gradient area and showed a 43% decline in NSC at the most drought-severe sites (Signori-Müller et al., 2021). Yang et al. (2019) found that under conditions of limited C sources (from photosynthesis), plants can and do increase their NSC stores at the expense of normal growth (Yang et al., 2019); the latter research had the same results as ours. Because plant growth would be inhibited before photosynthesis in the face of environmental stress, it leads to the increase of NSC accumulation and storage (Hartmann et al., 2018). Stored NSC provides resilience when the tree’s ability to produce new NSC is impaired by abiotic and biotic stress (McDowell et al., 2008; Carbone et al., 2013; Piper and Paula, 2020). NSC storage by trees at the expense of additional functions, such as growth, is a conservative strategy that may ensure the survival of trees (Sala et al., 2012; Wiley and Helliker, 2012). Therefore, we suggest that when the Chinese fir faces W or D alone, it stores NSC to maintain the C balance at the expense of slower growth. However, Li et al. (2021) studied the interaction of ozone pollution, nitrogen deposition, and drought stress on NSC in poplar leaves and fine roots in temperate climate, and found that plants’ strategies to resist environmental stress were to convert starch in leaves into soluble sugars and transfer NSC in leaves to roots for storage (Li et al., 2021). The strategy is different from ours, considering that this study mainly involved temperature and water, which are different from the stress factors such as those from Li et al. (2021); differences in tree species and climate would also lead to different results.

In addition, this study also found that this strategy failed when combined with warming and drought; soluble sugars in the leaves are significantly reduced, resulting in a slight reduction in NSC. A previous study has shown that when growth is carbon limited, NSC will be used for metabolism and maintenance of growth, and eventually NSC will be reduced (Li et al., 2022). Adams et al. (2009) reported the same result, i.e., that fragrance depleted C reserves at a faster rate in both heat and drought treatments compared to drought alone (Adams et al., 2009). This finding suggests that the combined effects of warming and drought have caused plant growth to be limited by the C starvation crisis, resulting in greater whole-plant carbon loss and potential starvation.



Effect of warming and drought on iWUE

iWUE is a critical component of water-carbon coupling and process management in terrestrial ecosystems, and a means for trees to adapt to changing environments (Lu et al., 2018). Drought conditions usually lead to an increase in plant iWUE (Kannenberg et al., 2021; Zhang et al., 2022). However, our results showed that W or D alone and the combination of W and D did not affect iWUE in roots, possibly because roots can be effective in avoiding xylem embolism when there is a high availability of mobile soluble carbon compounds (Mcdowell, 2011; Gruber et al., 2012; Sevanto et al., 2014). However, the iWUE of the leaves increased significantly under drought treatment. Stomatal conductance decreased under drought stress (Breshears et al., 2013), which prevented excessive water loss from leaves and thus improved iWUE indirectly. Zhang et al. (2021) found that perennial plantations could heavily control stomata to reduce water loss to prevent hydraulic failure, resulting in growth loss under extreme drought events (Zhang et al., 2022). Maximizing carbon sequestration while minimizing water loss was highly crucial as it raises water stress, and it boils down to a trade-off between carbon uptake and water losses. Meanwhile, our results showed that soluble sugar concentration and NSC concentration were significantly positively correlated with iWUE, indicating that there is no contradiction between plant C storage and water conservation. It suggested that, at this time, C. lanceolata was able to regulate the balance of C and water in the body through a growth reduction strategy. Furthermore, both warming and drought significantly increased litter iWUE, indicating that warming and drought had strong effects on the water balance of the leaves. Warming and drought have exacerbated water stress, and defoliation can reduce the adverse effects of water deficit by reducing transpiration (Zhang et al., 2020). Therefore, we believe that defoliation is also a strategy for plants to reduce water loss. This is also confirmed by PCA, which shows that the leaves were mainly affected by iWUE and NSC of the second principal component in both warming and drought environments. Notably, iWUE of the leaves increased under WD in our results (no significant difference), and combined with the analysis of NSC, we suggest that the inability of C. lanceolata to mitigate the growth decline caused by climate warming by increasing iWUE under drought stress may lead to severe defoliation and increased mortality.



Effect of warming and drought on C and N stoichiometric characteristics

C and N stoichiometry is an important indicator for predicting plant productivity; thus, C sequestration might respond to future climate change scenarios (Yue et al., 2017; Sun et al., 2021). Warming and/or drought can change N plant concentration mainly by changing biomass accumulation and N soil availability, thereby also affecting C/N concentration ratios and N use efficiency (Sardans et al., 2008). In this study, drought treatment significantly affected the C/N ratio by increasing the N concentrations of roots and litter. The combined effects of warming and drought significantly affected the concentrations of C in the roots, leading to a decrease in C concentrations. Simultaneously with the PCA, we found that the roots are mainly affected by the values of N and C/N of the first principal component in both warming and drought environments. Several studies have demonstrated that N concentrations increased in roots under drought, and the most probable explanation is that, on the one hand, drought causes root area, root length, and root ramification, and the number of root tips was reduced to facilitate carbohydrate and nitrogen accumulation (Yildirim et al., 2018). On the other hand, it has been found that drought treatment induces plants to allocate more N to their roots to increase their water uptake capacity, thereby reducing the C/N of the roots (Zou et al., 2022). Warming and drought have reduced C concentrations, possibly due to photosynthetic capacity being limited by reduced soil moisture. N is an important element for photosynthesis, and the significant increase in N in the litter suggests that the leaves are capable of carrying out sufficient photosynthesis in front of the fallen leaves. Several leaves can increase photosynthesis, but they also incur significant respiratory and construction costs (Udayakumar and Sekar, 2021). Consequently, defoliation is beneficial for plant C storage. In summary, when plants are under warming and drought conditions, the belowground parts may accumulate N, reducing growth in order to sequester carbon, promote photosynthesis, and conserve water use. Again, the increase of N in the litter verifies the potential benefit of defoliation.




Conclusion

When plants are exposed to warming and drought, the elements iWUE, C, N, and NSC work together to regulate C and water balance in the plant to adapt to environmental stresses. As warming or drought causes stomata to close, resulting in a trade-off between carbon and water in the plant, the plant chooses to sacrifice growth rate to maintain a higher level of NSC and less water loss in order to maximize carbon sequestration and water conservation strategies. The leaves store more starch to keep the aboveground parts resilient; the higher iWUE and N concentrations in the litter indicate the potential benefit of a defoliation strategy. The roots mainly preserve water and accumulate more soluble sugars and N to conserve water utilization and thus contribute to carbon sequestration in the underground part. The impact of individual species and forest ecosystems on the response to global changes and C storage is highlighted. However, under drought stress, C. lanceolata is unable to mitigate the warming-induced decline in growth and continued depletion of C by increasing iWUE, which may result in severe defoliation and increased mortality. The mechanism of carbon and water balance in plants under environmental stress is a complex subject that needs to be explored in greater depth by researchers.
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Alfalfa (Medicago sativa) can dwell in water-deficient habitats, where it is difficult to predict dry mass (DM) production and forage quality due to understory transmittance. Mowing is a recommended practice for alfalfa populations under drought, but its effect on forested land receives less attention. In a controlled indoor experiment, we found that drought better reduces shoot DM weight and crude fiber content (CFi) in blue light (33.7% red, 48.5% green, and 17.8% blue lights) than red light (71.7% red, 13.7% green, and 14.6% blue lights). Mowing decreases carbon (C) isotope signature (δ13C), CFi, and total C content in shoots but increases their accumulations in DM, nonstructural carbohydrates, and crude fat content (CFa). The results also demonstrated that mown alfalfa has higher starch content when exposed to green light (26.2% red, 56.4% green, and 17.4% blue lights) compared to the other two spectra. Multiple factorial regression indicated that higher soluble sugar content accounted for the increase of CFa and DM weight for CFi. Overall, mowing in blue-light–enriched understory stands is recommended and produces high-forage–quality alfalfa, which can be used as a lowered crude fiber component.




Keywords: alfalfa, climate change, water deficit, understory sunlight, forage quality, mowing



Introduction

Due to global climate change, warmer temperatures and fluctuant rainfall patterns may have resulted in a decline in meadow productivity (Meng et al., 2019; Xu et al., 2021). Drought is a climate event that can cause extreme interruption for meadows in a wide range of territorial ecosystems on alpine (Xu et al., 2021), montane (Debinski et al., 2010), and bay landforms (Mulhouse et al., 2005). High-quality forage is a fleeting resource, and drought further reduces their chances by interfering with the phenological stage of plant growth (Aikens et al., 2020). Alfalfa (Medicago sativa) is a reliable species of legume that provides an abundance of forage for feeding ruminants (Hanly et al., 2020). Natural alfalfa populations are distributed in arid and semi-arid regions (Yari et al., 2014), where droughts generate a limit for the primary production of local plants (Guo et al., 2016b). Alfalfa is frequently subjected to drought threats. However, some genotypes are substantially tolerant to water deficiency (Guo et al., 2016b; Ma et al., 2021). Alfalfa is widely used as a model forage plant to detect genetic mechanisms of drought tolerance (Zheng et al., 2017; Hanly et al., 2020). For practical meaning, the experimental improvement of the forage quality of alfalfa is of high importance. Genetic parameters also confirm the response of forage quality in alfalfa to drought (Lin et al., 2020; Mustafa et al., 2022). However, the ecophysiological response has not received adequate attention.

Mowing is a commonly used practice to restore perennial plant communities under global warming (Meisser et al., 2013; Deleglise et al., 2015). For alfalfa, mowing can stimulate the regrowth of aerial organs by removing grown shoot biomass (Giese et al., 2013; Han et al., 2014). Practical management of mowing and phosphorus addition was shown to further promote the regrowth of aerial organs and restore degraded alfalfa grasslands (Zhou et al., 2019). Mowing can also reduce competition from seasonal weeds in alfalfa communities (Anderson, 2016). Among general agronomic management practices, mowing can reduce dry mass loss in alfalfa hay caused by raking and baling operations (Al-Gaadi, 2018). Additionally, mowing is much more effective in controlling alfalfa aphids than insecticides (Qiaoyan et al., 2015). However, the operational benefits of mowing were mostly reported in trials aiming to improve net primary productivity from alfalfa hays. The current evidence is still not clear regarding the mowing effect on the forage quality of alfalfa. As an operational practice, mowing can be used as a nature-based solution to cope with issues that arise alongside the natural limitations of drought. To our knowledge, it is still unclear whether mowing has a consistent effect on the regrowth of alfalfa under water-deficient conditions.

Studies on alfalfa quality report on the detection of phytochemical parameters under laboratory conditions. However, the imposed effects of drought on alfalfa involve multiple environmental factors and are more complex than synthesized conditions. As a perennial forage, alfalfa dwells in meadowlands (Wang et al., 2009; Guo et al., 2016a), where populations grow in full sunlight. However, alfalfa can also be distributed under canopies of forest trees (Qin et al., 2022). Light is a fatal factor that may limit the growth and development of undergrowth (Zhao et al., 2020; Chu et al., 2021; Song et al., 2022). Shade can systematically reduce biomass production in alfalfa, but the light deficit would not threaten survival in shading up to 50% (Lin et al., 1998; Varella et al., 2001). It has also been found that shade limits the reproduction of alfalfa through the delay of flowering (Lorenzo et al., 2019; Qin et al., 2022). Given that populations at the understory layer are subjected to the sunlight spectrum of transmittance (Wei et al., 2019; Wei et al., 2020), the light spectrum is a determinative factor of illumination condition for plant growth and development (Chu et al., 2021; Zhou et al., 2021a). The spectrum from a light-emitting diode (LED) was identified to promote the production of total phenolic compounds in alfalfa cotyledons compared to the spectra from other types of illuminations (Fiutak et al., 2019). The red LED spectrum was found to reduce total phenolic content in alfalfa sprouts (Kwack et al., 2015). Information is still insufficient to reveal the comprehensive effects of spectrum on forage quality in alfalfa. Current findings were derived from studies that lacked the imposed stress of water deficit.

Crude fiber is a key component in evaluating alfalfa forage quality. Available fiber components include acid detergent fiber (ADF) and nutrient detergent fiber (NDF); both reduce the forage quality of alfalfa hay (Adjesiwor et al., 2017; Mao et al., 2018). The alfalfa stem is the organ that accomplishes more regrowth when mowed or rewatered (Staniak and Harasim, 2018; Kamran et al., 2022). Stems also have higher ADF and NDF concentrations than other organs (Mao et al., 2018; Lemaire and Belanger, 2020). Therefore, the increment of dry mass accumulation in the stems of alfalfa may alternatively be accompanied by the decline of forage quality due to promoted crude fiber production. Crude fat is another key parameter that determines the quality of alfalfa forage. Fat is a concentrated source of energy, and the fattening of animals requires a diet that is dense in digestible energy (high fat and low fiber) (Ball et al., 2001). The increase in crude fat is a good way to evaluate the quality of alfalfa (Hu et al., 2010; Ullah et al., 2016) because drought stress can induce an increase in crude fat (Staniak and Harasim, 2018). It is difficult to predict the effects mowing will have on the crude fiber and fat ratio in alfalfa. Little is known about the involvement of the understory light spectrum on the response of forage quality in alfalfa.

When a C3 plant perceives the stress of drought, it will mostly downregulate the discrimination of the heavier carbon (C) isotope (13C) against the lighter one (12C) (i.e., δ13C). The less a plant discriminates between the two isotopes (δ13C more positive), the more stomatal conductance is controlled to limit gas exchange, and the greater water-use efficiency (WUE) is increased (Erice et al., 2011; He et al., 2020). The C isotope signature (δ13C) was proven to be a sensitive parameter to indicate WUE in alfalfa subjected to drought (Erice et al., 2011). In this study, alfalfa seedlings were raised in a controlled environment where light conditions mimicked the natural condition and drought was imposed by the withdrawal of water. Seedlings were sampled twice, before and after mowing, and sent to the laboratory for determining forage quality and WUE. The goal was to reveal alfalfa’s response to triple treatments of mowing in different light spectra under drought stress. We also aimed to detect the factors that had conjoined contributions to shaping the forage quality of alfalfa. We hypothesized that either mowing or well-watered treatments could promote shoot growth but decrease crude fiber and fat ratios.



Materials and methods


Experimental condition and materials

Alfalfa seeds were collected from Nanshan Forest Farm, Jiyuan, Henan, China. Planted alfalfa populations were used to collect seeds from the understory layer of a walnut (Juglans regia L.)-alfalfa agroforestry system (34° 56′−35° 04′ N, 112° 22′−112° 32′ E) in southern Taihang Mountain. Seeds were evenly distributed to planting cavities (212 ml; 7 cm × 4 cm × 13 cm, top Ø × bottom Ø × height) in trays filled with growing substrates (peat and perlite, 3:1, v/v). The tray surface was covered by a moist towel, and the moisture (>95%) was maintained every day by spraying with distilled water. When plantlets were germinated, the number of specimens was thinned to leave about 8–10 individuals per cavity to eliminate unnecessary competition. Thinned seedlings were cultured with a nutritional solution adapted from Kim et al. (1991). Solutions contained 1 mM potassium nitrate (KNO3), 0.4 mM monopotassium phosphate (KH2PO4), 1 mM potassium sulfate (K2SO4), 3 mM calcium chloride (CaCl2), 0.5 mM magnesium sulfate (MgSO4), 0.15 mM dipotassium phosphate (K2HPO4), 0.2 mM iron–sodium ethylene diamine tetraacetic acid (Fe–Na EDTA), 14 μM boric acid (H3BO3), 5 μM manganese sulfate (MnSO4), 3 μM zinc sulfate (ZnSO4), 0.7 mM ammonium molybdate ((NH4)6Mo7O2), and 0.1 Mm cobalt chloride (CoCl2).



Drought treatment

Half of the alfalfa seedlings were cultured with water withdrawal (drought), and the other half were well-watered (control). The water deficit was induced by a 7-day withdrawal of water input. That is, drought-treated seedlings were watered every 14 days, while the controlled seedlings were watered every day. Thus, for alfalfa, drought stress can be induced after 7, 14, or even 21 days of water deficit, but only the 14-day period of drought-induced mostly frequent negative responses (Erice et al., 2011). Because the irrigation seedlings were watered to the pot capacity, the drought treatment and well-watered control resulted in different total volumes of water input. This accords with the total quantity of water used in the water deficit treatments of Erice et al. (2011). The seedlings that received contrasting rates of water were fed with the same dose of total nutrient input. Drought-treated seedlings were fed with nutrients on the same day water was supplied; the dose equaled that which the controlled seedlings received in a week’s time. During the experiment, the temperature was maintained in a range of 17°C and 34°C (night/day), and the relative humidity was maintained at 52%.



Light spectra exposure

Alfalfa seedlings were raised under artificial LED lighting. Throughout the experiment, seedlings were exposed to a 12-h photoperiod from 08:00 am to 20:00 pm. This amount of time was shorter than that (~18 h/day) used for woody plants (Wei et al., 2020; Gao et al., 2021) because alfalfa has a faster-growing speed and does not need longer photoperiod exposure to promote growth. As alfalfa seeds were collected from an understory population beneath the canopy of a walnut agroforestry system, their lighting environment was simulated from a wide range of spectra that were tested for generated saplings of walnut (Gao et al., 2021). Three types of spectra were tested. The blue-light spectrum contained proportions of photosynthetic photon flux density (PPFD) of 33.7% red (600–700 nm), 48.5% green (500–600 nm), and 17.8% blue lights (400–500 nm). The red-light spectrum contained PPFD proportions of 71.7% red, 13.7% green, and 14.6% blue lights. The green-light spectrum contained PPFD proportions of 26.2% red, 56.4% green, and 17.4% blue lights. The test of ranged spectra was also employed on understory medicinal herbs (Guo et al., 2020; Zhou et al., 2021a; Zhou et al., 2021b).

Spectra were emitted by illuminations from LED panels (0.5 m × 1.2 m, width × length). It was determined that daytime PPFD under forest canopy ranged from 3.60 to 175.67 μmol m−2 s−1 (Wei et al., 2020). For each generation of walnut saplings, PPFD in touchable space was around 96 μmol m−2 s−1 (Gao et al., 2021), which fell in the range of PPFD in transmittance of sunlight. Therefore, PPFD was adjusted to be 97.88 μmol m−2 s−1 10 cm beneath the LED panel. The LED panels were hung 50 cm over the tray. Three transformers were responsible for controlling the electrical currents of panel diodes. The 200-W transformer accounted for the electrical current adjustment of red-light diodes, and the 135-W transformer controlled that of green- and blue-light diodes.



Mowing and sampling

The combined treatments of light spectra (df = 2) and water deficit (df = 1) were replicated three times, each of which was assigned as a tray of alfalfa seedlings. When the maximum height of most alfalfa per tray nearly reached ~50 cm (tips touched the panel), seedlings were mowed to remove all above-ground parts. Seedlings were clipped to mimic mowing about 50 days after sowing, and 58 days later the seedlings were clipped again to harvest for sampling. The mowing treatment was incorporated into the experimental arrangement as a repeated manipulation and did not increase the number of fixed-factor replicates. Most aerial organs were mowed, leaving shoots at a height of about 5 cm, as suggested by Shen et al. (2013). Mowed samples were divided into two halves. One-half of the samples were measured for height and then dried in an oven (70°C) for 72 h. Their dry mass (DM) was measured, and chemical analyses followed. The other half was freeze-dried and used for measuring physiological parameters.



Parameter determination

Oven-dried samples were ground to pass a 1.0-mm screen. Soluble sugar and starch contents were determined by a colorimetric method (DuBois et al., 1956). A 0.5-g sample was used to calculate colorimetric measurement at 490 nm using an UV-Visible 8453 analyzer (Agilent Inc., San Francisco, CA, USA). Crude fiber and fat contents were determined using the standard methods endorsed by relevant national standards. Crude fiber determination was adapted from the method of SN/T 0800.8-1999 (2000) and crude fat from GB/T 6433-2006/ISO 6492: 1999 (2006). C-isotope discrimination was determined using freeze-dried samples that passed a 1-mm sieve. δ13C was determined using a mass spectrometer (Thermo Finnigan, CA, USA) following the equation:



where RSample and RStandard are the ratios of 13C/12C in plant samples and the standard (Pee Dee Belemnite). Total C content was determined by an element analyzer (EA-3000, Boaying Tech., Shanghai, China).



Statistical analysis

Results were analyzed in a mixed-model analysis of variance (ANOVA), where light spectra and drought treatment were two fixed factors that were replicated three times, and seedlings were sampled twice pre/postmowing. The random placement of trays was designated as a random factor. SAS software (SAS Inc., Charlotte, NC, USA) was used to analyze the data. Factors of water deficit, mowing treatment, and light spectra were combined as a multiple-factorial interaction design. When significant effects were indicated, results were compared across treatments following the Tukey test (α = 0.05). To reveal the joint driving forces of ecophysiological parameters, multivariate linear regression was used to regress the contributions of crude fat and fiber contents. Pearson correlation was used to detect relationships between pairs of ecophysiological parameters.




Results


Growth and DM accumulation

Light spectra had an interactive effect with mowing on height and DM (Table 1). Before shoot-mowing, the red-light spectrum induced greater shoot height compared to the blue-light spectrum (Figure 1A). Regarding the blue-light spectrum, postmowing seedlings had greater shoot height compared to those which had not yet been mowed (Figure 1A). Blue light also induced greater shoot height in the postmowing seedlings compared to green light. Water also had an effect on height and DM. Both height and DM increased in the well-watered plants compared to those under drought conditions (Table 2).


Table 1 | F-values from analysis of variance (ANOVA) of shoot-mowing (Mow), light-emitting diode (LED) spectra (Light), moist condition (Water), and their inter- and multicombinations on growth, biomass, and carbon (C) metabolism in alfalfa (Medicago sativa L.) seedlings.






Figure 1 | Height (A) and dry mass weight (B) in mowed alfalfa shoots exposed to varied spectra of blue, green, and red lights. Different lowercase letters indicate significant differences at 0.05 level.




Table 2 | Drought effect on growth, DM accumulation, carbohydrate metabolism, quality establishment, and C in alfalfa (Medicago sativa L.) seedlings.



In the seedlings that were not mowed, exposure to the red-light spectrum resulted in greater shoot DM than in those under the blue-light spectrum, as well as in the mowed seedlings (Figure 1B). Mowing increased shoot DM weight in the seedlings exposed to green- and red-light spectra.

Although watering conditions and light spectra had no interactive effects on shoot height (Figure 2A), their interactions had a significant impact on DM weight (Figure 2B). Drought-exposed seedlings were depressed to accumulate shoot DM in the blue- and green-light spectra, but water conditions did not change the shoot DM weight in the red-light spectrum (Figure 2B).




Figure 2 | Height (A) and dry mass weight (B) in alfalfa shoots exposed to contrasting water conditions and varied spectra of blue, green, and red lights. Different lowercase letters indicate significant differences at 0.05 level.





Nonstructural carbohydrate accumulation

Mowing and light spectra had an interactive effect on soluble sugar and starch concentrations (Table 1). Soluble sugar content was increased by 53% after mowing (before mowing, 4.05 ± 1.91 mg g−1 DW; after mowing, 6.19 ± 1.85 mg g−1 DW). The green-light spectrum resulted in higher soluble sugar content (6.77 ± 2.22 mg g−1 DW) compared to the blue- (3.64 ± 1.70 mg g−1 DW) and red-light (4.94 ± 1.52 mg g−1 DW) spectrums. Starch content was the highest in mowed seedlings exposed to green light (Figure 3B). Starch content decreased during the drought treatment, while the change of soluble sugars was not significant (Table 2).




Figure 3 | Contents of water-soluble sugar (A) and starch (B) in mowed alfalfa shoots exposed to varied spectra of blue, green, and red lights. Different lowercase letters indicate significant differences at 0.05 level.





Crude fat and fiber

Mowing increased crude fat content from 1.66% ± 0.77% to 2.86% ± 1.59% but decreased crude fiber content from 28.97% ± 3.86% to 25.88% ± 4.11%. The varying light spectra did not significantly affect crude fat content (Table 1), which ranged between 1.7% and 2.8% among the three types of spectra (Figure 4A). Crude fiber content under the blue-light spectrum decreased by 32% and 30%, compared to that in the green- and red-light spectra, respectively (Figure 4B). The drought treatment induced a decrease in crude fat content but an increase in crude fiber content (Table 2).




Figure 4 | Contents of crude fat (A) and fiber (B) in alfalfa shoots exposed to varied spectra of blue, green, and red lights. Different lowercase letters indicate significant differences at 0.05 level.





δ13C and total carbon

Mowing and light spectra had an interactive effect on δ13C and total carbon content (Table 1). Mowing decreased δ13C for seedlings exposed to the red-light spectrum, but no variation of δ13C was induced by mowing in the blue- and green-light spectra. Before mowing, the blue-light spectrum induced lower δ13C compared to the green- and red-light spectra. However, after mowing, the variation of δ13C disappeared among spectra (Figure 5A). Before mowing, total C content was higher in seedlings subjected to the green- and red-light spectra, but a postmowing difference in total C content disappeared again (Figure 5B). The drought resulted in higher δ13C (Table 2).




Figure 5 | Delta isotope-13 carbon (C) (A) and total C content (B) in mowed alfalfa shoots exposed to varied spectra of blue, green, and red lights. Different lowercase letters indicate significant differences at 0.05 level.



Mowing and water conditions did not result in a significant difference in δ13C (Table 1; Figure 6A). However, the drought treatment increased total C content regardless of whether the shoots had been mowed (Figure 6B). Mowing decreased total C content in drought-treated seedlings. Drought increased δ13C, fiber content, and total C content but decreased DM and fat content (Table 2).




Figure 6 | Delta isotope-13 carbon (C) (A) and total C content (B) in mowed alfalfa shoots exposed to contrasting water conditions. Different lowercase letters indicate significant differences at 0.05 level.





Driving forces of physiological parameters for forage quality

The linear regression model indicated three physiological parameters (shoot DM weight, soluble sugar content, and total C content) that may contribute to the accumulation of crude fat (Table 3). However, the only sugar content was estimated to be a driving force for crude fat. DM weight and total C content were screened, and DM was further estimated as a significant parameter. Water-soluble sugar contributed to a positive correlation with crude fat content, which can be shown by a curve with a low slope (~0.18) with the narrowest 95% confidence falling in a range of 4.3−6.1 mg g−1 DW. Shoot DM weight positively contributed to crude fiber content, whose 95% confidence was narrowest in a range of 2.1−3.3 g DW (Figure 7B).


Table 3 | Multivariate linear regression of crude fat and crude fiber contents against growth and physiological parameters in alfalfa (Medicago sativa L.) seedlings.






Figure 7 | Correlations between water-soluble sugar content and crude fat content (A) and shoot dry mass weight and crude fiber content (B). Full lines are fit curves; black color dots are observation values; dashed lines range from 95% confidence bands.



Apart from forage-quality variables, physiological parameters had close relationships (Table 4). Shoot DM weight had a positive correlation with soluble sugar content, which further had a positive correlation with starch content. Total C content had a positive correlation with δ13C.


Table 4 | Pearson analysis of the correlation between paired parameters concerning growth, DM accumulation, and physiology in alfalfa (Medicago sativa L.) seedlings.






Discussion


Growth and DM in alfalfa exposed to mowing, drought, and light spectra

We found that mowing can increase shoot DM weight in alfalfa when exposed to different light spectra. Moreover, shoot DM can be promoted by mowing in red- and green-light spectra, but no response was found in the blue light. A field trial also reported an increased DM production in alfalfa following mowing (Al-Gaadi, 2018). The increase in DM production in alfalfa populations resulted from the promotion of the regrowth of shoot parts under field conditions following mowing (Giese et al., 2013; Han et al., 2014). However, under blue light, mowing did not cause any changes in DM but did increase shoot height. DM increment in mowed alfalfa may be due to joint increments in plant organs such as flowers, buds, nodules, and initial shoots (Anower et al., 2017; Fiutak et al., 2019). This can account for the irrelevance of height growth with a null response of DM. Mowing was also found to increase the stem length of Aralia elata, a woody species, under plant factory conditions (Wei et al., 2020). Therefore, our first hypothesis can be accepted under the condition of blue-light radiation.

Our drought treatment limited shoot height across all light spectra, but water conditions did not affect DM weight in any of the light spectra. Aranjuelo et al. (2007) also reported that drought depressed growth and DM accumulation in nodules of alfalfa. Some accessions of alfalfa are extremely drought tolerant and showed more shoot biomass when subjected to drought (Anower et al., 2017). The cultivar, however, was not as tolerant. The results endorse parts of our results that the well-watered condition can promote the shoot growth of alfalfa.

It was proven that DM production in alfalfa can be easily modified by changing lighting spectra (Fiutak et al., 2019). Compared to the green-light spectrum, a blue-light–enriched spectrum more efficiently promotes dry matter accumulation in alfalfa’s aerial organs (Fiutak et al., 2019). Regenerated oak saplings also showed greater shoot biomass under blue light compared to their performance under green light (Gao et al., 2021). Our results did not follow the trend of these findings. The blue light resulted in lower shoot DM accumulation compared to both the green- and red-light spectra. This result was not influenced by mowing. In the interaction with water conditions, the red light only increased shoot DM accumulation. In dill (Anethum graveolens L.) and lettuce cultivars, red light caused greater DM production than blue light (Fraszczak, 2013; Clavijo-Herrera et al., 2018). The red-light spectrum resulted in greater shoot DM under drought conditions. Therefore, the red-light spectrum can be identified to benefit DM production in shoots.



Metabolism of nonstructural carbohydrates in alfalfa exposed to mowing and light spectra

Mowing increased starch content in alfalfa as a general effect, especially for those plants under green light. Annicchiarico et al. (2013) reported positive responses of increased starch accumulation in five alfalfa cultivars to a mown environment. They concluded this controls starch degradation. The accumulation of nonstructural carbohydrates is the main support in the regrowth of perennial root shoots (Annicchiarico et al., 2013). Both mowing and the green-light spectrum promoted shoot starch content in A. elata (Wei et al., 2020), which depended on its sprouts to regrow its shoots. In annual grasses, however, mowing caused uncertain responses with large variations (Peterson et al., 2013) or a complete failure to change (Wilen and Holt, 1996). However, not all perennial plants responded to the green light by increasing their starch content. For example, the tropical perennial plant Alpinia oxyphylla showed lower starch content in shoots under the green light as opposed to the red light (Zhou et al., 2021b). Starch in another temperate perennial plant, Allium victorialis, was not affected by different light spectra (Zhou et al., 2021a). Overall, mowing can benefit starch accumulation in alfalfa shoots as a stable effect, but its interaction with light spectra is species-specific.

Accumulating evidence suggests that nonstructural carbohydrate metabolism is a tradeoff between reserve and consumption. During the growing process, when photosynthetic assimilates are continuously used to produce carbohydrates, both coagulation and hydrolyzation occur in carbohydrate granules, and both sugar and starch exist in alternating high/low concentrations (Liu et al., 2021). During consumption, however, starch is intensively depleted for physiological demand while sugars can be accumulated (Wei and Guo, 2017). According to our research, both mowing and the green-light spectrum can increase the content of sugars. These findings suggest that alfalfa seedlings were subjected to a process that reserves photosynthetic production when exposed to green light and mowing. These two treatments did not generate any combined effects on sugar accumulation. The green light likely induced a control on hydrolyzations of both starch and sugars, but it had no further impact on activated conversions.



Cycling and discrimination of carbon in different isotopes

Mowing resulted in a decline of δ13C, suggesting higher conductance and gas exchange. In contrast, on abandoned cropland, it was found that mowing increased the δ13C of Artemisia frigida, suggesting elevated WUE (Diao et al., 2021). The elevation of δ13C is an evolutionary strategy to reserve water loss for a wide spectrum of plant species. However, elevated WUE indicated by δ13C is not needed during the evolutionary process for alfalfa. In our study, mown shoots showed higher nonstructural carbohydrates but lower C content. This suggests structural C depletion and likely reserved conversion of structural carbohydrates towards the nonstructural forms. This is evidence of resistance to drought by reserving sugar and starch post-mowing because the depletion of nonstructured carbohydrates is an immediate response to provide energy to fuel enzymic activity (Wei and Guo, 2017; Lauriks et al., 2022).

The elevation of δ13C in drought-treated alfalfa correlated with controlled conductance and lowered gas exchange (Erice et al., 2011; He et al., 2020). The depletion of starch was an alternative response to an increase in crude fibers, which further accounted for the increase in total C content. The decrease in sugar content corroborated the significant reduction in gas exchange and intercellular CO2 concentration caused by drought (Gorthi et al., 2019; Du et al., 2020). In regard to this study, unchanged sugar content means the close of the stomata did not cause high intercellular CO2 to a level that enforced sugar decline. The reduction of starch content in drought is driven to balance the high demands of glucose following limited photosynthesis (Abdelhakim et al., 2021).

Green light induced consistently higher levels of δ13C and total C relative to the blue light, which accounts for the above-mentioned increases in DM production and growth. Together with dual increases of soluble sugars and starch contents, it can be concluded that the green light promoted DM accumulation by controlling consumption and accumulating structural and nonstructural carbohydrates. However, these responses to light spectra were interrupted by the mowing. Thus, postmowing differences between δ13C and total C content were dismissed. Overall, mowing is the stronger driver compared to light spectra.



Forage quality and driving forces

Fiber is a type of structural carbohydrate and, following mowing, decreased during the experiment. This result concurs with our hypothesis that fiber was decreased by mowing. Davies et al. (2009) also reported a decrease of crude fibers in mown Artemisia tridentata ssp. wyomingensis, and they further revealed that the decrease was mainly attributed to the decline of acid detergent fiber. Increased crude fat content in mowed alfalfa was also found in forage bermudagrass (Cynodon dactylon [L.] Pers.) (Zhang et al., 2020). Alfalfa is a legume C3 plant, and bermudagrass is a C4 plant dwelling in a warm climate. Both alfalfa and bermudagrass are perennial, and their shoots regrow to stubbles after mowing; their responses of fat accumulation reflect a common physiological consequence of shoot removal. Decreased fiber and increased fat suggest better forage quality in alfalfa. In contrast, drought decreased the forage quality by increasing crude fiber content and decreasing crude fat content. All of these responses were reported in previous studies on grasslands (Grant et al., 2014; Delfani et al., 2022). The lower content of crude fiber in the blue-light spectrum indicates improved forage quality, which, in addition to previous conclusions, demonstrates that blue light limits DM production but improves forage quality.

We found that across treatments, crude fat contents were positively associated with soluble sugar content. Soluble sugars can be dissolved in glycerin because of the formation of hydrogen bonds between glucose and glycerin molecules (van der Sman, 2017). These changes were irrelevant from the exposure to different light spectra because both soluble sugars and crude fat revealed scarce responses to light treatments. DM weight was found to be positively correlated with crude fiber content, which was formed due to dual changes following mowing, drought, light spectra, and their interactions. This means that the increase in DM accumulation is an alternative approach to improving forage quality by increasing fiber content.




Conclusions

Through a simulated experiment, we found that droughts can interact with the understory light spectrum, which affects DM production in alfalfa. The blue-light spectrum depressed DM production by controlling stomata conductance. Thus, it should be avoided for alfalfa production unless a lower fiber ratio is proposed as the study objective. Mowing can be a reliable approach to activate photosynthetic assimilation/production and improve forage quality by increasing the crude fat ratio and controlling fiber content in alfalfa shoots. Drought depressed DM production and reduced forage quality. Overall, the management of understory alfalfa populations should be considered with forests, where mowing is recommended for alfalfa that are exposed to sunlight transmittance in a higher blue-light spectrum. There, one can expect high-forage quality with lowered crude fibers. In a dry season or when interspecific water competition occurs, irrigation measures will be needed in an agroforestry system to improve alfalfa dry biomass and forage quality.

While we found significant responses of growth, physiology, and forage quality in alfalfa seedlings in this study, all were obtained in a 1-year study, and random factors cannot be fully eliminated from the results. Future studies are encouraged to use more alfalfa genotypes and test the results by cross-year bioassays. Field trials are also suggested for future works to identify indoor findings and to guide agroforestry management with alfalfa as an understory forage species.
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Understanding the factors affecting the growth of plantation forests can reduce the loss of economic and ecological values caused by plantation forest subhealth. Plantation forests are widely distributed in hilly areas with microtopographic features. Microtopography influences climatic factors associated with plant growth, during not only general time but also extreme events like droughts. However, little research has been conducted on the effects of microtopography on the plantation forest growth. In this paper, we selected Pinus tabulaeformis planted in a hilly site, and studied the effect of microtopography on the climate–growth relationship and drought response of a typical plantation in Northeast China using dendroecological methods. We found: 1) Between hill positions, temperature caused a climatic growth difference. Compared to the hilltop, the correlation of annual growth on the hillside with monthly temperature was more negative in July–August and less positive in January–April. 2) Between aspects, precipitation intensities caused a climatic growth difference. Compared to the sunny slope, the correlation of annual growth on the shady slope with monthly total precipitation below 10 mm/day was less positive (May–June) or more negative (March–April and July), while that with monthly total precipitation above 10 mm/day was more positive in most months.3) Drought response varied significantly based on hill position and aspect. There was no significant difference in resistance between hill positions, while recovery and resilience on the hilltop were greater than those on the hillside.Resistance, recovery, and resilience were all lower on the sunny slope than those on the shady slope. Overall, microtopography exists the effects on the growth of plantation forests, both in terms of climate-growth relationships in general climate and in response to drought when extreme events. Meanwhile, the climatic factors that caused the difference in growth of plantation forests between hill positions and aspects differed. The difference in growth between hill positions was caused by temperature, while that between aspects was caused by precipitation intensity. Drought response difference reflected the legacy effect of drought on plantation growth, which could lead to subsequent changes in climate-growth relationships. These findings demonstrate that strengthening the research of forest trees on microtopography is necessary for accurate carbon sink assessment and precise forest management.
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Introduction

A plantation is an important component of terrestrial ecosystems and plays an increasingly important role in restoring and rejuvenating forest ecosystems, enhancing forest carbon sinks, and improving the ecological environment. China has the largest area of plantation forests in the world, and the area of plantation forests in Northeast China is enormous (Li et al., 2020). However, many of them are sub-healthy (Zhao et al., 2021). This could result in a huge loss of economic and ecological benefits. We need a better understanding of plantation growth.

Topography, especially mountain position and aspect, impacts radiation (Murphy et al., 2020; Zhirnova et al., 2020), temperature (Zhirnova et al., 2020; Wang and Yang, 2021), and soil moisture distribution and dynamics (Murphy et al., 2020; Zhirnova et al., 2020). These affect the climate–growth relationship of forests, which in turn affects forest biomass (Homeier et al., 2010; González-Jaramillo et al., 2018). Unfortunately, most current studies focus on large-scale topography with elevation differences of hundreds or even thousands of meters, such as the Changbai Mountains (Wang et al., 2013; Yu et al., 2013; Yu and Liu, 2020) and the Alps (Pappas et al., 2020), and there is a lack of research on small-scale topography. However, it has been demonstrated that these effects remain even on microtopography with elevation differences of less than 100 m (Galicia et al., 1999; Ma et al., 2020; O’Brien and Escudero, 2022). Furthermore, plantations spread widely in hilly areas with a small elevation difference. Therefore, research into the effect of microtopography on the climate–growth relationship of plantations is required.

The effect of microtopography on the distribution of climatic factors is also extant (Mei et al., 2018; Esteban et al., 2021), or even greater (Wang et al., 2020; O’Brien and Escudero, 2022), when precipitation decreases or even drought. The resilience index and its components, resistance and recovery indices, are commonly used to evaluate the effect of drought on plant growth. Resilience describes a tree’s ability to achieve growth rates similar to those before a drought. Defined in this way, resilience encompasses the ability to reduce the effect of the disturbance, i.e., resistance, and the ability to regain pre-disturbance levels of growth after drought, i.e., recovery (Lloret et al., 2011). At present, the drought response of trees is mostly researched on large-scale topography, such as the Iberian Range (Marques et al., 2016) and Helan Mountains (Wang et al., 2019; Zeng et al., 2020), and our understanding of it in hilly areas is not sufficient. Meanwhile, the effect of topography on the drought response of trees is not uniform in large-scale topography. For example, Bosela et al. (2020) found that the significance of resistance difference in different mountain positions is inconsistent across several sample plots, although they have similar elevation differences. Thus, even on a small scale, there is still uncertainty about whether trees on microtopography in hilly areas respond differently to drought.

Pinus tabulaeformis is an important plantation tree species in northern China. At present, its plantation area is 167.76 × 104 ha, accounting for 2.9% of the total plantation area (National Forestry and Grassland Administration, 2019). In addition, P. tabulaeformis is a representative tree species in the low mountain and hilly areas, with a wide distribution on microtopography. Therefore, we used tree rings of P. tabulaeformis planted in the northern hill of Shenyang to investigate: 1) the effect of microtopography on the climate–growth relationship of a P. tabulaeformis plantation and 2) the effect of microtopography on growth resilience to a drought of a P. tabulaeformis plantation and whether it is significant. We expect the findings of this study will be useful for carbon sink assessment and forest management.



Materials and methods


Study site and climate data

The study site is in suburban Shenyang (41°54′N, 123°36′E), where the landform type is hilly and the soil is mainly brown soil and dark brown soil with a high gravel content. We established four plots with few traces of human activity on the sunny (the southwest side of the ridgeline) and shady (the northeast side of the ridgeline) slope of the hilltop (about 150 m a.s.l.) and the hillside (about 130 m a.s.l.) (Figure 1). They are abbreviated as TSu (the sunny slope of the hilltop), TSh (the shady slope of the hilltop), SSu (the sunny slope of the hillside), and SSh (the shady slope of the hillside). To obtain as many representative and valid samples as possible, we set the plot size as large as possible and ensured that the proportion of P. tabulaeformis in each plot was above 90%. The plot sizes (length × width) are 50 m × 75 m, 40 m × 60 m, 50 m × 70 m, and 30 m × 30 m, respectively. Among them, the area of the SSh is smaller than that of the other three, limited by the terrain scale and human activity. The average slope gradients of the plots are 20° (TSu), 16° (TSh), 19° (SSu), and 14° (SSh), respectively.




Figure 1 | Site information and the topography of sample plots. The dashed squares indicate the hillside, and the solid squares indicate the hilltop. The red squares denote the sunny slope, and the blue squares denote the shady slope. The black curve represents the ridge line. The red star represents the study site.



P. tabulaeformis dominated the study area, interspersed with Larix gmelinii, Ulmus pumila, and Quercus mongolica. The understory vegetation, consisting of Platycodon grandiflorus, Polygonatum humile, Rhamnus arguta, Menispermum dauricum, etc., had such little biomass that it could be viewed as negligible compared to the arbor. The average height of P. tabulaeformis was about 10 m, the diameter at breast height was mainly 15–25 cm, the crown density was about 0.7, and the age of the stand was about 50 years. On the sunny slope, the stand density was about 900 trees/ha, while on the shady slope, it was 500 trees/ha.

Climate data, including temperature and precipitation recordings of 1951–2020, come from the Shenyang meteorology station (downloaded from the China Meteorological Data Service Center, http://data.cma.cn), which is around 20 km away from the study site. The annual mean temperature was 8.21°C, and the annual total precipitation was 697.25 mm. The monthly mean, maximum, and minimum temperature (Tmean, Tmax, Tmin) fluctuated relatively little and was at a high level in June–August (Figure 2). Precipitation was mainly concentrated in April–October, especially in July–August, when it was the highest throughout the year. The monthly precipitation above or equal to 10 mm/day (P≥10mm/day) accounted for a relatively high proportion in April–October, while the monthly precipitation below 10 mm/day (P<10mm/day) accounted for the majority in other periods (Figure 2).




Figure 2 | Monthly temperature and precipitation indices from January to December in the study area during 1951–2020. Tmin, Tmean, and Tmax represent the monthly averaged minimum, mean, and maximum temperature, respectively. P<10mm/day, P≥10mm/day, and Ptotal represent the monthly total precipitation below 10 mm/day, above or equal to 10 mm/day, and above 0 mm/day.





Soil sampling and measurement

In August 2020, we randomly selected nine points in each plot and used the excavation method to collect soil samples from 0–10-cm, 10–20-cm, and 40–50-cm depth soil layers. The soil and stones were separated by a 2-mm sieve, and the weight of each was recorded separately. Combined with the recorded volume of the sampling soil pit, we calculated the soil weight of 100 cm3 and filled it into the ring knife of the corresponding specification. The field capacity (FC) and saturated water content (SWC) of soil samples in each layer were measured using the ring knife method. In addition, the volumetric fraction of stones (VFS) was calculated as follows:

 

 

where Vs was the volume of the stones, V was the volume of the sampling soil pit, ms was the weight of the stones, and 2.65 g/cm3 was the density of the stones (Liu, 1996).



Tree ring sampling and chronology development

We selected some trees without insect pests as sample trees in each plot. Two cores per tree were extracted at chest height (about 1.3 m) from the orthogonal direction with an increment borer. Then, the samples were packaged and brought back to the laboratory. After fixing, drying, and grinding from coarse to fine until the tree rings were clearly visible, all sample cores were scanned and turned into pictures with an HP M277dw printer (1,200 dpi). We detected tree ring width (an accuracy of 0.01 mm) from the core pictures using the R package MtreeRing (Shi et al., 2019). The tree ring width data in each plot were checked and quality-controlled by the COFECHA program (Holmes, 1983). We detrended the tree ring data to remove the age-related signal using the negative exponential function and get the tree ring width index (TRWi). The TRWi series, grouped by plots and microtopography, were respectively averaged to build standard chronology (STD) using the robust Tukey bi-weight mean. Mean sensitivity, standard deviation, signal-to-noise ratio, first-order autoregressive coefficient, and expressed population signal (EPS) are the STD’s common statistical parameters (Fritts, 1972). Using 0.85 as the EPS threshold, the period above it for STD is considered reliable (Wigley et al., 1984). The STD statistics for all plots and microtopography are listed in Tables 1 and 2.


Table 1 | Standard chronology (STD) statistics for all plots.




Table 2 | Standard chronology (STD) statistics for all microtopography.





Determination of drought events and computation of resilience indices

In order to investigate the long-term radial growth response to drought, we analyzed the resilience and its components, resistance and recovery (Lloret et al., 2011). The drought intensity was detected using the Standardized Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010) during the key growing season (May–July). Referring to relevant research (DeSoto et al., 2020; Li et al., 2020), we considered the effects of the 4 years before and after the drought event. To find drought events associated with reduced growth, there were three criteria used (DeSoto et al., 2020): 1) the values of SPEI below the 10% percentile of SPEI distribution within the reliable period of the chronologies; 2) significantly low growth (over 5% reduction relative to the average growth of the previous 4 years) in the same year or the year after (considering the lag effect of climate–growth); and 3) in a 4-year time window, if there are multiple drought events that satisfy the previous two criteria, only the last one is taken as a drought event (to avoid growth recovery in previous drought events impacted by subsequent drought events). As shown in Figure 3, a drought event in all plots occurred in 2000. We computed the resilience indices to drought events as follows (Lloret et al., 2011; DeSoto et al., 2020):




Figure 3 | Standard chronologies (STDs) of the tree ring width index (TRWi) among all plots and Standardized Precipitation Evapotranspiration Index (SPEI) distribution show the drought event. The bar chart denotes the year of the drought event on all plots (2000).



 

 

 

where Dr was defined as TRWi of the drought year, PreDr and PostDr represented separately mean TRWi of the preceding and post 4-year periods.



Statistical analysis

We chose the period from the previous November to the current October as a growing year of P. tabulaeformis (Cai et al., 2020). Since the roles of climate factors vary by month, we conducted a correlation analysis between the TRWi and the monthly temperature and precipitation indices for each month of the growing year. In order to eliminate the influence of variable autocorrelation, the first-order difference was used for the correlation analysis (Li et al., 2021). Each bar or color dot in the following correlation figures means the Pearson product-moment correlation coefficient between the first-order difference of STDs and that of monthly climatic factors. We chose the correlation between the first-order difference of STDs in all plots and that of the Tmean in March (Figure 4A) as a typical one to present in the form of a scatter plot (Supplementary Figure S1).




Figure 4 | Correlations of standard chronologies (STDs) in all plots with (A) monthly mean temperature (Tmean) and (B) total precipitation (Ptotal). Bars marked with stars indicate that they reached the 0.05 significance level. “p11” and “p12” represent November and December of the previous year. Bars marked with * indicate that they reached the 0.05 significance level.



In addition to correlating the radial growth with climate variables (general effects), we also investigated the resilience indices (extreme effects) of the radial growth to drought events. The pairwise Wilcoxon rank sum test was used to detect whether the growth resilience to drought differed significantly among plots with different microtopographies.

To illustrate the effect of microtopography on radial growth, we combined and paired the plots by hill positions and aspects and performed the above analyses again. The Kruskal–Wallis rank sum test was used to detect whether the growth resilience to drought differed significantly between paired microtopography.

We used the R package SPEI (Santiago and Vicente-Serrano, 2017) to calculate the SPEI, and dplR (Bunn, 2008; Bunn, 2010) to detrend the raw tree ring width data and develop the chronologies. The rest of the operations and analyses were done in the R environment (R Core Team, 2021).




Results


Soil water storage capacity

In terms of soil water storage capacity, the shady slope was better than the sunny slope in all soil layers at the same hill position. Among the plots, except SSh, the deeper the soil layer, the greater the VFS, and the VFS in all layers of TSu were obviously the highest. The SWC and FC of SSh are slightly higher than those of SSu, and because of the VFS differences, the storage capacity of SSh will be further superior to that of SSu. Although the SWC of TSu was slightly higher than that of TSh, the water storage capacity of TSh would be better than that of TSu considering the significantly higher VFS in TSu (Table 3).


Table 3 | Soil water storage capacity in all plots.





Climate–growth relationships and resilience to drought among plots

The Tmean for multiple months was significantly correlated with TRWi in plots, but the direction shifted over time (Figure 4). It was found that the Tmean in each month of May–August basically had a negative effect on the radial growth among all plots while having a positive effect in the other months. The Tmean in June had a significant negative effect on radial growth in all plots, while the Tmean in the previous November, March, and October had a significant positive effect on the radial growth in a few plots. Moreover, the Tmean has no significant effect on radial growth in other periods among all plots.

The correlations between STDs and the Ptotal in plots were not as significant as those between STDs and the Tmean, but again the direction varied across time (Figure 4). STD correlations with the Ptotal were positive in all plots during the previous November–December and April–July months while negative in the other months. The Ptotal only had a significant effect on the radial growth in a few plots in May and July.

Among the plots, the resistance had no significant difference, the recovery had certain significant differences, and the resilience had the most significant differences (Figure 5). The recovery on TSh was significantly higher than that on the other three plots, and there was no significant difference among the other three plots (Figure 5B). The resilience on the TSh was significantly higher and was significantly lower on the SSu than on the other plots, except SSh (Figure 5C). The difference in resistance, recovery, and resilience between aspects on the hilltop is larger than that on the hillside, and the difference in resistance, recovery, and resilience between hill positions on the shady slope is larger than that on the sunny slope (Figure 5).




Figure 5 | Differences in (A) resistance, (B) recovery, and (C) resilience among plots. We compare significance by pairwise Wilcoxon rank sum test (P < 0.05). “ns” means no significant difference.





Contrasts between hill positions in climate–growth relationships and resilience to drought

The correlations of STDs with temperature variables showed obvious differences in January–April and July–August between hill positions (Figures 6A-C). The temperature variables were more positive for the growth on the hilltop than that on the hillside during the non-growing and early growing season (January–April, low evaporation) and more negative during the mid-growing season (July–August, high evaporation). These differences were generally observed for all temperature variables. However, the correlation of STDs with different temperature variables still had some differences, especially with the Tmin. The correlations of STDs with the Tmean and Tmax in June have reached a significant level both on the hilltop and the hillside, but there was no significant correlation with the Tmin. Meanwhile, the correlation of STDs with the Tmin in October was significant and greater than that in September, whereas the correlation with the Tmean and Tmax nearly or actually reached significance in September and greater than that in October.




Figure 6 | Correlations of standard chronologies (STDs) with monthly temperature (A–C) and precipitation (D–F) variables in the hilltop and the hillside during 1971–2020. The dotted black lines represent the significance level at 0.05. “p11” and “p12” represent November and December of the previous year.



Between hill positions, the correlations of STDs with different intensities of precipitation were not as highly similar as they were with different temperature indicators (Figures 6D-F). Meanwhile, the temporal dynamics of the correlation difference in STDs with precipitation revealed little. Only in the previous November–February, the correlation of STDs with the P≥10mm/day on the hillside was consistently more positive than that on the hilltop (Figure 6E).

There was no significant difference in resistance between the hilltop and on the hillside (Figure 7A), but the recovery on the hilltop was significantly higher than that on the hillside (P = 0.002, Figure 7B), and the resilience on the hilltop was significantly higher than that on the hillside (P < 0.001, Figure 7C).




Figure 7 | Differences in (A) resistance, (B) recovery, and (C) resilience between the hilltop and the hillside. Asterisks indicate significant differences between the hilltop and the hillside (Kruskal–Wallis rank sum test: **P < 0.01; ***P < 0.001). “ns” means no significant difference.





Contrasts between aspects in climate–growth relationships and resilience to drought

The correlations of STDs and temperature variables between aspects showed a small difference in most months (Figures 8A-C), contrary to the larger differences between hill positions (Figures 6A-C). However, the particularity of Tmin still existed between aspects. Specifically, the correlation was not significant in June and not significant in September along with less than that in October (Figure 8C).




Figure 8 | Correlations of standard chronologies (STDs) with monthly temperature (A–C) and precipitation (D–F) variables in the sunny and shady slopes during 1971–2020. The dotted black lines represent the significance level at 0.05. “p11” and “p12” represent November and December of the previous year.



The differences in the correlation of STDs with precipitation variables between aspects had clear temporal dynamics, contrary to the indistinct temporal dynamics between hill positions. Specifically, the correlations of STDs with precipitation variables all showed stable and persistent differences in March–July between hill positions, which were not shown between aspects. However, the correlation characteristics with different precipitation intensities were still clearly different (Figures 8D-F). In the previous November–March, when the precipitation was mainly <10 mm/day (Figure 2), the correlation of STD with P<10mm/day in the sunny slope was less positive (previous November–December) or more negative (February) than or close to that in the shady slope. For the correlation with P≥10mm/day in this period, the difference was small between aspects, with no obvious temporal dynamics. In April–October, the precipitation was mainly ≥10 mm/day (Figure 2). However, the differences in the precipitation–growth relationship between aspects in April–July differed from that in August–October. In April–July, the correlation of growth with P<10mm/day in the shady slope was less positive (May–June) or more negative (April and July) than that in the sunny slope, and the correlation of growth with P≥10mm/ day in the shady slope was more positive than that in the sunny slope. In August–October, the correlations of growth with precipitation between different aspects were similar, except that the correlation with P<10mm/day in October was significantly higher in the sunny slope than that in the shady slope. The correlation of growth with the Ptotal in each month was similar to the correlation with the precipitation dominating in the corresponding month, the same as that in hill positions (Figures 8D-F).

Resistance, recovery, and resilience on the shady slope all were significantly higher than those on the sunny slope (P = 0.017, Figure 9A; P = 0.048, Figure 9B; P <0.001, Figure 9C), and the difference in resilience was more pronounced.




Figure 9 | Differences in (A) resistance, (B) recovery, and (C) resilience between the sunny and shady slopes. Asterisks indicate significant differences between the sunny and shady slopes (Kruskal–Wallis rank sum test: *P < 0.05; ***P < 0.001).






Discussion


Character distinctions of climate–growth relationships between paired microtopography

During the mid-growing season (July–August, high evaporation), the hillside showed a more positive correlation between growth and temperature than the hilltop. This is contrary to the findings of other studies, where the correlation of growth with the temperature at low elevation was more negative than at high elevation during the mid-growing season (Wang et al., 2015; Huo et al., 2017; Fernandez-de-Una et al., 2018). The main reason can be that the elevation difference of large mountains is large, and the temperature difference between different mountain positions is mainly related to the cooling caused by the elevation rise. However, in this study, the elevation difference between hill positions is less than 50 m, and the reason for the temperature difference is different from the former. In the hilly areas, the scale of the hill is smaller and more susceptible to the influence of the surrounding hills. Lower elevations are more likely to receive less radiation due to the shading of the surrounding hills. Thus, the temperature on the hillside is lower than that on the hilltop, which is the opposite of the phenomenon observed in large mountains. At the same time, growth on the hilltop was more sensitive to temperature because of less shade from the surrounding hills. Specifically, radiation variation was large on the hilltop due to less shade from the surrounding hills. The subsequent large temperature variation accentuated the effect of temperature. As a result, the growth on the hilltop benefited more from the positive effect of temperature during the non-growing and early growing season (January–April, low evaporation), and the correlation with temperature was more positive than that on the hillside.

The correlations of STDs with temperature variables between aspects were not obviously different in most months. We speculated that this was due to the small spatial scale of the hill and gentle gradient (average gradient is all around 17°), which limited the redistribution effect of aspect on radiation. The redistribution effect of topography on radiation is related to its spatial scale (Zhou and Chen, 2018). The spatial scale of the hills is much smaller than that of large-scale terrains such as mountains and plateaus, and the height difference of our study site is less than 50 m, so the aspect has a limited effect on the distribution of radiation.

During the main growing season (March–July), the correlation of STDs with different intensities of precipitation differed clearly between aspects, and the precipitation intensity that can benefit growth more (or suffer less) was different between aspects (Figure 8). During the same period, the positive effect of P<10mm/day on the growth on the shady slope was weaker (less negatively during March–April and July), while the positive effect of P≥10mm/day on it was stronger. This was not only due to the difference in evaporation caused by the redistribution of radiation through the aspect but also due to the difference in the utilization of precipitation at different intensities caused by a slightly steeper sunny slope than a shady slope. The greater the slope gradient, the lower the utilization of heavy precipitation (Singh et al., 2013; Mei et al., 2018). As well, the water storage capacity of the shady slope was greater than that of the sunny slope (Table 3), allowing the shady slope to better utilize the high-intensity precipitation. This further made the correlation of growth with P≥10mm/day in the shady slope greater than that in the sunny slope. Whereas, when the precipitation intensity was low, the redistribution effect of the slope on precipitation and the water storage capacity advantage of the shady slope was reduced, then the shady slope with a lower water demand showed growth that was less positively (or more negatively) correlated with P<10mm/day.



Character distinctions of growth resilience to drought between paired microtopography

Resistance on the shady slope was significantly higher (Figure 9A). This could be attributed to the difference in moisture situation between aspects. The wetter the area, the higher the resistance (Choat et al., 2018; Gao et al., 2021; Hong et al., 2021). When precipitation is less, the soil moisture difference between aspects will become larger (Wang et al., 2020). There is less precipitation during drought, and less water loss helps avoid worse water conditions. The aspect significantly regulates solar radiation, affecting land surface temperature and potential evapotranspiration (Mei et al., 2018; Zhirnova et al., 2020). Benefiting from this, the shady slope had more moisture during drought, making the resistance on it higher.

Recovery was significantly lower on the hillside and sunny slope (Figures 7B, 9B). This could be related to the difference in radiation between hill positions and moisture situation between aspects. Recovery was highly connected with the photosynthetic capacity of plants (Galiano et al., 2011; Peltier and Ogle, 2020). Relatively little radiation made it difficult for the hillside (easier to be shaded by the surrounding hills) to produce enough non-structural carbohydrates to supplement the consumption during drought and support the radial growth after drought, resulting in lower recovery (Figure 7B). Moreover, water was an indispensable component of the photosynthesis process. Precipitation returned to normal levels in non-drought years, and the shady slope had advantages in photosynthesis due to better water storage, so the recovery was higher (Figure 9B).

Resilience was closely related to resistance and recovery. Although there was no significant difference in resistance between hill positions, significantly higher recovery resulted in significantly higher resilience on the hilltop (Figure 7). Because of significantly higher resistance and recovery, the resilience on the shady slope was significantly higher than that on the sunny slope (Figure 9).

Interestingly, the difference in resilience or its components (resistance and recovery) due to a 30-m elevation difference in this paper was similar to that due to a 120–800-m elevation difference in other studies (Wang et al., 2019; Bosela et al., 2020; Dell’Oro et al., 2020; Du et al., 2022). This means that there may be significant drought response differences even in the small-scale terrain, and the amount of difference in resilience-related indicators (recovery, resistance, or resilience) cannot be estimated only by the elevation difference. Other factors may also affect the response of tree growth to drought, thereby causing differences in resilience-related indicators of forests, such as the severity of drought in drought events (Wang et al., 2019; Du et al., 2022), altitude range of forests (Bose et al., 2020; Bosela et al., 2020), tree species (Li et al., 2020), and tree age (Wang et al., 2019).



Potential response of growth on microtopography to climate change

With advancing climate change, the climatic factors causing the growth difference between hill positions and aspects will also change, such as temperature (climate warming) and precipitation intensity (an increase in heavy precipitation events) (Thc et al., 2015). Since there was no hill position that consistently benefited more (or suffered less) from increased temperature and heavy precipitation events throughout the growing season (Figure 6), the effect of climate change on growth differences between hill positions cannot be assessed through the climate–growth relationship. However, radial growth on the shady slope would benefit more (or suffer less) from these factor variations induced by climate change (Figure 8), leading to differences in growth and, even more so, drought responses increasing across aspects.

We observed significantly greater recovery and resilience of growth on the hilltop (Figure 7) and the shady slope (Figure 9). Recovery and resilience reflect a comprehensive and intrinsic ability of trees to regain predrought growth status after drought (Lloret et al., 2011). These findings indicated that the legacy effect of drought on different microtopographies occurred and differed, which may cause changes in the subsequent climate–growth relationship (Peltier and Ogle, 2020), and even increased the risk of death (Trugman et al., 2018; DeSoto et al., 2020). Considering that drought events occurred more frequently under climate change (Thc et al., 2015), from the perspective of drought response, the radial growth on the hilltop and the shady slope will be less adversely affected by climate change.




Conclusions

In this study, we explored the climate–radial growth relationship and growth resilience to a drought of P. tabulaeformis plantations on microtopography, including different hill positions and aspects. It was found that there were still differences in the climate–radial growth relationship and significant drought response contrasts between hill positions and aspects on the hilly areas at small scales. Moreover, the main climatic factors that caused the difference in growth differed between different paired microtopographies. Temperature caused the difference in growth between hill positions, while it was precipitation intensity between aspects. Therefore, we believe that enhanced research on forest growth on microtopography will contribute to more accurate carbon sink assessment and better forest management. Additionally, the difference in drought indicated the legacy effect of drought on plantation growth, which could lead to consequent changes in climate-growth relationships.
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Annual evapotranspiration (AET), the total water vapor loss to the atmosphere during a year, is a vital process of global water cycles and energy cycles. Revealing the differences in AET values and spatial variations between forests and grasslands would benefit for understanding AET spatial variations, which serves as a basis for regional water management. Based on published eddy covariance measurements in China, we collected AET values from 29 forests and 46 grasslands, and analyzed the differences in AET values and spatial variations between forests and grasslands in China. The results showed that forests had a significant higher AET (645.98 ± 232.73 kgH2O m-2 yr-1) than grasslands (359.31 ± 156.02 kgH2O m-2 yr-1), while the difference in AET values between forests and grasslands was not significant after controlling mean annual precipitation (MAP) relating factors. The effects of latitude and mean annual air temperature (MAT) on AET spatial variations differed between forests and grassland, while AET of forests and grasslands both exhibited increasing trends with similar rates along the increasing MAP, aridity index (AI), soil water content (SW), and leaf area index. The comprehensive effects of multiple factors on AET spatial variations differed between forests and grasslands, while MAP both played a dominating role. The effects of other factors were achieved through their close correlations with MAP. Therefore, forests and grasslands under similar climate had comparable AET values. AET responses to MAP were comparable between ecosystem types. Our findings provided a data basis for understanding AET spatial variation over terrestrial ecosystems of China or globally.
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Introduction

Evapotranspiration (ET), the water loss to the atmosphere as water vapor, is a vital process of global water cycles and energy cycles (Wang and Dickinson, 2012; Douville et al., 2013), which also serves as a key parameter in hydrology and ecology (Wang and Dickinson, 2012; Zhu et al., 2015). Annual evapotranspiration (AET) is the accumulated evapotranspiration during a year. AET spatial variation, resulted from the adaption of an ecosystem to the local environment, serves as the basis for regional water management (Wang et al., 2013; Kool et al., 2014). Revealing AET spatial variation and its affecting factors would benefit for the reasonable utilization of limited regional water resources (Li et al., 2018; Sun et al., 2021).

Based on network eddy covariance measurements (Baldocchi, 2008; Baldocchi, 2014), many works have analyzed AET spatial variations (Brümmer et al., 2012; Krishnan et al., 2012; Xiao et al., 2013; Zheng et al., 2016; Yue et al., 2022). Results found that AET showed a significant declining latitudinal pattern in China (Zheng et al., 2016) resulting from the joint effects of climatic and biological factors (Brümmer et al., 2012; Krishnan et al., 2012; Xiao et al., 2013; Zheng et al., 2016; Yue et al., 2022). However, most previous works investigated the AET spatial variation with all kinds of ecosystem types and ignored the differences in the effects of ecosystem types on AET spatial variations (Brümmer et al., 2012; Xiao et al., 2013; Zheng et al., 2016; Yue et al., 2022), which inhibits our fully understanding of AET spatial variations as different ecosystem types showed divergent environmental statuses. For example, wetlands and some croplands suffered from external water sources (Ding et al., 2010; Zhao et al., 2010), while forests and grasslands seldom had external water supplement.

As the main components of global terrestrial ecosystems, forests and grasslands accounted for more than half of the land surface (O’Mara, 2012; Chen et al., 2020; Hill and Guerschman, 2020; Guo et al., 2022). Revealing the differences in AET spatial variations between forests and grasslands would thus benefit for understanding the AET spatial variations over terrestrial ecosystems. In addition, Chinese forests and grasslands played an important role in global forests and grasslands, respectively (Miao et al., 2013). Furthermore, China experiences a unique climate as the comprehensive effects of Asian monsoon and the uplift of the Qinghai-Tibet Plateau (Wu et al., 2007). Therefore, revealing the differences in AET spatial variations between forests and grasslands in China will help to improve our understanding of AET spatial variations. The widely conducting eddy covariance measurements in divergent ecosystems of China (Yu et al., 2006; Yu et al., 2013; Yu et al., 2016; Zhu et al., 2022; Zhu et al., 2023) accumulated a great deal of AET values thus provided a solid basis for analyzing AET spatial variations, which made it possible to illustrate the differences in AET spatial variations between forests and grasslands.

Therefore, based on eddy covariance measuring AET of forests and grasslands in China, we analyzed the differences in AET values and spatial variations between forests and grasslands to clarify: 1) the differences in AET values between forests and grasslands, 2) the differences in AET spatial variations between forests and grasslands, and 3) the main drivers of the differences in AET values and spatial variations. Our results will improve our understanding on the spatial variation of AET, which also provides a data basis for regional water balance assessment.



Materials and methods


Acquisition of measured AET

In this study, all measured AET sourced from the published literatures. Using “eddy covariance” and “grassland” or “forest” as the keyword, we searched the published works during 2000–2021 through the core collection of Web of Science (www.isiknowledge.com) and China National Knowledge Infrastructure (www.cnki.net). Each searched result was thoroughly read to extract in-situ AET measurements. As we focused on the spatial variations of AET, only measurements with more than 1 year observing AET available were collected. In addition, if an ecosystem had more than 1 year measurements, the mean value of multiyear measurements was calculated to represent its AET value (Yu et al., 2013; Zheng et al., 2016). When collecting AET values, their ecosystem types were simultaneously recorded. The ecosystem types were classified into forests and grasslands, where shrub and desert ecosystems were classified into grasslands. Based on the published data, an AET dataset was constructed containing 75 ecosystems, including 29 forests and 46 grasslands (Figure 1). The detailed information of each ecosystem was listed in Supplementary Table S1.




Figure 1 | Spatial distribution (A) and Climate distribution (B) of ecosystems used in this study.





Acquisition of auxiliary data

When collecting measured AET values from literatures, we simultaneously gathered other information, such as the geographical information (latitude, longitude, and altitude) and climatic factors (mean annual air temperature (MAT) and mean annual precipitation (MAP)). However, some ecosystems missed reporting climatic factors, which made the climatic factors incomplete. We extracted the missed climatic factors with geographical information of each ecosystem from their corresponding grid products (Zhu et al., 2022; Zhu et al., 2023), which downscaled from time series data of Climatic Research Unit (CRU) (Harris et al., 2020) to the 30 arc sec (~ 1 km) with the delta spatial downscaling (Peng et al., 2019).

Besides MAT and MAP, we also employed other climatic factors like aridity index (AI), annual mean vapor pressure deficit (VPD), annual photosynthetic active radiation (PAR), annual mean CO2 mass concentration (ρc,yr) to illustrate their effects on AET spatial variations and their differences between ecosystem types, while those climatic factors were seldom reported in literatures. Therefore, we also extracted those factors from their corresponding grid products with the geographical information of each ecosystem. AI was calculated as the ratio of MAP to annual potential evapotranspiration (PET), where PET sourced from the downscaled CRU time series data (Zhu et al., 2022; Zhu et al., 2023). VPD was calculated from MAT and water vapor pressure, which was also downscaled from CRU time series data (Zhu et al., 2022; Zhu et al., 2023). PAR was summed from the daily PAR extracted from Global Land Surface Satellite (GLASS) data at a spatial resolution of 0.05° (Liang et al., 2013; Cheng and Liang, 2014). ρc,yr was calculated from the CO2 concentration (bc), CO2 molar mass (Mc, 44 g mol−1), and gas molar volume at its current state(V), where bc was replaced by the observed value of Mauna Roa and V was calculated by the ideal gas state equation combining local pressure and MAT (Zhu et al., 2016b).

Besides climatic factors, we also employed other factors like soil variables and leaf area index, which were all extracted from their corresponding grid products with geographical information of each ecosystem. Soil variables included annual mean soil moisture (SM), soil organic carbon content (SOC), and soil total nitrogen content (STN). SM was extracted from the soil moisture grid at a spatial resolution of 30 arc sec (~ 1 km) downscaled from the remote sensing retrieving data at a spatial resolution of 0.1° and a temporal resolution of 10 day (Chen et al., 2021). SOC and STN were both extracted from a global soil dataset used for earth system models with a spatial resolution of 30 arc sec (~ 1 km) (Shangguan et al., 2014). Leaf area index included mean annual leaf area index (LAI) and the maximum leaf area index (MLAI), which were both extracted from an improved Moderate Resolution Imaging Spectroradiometer (MODIS) product with a spatial resolution of 500 m and a temporal resolution of 8 days (Yuan et al., 2011) (http://globalchange.bnu.edu.cn/research/lai).



Data analysis

Our analysis focused on the differences in AET values and spatial variations between forests and grasslands. The difference in AET values between ecosystem types was conducted with the one-way analysis of variance (ANOVA). Given some factors affected AET values, we employed the analysis of covariance (ANCVA) by fixing some important factors (MAT, MAP, MAP/PET, SW) to reveal the difference in AET values. Before analyzing the difference in AET values, we investigated the difference in environmental factors between forests and grasslands. The differences in AET spatial variations included those in the geographical patterns and the effects of environmental factors on AET spatial variations, which were all conducted with the generalized linear model. In addition, ANCVA was also employed to reveal the difference in AET spatial variations between forests and grasslands.

Considering the ecosystems used in this study covered different measuring period, the interannual variation in AET may introduce some uncertainties by using the mean AET value of measuring period. Therefore, we conducted an uncertainty analysis by randomly adding a within 10% error to the mean values, which was repeated 100 times. The error adding AET were used to analyze AET spatial variations with the generalized linear model. The mean statistics of the 100 repeated regressions were compared to the regression statistics to verify whether AET spatial variations varied with the uncertainties in AET values.

Furthermore, to quantify the comprehensive effects of environmental factors on AET spatial variations and their difference between forests and grasslands, we applied the stepwise analysis to construct the multiple regression equations considering all significant variables. In addition, we employed independence effect analysis to disentangle the relative roles of each factor in AER spatial variations and their difference between forests and grasslands (Murray and Conner, 2009; Chu et al., 2016; Zhu et al., 2022).



Statistical analysis

In this study, all analyses were conducted using MATLAB software (Math Works Inc., Natick, MA, USA). The differences in environmental factors and AET values were analyzed with ANOVA using the function of “anova1”. The difference in AET values was further investigated with ANCVA by fixing main factors as the covariates using the function of “aoctool”. The spatial variations of AET were analyzed with the generalized linear model using the function of “regstats”. The differences in AET spatial variations were also detected with the ANCVA using the function of “aoctool”. The stepwise analysis was employed to reveal the joint effects of environmental factors on AET spatial variations using the function of “stepwise”. The minimum P value for introducing into or removing out the regression model was set to 0.10. All significance levels were set to 0.05.




Results


Differences in environmental factors and AET values

Forests and grasslands had divergent environmental factors and AET values, while the significance levels differed among factors (Figure 2).




Figure 2 | Differences in environmental factors and annual evapotranspiration (AET, L) between forests and grasslands. Environmental factors include mean annual air temperature (MAT, A), mean annual precipitation (MAP, B), annual total photosynthetic effective radiation (PAR, C), aridity index (AI, D), annual mean water vapor pressure difference (VPD, E), annual mean CO2 mass concentration (ρc,yr, F), soil water content (SW, G), soil organic carbon content (SOC, H), soil total nitrogen content (STN, I), mean annual leaf area index (LAI, J), and maximum leaf area index (MLAI, K). *P<.05, **P<.01, ***P<.001.



Major climatic factors, including MAT, MAP, and PAR, significantly differed between forests and grasslands, while the differing directions varied among factors (Figures 2A–C). Forests had a higher MAT (12.34 ± 6.33 °C) and MAP (1111.68 ± 597.19 mm yr -1) than those of grasslands (F = 43.29 and 61.51, P< 0.01), while the PAR of forests (2425.48 ± 232.99 MJ m-2 yr-1) was significantly lower than that of grasslands (2608.77 ± 143.03 MJ m-2 yr-1) (F = 17.86, P< 0.01).

Other climatic factors showed divergent differences between forests and grasslands (Figures 2D–F). Forests and grasslands had similar VPD values (Figure 2E), while the ρc,yr of forests was significantly lower than that of grasslands (F = 9.67, P< 0.01). In addition, the aridity index (AI), defined as the ratio of MAP to PET, significantly differed between forests and grasslands. Forests took a significant higher AI (1.12 ± 0.61) than grasslands (0.38 ± 0.26) (F = 52.72, P< 0.01).

Soil variables also exhibited divergent differences between forests and grasslands (Figures 2G–I). Forests had a significant higher SW (0.23 ± 0.11 m3 m-3) than grasslands (F = 22.6, P<0.01), while there was no significant difference in SOC and STN between forests and grasslands (P > 0.05).

Forests took higher leaf area index (LAI and MLAI) than grasslands (Figures 2J, K). The LAI of forests reached to 2.03 ± 1.29 m2 m-2, which was significantly higher than that of grasslands (0.48 ± 0.33 m2 m-2) (F = 61.1, P< 0.01). The difference in MLAI also showed a similar trend (F = 61.9, P< 0.01).

Forests took a significant higher AET than grasslands, whereas their differences were primarily attributed to the differences in the receiving water amount as MAP (Figure 2L). Forests took an AET value of (645.98 ± 232.73 kgH2O m-2 yr-1), which was significantly higher than that of grassland (359.31 ± 156.02 kgH2O m-2 yr-1) (F = 40.85, P< 0.01). After fixing the effects of MAP or AI, the differences in AET values between forests and grasslands were not significant (P > 0.05). However, setting MAT or SW as the covariant, forests still had a significant higher AET than grasslands (P< 0.01). Considering the dominating role of MAP in AI, the difference in AET values between forests and grasslands primarily sourced from that in the receiving water amount as MAP.



Differences in AET geographical patterns

Both forests and grasslands showed significant decreasing latitudinal patterns, while the decreasing rates of AET significantly differed between forests and grasslands (Figure 3). With the increasing latitude, forest AET significant decreased, with a decreasing rate of 27.71 kgH2O m-2 yr-1. The equation containing latitude explained 77% AET spatial variation in forest, with an RMSE of 113.01 kgH2O m-2 yr-1 (Figure 3A). The increasing latitude also significantly decreased AET in grasslands, while its decreasing rate was only 11.92 kgH2O m-2 yr-1, with an R2 of 0.11 and an RMSE of 148.75 kgH2O m-2 yr-1 (Figure 3B). Forests took a significant higher decreasing rate than grasslands (F = 7.37, P< 0.01). In addition, the decreasing latitudinal patterns of AET and their difference between forests and grasslands did not vary with the uncertainties in AET, indicated by the similar regression statistics from the error adding AET (Figure 3).




Figure 3 | The annual evapotranspiration (AET) latitudinal patterns of forests (A) and grasslands (B) in China. The grey lines are regression lines generated from the random error adding AET, whose statistics are presented in the left bottom of each panel.



In contrast to the significant decreasing latitudinal patterns, AET of forests and grasslands both did not exhibit significant longitudinal and altitudinal patterns (data not shown).



Differences in the effects of environmental factors on AET spatial variations

Divergent environmental factors exerted different effects on AET spatial variations, only MAT, MAP, AI, SW, LAI, and MLAI exhibited strong effects on AET spatial variations, while the differences in their effects between forests and grasslands varied among factors.

MAT significantly affected the spatial variations of AET both in forests and grasslands, while its effects differed in directions between forests and grasslands (Figures 4A, B). With increasing MAT, AET of forests showed a significant increasing trend at a rate of 22.88 kgH2O m-2 yr-1, with an R2 of 0.39 and an RMSE of 185.51 kgH2O m-2 yr-1 (Figure 4A). However, the increasing MAT significantly decreased AET in grasslands. Each increase in MAT decreased the grassland AET by 13.29 kgH2O m-2 yr-1. The equation containing MAT explained 16% of the spatial variation in grassland AET, with an RMSE of 144.65 kgH2O m-2 yr-1 (Figure 4B). The effects of MAT on AET spatial variations significantly differed between forests and grasslands (F = 26.41, P< 0.01). The effects of MAT and their differences between ecosystem types varied little with the error adding AET (Figures 4A, B).




Figure 4 | Effects of mean annual air temperature (MAT, A, B) and mean precipitation (MAP, C, D) on the spatial variations of annual evapotranspiration (AET) in forests (A, C) and grasslands (B, D) in China. The grey lines are regression lines generated from the random error adding AET, whose statistics are presented in the right bottom of each panel.



MAP exerted similar promotions on AET spatial variations both in forests and grasslands (Figures 4C, D). The increasing MAP significantly increased forest AET at a rate of 0.33 kgH2O m-2 yr-1, with an R2 of 0.73 and an RMSE of 123.66 kgH2O m-2 yr-1 (Figure 4C). The increasing MAP raised grassland AET at a rate of 0.46 kgH2O m-2 yr-1. The equation containing MAP explained 45% AET spatial variation in grasslands, with an RMSE of 117.22 kgH2O m-2 yr-1 (Figure 4D). The increasing rates of AET induced by MAP showed no significant difference between forests and grasslands (F = 2.09, P > 0.05). In addition, the effects of MAP on AET spatial variations and their differences between ecosystem types did not vary with the error adding AET (Figures 4C, D).

AI also exerted significant positive effects on AET spatial variations both in forests (Figure 5A) and grasslands (Figure 5B), with no significant difference appearing between ecosystem types (Figure 5). The increasing AI made forest AET significantly increase at a rate of 289.59 kgH2O m-2 yr-1, with an R2 of 0.58 and an RMSE of 154.11 kgH2O m-2 yr-1 (Figure 5A). Grassland AET was also raised by the increasing AI at a rate of 397.82 kgH2O m-2 yr-1, with an R2 of 0.45 and an RMSE of 117.18 kgH2O m-2 yr-1(Figure 5B). Though the increasing rates differed in values between forests and grasslands, their difference was not statistically different (F = -1.26, P > 0.05) (Figure 5). In addition, the errors in AET calculation indicated by the error adding AET seldom varied the effects of AI on AET spatial variations and their differences between ecosystem types (Figure 5).




Figure 5 | Effects of aridity index (AI) on the spatial variations of annual evapotranspiration (AET) in forests (A) and grasslands (B) in China. The grey lines are regression lines generated from the random error adding AET, whose statistics are presented in the right bottom of each panel.



The increasing SW significantly increased AET in forests and grasslands at similar rates (Figure 6). With the increasing SW, Forest AET significantly increased at a rate of 1437.93 kgH2O m-2 yr-1. The equation containing SW explained 43% of AET spatial variation in forests, with an RMSE of 178.18 kgH2O m-2 yr-1 (Figure 6A). Grassland AET increased with the increasing SW at a rate of 1160.6 kgH2O m-2 yr-1, with an R2 of 0.26 and an RMSE of 135.31 kgH2O m-2 yr-1(Figure 6B). The increasing rates of AET along the increasing SW showed no significant difference between forests and grasslands (F = 0.42, P > 0.05). Meanwhile, the potential errors in calculating AET seldom varied the effects of SW on AET spatial variations and their difference between forests and grasslands (Figure 6).




Figure 6 | Effects of soil water content (SW) on the spatial variations of annual evapotranspiration (AET) in forests (A) and grasslands (B) in China. The grey lines are regression lines generated from the random error adding AET, whose statistics are presented in the right bottom of each panel.



Leaf area index exerted significant and positive effects on AET spatial variations, but their effects differed between forests and grasslands (Figure 7). The increasing LAI made forest AET increase at a rate of 109.58 kgH2O m-2 yr-1, with an R2 of 0.37and an RMSE of 188.48 kgH2O m-2 yr-1 (Figure 7A). The increasing LAI also made grassland AET increase, while the increasing rate was 280.18 kgH2O m-2 yr-1, with an R2 of 0.34 and an RMSE of 127.98 kgH2O m-2 yr-1 (Figure 7B). Forests took a significant higher AET increasing rate than grasslands (F = 5.33, P< 0.05). With increasing MLAI, forest AET increased at a rate of 57.71 kgH2O m-2 yr-1, with an R2 of 0.23 and an RMSE of 208.08 kgH2O m-2 yr-1 (Figure 7C), while grassland AET increased at a rate of 81.06 kgH2O m-2 yr-1, with an R2 of 0.31 and an RMSE of 130.63 kgH2O m-2 yr-1 (Figure 7D). Though the increasing rates along the increasing MLAI differed in values between forests and grasslands, their difference was not statistically significant (F = 0.7, P > 0.05). In addition, the uncertainties in calculating AET seldom affected the effects of leaf area index on AET spatial variations and their differences between forests and grasslands (Figure 7).




Figure 7 | Effects of mean annual leaf area index (LAI, A, B) and maximum leaf area index (MLAI, C, D) on the spatial variations of annual evapotranspiration (AET) in forests (A, C) and grasslands (B, D) in China. The grey lines are regression lines generated from the random error adding AET, whose statistics are presented in the right bottom of each panel.



Based on the unique effects of each factors, we obtained their comprehensive effects on AET spatial variations in forests and grasslands and their difference between ecosystem types. Results showed that climatic factors dominated the spatial variation of AET in forests, with the dominating role of MAP. The equation containing MAP, AI, and ρc,yr explained 83% of AET spatial variation in forests, with an RMSE of 104.40 kgH2O m-2 yr-1 (Eq. (1)). MAP had a higher independent effect accounting for 48% of AET spatial variation. AI accounted for 33% of AET spatial variation, while the independent effect of ρc,yr was only 2%. However, the spatial variation of AET was jointly affected by MAP and leaf area index with the dominating role of MAP. The equation containing MAP, LAI, and MLAI explained 56% of AET spatial variation in forests, with an RMSE of 106.87 kgH2O m-2 yr-1 (Eq. (2)). MAP had a higher independent effect accounting for 28% of AET spatial variation, while LAI and MLAI both accounted for 14% of AET spatial variation. Therefore, MAP exerted a stronger effect on AET spatial variations both in forests and grasslands.

 

 




Discussions


The differences in AET values

In this study, we found that AET values significantly differed between forests and grasslands (Figure 2L), while the difference in AET values was not significant after controlling MAP relating factors as the covariant. Our results indicate that the differences in AET values between forests and grasslands may primarily source from the difference in MAP, which mainly resulted from the spatial distribution of forests and grasslands used in this study. Forests employed in this study primarily distributed in eastern China, while grasslands were mainly located in the western China (Figure 1) (Guo et al., 2022), which made forests have a higher MAP than grasslands (Figure 2B). A higher MAP meant more water were available for an ecosystem to evaporate as the energy arriving at the land surface were much larger than that an ecosystem required for evaporation (Jin et al., 2011; Chapin et al., 2012; Williams et al., 2012; Zhu et al., 2016a; IPCC, 2021). Under similar MAP, both forests and grasslands had similar amounts of available water for evaporating, which made AET values of forests and grasslands comparable. Therefore, the spatial distribution of forests and grasslands induced the difference in MAP, which shaped the significant difference in AET values between forests and grasslands. The fact that forests had a higher AET than grasslands was widely found in direct measurements (Brümmer et al., 2012; Xiao et al., 2013; Zheng et al., 2016; Feltrin et al., 2017) or modeling results (Li et al., 2014; Li et al., 2018; Fang et al., 2020; Sun et al., 2021), while our results originally found that forests and grasslands had similar AET values after controlling MAP relating factors as the covariant. This phenomenon meant that forests and grasslands had comparable AET values under similar MAP, which may indicate that different ecosystem types under similar climate had comparable AET values. Therefore, MAP gradient may be more important than ecosystem types in determining AET values, which meant that selecting parameters for modeling ET thus AET may take MAP as a reference but not only ecosystem types.



Differences in AET spatial variations

In this study, we found factors shaping AET spatial variations differed between forests and grasslands, while MAP played a dominating role both in forests and grasslands (Eqs. (1-2)). In addition, the AET increasing rates along the increasing MAP showed no significant difference between ecosystem types (Figures 4C, D). AI (Figure 5), SW (Figure 6), and leaf area index (Figure 7) all exhibited similar effects with MAP. However, MAT exerted divergent effects on AET spatial variations between forests and grasslands (Figures 4A, B), so did latitude (Figure 3). As an annual value at a relative long time scale, AET reflected the comprehensive adaption of an ecosystem to local environment, which compromised between water supply and energy demand. MAP directly provided the available water for evaporation (Chapin et al., 2012; Wang and Dickinson, 2012). Considering the available energy used for evapotranspiration represented by net radiation was much higher than that evapotranspiration required (Jin et al., 2011; Chapin et al., 2012; Williams et al., 2012; Zhu et al., 2016a; IPCC, 2021), MAP played a dominating role in AET spatial variations. However, the post processes after water arriving at the land surface like runoff or infiltration and vegetation metabolism limited the representativeness of MAP as water supply, which made AET not respond to MAP in a direct linear way (Figures 4C, D) (Williams et al., 2012). The similar effects of AI, SW, and leaf area index on AET spatial variations with MAP may source from their close correlation with MAP (Supplementary Table S2). MAP showed high correlation coefficients with those factors, which were found both in forests and grasslands (Supplementary Table S2). In addition, MAP showed divergent correlation coefficients with MAT between forests and grasslands (Supplementary Table S2) as the site spatial distribution (Figure 1), which induced the divergent effects of MAT on AET spatial variations between forests and grasslands (Figures 4A, B). The negative correlation coefficients between latitude and MAP made AET show significant decreasing latitudinal pattern (Figure 3). However, the MAP decreasing rates along the increasing latitude significantly differed between forests and grasslands (F = -3.93, P<0.01, data were not shown), which induced the significant difference in AET latitudinal patterns between forests and grasslands (Figure 3). Therefore, it was well known that MAP affected the spatial variation of AET, while we originally revealed the dominating role of MAP in AET spatial variations. In addition, we originally found the similar increasing rates of AET along the increasing MAP between forests and grasslands, which indicates that AET of different ecosystem types responded similar to MAP.




Conclusions

Based on published eddy covariance measurements in China, we collected annual evapotranspiration (AET) data from 29 forests and 46 grasslands, and analyzed the differences in AET values and spatial variations between forests and grasslands in China. Results showed that forests had a higher AET than grasslands, while similar AET values occurred between forests and grasslands after controlling mean annual precipitation (MAP) relating factors as the covariant. Factors shaping AET spatial variations differed between forests and grasslands, while MAP played a dominating role both in forests and grasslands. Along the increasing MAP, AET increased at the similar rates between forests and grasslands. Therefore, different ecosystem types under similar climate had comparable AET values. AET responses to MAP were comparable between ecosystem types. Our findings provided a data basis for understanding AET spatial variation over terrestrial ecosystems of China or globally.
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Ecologically vulnerable areas (EVAs) are regions with ecosystems that are fragile and vulnerable to degradation under external disturbances, e.g., environmental changes and human activities. A comprehensive understanding of the climate change characteristics of EVAs in China is of great guiding significance for ecological protection and economic development. The ecosystem carbon use efficiency (CUEe) can be defined as the ratio of the net ecosystem productivity (NEP) to gross primary productivity (GPP), one of the most important ecological indicators of ecosystems, representing the capacity for carbon transfer from the atmosphere to a potential ecosystem carbon sink. Understanding the variation in the CUEe and its controlling factors is paramount for regional carbon budget evaluation. Although many CUEe studies have been performed, the spatial variation characteristics and influencing factors of the CUEe are still unclear, especially in EVAs in China. In this study, we synthesized 55 field measurements (3 forestland sites, 37 grassland sites, 6 cropland sites, 9 wetland sites) of the CUEe to examine its variation and influencing factors in EVAs in China. The results showed that the CUEe in EVAs in China ranged from -0.39 to 0.67 with a mean value of 0.20. There were no significant differences in the CUEe among different vegetation types, but there were significant differences in CUEe among the different EVAs (agro-pastoral ecotones < Tibetan Plateau < arid and semiarid areas < Loess Plateau). The CUEe first decreased and then increased with increasing mean annual temperature (MAT), soil pH and soil organic carbon (SOC) and decreased with increasing mean annual precipitation (MAP). The most important factors affecting the CUEe were biotic factors (NEP, GPP, and leaf area index (LAI)). Biotic factors directly affected the CUEe, while climate (MAT and MAP) and soil factors (soil pH and SOC) exerted indirect effects. The results illustrated the comprehensive effect of environmental factors and ecosystem attributes on CUEe variation, which is of great value for the evaluation of regional ecosystem functions.




Keywords: ecologically vulnerable areas, carbon use efficiency, grassland, eddy covariance, climate change



Introduction

Ecologically vulnerable areas (EVAs), also denoted as ecological ecotones, refer to the transitional areas at the intersection of two or more ecosystems, and are mainly located in the ecotones of different ecosystems, such as areas exhibiting agriculture, animal husbandry, forestland, and grassland (Yu et al., 2017; Feng et al., 2022; Hu et al., 2022). Environmental and biotic factors in EVAs occur in a critical state of phase transition. These ecotones are characterized by a low anti-interference ability, sensitivity to climate change, notable temporal and spatial fluctuations, significant marginal effect, and high environmental heterogeneity. China is one of the countries with the largest distribution area of EVAs, the largest number of vulnerable ecological types, and the most obvious ecological vulnerability worldwide (Yu et al., 2017). EVAs above the moderate level account for 55% of the total land area of China (Hu et al., 2022). We mainly focused on the following four types of EVAs: agro-pastoral ecotones, Tibetan Plateau, arid and semiarid areas, and Loess Plateau. Comprehensively understanding the characteristics of climate change in EVAs in China is of great significance for ecological protection and economic development.

The ecosystem carbon use efficiency (CUEe) can be defined as the ratio of the net ecosystem productivity (NEP) to the gross primary productivity (GPP) (Fernández-Martínez et al., 2014a; Manzoni et al., 2018). This index can be used to describe the level of total carbon stored and obtained by a given ecosystem from the atmosphere, and represents the potential carbon sink capacity of the ecosystem (Fernández-Martínez et al., 2014a). This quantity plays a very important role in the ecosystem productivity model (Fernández-Martínez et al., 2014a; Sinsabaugh et al., 2017). In addition, the efficiency of ecosystems in transforming the GPP into plant and soil storage largely determines the carbon sequestration capacity of terrestrial ecosystems and its feedback to climate change (Baldocchi, 2014). Therefore, identifying the characteristics of the CUEe and its influencing factors in EVAs could facilitate a greater understanding of the trend of global carbon cycle change within the context of climate change and provide a basis for vegetation carbon sink management.

At present, many studies use remote sensing to study the CUEe, but different studies provide very different estimates of the CUEe (Curtis et al., 2005; Manzoni et al., 2018; Chen et al., 2019). Therefore, it is necessary to use direct observation data to analyze the CUEe and its influencing factors to provide support for future model revision and accurate CUEe simulation (Liu et al., 2020). In addition, most studies focused on the vegetation carbon use efficiency (CUE) and microorganism CUE (Chen et al., 2019), but there is less CUEe research. By integrating published literature on carbon flux observations based on the eddy covariance method, An et al. (2017) found that the CUEe in grassland and forestland was consistent, while other studies found that the CUEe in grassland was higher than that in forestland (Law et al., 2002). The CUEe is also affected by environmental conditions (Luyssaert et al., 2007; Bradford and Crowther, 2013; Fernández-Martıńez et al., 2014b). It has been found that the main factor affecting the grassland CUEe is the mean annual precipitation (MAP), which is linearly negatively correlated with the CUEe (Hirata et al., 2008; Zhang et al., 2009). Chen et al. (2019) found that the temperature was the main controlling factor of the forestland CUEe. Although many CUEe studies have been performed by predecessors, the spatial variation characteristics and influencing factors of the CUEe are still unclear, especially in EVAs in China.

We used eddy-covariance carbon fluxes measurements of 55 ecosystems in EVAs in China. The following topics are expected to be addressed: (1) determine of the spatial variation pattern of the CUEe, and (2) analysis of the influencing factors of the CUEe and its regulatory mechanism.These findings could help us to better understand the regional carbon balance under climate change and strengthen the management and restoration of EVAs in China.



Materials and methods


Gross Primary Productivity (GPP) and Net Primary Productivity (NEP) data collection and screening

We collected gross primary productivity (GPP) and net primary productivity (NEP) data measured via the eddy covariance method from literature published over the past 20 years (2002-2019) in regard to EVAs in China. Based on Web of Science database (http://apps.webofknowledge.com) and CNKI database (http://www.cnki.net), data were retrieved by using “eddy covariance”, “carbon flux” “carbon exchange”, “carbon budget”, “productivity”, “gross primary productivity”, “net ecosystem productivity” and “net ecosystem exchange (NEE)” as keywords. The data were filtered and corrected by researchers at each site, using coordinate rotation, WPL correction, storage flux calculation, outlier filtering, nighttime flux correction, NEE gap filling and partitioning. Additionally, the data were continuously measured for at least an entire year. At the same time, the geographic location, ecosystem and vegetation type at each observation site were extracted. The CUEe value was estimated as CUEe=NEP/GPP.

Through the above standard screening approach, carbon fluxes observation data of 55 ecosystems covering forestlands, grasslands, croplands and wetlands were obtained (Figure 1). The data covered the temperate zone, warm temperate zone, Tibetan Plateau and other climatic regions. The latitude range of the selected flux stations was 30.47°N-49.35°N, and the longitude range was 83.57°E-122.65°E. There were 37 grassland sites, 3 forestland sites, 9 wetland sites and 6 cropland sites (Table 1).




Figure 1 | Distribution of flux sites in ecologically vulnerable areas (EVAs) in China.




Table 1 | Site information in this study.





Climate, vegetation and soil data collection

Climatic variables including the mean annual temperature (MAT) and mean annual precipitation (MAP) were also collected. The data were derived from the same studies as the carbon fluxes data. Mean values of the air temperature and precipitation in the observation year were calculated as the MAT and MAP, respectively.

The leaf area index (LAI) was derived from the satellite-borne Moderate Resolution Imaging Spectroradiometer (MODIS) data product (MOD13Q1) with a spatial resolution of 1 km and a temporal resolution of 8 days from 2000 to 2018. Soil data including the soil pH and soil organic carbon content (SOC) were retrieved from the global normalized soil dataset of the Harmonized World Soil Database (version 1.2) (https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1247).



Statistical analyses

First, we compared differences in the CUEe among the different EVAs and vegetation types in China. The relationship between the GPP and NEP, and the relationships between the CUEe and longitude and latitude were analyzed via linear regression.

Linear and quadratic regression analyses were performed to examine the correlation between the MAT, MAP, soil pH and SOC and the CUEe with a significance level of α = 0.05. The hierarchical partitioning method was employed to determine the contributions of the longitude, latitude, MAT, MAP, soil pH, SOC, GPP and NEP to the CUEe via the “rdacca.hp” package in R (Lai et al., 2022).

We further established a structural equation model (SEM) to evaluate the direct and indirect factors regulating the CUEe, and assessed their contributions to the total effects of standardization (direct effects plus indirect effects). The causal relationship between the predicted variables was based on a priori knowledge of the effects of climatic variables (MAT and MAP), geographic location (longitude and latitude), soil parameters (soil pH and SOC), LAI, GPP and NEP on the CUEe. Since the variables of climate, geographic location and soil groups were closely related, principal component analysis (PCA) was conducted to create a multivariate index representing each group (Wang et al., 2017). The first principal component (PC1) explained 61-80% of the total variance of each group and was subsequently used for SEM analysis, in which the data were fitted to the model using the maximum likelihood estimation method. The model’s adequacy was determined using the χ2 test method, goodness of fit (GFI) index, and root mean squared error of approximation (RMSEA) index. Favorable model fits were indicated by no significant difference when using the χ2-test method (P > 0.05), a high GFI value (>0.9), and a low RMSEA value (<0.08) (Liu et al., 2017). SEM analysis was conducted in Amos 21.0 (Amos Development Corporation, Chicago, IL).

All analyses were conducted in R software (version 3.5.1, R Development Core Team, Vienna, Austria). ArcGis 10.1 and R were used for plotting.




Results


Variation characteristics and spatial pattern of the Ecosystem Carbon Use Efficiency (CUEe)

The results showed that the GPP ranged from 91.25 g C m-2 yr-1 in the Bajitan grassland to 1657.9 g C m-2 yr-1 in the Linze cropland (Figure 2). The NEP and GPP of the different ecosystems were linearly correlated (Figure 2). The CUEe varied greatly among the different ecosystems, such as -0.39 in the Xilinhot Stipa grassland and 0.67 in the Ansai grassland. Based on the site average, the estimated average value of the CUEe of EVAs in China was 0.20 (Figure 2).




Figure 2 | Relationship between the net ecosystem productivity (NEP) and gross primary productivity (GPP) in ecologically vulnerable areas (EVAs) in China.



We found that there were significant differences in the CUEe among the different EVAs in China (p<0.05). The average values of the CUEe in arid and semiarid areas, Loess Plateau, agro-pastoral ecotones, and Tibetan Plateau were 0.34, 0.46, 0.07, and 0.14, respectively. Among them, the CUEe on the Loess Plateau was the highest, and that in the agro-pastoral ecotones was the lowest (Figure 3). There was no significant difference in the CUEe among the different vegetation types (p>0.05), in which the CUEe values in grassland, cropland, forestland and wetland areas were 0.17, 0.37, 0.41 and 0.16, respectively (Figure 3). The CUEe significantly decreased with increasing longitude, while it showed no trend with increasing latitude (Figure 4).




Figure 3 | (A) Variation in the ecosystem carbon use efficiency (CUEe) in different ecologically vulnerable areas (EVAs) and (B) vegetation types in China. The different lowercase letters indicate significant differences at the p < 0.05 level for the CUEe among the different EVAs in China, n.s. indicates no significant differences at the p < 0.05 level for the CUEe among the different vegetation types.






Figure 4 | (A) Relationship between the ecosystem carbon use efficiency (CUEe) and longitude and (B) latitude in ecologically vulnerable areas (EVAs) in China.





Impact of climate and soil factors on the Ecosystem Carbon Use Efficiency (CUEe)

We mainly analyzed the impact of climate factors (MAT and MAP) and soil factors (soil pH and SOC) on the CUEe. The CUEe first decreased and then increased with increasing MAT, soil pH and SOC, and decreased with increasing MAP (Figure 5). Among the four environmental factors, MAT exerted the largest impact on the CUEe, which could explain nearly 41% of the variation in the CUEe.




Figure 5 | (A) Relationship between the ecosystem carbon use efficiency (CUEe) and MAT, (B) MAP, (C) Soil pH and (D) SOC in ecologically vulnerable areas (EVAs) in China. MAT, mean annual temperature; MAP, mean annual precipitation; SOC, soil organic carbon.





Regulation mechanism of the Ecosystem Carbon Use Efficiency (CUEe)

Hierarchical partitioning analysis showed that the NEP, LAI and GPP were the most important factors influencing the CUEe, followed by the longitude (Figure 6). It is not difficult to determine that compared to the soil factors (SOC and soil pH), the climate factors (MAT and MAP) exerted a greater impact on the CUEe.




Figure 6 | Hierarchical partitioning analysis between the explanatory variables and ecosystem carbon use efficiency (CUEe). MAT, mean annual temperature; MAP, mean annual precipitation; LAI, leaf area index; SOC, soil organic carbon; NEP, net ecosystem productivity; GPP, gross primary productivity.



SEM analysis showed that the GPP, NEP and LAI directly affected the CUEe, while climate and soil factors exerted indirect effects. Jointly considering the direct and indirect effects, biotic factors (GPP, NEP and LAI) were the most important predictors determining the regional variation in the CUEe (Figure 7). Whether through hierarchical partitioning analysis or SEM, the results showed that these variables could explain approximately 70% of the total variation in the CUEe. Regarding the CUEe, the NEP exerted a greater impact on the CUEe than the GPP (Figures 6, 7).




Figure 7 | (A) Structure equation modeling exploring the direct and indirect effects of the different factors on the ecosystem carbon use efficiency (CUEe) and (B) standardized effects of the different factors on the CUEe. The blue and red arrows indicate negative and positive relationships, respectively. The dashed line represents a nonsignificant relationship (p > 0.05). The arrow width is proportional to the strength of the relationship. The numbers adjacent to the arrows are standardized path coefficients. * indicates the significance level is less than 0.05. MAT, mean annual temperature; MAP, mean annual precipitation; LAI, leaf area index; SOC, soil organic carbon; NEP, net ecosystem productivity; GPP, gross primary productivity.






Discussion


Spatial variation in the CUEe in ecologically vulnerable areas in China

Many studies have found that the CUE of plants is a constant (Waring et al., 1998; Delucia et al., 2007). We provided a reference for the basic status of the CUEe in EVAs in China, and suggested that the CUEe value ranged from -0.39 to 0.67 (Figure 2). The variation range of the CUEe in this study was larger than that in other studies (Chen et al., 2018); the variation range of the CUEe values in EVAs remained reasonable and was smaller than the variation range from −1 to 0.6 for global ecosystems (Chen et al., 2015b). The increased variability of the CUEe may be due to the significant deviation in heterotrophic respiration (Rh) and its ratio to the net primary productivity (NPP) (Chen et al., 2018). The lowest CUEe value was found in the Xilinhot Stipa grassland, where the large amount of autotrophic respiration (Ra) and Rh release exceeded the low GPP. The highest CUEe value was found in the Ansai grassland, indicating that the carbon consumption of ecosystem respiration was low on the Loess Plateau. According to the site average value, the average CUEe value of EVAs in China was estimated at 0.2, which indicated that an average productivity of 20% was fixed in ecosystem biomass and soil organic matter (Hursh et al., 2017). This efficiency was higher than the average CUEe value in other Asian countries and global ecosystems (Kato and Tang, 2008; Chen et al., 2015b).

The CUEe varied with the different ecosystem vegetation composition and structure. Gilmanov et al. (2010) found that the CUEe in European grasslands was lower than that in croplands and wetlands. Similarly, the average CUEe in global grasslands was lower than that in other ecosystem types (Chen et al., 2015b). In contrast, it was reported that the CUEe in grassland was higher than that in deciduous broad-leaved forestland and coniferous forestland, which contributes to the plant tissue in grassland yielding a lower investment in ecosystem respiration (Re) than that in forestland (Law et al., 2002). Our results demonstrated that the CUEe value in grassland was lower than that in forestland and cropland (Figure 3). This likely occurs because under the control of environmental conditions, grasslands are mainly distributed in semiarid and alpine areas, where the plant biomass is low and the active growth period is short. Compared to Re, the GPP was more significantly restricted by a low temperature and drought, which led to a higher Re/GPP ratio and thus a lower CUEe (1-Re/GPP) (Reichstein et al., 2007; Kato and Tang, 2008; Prescher et al., 2010; Chen et al., 2015b). Previous studies showed that there was a comparative Re in grassland to that in forestland and cropland, while the GPP was far lower than that in forestland and cropland (Chen et al., 2014; Chen et al., 2015a).

There were significant differences in the CUEe among the different EVAs. The CUEe on the Tibetan Plateau and agro-pastoral ecotones were significantly lower than those in the other EVAs (Figure 3), which may be related to the impacts of rainfall and temperature on productivity (Kato and Tang, 2008; Yu et al., 2013). In our study, the CUEe decreased with increasing rainfall, and it was also lower within the low-temperature range (Figure 5). Generally, rainfall on the Tibetan Plateau and agro-pastoral ecotones was higher than that in the other EVAs, but the temperature was lower (Liu et al., 2021), resulting in a low CUEe.

We found that the latitudinal distribution of the CUEe in EVAs in China was not significant (Figure 4), which was consistent with previous results (An et al., 2017). However, we found that the CUEe showed a decreasing trend with increasing longitude (Figure 4). In terms of longitude, the vegetation CUE usually decreased from west to east, which was closely related to ecosystem elevation (Chen and Yu, 2019). In EVAs in China, from west to east, the terrain transforms from plateau to plain terrains. Our results also showed that the CUEe increased with the elevation. This is consistent with previous studies on the vegetation CUE on a global scale (Zhang et al., 2009).



Regulation mechanism of the CUEe in ecologically vulnerable areas in China

Climate factors such as the MAT and MAP are the two most important factors affecting the GPP, Re and NEP (Kato and Tang, 2008; Yu et al., 2013). Generally, with increaseing MAT and MAP, the GPP and Re increase, respectively, while the increase in the GPP is greater than that in Re (Yi et al., 2010; Tang et al., 2016). Therefore, the CUEe is expected to increase with increasing MAT and MAP. However, our results showed that the CUEe first decreased and then increased with increased MAT, and was negatively correlated with MAP (p<0.05) (Figure 5). The temperature is the most important factor affecting the carbon fluxes on the Tibetan Plateau (Kato et al., 2006; Saito et al., 2009), which is positively correlated with its GPP and Re. With increasing temperature, the rate of increase of Re was higher than that of the GPP; thus, the CUEe decreased instead. In plateau areas limited by water, a high temperature could inhibit the GPP and Re, and the rate of decrease of Re was higher than that of the GPP, so the CUEe increased with increasing temperature (Wang et al., 2014). Chen et al. (2019) found that the MAT could explain nearly 47% of the variation in the CUEe, and our results were similar (Figure 5). In contrast, the MAP explained the smaller differences in the CUEe (Figure 6). On a global scale, when the MAP is below 2300 mm, the CUEe shows a downward trend with increasing MAP (Zhang et al., 2009). However, in EVAs in China, rainfall is the main limiting factor (Hu et al., 2010; Dong et al., 2011). With increased rainfall, the GPP and Re increased, while the rate of increase of the Re was higher than that of the GPP, so the CUEe showed a decreasing trend with increasing rainfall.

Compared to the climate factors, the soil factors (soil pH and SOC) imposed a less notable impact on the CUEe (Figure 6). The variation range of soil conditions in EVAs in China may be limited (Zhang et al., 2019). Different ecosystems have different soil pH values, such as grasslands with high soil pH values and forestlands with low soil pH values (Chen and Yu, 2019). In our study, the CUEe was the lowest under almost neutral conditions (Figure 5). This suggests that an alkaline or acidic environment is not enough to yield the hightest CUEe value in EVAs. The variation range of the CUE of plants growing in poor-soil, low-temperature, drought-prone and other high-stress environments is generally larger than that of plants growing in suitable environments. Overall, among ecosystems, especially EVAs, the higher the SOC content is, the lower the CUEe (Figure 5).

The cycle of carbon between the Earth’s surface and the atmosphere is controlled by biotic and abiotic processes that regulate the storage of carbon in the biogeochemical cycle and release carbon into the atmosphere. The GPP and NEP are mainly determined by climate, soil and biotic factors. Therefore, it is not difficult for us to understand the regulatory mechanism of the CUEe. Through hierarchical partitioning analysis, we found that biotic factors such as the GPP, NEP and LAI exerted a greater impact on the CUEe in EVAs of China. However, the direct effects of climate (MAT and MAP) and soil factors (soil pH and SOC) were very limted in our study (Figure 6). We further explored the relationship among them through SEM (Figure 7). We propose that the geographical pattern shapes the climate and soil factors that influence vegetation factors such as ecosystem LAI and further determines the GPP and NEP, thus affecting the CUEe. Climate factors and soil factors mainly play an indirect role in determining the CUEe, while biotic factors play a more direct role in determining the CUEe (Figure 7). Based on our research, we found that the variation in the CUEe was mainly affected by climate, soil and biotic factors.




Conclusion

This study integrated published literature on carbon fluxes data based on eddy covariance, and selected 55 flux sites among EVAs in China, including 3 forestland sites, 37 grassland sites, 6 cropland sites and 9 wetland sites. We preliminarily explored the spatial variation characteristics and influencing factors of the CUEe in EVAs in China. The study found that the average value of CUEe was 0.20, ranging from -0.39 to 0.67. There were significant differences in the CUEe among the different EVAs (p<0.05), but there were no significant differences in the CUEe among the different vegetation types (p>0.05). The CUEe showed a decreasing trend with increasing longitude, and its latitudinal distribution was not significant. We found that the CUEe first decreased and then increased with increasing MAT, soil pH and SOC, and decreased with increasing MAP. The most important factor affecting the CUEe were biotic factors, which directly affected the CUEe. However, climate and soil factors exerted indirect effects on the CUEe. In future research, plant physiological characteristics and soil nutrient availability features, such as soil carbon storage and nitrogen content, should also be considered to better understand the impact on the CUEe.
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Ecological stoichiometry is an important index that reflects the element cycle and ecosystem stability. In this study, two sites (sunny and shady slopes) and five forest ages (young stage, half-mature stage, near-mature stage, mature stage, and over-mature stage) in a Pinus tabuliformis plantation were chosen to illustrate the effects of forest ages and site conditions on the biomass and stoichiometric characteristics of leaves and soils in the temperate mountainous area of China. Except for young stage, the biomass of the leaves of P. tabuliformis on sunny slopes were higher than those on shady slopes in other forest ages, the average carbon content of the leaves in sunny slopes was higher than that in shady slope, while the average total nitrogen contents and average total phosphorus contents of the leaves showed the opposite of this. The biomass of leaves increased on sunny slopes, and increased first and then decreased in shady slopes with increasing forest ages. The contents of soil total carbon (STC) and soil total nitrogen (STN) decreased with increasing soil depth, while the soil total phosphorus (STP) and soil available phosphorus (SAP) contents displayed the opposite. In addition to SAP, the average content of STC, STN, and STP in shady slopes was higher than that in sunny slopes, and the ratio was the opposite. Except for STC: STN on shady slopes, the other ratios showed a downward trend with an increase in soil depth. Excluding the topsoil, the change trend of STC : STP and STN : STP in shady slopes and sunny slopes was consistent with forest ages. The results showed that forest ages and site conditions had significant effects on leaf biomass. The biomass of the leaves is mainly limited by nitrogen. These results have important significance in improving the refinement of local forestry management of Pinus tabuliformis plantations in the temperate mountainous area of China.
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1  Introduction

Forest ecosystems are the main constitute of terrestrial ecosystems (Wang et al., 2008), which play a pivotal role in coping with global climate change, maintaining ecological balance, and protecting biodiversity. In complex forest ecosystems, soil is the basis for plant survival. It provides nutrients and water for plants, and plants return nutrients to the soil through dead branches and leaves. These factors are closely linked and there is an extremely close relationship between plant and soil C, N, and P stoichiometric characteristics. Based on the principles and methods of ecological stoichiometry, it is of great significance to study the ecological stoichiometry characteristics of total carbon, total nitrogen, and total phosphorus of plants and soils in forest ecosystems to reveal the nutrient limitation and the mechanism of element cycling and balance. Ecological stoichiometry is the application of stoichiometry in ecology. It is a new subject developed in the last 20 years and a new method to study plant-soil interactions and the carbon, nitrogen, and phosphorus cycle (Yang, 2020), which provides a good index and research direction for the study of plant-environment interactions (Deng et al., 2020). In ecological stoichiometry, each element has a different role, among which carbon plays the part of a structural element in the plant body, and nitrogen and phosphorus play an important role in determining the limiting factors of plant productivity (Wassen et al., 1995; Zhang et al., 2004). Studies have found significant differences in nitrogen and phosphorus contents between plant phylogenetic stages (coniferous and broad-leaved) and plant functional groups (tree, shrub, and grass), and the seasonal variation has been found to be strongly reflected in the leaves (Yan et al., 2021). The C: N and C:P ratios can represent the nitrogen and phosphorus nutrient utilization efficiency and carbon assimilation capacity of plants, and the N:P ratio can reflect the characteristics of the supply and limitation of nitrogen and phosphorus nutrients to plants in the ecosystem (Yang et al., 2020). Changes and the distribution of soil nutrients directly affect the availability of plant nutrients Plant biomass is an important indicator of plant growth (Huang, 2020). The stability of plant elements in different growth and development stages, along with the relationship between plant growth biomass allocation and the content and ratio of nitrogen and phosphorus elements have become the focus of ecological stoichiometry research (Wang and Yu, 2008; Wu et al., 2010). To date, many studies on modeling individual tree biomass in China have been published (Zou et al., 2015). Stands of different ages require different allometric biomass equations (Mensah et al., 2016). Because of the differences in studies (Wang et al., 2013; Lie and Xue, 2016; Yang et al., 2019), there are significant differences in tree biomass among different age groups, leaving some researchers believe that plants with stable stoichiometric characteristics have higher and more stable biomass (Güxsewell and Gessner, 2009). Biomass is the material and energy basis of the entire forest ecosystem and is the basis for studying the productivity, net primary productivity, and carbon cycle in a forest. Metrological characteristics can intuitively reflect plant nutrient content and nutrient utilization strategies (Li et al., 2015). The distribution pattern and changes in the nutrient content of the soil will greatly affect the growth and development of plants in the forest stand (Liu et al., 2010). Therefore, understanding the terrestrial ecosystem which includes plant leaves and soil carbon, nitrogen, and phosphorus nutrient elements and their relationship with biomass, along with exploring the sources of plant nutrients in the soil nutrient cycling and balance constraint relationship between them, has important significance in improving the refinement of local forestry management.

At present, ecological stoichiometry has made great progress worldwide, especially in the study of forest and aquatic ecosystems. Compared with Western countries, China’s relevant research theory has had a late start, and there is still a big gap within the knowledge. Since Elser et al. (1996) first clearly put forward the concept of ecological stoichiometry, an increasing number of ecologists have begun to pay attention to and devote themselves to this field (Elser et al., 2000a; Elser et al., 2000b; Tessier and Raynal, 2003; Güsewell, 2004; Sistla and Schimel, 2012). Some researchers have studied the stoichiometric characteristics of plant leaves, other organs, and soil. And one of the studies found that the nitrogen content in the leaves of the three main plants in the Songnen plain had great differences, while the phosphorus content showed no significant differences. The N:P ratio in plant leaves was greatly affected by the content of soil nutrients, such as carbon, nitrogen, and phosphorus. Studies have shown that leaf nitrogen and phosphorus content can affect the final allocation of plant biomass (Usuda, 1995; Andrews et al., 2006;  Kerkhoff and Enquist, 2006; Ren et al., 2007; Fan et al., 2008; Ding et al., 2011; Xu and Jiang, 2015). It indicated that the nutrient content of soil had certain influence on the nutrient content and biomass of leaves. Forest ages and site conditions are important factors for studying plant and soil nutrients. There are few studies on plant-soil nutrients including forest ages and site conditions. Therefore, it is very necessary and important to study the effects of soil carbon, nitrogen and phosphorus on leaf biomass and carbon, nitrogen and phosphorus contents of leaves under different forest ages and site conditions.

Pinus tabuliformis is an important tree species for afforestation and soil and water conservation in the temperate mountainous area of China and a large area of P. tabuliformis plantations has been formed, which plays a very important ecological role in the environment of the area. In our previous study found a conclusion that the carbon content of the leaves and the TC, TN, and TP content of the soil of Pinus tabuliformis plantations in the temperate mountainous area of China changed with forest ages and the accumulations of soil TC, TN, and AP are long-term process, and TP content has the most evident accumulation trend with an increase in forest ages (Wang et al., 2021). Therefore, based on the previous research results, this study was aimed to analyze leaf biomass and the changes of leaf total carbon (LTC), total nitrogen (LTN), total phosphorus (LTP), and soil total carbon (STC), total nitrogen (STN), total phosphorus (STP), available phosphorus (SAP) in P. tabuliformis plantations over the entire life cycle under different site conditions in a more in-depth manner. The purpose of this study was to determine:1) the changes of leaf biomass and element content in P. tabuliformis plantations at different forest ages and site conditions; 2) effects of soil C: N: P stoichiometry on leaf biomass and leaf C: N: P stoichiometry.


2  Materials and methods

2.1  Overview of the study area

The sample plots are located in Fushun County, a mountainous area of eastern Liaoning Province in the temperate humid climate region of China, which belongs to the temperate monsoon climate zone with cold winters and rainy summers. The average annual precipitation is 700–850 mm, average annual temperature is 4–11°C, the soil is mainly dark brown loess, generally acidic or neutral loess. Quercus mongolica, Juglans mandshurica, Rubus crataegifolius, Alnus sibirica, Lespedeza bicolor, and Corylus heterophylla were the main understory plants.

Fixed sample plots of Pinus tabuliformis plantations are located in Magu Forest Farm of Fushun Mining Group Co., Ltd. in the eastern mountainous area of Liaoning Province. A total of 30 sample plots were set up for the study, each with an area of 0.06 hm2 (20 m × 30 m)。Fifteen of the sample plots had a low mountain sunny slope and the other 15 plots had a low mountain shady slope. The stands of each site condition included five age classes: young stage (YS ≤ 20a), half mature stage (20a<HMS ≤ 30a), near mature stage (30a<NMS ≤ 40a), mature stage (40a<MS ≤ 60a) and over mature stage (OMS>60a). In each sample plot, two standard trees were selected and their height and diameter at breast height were measured, and stand density, stand age, stand average diameter at breast height, stand average height and other stand indicators were also investigated. The profiles of the sample plots are listed in Table 1.

Table 1 | Profiles of the sample plots.




2.2  Leaf samples

Two standard branches were selected from each of the three layers (upper, middle, lower) of the canopy for needle leaf sampling in October 2019. Needle leaf samples collected from each standard branch were mixed and stored in an envelope. Six needle leaf samples were collected from each standard tree crown, and a total of 360 needle leaf samples were collected from all 30 sample plots. Needle leaf samples were weighed at the sample plots for fresh weight and brought back to the laboratory. Fresh leaf samples were killed using an oven at 105°C and dried at 65°C to a constant weight, then weighed for dry weight and the biomass of the needle leaves was calculated.


2.3  Determination of biomass of leaf per plant

In order to reduce the error caused by water loss of needles during the removal of needles from standard branches, the fresh weight of each layer of standard branches with leaves was weighed and recorded as M1, and the fresh weight of branches was recorded as M2 after the removal of the fresh leaves, and the fresh weight of needles was recorded as M1-M2. After weighing the fresh weight of the sampling branches and sample leaves, they were placed in a laboratory oven and baked to a constant weight at a constant temperature of 80°C. Then, the biomass calculation formula for each layer of leaves is as follows:

	

where W is leaf biomass, M1 is the standard branch weight with leaves, M2 is the standard branch weight, N is the number of standard branches, and P is the leaf water content (dry weight of sample leaves versus fresh weight of sample leaves).

The obtained leaf biomass of each layer was added as the biomass of leaf per plant.


2.4  Soil samples

In October 2019, a soil pit (1m× 0.5m × 0.6m) was excavated at 0.5m and 1m away from the standard tree trunk in each sample plot. Set three soil layers (0-20 cm, 20-40 cm, and 40-60 cm) in the soil pit, and collect soil mixed samples of each layer. A total of 360 soil samples were collected. Soil samples were brought back to the laboratory, dried and subjected to soil nutrient measurements.


2.5  Elements in leaf and soil samples

Needle samples were screened using a 60-mesh sieve and soil samples were screened using a 100-mesh sieve. Appropriate samples were weighed to determine the nutrients of needles and soil. Total carbon and total nitrogen contents of soil and needle were measured using an elemental analyzer (Vario EL III, Elementa Langensel bold, Germany). Total phosphorus content of needles is the molybdenum blue colorimetric-spectrophotometer method. Total phosphorus in soil was determined by the HCLO4-H2SO4-molybdenum-antimony colorimetric method, and available phosphorus in soil was determined by the molybdenum-antimony colorimetric method (Zhang J, 2019).


2.6  Statistical analysis

Data were analyzed using SPSS 22.0 software (SPSS, Inc., Chicago, IL, USA). The differences in the biomass, total carbon, total nitrogen, and total phosphorus content in leaf and soil ecological stoichiometry and its ratio throughout different age classes in entire life cycle at different site conditions were examined using single factor variance analysis. Duncan’s multiple comparison method was used for significance analysis (p< 0.05). Furthermore, the ecological stoichiometry and ratio of soil and its correlation with leaf biomass was also analyzed by Person correlation analysis. The same correlation analysis was used to examine the ecological stoichiometry and ratio of soil and its correlation with leaf biomass. The relationships between the ecological stoichiometry and the ratio of the surface soil (0-20 cm), the ecological stoichiometry and ratio of leaves, along with the ecological stoichiometry and ratio of soil and its correlation with leaf biomass in P. tabuliformis plantations were analyzed by Pearson correlation analysis.



3  Results

3.1  Leaf biomass per plant in .Pinus tabuliformis plantation

Over the entire life cycle of the P. tabuliformis plantation, the average biomass of leaves per plant was 38.86 kg on sunny slopes and 22.43 kg on shady slopes. The leaf biomass of the sunny slope gradually increased with increasing forest ages and reached a maximum in the OMS (Figure 1). The leaf biomass of YS was significantly different from that of the other forest ages. The leaf biomass of the shady slope first increased and then decreased with the increase in forest ages and reached the maximum value in NMS. At the same forest ages, the biomass of leaves at different site conditions was significantly different only in HMS and OMS. And the biomass of leaves on the sunny slope was higher than that on the shady slope.



Figure 1 | Biomass of leaf based on forest ages and site conditions. Different capital letters indicate significant differences in forest ages, and different lowercase letters indicate significant differences sites conditions (p< 0.05). YS, Young stage; HMS, Half-mature stage; NMS; Near-mature stage; MS, Mature stage; OMS, Over-mature stage; Sunny, Sunny slope; Shady, Shady slope.




3.2  Leaf ecological stoichiometric characteristics

3.2.1  LTC, LTN, and LTP

Over the entire life cycle of the P. tabuliformis plantation, the average total carbon in the leaves was 480.89 g·kg-1 on sunny slopes and 465.86 g·kg-1 on shady slopes (Figure 2A); the average total nitrogen in the leaves was 14.39 g·kg-1 on sunny slopes and 15.25 g·kg-1 on shady slopes (Figure 2B), and the average total phosphorus in the leaves was 1.78 g·kg-1 on sunny slopes and 2.01 g·kg-1 on shady slopes (Figure 2C).



Figure 2 | The total carbon of leaf (A), total nitrogen of leaf (B), and total phosphorus of leaf (C). Different capital letters indicate significant differences in forest ages, and different lowercase letters indicate significant differences sites conditions (p< 0.05). YS, Young stage; HMS, Half-mature stage; NMS, Near-mature stage; MS, Mature stage; OMS, Over-mature stage; Sunny, Sunny slope; Shady, Shady slope.



In the same site conditions, there was no significant difference in the total carbon, total nitrogen, and total phosphorus in the leaves of sunny slopes among different ages. The total carbon of leaves in shady slopes was significantly different between the other forest ages, excluding NMS and OMS. Except for YS and OMS, there was a significant difference in the total nitrogen of leaves between the other forest ages. There was no significant difference in the total phosphorus of leaves among the different forest ages. In the same forest age, the total carbon of leaves in HMS and NMS was significantly different between the two site conditions. The total nitrogen of leaves in YS, HMS, and MS was significantly different between the two site conditions while the total phosphorus of leaves in NMS was significantly different between the two site conditions. The average total nitrogen and total phosphorus of leaves on shady slopes were higher than those on sunny slopes, but the regular of total carbon of leaves was the opposite.


3.2.2  Stoichiometric ratio of LTC, LTN, and LTP

Over the entire life cycle of the P. tabuliformis plantation, the average LTC : LTN ratio was 33.71 in the sunny slope and 30.92 in the shady slope (Figure 3A), the average LTC : LTP ratio was 274.43 in the sunny slope and 235.17 in the shady slope (Figure 3B), and the average LTN : LTP ratio was 8.21 in sunny slopes and 7.67 in shady slopes (Figure 3C). The results showed that LTC : LTN had no obvious change with forest ages. LTC : LTP and LTN : LTP both reached their maximum values at MS or OMS. LTC : LTN, LTC : LTP, and LTN : LTP of sunny slopes was higher than that of shady slopes.



Figure 3 | LTC : LTN of leaves (A), LTC : LTP of leaves (B), and LTN : LTP of leaves (C). Different capital letters indicate significant differences in forest ages, and different lowercase letters indicate significant differences sites conditions (p< 0.05). YS, Young stage; HMS, Half-mature stage; NMS, Near-mature stage; MS, Mature stage; OMS, Over-mature stage. Sunny, Sunny slope; Shady, Shady slope.





3.3  Soil ecological stoichiometric characteristics

3.3.1  STC, STN, STP, and SAP

Over the entire life cycle of the P. tabuliformis plantation, the average STC was between 4.88 and 26.34 g·kg-1 in sunny slopes and in shady slopes it ranged between 4.09 and 32.42 g·kg-1 (Figure 4A), while the average STN was between 0.31 and 1.91 g·kg-1 in sunny slopes and in shady slopes it was between 0.27 and 2.08 g·kg-1 (Figure 4B). The average STP ranged from 0.36 to 1.08 g·kg-1 in sunny slopes and in shady slopes it was between 0.64 and 1.80 g·kg-1 (Figure 4C), and the average SAP was 14.72 to 19.06 mg·kg-1 in sunny slopes and between 13.97 and 18.20 mg·kg-1 in shady slopes (Figure 4D).



Figure 4 | STC of soil (A), STN of soil (B), STP of soil (C), and SAP of soil (D). Different capital letters indicate significant differences in soil layers and different lowercase letters indicate significant differences forest ages, and additional different capital letters indicate significant differences in site conditions (p< 0.05). YS, Young stage; HMS, Half-mature stage; NMS, Near-mature stage; MS, Mature stage, OMS, Over-mature stage. Sunny: Sunny slope, Shady: Shady slope.



The STC and STN were not significantly different under different site conditions, but the STP and SAP were significant differences under different site conditions. The order of the STC and STN in different soil layers were 0-20 cm, 20–40 cm, 40-60 cm. Moreover, the topsoil content (0–20 cm) was significantly different from that of the other soil layers. However, the STP and SAP in different soil layers were generally found to be greater in the following order of soil depth: 40–60 cm, 20–40 cm, 0–20 cm. The STC and STN decreased with increasing soil depth, while the STP and SAP were opposite. There was no significant difference in the STP among the different soil layers. However, there was a significant difference in the SAP between the 40cm and 60 cm soil layer and other soil layers. In the sunny slopes, the element contents did not change with forest ages, but almost all reached the maximum value in the OMS. In shady slopes, the STC, STN and STP in different soil layers changed with forest ages in the same way, both increased first and then decreased. The SAP in different soil layers decreased first and then increased with the increase in forest ages, and the maximum value was found in YS.


3.3.2  Stoichiometric ratio of STC, STN, and STP

Over the entire life cycle of the P. tabuliformis plantation, the average STC : STN was between 12.87 and 16.94 in sunny slopes and in the shady slopes it ranged from 13.97 to 18.20 (Figure 5A). The average STC : STP was found to be between 12.97 and 51.93 in sunny slopes and in shady slopes it was between 4.37 and 34.26 (Figure 5B), while the average STN : STP ranged from 0.87 to 3.31 in sunny slopes and 0.35 and 2.36 in shady slope (Figure 5C).



Figure 5 | STC : STN (A), STC : STP (B), and STN : STP (C). Different capital letters indicate significant differences in soil layers and different lowercase letters indicate significant differences forest ages, and additional different capital letters indicate significant differences in site conditions (p< 0.05). YS, Young stage; HMS, Half-mature stage; NMS, Near-mature stage; MS, Mature stage; OMS, Over-mature stage. Sunny: Sunny slope, Shady: Shady slope.



STC : STN showed no significant difference under different site conditions, while STC : STP and STN : STP were significantly different under different site conditions. On sunny slopes, STC : STN, STC : STP, and STN : STP showed a downward trend with increasing soil depth. STC : STP and STN : STP first increased and then decreased with increasing forest ages. In shady slopes, STC : STN changed irregularly with soil depth, and both STC : STP and STN : STP showed a decreasing trend with increasing soil depth.



3.4  Correlation of leaf ecological stoichiometry and biomass with soil ecological stoichiometry

As shown in Table 2, in the sunny slopes, in YS, STC : STN had a significant negative correlation with LTN and LTN : LTP, and a significant positive correlation with LTC : LTN. STN : STP was significantly and positively correlated with LTC. There was a significant positive correlation between LTN and LTP. LTC : LTN, LTC : LTP, and LTN : LTP were significantly negatively correlated. In HMS, there was a significant negative correlation between biomass and LTN, and LTP and LTC : LTP was significantly negatively correlated. In NMS, there was a significant negative correlation between biomass and LTC : LTP. In MS, STC was negatively correlated with LTP and positively correlated with LTC : LTP. STN and LTC : LTP showed a significant positive correlation. SAP was positively correlated with LTC. LTC and LTN : LTP showed a significant negative correlation. In the OMS, SAP had a significant positive correlation with LTC : LTN. There was a significant positive correlation between biomass and STN : STP. LTP and LTN : LTP showed a significant negative correlation.

Table 2 | Correlations of leaf biomass and ecological stoichiometry with soil ecological stoichiometry.



In the shady slopes, there is a significant positive correlation between LTC and LTN in YS, and a significant negative correlation between LTC, LTN, and LTC. LTN and LTC : LTN were negatively correlated. LTP and LTC : LTP showed a significant negative correlation. In NMS, there was a significant positive correlation between biomass and LTC. STP and LTC : LTP showed a significant positive correlation. STC : STP and LTC : LTP were significantly negatively correlated. STN : STP and LTP showed significant positive correlations. In MS, STC : STN, and LTN : LTP showed a significant positive correlation, while STN : STP and LTN : LTP showed a significant negative correlation. The correlation between LTN and LTC LTN was significantly negative. In the OMS, there was a significant positive correlation between biomass and STC : STP, while there was a significant negative correlation between LTC and LTN, a significant positive correlation between LTC and LTN, a significant positive correlation between LTC and LTP, and a significant positive correlation between LTC : LTP and LTN : LTP. There were significant negative correlations between LTN and LTC : LTN, LTC : LTP, and LTN : LTP. LTC : LTN, and LTC : LTP, LTC : LTP, and LTN : LTP were significantly positively correlated, while LTN : LTP and LTP showed a significant negative correlation



4  Discussion

4.1  Effects of site conditions and forest ages on leaf biomass

In this study, the result (Figure 1) is consistent with the results of Huang (2020) and Zhang P (2019). P. tabuliformis is a coniferous evergreen tree of Pinaceae, The species is greatly affected by light and because light had a certain promotion effect on the increase in leaf biomass, the leaf biomass of sunny slopes was slightly higher than that of shady slopes. And with an increase in forest ages, the leaf biomass showed an increase with the increase in forest ages. At the later stage of tree growth, the biomass growth of each stand stage showed a decreasing trend, indicating that the growth of trees was gradually stable, especially at the aged stage. Some studies believe that the death of trees is one of the main reasons for the decrease in forest biomass in the old forest age stage (Xu et al., 2012). In addition, the light is not sufficient on the shady slope, therefore the leaf biomass of P. tabuliformis may decrease after it enters the aging stage. These results determined the changes of leaf biomass and element content in P. tabuliformis plantations under different forest ages and site conditions.


4.2  Effects of site conditions and forest ages on leaves and soil C:N:P stoichiometric characteristics

In this study, the results (Figures 2A, 2B and 2C) which was inconsistent with previous research results (Liu et al., 2015; Wang et al., 2015; Jiang et al., 2016). These results may be influenced by different factors such as sampling time, forest ages, site conditions, and climate environment of the growing place. This study also found that because of the fact that the P. tabuliformis plantation with NMS was in the peak growth period and may needed more rRNA to meet the protein synthesis, thus leading to an increase in leaf nitrogen content. In shady slopes, leaf total nitrogen of the P. tabuliformis plantation reached the maximum value in MS, which may be due to a lack of light. In addition, this species was in the peak growth stage in the MS stage. The change of total nitrogen in P. tabuliformis needles between forest ages directly affected the difference between forest ages of LTC : LTN and LTC : LTP. The changes in total carbon, total nitrogen, and total phosphorus of the needles of the five forest ages were not consistent, which might be because the absorption and demand of soil nutrients were different with the increase in the age of the forest. In addition, the supply of soil nutrients under the forest also changed with the change of time and the comprehensive influence of various factors (Wang et al., 2011). The total carbon of the leaves on the sunny slopes was higher than that of the leaves on the shady slopes, which may be because the leaves on sunny slopes undergo photosynthesis and accumulate more nutrients than those on shady slopes. The results verified that the element content of P. tabuliformis plantation leaves were related to forest ages and site conditions. The leaf total carbon of P. tabuliformis was significantly higher than that of 492 other terrestrial plants (464 g·kg-1) studied by Elser et al. (2000a), indicating that the leaf organic compound content of P. tabuliformis was higher.

The total nitrogen of leaves was significantly lower than the average nitrogen content of Chinese plants (20.2 g·kg-1) and the average nitrogen content of global plants (20.6 g·kg-1). In contrast, the total phosphorus in leaves was slightly higher than the average phosphorus content in China (1.46 g·kg-1) and the average phosphorus content of global plants (1.99 g·kg-1). The results showed that there was a lack of nitrogen in P. tabuliformis. Some studies have shown that when LTN : LTP is >16, plant growth is restricted by phosphorus. When LTN : LTP was less than 14, plant growth is considered to be restricted by nitrogen and when LTN : LTP is between 14 and 16, plant growth is considered to be restricted by both (Koerselman and Meuleman, 1996). In this study, the result (Figure 3C) showed that the growth of P. tabuliformis plantations was mainly restricted by nitrogen. In the management of plantations, especially in the young stage of P. tabuliformis plantations, nitrogen fertilizer should be reasonably applied to improve the soil nutrient supply. Based on the principle of LTN : LTP stoichiometry, the changes in the LTN : LTP ratio in different age communities were studied. It was found that the main nutrient elements limiting plant growth in different age groups are of great significance for forest management to improve productivity.

The results of soil stoichiometric characteristics are consistent with the research results of Zhao et al. (2012). The reason may be that woodland litter gradually increases with an increase in time, so soil elements are accumulating. However, in shady slopes, it may be that in the late growth period, due to insufficient illumination, weakened photosynthesis, and reduced synthetic organic matter, the demand of plants for soil nutrients increased, so the nutrient content in the soil decreased. The STC and STN were the highest in the surface layer (0–20 cm), showing a “surface aggregation” phenomenon, which was consistent with previous research results (Pan et al., 2011). In this study, the STP was lower than the global average level (2.8 g·kg-1) (Ren et al., 2007), which is consistent with the previous findings reporting that soil phosphorus content in China is generally lower than the global level (Yang et al., 2014). Soil phosphorus is made available from the differentiation of soil minerals and the activities of microorganisms, and with an increase in time, the external environment changes, and the hydrothermal conditions also change, leading to a change in phosphorus content. However, the main source of available phosphorus in soil is rock and mineral weathering, which is a steady and lengthy process. Therefore, soil phosphorous did not significantly change due to soil depth. In this study, because the growth of P. tabuliformis in sunny slopes is better than that in shady slopes, and the nutrient demand is higher. Therefore, the soil transports more nutrients to P. tabuliformis in sunny slopes, so the nutrient content in the soil is relatively low.


4.3  C:N:P stoichiometric characteristics of soil and leaves

In this study, based on the correlation between leaf biomass and leaf total carbon, total nitrogen and total phosphorus, and soil total carbon, total nitrogen, and total phosphorus, it can be concluded that leaf biomass was related to leaf total carbon, total nitrogen, and the LTC : LTP ratio, and STC : STP and STN : STP. In other words, leaf biomass can be adjusted by adjusting the soil total carbon, total nitrogen, and total phosphorus. When soil total nitrogen is sufficient, the leaf biomass can be improved. The results confirmed that soil C:N:P stoichiometric characteristics have a certain influence on leaf biomass. The stoichiometric characteristics of nitrogen and phosphorous in plant leaves were not significantly correlated with biomass change. This result is consistent with the findings of Yan et al. (2015). In shady slopes and YS, it may be that the plants are in the early stage of structure construction and growth, which requires a large amount of protein synthesis from nitrogen and is also the period of biomass accumulation. Therefore, there is a significant positive correlation between LTC and LTN. In the OMS, LTC and LTN were negatively correlated. This result is consistent with the results of Dong (2017), which may be due to the contradictory allocation of leaf nutrients between structural construction and rapid plant growth.

Under different site conditions, according to the correlation between leaf total carbon, total nitrogen, and total phosphorus and soil total carbon, total nitrogen, and total phosphorus, it can be seen that the leaf carbon, nitrogen, and phosphorus content can be adjusted by adjusting the soil carbon, nitrogen, and phosphorus content. This result confirmed that soil C:N:P stoichiometric characteristics significantly affect leaf C:N:P stoichiometric characteristics.



5  Conclusions

The forest ages and site conditions of P. tabuliformis plantations had significant effects on leaf biomass and site conditions had a certain effect on the total carbon, total nitrogen, and total phosphorus in leaves and soil. Due to light, the biomass, LTC and element ratios of P. tabuliformis on sunny slopes were all higher than those on shady slopes. The STC and STN decreased with increasing soil depth. In addition to SAP, the average content of STC, STN, and STP in shady slopes was higher than that in sunny slopes, and the ratios showed the opposite. The results showed that the biomass of leaves was mainly limited by nitrogen, and there was a lack of nitrogen in the leaves. In the management of P. tabuliformis plantations in this temperate mountainous area, it is suggested to plant on sunny slopes, and especially during the young stage of P. tabuliformis plantations. In addition, it is suggested to apply a reasonable amount of nitrogen fertilizer to improve the soil nutrient supply and increase the biomass of leaves. These results can provide a reference for the management of P. tabuliformis plantations in the temperate mountainous area of China.
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Interactions between soil fungi and soil environmental factors regulate soil nitrogen (N) mineralization rates on the eastern Qinghai-Tibetan Plateau. Some studies have also illuminated differences in soil N mineralization rate based on different mycorrhizal forests, but the associated effect of soil fungal functional guilds and soil environmental factors underlying this process are not well-understood. Three primary forests respectively dominated by Abies fargesii var. faxoniana (ectomycorrhizal, EcM), Cupressus chengiana (arbuscular mycorrhizal, AM) and Rhododendron phaeochrysum (ericoid mycorrhizal, ErM) trees were selected in this area. Meanwhile, soil net N mineralization rate, soil fungal composition and soil enzyme activity among these three mycorrhizal forests were studied. Our results showed that there were significant differences in the seasonal variation of soil net N mineralization rates among three mycorrhizal forests. Soil net N mineralization rate in the AM forest was faster. EcM fungi and saprotroph are the main functional guilds in these three mycorrhizal forests. Meanwhile, the relative abundances of soil fungal functional guilds, soil temperature and soil peroxidase activity could explain 85.0% in the difference of soil net ammonification rate among three mycorrhizal forests. In addition, soil temperature, soil water-filled pore space and soil ammonium content play a central role in controlling the differing soil net nitrification rate among three mycorrhizal forests. Our results suggest differences in soil net mineralization among different mycorrhizal forest types are driven mainly by soil net ammonification. Soil fungal functional guilds and temperature regulate the rate of soil net ammonification by modulating soil peroxidase activity.




Keywords: net N mineralization, mycorrhizal associations, soil fungi, soil enzymes, microclimate



Introduction

Many ecological properties of forests are affected by soil nitrogen (N) uptake and utilization, including plant growth, interspecific competition and soil carbon (C) sequestration (Cole et al., 2008; Levy-Booth et al., 2014). Forest soil N is present in two organic forms: minerals and organic compounds (Adamczyk et al., 2016). However, plants absorb mainly inorganic N (e.g., ammonium  , nitrate  ) (Zhang et al., 2018), with a minor amount of low molecular weight organic N being absorbed under special environmental conditions (Li et al., 2019). Soil organic N is only absorbed easily by plants after its transformation into inorganic N by soil microbial mineralization (Liu et al., 2017). Therefore, soil N mineralization is a critical process which determines soil N availability and ecosystem primary productivity (Li et al., 2019).

Soil fungi are the primary decomposers of organic matter and driver of nutrient cycling in forest ecosystem (Zeilinger et al., 2016). Soil fungi in forest are broadly classified into two functional groups: free-living saprotrophs and plant root symbiotic fungi (Bödeker et al., 2016). Fungi that live in symbiotic relationships with plant roots may do so through ectomycorrhizal (EcM) or other types of symbiosis, including arbuscular mycorrhizal (AM) and ericoid mycorrhizal (ErM) (Hobbie and Högberg, 2012; Tedersoo et al., 2020; Wang et al., 2022). The differences among these three groups of mycorrhizal fungi are important because of their biogeochemical significance. Specific ecological functions of different mycorrhizal fungi as well as complex interactions between mycorrhizal fungi and other soil microbes might influence the activity and abundance of N cycling functional guilds (Tedersoo et al., 2020; Saifuddin et al., 2021), resulting in changes to N cycling among different mycorrhizal forests (Bahram et al., 2020). Compared to EcM forest or ErM forest, soil N cycling in AM forest is often more ‘rapid’ and ‘open’ which is dominated by inorganic N cycling patterns (Phillips et al., 2013; Tedersoo and Bahram, 2019). Both EcM and ErM fungi could produce a wide range of enzymes (such as oxidases and peroxidases) that enable them to release N from soil organic matter (Orwin et al., 2011; Ward et al., 2021). By contrast, AM fungi are much less capable of producing these enzymes, typically lacking the complement of enzymes that decompose organic matter (Saifuddin et al., 2021). Accordingly, AM plants are primarily responsible for absorbing inorganic N in exchange for carbon derived from plant photosynthesis (Johnson, 2010; Van der Heijden et al., 2015; Han et al., 2020; Babalola et al., 2022), whereas EcM and ErM plants typically obtain more organic N from soil (Wurzburger and Hendrick, 2009). Given that EcM and ErM fungi have broader enzymatic capabilities, they could compete directly with saprotrophs for organic substrates (Adamczyk et al., 2016). This interspecific competition could decrease rates of soil N mineralization in forests (Argiroff et al., 2022). Yet the no-inhibited saprotrophs in AM forest soil could enhance litter decomposition to accelerate soil N mineralization (Midgley and Phillips, 2016; Saifuddin et al., 2021). Previous studies also had shown that eliminating AM fungi from soil could slow soil N mineralization by reducing the substrate supply of saprotrophs (Cheng et al., 2012; Averill et al., 2014). Similarly, Bahram et al. (2020) indicated that the relative abundances of AM fungi, saprotrophs and pathogens were all higher in AM forest than EcM forest. These alterations in microbial composition reflect the rapid nutrient cycling of AM forest soil.

In addition, the soil N mineralization rate features high spatial and temporal heterogeneity among different mycorrhizal forests, it being also affected by soil temperature, soil moisture and soil physicochemical properties (Liu et al., 2017). Recent research has revealed that whereas soil moisture and temperature were the main factors impacting the relative abundance of EcM fungi, soil physicochemical properties are the main factors controlling the relative abundance of saprotrophs (Wang et al., 2019). Soil fungal associations that catalyzed organic matter mineralization responded differently to various soil environmental factors and this might lead to uncertainty in soil N mineralization (Mushinski et al., 2020). Although soil fungi and environmental factors among different mycorrhizal forests arguably have certain effects on soil N mineralization, our knowledge of direct and indirect effects of soil fungi and environmental factors on that process is still quite limited.

The eastern Qinghai-Tibetan Plateau presents a unique natural environment, one that contributes critically to soil and water conservation, climate regulation, and biodiversity protection (Wang et al., 2007). It is an important ecological barrier in the middle and upper reaches of the Yangtze River (Chen, 2019). In addition, this area is abundant in natural resources, among which Abies fargesii var. faxoniana, Cupressus chengiana and Rhododendron phaeochrysum are important forest trees (Feng et al., 2017; Du et al., 2021), which respectively are the typical EcM, AM and ErM trees (Soudzilovskaia et al., 2020). Previous studies in this area have partially explored the changes of soil fungal community structure and soil N mineralization among different forest types (Liu et al., 2021; Chen et al., 2022). Yet the potential mechanism of the difference of soil N mineralization among different mycorrhizal forests remains to be further studied. In order to elucidate the dominant factors responsible for differential soil N mineralization among three mycorrhizal forests. Seasonal variation of soil net N mineralization rate, soil fungal functional guilds composition and soil enzyme activity among these three mycorrhizal forests (EcM, AM and ErM forests) were measured. We hypothesized that (1) the soil net N mineralization rate was the highest in AM forest, (2) the relative abundance of EcM fungi and AM fungi was relatively higher in EcM and AM forests, respectively, (3) synergy between soil fungal functional guilds and soil environmental factors could drive the activity of soil oxidases and peroxidases, and (4) soil oxidases and peroxidases activity have a greater effect on soil net ammonification than soil net nitrification.



Materials and methods


Site description and design

This study was conducted in in the upper reaches of the Minjiang River, western Sichuan Province (31°35′~31°53′ N, 102°2′~102°48′ E), which is located in the outermost part of the fold belt on the eastern Qinghai-Tibetan Plateau (Xu et al., 2021). Its altitude ranges from 2,200 to 5,500 m. The climate with an average annual temperature of 2~4°C, the highest temperature is 23.7°C in summer, and the lowest temperature is -18.1°C in winter. Annual precipitation is 700~1000 mm and concentrated mainly in the growing season (Chen, 2019). The soil in this area is defined as mountain brown soil, mountain brown cinnamon soil and subalpine meadow soil according to the Chinese soil taxonomic classification (Liu, 2010; Feng et al., 2017; Chen, 2019).

Three different primary forests with different mycorrhizal types were selected, including Abies fargesii var. faxoniana primary forest (EcM forest), Cupressus chengiana primary forest (AM forest) and Rhododendron phaeochrysum primary forest (ErM forest) under similar soil and climate conditions. Eight 15 m ×15 m sample plots (≥ 90% the dominant species by basal area in each sample plot) for each forest type were randomly set. In each forest type, the distance between any two sample plots was more than 50 m.



Soil sampling and analysis

The mineral soil (0-10 cm) samples were collected from the four corners and center of each plot with soil drill from May to November 2019. Five mineral soil samples were mixed into a zipper storage bag and transported to laboratory in an icebox within 3 h. Meanwhile, five polyvinyl chloride collar cores (PVC cores, 15 cm in height and 5 cm in diameter) were buried into depth of 10 cm in the vicinity of each soil sampling location (Idol et al., 2003). In order to separate water and allow gas movement, the top of the PVC core was covered with a permeable plastic film and its bottom covered with gauze (Liu et al., 2021). The difference between soil   and   contents each month was used to quantify the rates of soil net ammonification, net nitrification and net N mineralization (Wang et al., 2017), which was the ideal time to estimate changes in soil N (Becker et al., 2015). For the measurement of soil water-filled pore space (WFPS), we followed the methodology of Wang et al. (2010). The temperature of mineral soil was measured with a soil temperature detector in each plot (Liu et al., 2021). Furthermore, the mixed mineral soil was sifted through a 2-mm sieve and gravel and fine roots were removed (Xu et al., 2021). The fresh mineral soil was separated into two parts: one was dried naturally to measure soil pH, soil organic C (SOC) and soil total N (TN); the other was stored at -20°C to analysis enzyme activity and microbial community structure.

Soil   and   contents were quantified using an automatic flow injection analyzer (FIAstar 5000 Analyzer, Sweden). Soil pH was determined using the glass electrode meter method, by setting the 1:2.5 (w/v) ratio of soil material to deionized water. The SOC content was measured by applying the wet oxidation method with K2Cr2O7 and H2SO4, and FeSO4 titration. Soil TN content was determined by the Kjeldahl method (Liu et al., 2020). The soil C: N ratio was calculated as the ratio of SOC to soil TN. Finally, the potential activity of peroxidase (PER) and phenol oxidase (POX) which could drive N from soil organic matter (Jian et al., 2016), were determined via microplate fluorescence and photometry (Zheng et al., 2019).



Molecular and bioinformatics analysis

Samples from May, July and November 2019 were selected for soil fungal functional guilds composition analysis. DNA was extracted from 0.25 g of each soil sample by using the PowerSoil® Kit(100) and the concentration of extracted DNA was then determined by a NanoDrop 1000 spectrophotometer. Soil fungi were amplified fungal ITS2region and selected primers pairs fITS7 (5’- GTGARTCATCGAATCTTTG-3’) and ITS4 (5’-AGCCTCCGCTTATTGATATGCTTAART-3’) (Xiong et al., 2021). The 25 μL PCR reaction mixture contained 8.5 μL of sterile deionized water, 0.75 μL of each primer, 12.5 μL of KAPA Polymerase and 2.5 μL of diluted template DNA. The PCR amplification as followed: begin with 3 min of incubation at 95 °C, then 35 cycles of 98 °C for 30 s, 56 °C for 30 s, 72 °C for 30 s, with a final extension at 72 °C for 10 min. Sterile deionized water was used as a template (negative controls) to determine whether there was contamination in our experiment (Yao et al., 2019). Three PCR reactions were pooled for each sample to reduce random of the PCR reaction (Bödeker et al., 2016). In addition, the PCR products from each soil sample were purified by the Product Gel Purification Kit. An equal quality of purified PCR product from each sample was pooled in and adjusted to 10 ng μL-1 (Dong et al., 2021). Sequencing was carried out on an Illumina MiSeq PE platform at the Chengdu Institute of Biology, Chinese Academy of Sciences, China.

The chimeras present in the origin sequencing data were removed using the UNITE database, after which the non-chimeric sequence was quality filtered using Usearch. Remaining sequences were clustered into operational taxonomic units (OTUs) at a 97% sequence similarity. Representative fungal sequences were classified using sintax in the UNITE database with a 0.65 confidence threshold (Edgar, 2016). Finally, the number of sequences per sample was normalized to the smallest sample size using the sub.sample function in MOTHUR (Yao et al., 2019) and then we got 10,952 high-quality reads from 72 soil samples. Soil fungal rarefaction curves (Figures S1) were analyzed by R 4.1 software (using the ‘vegan’ package). Soil fungal functional guilds were assigned using the FUNGuild command in Python 3.7 software (Tedersoo et al., 2014; Nguyen et al., 2016). We excluded OTUs that did not belong to a confidence ranking with “probable” or “highly probable” and that were above the genus level (Pfennigwerth et al., 2018).



Statistical analysis

A two-way ANOVA were used to analyze the effects of forest type, month and their interaction on the changes in soil temperature and soil WFPS. Likewise, we also used this method to analyze differences in the rates of soil net ammonization, soil net nitrification and soil net N mineralization (Liu et al., 2021). For multiple comparisons, Tukey’s HSD method was used. For a given month, differences in soil properties, soil net ammonization rate, soil net nitrification rate, and soil net N mineralization rate and soil enzyme activities among three mycorrhizal forests were performed by a one-way ANOVA.

Pearson correlations were used to analyze the effects of soil enzyme activity, edaphic variables and soil fungal functional guilds classified by FUNGuilds on soil net ammonization rate and soil net nitrification rate among three mycorrhizal forests. Further, the significant influencing factors (P < 0.05) after the correlation analysis, soil net nitrification rate and soil net ammonification rate were selected for a structural equation (SEM) analysis. Model estimation was achieved based on the maximum likelihood method. The adequacy of model fit were determined by non-significant χ2 tests (P > 0.05), comparative fit index (CFI) (values ≥ 0.9) and standardized root mean square residual (SRMR) (values < 0.08) (Ni et al., 2022).

The SEM analysis only selected the data from May, July and November 2019. The ANOVAs and Pearson correlations were carried out in SPSS 26 software. The SEM analysis was performed using R 4.1 software (using the ‘lavaan’ package). Figures were created by Origin 8.0 software.




Results


Edaphic variables

Seasonal variation of soil temperature and soil WFPS among three mycorrhizal forests showed significant differences during the study period (P < 0.01) (Figure 1). Soil temperature of each mycorrhizal forest followed a single peak curve, being highest in July and lowest in November. Soil temperature was the highest in AM forest (6.7-18.0 °C), followed by EcM forest (2.8-11.6 °C) and ErM forest (1.0-11.3 °C) (Figure 1A). Contrary to soil temperature, soil WFPS in AM forest (50.46%-82.56%) was significantly lower than that in EcM forest (62.41%-120.68%) and ErM forest (80.23%-126.30%) (Figure 1B).




Figure 1 | Monthly variations in soil temperature (A) and soil WFPS (B) among three mycorrhizal forests. The vertical bars are the standard error, n=8. EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressus chengiana primary forest; ErM forest, Rhododendron phaeochrysum primary forest. WFPS, water-filled pore space; FT, forest type; M, month; FT×M, the interaction of forest type and month, **, P < 0.01.



As shown in Table 1, there were significant differences in soil pH and soil TN content, both being highest in AM forest (P < 0.05). SOC content and soil   content were significantly lower in EcM forest than those in AM forest and ErM forest (P <0.05). Meanwhile, AM forest had the highest soil   content but there was no significant difference between EcM forest and ErM forest. However, soil C: N was significantly lower in AM forest than the other two forests (P < 0.05).


Table 1 | Soil properties among three mycorrhizal forests (values are the means ± 1SE, n = 56).





Soil net ammonification, net nitrification and net N mineralization

Forest type, sampling month and their interaction had significant effects on soil net ammonization rate (net Ra), soil net nitrification rate (net Rn) and soil net N mineralization rate (net Nmin) (P < 0.01) (Figure 2). Soil net Ra ranged from -0.16 to 0.31 mg kg-1 d-1 among three mycorrhizal forests, with the highest rates occurring in July (Figure 2A). Soil mean net Ra in ErM forest was negative (-0.09 mg kg-1 d-1) being also significantly lower than that in EcM forest (0.10 mg kg-1 d-1) and AM forest (0.13 mg kg-1 d-1) (P < 0.05) (Figure 2D).




Figure 2 | Soil net ammonification rate (A), soil net nitrification rate (B), soil net N mineralization rate (C) varied monthly and their mean rates (D–F) among three mycorrhizal forests. Data and error bars are the means and standard errors respectively, n=8. EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressus chengiana primary forest; ErM forest, Rhododendron phaeochrysum primary forest. FT, forest type; M, month; FT×M, the interaction of forest type and month. **, P < 0.01. Lowercase letters (a, b and c) indicate significant differences among three mycorrhizal forests (P < 0.05).



The significant effect of mycorrhizal forest types on soil net Rn was detected in May, June and August. Soil net Rn in EcM forest (0.06 mg kg-1 d-1) and AM forest (0.24 mg kg-1 d-1) peaked in June while that in ErM forest (0.03 mg kg-1 d-1) peaked in July (Figure 2B). Overall, AM forest had the highest soil mean net Rn (0.06 mg kg-1 d-1) whereas it did not differ significantly between EcM and ErM forests (Figure 2E).

The trends in monthly variation of soil net Nmin were similar to those of soil net Ra among three mycorrhizal forests (Figure 2C). There were significant differences in soil mean net Nmin among AM forest (0.19 mg kg-1 d-1), EcM forest (0.12 mg kg-1 d-1) and ErM forest (-0.10 mg kg-1 d-1) (P < 0.05) (Figure 2F).



Soil fungal composition and enzyme activity

In general, 53 fungal classes were identified by excluding the unidentified fungal groups from the 72 soil samples. The top five dominant classes of soil fungi were Agaricomycetes (26.98%-59.96%), Leotiomycetes (9.57%-27.47%), Sordariomycetes (3.55%-15.27%), Eurotiomycetes (3.46%-13.51%) and Archaeorhizomycetes (1.53%-16.13%). By contrast, Dothideomycetes (1.08%-5.06%), Mortierellomycetes (2.36%-8.25%) and Umbelopsidomycetes (0.47%-8.44%) presented low relative abundances in the three forests (Figure 3).




Figure 3 | Relative abundances of soil fungal at the class level among three mycorrhizal forests in each different sampling month. ‘Others’ represent the sum of all classes with the relative abundance less than 1%. EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressuschengiana primary forest; ErM forest, Rhododendron phaeochrysum primary forest; -5, -7 and -11 represented May, July and November respectively.



We also obtained three main trophic modes (saprotroph, symbiotroph and pathotroph) and 10 soil fungal functional guilds from the 10952 OTUs. The relative abundance of the unassigned group (40.49%-77.01%) was dominant in our study. Among the assigned OTUs, the relative abundance of EcM fungi (4.14%-52.80%) was the highest, followed by the undefined saprotroph (SAP) (3.80%-15.21%) and ErM fungi (0.48%-5.18%). The relative abundances of the remaining guilds were lower (Figure 4).




Figure 4 | Composition of soil fungal functional guilds among three mycorrhizal forests in each different sampling month. EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressus chengiana primary forest; ErM forest, Rhododendron phaeochrysum primary forest. ‘Others’ include endophyte and lichenized. Pathotrophs include animal pathogen, plant pathogen and mycoparasites. The lower right corner is a partial enlargement.



Soil PEX and POX activity each differed significantly among three mycorrhizal forests in each month (P < 0.05). Their activity in AM forest and EcM forest peaked in July, while those in ErM forest peaked in November (Figure 5). In general, soil mean PEX activity of EcM forest (41.04 μmol g-1 h-1) was significantly higher than the other two forests (P < 0.05) (Figure 5A). Soil mean POX activity in ErM forest (18.10 μmol g-1 h-1) was significantly lower than in EcM forest (23.13 μmol g-1 h-1) and AM forest (22.46 μmolg-1 h-1) (P < 0.05) (Figure 5B).




Figure 5 | Soil PEX activity (A) and soil POX activity (B) among three mycorrhizal forests in each different sampling month (lower panel) and means (upper panel). Data and error bars are the means and standard errors respectively, n=8. EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressus chengiana primary forest; ErM forest, Rhododendron phaeochrysum primary forest. PEX, peroxidase; POX, phenol oxidase. Lowercase letters (a, b and c) indicate significant differences among three mycorrhizal forests (P < 0.05).





Main factors affecting on soil net N mineralization

The results showed that soil net Nmin of the three mycorrhizal forests were affected differently by soil temperature and soil WFPS. Soil temperature and soil WFPS had no significant differences on soil net Rn in EcM forest, but soil net Ra in EcM forest was positively correlated with soil WFPS. Both soil net Ra and net Rn in AM forest were positively correlated with soil temperature but negatively correlated with soil WFPS. In contrast, soil net Ra and soil net Rn in ErM forest were positively correlated with soil WFPS (Table 2).


Table 2 | Correlations between soil net ammonification rate (net Ra), soil net nitrification rate (net Rn) and microclimate: soil temperature (T) and soil WFPS (water-filled pore space).



Further research revealed that the difference in soil net Ra among three mycorrhizal forests was closely related to their soil environmental factors, soil PEX activity and soil fungal functional guilds (Figures S2, 6, 7). SEM analysis illustrated that soil temperature, the relative abundances of EcM fungi and ErM fungi had not only direct but also indirect effects on differential soil net Ra among three mycorrhizal forests. Similarly, SAP also indirectly affected the difference of soil net Ra among three mycorrhizal forests by regulating soil PEX activity (Figures 6A, 7A).




Figure 6 | Structural equation models (SEM) analysis depicting the effects of soil PEX (peroxidase) activity, soil fungal functional guilds and soil environment key factors on soil net ammonification rate (Net Ra) (A) and soil net nitrification rate (Net Rn) (B). T, temperature; WFPS, water-filled pore space. EcM fungi, ectomycorrhizal fungi; AM fungi, arbuscular mycorrhizal fungi; ErM fungi, ericoid mycorrhizal fungi; SAP, undefined saprotroph.






Figure 7 | Standardized total effects of each variable on the soil net ammonification rate (Net Ra) (A) and soil net nitrification rate (Net Rn) (B) from the structural equation modeling (SEM) analysis. T, temperature; PEX, peroxidase; WFPS, water-filled pore space; EcM fungi, ectomycorrhizal fungi; AM fungi, arbuscular mycorrhizal fungi; ErM fungi, ericoid mycorrhizal fungi; SAP, undefined saprotroph.



Different from soil Net Ra, soil environmental factors largely drove the difference found in soil Net Rn among three mycorrhizal forests. Soil temperature had a positive effect on the difference in soil net Rn among three mycorrhizal forests, while soil WFPS and soil   content had negative effect on it. We also found evidence of an indirect effect of soil net Ra, by changing the soil   content, on the difference in soil net Rn among three forests (Figures 6B, 7B).




Discussion


Seasonal patterns of soil net N mineralization

There were significant differences in seasonal variations of soil net Nmin among three mycorrhizal forests in our research (Figures 2A-C). Temporal variation in forest soil net Nmin was also suggested in previous studies (Zhao and Li, 2017; Xiao et al., 2022). Overall, our results indicated that soil mean net Ra and soil mean net Rn were positive in EcM forest and AM forest, while there were negative in ErM forest (Figures 2D-F). This implied the net production of   and   was dominant in EcM forest and AM forest, while the net consumption of   and   was dominant in ErM forest. This could be explained by the soil microbial in ErM forest absorbing more   and   to maintain the growth and its reproduction of the populations (Miller et al., 2009; Liu et al., 2021).

In our study, soil net Ra and soil net Rn in AM forest decreased gradually after July and June respectively (Figures 2A, B). This might be due to the decrease of soil temperature and increase in soil WFPS (Figure 1) which could inhibit soil microbial activity, slowing down soil net Ra and soil net Rn in AM forest (Guntiñas et al., 2012; Hishi et al., 2014). Simultaneously, our findings revealed that the effect of soil temperature on soil net ammonification rate was stronger than that of soil WFPS, while soil WFPS had a stronger effect on soil net nitrification rate than soil temperature in AM forest (Table 2). In contrast to AM forest, soil net Ra and soil net Rn in EcM forest and ErM forest showed trends of increasing in late autumn (Figures 2A, B). This was because soil net Ra and soil net Rn in EcM and ErM forests were not determined significantly by soil temperature. Increased soil WFPS promoted both soil net Ra in EcM forest and soil net Ra and soil net Rn in ErM forest (Table 2) which was consistent with previous study (Kou et al., 2018). This might be related to differing ecological tolerance strategies of soil microorganisms to soil temperature and soil WFPS among three mycorrhizal forests (Castro et al., 2010; Placell et al., 2012).



Spatial (three mycorrhizal forests) effects on soil net N mineralization

Our results showed that ErM forest had the lowest soil net Ra and there was no difference between EcM forest and AM forest (Figure 2D). This might be due to a synergistic effect between soil temperature and different mycorrhizal plants (Tedersoo et al., 2014; Liu et al., 2017; Netherway et al., 2021). In our study, EcM forest had the highest relative abundance of EcM fungi, while the relative abundance of saprophytic fungi was lower (Figure 4). It had been confirmed that the relative abundance of soil EcM fungi increased with the abundance of EcM trees (Cheeke et al., 2017). Previous studies showed that host trees specificity could shape the relative abundances of soil fungi through co-evolution, niche differentiation, and niche conservatism (Tedersoo et al., 2013). EcM fungi have the mutualistic benefits with EcM trees (Velmala et al., 2013), which may be one of the reasons for the relatively high abundance of EcM fungi we found in EcM forest. Moreover, being the main functional groups of soil, EcM and saprophytic fungi would compete for SOC and N, and the strong competitiveness of EcM would limit the relative abundance of saprophytic fungi within the same ecological niche (Chen et al., 2022). Indeed, our results also showed that the relative abundances of soil AM fungi and saprotrophs in AM forests were higher than those in EcM forest and ErM forest (Figure 4), perhaps also due to the fact that the faster nutrient cycling pattern of AM forest (lower C: N, higher inorganic N content) was more suitable for the survival of AM fungi and saprophytic fungi (Bahram et al., 2020).

Our SEM results indicated that soil PEX activity has the strongest direct effect on soil net Ra (Figures 6A, 7A). Previous studies showed that soil EcM fungi and SAP could secret PEX to degrade recalcitrant organic matter which could not be absorbed by plants and promote soil net Ra (Bödeker et al., 2014; Corrales et al., 2016; Ward et al., 2021). However, our results showed that ErM fungi were negatively correlated with soil PEX activity (Figure 6A) which might be due to microbial C limitation when soil C: N was low (Midgley and Phillips, 2014; Xu et al., 2022). As such, ErM fungi would reduce the energy available for synthase soil PEX (Carrara et al., 2018). At the same time, soil EcM fungi was superior to SAP in degrading soil organic N (Bahram et al., 2020). EcM fungi could compete with SAP to inhibit the relative abundance of SAP and thus affected soil net Ra (Bödeker et al., 2016; Argiroff et al., 2022). In addition, EcM fungi and ErM fungi could directly acquire low molecular weight organic matter (Read and Perez-Moreno, 2003). This should promote soil net Ra by reducing the products of decomposition processes in the first step of ammoniation (Levy-Booth et al., 2014). The SEM also revealed that soil temperature not only directly enhanced soil net Ra, but also had a strong indirect effect (Figures 6A, 7A). This principally arose via soil temperature which could affect soil PEX activity and the relative abundance of soil ErM fungi, thus affected soil net Ra (Tedersoo and Bahram, 2019; Fan et al., 2021).

Different from soil net Ra, the SEM suggested that the difference of soil net Rn among three mycorrhizal forests was mainly determined by soil environmental factors (Figures 6B, 7B). On the one hand, soil temperature was positively correlated with soil net Rn, but negatively correlated with soil WFPS, a pattern consistent with other research findings (Borken and Matzner, 2009; Liu et al., 2017). On the other hand, soil temperature and WFPS promoted soil net Ra to produce more   which affected soil net Rn. More recent studies also showed that soil   as a substrate would accelerate soil net Rn (Elrys et al., 2021). Yet we found that soil   content was negatively correlated with soil net Rn (Figure 6B). This discrepancy may be related to the net dynamics of soil   being dependent upon substrate content, as well as being affected by microbial absorption, N-fixation, and N-loss (Gao et al., 2015; Xiao et al., 2022).

In this study, SEM indicated that soil environmental factors and soil net Ra explained 53.7% of the difference of soil net Rn among three mycorrhizal forests (Figure 6B). However, soil fungal functional guilds had no effect on soil net Rn (Figure 7B). This might be due to soil net Rn was driven primarily by soil bacteria (Levy-Booth et al., 2014). Our results showed that AM forest soil also characterized by a high pH and a low C: N ratio (Table 1), which implied AM forest had a fast nutrient cycling (Phillips et al., 2013; Lin et al., 2017). It was reported that AM forest soil with less acidity (high pH) supported higher heterotrophic bacterial activity and greater potential for nitrification (Mushinski et al., 2020). Further, the nitrification pathway of bacteria was superior to that of fungi in soil with a low C: N ratio (Deng et al., 2018). In addition, AM forest had a higher ratio of bacteria to fungi than EcM forest and ErM forest, which also suggested that AM forest was more inclined to have soil net Rn driven by bacteria rather than fungi (Bahram et al., 2020).




Conclusions

In this study, differences in soil net Nmin, soil fungal composition and soil enzyme activity among three mycorrhizal forests were highlighted. Notably, there were significant differences in soil net Ra and soil net Rn among three mycorrhizal forests. Further, soil temperature and soil WFPS differed in their effect on soil net Ra and soil net Rn in these three mycorrhizal forests. In response to the forest types, the difference in soil net Ra was determined mainly by soil temperature, soil fungal functional guilds and soil PEX activity. The difference in soil net Rn was related closely to soil temperature, soil WFPS and soil   content. Soil net Ra dominated the soil net Nmin among three mycorrhizal forests. Overall, our results provide new insights into the mechanism of soil N dynamics in various mycorrhizal forests.
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Supplementary Figure 1 | Rarefaction curve showing the sequence depth and observed OTUs. Note: EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressuschengiana primary forest; ErM forest, Rhododendron phaeochrysum primary forest; -5, -7 and -11 represented May, July and November respectively.

Supplementary Figure 2 | Correlations between the difference in soil net N mineralization rate, biological and abiotic factors. Note: PEX, peroxidase; POX, phenol oxidase; T, temperature; WFPS, water-filled pore space; AM fungi, arbuscular mycorrhizal fungi; EcM fungi, ectomycorrhizal fungi; ErM fungi, ericoid mycorrhizal fungi; SAP, undefined saprotroph; ‘Others’ include endophyte and lichenized. Pathotrophs include animal pathogen, plant pathogen and mycoparasites; Net Ra, net ammonification rate; Net Rn, net nitrification rate; **, P< 0.01; *, P< 0.05; not significant (ns), P > 0.05.
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Although an important greenhouse gas, methane flux in hilly forest ecosystems remains unclear. By using closed-path eddy covariance systems, methane flux was measured continuously from 2017 to 2019 in a mixed plantation in the Xiaolangdi area of the Yellow River in North China. The methane flux footprint and its diurnal and monthly variations were analysed, and its characteristics on rainy days are discussed. The results showed that: (a) the observation data were reliable with good spatial representation (b) The methane flux in the mixed plantation ecosystem had obvious diurnal and seasonal variations: the monthly average diurnal variation of the methane flux had a single-peak; the methane flux value was source in the daytime and sink at night. The daily mean maximum value of methane flux in growing season was lower than that in non-growing season with the maximum value appearing in March, and the minimum value in October. (c) The forest is an atmospheric CH4 source with the annual emission in 2017 of (3.31 g C·m-2·year -1) >2019 (2.94 g C·m-2·year-1) >2018 (2.81 g C·m-2·year -1), and the main influencing factor was precipitation. Rainfall affected CH4 flux with a lag period of approximately three days. Rainfall also changed the balance of CH4 flux between sink or source according to precipitation intensity and frequency.




Keywords: CH4 flux, closed-path eddy covariance, a warm-temperate mixed plantation, footprint, dynamic



1 Introduction

CH4 is the third largest greenhouse gas after water vapour and CO2, but its greenhouse effect over 100 years is 28 times that of CO2 (IPCC, 2013). On the global scale, approximately 10 Tg·a-1 of CH4 emissions are from unexplained sources (Megonigal and Guenther, 2008). The attribution of these emissions to particular sources and sinks is still an unresolved issue for the scientific community. Forest ecosystems cover most continental regions, and any sink-to-source transitions could have a non-negligible impact on global atmospheric CH4 budgets. Therefore, it is important to understand CH4 dynamics in forest ecosystems and CH4 exchange between the atmosphere and forests.

Considering that a major portion of forest soil is water-unsaturated, forests are generally assumed to be an insignificant atmospheric CH4 sink, representing about 6% of the global sink (Machacova et al, 2016). However, studies have revealed that forest ecosystems are not always CH4 sinks. Some global inversions of CH4 have indicated that broadleaf evergreen forests and tropical forests might be important CH4 sources (Frankenberg et al., 2005), contrary to the traditional view that forests always absorb atmospheric CH4. These results suggest that CH4 originates from a wider range of sources than previously considered. All biological surfaces in a forest, including living and dead wood, can exchange CH4, usually emitting CH4 (Covey and Megonigal, 2018; Pitz and Megonigal, 2017), indicative of a reduced sink and even a CH4 source in forest ecosystems. It is important to quantify CH4 fluxes in forest ecosystems (Shoemaker et al., 2014; Ueyama et al., 2018).

Ecosystem scale CH4 sources and sinks are uncertain in different forests. Smeets et al. (2009) revealed the Ponderosa pine forest ecosystem was a CH4 sink, while Miyama et al. (2010) had observed no CH4 flux changes from an oak-holly mixed forest in the warm temperate zone. Spatial heterogeneity of CH4 sources and sinks exist in the forest ecosystem, and while the forest is a CH4 source at the canopy scale, the forest ground surface absorbs CH4 (Simpson et al., 1999; Miyama et al., 2010; Mikkelsen et al., 2012; CoveyMegonigal, 2018; Nakai et al., 2020). The diurnal dynamic reflects a CH4 sink at the annual scale and in the growth season but indicates a CH4 sink during daytime and in the non-growth season (Ueyama et al., 2013; Sundqvist et al., 2015; Gao et al., 2016). Consequently, the underlying surface is complex due to diverse climates and forest types, consequently the aforementioned studies lack generalizability. In contrast to CO2 fluxes, there are relatively few studies on CH4 fluxes in forest ecosystems, and the published papers usually have relatively short durations of observation and data collection, making it impossible to evaluate and predict the global forest CH4 budget accurately, and the source-sink transition pattern and its role in the CH4 cycle are still not well understood.

Eddy covariance technology provides a reliable approach to measuring the CH4 fluxes. This study focuses on the methane flux dynamics at daily, seasonal, and interannual time scales based on 3 years (2017–2019) of eddy covariance flux observation in a mixed plantation of north China. The specific objectives of this study are to (1) identify CH4 dynamics at different time scales, and (2) clarify CH4 changes during the rainy days and provide a scientific foundation for accurately estimating CH4 fluxes.



2 Materials and methods


2.1 Site description

This experiment was conducted at the Xiaolangdi forest research station, Chinese Academy of Forestry Sciences. The station is located at Jiyuan County, Henan, China (35°01′ N, 112°28′ E; elevation 410 m), south of Taihang mountain and north of the Yellow River Basin. It has a warm-temperate continental monsoon climate. The average annual air temperature was 13.4°C. The annual mean rainfall was 642 mm, with an average growing season (April–October) rainfall of approximately 438 mm, making up approximately 60% of the whole year. The average annual sunshine hours are 2377.7 h. The stand is dominated by cork oak (Quercus variabilis Blume), which was planted in 1973, with a mean height of 10.5 m. The other trees include black locust (Robinia pseudoacacia L.) and arborvitae (Platycladus orientalis), with ages of 28 and 30 years and heights of 9.3 m and 8.2 m, respectively. The planting density was 1905 stems ha-1, and the stand coverage was 96%. The understory is sparse and mainly composed of sour jujube [Ziziphus jujuba Mill. var. inermis (Bunge) Rehd.], Bunge’s hackberry (Celtis bungeana BI), and green bristlegrass [Setaria viridis (L.) Beauv.]. The soil was principally brown loam, with an average thickness of 0.4 m. The flux observation tower (36 m) is situated at the centre of a large plantation area (7210 ha). The mean LAI of the mixed plantation is 6.3 during the growing season. The mean slope around the flux observation tower is 14° (Tong et al., 2012).



2.2 Methane flux and microclimate measurements

The closed-path eddy covariance (CPEC) system consists of a 3-D sonic anemometer (Model CSAT3; Campbell Scientific), a closed-path fast greenhouse gas analyser (FGGA; Los Gatos Research, Mountain View, CA, USA) and a dry vacuum scroll pump (XDS35i; BOC Edwards, Crawley, UK), requiring 520 W of power. All instruments were installed at a height of 30 m. Raw data were collected at 10 Hz and recorded by a CR5000 datalogger (Campbell Scientific).

In the CPEC system, an inlet tube situated at the same height as the anemometer, with a separation of 15 cm, was used to draw air into the FGGA. This analyser measures CH4, CO2 and H2O concentrations by off-axis integrated cavity ringdown spectroscopy (Baer et al., 2002). During the experiment, the pump drew the sample air through a 40-m tube (inner diameter: 5 mm) at flow rates of about 40 L min−1 into the measuring cell under an operating pressure of approximately 19 kPa. The air passed through an initial filter with a pore size of 100 μm to prevent dust and insects from entering the system, as well as through 5 μm and 2 μm external plum sharp filters at the end of the tube, and finally through two 2 μm metal filters (one internal and one external) before entering the measuring cell. The 100 μm filter is replaced every 6 months, while the external plum sharp filters and porous filters are replaced every 3 months to maintain clean optics and avoid inflow restrictions. Because the pump and the gas analyser have a high power requirement, the CPEC system ran on AC power during the measurement period.



2.3 Data processing

Processing of the raw EC data was performed using EddyPro 6.2 (LI-COR; available at www.licor.com/eddypro ). De-spiking and absolute limit determinations were included in the preliminary processing of raw signals (Vickers and Mahrt, 1997). At this preliminary stage, outliers also were discarded. This involves filtering for spikes and linear detrending. Double coordinate rotations were performed to align the mean vertical velocity measurements normal to the mean wind streamlines before carrying out scalar flux calculations (Wilczak et al., 2001). Using the covariance maximisation method (relative to the vertical velocity of temperature), the time lag was determined for each 30-min period. Half-hourly fluxes of CH4 were calculated as the mean covariance of vertical wind velocity and scalar fluctuations in CH4 concentrations. The Webb–Pearman–Leuning correction for density fluctuations arising from variations in water vapour was applied as described in Ibrom et al. (2007b). Low-pass filtering effects were assessed and corrected using the method of Ibrom et al. (2007a), based on in situ determination of water vapour attenuation and a model for the corresponding spectral correction factor. Quality control criteria according to Mauder and Foken (2004) were used to reject abnormal data. In addition, data were excluded when the pump stopped working, during maintenance or high temperature in summer, or when the sonic anemometer signal was degraded during heavy rain. The data from June to September in 2017 were used to determine the friction velocity (u*) threshold using R package ‘REddyProc’ (https://github.com/bgctw/REddyProc ). The average flux increased along with u* until it tended to level off and be independent of u* at around 0.1 m s-1. Data collected during weak turbulence were removed from analyses by filtering out all half-hourly flux measurements with a friction velocity (u*) below 0.1 m s-1. Time delays were calculated through the use of a cross-correlation function of the scalar fluctuation and the vertical wind velocity. The lag time was set as 8 s by comparing with an open-path eddy covariance system (Yuan et al., 2019). Atmospheric stability has a direct impact on the distribution of flux footprint, which is subsequently affected by wind speed, atmospheric temperature, and properties of the underlying surface. Therefore, the atmosphere was divided into stable state (Zm/L>0) and unstable state (Zm<0) according to the atmospheric stability Zm/L, where Zm is the height observed by instrument and L is the Obukhov length. The footprint model was used to analyse the source distribution of the flux signal. The data separated by more than three times the variance from the average were regarded as abnormal. Moreover, abnormal data reflecting instrument malfunction or unfavourable meteorological conditions (rain and dew) were also eliminated. A linear method was used to fill the gaps when data were missing, within 2 h. The larger gaps in the daytime and night-time were filled using the mean diurnal variation (MDV) and nonlinear regression methods, respectively (Falge et al., 2001). The finial calculation of CH4 fluxes value is positive which represent the methane source, and the value is negative with methane sink.




3 Result


3.1. Characteristics of CH4 flux footprint in Ecosystem

In this study, the eddy covariance flux data between 2017 and 2019 were analysed. A contour map of the flux footprint was drawn using Footprint software, taking the 90% flux footprint as the measurement target. The area was calculated by the grid area method and was used to analyse the changes of CH4 flux footprint.

Analyses of the wind direction and speed data between 2017 and 2019 showed that the measurement area experienced easterly wind (at 90°) and west-south-westerly wind (between 225° and 270°) (Figure 1). This is consistent with the measurements obtained from previous years, which showed that winds in this area were predominantly east-north-easterly and west-south-westerly (Zheng et al, 2010). The maximum wind speeds in 2017, 2018, and 2019 were respectively 10.8 m·s-1, 12.3 m·s-1, and 10.6 m·s-1, while the average wind speeds were respectively 3.2 m·s-1, 3.2 m·s-1, and 3.1 m·s-1.




Figure 1 | 2017–2019 wind roses.



Figure 2 shows the flux footprint under different conditions of atmospheric stability during the growth (August) and non-growth seasons (December) in 2017. The footprint was taken 80% as the target, regardless of season (growth or non-growth), the footprint was consistently smaller without atmospheric stability, owing to the intense material exchange between canopy and atmosphere when the atmosphere is unstable. In addition, flux information captured by the sensor mainly came from upwind of the sensor. Moreover, the footprint was smaller during the growth season because the flux measurements were from the underlying surface further to windward of the sensor, as the leaf area index is greater during the growth season and is influenced by the underlying surface.




Figure 2 | The footprint under different stability conditions during the growth and non-growth seasons of 2017.(A) Growth season, Stable. (B) Growth season, Unstable. (C) Non-growth season, Stable. (D) Non-growth season, Unstable.



The flux footprint throughout August 8th, 2017, which was a typical sunny day, was analysed taking 3 h as the time interval. The distribution was non-uniform, and the flux changes throughout the day can be easily observed in Figure 3. At 3:00, the flux footprint was approximately 3000 m east to west and 600 m north to south, accounting for an area of 1.26 km2; at 9:00, the flux footprint was approximately 2520 m east to west and 720 m north to south, accounting for an area of 1.04 km2; at 15:00, the flux footprint was approximately 600 m east to west and 150 m north to south, accounting for an area of 0.06 km2; and at 21:00 was approximately 1300 m east to west and 900 m north to south, accounting for an area of 0.28 km2. Throughout the day, the flux footprint was in general consistently distributed to windward. In summary, the eddy covariance measurement system measures the size of the windward flux footprint, and the data represented the flux of the study area well.




Figure 3 | Changes in flux footprint over time within a typical sunny day (August 8th, 2017).





3.2 Characteristics of CH4 flux changes with time in ecosystem


3.2.1 Daily change in CH4 flux


3.2.1.1 Diurnal variation in CH4 flux averaged by month

The CH4 flux in the ecosystem showed obvious changes throughout a day (Figure 4). For each month, the average within-day changes in CH4 flux followed an inverted U-shape pattern: CH4 flux changed from negative to positive after sunrise due to the increase in radiation and temperature, and the ecosystem served as a CH4 source in the atmosphere, the CH4 flux reached its maximum value at 15:00, after which it decreased gradually as the radiation and temperature decreased. The CH4 flux became negative around sunset, causing the ecosystem to become a CH4 sink for the atmosphere. The CH4 flux remained unchanged during the night, due to the influence of weak turbulence.




Figure 4 | Average within-day CH4 flux of the ecosystem by month. Error bars show standard deviation.



The CH4 flux of the ecosystem showed similar obvious within-day changes across months, with some months showing slightly different changes (Figure 4). The average within-day CH4 flux was highest in March, reaching 1.11 μg·m-2·s-1, 0.97 μg·m-2·s-1, and 0.99 μg·m-2·s-1 respectively in 2017, 2018, and 2019. The average within-day CH4 flux was lowest in October, reaching 0.26 μg·m-2·s-1, 0.42 μg·m-2·s-1, and 0.48 μg·m-2·s-1 respectively in 2017, 2018, and 2019, which differed markedly from the CH4 flux in March. The CH4 flux changed from negative to positive at the earliest in July (at around 8:30) and at the latest in November (at around 10:00). The CH4 flux changed from positive to negative around July to August at the latest (at around 19:30), and this change gradually became earlier from September until it reached its earliest around 18:00 in December. As a result, the CH4 flux remained positive for the longest period in July (11 h), and the shortest period in October (8 h) (Figure 4). Radiation and temperature reached their maximum values around June each year in the current study area, yet the CH4 flux (both daily maximum and daily average) of the ecosystem was less than in adjacent months, owing to the high temperature and small precipitation in June.

The CH4 flux of the ecosystem during the growth and non-growth seasons during the study period was positive during the day and did not change much during the night (Figure 5). During the growth season, the CH4 flux increased rapidly from 10:00 to 14:00, and decreased slowly from 14:00 to 20:00. During the non-growth season, the CH4 flux also increased rapidly from 10:00 to 14:00 and to a higher peak, and decreased from 14:00 to 20:00 (Figure 5). This is consistent with the results reported by Tong et al. (2012) on the CO2 flux of the same ecosystem. This can be explained by the relatively high temperature in the afternoon in spring and summer, causing VPD to be relatively large.




Figure 5 | Changes in average within-day CH4 flux by month during the growth and non-growth seasons. Error bars show standard deviation.



The daily maximum of CH4 flux was lower during the growth season than during the non-growth season (Figure 5), mainly because precipitation is high during the growth season. As the growth season transitions into the non-growth season (November to March), radiation and temperature gradually decrease, and the forest soil serves as a CH4 source as most trees, except for coniferous species such as Platycladus orientalis, experience withering and leaf fall (Zhuang et al, 2016). Therefore, CH4 flux is lower in the growth season.



3.2.1.2 Diurnal variation of CH4 flux on sunny and rainy days

Typical sunny days (April 27th, 2017; December 6th, 2017; February 22nd, 2018; September 7th, 2018; May 22nd, 2019; November 14th, 2019) and rainy days (May 22nd, 2017; November 28th, 2017; February 18th, 2018; August 20th, 2018; May 29th, 2019; November 12th, 2019) in the growth and non-growth seasons were selected to analyse the within-day changes in the CH4 flux of the ecosystem. These CH4 fluxes all followed an inverted U-shape pattern, where the CH4 flux was positive during the day and showed significant changes, and the changes were more complicated on rainy days (Figure 6). On a sunny day, as radiation and temperature increased after sunrise, CH4 flux also gradually increased until reaching its maximum value around 13:30. In contrast, when the atmosphere was relatively stable during the night and the air turbulence was weak, CH4 flux showed no significant changes.




Figure 6 | Diurnal variations of CH4 flux on sunny and rainy days. Error bars show standard deviation.



During the growth season, CH4 flux was positive during the day and showed no significant changes during the night. The daily average CH4 fluxes on a typical sunny day in 2017, 2018, and 2019 were respectively 0.38 μg·m-2·s-1, 0.12 μg·m-2·s-1, and 0.16 μg·m-2·s-1, while the daily average CH4 fluxes on a typical rainy day were respectively 0.06 μg·m-2·s-1, 0.05 μg·m-2·s-1, and 0.27 μg·m-2·s-1. During the non-growth season, the daily average CH4 fluxes on a typical sunny day in 2017, 2018, and 2019 were respectively 0.07 μg·m-2·s-1, 0.19 μg·m-2·s-1, and 0.25 μg·m-2·s-1, while the daily average CH4 fluxes on a typical rainy day were respectively 0.08 μg·m-2·s-1, 0.10 μg·m-2·s-1, and 0.08 μg·m-2·s-1. The CH4 fluxes were higher on sunny days than on rainy days and reached maximum values in the afternoons on sunny days. In contrast, the CH4 flux on a rainy day reached its maximum value before noon.

Typical sunny days showed generally consistent changes in CH4 flux throughout the day, while the flux changes on rainy days differed depending on precipitation intensity and amount. During the growth season, the CH4 flux on sunny days was slightly higher than on rainy days due to the larger leaf area caused by rainfall. During the non-growth season, both duration and amount of rainfall were reduced, such that CH4 flux did not differ significantly between rainy and sunny days. Overall, CH4 flux during the day was positive, making the ecosystem a CH4 source, and CH4 flux at night was negative, making the ecosystem a CH4 sink.



3.2.1.3 Diurnal variations of CH4 flux during continuous rain

CH4 fluxes before, during, and after periods of continuous rain in 2017, 2018, and 2019 were summarised. The precipitations in these periods were respectively 127.2 mm, 77.7 mm, and 220.5 mm. Figure 7 shows the diurnal cycle of CH4 flux for each continuous rainfall period.




Figure 7 | Within-day changes in CH4 flux of ecosystem during periods of continuous rainfall.



Considering the period before the rain began (to Sep 30th) and after rainfall (Oct 16th) were sunny days, the diurnal variation in CH4 flux was consistent with the forest being a CH4 source in the daytime and a CH4 sink at night. At the beginning of the continuous rainfall period (Oct 1st to 2nd), CH4 flux had no change with a precipitation of 12.8 mm; however, the CH4 flux exhibited a U-shaped pattern and became a CH4 sink during Oct 3rd and 4th (precipitation 13.6 mm). The CH4 flux on October 5th to 7th (precipitation 1.6 mm) again changed consistently to become a CH4 source. The CH4 flux again exhibited a U-shaped pattern on October 8th (precipitation 0.1 mm) and served as a CH4 sink, but showed no significant changes from October 9th to 11th (precipitation 62.7 mm). With precipitation 0.1 mm on October 12th, CH4 flux showed the same pattern as on a sunny day, while during October 13th to 15th it changed a little (precipitation 36.3 mm). The diurnal dynamic of CH4 flux showed similarities with June 24th to August 9th in 2018 and August 1st to 10th in 2019 and exhibited an alternation of source/sink.

The continuous rainfall had a significant impact on the within-day changes of CH4 flux, through influences on atmospheric temperature, air humidity, soil temperature, and soil humidity. There was a lag of approximately 3 to 4 days between the rainfall and its influence on CH4 flux which ultimately led to the source-sink transition of the ecosystem. This means that if the rainfall continued for 3 to 4 days, the ecosystem transformed from a CH4 source to a CH4 sink. The intensity and duration of the rainfall had a coupled effect on the CH4 flux, which further influenced the CH4 source-sink transition of the ecosystem.




3.2.2 Seasonal changes in the CH4 flux of the ecosystem

The CH4 flux of the ecosystem showed obvious seasonal changes (Figure 8). It increased from November to March the following year, and gradually decreased thereafter, reaching a minimum in June, and again increased during July and August, and decreased in September until it reached the year-round minimum in October. These changes are mainly due to the radiation, temperature, precipitation, and vegetation growth during the different months. For example, between January and March in 2017, which is the non-growth season, soil and vegetation branches released CH4, causing the forest ecosystem to serve as a CH4 source from which the maximum emission of CH4 was reached in March (4.47 g·m-2·month-1). Between April and June in 2017, due to the increase in solar radiation, temperature, and hence leaf area, the CH4 flux of the ecosystem gradually reduced, until it reached the first minimum value in June (2.55 g·m-2·month-1, 1.857 g·m-2·month-1). July was the start of the rainy season, a period during which the soil moisture increased, causing CH4 flux to increase accordingly. It reached a maximum in August (3.5 g·m-2·month-1). Subsequently, CH4 flux decreased as the intensity and frequency of precipitation reduced, until the year-round minimum was reached in October (0.33 g·m-2·month-1).




Figure 8 | Seasonal changes in CH4 flux of ecosystem.



The ranges of CH4 emissions were 0.008–0.108 g C·m-2·month-1, 0.031–0.103 g C·m-2·month-1, and 0.027–0.084 g C·m-2·month-1 respectively in 2017, 2018, and 2019, with the year-round change in CH4 emissions being respectively 3.31 g C·m-2·year -1, 2.81 g C·m-2·year -1, and 2.94 g C·m-2·year-1, corresponding to an annual average of 3.02 g C·m-2·year-1. Total annual emissions of CH4 were lowest in 2018, mainly due to the higher precipitation of that year (647.8 mm) in comparison to 2017 and 2019.





4 Discussion

According to micro-meteorological theory, CH4 flux data taken from locations with a wide underlying surface of flat terrain and uniform canopy can reflect the actual average CH4 flux of the ecosystem. However, most observation locations do not have the ideal underlying surface, making it necessary to analyse the spatial representation of the flux observation of the complex underlying surface in the flux data. Therefore, quantitative evaluation of the flux footprint is the basis for a correct understanding of the data; this can be achieved by using the eddy covariance method. An in-depth understanding of the spatial representation of the flux towers and an accurate evaluation of the spatiotemporal distribution of flux footprints can help to obtain a more thorough understanding of the CH4 flux sources in the ecosystem.

The flux footprint was heavily influenced by environmental factors such as atmospheric stability, wind speed and direction, atmospheric temperature, underlying surface roughness, and zero plane displacement (Leclerc and Thurtell, 1990; Kljun et al., 2002). In particular, atmospheric stability directly affects the distribution of flux footprint. In this chapter, the results of analysis of wind direction and speed data from 2017 to 2019 were described. These revealed that the study area mainly experienced east and west-south-westerly winds. Regardless of growth or non-growth season, the footprint was smaller when the atmosphere was unstable. This can be explained by the turbulent airflow between the underlying surface and the atmosphere. and the fast exchange of material in the vertical direction, which cause the flux measurements from the windward sites to be greatly affected by the underlying surface. However, the leaf area index is lower during the non-growth season, causing the flux measurements to be taken from sites further downwind, and as a result, the footprint during the non-growth season was larger than that during the growth season. This result is consistent with the results from other ecosystems such as farmland, desert, and grassland (Zhou et al., 2014; Feng et al., 2017; Zhou et al., 2018).

A variety of evidence now makes it clear that all biological surfaces in upland forests have the potential to exchange CH4. This included reports of novel sources of CH4 emissions in nominally upland ecosystems, eddy flux evidence of hot spots or hot moments of forest CH4 emissions. Clear CH4 diurnal variation of the ecosystem exchange showed an inverted U-shape pattern. The CH4 flux of the ecosystem after sunrise were a CH4 source for the atmosphere due to the increase in radiation and temperature, and reached its maximum around 15:00. While after sunset, the CH4 flux showed a CH4 sink and had a little change due to the weak turbulence at night. This trend is consistent with the results published by Nakai et al. (2020), but the opposite of what Ueyama et al, 2013 had discovered. Covey and Megonigal (2018) and Pitz and Megonigal (2017) found that tree branches, live or dead alike, were potential CH4 sources in montane forests. Machacova et al. (2016) suggested that the branches and stems of mature Pinus sylvestris in southern Finland emit CH4. The current study found that CH4 emissions increased sharply before noon and decreased gradually in the afternoon during spring and summer as the temperature in the afternoon was higher, which is consistent with the results published by Korkiakoski et al., 2017. Without atmospheric stability, CH4 flux is related to temperature to a certain extent. In addition, CH4 flux during daytime is also dependent on factors such as soil moisture. Precipitation is greater during the growth season, causing the daily average CH4 fluxes during the growth season to be greater than those during the non-growth season. The daily average CH4 flux was greatest in March and lowest in October. The CH4 flux changed from sink to source around 8:30 each day in July, which was the earliest among all months, and around 10:00 in November, which was the latest among all months. The CH4 flux changed from source to sink around 19:30 during July and August, which was the latest among all months. This change became earlier starting from September, until the transition took place around 18:00 in December. Consequently, the duration that the CH4 flux remained positive was longest in July (11 h) and shortest in October (8 h). This finding is similar to the results published by Querino et al. (2011), who discovered that the duration of positive CH4 flux was longer than in a tropical forest ecosystem after sunrise (5 h). Gao et al. (2016) found that positive CH4 flux was measured during the daytime during some months in a floodplain plantation ecosystem, which may have been due to the CH4 gas stored in the canopy during night-time being released into the atmosphere after sunrise.

The diurnal variations of CH4 fluxes in this ecosystem showed obvious trends during the growth and non-growth seasons, being positive during daytime and with non-significant changes at night. This indicates that the CH4 flux showed significant changes only when the atmosphere was unstable and the turbulent airflow was strong; at night, when the atmosphere was stable and the turbulent airflow was weak, the CH4 flux showed no significant changes. This is consistent with research on night-time CH4 flux in farmland and wetland ecosystems (Song et al., 2019; Zhang et al., 2019). The maximum values of diurnal average CH4 fluxes during the growth season were all less than those of the non-growth season, mainly because of the larger precipitation and net radiation, the latter of which enhanced plants’ activities and reduced the oxidation of CH4 (Praeg et al., 2019). Obvious daily changes were observed during the sunny days in both the growth and the non-growth season. The CH4 fluxes were greater on a sunny day than on a rainy day, and the maximum value appeared in the afternoon; in contrast, CH4 flux changed in complicated ways on rainy days, when the maximum value appeared before noon, and the daily average was slightly lower. Although soil appears to be a CH4 sink during the growth season (Zhuang et al, 2016), the emissions from plants may have offset the effect of the soil CH4 sink (Pitz and Megonigal, 2017; LeMer and Roger, 2001).

The comparison of diurnal variations of CH4 flux before, during, and after continuous rainfall indicated that the intensity and frequency of rainfall, as well as extreme precipitation events, influenced the CH4 source-sink transition. Before and after the rainfall, the CH4 flux changed in the same manner as on a typical sunny day. Due to the lag in the influence of rainfall on the CH4 flux, the daily patterns of CH4 flux only began to change on the third or fourth day of continuous rainfall. They then followed a U-shaped pattern with a negative value during daytime, causing the ecosystem to serve as a CH4 sink. As the rainfall continued for more days, the CH4 source-sink transition happened approximately every three days. This can be explained by the change in effective dynamic characteristics of soil moisture according to water intake; this being most affected by limited water intake, while the more frequently precipitation events occur, the more dependent soil moisture is on water intake (Zhao et al., 2015).

The CH4 flux of this ecosystem showed obvious seasonal changes. As radiation and temperature increased, plants entered the growth season and the leaf area of the canopy increased, causing the CH4 flux to gradually increase, reaching a year-round maximum in March. As the leaf area continued to increase with radiation, the CH4 flux gradually decreased, until it reached the first minimum in June when the temperature is high and precipitation is low and the physiological activities of the plants can be affected. The rain season started in July or August, causing the soil moisture and hence the CH4 flux to increase. Both radiation and temperature decreased after August, and the CH4 flux decreased correspondingly. In October, due to the continuous rainfall, the CH4 flux reached a year-round minimum. The magnitude of the CH4 flux among the seasons was observed in the order of spring > summer > winter > autumn, which is consistent with the results reported by Zona et al. (2013). Zhang et al. (2019) studied the poplar plantations in the Hongze Lake area and found that weak CH4 absorption was observed during the growth season, while weak CH4 emissions were observed during the non-growth season, causing the ecosystem to serve as a weak CH4 sink in a year overall. However, the CH4 flux of the ecosystem studied between 2017 and 2019 and reported in this paper had an average of 3.02 g C·m-2·year-1, indicating that the ecosystem was a weak CH4 source, which is inconsistent with the results by Zhang et al. (2019). This inconsistency may be due to the length of study period, climate, and types of trees.

The study revealed that the mixed plantation forest ecosystem in warm temperate continental is methane source, which is consistent with the results of the boreal forests in the United State (Nakai et al., 2020). During the period of 2016 to 2019, the average daily and annual CH4 flux was 0.019g C·m-2·day-1 lower than that of tropical Alan Batu forest, temperate boreal forest ecosystem, subtropical Pinus ponderosa forest and temperate black spruce forest ecosystem (Wong et al., 2018; Nakai et al., 2020; Iwata et al., 2015; Smeets et al., 2009), similar to subtropical plantation ecosystem in China (Gao et al., 2016). It was higher than temperate boreal forest (Ueyama et al., 2013), with the mainly because of the observation methods (Table 1). Climate, soil and tree species in different regions are important reasons for CH4 fluxes, as well as differences in measurement methods and CH4 source intensity or magnitude.


Table 1 | Mean daily CH4 flux measured using the eddy covariance method from different ecosystems in Ameirco, Europe, and Asia.





5 Conclusion

The flux footprint showed non-uniform changes throughout a day and were smaller in the growth season and daytime, reaching a minimum at noon and a maximum at 3 am. The eddy covariance measurement system measures the size of the windward flux footprint, and the data represented the flux of the study area well.

The CH4 flux showed obvious patterns in its daily changes. The within-day changes in CH4 flux by month followed an inverted U-shape pattern which was source during daytime and a CH4 sink at night. The largest daily average CH4 flux appeared in March, and the smallest appeared in October.

The CH4 flux also showed obvious seasonal changes. The CH4 flux reached its maximum in spring, and the first minimum of the year was observed in summer, followed by the year-round minimum in autumn. The flux gradually increased in winter but was still lower than in summer.

Precipitation events affected the CH4 source-sink transition with a time lag. The changes in within-day CH4 flux began on the third and fourth day of continuous rainfall, and were negative during the daytime (i.e., it was a CH4 sink). As rainfall continued, the CH4 source-sink transition alternated approximately every three days.

The CH4 source-sink status of the ecosystem was relatively complicated. Overall, the ecosystem was a weak CH4 source, while the source-sink transition occurred on a daily basis.

Based on the observation data of three years, this paper reports on analyses of the characteristics of changes in the CH4 fluxes in the ecosystem. To reduce the uncertainty in evaluating the CH4 flux of the ecosystem, continuous observation and measurement are required.
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Boreal forests, the second continental biome on Earth, are known for their massive carbon storage capacity and important role in the global carbon cycle. Comprehending the temporal dynamics and controlling factors of net ecosystem CO2 exchange (NEE) is critical for predicting how the carbon exchange in boreal forests will change in response to climate change. Therefore, based on long-term eddy covariance observations from 2008 to 2018, we evaluated the diurnal, seasonal, and interannual variations in the boreal forest ecosystem NEE in Northeast China and explored its environmental regulation. It was found that the boreal forest was a minor CO2 sink with an annual average NEE of -64.01 (± 24.23) g CO2 m-2 yr-1. The diurnal variation in the NEE of boreal forest during the growing season was considerably larger than that during the non-growing season, and carbon uptake peaked between 8:30 and 9:30 in the morning. The seasonal variation in NEE demonstrated a “U” shaped curve, and the carbon uptake peaked in July. On a half-hourly scale, photosynthetically active radiation and vapor pressure deficit had larger impacts on daytime NEE during the growing season. However, temperature had major control on NEE during the growing season at night and during the non-growing season. On a daily scale, temperature was the dominant factor controlling seasonal variation in NEE. Occurrence of extreme temperature days, especially extreme temperature events, would reduce boreal forest carbon uptake; interannual variation in NEE was substantially associated with the maximum CO2 uptake rate during the growing season. This study deepens our understanding of environmental controls on NEE at multiple timescales and provides a data basis for evaluating the global carbon budget.




Keywords: net ecosystem CO2 exchange, eddy covariance, boreal forest, carbon budget, environmental controls, extreme temperature events



1 Introduction

Global climate change, characterized by global warming, is one of the most important issues people face today, and it is essential to significantly reduce greenhouse gas emissions to keep world temperatures 1.5°C above pre-industrial levels (Bosch et al., 2017; Tian et al., 2020; IPCC, 2021). Terrestrial ecosystems have a net carbon uptake of 3.4 ± 0.9 Pg C yr−1 from the atmosphere, playing a significant role in the global carbon cycle and reducing global warming (IPCC, 2021). Therefore, it is vital to comprehend the terrestrial ecosystems carbon budget and environmental regulations.

As one of the major terrestrial ecosystems, forests contribute nearly half of the terrestrial production and can effectively reduce CO2 accumulation in the atmosphere (Reichstein and Carvalhais, 2019). Among them, boreal forest ecosystems are the second continental biome on Earth and contain approximately 30% of all forests in terms of carbon storage (Pan et al., 2011). Boreal forests have the potential to reduce atmospheric carbon emissions by increasing carbon storage in plants, soil, and wood products and by displacing fossil fuels (Baul et al., 2017; Cintas et al., 2017). Additionally, there is evidence that the boreal forest region is one of the most rapidly warming regions globally (Walsh, 2014). Boreal forests are considered to be more vulnerable to climate change than other ecosystems in the world and are one of the critical climate tipping points of the world, where climate change may cause widespread boreal forest dieback (Bonan, 2008; Lenton et al., 2008; Gauthier et al., 2015; Venalainen et al., 2020; Mckay et al., 2022). Therefore, boreal forests are a key area for global carbon cycle research, and they have attracted increasing attention from researchers in recent years (Venier et al., 2018; Holmberg et al., 2019; Piznak and Backor, 2019; Frelich et al., 2021), but there are still debates on their carbon source/sink issues (Heijmans et al., 2004; Soloway et al., 2017). Boreal forests may function as a net CO2 source or sink at the ecosystem scale or may switch between the two states. In a study of an artificial boreal forest in Maoer Mountain, China, the forest absorbed an annual average of 575.66 g CO2 from 2008 to 2018 (Liu et al., 2021). The annual average uptake of afforested temperate white pine forest in Ontario was 382.74 g CO2 from 2003 to 2013 (Chan et al., 2018). It experienced a transformation from carbon sink to carbon source in the Manitoba boreal black spruce forest, with an annual average release of 66 g CO2 (Dunn et al., 2007). In central Sweden, the major boreal forest ecosystem was a constant CO2 source, shedding approximately 250.5 g CO2 m-2 yr-1 over a ten-year period (Hadden and Grelle, 2017). In summary, boreal forests demonstrate large spatial variations from the net ecosystem exchange perspective. Since the establishment of ChinaFlux in 2002, carbon flux observations have been conducted in diverse forests (Yu et al., 2006; Zhu et al., 2006; Yu et al., 2014; Wang et al., 2016), but there have been few reports on the original boreal forest ecosystem, except for the Genhe station in Inner Mongolia (Li and Zhang, 2015). Research on carbon flux dynamics in boreal forest ecosystems in China is still in its infancy.

Some studies have demonstrated that the factors controlling net ecosystem CO2 exchange (NEE) on different scales are quite different (Fu et al., 2017b, Wu JK et al., 2020). On half-hourly and daily scales, radiation and temperature are often considered the dominant factors in NEE variation, but precipitation and soil moisture have stronger effects on NEE in some arid regions (Park et al., 2011; Li et al., 2014; Rebane et al., 2019, Wang Y et al., 2019). NEE interannual variation (IAV) is predominantly influenced by physiological (e.g., maximum carbon uptake rate) and phenological factors (e.g., length of the growing season); however, some studies have indicated that it is strongly associated with annual mean temperature and cumulative precipitation (Oquist et al., 2014; Xu et al., 2019; Jia et al., 2021; Liu et al., 2021). Although, owing to the lack of long-term continuous high-quality observational data, there are few systematic studies on the factors influencing NEE at diverse scales in boreal forest ecosystems, and the control mechanism is still obscure (Venalainen et al., 2020).

Additionally, the boreal forest ecosystem is situated in the middle and high latitudes of the Northern Hemisphere, where rapid climate change and frequent extreme temperatures are common (Seneviratne et al., 2021). Temperature has a strong influence on plant photosynthesis, soil microbial activity, organic matter decomposition, phenology, and consequently, NEE (Horemans et al., 2020; Kang et al., 2020). When extremely high temperatures occurred in Southern Australia during the summer of 2013, the maximum daily carbon uptake of temperate forests in the region decreased, which in turn affected the cumulative NEE during the growing season (Van Gorsel et al., 2013). Net carbon uptake during the growing season decreased in 2003 due to the high temperatures in European forests. For example, carbon uptake in the growing season decreased by approximately 160 g C m-2 yr-1 in the evergreen coniferous forest of Italy (Ciais et al., 2005). In the summer of the same year, the subtropical region of East Asia also experienced extremely high temperatures, which significantly reduced forest ecosystems carbon uptake during the growing season (Saigusa et al., 2010; Wen et al., 2010). Previous discussions of the impact of extreme temperatures on NEE have majorly focused on the tropics and subtropics, whereas boreal forests have been ignored (Yuri et al., 2021). Considering that the scale and intensity of extreme temperature events may increase in the future, to accurately evaluate the carbon sink capacity of forest ecosystems, it is essential to elucidate the response characteristics of net carbon uptake of boreal forests to extreme temperatures (Meehl and Tebaldi, 2004; Shao et al., 2022).

Therefore, based on 11-year eddy covariance observations from a boreal forest ecosystem in China, this study aimed to (1) quantify the dynamic characteristics of diurnal, seasonal, and interannual variations of CO2 fluxes in the boreal forest; (2) comprehend the environmental regulations on CO2 flux changes at diverse time scales; and (3) explore the effects of extreme temperature on the boreal forest NEE.



2 Materials and methods


2.1 Site description

The research was conducted at the Research Station for Ecosystem Positioning of Chinese Northern Coniferous Forests (51°46’52”N, 126°01’04”E; 773 m a.s.l.), maintained by the Institute of Botany, the Chinese Academy of Sciences, and the Heilongjiang Huzhong National Nature Reserve Administration. The area had cold, dry winters and hot, rainy summers, with a typical continental monsoon climate. The long-term annual average air temperature (1991–2020) was -2.95°C, and the annual average precipitation was approximately 500.8 mm. Additionally, there were significant seasonal (approximately 70% of precipitation occurring in the summer) and interannual (272.4–748.8 mm) variations in precipitation. Larix gmelinii was the only dominant species at the research site, while Betula platyphylla was the primary companion tree species. Ledum palustre, Vaccinium vitis-idaea, and Rhododendron dauricum constituted most of the understory.



2.2 Eddy-covariance and supporting measurements

Using an Open Path Eddy Covariance (OPEC) system installed at 35.0 m, carbon (the net ecosystem exchange of CO2, NEE) and water fluxes were observed. The OPEC system included a 3-D sonic anemometer (CAST3, Campbell Scientific, Inc., Logan, UT, USA), which measures wind speed and virtual temperature, and an infrared gas analyzer (IGRA; LI-7500, LI-COR, Inc., Lincoln, NE, USA), which monitors changes in CO2 and water vapor densities. The sampling rate for flux data was 10 Hz.

Additionally, a quantum sensor (LI-190SB, LI-COR, Inc., Lincoln, NE, USA) and a four-component net radiometer (CNR1, Kipp & Zonen, Crop., Delft, Holland) were utilized to measure photosynthetically active radiation (PAR) and net radiation (Rn) 32 m above the ground. A thermo-hygrometer was used to measure the relative humidity (RH) and air temperature (Ta) (HMP45C, Vaisala, Inc., Helsinki, Finland). Soil temperature (Ts; 107 L, Campbell Scientific, Inc., Edmonton, Alberta, Canada) at six depths (0, 0.05, 0.1, 0.15, 0.2, and 0.3 m) and volumetric soil water content (SWC, CS616, Campbell Scientific, Inc., UT, USA) at 0.08 m were measured. A rain gauge (52203, RM Young, Inc., Traverse City, MI, USA) mounted on the top of the tower was utilized to measure precipitation (37 m). All meteorological data were collected as 30 min averages using a data logger (CR23XTD, Campbell Scientific, Inc., UT, USA).



2.3 Post-processing of eddy-covariance measurements

Half-hourly CO2 fluxes were computed and corrected from raw OPEC recordings using EddyPro 7.0.6 (LI-COR Inc., Lincoln, NE). The major post-processing procedures included spike removal, double-coordinate rotation, corrections for frequency losses and sonic temperature, corrections for density fluctuations (i.e., the Webb–Pearman–Leuning correction), and flux computation (Webb et al., 1980). It should be noted that because the infrared gas analyzer (LI-7500) surface temperature differs from the air temperature due to electronic instrument heating, solar radiation, and radiative cooling, the Burba Equation should be utilized for further correction during processing (Burba et al., 2008). Rain events, outliers (Papale et al., 2006), and nighttime data that occurred under low friction velocity (u*) circumstances were used to filter the flux data during these times. The u* threshold was estimated using the method described by Zhu et al. (2006). Using the marginal distribution sampling (MDS) technique, flux data gaps were filled (Reichstein et al., 2005). A positive (negative) NEE value indicates that the ecosystem is a carbon source (sink). The growing season usually started in early May and ended in late September; the remaining period was defined as the non-growing season.



2.4 Data analysis

The maximum CO2 uptake (MCU) and release rate (MCR) obtained from the smoothed daily NEE curves were considered as ecosystem physiological metrics (Fu et al., 2019). A Savitzky–Golay filter was applied to smoothen the daily NEE (Savitzky and Golay, 1964). The number of days with a net carbon uptake (NEE < 0 g CO2 m-2 d-1) was defined as the net CO2 uptake period (CUP).

According to the 27 extreme climate indices defined by the Expert Team on Climate Change Detection and Indices (ETCCDI) (Peterson and Manton, 2008), the relative threshold index computed from the maximum/minimum temperature in the boreal forest ecosystem growing season from 1991 to 2020 was 30°C/-4°C. Temperature extremes occur when daily maximum/minimum temperatures during the growing season are above the high threshold (30°C) or below the low thresholds (-4°C). The number of days when it occurred was defined as the number of high/low-temperature days, and the period when the number of high/low-temperature days lasted for six days or more was defined as an extreme high/low-temperature event. The effect of extreme temperatures on NEE during the growing season was characterized by the relative rate of change (α) of NEE (Tatarinov et al., 2016).




3 Result


3.1 Environmental conditions


3.1.1 Heat-related environmental factors

Ta, Ts, and PAR values of the boreal forest ecosystem demonstrated clear seasonal variations (Figure 1). The daily average Ta ranged from -34.02 to 24.11°C, and its seasonal variation was similar among different years. The daily average Ts ranged from -19.88 to 17.84°C, and its overall Ts trend was consistent with that of Ta, but the seasonal amplitude of Ts was smaller than Ta. The average Ts was higher than Ta, and the seasonal variation in Ts was smoother, exhibiting hysteresis. Ta and Ts at the end of November 2009 and January-February 2014 were lower than those in other years. The daily accumulative PAR ranged from 0.72 to 55.94 mol m-2 d-1, with a peak appearing from May to July. PAR in the growing seasons of 2011 and 2018 was usually small, which was related to excessive rainfall during the growing seasons in these years.




Figure 1 | Dynamic changes in environmental factors in the boreal forest ecosystem. PAR, photosynthetically active radiation, VPD, vapor pressure deficit, Ta, air temperature, Ts, soil temperature, SWC, volumetric soil water content, PPT, precipitation.





3.1.2 Moisture-related environmental factors

The vapor pressure deficit (VPD) ranged from 0.13 to 1.88 kPa, and the maximum VPD value appeared from June to August. Due to heavy rains during the growing season in 2009, 2010, and 2011, the VPD was lower than 1.0 kPa. Precipitation varied greatly over the years, with more precipitation in summer, which accounted for more than 50% of the annual precipitation. The variation in the daily average SWC was closely related to precipitation and ranged from 4.1 to 34.1%. SWC in the entire growing season in 2014 remained above 25%, which was related to the greater number of rainfall days in the growing season of this year.




3.2 Diurnal variations in NEE and its environmental regulation

According to the monthly average diurnal variations in NEE, the diurnal amplitude of NEE during the growing season was noticeably higher than that in the non-growing season (Figure 2). NEE during the non-growing season demonstrated no clear diurnal variation (Figure 2A), and the boreal forest acted as a net carbon source. However, a significant diurnal pattern resembling a “U” curve (Figure 2B) was observed during the growing season, with positive values (net carbon release) at night and negative values (net carbon uptake) in the daytime. The peak of carbon uptake appeared at 8:30–9:00 in the morning, ranged from -0.03 (May) to -0.91 mg CO2 m-2 s-1 (August). The earliest time for the NEE value to switch from positive to negative was in June and July (5:30), and the longest daily carbon sequestration time (14 h) occurred in June.




Figure 2 | Diurnal variations in NEE (net ecosystem CO2 exchange) on a monthly average from 2008 to 2018: (A) non-growing season, (B) growing season. Jan, January, Feb, February, Mar, March, Apr, April, Jun, June, Jul, July, Aug, August, Sep, September, Oct, October, Nov, November, Dec, December.



According to the determinative coefficient, PAR and VPD were the prominent environmental control factors, and the order of intensity of influence of each environmental factor on daytime NEE in the growing season was PAR > VPD >Ta >Ts >SWC (Table 1). The direct and indirect path coefficients of the environmental factors reflect whether the factor affects NEE majorly through direct or indirect ways. From the path coefficient value, PAR and Ta have a direct impact on NEE. The PAR direct path coefficients and Ta were -0.354 and -0.220, respectively, which were larger than their indirect path coefficients (0.016, 0.00), indicating that these two driving factors had significant effects during the daytime during the growing season. However, SWC had an indirect impact, which affected daytime NEE during the growing season by influencing other factors, but the determinative coefficient was small and the influence was not significant. There was little difference between the direct and indirect impacts of VPD and Ts. The direct and indirect path coefficients of VPD were 0.392 and -0.344, respectively, which inhibited CO2 uptake. Ts had equivalent direct and indirect effects on NEE and their combined effects contributed to CO2 uptake.


Table 1 | Direct and indirect path coefficients of environmental factors on NEE (net ecosystem CO2 exchange) diurnal variation.



Temperature had the greatest impact on NEE during the growing season at night and during the non-growing season (Table 1). In general, ecosystem respiration is more active and releases more CO2 at high temperatures. According to the determinative coefficient, the effect of Ta on NEE was majorly indirect, by affecting Ts and VPD, whereas that of Ts was direct. Additionally, during the non-growing season, NEE was majorly affected by Ta and was relatively less affected by Ts.



3.3 Seasonal variations in NEE and its environmental regulation

The boreal forest station initially only observed fluxes in the growing season, and carbon fluxes have been observed throughout the year since 2014. The seasonal variations in NEE and its environmental regulation were evaluated based on data from 2014 to 2018. The seasonal variation in NEE in boreal forests demonstrated a unimodal curve (Figure 3), which indicated it to be a CO2 source during the non-growing season and a CO2 sink during the growing season. Boreal forests began to germinate in early May, and as the leaves grew, photosynthesis and respiration were both enhanced, but the respiration rate was higher than that of photosynthesis, resulting in a small CO2 emission peak (5.69 ± 1.75 g CO2 m-2 d-1) in late May. The CO2 uptake in boreal forests usually peaked in early July (-20.35 ± 2.91 g CO2 m-2 d-1). The growth of the boreal forests decelerated at the end of August, with the net carbon uptake gradually decreasing. In mid-September, boreal forests switched from carbon sinks to sources and reached their peak CO2 emissions (7.58 ± 2.08 g CO2 m-2 d-1) in late September. The plants entered dormancy from October to April of the following year and the metabolic activity of the ecosystem was minimal. During the non-growing season, there was no discernible variation in CO2 flux, with the NEE varying from 0 to 3.5 g CO2 m-2 d-1.




Figure 3 | Average daily NEE (net ecosystem CO2 exchange) seasonal variation from 2014 to 2018.



During the growing season, Ta was the dominant controlling factor for seasonal variation in NEE in boreal forests, followed by PAR. On a daily scale, the boreal forests carbon uptake increased with increasing Ta and PAR (Table 2). Ta exerted a direct effect on the seasonal variation in NEE, whereas PAR had a greater indirect effect. During the non-growing season, the daily NEE was predominantly influenced by Ts and SWC, both of which positively encouraged CO2 release, exerting direct effects on the NEE.


Table 2 | Direct and indirect path coefficients of environmental factors on NEE (net ecosystem CO2 exchange) seasonal variation.





3.4 Interannual variations in NEE and its environmental regulation

On an annual scale, boreal forest ecosystems are carbon sinks for atmospheric CO2 (Table 3). The mean NEE accumulation in the growing season from 2008 to 2018 (2013 was excluded) was -676.01 (± 134.07) g CO2 m-2 growing season-1, and mean annual carbon budget from 2014 to 2018 was -64.01 (± 24.23) g CO2 m-2 yr-1. There were no significant relationships between the environmental factors and annual cumulative NEE. However, the yearly NEE anomalies during the growing season (NEEg) were significantly correlated with the maximum CO2 uptake rate (MCU) (p < 0.001; Figure 4A) and maximum CO2 release rate (MCR) anomalies (p < 0.01; Figure 4B) but not with the carbon uptake period (CUP) anomalies (p = 0.182; Figure 4C).


Table 3 | Interannual variation in cumulative NEE (net ecosystem CO2 exchange) during the growing season and throughout the year.






Figure 4 | The relationship between the carbon flux (NEEg) anomalies during the growing season and (A) the maximum CO2 uptake rate (MCU), (B) maximum CO2 release rate (MCR), and (C) carbon uptake period (CUP) anomalies.





3.5 Impact of extreme temperature events on NEE

The boreal site experienced extremely high temperatures for 5–24 d during each growing season from 2014 to 2018 (Table 4). The cumulative growing-season NEE was found to decrease only in 2014, 2015, and 2017 when the number of extreme high-temperature days lasted long enough to form an extreme heat event. Conversely, the cumulative growing-season NEE did not decrease in 2016 and 2018, when the number of consecutive days of extremely high temperatures was insufficient to form an extreme heat event. After a short period of extreme high temperatures, the NEE recovered quickly and the cumulative NEE in the growing season increased. In comparison, the effect of extremely low temperatures on NEE was different. The occurrence of extreme low-temperature days lead to a decrease in the cumulative growing-season NEE even if it did not last long enough to constitute an extreme low-temperature event. The decreasing percentage of NEE increased with the number of extreme low-temperature days (Table 4).


Table 4 | Extreme temperature day/event and their effects on cumulative NEE (net ecosystem CO2 exchange) during the growing season.






4 Discussion


4.1 Magnitude of NEE

Owing to variations in ecosystem types, climatic conditions, and subsurface materials, NEE diurnal variation typically exhibits distinct patterns and magnitudes (Zhou et al., 2009, Wu JK et al., 2020, Zhang et al., 2020). In this study, the diurnal NEE dynamics in the boreal forest ecosystem displayed a single peak curve, and the peak CO2 uptake period occurred between 8:30 and 9:30 in the morning. This is consistent with previous studies of Korean pine and boreal-leaved mixed forests in the Changbai Mountains (Guan et al., 2006). The maximum carbon uptake rate at this research site during the growing season attained -1.068 mg CO2 m-2 s-1, which is substantially larger than those reported for a Larix gmelinii forest in Central Siberia (-0.475 mg CO2 m-2 s-1, Nakai et al., 2008), and for a hemiboreal forest ecosystem in Estonia (-0.792 mg CO2 m-2 s-1, Rebane et al., 2020), but is similar to that from a Larix gmelinii forest in Daxing’anling Mountains (-1.09 mg CO2 m-2 s-1, Li and Zhang, 2015).

In our study, the seasonal variation in NEE was a U-shaped curve with a peak from June to July, which is consistent with earlier studies (Welp et al., 2007; Gill et al., 2015; Frelich et al., 2021). However, higher temperatures (17.54°C in August 2015 and 17.33°C in August 2017 compared to the 30-year average value of 15.38°C from 1991 to 2020) and ample precipitation (221.4 mm in August 2015 and 155.6 mm in August 2017 compared to the 30-year average value of 115.1 mm from 1991 to 2020) led to the occurrence of an additional small peak in August of 2015 and 2017. In the growing season from 2008 to 2018 (2013 was excluded), the average daily NEE accumulation was -4.69 (± 13.07) g CO2 m-2 d-1, which was within the range reported in previous studies (Table 5).


Table 5 | Comparison of growing season and annual CO2 budget among diverse forest ecosystems.



The boreal forest had an annual CO2 budget of -64.01 ± 24.23 g CO2 m-2 yr-1 over the studied years, and it acted as a CO2 sink. Previous studies on the forest ecosystems annual CO2 budget had a variety of magnitude values, most of which were carbon sinks (ranging from -382.74 g to -823.16 g CO2 m-2 yr-1). A few of them shifted from a carbon source to a sink, such as the boreal black spruce forest in Manitoba, Canada (Table 5). Comparatively, the boreal forest in this study was a relatively small carbon sink, mostly due to the colder climate and shorter growing season at higher latitudes.



4.2 Environmental regulations of NEE variations


4.2.1 Effects of radiation on NEE

Radiation, particularly PAR, has a significant impact on ecosystem photosynthesis and consequently, NEE (Baldocchi, 2014; Wang Y et al., 2019). This study also demonstrated that PAR elucidated most of the variance in half-hourly daytime NEE during the growing season (Table 1) and that the Michaelis–Menten model was a good fit to the relationship between daytime NEE and PAR (r2 > 0.76, p < 0.01; details in Table 6 and Figure 5). The parameters estimated from the model, including the initial light utilization rate (α), maximum photosynthetic rate (Amax), and daytime respiration intensity (Rd), are usually used as plant photosynthetic capacity indicators. In this study, the α values ranged from 0.0009 to 0.0019 mg CO2 μmol photon-1, with its maximum value (0.0019 mg CO2 μmol photon-1) appearing in June; Amax ranged from 0.0985 to 0.4995 mg CO2 m-2 s-1, with its maximum value appearing in July (0.4995 mg CO2 m-2 s-1), Rd ranged from 0.0994 to 0.1555 mg CO2 m-2 s-1, with its maximum value appearing in June (0.1555 mg CO2 m-2 s-1). Therefore, ecosystem carbon models should take into account the seasonal dynamics of photosynthetic capacity parameters to accurately estimate the carbon budget. Among them, Amax represents photosynthesis intensity in the ecosystem under saturated light intensity and reflects the impact of biochemical processes and physiological conditions on photosynthesis in the ecosystem (Zhou et al., 2017). Amax of boreal forests in this study was lower than that in previous studies, which could account for the comparatively low yearly carbon uptake of boreal forests (Li and Zhang, 2015; Li et al., 2019; Wang Q et al., 2019).


Table 6 | Parameters of NEE (net ecosystem CO2 exchange) light response curves during the growing seasons in the boreal forest ecosystem.






Figure 5 | Responses of NEEd (net ecosystem CO2 exchange in the daytime) to photosynthetically active radiation (PAR) during the growing seasons in boreal forest ecosystem.





4.2.2 Effects of temperature on NEE

Temperature was the most important controlling factor for night NEE in the growing season and for the NEE in the non-growing season (Table 1). We determined the model parameters for each month using the Lloyd and Taylor model for simulating the response of ecosystem respiration to varying soil temperatures (Table 7). Respiration at the reference temperature (RTref) gradually increased as the temperature rose, peaking in July; except for May, wherein in the initial growth stage, the temperature sensitivity (Q10) continuously decreased as the temperature increased (Chen et al., 2010; Han and Jin, 2018). As a result, Q10 was higher during the non-growing season than during the growing season. The rapid increase in the root and rhizosphere respiration rates at the beginning of the growing season might be the cause of the increased Q10 in May (Shabaga et al., 2015).


Table 7 | Monthly respiration-temperature response equation parameters of boreal forest ecosystems.





4.2.3 Effects of extreme temperature on NEE

Extreme temperatures have diverse effects on ecosystem photosynthesis and respiration; the net carbon uptake in the growing season is reduced when the adverse impact on photosynthesis is greater than that on respiration (Tatarinov et al., 2016; Krasnova et al., 2022). For example, in the Qianyanzhou subtropical coniferous forest, an extreme heat event lasting 36 days resulted in a 6.7% decrease in the annual ecosystem carbon uptake (Zhang et al., 2018). In a mixed conifer-broadleaved forest in Southern Estonia, an extreme high-temperature event that lasted for 19 days in 2018 caused the forest to change from a carbon sink to a carbon source (Krasnova et al., 2022). In this study, we found that the impact of extreme temperatures on carbon uptake was related to its duration and intensity. When extreme temperature events with short durations occur, if the temperature and water conditions in the early and late stages are suitable, the forest will maintain better resilience, and the net carbon uptake will reach the original level (Ciais et al., 2005; Zhang et al., 2018). For example, in the studied boreal forest, the cumulative growing season NEE did not decrease in 2016 and 2018 when the number of consecutive days of extreme high temperatures was insufficient to form an extreme heat event. Meanwhile, given that extreme temperature events often occur together with extreme drought, it is essential to evaluate the changes in carbon uptake under the synergy of the two (Wu HD et al., 2020, Yan et al., 2020).





5 Conclusion

The boreal forest ecosystem served as a weak carbon sink with an annual average NEE accumulation (2014–2018) of -64.01 ( ± 24.23) g CO2 m-2 yr-1 and growing season average (2008–2018; 2013 was excluded) of -676.01 (± 134.07) g CO2 m-2 growing season-1. Additionally, diurnal, seasonal, and interannual variations in NEE had obvious dynamic characteristics. In the growing season, PAR was the primary controlling factor of daytime NEE on a half-hourly scale, whereas Ta dominated the seasonal NEE variation on a daily scale. Conversely, Ts consistently had the greatest effect on non-growing season NEE across the half-hourly and daily scales. The interannual variation in NEE in the growing season was significant in relation to the MCU but not to the environmental factors and CUP. Extreme temperature events can reduce boreal forests carbon uptake, and the impact of extreme temperature on carbon uptake during the growing season is related to its duration and intensity.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author contributions

Conceptualization, LZ and GZ; methodology, YY and LZ; investigation, JS, YY and SZ; data curation, JS MZ and YW; writing—original draft preparation, YY; funding acquisition, LZ and GZ. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by National Science and Technology Basic Resources Survey Program of China, grant number 2019FY101302, National Natural Science Foundation of China, grant number 42141007, and China Meteorological Administration Innovation Development Special Project, grant number CXFZ2022P055.



Acknowledgments

The authors wish to acknowledge Bingrui Jia for the field work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Baldocchi, D. (2014). Measuring fluxes of trace gases and energy between ecosystems and the atmosphere - the state and future of the eddy covariance method. Global Change Biol. 20, 3600–3609. doi: 10.1111/gcb.12649

 Baul, T. K., Alam, A., Ikonen, A., Strandman, H., Asikainen, A., Peltola, H., et al. (2017). Climate change mitigation potential in Boreal forests: Impacts of management, harvest intensity and use of forest biomass to substitute fossil resources. Forests 8 (11), 455. doi: 10.3390/f8110455

 Bonan, G. B. (2008). Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science 320, 1444–1449. doi: 10.1126/science.1155121

 Bosch, A., Schmidt, K., HE, J. S., Doerfer, C., and Scholten, T. (2017). Potential CO2 emissions from defrosting permafrost soils of the qinghai-Tibet plateau under different scenarios of climate change in 2050 and 2070. Catena 149, 221–231. doi: 10.1016/j.catena.2016.08.035

 Burba, G. G., Mcdermitt, D. K., Grelle, A., Anderson, D. J., and Xu, L. (2008). Addressing the influence of instrument surface heat exchange on the measurements of CO2 flux from open-path gas analyzers. Global Change Biol. 14, 1854–1876. doi: 10.1111/j.1365-2486.2008.01606.x

 Chan, F. C. C., Altaf, M., Khomik, M., Brodeur, J. J., Peichl, M., Restrepo-coupe, N., et al. (2018). Carbon, water and energy exchange dynamics of a young pine plantation forest during the initial fourteen years of growth. For. Ecol. Manage. 410, 12–26. doi: 10.1016/j.foreco.2017.12.024

 Chen, B. Y., Liu, S. R., Ge, J. P., and Chu, J. X. (2010). Annual and seasonal variations of Q(10) soil respiration in the sub-alpine forests of the Eastern qinghai-Tibet plateau, China. Soil Biol. Biochem. 42, 1735–1742. doi: 10.1016/j.soilbio.2010.06.010

 Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogee, J., Allard, V., et al. (2005). Europe-Wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529–533. doi: 10.1038/nature03972

 Cintas, O., Berndes, G., Hansson, J., Poudel, B. C., Bergh, J., Borjesson, P., et al. (2017). The potential role of forest management in Swedish scenarios towards climate neutrality by mid century. For. Ecol. And Manage. 383, 73–84. doi: 10.1016/j.foreco.2016.07.015

 Dunn, A. L., Barford, C. C., Wofsy, S. C., Goulden, M. L., and Daube, B. C. (2007). A long-term record of carbon exchange in a boreal black spruce forest: means, responses to interannual variability, and decadal trends. Global Change Biol. 13, 577–590. doi: 10.1111/j.1365-2486.2006.01221.x

 Frelich, L. E., Montgomery, R. A., and Reich, P. B. (2021). Seven ways a warming climate can kill the southern Boreal forest. Forests 12 (5), 560. doi: 10.3390/f12050560

 Fu, Z., Stoy, P. C., Luo, Y., Chen, J., Sun, J., Montagnani, L., et al. (2017b). Climate controls over the net carbon uptake period and amplitude of net ecosystem production in temperate and boreal ecosystems. Agric. For. Meteorol. 243, 9–18. doi: 10.1016/j.agrformet.2017.05.009

 Fu, Z., Stoy, P. C., Poulter, B., Gerken, T., Zhang, Z., Wakbulcho, G., et al. (2019). Maximum carbon uptake rate dominates the interannual variability of global net ecosystem exchange. Global Change Biol. 25, 3381–3394. doi: 10.1111/gcb.14731

 Gauthier, S., Bernier, P., Kuuluvainen, T., Shvidenko, A. Z., and Schepaschenko, D. G. (2015). Boreal Forest health and global change. Science 349, 819–822. doi: 10.1126/science.aaa9092

 Gill, A. L., Gallinat, A. S., Sanders-demott, R., Rigden, A. J., Gianotti, D. J. S., Mantooth, J. A., et al. (2015). Changes in autumn senescence in northern hemisphere deciduous trees: a meta-analysis of autumn phenology studies. Ann. Bot. 116, 875–888. doi: 10.1093/aob/mcv055

 Guan, D. X., Wu, J. B., Han, S. J., Zhang, M., and Shi, T. T. (2006). Diurnal and seasonal variation of CO2 flux above the Korean pine and Boreal-leaved mixed forest in changbai mountain. Sci. Silvae Sinicae 10, 123–1128. doi: 10.11707/j.1001-7488.20061022

 Hadden, D., and Grelle, A. (2017). Net CO2 emissions from a primary boreo-nemoral forest over a 10 year period. For. Ecol. And Manage. 398, 164–173. doi: 10.1016/j.foreco.2017.05.008

 Han, M., and Jin, G. (2018). Seasonal variations of Q10 soil respiration and its components in the temperate forest ecosystems, northeastern China. Eur. J. Soil Biol. 85, 36–42. doi: 10.1016/j.ejsobi.2018.01.001

 Heijmans, M., Arp, W. T., and Chapin, F. S. (2004). Carbon dioxide and water vapour exchange from understory species in boreal forest. Agric. For. Meteorol. 123, 135–147. doi: 10.1016/j.agrformet.2003.12.006

 Holmberg, M., Aalto, T., Akujarvi, A., Arslan, A. N., Bergstrom, I., Bottcher, K., et al. (2019). Ecosystem services related to carbon cycling - modeling present and future impacts in Boreal forests. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00343

 Horemans, J. A., Janssens, I. A., Gielen, B., Roland, M., Deckmyn, G., Verstraeten, A., et al. (2020). Weather, pollution and biotic factors drive net forest - atmosphere exchange of CO2 at different temporal scales in a temperate-zone mixed forest. Agric. For. Meteorol. 291, 108059. doi: 10.1016/j.agrformet.2020.108059

 IPCC (2021). Climate change 2021: The physical science basis. contribution of working group I to the sixth assessment report of the intergovernmental panel on climate change (Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press).

 Jia, B., Sun, H., Shugart, H. H., Xu, Z., Zhang, P., and Zhou, G. S. (2021). Growth variations of dahurian larch plantations across northeast China: Understanding the effects of temperature and precipitation. J. Environ. Manage. 292, 112739. doi: 10.1016/j.jenvman.2021.112739

 Kang, X. M., Li, Y., Wang, J. Z., Yan, L., Zhang, X. D., Wu, H. D., et al. (2020). Precipitation and temperature regulate the carbon allocation process in alpine wetlands: quantitative simulation. J. Soils Sediment. 20, 3300–3315. doi: 10.1007/s11368-020-02643-x

 Krasnova, A., Mander, Ü., Noe, S. M., Uri, V., Krasnov, D., and Soosaar, K. (2022). Hemiboreal forests’ CO2 fluxes response to the European 2018 heatwave. Agric. For. Meteorol. 323, 109042. doi: 10.1016/j.agrformet.2022.109042

 Lenton, T. M., Held, H., Kriegler, E., Hall, J. M., Lucht, W., Rahmstorf, S., et al. (2008). Tipping elements in the earth's climate system. Proc. Natl. Acad. Sci. 105 (6), 1786–1793. doi: 10.1073/pnas.0705414105

 Li, R. D., Fan, Y. Q., Feng, P., Song, Z., and Li, X. H. (2019). Net ecosystem carbon exchange and its affecting factors in a deciduous broad-leaved forest in songshan, Beijing, China. Chin. J. Appl. Ecol. 31 (11), 3621–3630. doi: 10.13287/j.1001-9332.202011.008

 Li, X. R., Sun, X. M., Zhang, J. H., Wang, H. M., and Yan, J. H. (2014). Effects of temperature on the seasonal dynamics and interannual variability of carbon flux in china's typical forests. Quat. Sci. 34, 752–761. doi: 10.3969/j.issn.1001-7410.2014.04.07

 Liu, F., Wang, X., Wang, C., and Zhang, Q. (2021). Environmental and biotic controls on the interannual variations in CO2 fluxes of a continental monsoon temperate forest. Agric. For. Meteorol. 296, 108232. doi: 10.1016/j.agrformet.2020.108232

 Li, X. M., and Zhang, Q. L. (2015). Carbon flux and its impact factors of larix gmelinii forest ecosystem during growing season. J. Northw. A F Univ. (Natural Sci. Edition) 43, 121–128. doi: 10.13207/j.cnki.jnwafu.2015.06.010

 Mckay, D. I. A., Staal, A., Abrams, J. F., Winkelmann, R., Sakschewski, B., Loriani, S., et al. (2022). Exceeding 1.5 c global warming could trigger multiple climate tipping points. Science 377 (6611), eabn7950. doi: 10.1126/science.abn7950

 Meehl, G. A., and Tebaldi, C. (2004). More intense, more frequent, and longer lasting heat waves in the 21st century. SCIENCE 305, 994–997. doi: 10.1126/science.1098704

 Nakai, Y., Matsuura, Y., Kajimoto, T., Abaimov, A. P., Yamamoto, S., and Zyryanova, O. A. (2008). Eddy covariance CO2 flux above a gmelin larch forest on continuous permafrost in central Siberia during a growing season. Theor. Appl. Climatol. 93, 133–147. doi: 10.1007/s00704-007-0337-x

 Oquist, M. G., Bishop, K., Grelle, A., Klemedtsson, L., Kohler, S. J., Laudon, H., et al. (2014). The full annual carbon balance of Boreal forests is highly sensitive to precipitation. Environ. Sci. Technol. Lett. 1, 315–319. doi: 10.1021/ez500169j

 Pan, Y. D., Birdsey, R. A., Fang, J. Y., Houghton, R., Kauppi, P. E., Kurz, W. A., et al. (2011). A Large and persistent carbon sink in the world's forests. SCIENCE 333, 988–993. doi: 10.1126/science.1201609

 Papale, D., Reichstein, M., Aubinet, M., Canfora, E., Bernhofer, C., Kutsch, W., et al. (2006). Towards a standardized processing of net ecosystem exchange measured with eddy covariance technique: algorithms and uncertainty estimation. Biogeosciences 3, 571–583. doi: 10.5194/bg-3-571-2006

 Park, H., Iijima, Y., Yabuki, H., Ohta, T., Walsh, J., Kodama, Y., et al. (2011). The application of a coupled hydrological and biogeochemical model (CHANGE) for modeling of energy, water, and CO2 exchanges over a larch forest in eastern. Siberia J. Geophys. Res.-Atmos. 116, D15. 116. doi: 10.1029/2010JD015386

 Peterson, T. C., and Manton, M. J. (2008). Monitoring changes in climate extremes - a tale of international collaboration. Bull. Am. Meteorol. Soc. 89, 1266–1271. doi: 10.1175/2008BAMS2501.1

 Piznak, M., and Backor, M. (2019). Lichens affect boreal forest ecology and plant metabolism. South Afr. J. Bot. 124, 530–539. doi: 10.1016/j.sajb.2019.06.025

 Rebane, S., Jõgiste, K., Kiviste, A., Stanturf, J. A., and Metslaid, M. (2020). Patterns of carbon sequestration in a young forest ecosystem after clear-cutting. Forests 11, 126. doi: 10.3390/f11020126

 Rebane, S., Jõgiste, K., Põldveer, E., Stanturf, J. A., and Metslaid, M. (2019). Direct measurements of carbon exchange at forest disturbance sites: a review of results with the eddy covariance method. Scand. J. For. Res. 34, 585–597. doi: 10.1080/02827581.2019.1659849

 Reichstein, M., and Carvalhais, N. (2019). Aspects of forest biomass in the earth system: Its role and major unknowns. Surv. In Geophys. 40, 693–707. doi: 10.1007/s10712-019-09551-x

 Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier, P., et al. (2005). On the separation of net ecosystem exchange into assimilation and ecosystem respiration: review and improved algorithm. Global Change Biol. 11, 1424–1439. doi: 10.1111/j.1365-2486.2005.001002.x

 Saigusa, N., Ichii, K., Murakami, H., Hirata, R., Asanuma, J., Den, H., et al. (2010). Impact of meteorological anomalies in the 2003 summer on gross primary productivity in East Asia. Biogeosciences 7, 641–655. doi: 10.5194/bg-7-641-2010

 Savitzky, A., and Golay, M. (1964). Smoothing and differentiation of data by simplified least squares procedures. Anal. Chem. 36, 1627–1639. doi: 10.1021/ac60214a047

 Seneviratne, S. I., Zhang, X., Adnan, M., Badi, W., Dereczynski, C., Di Luca, A., et al. (2021). Climate change 2021: The physical science basis. contribution of working group I to the sixth assessment report of the intergovernmental panel on climate change (Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press).

 Shabaga, J. A., Basiliko, N., Caspersen, J. P., and Jones, T. A. (2015). Seasonal controls on patterns of soil respiration and temperature sensitivity in a northern mixed deciduous forest following partial-harvesting. For. Ecol. Manage. 348, 208–219. doi: 10.1016/j.foreco.2015.03.022

 Shao, H., Zhang, Y. D., Yu, Z., Gu, F. X., and Peng, Z. T. (2022). The resilience of vegetation to the 2009/2010 extreme drought in southwest China. Forests 13 (6), 851. doi: 10.3390/f13060851

 Soloway, A. D., Amiro, B. D., Dunn, A. L., and Wofsy, S. C. (2017). Carbon neutral or a sink? uncertainty caused by gap-filling long-term flux measurements for an old-growth boreal black spruce forest. Agric. And For. Meteorol. 233, 110–121. doi: 10.1016/j.agrformet.2016.11.005

 Tatarinov, F., Rotenberg, E., Maseyk, K., Ogee, J., Klein, T., and Yakir, D. (2016). Resilience to seasonal heat wave episodes in a Mediterranean pine forest. New Phytol. 210, 485–496. doi: 10.1111/nph.13791

 Tian, H. Q., Xu, R. T., Canadell, J. G., Thompson, R. L., Winiwarter, W., Suntharalingam, P., et al. (2020). A comprehensive quantification of global nitrous oxide sources and sinks. NATURE 586, 248–256. doi: 10.1038/s41586-020-2780-0

 Van Gorsel, E., Berni, J. A. J., Briggs, P., Cabello-Leblic, A., Chasmer, L., Cleugh, H. A., et al. (2013). Primary and secondary effects of climate variability on net ecosystem carbon exchange in an evergreen eucalyptus forest. Agric. For. Meteorol. 182, 248–256. doi: 10.1016/j.agrformet.2013.04.027

 Venalainen, A., Lehtonen, I., Laapas, M., Ruosteenoja, K., Tikkanen,, Viiri, H., et al. (2020). Climate change induces multiple risks to boreal forests and forestry in Finland: A literature review. Global Change Biol. 26, 4178–4196. doi: 10.1111/gcb.15183

 Venier, L. A., Walton, R., Thompson, I. D., Arsenault, A., and Titus, B. D. (2018). A review of the intact forest landscape concept in the Canadian boreal forest: its history, value, and measurement. Environ. Rev. 26, 369–377. doi: 10.1139/er-2018-0041

 Walsh, J. E. (2014). Intensified warming of the Arctic: Causes and impacts on middle latitudes. Global Planet. Change 117, 52–63. doi: 10.1016/j.gloplacha.2014.03.003

 Wang, X., Wang, C., Guo, Q., and Wang, J. (2016). Improving the CO2 storage measurements with a single profile system in a tall-dense-canopy temperate forest. Agric. For. Meteorol. 228-229, 327–338. doi: 10.1016/j.agrformet.2016.07.020

 Wang, Q., Wang, Y. Q., Ma, C., Wang, B., and Li, Y. F. (2019). Characteristics of carbon fluxes and their response to environmental factors in ecosystems of mixed coniferous and broad-leaved forests in jinyun mountain. Resour. Environ. Yangtze Basin 28 (3), 75–86. doi: CNKI:SUN:CJLY.0.2019-03-007

 Wang, Y., Zhou, L., Jia, Q. Y., and Ping, X. Y. (2019). Direct and indirect effects of environmental factors on daily CO2 exchange in a rainfed maize cropland-a SEM analysis with 10 year observations. Field Crops Res. 242, 107591. doi: 10.1016/j.fcr.2019.107591

 Webb, E. K., Pearman, G. I., and Leuning, R. (1980). Correction of flux measurements for density effects due to heat and water vapour transfer. Q. J. Of R. Meteorol. Soc. 106, 85–100. doi: 10.1002/qj.49710644707

 Welp, L. R., Randerson, J. T., and Liu, H. P. (2007). The sensitivity of carbon fluxes to spring warming and summer drought depends on plant functional type in boreal forest ecosystems. Agric. For. Meteorol. 147, 172–185. doi: 10.1016/j.agrformet.2007.07.010

 Wen, X. F., Wang, H. M., Wang, J. L., Yu, G. R., and Sun, X. M. (2010). Ecosystem carbon exchanges of a subtropical evergreen coniferous plantation subjected to seasonal drought 2003–2007. Biogeosciences 7, 357–369. doi: 10.5194/bg-7-357-2010

 Wu, J. K., Wu, H., Ding, Y. J., Qin, J., Li, H. Y., Liu, S. W., et al. (2020). Interannual and seasonal variations in carbon exchanges over an alpine meadow in the northeastern edge of the qinghai-Tibet plateau, China. PloS One 15, e0228470. doi: 10.1371/journal.pone.0228470

 Wu, H. D., Yan, L., Li, Y., Zhang, K., Hao, Y. B., Wang, J. Z., et al. (2020). Drought-induced reduction in methane fluxes and its hydrothermal sensitivity in alpine peatland. PeerJ 8, e8874. doi: 10.7717/peerj.8874

 Xu, X. J., Du, H. Q., Fan, W. L., Hu, J. G., Mao, F. J., and Dong, H. (2019). Long-term trend in vegetation gross primary production, phenology and their relationships inferred from the FLUXNET data. J. Of Environ. Manage. 246, 605–616. doi: 10.1016/j.jenvman.2019.06.023

 Yan, Z. Q., Li, Y., Wu, H. D., Zhang, K., Hao, Y. B., Wang, J. Z., et al. (2020). Different responses of soil hydrolases and oxidases to extreme drought in an alpine peatland on the qinghai-Tibet plateau, China. Eur. J. Soil Biol. 99, 103195. doi: 10.1016/j.ejsobi.2020.103195

 Yu, G. R., Chen, Z., Piao, S. L., Peng, C. H., Ciais, P., Wang, Q. F., et al. (2014). High carbon dioxide uptake by subtropical forest ecosystems in the East Asian monsoon region. Proc. Of Natl. Acad. Of Sci. Of United States Of America 111, 4910–4915. doi: 10.1073/pnas.1317065111

 Yuri, M., Xinyue, Y., and D.K., Y. (2021). Structural path analysis of extreme weather events: An application to hurricane Katrina and superstorm sandy. Appl. Geogr. 136, 102561. doi: 10.1016/j.apgeog.2021.102561

 Yu, G. R., Wen, X. F., Sun, X. M., Tanner, B. D., Lee, X. H., and Chen, J. Y. (2006). Overview of ChinaFLUX and evaluation of its eddy covariance measurement. Agric. And For. Meteorol. 137, 125–137. doi: 10.1016/j.agrformet.2006.02.011

 Zhang, Q., Lei, H. M., Yang, D. W., Xiong, L. H., Liu, P., and Fang, B. J. (2020). Decadal variation in CO2 fluxes and its budget in a wheat and maize rotation cropland over the north China plain. Biogeosciences 17, 2245–2262. doi: 10.5194/bg-17-2245-2020

 Zhang, M., Wen, X. F., Zhang, L. M., Wang, H. M., Guo, Y. W., and Yu, G. R. (2018). Multi-temporal scale analysis of impacts of extreme high temperature on net carbon uptake in subtropical coniferous plantation. Chin. J. Appl. Ecol. 29 (2), 421–432. doi: 10.13287/j.1001-9332.201802.015

 Zhang, J. H., Yu, G. R., Han, S. J., Guan, D. X., and Sun, X. M. (2006a). Seasonal and annual variation of CO2 flux above a broadleaved Korean pine mixed forest. Sci. China Ser. D-Earth Sci. 49, 63–73. doi: 10.1007/s11430-006-8063-2

 Zhou, L. G., Song, Q. H., Zhang, Y. P., Fei, X. H., Deng, Y., Wu, C. S., et al. (2017). Comparison of net ecosystem exchange light-response curve fitted parameters at four types of forest ecosystems. Chin. J. Ecol. 36, 1815–1824. doi: 10.13292/j.1000-4890.201707.038

 Zhou, L., Zhou, G. S., and Jia, Q. Y. (2009). Annual cycle of CO2 exchange over a reed (Phragmites australis) wetland in northeast China. Aquat. Bot. 91, 91–98. doi: 10.1016/j.aquabot.2009.03.002

 Zhu, Z. L., Sun, X. M., Wen, X. F., Zhou, Y. L., Tian, J., and Yuan, G. F. (2006). Study on the processing method of nighttime CO2 eddy covariance flux data in ChinaFLUX. Sci. China Ser. D-Earth Sci. 49, 36–46. doi: 10.1007/s11430-006-8036-5


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Yan, Zhou, Zhou, Wang, Song, Zhang and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 27 January 2023

doi: 10.3389/fpls.2023.1043807

[image: image2]



Spatiotemporal dynamics of net primary productivity and its influencing factors in the middle reaches of the Yellow River from 2000 to 2020



Wenxi Xuan 1,2 and Liangyi Rao 1,2*



1 College of Soil and Water Conservation, Beijing Forestry University, Beijing, China, 2 Key Laboratory of State Forestry and Grassland Administration on Soil and Water Conservation, Beijing, China





Edited by: 

Shoujia Sun, Chinese Academy of Forestry, China

Reviewed by: 

Xiangjin Shen, Northeast Institute of Geography and Agroecology (CAS), China

Yajuan Jane Zhu, Chinese Academy of Forestry, China


*Correspondence: 

Liangyi Rao
 raoliangyi@bjfu.edu.cn


Specialty section: 
 
This article was submitted to Functional Plant Ecology, a section of the journal Frontiers in Plant Science



Received: 14 September 2022

Accepted: 02 January 2023

Published: 27 January 2023

Citation:
Xuan W and Rao L (2023) Spatiotemporal dynamics of net primary productivity and its influencing factors in the middle reaches of the Yellow River from 2000 to 2020. Front. Plant Sci. 14:1043807. doi: 10.3389/fpls.2023.1043807




Introduction

Net primary productivity (NPP) is an important indicator used to characterize the productivity of terrestrial ecosystems. The spatial distribution and dynamic change in NPP are closely related to regional climate, vegetation growth and human activities. Studying the spatiotemporal dynamics of NPP and its influencing factors plays a vital role in understanding ecosystem carbon sink capacity.



Methods

Based on MODIS-NPP data, meteorological data, and land use data from 2000 to 2020, we analyzed the spatiotemporal variation characteristics and influencing factors of NPP in the middle reaches of the Yellow River (MRYR) by using unary linear regression analysis, third-order partial correlation analysis, and Sen+Mann-Kendall trend analysis.



Results

The results showed that the annual average NPP of the MRYR was 319.24 gCm-2a-1 with a spatially decreasing trend from the southern part to the northern part. From 2000 to 2020, the annual average NPP experienced a fluctuating upward trend at a rate of 2.83 gCm-2a-1, and the area with a significant upward trend accounted for 87.68%. The NPP of different land use types differed greatly, in which forest had the greatest increase in NPP. Temperature had a negative correlation with NPP in most parts of the MRYR. Water vapor pressure promoted the accumulation of NPP in the northwestern MRYR. The areas with a positive correlation between NPP and water vapor pressure accounted for 87.6%, and 20.43% of the MRYR area passed the significance test of P< 0.05.



Conclusion

The results of the study highlight the impact of climate factors and land-use changes on NPP and provide theoretical guidance for high-quality sustainable development in the MRYR.
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1 Introduction

Vegetation can regulate the carbon cycle in the ecosystem through photosynthesis and respiration. A large amount of vegetation has been planted to regulate the amount of surface solar radiation, increase atmospheric humidity and adjust the local temperature, which promotes energy flow and material circulation in the ecosystem (Ji et al.,2020). The climate system provides suitable environmental conditions for vegetation growth. With continuous changes in temperature, the climate that affects plant growth has been widely studied by scholars (Gang et al., 2017; Sun et al., 2019). Net primary productivity (NPP) is the total amount of organic matter produced by the photosynthesis of vegetation minus autotrophic respiration consumption. As an important ecological indicator of the carbon budget of the terrestrial ecosystem (Potter et al., 2003; Piao et al., 2008), NPP not only reflects the photosynthetic production capacity of vegetation without human factors but also represents the quality of the terrestrial ecosystem and plays an active role in the surface carbon cycle (He and Zhang, 2006; Wang et al., 2021; Zhang et al., 2022). Therefore, the study of NPP is of great significance to the global carbon cycle and is conducive to the early realization of the “carbon peak” and “carbon neutrality” targets worldwide. In the mid-20th century, scholars at home and abroad began to pay extensive attention to the influence of climate change on NPP (Guo et al., 2012; Hossain et al., 2021). However, different climate factors have different mechanisms of influence on NPP in different regions (Zarei et al., 2021; Shen et al., 2022; Wergifosse et al., 2022). Solar radiation and annual average temperature are the main influencing factors of NPP change in the Guangxi karst area (Liu et al., 2017). Solar radiation and water vapor pressure were the main climatic factors affecting NPP in Hunan Province (Yan et al., 2022). In Hubei Province, NPP was positively related to temperature (Mao et al., 2022). In northern China, rainfall accelerated vegetation growth and promoted the accumulation of NPP, but temperature limited the increase in NPP (Ren et al., 2021). The effect of solar radiation and precipitation on NPP in Inner Mongolia was stronger than that of temperature (Hao et al., 2021). However, in different periods, the climate factors affecting NPP change in the same region were different. From 1982 to 1999, the enhancement of solar radiation was beneficial to the accumulation of NPP (Ke et al., 2003), while from 2000 to 2015, precipitation and temperature significantly promoted NPP increases in the Yangtze River Basin (Feng and Xie, 2022). From 1982 to 1999, NPP was mainly affected by solar radiation and temperature, while from 2000 to 2020, temperature and precipitation became the dominant climatic elements of NPP in the Qinghai-Tibet Plateau (Piao et al., 2006; Liu et al., 2022). Climate factors affect the physiological processes of vegetation by changing environmental conditions, thereby influencing the increase in NPP. However, vegetation growth is affected not only by climate factors but also by land use changes. For example, with the rapid urban expansion in Guangdong Province, a large amount of forest and cropland were occupied by construction land, which was not conducive to the accumulation of NPP (Jiang et al., 2016). From 2001 to 2015, the “Grain for Green” project was carried out in the Shule River Basin of Gansu Province and forest and grassland replaced a number of croplands, leading to a significant increase in NPP (Zhou et al., 2021). Because NPP is affected by many factors, NPP shows complex responses temporally and spatially. The driving mechanism of the spatial-temporal variation in NPP at the regional level remains unclear.

The middle reaches of the Yellow River (MRYR) flow through the Loess Plateau, which is located in humid, subhumid arid and semiarid zones with diverse vegetation types. Due to improper land use and excessive exploitation, the Loess Plateau has a large amount of sediment washing. The fragile ecological environment seriously limited the economic development of the surrounding provinces and cities. Therefore, strengthening the control of soil and water loss in the MRYR is an inevitable requirement to comply with the goal of high-quality development in the Yellow River Basin (Li et al., 2022). Planting a large amount of vegetation effectively alleviated the contradiction between water and sediment (Wang and Liu, 1999). Ecological measures such as “Grain for Green” and “Three North shelterbelts” have been implemented in the MRYR (Wei et al., 2018), resulting in a significant increase in vegetation coverage, which was directly reflected in the dynamic changes in NPP (Xin et al., 2007; Wang et al., 2009). Previous studies have mainly concentrated on the spatial and temporal distribution of NPP and its correlation with precipitation and temperature in the whole region of the Yellow River Basin (Wang et al., 2022; Xiao et al., 2022). Owing to the Yellow River basin flowing through a wide area, the complicated ecological environment and the obvious regional differences between the upper, middle, and lower reaches, it is difficult to study the NPP of the Yellow River basin as a whole to achieve accurate local implementation. Meanwhile, the MRYR suffers from serious soil and water losses, has become the main source of sediments and is the most fragile region in the Yellow River basin. The MRYR basin’s high-quality development is constrained by the conflict between water and sediment (Gao et al., 2011). Analyzing the variation in spatial and temporal characteristics of NPP in the MRYR is helpful for the evaluation of regional ecosystem productivity, which can directly reflect the change in the regional terrestrial carbon cycle and is an important index to reveal the regional carbon source/sink process. Clarifying the spatial-temporal variations in NPP and its response to climate factors is vital to establish scientific underpinnings for achieving “carbon peak” and “carbon neutral” and promoting green economic development in the MRYR.

Therefore, the MRYR was selected as the research object. Based on Moderate Resolution Imaging Spectroradiometer (MODIS) NPP data, meteorological data, and land use data from 2000 to 2020, we sought to describe trends in NPP and identify the main drivers of NPP. To answer this question, we proposed the following hypotheses: (1) the NPP significantly increased in the past 21 years in the MRYR; (2) the change in land use types may promote the accumulation of NPP in the study area; and (3) temperature was negatively correlated with NPP in most areas of the MRYR.



2 Materials and methods



2.1 Study area

The MRYR refers to the area from the Toudaoguai hydrological station to the Huayuankou hydrological station, which is located at 32° ~42° N and 104° ~113° E (
Figure 1
) and crosses the six provinces of Shaanxi, Inner Mongolia, Shanxi, Henan, Gansu, and Ningxia. The MRYR reaches the Qinling Mountains in the south, the Lvliang Mountains in the east, the Loess Plateau in the middle and the Ordos Plateau in the northwest. The total length of this reach is approximately 1234.6 km, and the drainage area is approximately 362000 km2, accounting for 45.7% of the Yellow River Basin (He et al., 2022). The MRYR includes seven primary tributaries, such as the Kuye River, Tuwei River, and Wuding River, from north to south. The water source in the MRYR is mainly supplied by precipitation, which is mainly concentrated in summer. The precipitation in winter is low, with an average annual precipitation of 500–800 mm and an average annual temperature of 9.2–10.7 °C, indicating an arid to semiarid climate (Wang et al., 2021). Vegetation types in the MRYR mainly include sparse shrubby steppe, grassland belts, coniferous forest belts and deciduous broad-leaved forest belts (Yan et al., 2018). Grassland is widely distributed in the study area, accounting for more than 40% of the total area. The dominant species were Artemisia ordosica, Leymus secalinus and Stipa bungeana (Jiang et al., 2015). Cropland is mainly planted with wheat, corn and sweet potato, and is distributed in plain and hilly areas. The forests are mainly distributed in high mountains and middle mountains. The forest is mainly composed of secondary broad-leaved forest, mixed coniferous, broad-leaved forest and temperate coniferous forest. The tree species are Betula platyphylla, Populus davidiana, Robinia pseudoacacia, Pinus tabulaeformis, Platycladus orientalis and Querusmongolica. The main species of shrubs include Hippophae rhamnoides and Caragana korshinskii (Jian et al., 2022). In addition, the basin has poor corrosion resistance and serious erosion. Therefore, the situation of soil erosion in this area is very severe.




Figure 1 | 
Location of the study area.





2.2 Data and processing

In this study, NPP data were derived from MOD17A3HGF of NASA (https://ladsweb.modaps.eosdis.nasa.gov/) from 2000 to 2020. The spatial resolution of the data was 500 m, the data format was GeoTIFF, and the projection format was WGS84. After the data were acquired, the MRT (MODIS Reprojection Tool) tool available on the NASA website was used for splicing, cutting and other operations. Then, the images processed by MRT were cropped by ArcGIS10.2, and the invalid values were removed. These data have undergone a series of rigorous technical processes with high accuracy and have been widely used by a large number of scholars (Ma et al., 2021; Gang et al., 2022; Ma et al., 2022). DEM (digital elevation model) data were derived from the geospatial data cloud (https://www.gscloud.cn/), and were mainly extracted from the boundary of the MRYR. The land use data were extracted according to the basin boundary from the Resource and Environmental Science and Data Center (https://www.resdc.cn/). For the convenience of research, the land use data were divided into six ground feature categories: cropland, forest, grassland, waterbody, construction land, and bare land. Bare land with low vegetation coverage mainly includes wild grassland, saline alkali land, marshland and sandy land. Meteorological data, including precipitation, temperature, water vapor pressure and solar radiation, were downloaded from the Google Earth Engine (GEE) remote sensing cloud platform. GEE is a geographic data analytics platform with a powerful climate database and high-performance computing services for fast data acquisition. As a remote sensing platform, its ability to quickly analyze data makes it an invaluable tool for studying global climate change (Patel et al., 2015; Ravanelli et al., 2018). Meteorological data were obtained from Terra Climate University of Idaho’s monthly climate and climate water balance dataset on global land surfaces (IDAHO_EPSCOR/TERRA CLIMATE). TerraClimate is a dataset of monthly climate and climate water balance on the global land surface and is currently the highest spatial resolution climate data product (Abatzoglou et al., 2018). This dataset provides the spatial distribution of climate factors by the climate-assisted interpolation method and water balance model (Patel et al., 2015; Ravanelli et al., 2018). Based on the vector boundary of the MRYR, the temperature, precipitation, solar radiation and water vapor pressure data from 2000 to 2020 were extracted year by year on the GEE cloud platform, and then the outliers were eliminated by ArcGIS. The partial correlation analysis was conducted with NPP data in MATLAB software.



2.3 Methodology



2.3.1 Trend analysis of NPP

The univariate linear regression method was used to analyze the interannual change trend of NPP data (Zhao et al., 2018). The formula for trend analysis is expressed as follows:



where Slope is the interannual rate of NPP change, n is 21 for years from 2000 to 2020, and NPPi is the amount of NPP in year i.



2.3.2 Sen+Mann-Kendall trend analysis

The Theil-Sen Median method is also known as Sen slope estimation. The calculation method is efficient, and the error caused by observation has little influence on the result, so it is suitable for long time series data (Chen et al., 2022). The formula for the Sen+Mann-Kendall trend analysis is expressed as follows:



where 1<j<i<n, n is the total time sequence length; NPPi and NPPj are the sample time series dataset; and Median is the median function. If β > 0, NPP showed an increasing trend; if β< 0, NPP showed a downward trend.

The Mann-Kendall (MK) test is used to test the change trend of variables over time, which does not require data to follow the normal distribution, and data loss and anomalies do not influence the results. This method is usually used for a significance test of the trend of long-term sequence data. The formula of test statistic S is expressed as follows:



where sgn() is the symbolic function. The formula is expressed as follows:



The test statistic Z is used for the trend test, and the formula of the Z value is expressed as follows:



where the formula of Var is expressed as follows:



When |Z|≤Z1−α/2, it accepts the null hypothesis, that is, there is no clear trend; if |Z| >Z1−α/2, it rejects the null hypothesis, namely, the trend of a significant change. Z1−α/2 is the corresponding value of the given significance level α = 0.05 in the standard normal distribution table, that is, Z1−α/2 = ± 1.96. When the absolute value of Z is greater than 1.96, it indicates that the trend has passed the significance test with 95% reliability.



2.3.3 

Partial correlation analysis

There are many factors affecting NPP. To analyze the correlation between only one variable and NPP, the influence of other variables needs to be removed. Therefore, this paper adopted third-order partial correlation analysis to achieve the correlation analysis of the three factors and used a T-test to test the results of partial correlation analysis (Tian et al., 2019). The formula of partial correlation analysis is expressed as follows:



Where rij·mn
, rij·mn
 and rjh·mn
 are the partial correlation coefficients of variables i, j, i, h and j, h, respectively. The formula of the T- test is expressed as follows:



where t is the statistic value of the T- test, r is the partial correlation coefficient of the corresponding variable, n is the number of samples, k is the number of controllable variables, and n-k-2 is the degrees of freedom.





3 Results



3.1 Interannual variation in NPP

Based on the statistical analysis of NPP in the MRYR from 2000 to 2020, the annual average NPP was 319.24 gCm-2a-1. The annual variation in NPP ranged from 198.21 gCm-2a-1 to 403.57 gCm-2a-1, reaching a peak in 2018 and a low value in 2001. The annual average NPP of the MRYR showed a significant increasing trend (P< 0.01) (
Figure 2
).




Figure 2 | 
The changing trend of the annual average NPP from 2000 to 2020.





3.2 Spatial distribution characteristics of NPP

From 2000 to 2020, the spatial distribution of the annual average NPP in the MRYR was significantly different (
Figure 3A
), gradually decreasing from south to north. The NPPs in the Qinling Mountains and Ziwuling were higher, and those in the Mu Us Sandy Land were lower. The annual average NPP in the MRYR ranged from 52.65 to 1048.17 gCm-2a-1, of which 12% of the regional average NPP was within 200 gCm-2a-1, mainly distributed in southern Inner Mongolia, northwestern Shaanxi, and eastern Ningxia; 51% of the regional NPP average value was 200–400 gCm-2a-1, which was mainly distributed in northeastern Shaanxi and western Shanxi. The vegetation in central Shaanxi, southwestern Shanxi and eastern Gansu was dense, and the average value of NPP was as high as 400–600 gCm-2a-1. The maximum value occurred in the southern part of the MRYR in 2018, and the lowest value appeared in 2002 in southern Inner Mongolia. A total of 97.35% of the MRYR showed an increasing trend, of which the significantly increased area accounted for 87.68%; only 0.84% of the areas showed a downward trend, and 0.2% of the areas showed a significant downward trend (
Figure 3B
). At the spatial scale, NPP increased significantly in the western part of the study area. The decreasing area was mainly scattered in the southern part of the MRYR.




Figure 3 | 
The spatial distribution (A) and significance level (B) of annual average NPP in the MRYR.





3.3 NPP variation characteristics in different land use types

Based on the analysis of the land use transfer matrix in the MRYR from 2000 to 2020, the results showed that the land use types were mainly cropland, forest and grassland (
Table 1
). From 2000 to 2020, a total of 140305 km2 of land changed in land use mode, among which a large number of trees and grasses were planted, and part of the cropland was occupied. Therefore, the cropland was greatly reduced and was mainly converted to grassland (38439 km2, 27.5%) and forest (9552 km2, 6.8%). The conversion of cropland to forest resulted in an increase of 1.82 TgC in NPP (
Table 2
). The areas of grassland converted to cropland and forest were 34262 km2 (28.6%) and 12001 km2 (10.0%), respectively, which increased NPP by 10.49 TgC. Due to the rapid development of the city, a large amount of cropland was occupied by construction land, which increased the construction land by 8515 km2 (6.1%), resulting in a loss of 0.73 TgC in NPP. The transformation of other land use types resulted in a lower NPP transfer. At the spatial scale (
Figure 4
), the conversion of cropland into grassland was mainly distributed in northern Shaanxi and eastern Gansu. The NPP in this region increased significantly. The conversion of grassland into forest was mainly distributed in central Shaanxi and western Shanxi. In the areas where such land use changes occurred, the NPP showed a significant increasing trend. The overall area of grassland slightly increased, but the spatial distribution showed obvious changes.


Table 1 | 
Transition matrix of land use types between 2000 and 2020 (km2).





Table 2 | 
The amount of NPP transferred during the change in land use types in the MRYR from 2000 to 2020 (TgC).







Figure 4 | 
Spatial distribution of different land use types in the MRYR in 2000 (A) and 2020 (B).




The annual average NPP of different land use types in the MRYR varied greatly (
Figure 5
), among which the forest NPP was always at the highest value among the six land use types, ranging from 400-500 gCm-2a-1. The second highest NPP was cropland and grassland, and the annual average NPP was 200–450 gCm-2a-1. The annual average NPP of bare land was the lowest, maintaining 104–222 gCm-2a-1. Grassland increased at a rate of 3.35 gCm-2a-1, with the most significant growth rate. Cropland increased at a rate of 3.01 gCm-2a-1, ranking second among the six land use types, and construction land increased the slowest at a rate of 2.21 gCm-2a-1. The annual average NPP of the six land use types peaked in 2018. The annual average NPP of the forest reached a maximum value of 540.14 gCm-2a-1 in 2018. The annual average NPPs of cropland and grassland were relatively close, 442.65 gCm-2a-1 and 424.12 gCm-2a-1, respectively, and the lowest NPP was observed in bare land, 220.66 gCm-2a-1, in 2018. In conclusion, the changes among different land types directly affect the spatiotemporal changes in NPP.




Figure 5 | 
Change of NPP with different land use types in the MRYR during 2000-2020.





3.4 The relationship between NPP and climatic factors

To examine the effects of meteorological factors on NPP, we analyzed the temporal and spatial distributions of four climate factors. The annual average temperature ranged from 9.4 to 10.7 °C and showed a fluctuating upward trend during the period of 2000 – 2020 (
Figure 6A
). The spatial distribution of annual average temperature in the MRYR was significantly different, showing a general trend of high temperature in the east and low temperature in the west and high temperature in the south and low temperature in the north. The temperature in the west decreased while that in the east was increased from 2000 to 2020 (
Figures 7A
, 
8A
). The annual precipitation range of the MRYR was 507.5–858.6 mm. The highest precipitation occurred in 2003, and the lowest precipitation occurred in 2008. The overall trend of precipitation was downward (
Figure 6B
). The special topographic conditions in the MRYR caused obvious regional differences in the annual average rainfall, decreasing from southeast to northwest. The precipitation in the eastern part of Gansu Province, the central part of Shaanxi Province and the northern part of Shanxi Province was on the rise, while the precipitation in the western part of Henan Province and the southern part of Inner Mongolia was on the decline (
Figures 7B
, 
8B
). From 2000 to 2020, the average annual water vapor pressure in the MRYR was 80.5 kPa, and the annual average water vapor pressure ranged from 74.8 to 88.6 kPa. The lowest value of water vapor pressure occurred in 2005, and the highest value occurred in 2016. There was no obvious increasing trend (
Figure 6C
). In spatial distribution, the south was spatially higher than the north. In the southeastern MRYR, the water vapor pressure showed a downward trend, while in other parts of the region, it showed an upward trend from 2000 to 2020 (
Figures 7C
, 
8C
). The average solar radiation in the MRYR was 5357.73 MJ. The minimum value was 5016.27 MJ, which occurred in 2003, and the maximum value was 5551.6 MJ, which occurred in 2013 (
Figure 6D
). Overall, the average solar radiation in the MRYR had no obvious increasing trend. Spatially, it showed a gradual downward trend from north to south. The eastern part of the MRYR showed an upward trend, while the western part of the MRYR showed a downward trend from 2000 to 2020 (
Figures 7D
, 
8D
).




Figure 6 | 
Change trends of temperature (A), precipitation (B), vapor pressure (C) and solar radiation (D) in the MRYR from 2000 to 2020.







Figure 7 | 
Spatial distributions of temperature (A), precipitation (B), vapor pressure (C) and solar radiation (D) in the MRYR from 2000 to 2020.







Figure 8 | 
Spatial distributions of temperature (A), precipitation (B), vapor pressure (C) and solar radiation (D) trends in the MRYR from 2000 to 2020.




Because vegetation needs to synthesize organic matter and store energy through photosynthesis, a single climatic factor cannot fully explain this process. Therefore, the third-order partial correlation coefficient was used to study the effects of temperature, precipitation, water vapor pressure, and solar radiation on NPP in the MRYR. The partial correlation coefficient between the NPP and temperature was between -0.87–0.88 (
Figure 9A
). A total of 86.74% of the MRYR was negatively correlated with temperature. It is mainly distributed in the Loess Plateau region, where the ecological environment is fragile. The increase in air temperature increased surface evapotranspiration and restrained vegetation growth. At the spatial scale, the positive correlation region was mainly distributed in southern Gansu and western Henan, and the area of negative correlation was mainly concentrated in most of Shaanxi, Shanxi, and eastern Gansu. Only 0.089% of the negative correlation area passed the significance test of P< 0.05 and was mainly distributed in central Shaanxi (
Figure 10A
). The partial correlation coefficient between NPP and annual precipitation ranged from -0.88 to 0.85 (
Figure 9B
), and the negative correlation area accounted for 77.89%, which was distributed in most of Shaanxi, central Shanxi, and eastern Gansu. The regions with positive correlations accounted for 22.11% of the total area and were mainly distributed in southern Inner Mongolia and southeastern Shanxi. The partial relationship between NPP and precipitation showed that only 11.03% of the MRYR passed the significance test, and 9.97% of the area showed significant negative related trends, mainly distributed in central Shaanxi (
Figure 10B
). Precipitation in this area was abundant, heavy and concentrated, resulting in flood disasters and damage to vegetation. In addition, the increase in precipitation is usually accompanied by an increase in cloud cover, which prevents solar radiation from directly reaching the surface, inhibits vegetation photosynthesis, and limits the accumulation of NPP (Liu et al., 2019). The positive correlation between NPP and water vapor pressure accounted for a large proportion of the region (
Figure 9C
), at 87.60% of the total area, primarily concentrated in Ordos, Yulin City, Taiyuan City, Jinzhong City and Sanmenxia City, of which 20.43% of the areas passed the significance test of P< 0.05, mainly concentrated in northwest Shaanxi and southern Shanxi (
Figure 10C
). The negative correlation area only accounted for 12.40% of the MRYR, mainly distributed in eastern Gansu and southern Ningxia, and most areas did not pass the significance test. Vapor pressure indirectly represents the moisture content in the air and is generally positively correlated with temperature and precipitation (Xie et al., 2020). In the southern MRYR, the water vapor pressure is high, and there are suitable temperatures and precipitation for vegetation growth. The partial correlation coefficient between NPP and annual average solar radiation was-0.92 – 0.84 (
Figure 9D
), and 61.05% of the areas showed a positive correlation trend, of which 8.48% of the positive correlation areas passed the significance test of P<0.05 (
Figure 10D
). The negative correlation area accounted for 48.95% of the MRYR, and only 2.17% of the negative correlation area passed the significance test of P<0.05. The NPP at the junction of Inner Mongolia, Shanxi and Shaanxi Provinces increased significantly with increasing solar radiation. In this area, solar radiation is strong, and sufficient light stimulates vegetation photosynthesis. According to the statistical principle, the positive correlation between water vapor pressure and NPP in the MRYR was more obvious than the other three climatic factors, followed by solar radiation, while the contributions of temperature and precipitation were relatively weak.




Figure 9 | 
Partial correlation coefficient between NPP and temperature (A), precipitation (B), vapor pressure (C), and solar radiation (D).







Figure 10 | 
The partial correlation coefficient between NPP and temperature (A), precipitation (B), vapor pressure (C), and solar radiation (D) was tested by T.






4 Discussion



4.1 Spatiotemporal variation characteristics of NPP

During the period from 2000 to 2005, the vegetation coverage in the MRYR gradually increased, and the NPP showed a significant upward trend, with a spatial pattern of decreasing from south to north. Some scholars have studied the change trend of NPP in the Yellow River basin from 2000 to 2015 and from 2000 to 2019, indicating that the NPP increased from north to south, which is consistent with the conclusion in this paper (Wang et al., 2021; Tian et al., 2022). The lowest annual average NPP in 2001 was 198.21 gCm-2a-1. In the following three years, the NPP increased significantly. The “Grain for Green” policy was implemented in 2001, which caused a rapid decline in the agricultural planting area in the MRYR, while the newly planted forest and grass coverage were low, resulting in a decline in NPP (Xie et al., 2014). From 2005 to 2020, the NPP of the MRYR increased at a rate of 2.83 gCm-2a-1. At the spatial scale, the higher NPPs were mainly in mountain areas such as Ziwuling and Qinling, where forest and grassland are widely distributed. The natural forests were mainly composed of secondary broad-leaved forest, mixed coniferous, broad-leaved forest and temperate coniferous forest. The tree species are Betula platyphylla, Populus davidiana and Querusmongolica. The main species of shrubs include Hippophae rhamnoides, Pinus tabuliformis and Spiraea salicifolia. The common characteristics of these tree species are heliophilous, drought resistance, barren tolerance, wind and sand resistance, and strong adaptability to soil. Therefore, the NPP value in this area was high. In the northern region, the Mu Us Sandy Land had a fragile ecological environment and low vegetation coverage and the NPP was generally lower than 300 gCm-2a-1. The NPP in the central and western regions of Shanxi was low because the northeast trend of Lvliang Mountain blocked the water vapor from the east, resulting in less rainfall in this region and limiting the growth of vegetation (Tian et al., 2019).



4.2 Relationship between NPP and climate factors

Temperature, precipitation, and other climatic factors are the key elements that influence the growth of vegetation in the natural environment (Tripathi et al., 2019; Ren et al., 2020). At present, the dominant climatic factors that affect NPP are controversial. Temperature and precipitation were mainly selected to study the influence of climate factors on NPP. Compared with temperature, precipitation has a stronger correlation with NPP in most studies (Tian et al., 2019; Wang et al., 2021). However, some studies have shown that temperature has a stronger correlation with NPP (Guo et al., 2021; Tian et al., 2022). There were two main reasons for this difference. On the one hand, the year of study was different, and on the other hand, the method of obtaining data was different. Almost no articles have studied the correlation between water vapor pressure and NPP in the Yellow River Basin.

The influence of temperature on NPP is a complex process. On the one hand, the increase in temperature within a certain range can enhance soil microbe activity, accelerate the photosynthesis rate of vegetation, promote the accumulation of plant organic matter and is conducive to improving NPP (Keyser et al., 2000); on the other hand, very high temperatures have the potential to inhibit plant growth. An increase in temperature beyond the optimum temperature for vegetation growth will accelerate the evaporation of surface water. To avoid being unable to meet their own needs due to water shortages, plants close their stomata, reduce their photosynthetic rate and reduce the accumulation of dry matter, which is not conducive to improving NPP (Xu et al., 2020). The influence of temperature on NPP changes in the MRYR was studied in this paper. The results showed that the increase in air temperature was not conducive to the accumulation of NPP in 86.74% of the MRYR. This may be related to the fact that the increase in temperature accelerated the evaporation of soil moisture, leading to the drying of soil, the decline in the plant photosynthetic rate and the decline in NPP. This conclusion is consistent with Wang’s conclusion that the significant correlation was weak between temperature and NPP in Shaanxi Province from 2000 to 2015 (Wang et al., 2018). In the northwest MRYR, the temperature is low, and the annual precipitation is low. Deciduous coniferous forests are suitable for living in low temperature and dry areas. Therefore, deciduous coniferous forests are widely distributed in this region, and the NPP of deciduous coniferous forests was lower than that of evergreen broad-leaved forests. Therefore, the NPP in the northwestern MRYR was low (Du et al., 2022).

At present, there are relatively few research results on the inhibitory effect of precipitation on NPP, mainly on the Qinghai-Tibet Plateau (Xu et al., 2020). Precipitation is the main water source of vegetation in the MRYR, which can change soil moisture and fertility. Relevant studies have shown that with the increase in precipitation, the growing season of vegetation is shortened (Xu et al., 2020), and the precipitation in high-altitude areas can not only reduce the content of water mist in the mountains but also improve the effective solar radiation to a certain extent, which is conducive to improving the growth and development level of vegetation. The study showed that precipitation was the key factor restricting the growth of grassland vegetation. The main reason may be that water conditions severely limit the growth of grassland vegetation in warm and dry areas (Niu et al., 2008). With the increase in precipitation, the amount of clouds also increases, resulting in the reduction in solar radiation required for photosynthesis and inhibiting the increase in vegetation productivity (Liang et al., 2015). In 2011, the precipitation in the MRYR increased, while the NPP decreased, mainly because the precipitation in the MRYR was mainly concentrated in summer. The lower part of the terrain was prone to flooding. The soil was anoxic, and the plants did not breathe oxygen and produced excessive alcohol and lactic acid, leading to the death of plants. Therefore, precipitation limits the increase in NPP in the MRYR. The partial correlation analysis of NPP and precipitation in the MRYR showed that the increase in rainfall in most of Shaanxi, central Shanxi, and eastern Gansu Province inhibited the accumulation of NPP. High precipitation in this area inhibited vegetation growth.

When the moisture content in the air is sufficient, the water vapor pressure is higher, which is conducive to soil moisture retention and promotes vegetation to absorb the water and nutrients needed for growth. The vegetation in the MRYR with sufficient water vapor had better growth and higher NPP, and the area where the positive effect of water vapor pressure on NPP accounted for 87.60%, indicating that water vapor pressure was a key climatic factor affecting NPP in the MRYR. Scholars have studied the climatic factors affecting vegetation growth in the Altay region of Xinjiang and found that water vapor pressure was beneficial to the accumulation of NPP, which was similar to the results of this study (Huang et al., 2022).

The photosynthesis of vegetation cannot be separated from solar radiation, which is the source of the ability of vegetation growth, promotes the synthesis of chlorophyll in plant cells, and causes vegetation to accumulate organic matter. There was a significant positive correlation between solar radiation and NPP, mainly distributed in the northern MRYR, where the intensity of solar radiation was high, which promoted vegetation photosynthesis, and the promoting effect of enhanced radiation exceeded the inhibiting effect of drought. In the Lvliang Mountain areas, there is relatively little disturbance from human activities. Dominant tree species such as Hippophae rhamnoides, Caragana korshinskii and Pinus tabulaeformis were densely distributed, and these tree species were heliophilous. In these areas, the sunshine time was long, so vegetation grew vigorously and promoted the increase in NPP. This scholar studied the spatial and temporal changes in vegetation in Hunan Province and showed that solar radiation promoted the increase in NPP, which was similar to the conclusion that NPP was mainly affected by solar radiation in the MRYR obtained in this study (Yan et al., 2022). The reason was that the enhanced solar radiation made vegetation accept more light, photosynthesis was strengthened, and the accumulation of dry matter in vegetation was increased. The study was found that the effect of solar radiation on different vegetation types were different, and the effect of solar radiation on forests was stronger than that on precipitation and temperature (Du et al., 2022). In addition, it has been found that NPP is negatively correlated with solar radiation in most areas of the Loess Plateau (Xie et al., 2014), which was not consistent with the conclusion that NPP was mainly affected by solar radiation obtained in this paper. Most likely because the study was conducted at different scales, with different vegetation types and periods, the driving mechanisms of climate factors on NPP were also different.



4.3 Impact of land use change on NPP

The rapid change in land use on the space-time scale has changed the surface environmental elements, resulting in a change in the energy flow and material circulation function of the earth system, which had a great impact on the accumulation of vegetation organic matter and then affected NPP (Imhoff et al., 2004). From 2000 to 2020, the significant increase in NPP in forest and grassland was mainly related to the planting area and dense vegetation growth. The cropland in the MRYR decreased by 10156 km2 and was mainly converted into forest and grassland. The difference in crop types and the rise in yield were the key factors influencing the cropland NPP increase. Through continuous practice, the MRYR has gradually reduced the types of crops with large water demand, such as corn. Instead, the planting area of drought-resistant crops was expanded, such as soybean, sweet potato and wheat. In the hilly areas where there was little rain and large temperature difference, the apples, pears and walnuts were planted, and high-quality pasture was actively developed to promote the steady increase in NPP (Chen et al., 2005; Zhou et al., 2021; Huang et al., 2022). The photosynthesis of phytoplankton was influenced by light intensity, which raised NPP in the water. According to incomplete statistics, there are more than 200 species of phytoplankton in Sanmenxia Reservoir and Xiaolangdi Reservoir in the MRYR (Yuan et al., 2009; Han et al., 2013). Enhanced solar radiation triggered an increase in photosynthesis and NPP. The bare land included wild grassland where there were scarce plants, increasing NPP as a consequence of climate change and human activities. Since 2000, the Grain for Green Project has been implemented, some seriously degraded wasteland has been restored, and the surrounding ecological environment has improved. The construction of the reservoir has improved the surrounding ecological environment reducing soil erosion and promoting ecological restoration in this region. The vegetation of bare land recovered significantly and promoted the increase in NPP (Liu et al., 2022). Construction land increased by 6488 km2, mainly from cropland and bare land, resulting in a reduction in NPP. From 2000–2020, on the one hand, with the national economy of China expanding quickly, a large number of residents migrated to cities, there was accelerated expansion of Taiyuan and Xi’an, and there was rapid transformation of forest and grassland with higher vegetation productivity into land with lower productivity for construction, which led to a decrease in NPP (Milesi et al., 2003). On the other hand, the large-scale migration of the mountain population to cities and towns promoted the restoration of mountain vegetation, which led to an increase in the NPP of mountain vegetation (Wang and Li, 2018). In addition, with the gradually significant effect of ecological policies such as “Grain for Green”, cropland with low NPP was transformed into forest and grassland with high NPP, which promoted the growth of NPP (Wang et al., 2018). Overall, the increase in forest and grassland in the MRYR promoted the increase in NPP. Therefore, reasonable planning of different land use types was of great significance to the accumulation of regional NPP.



4.4 Uncertainty

Although this study provided a comprehensive analysis of NPP changes and climate effects in the MRYR, there may still be some limitations. The MRYR encompasses a wide area and has a complex natural environment, so it is difficult to measure NPP data in the field. Therefore, the MOD17A3HGF data were adopted to study NPP in the MRYR and lacked a comparison of field measurement data. Climate data were extracted from the GEE cloud platform ERA5 reanalysis dataset and TerraClimate dataset. Due to the spatial resolution and parameter setting of remote sensing images (Decuyper et al., 2020; Shen et al., 2020; Li et al., 2022), the climate change in the MRYR from 2000 to 2020 cannot be completely and accurately simulated. However, it does not affect the correctness of the conclusions of this study on the spatiotemporal dynamic changes in NPP and its influencing factors in the MRYR. However, data products with higher accuracy should be sought in the future. This paper mainly analyzed the impacts of four climate factors and land use type changes on the spatiotemporal changes in NPP in the MRYR. The partial correlation between NPP and four climatic factors in some regions did not pass the significance test, indicating that the influence of climate on NPP is greatly reduced due to the intervention of human activities. Human activities such as accelerated urbanization processes, construction land occupation of forestland, and unreasonable farming have damaged the ecological environment of the MRYR (Niu et al., 2021), resulting in vegetation degradation having a certain extent of impact on NPP. Otherwise, the factors affecting NPP are not only temperature, precipitation, solar radiation and water vapor pressure but also other factors that also influence NPP by affecting vegetation growth, such as soil moisture, atmospheric CO2 concentration and cloud cover. Therefore, it is necessary to further analyze the driving mechanism of NPP from multiple perspectives to more comprehensively understand ecosystem changes under the background of climate change in the future.




5 Conclusions

From 2000 to 2020, the NPP in the MRYR showed a significant upward trend, with an annual average of 319.24 gC·m-2a-1. The NPP in the southern MRYR was higher than that in the northern MRYR, showing obvious latitudinal zonality. A total of 87.68% of the study regions showed a significant increasing trend. The land use types were mainly cropland, forest and grassland. The implementation of the policy of “Grain for Green” policy reduced the area of cropland the most, which was mainly converted to forest and grassland. The average NPP of different land use types changed at different rates and showed a trend of fluctuating growth. The amount of forestland NPP was the highest, with a shift to other land-use types leading to a reduction in NPP. The conversion of grassland to forest and cropland had a significant influence on the NPP increase. The transformation of construction land, waterbodies and bare land had little effect on NPP. Temperature was negatively correlated with NPP in most parts of the MRYR and water vapor pressure was positively related to the northwest of localized NPP increase. In the MRYR, initial results were achieved through a series of ecological restoration measures. The conversion of cropland into forest led to the largest increase in NPP, but the change in land cover type dominated by urban expansion led to a decline in NPP and carbon sequestration capacity of vegetation. Therefore, under the background of high-quality development and climate change in the future, forest coverage should be increased in humid region, grassland vegetation types should be enriched in semi-arid region, high-quality farmland should be protected in humid and sub-humid region, urban garden layout should be optimized in cities, the remediation of unused land should be focused on in the MRYR. Thus, land use pattern would be reasonably optimized to improve the carbon sequestration capacity of regional vegetation.
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Examining the land-atmosphere interaction in vegetation rehabilitation areas is important for better understanding of land surface processes affected by human activities. In this study, energy flux observations were used to investigate surface energy partitioning and evapotranspiration (ET) in a Pinus tabuliformis plantation in Northeast China in 2020 and 2021. The sensible heat flux (H) was the dominant component of Rn, and the ratio of H to the latent heat flux was higher than 1 at all growth stages. The two most important factors influencing the midday evaporative fraction and daily ET were the normalized difference vegetation index (NDVI) and soil water content at 10 cm depth (SWC10). Cumulative precipitation (P) minus ET was 62.83 and 239.90 mm in 2020 (annual P of 435.2 mm) and 2021 (annual P of 632.8 mm), respectively. The midday Priestley–Taylor coefficient (α), surface conductance (gs), and decoupling coefficient increased gradually from the onset of the mid-growing stage and decreased from the later growing stage. Midday α and gs increased with NDVI and SWC10 increasing until the NDVI (0.5) and SWC10 (0.17 mm3 mm−3) thresholds were reached, respectively. Midday α and gs were significantly influenced by vapor pressure deficit below 3 kPa, and the threshold value of midday gs was approximately 12 mm s−1. In conclusion, this Pinus tabuliformis plantation regulated surface energy partitioning properly, and left a part of P for surface runoff and groundwater recharge in the semiarid region of Northeast China.
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  1 Introduction

Surface energy partitioning is an important object in the field of land surface-atmosphere interaction (Li et al., 2006; Gao et al., 2018), which controls hydrological processes in terrestrial ecosystems (Yan et al., 2017; Gao et al., 2021) and influences atmospheric circulation in the surface layer (Zhu et al., 2013; Jia et al., 2016). Many previous studies have demonstrated that the energy exchange between the atmosphere and the underlying surface is determined by vegetation characteristics and the climate system, which are closely linked to the thermodynamic process of the boundary layer (Hossen et al., 2011; Liu et al., 2019). Vegetation changes because of human activities could, in turn, change the surface energy budget and further influence the climate at local, regional, and even global scales (Lei and Yang, 2010; Kang et al., 2015). Therefore, considering climate change and vegetation rehabilitation, surface energy partitioning over vegetation rehabilitation areas must be comprehensively and precisely quantified to properly assess the effect of ecological restoration projects in Northeast China for addressing climate change.

Evapotranspiration (ET) is equal to the latent heat flux (LE) in an energy unit (Jia et al., 2016; Gao et al., 2021) and represents the second most substantial component of the hydrological cycle after precipitation (P) in the terrestrial ecosystem (Jung et al., 2010; Zhao et al., 2016). It links hydrological processes with energy exchange at the ecosystem scale (Zhu et al., 2013; Yan et al., 2017). Biophysical factors, such as solar radiation, soil moisture, vegetation type, and phenology, which control surface energy partitioning, also have an important effect on ET in various ecosystems (Zhu et al., 2013; Geng et al., 2020). The relative roles of biophysical factors are different in different ecosystem types; for example, ET is mainly controlled by air temperature (Ta) and net radiation (Rn) in tropical humid zones (Kuricheva et al., 2021). In contrast, the main influencing factors of ET in arid and semiarid areas are soil moisture and vapor pressure deficit (VPD) (Ji et al., 2021). Compared to rainfed croplands, grasslands, and deserts, lower albedo forests can absorb more solar radiation and thus partition more available energy for ET (Jia et al., 2016; Gao et al., 2021). Previous studies have shown that gross primary production is closely coupled with ET in terrestrial ecosystems, as leaf stomata simultaneously regulate photosynthesis and transpiration (Yuan et al., 2014; Gao et al., 2021). The water balance and carbon budget in vegetation rehabilitation are two major concerns for ecologists and policymakers (Kang et al., 2015; Gao et al., 2017) because of the mutual feedback between the hydrological and carbon cycles and climate change at different spatiotemporal scales (Gao et al., 2021). Since the implementation of the “Grain for Green Program” and “Three-North Shelter Forest Program”, many established plantations have altered land cover which has resulted in social, economic, and ecological benefits in Northeast China (Kang et al., 2015; Wang et al., 2021). Thus, there is an urgent need to investigate the seasonal variation in ET and its controlling factors for energy exchange process, hydrological cycle, and carbon sequestration in forests after rehabilitation.

Arid and semiarid ecosystems cover over 40% of the Earth’s land surface and are highly sensitive to land cover and climate change (Jia et al., 2016). Over 90% of the annual P in these ecosystems is lost to ET, and vegetation growth is often under water stress (Yuan et al., 2014; Zhao et al., 2016). With the implementation of ecological projects, many plantations of different tree species have been established for wind-breaking and sand-fixing in arid and semiarid regions of Northeast China (Wang et al., 2021). However, previous studies have indicated that some tree species used in the “Three-North Shelter Forest Program” are unsuitable for reforestation in arid and semiarid regions (Liu and Zhang, 2021; Wang et al., 2021). For example, poplar (Populus sp.) plantations, which require large quantities of water during the growing season, increase the risk of soil water deficit and threaten the long-term sustainability of arid and semiarid ecosystems (Kang et al., 2015). Furthermore, the climate is becoming warmer and drier in arid and semiarid regions, and the conflict between plantations and water may worsen in Northeast China (Lian et al., 2021). Therefore, to optimize the management and construction of plantations in arid and semiarid regions of China under climate change, investigating the surface energy partitioning and ET of plantations of different tree species is crucial.

 Pinus tabuliformis is widely used in the “Three-North Shelter Forest Program” because of its resistance to drought and ability to grow in barren soil (Zhao et al., 2021). Pinus tabuliformis plantations, covering an area of 167.76 × 104 ha, play key role in water and soil conservation and carbon sequestration in northern China (Zhao et al., 2021). The arid and semiarid regions of Loess Plateau and Northeast China are two typical planting areas of Pinus tabuliformis in China. Some studies found that Pinus tabuliformis plantations could cause deep soil drying, which resulted in sub-healthy plantations on the Loess Plateau (Li et al., 2010). The natural environment on the Loess Plateau is entirely different from that in Northeast China, and little attention has been paid to the effect of Pinus tabuliformis plantations on water and energy cycle in Northeast China. Therefore, investigating water vapor and surface energy fluxes and their dominant influences is vital for ascertaining the growth status of Pinus tabuliformis plantations and their possible changes under warmer and drier climates in the arid and semiarid regions of Northeast China.

Given the above considerations, year-round energy fluxes, ET, and related biophysical data were collected in 2020 and 2021 in a Pinus tabuliformis plantation in the semiarid region of Northeast China. The objectives of this study were to: (1) characterize the seasonal variations in surface energy partitioning; (2) investigate seasonal variation in ET and examine the water balance; and (3) determine the surface parameters characterizing surface energy partitioning and ET. In particular, we checked the effects of biophysical factors on evaporative fraction (EF), ET, and surface parameters. We hypothesized that canopy growth and soil water status exert the most important control on surface energy partitioning, water vapor loss, and surface development in the Pinus tabuliformis plantation.


 2 Materials and methods

 2.1 Study site

The study site is located in the State-owned Jianping County Heishui Mechanized Forest Farm (42°6′34′′ N, 119°29′57′′ E, 650 m a.s.l.), Chaoyang City, Liaoning Province, Northeast China ( Figure 1A ). The area has a semiarid temperate continental monsoon climate with a mean annual temperature of 5.76°C. Mean annual evaporation and sunshine duration are 1,962.10 mm and 2,922 h, respectively. The yearly mean P is 440 mm, with 67% rainfall occurring from June to August. The soil type at the site is grey-brown, with a soil bulk density of 1.31 g cm–3 and a field capacity of 0.32 cm3 cm–3. The Pinus tabuliformis plantation is 36 years old with a density of 1,500 stems ha–1, an average tree trunk diameter at chest height of 11.8 cm, and a canopy height of approximately 8.0 m. The understory covers approximately 80% of the site and is dominated by Lespedeza bicolor, Carex dispalata, and Cleistogenes polyphylla.

 

Figure 1 | Location of the study site (A) and the observation tower (B). 




 2.2 Measurements

An 18 m tower was erected on the plantation to mount instruments for capturing biophysical and energy flux measurements ( Figure 1B ). The instrument details are listed in  Table 1 . A data logger (CR1000, Campbell Scientific Inc., Logan, UT, USA) was used to record the data measured by the instruments on the tower. The distance from the tower to the nearest boundary of the plantation was approximately 300 m, ensuring that the measured signal originated from the plantation. The annual P and annual mean Ta between 1959 and 2021 were collected from the Jianpingzhen National Meteorological Station (41°52′ N, 119°38′ E, 662 m a.s.l.), 30 km from the tower. Trends in annual P and mean Ta from 1959 to 2021 are shown in  Figure 2 . The normalized difference vegetation index (NDVI) time series of the plantation was obtained from the 250 m multi-temporal MODIS NDVI 16-day composite data (https://ladsweb.modaps.eosdis.nasa.gov/). ArcGIS 10.6 software (ESRI Inc., Redlands, CA, USA) was used to extract the pixel value within the plantation area.

 Table 1 | List of measured items and environment monitoring instruments installed on the tower in the Pinus tabuliformis plantation. 



 

Figure 2 | General trends in (A) annual mean air temperature (Ta) and (B) annual precipitation (P) in our study area during 1959–2021. 



The growing season (GS) of the plantation was divided into three phenological stages based on the growth rhythm of Pinus tabuliformis, namely the early growing stage (EG), mid-growing stage (MG), and later growing stage (LG). The germination and pine needle elongation period is represented by EG, the flourishing period by MG, and the pine needle senescence period by LG. According to manual records, EG extended from April to May, MG extended from June to September, and LG occurred during October. The remaining months comprised the dormant season (DS).


 2.3 Data processing

Eddypro 7.0.7 (Li-COR Inc., Lincoln, NE, USA) software was used for calibration and quality control of the 10 Hz raw data and generated 30-min data. In addition, 21.27% of the LE and 30.31% of the sensible heat flux (H) values were rejected because of quality control and equipment failure. For missing LE and H data, short gaps (≤ 2 h) were filled using a linear relationship, and lengthy gaps (> 2 h) were filled using the mean diurnal variation (MDV) method (Falge et al., 2001).

The net shortwave and longwave radiations (Sn and Ln) and net radiation (Rn) were calculated as follows:

 

 

 

where Sd and Su are the downward and upward shortwave radiation, respectively, and Ld and Lu are the downward and upward longwave radiation, respectively. The ET was calculated as follows:

 

where LE is latent heat flux (W s−1), and λ is the latent heat of the vaporization of water (2.45 kJ g−1). The evaporative fraction (EF) was calculated as follows:

 

The crop coefficient (Kc) was calculated according to Allen et al. (1998) as follows:

 

 

where ET0 is the reference evapotranspiration, U is the wind speed (m s−1), VPD is the vapor pressure deficit (kPa), Δ is the slope of the water vapor pressure curve (kPa °C−1), and γ is the psychrometric constant (kPa °C−1).

The aerodynamic conductance (ga) was estimated according to Monteith and Unsworth (1990), and surface conductance (gs) was calculated by inverting the Penman–Monteith equation (Allen et al., 1998):

 

 

where U* is the friction velocity (m s−1), ρa is the air density (1.2 kg m−3), and cp is the specific heat of the dry air (1,004.7 J kg−1°C−1). The decoupling coefficient (Ω) was introduced to quantify the sensitivity of LE to gs (Monteith and Unsworth, 1990). When ga is close to +∞, Ω is close to 0, which means that the underlying surface is well coupled with the environmental conditions. Under this condition, the Penman–Monteith equation is transformed to:

 

where LEim is the imposed latent heat flux (W s−1). When ga is close to 0, Ω is close to 1, indicating that the underlying surface is poorly coupled with the environment. Under this condition, the Penman–Monteith equation is transformed to:

 

where LEeq is the equilibrium latent flux (W s−1). For practical conditions, the LE was calculated as:

 

 

The relative change in the LE for a prescribed change in gs is calculated using the following equation:

 

According to Priestley and Taylor (1972), the Priestley–Taylor coefficient (α) is the ratio of LE to LEeq as follows:

 

An α > 1 indicates wet surfaces where the water supply is sufficient, whereas α ≤ 1 indicates dry surfaces where the water supply is restricted. To avoid spurious values caused by low solar elevation, we used midday data (10:30–14:30) to calculate ga , ETeq , α, Ω, and gs .



 3 Results

 3.1 Biophysical factors

  Figure 3  shows the seasonal variations in biophysical factors in zthe Pinus tabuliformis plantation in 2020 and 2021. Daily Ta displayed a parabolic trend, and the lowest and highest Ta were −23.08 and 29.05°C, respectively. The daily air relative humidity (Ha) fluctuated around 50% ( Figure 3A ). The general daily VPD trend decreased notably in 2020 (August 15), two months later in the season than in 2021 (June 15), indicating that the onset of the summer monsoon was earlier in 2020 than in 2021. The average daily VPD was 0.67 and 0.55 in 2020 and 2021, respectively ( Figure 3B ). Daily U usually fluctuated above 1.00 m s–1, with a mean value of 2.16 and 2.15 m s–1 in 2020 and 2021, respectively ( Figure 3C ). The maximum NDVI, appearing in August, was 0.64 and 0.66 in 2020 and 2021, respectively, with an average of 0.37 in 2020 and 0.39 in 2021, indicating that plant growth was better in 2021 than in 2020 ( Figure 3D ). Annual P in 2020 (435.2 mm) was close to the mean (440 mm), but was much higher in 2021 (632.8 mm), suggesting that 2020 and 2021 were average and wet years, respectively. The seasonal variations in soil water content (SWC) at 10 cm depth (SWC10) were strongly dependent on the P pattern, and SWC at 30 cm depth (SWC30) increased from August 15 and June 15 in 2020 and 2021, respectively ( Figure 3E ).

 

Figure 3 | Seasonal variations in biophysical factors in 2020 and 2021; biophysical factors are (A) air temperature (Ta) and relative humidity (Ha), (B) vapor pressure deficit (VPD), (C) wind speed (U), (D) normalized difference vegetation index (NDVI), and (E) precipitation (P), soil water content at 10 cm depth (SWC10) and 30 cm depth (SWC30). 




 3.2 Surface energy fluxes

Seasonal variations in daily Sd, Su, Ld, and Lu displayed parabolic trends with peak values of 31.17, 3.36, 36.69, and 41.25 MJ d–1, respectively ( Figure 4A ). Daily Sd showed a similar trend with daily Sn, and the maximum daily Sn was 28.58 MJ d–1. Daily Ln fluctuated between −0.36 and −10.02 MJ d–1 ( Figure 4B ). Daily Sd, Su, Ld, Lu, and Sn decreased sharply, and daily Ln increased sharply on cloudy and rainy days. The daily albedo (Su/Sd) generally decreased from winter to summer with a minimum value of 0.07, which increased sharply with daily Su on some days in winter after a snowfall. The general trend of daily Ld/Lu was contrary to that of albedo, and the day-to-day albedo patterns were relatively more stable ( Figure 4C ).

 

Figure 4 | Seasonal variation in (A) downward and upward shortwave radiation (Sd, Su), downward and upward longwave radiation (Ld, Lu), (B) net shortwave and longwave radiation (Sn, Ln), and (C) albedo (Su/Sd) and Lu/Ld in 2020 and 2021. 



Monthly average Rn and H exhibited clear diurnal variations and peaked at noon, and the highest diurnal peaks of the monthly average Rn (621.07 W s–1) and H (360.39 W s–1) appeared in June 2020 and May 2021, respectively. The monthly average LE and G displayed clear diurnal variations in the GS and were relatively lower in the DS. The monthly average diurnal courses of G lagged behind those of Rn, H, and LE and were positive during the day and negative at night because of energy dissipation into and out of the soil, respectively. The most prominent diurnal peaks of the monthly average LE (245.28 W s–1) and G (60.06 W s–1) appeared in August 2021 and April 2021, respectively ( Figure 5 ).  Table A1  shows the characteristics of the energy balance based on the 30-min flux data. The slopes between available energy (Rn – G) and turbulent fluxes (LE + H) were 0.71 and 0.73, with the intercepts of 21.70 and 19.01 W m−2, and R2 values of 0.93 and 0.94 in 2020 and 2021, respectively. The energy balance closure ratios were 0.93 and 0.94 in 2020 and 2021, respectively.

 

Figure 5 | Diurnal cycle of monthly average net radiation (Rn), sensible heat flux (H), latent heat flux (LE), and soil heat flux (G) in (A) 2020 and (B) 2021. 



As shown in  Table A2 , albedo in the GS was lower than in the DS, and annual albedo was 0.12 and 0.11 in 2020 and 2021, respectively. Both Ld/Lu and Rn/(Sd+Ld) were higher in the GS than in the DS, with Ld offsets of 80% and 82% of Lu and Rn accounting for 20% and 19% of downward radiation in 2020 and 2021, respectively. In 2020 and 2021, H was slightly greater than Rn in the DS, and EF in the GS was 0.34 and 0.38, respectively. In the DS, G was an essential component of the available energy, accounting for –14% and –17% of Rn in 2020 and 2021, respectively. The ratio of H to LE was greater than 1 during the different periods in both years, suggesting that H was the major component of Rn in this study.

The seasonal variations in the ratios of midday H, LE, and G to Rn are shown in  Figure 6 . Midday G/Rn was relatively more stable than midday H/Rn and EF and fluctuated between −0.1 and 0.1. Midday H/Rn generally decreased until the end of the MG and increased until the end of the year. The minimum midday H/Rn was 0.19 in 2020 and 2021. The midday EF generally increased at the beginning of the MG and decreased from the LG, with a maximum midday EF of 0.60. The effects of the biophysical factors on the midday EF are shown in  Figure 7 . All the biophysical factors influenced midday EF at a significance level of p< 0.001, and midday EF was positively correlated with Ta, Ha, SWC10, and NDVI with correlation coefficient values ranging from 0.24 to 0.79. The remaining factors, namely Rn, VPD, and U, were negatively correlated with LUE, with correlation coefficient values ranging from −0.29 to −0.41 ( Figure 7A ). A path analysis between the midday EF and biophysical factors showed that the effects of Rn, Ta, and VPD on the midday EF were mainly direct. The indirect effects of the remaining factors, namely Ha, U, SWC10, and NDVI, on the midday EF were greater than their direct effects ( Figure 7B ).

 

Figure 6 | Seasonal variations in midday EF, H/Rn, and G/Rn in 2020 and 2021. DS: dormant season, EG: early growing stage, MG: mid growing stage, LG: later growing stage. 



 

Figure 7 | Correlation analysis (A) and path analysis (B) among midday EF and biophysical factors during the growing seasons in 2020 and 2021. * Significant at p< 0.05; ** significant at p< 0.01; *** significant at p< 0.001. 




 3.3 Evapotranspiration

The annual ET was 372.37 and 407.66 mm in 2020 and 2021, respectively. The maximum daily ET was 4.36 mm ( Figure 8A ). Daily ET0 generally increased before the onset of the MG and decreased after that for the remaining part of the year. However, the daily ET was relatively lower in the DS and EG, increased sharply before the middle of the MG, and decreased after that until the end of the LG ( Figure 8B ). The general daily Kc trend was like that of the daily ET. The maximum daily Kc was 1.39 and appeared after a P event, and the average daily Kc in the MG were 0.60 and 0.68 in 2020 and 2021, respectively ( Figure 8C ).

 

Figure 8 | Seasonal variation in (A) evapotranspiration (ET), (B) reference evapotranspiration (ET0), and (C) crop coefficient (Kc) in 2020 and 2021. 



In 2020, the cumulative ET (65.86 mm) was almost equal to the cumulative P (60.07 mm) before the MG, and the cumulative P − ET in the MG (63.24 mm) was almost identical to that in the entire year (62.83 mm) ( Figures 9A, B ). In 2021, the cumulative ET (73.22 mm) was higher than the cumulative P (42.60 mm) before the MG, and the minimum cumulative P − ET (−48.78 mm) almost offsets the cumulative P − ET in 2020. The cumulative P − ET was 239.90 mm in 2021 ( Figures 9A, B ). Thus, 62.83 mm and 239.90 mm of P recharged the soil water and produced surface runoff in 2020 and 2021, respectively. The cumulative ET0 (1,044.68 mm in 2020 and 949.32 mm in 2021) was much greater than the cumulative ET and cumulative P, indicating that the Pinus tabuliformis plantation was water limited.

 

Figure 9 | Cumulative (A) ET, P, and (B) P–ET in 2020 and 2021. 



The effects of biophysical factors on daily ET are displayed in  Figure 10 . The VPD influenced daily ET at a significance level of p< 0.01, and a significance level of p< 0.001 was observed in the remaining biophysical factors. Daily ET was negatively correlated with VPD and U with correlation coefficient values of −0.15 and −0.35, respectively, and Rn, Ta, Ha, SWC10, and NDVI were positively correlated with LUE, with correlation coefficient values of 0.32, 0.52, 0.53, 0.63, and 0.70, respectively ( Figure 10A ). Path analysis between daily ET and biophysical factors demonstrated that the effects of Rn, VPD, and SWC10 on daily ET were mainly direct, and the indirect effects of the remaining factors, namely Ta, Ha, U, and NDVI, on daily ET were higher than their direct effects ( Figure 10B ).

 

Figure 10 | Correlation analysis (A) and path analysis (B) among daily ET and biophysical factors during the growing seasons in 2020 and 2021. * Significant at p< 0.05; ** significant at p< 0.01; *** significant at p< 0.001. 




 3.4 Surface parameters

The seasonal variations in midday α, gs , and Ω are shown in  Figure 11 . These surface parameters increased gradually from the onset of the MG, decreased from the LG, and increased sharply after rainy days. The average midday α, gs , and Ω in the different growing stages and DS were higher in 2021 than in 2020 ( Table A3 ). The average midday gs  and Ω were the highest at 7.20 and 0.29, respectively, in the 2021 MG. The average midday α reached the maximum values of 0.51 and 0.63 in the MG of 2020 and in the LG of 2021, respectively, which might be because of the relatively higher ET in the LG of 2021.

 

Figure 11 | Seasonal variation in midday (A) Priestley–Taylor coefficient (α), (B) surface conductance (gs), and (C) decoupling coefficient (Ω) in 2020 and 2021. 



Midday α increased exponentially with increasing midday gs , and midday α was insensitive when midday gs  was higher than approximately 12 mm s−1, with a midday α asymptotic value of 0.93 ( Figure 12 ).

 

Figure 12 | Relationship between midday α and gs in the Pinus tabuliformis plantation. 



The relationships between midday gs  and α and NDVI are shown in  Figure 13 . When NDVI was lower than 0.5, midday gs  and α per unit NDVI increased by 28.76 mm s−1 and 2.46, respectively. When NDVI was higher than 0.5, midday gs  and α were insensitive to NDVI. Midday gs  generally increased as SWC10 increased ( Figure 14A ). When SWC10 was lower than 0.17 cm3 cm−3, midday α generally increased with increasing SWC10. When SWC10 was higher than 0.17 cm3 cm−3, midday α was insensitive to SWC10 ( Figure 14B ). When VPD was lower than 3 kPa, midday gs  and α generally decreased with increasing VPD, and when VPD was higher than 3 kPa, midday gs and α were insensitive to VPD ( Figures 14C, D ).

 

Figure 13 | Relationships between midday (A) gs and (B) α and NDVI and during the growing season in the Pinus tabuliformis plantation. Red solid dots: the dependent variables were bin-averaged into 0.04 NDVI increments. 



 

Figure 14 | Relationships between midday (A) gs and (B) α and SWC10 and relationships between mid-day (C) gs and (D) α and VPD and during the growing season in the Pinus tabuliformis plantation. Red solid dots: the dependent variables were bin-averaged into 0.02 cm3 cm–3 SWC10 increments (A, B). Black solid dots: the dependent variables were bin-averaged into 0.4 kPa VPD increments (C, D). 





 4 Discussion

 4.1 Characteristics of surface energy partitioning

In the Pinus tabuliformis plantation, the mean annual Sd, Su, Ld, and Lu were 5,754.85, 664.32, 9,219.25, and 11,375.57 MJ, respectively. The Sd increased with increasing solar altitude and was dramatically influenced by aerosols and clouds in the atmosphere. Underlying surface characteristics, such as soil moisture, plant canopy, and snow cover, controlled Su, which generally depends on Sd. The annual Sd and Su at the study site were comparable to those for a black locust plantation in the Yellow River Delta (Gao et al., 2021). Lower annual Sd and higher annual Su were reported in an alpine meadow on the Tibetan Plateau (You et al., 2017), where the latitude is lower, and the air is clearer than at our study site. The annual albedo at our study site was similar to that of a black locust plantation (0.12, Gao et al., 2021) and higher than that in a subalpine spruce forest on the Tibetan Plateau (0.09, Zhu et al., 2013). The annual albedo in an alpine meadow (0.25, You et al., 2017) and farmlands (0.18, Chen et al., 2016; 0.21, Gao et al., 2018) on the Loess Plateau was higher than that for the Pinus tabuliformis plantation, which is consistent with the view that forests absorb more solar radiation than other ecosystems. The Lu increased with increasing surface temperature, and Ld was mainly controlled by the water vapor pressure and Ta. Annual Lu and Ld at the study site were higher than those for the Tibetan Plateau (Zhu et al., 2013; You et al., 2017) and comparable to those for the Loess Plateau (Chen et al., 2016; Gao et al., 2018). In addition, the annual Ld/Lu at our site was comparable to that for the two regions (0.76−0.85). Compared with DS, higher Ld/Lu and lower albedo resulted in higher Rn/(Sd+Ld) in GS at our site ( Table A2 ), which is consistent with the findings of the previous studies (Zhu et al., 2013; Gao et al., 2018). The annual Rn/(Sd+Ld) at our site was comparable to that of a black locust plantation (0.21, Gao et al., 2021) and higher than that in croplands (0.16, Chen et al., 2016; 0.17, Gao et al., 2018) in northern China.

A comprehensive evaluation of energy balance closure across 22 sites and 50 site years in FLUXNET indicated that the slopes between available energy and turbulent fluxes were between 0.55 and 0.99, the intercepts between −32.9 and 36.9 W m−2, the R2 values between 0.64 and 0.96, and the energy balance closure ratios between 0.34 and 1.17 (Wilson et al., 2002). Our results are comparable to the FLUXNET results, which indicate that the eddy covariance system provided reliable estimates of turbulent fluxes in the Pinus tabuliformis plantation. The energy balance closure ratios were 1.05 and 0.90 in the DS and GS, respectively, indicating that energy balance closure changed with the plant growth at our site. Similar results were observed in an alpine riparian shrubland (Zhang et al., 2014) and three alpine ecosystems of the Qinghai Lake watershed (Zhang et al., 2016) on the Tibetan Plateau.

In the diurnal course of monthly average energy fluxes, LE was close to H in September 2020 and from July to September 2021, and lower than H in the other months ( Figure 5 ), which could be because of different quantities of P in the two years ( Figure 3 ). In this study, LE was slightly higher than 0 at night, suggesting that the water vapor was lost to the atmosphere, and H was slightly lower than 0 at night, indicating that heat from the atmosphere was used for evaporation and sublimation and offset the heat loss from the plants and soil. A similar phenomenon has been observed in previous studies in various ecosystems (Jia et al., 2016; You et al., 2017; Gao et al., 2018; Gao et al., 2021). The amplitude of diurnal course of monthly average G ranged from 8.45 to 83.97 W m−2 in the Pinus tabuliformis plantation, which was comparable to a black locust plantation (Gao et al., 2021) and lower than that in rainfed cropland (Gao et al., 2018) and semiarid shrubland in northern China (Jia et al., 2016), which is because G is controlled by Rn and plant and litter shade.

The surface energy partitioning in the GS differed from that in the DS in the Pinus tabuliformis plantation ( Table A2 ), consistent with the results in various ecosystems (Jia et al., 2016; Gao et al., 2018; Gao et al., 2021). In the DS, H/Rn was slightly higher than 1, which might be because the measured energy fluxes came from different areas (Wilson et al., 2002), indicating that H was the primary consumer of Rn in this study, as observed in various other ecosystems (Kang et al., 2015; Jia et al., 2016; You et al., 2017; Gao et al., 2018). The EF is regarded as an indicator of plant moisture conditions, with an average EF of 0.36 in the GS at our study site ( Table A2 ), which is comparable to those of a maritime pine forest (Jarosz et al., 2008) and a black locust plantation (Gao et al., 2021) and lower than those of well-watered forests (Kang et al., 2015; Meijide et al., 2017; Yan et al., 2017; Geng et al., 2020). This indicates that the Pinus tabuliformis plantation is a water-limited ecosystem through 2021 was a wet year. The H/LE (i.e., Bowen ratio) is an essential parameter of surface energy fluxes and plays a crucial role in estimating turbulent fluxes using the Bowen ratio-energy balance method. The H/LE was higher than 1 in the GS in this study ( Table A2 ), which is consistent with many results reported in arid and semiarid regions (Jia et al., 2016; Yue et al., 2019). Although G is an essential component of the surface energy balance in the DS, G/Rn was close to 0 for the entire year in this study ( Table A2 ), indicating that the local climate and hydrology were mainly impacted by the partitioning of Rn between LE and H over extended timescales. Compared with 2020, EF and H/LE were higher and lower, respectively, in 2021 ( Table A2 ). We believe that this phenomenon is mainly because of the much higher P in 2021, which provided more water for the Pinus tabuliformis plantation. Previous studies in arid and semiarid regions have also reported different annual P resulting in different annual surface energy partitions (Gao et al., 2018; Yue et al., 2019).

Similar to our results ( Figure 7A ), previous studies reported that midday EF was negatively correlated with VPD and solar radiation and positively correlated with Ta, SWC10, and NDVI in semiarid ecosystems (Aires et al., 2008; Jia et al., 2016). In our study, the effects of Ha and U on midday EF were mainly indirect via other biophysical factors, particularly VPD, SWC10, and NDVI ( Figure 7B ), indicating that the effects of Ha and U on midday EF depended on other biophysical factors. The correlation coefficients of SWC10 and NDVI on midday EF were the highest among the biophysical factors, indicating that soil moisture and plant growth played crucial roles in the Pinus tabuliformis plantation energy partitioning.


 4.2 Characteristics of ET

Annual ET (372.37 mm in 2020 and 407.66 mm in 2021) at our study site was comparable to that of a typical temperate steppe (Li et al., 2016) and a young plantation (Ma et al., 2018), lower than that of a cork oak plantation (Tong et al., 2014) and a poplar plantation (Kang et al., 2015), and higher than that of semiarid shrubland (Jia et al., 2016) and a temperate desert steppe (Li et al., 2016) in northern China. Annual ET variations at different study sites should be related to the local climate, plant characteristics, and management practices. Annual ET/P is a valuable metric for quantifying the effects of land use and climate change on regional hydrology. Annual ET/P at our site was 0.86 and 0.64 in 2020 and 2021, respectively, comparable to the results in many temperate forests (Li et al., 2016; Ma et al., 2018; Gao et al., 2021). Compared with local natural ecosystems (1.00 for temperate typical steppe and 1.91 for temperate meadow steppe) close to our site (Li et al., 2016), the annual ET/P was lower in our study, suggesting that the Pinus tabuliformis plantation did not cause deep soil desiccation and had a positive effect on the hydrological cycle in our study area. However, drier and warmer climates ( Figure 2 ) may increase the water requirement of the Pinus tabuliformis plantation, and maintaining the hydrological benefit of the plantation in the future will be challenging. As P was relatively low before July 2021, the minimum cumulative P − ET was −48.78 mm in the same period ( Figure 9 ), indicating that the plantation consumed the water accumulated in 2020 before the rainy season in 2021. Soil moisture carry-over from previous years is vital for allowing plantations to withstand the dry period before the rainy season in semiarid regions (Ma et al., 2018).

Similar to the findings of previous studies in semiarid ecosystems (Jia et al., 2016; Gao et al., 2018; Yue et al., 2019), plant growth, soil moisture, solar radiation, and temperature had positive effects on daily ET in the Pinus tabuliformis plantation ( Figure 10A ). The effects of Ha and U on daily ET were mainly indirect via other biophysical factors, particularly VPD, SWC10, and NDVI ( Figure 10B ), indicating that the effects of Ha and U on daily ET also depended on other biophysical factors at our site. In this study, the effect of VPD on daily ET was negative ( Figure 10A ), mainly because the positive effect of VPD on ET could not offset its negative effect on gs . Similar results were observed in a Mongolian steppe (Li et al., 2007).

The general daily ET0 trend was not consistent with daily ET ( Figure 8 ), indicating that the seasonal ET pattern in the Pinus tabuliformis plantation was controlled by plant phenology and was therefore highly related to plant growth. Similar results were observed in a black locust plantation (Gao et al., 2021) and a riparian Tamarix spp. stand in northwest China (Yuan et al., 2014). The Kc can be used for the applications related to irrigation planning, and is a crucial parameter for estimating ET in croplands using the single-crop coefficient approach. This parameter has attracted considerable attention in natural ecosystems in recent years because it is an indicator of the plant water status (Yuan et al., 2014; Gao et al., 2018; Gao et al., 2021). The average daily Kc in the MG was higher than 0.9 in irrigated croplands in northwest China (Ding et al., 2013; Zhang et al., 2016), which was higher than the results in our study, indicating that the water consumption intensity was relatively low in the Pinus tabuliformis plantation.

Many studies have demonstrated that annual ET increases with increasing annual P in arid and semiarid regions (Gao et al., 2018; Yue et al., 2019), and similar results were observed in this study ( Figure 9 ). Annual P in 2021 was 45% more than that in 2020, and SWC30 in 2021 increased two months earlier than in 2020 ( Figure 3 ); however, the annual ET in 2021 was only 9% more than that in 2020. We suggest three reasons for this phenomenon: (1) Pinus tabuliformis is a native evergreen coniferous species in the semiarid regions of North China and has a relatively low transpiration rate owing to its resistance to drought; (2) high P resulted in lower solar radiation and VPD, and a lower ET0 in 2021; and (3) higher P might produce surface runoff, and annual available water should be lower than annual P in the Pinus tabuliformis plantation in 2021.


 4.3 Characteristics of surface parameters

The seasonal patterns of midday α, gs , and Ω in our study were similar to those observed in other ecosystems (Zhu et al., 2013; Gao et al., 2018; Yue et al., 2019). The average midday α, gs , and Ω in the MG in this study were higher than those for a semiarid shrubland (Jia et al., 2016) and three Inner Mongolian steppe ecosystems (Chen et al., 2009) with lower ET and lower than those for a hilly tea plantation (Geng et al., 2020) and a conifer and broadleaf mixed forest (Yan et al., 2017) with higher ET. The midday α was generally lower than 1 ( Figure 11 ), suggesting that the water supply was restricted in the Pinus tabuliformis plantation. When Ω is close to 1, Rn contributes more to ET, and when Ω is close to 0, gs and VPD contribute more to ET (Monteith and Unsworth, 1990). Midday Ω was generally lower than 0.5 ( Figure 11 ), indicating that the underlying surface was well coupled with environmental conditions. The seasonal ET pattern in our study plantation was mainly controlled by gs and VPD.

Midday α increased exponentially with midday gs at our study site, indicating strong physiological and phenological regulation of energy partitioning and ET. Similar results have been reported in previous studies (Chen et al., 2009; Jia et al., 2016; Yan et al., 2017; Gao et al., 2018). Midday α increased with increasing midday gs until the threshold (ca. 12 mm s−1;  Figure 12 ), indicating that gs strongly controlled ET when gs< 12 mm s−1. A theoretical study pointed out that α is insensitive to gs when gs > 16 mm s−1 in a fully developed canopy (McNaughton and Spriggs, 1986). The asymptotic value of midday α in our study was lower than the reference Priestley–Taylor coefficient of 1.26 (Priestley and Taylor, 1972) and that for well-watered ecosystems (Yan et al., 2017; Geng et al., 2020). The lower threshold value of gs and asymptotic value of α in this study indicated poor soil moisture and an open canopy in the Pinus tabuliformis plantation.

Our results, demonstrating that NDVI affected the seasonal variations in midday gs and α ( Figure 13 ), were consistent with the results in various other ecosystems (Chen et al., 2009; Jia et al., 2016; Gao et al., 2018; Gao et al., 2021). These results indicate that plant growth plays an essential role in surface development at our study site. The midday gs was strongly influenced by SWC10 in this study ( Figure 14A ), and similar results were observed in semiarid ecosystems (Aires et al., 2008; Jia et al., 2016). These results indicate that soil moisture has an important effect on stomatal behavior. Like our results ( Figure 14B ), Aires et al. (2008) reported that when surface SWC < 0.15 cm3 cm−3, midday α increased linearly with surface SWC, and when top SWC ≥ 0.15 cm3 cm−3, midday α was insensitive to surface SWC in a Mediterranean grassland in southern Portugal. These results suggest that ET is insensitive to soil moisture when the soil moisture is higher than a specific amount in different ecosystems. A negative effect of VPD on midday gs was observed in this study ( Figure 14C ), which is consistent with the results in water-limited ecosystems (Aires et al., 2008; Zhu et al., 2013; Jia et al., 2016), indicating the importance of biotic regulation on ET. Midday α generally decreased linearly with VPD owing to the relationship between midday α and gs in this study. When VPD ≥ 3 kPa, midday α was insensitive to VPD, perhaps because higher VPD resulted in stomatal closure ( Figure 14D ).



 5 Conclusion

This 2-year eddy covariance measurements were used to investigate energy and water vapor fluxes over a Pinus tabuliformis plantation in Northeast China. The H was the dominant component of Rn at all growth stages, and canopy growth and soil water status dominated surface energy partitioning in this plantation. Daily ET was mainly controlled by vegetation development and water availability in our study area, and this plantation had a positive water balance in 2020 (62.83 mm) and 2021 (239.90 mm). Midday α and gs were significantly influenced by NDVI, SWC10, and VPD until the NDVI (0.5), SWC10 (0.17 mm3 mm−3), and VPD (3 kPa) thresholds were reached, respectively. This study could enhance our understanding of surface energy partitioning and ET in the vegetation rehabilitation areas of Northeast China.
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  Appendix

 Table A1 | Characteristics of energy balance and annual ratio of Σ(LE+H)/Σ(Rn−G) in 2020 and 2021. Rn: net radiation. 



 Table A2 | Energy partitioning during the growing season, the dormant season, and the entire year in 2020 and 2021. 



 Table A3 | Average midday Priestley–Taylor coefficient (α), surface conductance (gs), and decoupling coefficient (Ω) during the early growing stage (EG), the mid growing stage (MG), the later growing stage (LG), and the dormant season (DS) in 2020 and 2021. 
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Drylands dominate the trend and variability of the land carbon (C) sink. A better understanding of the implications of climate-induced changes in the drylands for C sink-source dynamics is urgently needed. The effect of climate on ecosystem C fluxes (gross primary productivity (GPP), ecosystem respiration (ER), and net ecosystem productivity (NEP)) in drylands has been extensively explored, but the roles of other concurrently changing factors, such as vegetation conditions and nutrient availability, remain unclear. We used eddy-covariance C-flux measurements from 45 ecosystems with concurrent information on climate (mean annual temperature (MAT) and mean annual precipitation (MAP)), soil (soil moisture (SM) and soil total nitrogen content (soil N)), and vegetation (leaf area index (LAI) and leaf nitrogen content (LNC)) factors to assess their roles in C fluxes. The results showed that the drylands in China were weak C sinks. GPP and ER were positively correlated with MAP, while they were negatively correlated with MAT. NEP first decreased and then increased with increasing MAT and MAP, and 6.6 °C and 207 mm were the boundaries for the NEP response to MAT and MAP, respectively. SM, soil N, LAI, and MAP were the main factors affecting GPP and ER. However, SM and LNC had the most important influence on NEP. Compared with climate and vegetation factors, soil factors (SM and soil N) had a greater impact on C fluxes in the drylands. Climate factors mainly affected C fluxes by regulating vegetation and soil factors. To accurately estimate the global C balance and predict the response of ecosystems to environmental change, it is necessary to fully consider the discrepant effects of climate, vegetation, and soil factors on C fluxes, as well as the cascade relationships between different factors.
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1  Introduction

Drylands are areas where precipitation is scarce and usually unpredictable and generally refer to areas where the aridity index (AI) is lower than 0.65. Drylands cover 41% of the global land surface (Feng and Fu, 2013) and sustain 38% of the world’s population (Koutroulis, 2019). China is one of the largest drylands in the world (Prăvălie, 2016). Among the all terrestrial ecosystem types, drylands have the most fragile ecological environments and are most sensitive to environmental change (Yao et al., 2020). The change in land atmospheric carbon (C) exchange can cause distinct fluctuations in atmospheric CO2 concentrations and thereby affect global climate change (Piao et al., 2019). Grasslands, shrublands, and savannas are the primary ecosystems of drylands and are considered to be the main sources of interannual variations in the global land C sink (Poulter et al., 2014; Ahlstrom et al., 2015). The large interannual variation is mainly caused by dryland response to the interannual fluctuations in precipitation (Knapp et al., 2015). At the same time, the warming and drying trends predicted in the future may also cause dramatic changes in the structure and function of dryland ecosystems (Berdugo et al., 2020). A better understanding of the implications of climate-induced changes in dryland ecosystems under future climate scenarios for C sink-source dynamics is urgently needed.

Many studies have shown that drylands perform a distinct C absorption function (Dong et al., 2011), but other studies have noted that the C absorption capacity of drylands is limited, and their weak C source or sink characteristics are prone to directional reversal under the influence of climate factors (Flanagan et al., 2002; Biederman et al., 2017). Gross primary productivity (GPP), ecosystem respiration (ER), and net primary productivity (NEP) were reported to be positively correlated with mean annual temperature (MAT) and mean annual precipitation (MAP) across different ecosystems (Law et al., 2002; Yi et al., 2010). Within a wider climate zone, the relationship between these climate factors and C fluxes (GPP, ER, and NEP) was relatively strong in Asia (Hirata et al., 2008; Kato & Tang, 2008; Yu et al., 2013). In China, the spatial patterns of GPP, ER, and NEP are determined by MAT and MAP, and these response patterns are consistent in different ecosystems. Precipitation is reported to be the most important limiting factor in drylands, and dominates the spatial-temporal pattern of change in productivity (Bernacchi and VanLoocke, 2015). As the main water source, precipitation not only affects photosynthesis, but also affects autotrophic and heterotrophic respiration processes by affecting soil moisture (SM). Liu et al. (2020) found that SM stress was most intense in semiarid ecosystems, and dominated the drought stress of global ecosystem productivity. Other studies found divergent responses in primary productivity to increasing precipitation variability in global drylands (Haverd et al., 2017; Gherardi and Sala, 2019; Hou et al., 2021). The reported responses of dryland C fluxes to warming in  experiments have produced inconsistent results, including positive responses, negative responses, and no effects (Niu et al., 2008; Peng et al., 2014; Wang et al., 2019). Therefore, no consensus has been reached on the mechanisms by which climate factors affect C fluxes in drylands.

Differences in vegetation characteristics such as the leaf area index (LAI) can also affect the spatial variation in C fluxes (Pastor and Post, 1993). A study showed that with increased maximum LAI, GPP and ER increased linearly, and NEP increased exponentially in Asian ecosystems (Kato and Tang, 2008). On the other hand, researchers have found that nutrients play a key role in GPP (Vicca et al., 2012) and NEP (Fernández-Martínez et al., 2014). Previous studies have shown that in nutrient-rich ecosystems, the leaf nitrogen concentration (LNC) was high (Firn et al., 2019), which may lead to enhanced photosynthesis (Wright et al., 2004) and reduced C losses (Fernández-Martínez et al., 2018). This biological activity was found to be strongly modulated by climate factors, such as water availability in drylands (Delgado-Baquerizo et al., 2013; Ukkola et al., 2021). Although many studies have been conducted on the impact of climate, or vegetation and soil factors on ecosystem C fluxes (de Vries et al., 2014; Fernández-Martínez et al., 2017), almost no evidence has been put forth to show how climate factors affect C fluxes by affecting vegetation and soil characteristics in drylands.

Therefore, we aimed to assess the impact of climate (MAT and MAP), soil (SM and soil total nitrogen content (soil N)), and vegetation factors (LAI and LNC) on C fluxes and their regulatory mechanisms in Chinese drylands. Based on previous knowledge that climate factors drive spatial variation in C fluxes (Figure 1A), we hypothesized that climate factors, especially precipitation, may drive spatial variation in C fluxes in Chinese drylands. Moreover, with increasing precipitation, the C fluxes showed an increasing trend, while they decreased with increasing temperature (Figure 1B). To test our assumptions, we used the C flux data of 45 ecosystems in Chinese drylands measured using the eddy covariance method to (1) preliminarily explore how the C fluxes respond to climate, vegetation, and soil factors and (2) further analyse the regulatory mechanism of ecosystem C fluxes in Chinese drylands.



Figure 1 | (A) climate driven theory and (B) hypothesis in our study. NEP, net ecosystem productivity; GPP, gross primary productivity; ER, ecosystem respiration.




2  Materials and methods

2.1  Carbon flux data collection and screening

We collected C flux data (GPP, ER, and NEP) from the  literature published on Chinese drylands over the past 18 years (2002-2020), which were measured using the eddy covariance method (LI-7200, LI-7500 et al.). All data had to be filtered and corrected at each site, using coordinate rotation, WPL correction, stored flux calculation, outlier filtering, nighttime flux correction, NEE gap filling, and partitioning. In addition, all C flux data must be measured continuously for at least one full year and located in the Chinese drylands (Chen et al., 2015). The observation years that showed abnormally high C fluxes were eliminated with three times the standard deviation, and finally, 45 C flux sites with observation durations greater than or equal to one year were selected. All C flux sites ranged from 31.37°N to 49.35°N in latitude, and 83.57°E to 123.5°E in longitude spanning the grassland (29 sites), shrub (5 sites), and desert regions (11 sites) (Figure 2 and Table S1). The distribution of climate zones included a cold temperate zone, middle temperate zone, warm temperate zone, and Tibetan Plateau zone (Li et al., 2015).



Figure 2 | The spatial distribution of flux sites in Chinese drylands used in this study. The symbols indicate the location of the flux sites. The green circles, blue triangles, and purple pentagram symbols indicate the flux sites in the grassland (29 sites), shrub (5 sites), and desert regions (11 sites), respectively.




2.2  Climate, vegetation, and soil data collection

We mainly collected climate factors including air temperature and precipitation from the same literature as the C flux data. The average air temperature and precipitation in multiple observation years were calculated as the MAT and MAP, respectively.

LAI was derived from the satellite-borne Moderate Resolution Imaging Spectroradiometer (MODIS) data product (MOD13Q1) with a spatial resolution of 1 km and a temporal resolution of 8 days from 2000 to 2018. SM was derived from Earth System Science Data (https://doi.org/10.1594/PANGAEA.912597) with a 0.1° spatial resolution from 2003 to 2018.

LNC was derived with a spatial resolution of 1 km and a temporal resolution of 8 days from 2000 to 2018 (Moreno-Martínez et al., 2018). Soil N was derived from a comprehensive and high-resolution dataset of gridded soil characteristics, with 30 arc-second spatial resolution (Shangguan et al., 2013).


2.3  Statistical analyses

One-way ANOVA with Duncan’s post-hoc comparisons was used to compare C fluxes across different ecosystems. The relationship between climate factors and GPP and ER was tested by linear regression. The relationship between climate factors and NEP was tested by piecewise regression, and the significance level was α= 0.05.

We detected the relationships between climate, vegetation, and soil factors, and C fluxes through correlation analysis, and the contribution of climate, vegetation, and soil factors to C fluxes was determined by using the hierarchical partitioning method (“rdacca. hp” package in R) (Lai et al., 2022).

We established a structural equation model (SEM) to assess the effects of climate, vegetation, and soil factors on C fluxes. A causal relationship was established based on previous studies on how climate, vegetation, and soil factors affect C fluxes. First, we used principal component analysis (PCA) to test for overall associations between climate, vegetation, and soil factors. Since the variables of climate, vegetation, and soil factors were closely related, PCA was conducted to create a multivariate index representing climate, vegetation, and soil groups (Wang et al., 2017). The first principal component (PC1) explained 67-92% of the total variance of each group (Table S2), and then the PC1 of climate, vegetation, and soil groups was used for SEM analysis. The establishment standard for the model was referenced from previous studies (Liu et al., 2023). We used Amos 21.0 (Amos Development Corporation, Chicago, IL) for SEM analysis.

All analyses were performed using R software (version 3.5.1, R Development Core Team, Vienna, Austria). ArcGis 10.1 and R were used for plotting.



3  Results

3.1  Spatial variation in carbon fluxes in Chinese drylands

The drylands in China were weak C sinks. The average GPP, ER, and NEP of the Chinese drylands were 328.54, 278.64, and 45.84 g C m-2 yr-1, respectively (Table 1 and Figure 3). The ranges of NEP, GPP, and ER were -143.31-322.63 g C m-2 yr-1, 107-806.73 g C m-2 yr-1, and 62.38-630.05 g C m-2 yr-1, respectively (Table 1 and Figure 3). GPP and ER showed larger variations than NEP (Table 1).

Table 1 | Statistics of carbon fluxes (g C m-2 yr-1) in Chinese drylands .





Figure 3 | Density distributions of carbon fluxes (GPP, ER, and NEP) in Chinese drylands. The dotted lines represent the mean values of carbon fluxes. NEP, net ecosystem productivity; GPP, gross primary productivity; ER, ecosystem respiration.



For different ecosystem types in the Chinese drylands (including grassland, shrub, and desert), no significant differences in C fluxes were observed (Table 1 and Figure S1). However, shrubs had the largest GPP, ER, and NEP. Although GPP and ER in grasslands were larger than those of deserts, their NEP was smaller (Table 1 and Figure S1). The variation in C fluxes in shrubs was much larger than that in grasslands and deserts (Table 1).


3.2  Response of carbon fluxes to climate, vegetation, and soil factors in Chinese drylands

The results showed that GPP and ER were positively correlated with MAP, while they were negatively correlated with MAT (Figure 4). The response of NEP to MAT and MAP was not linear. NEP decreased first and then increased with increasing MAT and MAP. 6.6 °C and 207 mm were the boundaries for the NEP response to MAT and MAP, respectively (Figure 4).



Figure 4 | Relationships between carbon fluxes (GPP, ER, and NEP) and mean annual temperature (MAT) and mean annual precipitation (MAP). NEP, net ecosystem productivity; GPP, gross primary productivity; ER, ecosystem respiration.



Furthermore, GPP was positively correlated with LAI, soil N, and SM and negatively correlated with LNC (Figure 5A and Table S3). ER was significantly positively correlated with LAI, soil N, and SM and was negatively correlated with MAT (Figure 5A and Table S3). However, NEP was only significantly positively correlated with SM and negatively correlated with LNC (Figure 5A and Table S3).



Figure 5 | (A) Correlation analysis between explanatory variables and carbon fluxes (GPP, ER, and NEP). (B–D) Hierarchical partitioning analysis between explanatory variables and GPP, ER, and NEP. The thickness of the line indicates the strength of the correlation. The thicker the line is, the stronger the correlation. The orange line represents a negative correlation, whereas a green line represents a positive correlation. MAT, mean annual temperature; MAP, mean annual precipitation; LAI, leaf area index; Soil N, soil total nitrogen content; LNC, leaf nitrogen content; SM, soil moisture; NEP, net ecosystem productivity; GPP, gross primary productivity; ER, ecosystem respiration.




3.3  Regulatory mechanism for carbon fluxes in Chinese drylands

We found that SM and soil N were the two key factors that affected GPP, followed by LAI and MAP (Figure 5B). Soil N and LAI were the most important factors influencing ER, followed by MAP and SM (Figure 5C). However, SM and LNC had the most important effect on NEP (Figure 5D). Clearly, compared with climate and vegetation factors, soil factors had a greater impact on C fluxes in the drylands.

Soil and vegetation factors had direct effects on GPP and ER, however, climate factors had indirect effects. In summary, these environmental factors accounted for 54% and 48% of the variances in GPP and ER, respectively (Figure 6). Specifically, both climate and soil factors had indirect effects on NEP, whereas vegetation factors had direct positive effects on NEP. Through direct and indirect effects, soil and climate factors were the two key factors affecting C fluxes (Figure 6).



Figure 6 | Structure equation modeling to explore the direct and indirect effects of climate, vegetation, and soil factors on GPP, ER, and NEP. The blue and red arrows indicate negative and positive relationships, respectively. The dashed line represents a nonsignificant relationship (P > 0.05). The arrow width is proportional to the strength of the relationship. The numbers adjacent to the arrows are standardized path coefficients. The proportion of variance explained (R2) appears alongside each response variable in the model. * indicates the significance level is less than 0.05. MAT, mean annual temperature; MAP, mean annual precipitation; LAI, leaf area index; Soil N, soil total nitrogen content; LNC, leaf nitrogen content; SM, soil moisture; NEP, net ecosystem productivity; GPP, gross primary productivity; ER, ecosystem respiration.





4  Discussion

4.1  The drylands in China are weak carbon sinks

The drylands in China were weak C sinks. The range of NEP in Asian ecosystems was wide, ranging from -150 to 1000 g C m-2 yr-1 (Chen et al., 2013), and our findings fall within this range. The range of NEP we studied was significantly larger than that of other drylands in the world (Chen et al., 2015), which may be due to the large uncertainty of C sink strength in Chinese drylands and the differences in the location and geographical range of this study. Compared with previous studies, our study sites included more extensive changes in climatic conditions and soil types (Liu et al., 2021).

Due water supply limitations, drylands are usually weak C sinks or even C sources. Large differences exist in dryland C sources and sinks among different studies (Janssens et al., 2003; Kato and Tang, 2008; Chen et al., 2013). Drylands are widely distributed, and their ecological environment is usually fragile and limited by temperature or water or both. Furthermore, the drylands were often affected by various management practices (such as grazing, harvesting, irrigation, and drainage) (Cao et al., 2004; Fu et al., 2009), which lead to large differences in the C absorption or release from drylands.


4.2  Response of carbon fluxes to climate, vegetation, and soil factors in drylands

Most studies have shown that GPP and ER are mainly affected by MAT and MAP, and they increase with increasing MAT and MAP (Law et al., 2002; Hirata et al., 2008; Kato and Tang, 2008; Yi et al., 2010; Chen et al., 2013; Yu et al., 2013). However, our results reveal that GPP and ER were negatively correlated with MAT in the drylands. Drought caused by warming is expected to reduce GPP and ER (Maestre et al., 2015), so with an increase in temperature, its GPP and ER showed a downwards trend. In grasslands limited by water, precipitation affects the relationship between soil temperature and respiration. Precipitation reduces the sensitivity of soil respiration to temperature, leading to a reduction in soil respiration, thereby reducing ER (Wang et al., 2014). When soil water is insufficient, the soil mineralization rate is low (Liu et al., 2021). Furthermore, rising temperatures have led to a substantial increase in the occurrence of compound warm-season droughts in drylands (Gampe et al., 2021).

Climate determines the geographical distribution of vegetation types, and these different vegetation types can directly affect ecosystem C fluxes (Prentice, 1990; Prentice et al., 1992). Consistent with previous results (Kato and Tang, 2008), GPP and ER showed an increasing trend with increasing LAI. Surprisingly, our results showed that high LNC was associated with fewer C fluxes. Moreover, LNC had a greater influence on GPP than ER, so NEP showed the same trend (Fernández-Martínez et al., 2014). Our findings implied the colimitation of C fluxes by multiple environmental variables in drylands, and these trends may partially be explained by the interaction of MAT and LNC (Figure 7). We found that LNC was positively correlated with MAT (Figures 5A, 7), so the C fluxes responded to LNC in the same manner as MAT. The optimal LNC increased with decreasing temperature because the photosynthetic capacity per Rubisco decreased (Muller et al., 2011), and the desert had a higher vegetation LNC (Figure 7). Other findings suggest that C fluxes are jointly controlled by a suite of environmental variables that covary.



Figure 7 | Environmental dimensions from principal component analysis (PCA) for Chinese drylands. Variables used for the PCA are displayed with their vector. The environmental factors were normalized and standardized by transforming the observations into z-scores. MAT, mean annual temperature; MAP, mean annual precipitation; LAI, leaf area index; Soil N, soil total nitrogen content; LNC, leaf nitrogen content; SM, soil moisture.



Researchers have reported that permafrost melting may promote plant growth by increasing the availability of soil N (Yang et al., 2021). We detected a significant relationship between GPP and ER and soil N, which supports the claim that climate can promote plant growth by improving soil N and by enhancing the absorption of C by ecosystems. As previously reported, SM conditions also affect C fluxes (Yi et al., 2010). Our findings showed that GPP, ER, and NEP were positively correlated with MAP, but the correlation coefficient was much lower than that of SM. This is because SM dominates ecosystem productivity in drylands globally, because it is the direct water pool for plants and determines the amount of water that can be extracted by plant roots (Liu et al., 2020).


4.3  Regulatory mechanism of ecosystem carbon fluxes in drylands

In our study, we found that NEP first decreased and then increased with increasing MAT and MAP, and 6.61 °C and 207.19 mm were the boundaries for the NEP response to MAT and MAP, respectively. This threshold value of the NEP response to precipitation was almost the same as the boundaries between arid and semiarid areas. The threshold value of the NEP response to temperature was almost the same as the boundaries  between the cold zone and the temperate zone. The mechanisms by which climate factors regulate C fluxes are very complex because of the diverse relationships between MAT and MAP patterns. In general, drought has a greater impact on GPP than ER (van der Molen et al., 2011), and when water is not a limitation, GPP and ER are co-limited by temperature or radiation in drylands (Ukkola et al., 2021). Furthermore, in the Chinese drylands, we found that with the increase in temperature and rainfall, ER was more responsive than GPP. Under joint temperature and rainfall limitations, individual increase in temperature or precipitation may not be conducive to NEP.

Based on the above research results, we established a simple mechanistic framework for the spatial variation in GPP, ER, and NEP in drylands (Figure 8). This framework mainly includes five aspects. First, we thought that changes in temperature and precipitation affected the ecosystem vegetation types. Second, these different ecosystem vegetation types had different vegetation characteristics (such as LAI and LNC), which directly affected ecosystem C fluxes. Then, we found that climate factors affected soil factors (such as SM and soil N). In addition, soil factors had the greatest direct impact on GPP, ER, and NEP. Our results showed that climate, vegetation, and soil factors had different effects on GPP, ER, and NEP. Climate factors mainly affected GPP and ER by adjusting vegetation characteristics, especially soil factors, thus affecting the variation in NEP.



Figure 8 | Biogeographic-ecological framework for the spatial variations in gross primary productivity (GPP), ecosystem respiration (ER), and net ecosystem productivity (NEP).





5  Conclusion

This study examined the spatial variation in C fluxes across broad climatic and vegetation gradients in Chinese drylands. Our results provide direct evidence that Chinese drylands were weak C sinks, however, the large variation range in NEP suggests that the drylands in China have great potential to be C sinks. GPP and ER were positively correlated with MAP and negatively correlated with MAT. NEP first decreased and then increased with increasing MAT and MAP, and 6.61 °C and 207.19 mm were the boundaries for the NEP response to MAT and MAP, respectively. SM, soil N, LAI, and MAP were the main factors affecting GPP and ER. However, SM and LNC had the most important influence on NEP. Compared with climate and vegetation factors, soil factors had a greater impact on C fluxes in drylands. Our analysis showed that soil and vegetation factors had direct effects on C fluxes, while climate factors exerted indirect effects. Accounting for these different effects of climate, vegetation, and soil factors can help accurately evaluate the global C balance and predict the response of ecosystems to environmental change.
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Accurate estimations of forest evapotranspiration (ET) and its components, transpiration (T) and evaporation (E), are important for deep understanding and predicting the responses of forest water cycles to climate change. In this study, the improved Shuttleworth-Wallace model (SWH) was applied to estimate ET, T, and E during 2003–2014 in a subtropical planation, and the modeled results were verified using in situ measurements by the eddy covariance technique, sap flow, and micro-lysimeter method. The study aimed to clarify whether it is feasible and reliable to use the SWH model to estimate and partition ET in forests. In addition, depending on the long-term data, the specific performances in modeling ET under different climatic backgrounds were investigated, and the underlying mechanisms were explored. The results verified that the SWH performed relatively well in the subtropical forest, and the modeled ET, T and E could track the seasonal variations, although overestimations were found in the peak seasons. However, the model was relatively weaker in estimating the interannual variabilities. It performed well in modeling ET in normal years but showed larger model residuals in years with obvious climatic anomalies. In the severe summer-drought (2003) and cold-spring (2005) years, the model greatly overestimated ET. It also overestimated ET in summer since 2010, which may be ascribed to the less dependency of ET on VPD induced by the more humid microclimate in forest accompanied with forest development. For the ET partitioning results, the modeled and measured E and T values were all in reasonable ranges. The possible reasons for underestimations (overestimations) of E and T by measurements (SWH model) were discussed. In this study, the data obtained using different methods and from different scales matched each other and could be cross validated, and the discussion on discrepancies would be beneficial for understanding the advantages and flaws of different methods and could be the basis for optimizing the measurement and model methods. In sum, this study verified that it is feasible to use the SWH model in forests and provided a basis for further improving and optimizing the modeled results under different climate backgrounds.




Keywords: SWH model, subtropical plantation, eddy covariance, evapotranspiration, evaporation, transpiration



1 Introduction

Under climate change, warming and changing precipitation patterns would probably greatly affect the water cycle of terrestrial ecosystems (Jung et al., 2010). Evapotranspiration (ET) plays an important role in regulating the water cycle and accounts for a large proportion of annual precipitation (Wang and Dickinson, 2012; Ha et al., 2015). Forests cover approximately 30% of the global land surface and account for more than 45% of the global terrestrial ET (FAO, 2006). Besides the direct water and energy exchange accompanied by ET, forest ET plays an important role in other key ecological processes and can even regulate the local climate through its biophysical effects (Fisher et al., 2011). Therefore, accurate estimations and a deep understanding of forest ET would help improve the knowledge of water cycle processes and provide a better understanding of their ecological functions (Zhu et al., 2015; Gao et al., 2016).

Studies on ET have a long history and are a classical research field. Many methods have been developed and applied to measure and estimate ET, such as the lysimeter method (Boast and Robertson, 1982), eddy covariance (EC) technique (Oishi et al., 2010; Xu et al., 2014), classical Penman-Monteith model (Bao et al., 2021b), and remote sensing method (Li et al., 2009). In the beginning, studies on ET were widely carried out in crop fields and grasslands (Moran et al., 2009; Zhu et al., 2013), whose structures are relatively simple and spatially homogeneous. Although the ET of forests is very important in large amounts, fewer studies have been carried out in forests due to their complicated structures, which makes it difficult to observe and quantify variations in ET. Benefitting from the wide applications of the EC technique, there have been studies focused on the intra- and interannual variations in ET in recent years (Xu et al., 2014; Gao et al., 2016; Guerrieri et al., 2016). However, it is infeasible to install and maintain EC systems in overlarge areas due to the large labor and economic consumption. Therefore, the model method has advantages on a large spatial scale, and EC could provide in situ data to verify and modify the model estimation.

As the sum of evaporation (E) and transpiration (T), accurate estimations of each component of ET are vital for understanding the water use efficiency and underlying mechanisms of ET variations under global climate change (Lawrence et al., 2007; Hu et al., 2013; Lu et al., 2014; Nguyen et al., 2021). In situ observations could be used to separate ET into evaporation and transpiration. For evaporation, the lysimeter method is an easier and generally applied method (Yang et al., 2018; Gong et al., 2019). However, few studies have reported in situ measurements of evaporation in forests, as it is labor consuming and difficult to obtain long-term continuous data. For transpiration, the sap flow method provides the possibility of accurate estimation of forest transpiration (Tognetti et al., 2009; Kume et al., 2011; Yang et al., 2022). However, these two methods are difficult to apply on a regional scale and are infeasible on long time scales.

Models are another option for estimating and separating ET across large areas (Ortega-Farias et al., 2010; Fisher et al., 2011; Kool et al., 2014). Among the ET models, the Penman-Monteith model has a solid theoretical basis with high accuracy and has been widely used (Wang and Dickinson, 2012). The Shuttleworth-Wallace (SW) model is an improvement of the Penman-Monteith model with higher simulation accuracy (Hu et al., 2009; Li and Zhang, 2011). In addition, it is a two-source model that could be used to separate ET into evaporation and transpiration. Hu et al. (2013) improved the SW model to the SWH model and applied it in farmland and grassland ecosystems according to previous studies, and the model performed well (Hu et al., 2013; Yang et al., 2018; Bao et al., 2021a; Bao et al., 2021b). However, few studies have reported the verification and validation results of the SWH model in simulating forest ET and its components. The limited results were on a very short time scale, which neglects the effects of different climatic conditions on model accuracy.

Therefore, this study applied the SWH model in a subtropical plantation in southern China to estimate ET and partition ET into E and T. Furthermore, the modeled ET was verified by comparison with EC-observed ET, T by sap flow observations, and E by micro-lysimeter observations. We aimed to answer the following questions: (1) Is it feasible to use the SWH model in forests to estimate and partition ET? Would the results be reliable? (2) How would different climatic conditions affect the ET and the model results? To address this issue, 12 years of EC and corresponding environmental observation data were used to cover different climatic backgrounds. The findings of this study would help put forward the application of the SWH model. In addition, it would be helpful for improving the accuracy of estimation and separating ET. Based on the results, the controlling mechanisms of ET could be further explored.



2 Materials and methods


2.1 Site description

This study was conducted in a coniferous plantation at the National Qianyanzhou Critical Zone Observatory of Red Soil Hilly Region (QYZ) (26°44’29”N, 115°03’29”E, 102 m a. s. l.), which is a member of the Chinese Flux Observation and Research Network (ChinaFLUX). Coniferous trees were planted in this typical red soil hilly region in approximately 1985, with the dominant species of Masson pine (Pinus massoniana Lamb.), Slash pine (Pinus elliottii Englem.) and Chinese fir (Cunninghamia lanceolata Hook.). The plantation density was approximately 1460 trees ha–1. According to local climate records during 1989–2014, the mean annual temperature is 18.0 ± 0.4°C, and the annual precipitation is 1506.4 ± 306.1 mm. Further details of the QYZ site can be found in previous studies (Xu et al., 2017; Xu et al., 2021).



2.2 Observations and instrumentations


2.2.1 Observations of environmental factors

The environmental factors were observed using sensors mounted on a 42 m iron tower. Above the land surface, seven level sensors were mounted to observe routine meteorological factors, such as air temperature, relative humidity, and wind speed. The sensors and environmental factors used in this study are listed as follows. Radiation was measured at a height of 41.6 m by a four-component net radiometer (Model CNR-1, Kipp & Zonen, Delft, The Netherlands) and a pyranometer (Model CM11, Kipp & Zonen). The air temperature and water vapor pressure were measured by a Model HMP45C sensor (Vaisala Inc., Helsinki, Finland) at 23.6 m. The soil water content was measured at depths of 5, 20 and 50 cm with TDR probes (Model CS615-L, Campbell Scientific Inc., Logan, UT, USA). The soil heat flux was measured by two heat flux plates (HFP01, Hukseflux Inc., Delft, The Netherlands) at a depth of 5 cm. Rainfall was monitored with a rain gauge (Model 52203, RM Young Inc., Traverse, MI, USA). These environmental variables were recorded with three CR10X dataloggers and a CR23X datalogger with a 25-channel solid-state multiplexer (Campbell Scientific Inc).



2.2.2 Flux observations and data processing

The carbon and water fluxes were measured by an eddy covariance system, including a 3-D sonic anemometer (Model CSAT3, Campbell Scientific Inc.), an open-path CO2/H2O analyzer (Model LI-7500, Li-cor Inc., Lincoln, NE, USA) and a CR5000 datalogger (Campbell Scientific Inc.). All signals were collected at a frequency of 10 Hz, and the carbon and water fluxes were calculated and recorded at 30 min intervals. The flux data were processed using ChinaFLUX standard data processing methods (Yu et al., 2006; Xu et al., 2022; Zhu et al., 2023), including three-dimensional rotation (Zhu et al., 2005), Webb, Pearman and Leuning density correction (WPL correction) (Webb et al., 1980), storage calculations and spurious data removal. Data gaps were filled using the mean diurnal variation method, linear or nonlinear fitting or look-up table methods (Falge et al., 2001). The directly observed daytime and nighttime carbon fluxes are net ecosystem productivity (NEP) and ecosystem respiration (Re), respectively. Gross primary productivity (GPP) is a vital parameter in the SWH model. To obtain GPP, the Lloyd-Taylor equation was also used to extrapolate the daytime Re. NEP is the difference between GPP and Re, and then the GPP data can be determined (GPP=Re+NEP). The water flux equals the ecosystem evapotranspiration (ET).



2.2.3 The observation of sap flow and calculation of transpiration

From May 2006 through April 2007, the sap flow velocity was observed using Granier-type thermal dissipation probes (model TDP-30, Dynamax Inc., Houston, TX, USA). The diameter of the probes is 1.2 mm with a length of 3 cm. The probes were installed in six trees comprising the dominant tree species of Masson pine, Slash pine and Chinese fir. The data were collected and recorded every 30 min by a datalogger (model SQ2040-4F16, Grant Instruments Ltd., Cambridgeshire, UK). The software provided by Dynamax was used to calculate the sap flux density (SFD, cm3 cm–2·h–1) by the following equation (Granier, 1985; Xu, 2011; Shen et al., 2015):



where ΔTsap is the temperature difference measured between a constant heated needle and unheated needle. ΔTsapmax is the maximum temperature difference assessed during a period of zero flow, which usually appears at night or predawn. Granier (1985) and Lu et al. (2004) indicated that it is reasonable to confirm a ΔTsapmax every 7–10 days; hence, a ΔTsapmax was determined every 7 days in this study, and the SFD was calculated.

To calculate forest transpiration, two vital auxiliary data are needed. The first is the sapwood area of each tree, which is the active xylem that can transfer water. The second is the stand survey data, which provides detailed information on each tree in the plot. To clarify the area of each tree, more than thirty tree cores around the flux tower for each dominant tree species were collected to analyze the tree rings. According to the measurement of tree rings, the sapwood and heartwood could be separated, as the heartwood had a darker color. Then, the sapwood area could be calculated as follows:

 

where A is the area of sapwood, D is the diameter of the tree sample, db is the depth of tree bark, and Dh is the diameter of the heartwood. According to the data obtained from the tree samples, nonlinear regressions were used to relate the sapwood area of the sampled trees to the diameter at breast height (DBH) for each species (Figure 1). Accordingly, the sapwood area for trees with different DBHs could be calculated accurately.




Figure 1 | The relationship between sapwood area and diameter at breast height (DBH) for the three dominant tree species: (A) Masson pine; (B) Slash pine; (C) Chinese fir.



A 1 hm2 permanent plot around the flux tower was established in 2002, where a stand survey was conducted and the information for each tree was recorded. Combined with the stand survey data, the total sapwood area could be calculated, and then the transpiration of the plot could be calculated using the following equation:

 

where T is the measured forest transpiration (mm), SFDi is the sap flux density of the given species, Asi is the total sapwood area of the given species, and Ag is the plot area.



2.2.4 Observation of underlying surface evaporation

In this study, the homemade micro-lysimeter method was used to observe understory soil evaporation from July 2011 to October 2013. The micro-lysimeters were made of PVC with an inner diameter of 10 cm and a height of 15 cm. The micro-lysimeter was placed in a customized soil auger and punched into the soil until it was filled with undisturbed soil. Then, the soil auger and the micro-lysimeter were pulled out from the soil surface, and the micro-lysimeter was removed from the soil drill auger. The redundant soil at the bottom of the micro-lysimeter was removed, and the bottom was sealed with polyethylene tape. Then, the micro-lysimeter was weighed with an electronic balance with 1% accuracy. Around the flux tower, relatively flat plots under Masson pine, slash pine and Chinese fir stands were selected. Three micro-lysimeters were set up in each plot. The soil column in the micro-lysimeter was replaced every 3–5 days and was promptly replaced after a rainy day. The soil column and the micro-lysimeter were weighed every evening (18:00–19:00). The E was calculated according to the weight differences and the soil column surface area. The average of three replicates of three plots was calculated as the daily E of the understory soil.




2.3 Modeling methods

The SWH model is a two-source model that takes E and T into account as two separate sources (Hu et al., 2009; Hu et al., 2013). The model also considered the resistance for water vapor transfer, including the soil surface resistance (rss, s m−1) existing between a depth where soil air is saturated with water vapor and the soil surface, resistance between soil surface to canopy height (ras, s m−1), resistance between the canopy to reference height (raa, s m−1), stomatal resistance (rsc, s m−1) existing between stomatal cavities and leaf surfaces, and aerodynamic resistance between leaf surface to canopy height (rac, sm−1). The SWH model calculates the latent heat transferred by evapotranspiration λET as the sum of latent heat transferred by transpiration (λT) and evaporation (λE):







where λ is the latent heat of vaporization and PMc and PMs represent the latent heat transferred by canopy transpiration and soil evaporation, respectively. Cc and Cs are the canopy resistance coefficient and soil surface resistance coefficient, respectively. Δ is the slope of the saturation vapor pressure versus temperature curve (kPa K−1). ρ is the density of air (1.293 kg m−3), and Cp is the specific heat at constant pressure (1012 J kg−1 K–1). VPD is the vapor pressure deficit (kPa), and γ is the psychrometric constant (0.067 kPa K–1). R and Rs (W m–2) represent the available energy input above the canopy and above the soil surface, respectively, and can be calculated as follows:

 

 

where Rn and Rns are the net radiation over the canopy and the understory net radiation (W m–2), respectively. G is the soil heat flux (W m–2). LAI is the leaf area index, and an 8-day LAI product based on the remote sensing technique was used in this study (https://modis.ornl.gov/sites/?id=cn_jiangxi_qianyanzhou_site2). The Savitzky–Golay filter was used to smooth out noise in LAI time-series data caused by cloud contamination and atmospheric variability. Furthermore, the cubic spline method was used to obtain the daily LAI data set to match the other data used in this study. Rns can be estimated using the following equation:

 

coefficients Cc and Cs were calculated as follows:

 

 

in which ρa, ρc and ρs are calculated as:

 

 

 

The three aerodynamic resistances rac, ras and raa were calculated using the same approach as Shuttleworth and Wallace (1985). The soil surface resistance rss was estimated as a function of the soil water content (Lin and Sun, 1983):

 

where SMC and SWC5 are the saturated soil water content and soil water content at a depth of 5 cm (m3 m–3), respectively, and b1, b2, and b3 are empirical constants. An improved Ball-Berry model (Ball et al., 1987) that considered the effects of soil moisture was used to estimate rsc:



 

where g0 and a1 are empirical parameters, FWC and WP are field capacity and the wilting point, respectively, and Pn (μmol m2 s–1) is the photosynthetic rate, which was replaced by GPP in this study. RH is the relative humidity, and Cs is the leaf surface CO2 content (ppm). FWC and WP were instead by the maximum and minimum soil water contents observed at a depth of 5 cm, respectively. The CO2 concentration above the canopy measured by the open-path CO2/H2O gas analyzer was used as Cs, and g0 was assigned as a value near zero (0.00001).




3 Results


3.1 Seasonal and interannual variations in environmental factors and evapotranspiration

Environmental factors, including net radiation (Rn), air temperature (Ta), vapor pressure deficit (VPD), precipitation (PPT) and soil water contents at depths of 5, 20, and 50 cm (SWC5, SWC20, and SWC50, respectively), are expected to be the dominant environmental factors for variations in ET; hence, their seasonal and interannual variations and anomalies together with ET are presented in Figures 2, 3. The seasonal patterns of Rn, Ta and VPD were consistent, following unimodal patterns with peaks in July or August. It rained more in the first half year, and hence, the PPT was higher. The SWCs were greatly affected by PPT. Therefore, the SWCs were higher in the first half year and decreased in July. The ET generally showed a unimodal variation with a peak in July but showed great interannual variability.




Figure 2 | Seasonal and interannual variations in environmental factors and ET at the QYZ station from 2003 to 2014: (A) net radiation (Rn), air temperature (Ta) and vapor pressure deficit (VPD) from 2003 to 2008; (B) precipitation (PPT), soil water content at 5 cm (SWC5), soil water content at 20 cm (SWC20), soil water content at 50 cm (SWC50) and ET from 2003 to 2008; (C) Rn, Ta and VPD from 2009 to 2014; (D) PPT, SWC5, SWC20, SWC50 and ET from 2009 to 2014.






Figure 3 | Seasonal and interannual anomalies in environmental factors and evapotranspiration (ET) at the QYZ station from 2003 to 2014: (A) net radiation (Rn); (B) air temperature (Ta); (C) vapor pressure deficit (VPD); (D) precipitation (PPT); (E) soil water content at 5 cm (SWC5), soil water content at 20 cm (SWC20), soil water content at 50 cm (SWC50); (F) ET.



During the study period, the climatic conditions varied across years (Figure 3). The abnormal climatic events could mainly be categorized into two types: cold-spring years with greater negative Ta anomalies in the early spring (January–March) and summer-drought years with lower PPT in the summer or autumn. Negative Ta anomalies were found in the early springs of 2005, 2008, 2011 and 2012. Among them, the lower Ta in 2005 lasted for the longest time with lower Rn and VPD. Negative PPT occurred frequently in summer and autumn in this region but with different distribution characteristics. In 2003, obvious negative anomalies in PPT induced great decreases in SWCs in the second half of the year. However, in other years, such as 2007, 2013, and 2014, although negative PPT anomalies were found, they did not cause great decreases in SWCs. In addition, the occurrence time of PPT shortage should be noted. In 2007, the PPT shortage occurred at the end of the year, which would have weaker effects on the ecosystem. The anomalies in Rn were relatively small, but they showed obvious negative anomalies in 2005, and positive anomalies were found in the first half year in 2013 and 2014. For the observed ET, obvious negative values were found in the second half of 2003 and throughout 2005.



3.2 The modeling results of evapotranspiration

Generally, the modeled ET was closely related to the ET measured by the EC system and could track seasonal variations in ET (Figures 4, 5). The slopes of the linear fitting equations for the modeled and measured ET ranged from 1.11 to 1.71 with high determinate coefficients. In most of the years, the R2 values were higher than 0.80, with an average of 0.85, which indicated that it would be feasible and reliable to use the SWH model to estimate ET in this subtropical forest. To give a sharp picture of model performances, in addition to the linear fitting lines, the 1:1 line was also drawn in Figure 4. The model performed best in 2004 and 2007, with slopes of the fitting line of 1.16 and 1.12, R2 values of 0.96 and 0.92, respectively, and the smallest residuals of the model (Figures 4B, 5B). In 2006, the slope of the fitting line was closest to 1.0, when Rn, Ta, PPT and SWC were all close to the multiyear averages and there were no abnormal climate events (Figures 2, 3), but the model residuals were larger in April to June. In the other years, the modeled ET was generally higher than the EC-observed ET. In the years with extreme climatic events, the model greatly overestimated ET. For instance, in 2005, a long-term lower Ta was found in early spring, and the modeled ET was much higher than the observed values (Figure 4C). In the summer-drought year of 2003, similar overestimation results were found (Figure 4A). Since 2010, the model has overestimated ET, especially in summer. Consequently, the slopes were larger.




Figure 4 | The relations between measured evapotranspiration (ET) and modeled ET based on daily scale data from 2003 to 2014. The solid line is the 1:1 line, and R2 and P indicate the determination coefficient and P value, respectively. (A) 2003; (B) 2004; (C) 2005; (D) 2006; (E) 2007; (F) 2008; (G) 2009; (H) 2010; (I) 2011; (J) 2012; (K) 2013; (L) 2014.






Figure 5 | Comparison of measured evapotranspiration (ET) and modeled ET: (A) seasonal and interannual variations in measured ET and modeled ET; (B) seasonal and interannual variation in ET residuals; (C) seasonal and interannual anomalies in measured ET and modeled ET.



According to the seasonal dynamics of ET (Figure 5A), the modeled and observed ET showed similar seasonal patterns. However, overestimations were often found during May–October with higher residuals, especially in 2003 and 2005 (Figure 5B). The model was relatively weak in tracking the interannual variabilities, which could be found by comparing the anomalies of modeled and measured ET (Figure 5C). According to the annual accumulated values, the model underestimated the interannual variations to some extent, with a coefficient of variation (CV) of 4.2%, which was much lower than the measured CV of 10.2% (Table 1). However, the model overestimated the interannual variations in the beginning of the year with higher CV, as it sometimes overestimated the anomalies caused by anomalies in Rn, such as in the beginning of 2014 (Figure 5C).


Table 1 | Multiyear monthly averages and coefficient of variation (CV) of measured evapotranspiration (ET) and modeled ET.





3.3 Separation of evapotranspiration into transpiration and evaporation and the verifications

The ET was separated into transpiration (T) and evaporation (E) by the SWH model. The separation results were verified using T measured by the sap flow technique and E measured by the micro-lysimeter method. The modeled T showed a consistent seasonal pattern with the measured T and was significantly related to the observed T with an R2 of 0.91 (Figure 6). However, the slope of the fitting line was as high as 1.86, indicating that the modeled T was higher than the measured values, especially in peak seasons. In the dormant season, the values of modeled and measured T were closer, and the slope of the linear fitting equation was 1.15 (Figure 6D).




Figure 6 | Comparison of measured and modeled transpiration (T) from May 2006 to April 2007: (A) Seasonal variation in measured and modeled T from May 2006 to April 2007; (B) the relation between measured and modeled T analyzed based on all data; (C) the relation between measured and modeled T during May 2006-December 2006; (D) the relation between measured and modeled T during January 2007-April 2007.



More than two years of observed E were used to verify the model-separated E (Figure 7). The model could track the seasonal variations in E but also overestimated E. The observation began in July 2011, in which year, E was observed more frequently. The fitting line for modeled and measured values was closer to the 1:1 line in 2011. In 2012, the model overestimated E during April–June, when it rained more often (Figure 2). In 2013, the frequency of E observations was limited due to frequent rain, and the relations between the modeled and measured values were not as close as in 2011. It was also found that the modeled values were higher than the observed values, especially in wet seasons.




Figure 7 | Comparison of measured and modeled evaporation (E) from July 2011 to October 2013: (A) Seasonal variation in measured and modeled E from July 2011 to October 2013; (B) the relation between measured and modeled E analyzed based on all data; (C) the relation between measured and modeled E in 2011; (D) the relation between measured and modeled E in 2012; (E) the relation between measured and modeled E in 2013.



The SWH model could successfully partition ET into E and T with obvious seasonal and interannual variability (Figure 8). During the study period, the average value of T/ET was 0.71, with a maximum of 0.92 and a minimum of 0.28. The E/ET ranged from 0.08 to 0.72, with an average of 0.29. The T/ET generally peaked in June or July, but it peaked in different periods with great discrepancy across years.




Figure 8 | Seasonal and interannual variation in the ratio of modeled transpiration (T) to modeled evapotranspiration (ET), modeled T, and modeled evaporation (E) from 2003 to 2014: (A) 2003-2008 and (B) 2009-2014.






4 Discussion


4.1 The effects of climate background on ET and the modeling results

Currently, along with advancing observation techniques, the parameters requested by the models are much easier to obtain (Lian et al., 2018; Gong et al., 2020; Yan et al., 2022). Consequently, a much wider application of ET models is expected, and models that have been verified and have good performance could be put to wider use. In this study, the SWH model was used to model ET over a long time scale, and ET measured by the EC system was used to verify the model results. According to the multiyear average, the SWH model only overestimated 26.2 mm on the annual scale (Table 1), which was only 3.7% higher than the measured ET. The performance is comparable with and even better than other models (Gao et al., 2016), indicating that the SWH model could be well applied in forest ecosystems. Moreover, SWH could partition the ET, which would be beneficial for further studies.

This study took advantage of long-term ET observations, based on which the effects of different climatic conditions on the model performance could be discussed specifically (Figures 4, 5). The model performed best in 2004 and 2007, in which year the modeled ET was closely related to the measured ET and perfectly followed the seasonal variations. The good performance could be attributed to the relations between the measured ET and Rn, when Rn showed the strongest control on ET (Figure 9). In addition, there were no long-term climatic anomalies in these two years. In 2004, the climatic factors were close to the multiyear average, with small anomalies in Rn and Ta. The higher PPT in the beginning of the year exactly mediated the drought caused by the PPT shortage in late 2003 (Wen et al., 2010). In 2007, although it met the shortage of PPT in July, the PPT in August alleviated the drought. The shortage of PPT was also found in October to November, but the drought in the dormant season had limited instant influences on the ecosystem. In addition to these two years, the model was expected to perform well in 2006. In 2006, the heat and water resources matched well without large anomalies in the key environmental factors, and hence, the productivities were higher according to previous studies (Xu et al., 2017; Zhang et al., 2018). However, although with the expected parameters of the fitting equation (y=1.11x–0.02), the model residuals in 2006 were relatively larger. In contrast to other years, in which the model mainly overestimated ET in the periods with lushest vegetations the most vegetation (July–August), the overestimation of ET occurred during April–June in 2006. This might be ascribed to the legacy effects of low temperature in 2005 (Xu et al., 2014). The trees might sprout fewer new branches in 2005, and hence, the trees would be less lush in the beginning of 2006, as the needles of the dominant coniferous trees are generally biennials. Therefore, in the real world, ET would be limited during the first half of 2006 (Figure 5C), after which the new sprout needles began to be active. However, the model could not track this variability, and hence, larger model residuals in April–June were found when the T of old needles accounted for a larger portion of ET. This is reasonable, as previous studies have indicated the legacy effects of climatic factors (Richardson et al., 2009; Xu et al., 2014; Zona et al., 2014). The results indicated that the model would perform well in normal years but also indicated the weakness of the model in tracking the legacy effects of environmental and biological variabilities.




Figure 9 | Responses of measured and modeled evapotranspiration (ET) to net radiation (Rn), air temperature (Ta) and vapor pressure deficit (VPD). Darker colors indicate stronger relations between measured or modeled ET and Rn, Ta, and VPD. The three-star asterisk indicates P<0.001.



The performance of the model was not good in 2003 and 2005. The fitting lines were relatively far from the 1:1 line (Figures 4A, C). The large residuals lasted for more than five months, and the annual accumulated residuals were largest among the twelve years, with the sum of the absolute values of the residuals being more than 200 mm (Figure 5B). The year 2003 was the most drought year during the study period, with the most severe PPT shortage and largest negative anomalies in SWCs in the second half year (Figures 2, 3). Consequently, the shortage of available water supply would directly induce decreases in ET. In addition, extreme drought induces irreversible effects on ecosystems, such as the earlier fall of needles or wither of understory vegetation. These ecosystem responses were supposed to have more important effects on ET (Xu et al., 2014), whereas climatic factors showed relatively weaker effects on ET with relatively smaller correlation coefficients (Figure 9). However, the model could not track the ecosystem responses, and the modeled ET was still highly dependent on climatic factors, which could be inferred from the higher correlation coefficients between modeled ET and environmental factors. Consequently, the modeled ET was much higher than the measured ET. Similarly, the longest lower Ta in the beginning of 2005 (Figure 2) induced the postponement of the phenology (Xu et al., 2017), and probably the legacy effects of low temperature led to the larger negative anomalies in measured ET and lasted for the whole year, even limiting the ET in the first half year of 2006. However, the model amplified the instant effects of lower Ta, which was embodied in the negative anomalies in January to March in 2005, and it could not take the legacy effects of low Ta into account, hence greatly overestimating ET since April in 2005. These legacy effects have also been indicated by previous studies through time lag effect analysis (Xu et al., 2014; Xu et al., 2017).

In other years, the models performed relatively well, but they have overestimated ET in summer since 2010. This could be ascribed to the stronger water retention effects accompanied by forest development (Xu et al., 2018), which would induce less dependency of ET on VPD. It could be evidenced by the observation data, which indicated that the VPD increased since 2010, and the measured ET was less and less related to VPD (Figure 9). This would be reasonable, as the VPD works as a pull force for ET. When the VPD decreased since the microclimate became more humid in the forest, the control effects of VPD on ET would not be as strong as before. However, the modeled ET was still highly related to VPD. The forest in the real world responds to the changing microclimate but not the modeled forest. The VPD was higher in peak seasons, which may be one of the reasons the ET was overestimated by the SWH model in peak seasons.

The anomalies in the modeled ET are quite sensitive to short-term climatic anomalies. For instance, Rn was higher in January 2014, and obvious positive anomalies in modeled ET were found. However, the measured ET did not respond to the short-term higher Rn. This phenomenon indicated that the model could track but overestimate the instant effects of climatic factors, while the ecosystem had buffer effects for short-term fluctuations in climatic factors. As previously indicated, climatic factors drove the seasonal pattern of ET, but ecosystem responses played the dominant role in the interannual variabilities in ET (Xu et al., 2014; Wu et al., 2015; del Campo et al., 2019).

The SWH model could be used to model ET in subtropical forests, and it performed well in most years without abnormal climatic events. The modeled ET could track the seasonal variations in ET, but it was weaker in accurately estimating the interannual variability. Models can track or amplify the effects of meteorological factors that instantly and directly affect ET, but they cannot track the legacy effects of environmental factors. This study analyzed the specific performances of the SWH model across different climatic years based on long-term data. The following important implications could be inferred from the detailed analyses conducted in this study. First, the model could be further improved by adjusting parameters according to different climatic years (such as cold-spring years and summer-drought years). In addition, the changing dependence of ET on environmental factors should be taken into serious consideration, and the parameters should be adjusted even when the same model is applied in the same ecosystem for a relatively long term, as the ecosystem is a dynamic system that changes over time. Therefore, further and deep studies on model application over large spatial and temporal scales are still needed, which would help improve the understanding of the model results and hence modify the models to make them more accurate.



4.2 Partitioning of evapotranspiration and the verifications

Partitioning ET and clarifying the ratio between E or T to ET has received wide attention (Zhu et al., 2015; Lian et al., 2018; Bhattarai et al., 2022; Cao et al., 2022; Chen et al., 2022). The SWH method performs very well in partitioning ET into transpiration and evaporation and has been widely applied in crop and grassland ecosystems (Hu et al., 2013; Zhao et al., 2020; Bao et al., 2021b). However, relatively few studies have been conducted in forests, as forests have complicated vertical structures. If the partitioning results could be proven to be reliable, it would help ecologists better understand the underlying mechanisms of variations in the ET of forests (Niu et al., 2019). Therefore, we conducted in situ experiments at the QYZ station and compared the model results with the measurements.

The partitioning results showed that the modeled T was significantly related to the measured T and could track the seasonal dynamics of the measured T obtained through the sap flow and scale-up method (Figure 6), which indicated that it is feasible to use this model in forests. During the observation period (May 2006–April 2007), the average value of T/ET according to the model was 0.67, whereas it was 0.60 according to the measured T/ET. This ratio is consistent with previous studies, indicating that the T/ET in forests varied in the range of 0.50–0.79 (Fatichi and Pappas, 2017). However, when comparing the modeled T to measured values, it seemed that the model overestimated T to some extent, especially in the peak season. During May–October in 2006, the modeled T accounted for 83.3% of ET on average, with a range from 47.4% to 92.0%. Meanwhile, the measured T accounted for 65.1% of the measured ET on average, with a range from 12.4% to 100%. According to our results, during this period, the SWH model overestimated daily ET by an average of 0.4 mm d–1 (15.6% higher than measured ET) but overestimated daily T by an average of 1.0 mm d–1 (63.1% higher than measured T). That would be unreasonable; hence, this discrepancy must be from the overestimation of the model and underestimation induced by scaling up sap flow measurements to forest transpiration.

As the absolute true T of the forests could not be measured, the T acquired through different methods are expected to show the same seasonal pattern and similar responses to environmental factors, which could be used to verify each other or as supplementary data. The sap flow technique based on thermal sensors involves some bias according to previous studies (Flo et al., 2019; Dix and Aubrey, 2021). In addition, the limited sample size induced by tree mortality and instrument damage may also induce some estimation bias. Moreover, it is not easy to scale up stand T to forest T, as considerable auxiliary data are needed. Fortunately, at this site, the forest was an artificial coniferous forest, and hence, the tree communities were relatively homogeneous. In addition, there is a permanent large plot in QYZ, where every tree in the plot was numbered and measured. Combined with the tree-ring samples collected around the plot, the sapwood area could be estimated relatively accurately. Therefore, it provided the possibility to evaluate the performance of the SWH model. However, there are some broadleaf species and understory shrubs induced by the natural succession process, whose T was neglected when we scaled up the sap flow measurements to forest T. In addition, the water and heat resources were abundant in 2006; hence, the understory vegetation may contribute more to forest T than in other years (Xu et al., 2017). This may be why the relatively larger differences between measured and modeled T appeared in peak seasons. Dynamic ecosystem responses to changing environmental factors are the main cause of interannual variability and the most difficult issue for models (Xu et al., 2014; MacBean et al., 2021). Meanwhile, suitable environmental factors would make the SWH model overestimate T to some extent, as the model would be more dependent on climatic factors. Although the SWH model may overestimate T, the amplitude is acceptable (Lawrence et al., 2007; Nguyen et al., 2021). The results of the measured and modeled T could validate each other in seasonal variations, and their values both fell in a reasonable scope, which indicated that the SWH model was suitable for partitioning ET in forests. However, more studies based on longer time scales and in other regions could be further conducted to improve the accuracy of the partitioning effects.

The E modeled by SWH showed consistent variation patterns with measured E during the observation period (Figure 7), and the values are closely related, indicating that it is feasible to use the model to estimate E in the forest. The average value of modeled E/ET was 0.37, 0.39, and 0.32 in the observed years of 2011, 2012 and 2013, respectively, but the corresponding measured E/ET was 0.17, 0.11, and 0.11. Micro-lysimeter measurements were conducted more frequently in 2011 but much less frequently in 2012 and 2013. The undisturbed soil column in micro-lysimeters could not be changed too often. Therefore, the soil column would not be changed when it rained slightly on given days, as sometimes the light rain did not go through the canopy. However, it would underestimate E sometimes. This might be one reason why the relation between modeled and measured E was not as good as expected. The results verified that the SWH model could be used to estimate E, although it might slightly overestimate E. Based on the acceptable partitioning results (Figure 8), the underlying mechanisms of ET variabilities could be explored based on a clearer understanding of variations in E and T. For example, it is obvious that T generally increased sharply after May and dropped sharply after October in this forest, and the ratio of T and ET varied greatly among years. Some special phenomena could also be detected according to the partition results. For instance, in 2005, the T/ET was very low at the beginning of the year, and the T/ET peaked later in 2005 than in other years. Consequently, the wider use of the SWH model on a larger scale would help further studies on ET.

Based on the modeled values and in situ measurements, the modeled E and T were found to have consistent seasonal patterns with the measured E and T, respectively (Figures 6, 7). The data measured using different methods and from different scales matched each other and could be cross validated, although they have some discrepancies. The in situ E measurements probably underestimated E slightly due to the limited samples and limited water supplementation from the surrounding soils. The in situ sap flow underestimated T because only the dominant trees were measured, and the transpiration from other trees, shrubs, and grasses was neglected (Xu, 2011). In addition, T would be underestimated to some extent when the scale-up calculations were conducted in combination with the stand investigation data. Compared with previous studies (Zhu et al., 2015; Ren et al., 2019), the modeled results fell in the acceptable range, although they may overestimate T or E to some extent. However, these discrepancies were inevitable and reasonable, and the measured and modeled E (T) values are useful in validating each other, as they have reasonable values and show consistent variation patterns. In summary, the SWH model performed well at partitioning ET in this subtropical forest and could be further optimized according to its performance at different climatic backgrounds. Since the absolute true E and T could not be obtained in forests, the improvements and wide use of the models would be useful in studying forest water processes under global climate change.
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Changes in net ecosystem productivity (NEP) in terrestrial ecosystems in response to climate warming and land cover changes have been of great concern. In this study, we applied the normalized difference vegetation index (NDVI), average temperature, and sunshine hours to drive the C-FIX model and to simulate the regional NEP in China from 2000 to 2019. We also analyzed the spatial patterns and the spatiotemporal variation characteristics of the NEP of terrestrial ecosystems and discussed their main influencing factors. The results showed that (1) the annual average NEP of terrestrial ecosystems in China from 2000 to 2019 was 1.08 PgC, exhibiting a highly significant increasing trend with a rate of change of 0.83 PgC/10 y. The terrestrial ecosystems in China remained as carbon sinks from 2000 to 2019, and the carbon sink capacity increased significantly. The NEP of the terrestrial ecosystem increased by 65% during 2015–2019 compared to 2000–2004 (2) There was spatial differences in the NEP distribution of the terrestrial ecosystems in China from 2000–2019. Taking the line along the Daxinganling-Yin Mountains-Helan Mountains-Transverse Range as the boundary, the NEP was significantly higher in the eastern part than in the western part. Among them, the NEP was positive (carbon sink) in northeastern, central, and southern China, and negative (carbon source) in parts of northwestern China and the Tibet Autonomous Region. The spatial variation of NEP in terrestrial ecosystems increased from 2000 to 2009. The areas with a significant increase accounted for 45.85% and were mainly located in the central and southwestern regions. (3) The simulation results revealed that vegetation changes and CO2 concentration changes both contributed to the increase in the NEP in China, contributing 85.96% and 36.84%, respectively. The vegetation changes were the main factor causing the increase in the NEP. The main contribution of this study is to further quantify the NEP of terrestrial ecosystems in China and identify the influencing factors that caused these changes.




Keywords: change, net ecosystem productivity (NEP), influencing factors, terrestrial ecosystem, China




1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Work Report states that by 2019, the concentration of carbon dioxide (CO2) in the atmosphere had reached 409.9 ( ± 0.4) ppm, an increase of 125 ppm over the previous 170 years, and its warming effect is causing climate change and frequent climate disasters (IPCC, 2021). The main sources of carbon dioxide in the atmosphere are fossil fuel combustion, cement production, land use changes, biological respiration, and ocean release. The net ecosystem productivity (NEP) is used to express the net storage of carbon in large-scale ecosystems and can indicate the carbon dioxide exchange between a terrestrial ecosystem and the atmospheric system. Carbon sinks mainly include terrestrial ecosystem photosynthesis, ocean absorption, and organic and inorganic carbon deposited in the land and ocean (Gunter et al., 1998; Houghton, 1998). As a carbon sink for CO2, terrestrial ecosystems have become an important component of the global carbon cycle and play an important role in global climate change (Aubinet et al., 2018). Therefore, it is of great significance to accurately evaluate the exchange of CO2 between terrestrial ecosystems and the atmosphere in studies of the terrestrial ecosystem carbon cycle.

Many studies have been conducted on the NEP effect on terrestrial ecosystems and have mainly focused on the assessment of the NEP effect, the characteristics, and the mechanisms of the changes. Regarding the assessment of the NEP effects on terrestrial ecosystems, many studies have been conducted on the NEP of terrestrial ecosystems globally and in different countries and regions. In such studies, the average annual NEP has mainly been estimated. Some scholars have focused on the average annual NEP of terrestrial ecosystems per unit area. For example, Zhang et al. (2021) estimated the NEP of the terrestrial ecosystem in Central Asia during 2000–2020 using a combination of the Carnegie Ames Stanford Approach (CASA) model and an empirical model, and its value was determined to be -53.85–108.49 gC/m2/y; Lu and Zhuang (2010) estimated the NEP in the midwestern United States from 1948 to 2005 using the terrestrial ecosystem model (TEM), and the result was 87 gC/m2/y. Some scholars have focused on the total annual NEP of terrestrial ecosystems. For example, Chinese scholars used the CEVSA, GOSAT, IBIS, CEVSA2, BEPS, TEC, and other models to simulate the average annual NEP of the terrestrial ecosystems in China on different time scales. From 1960 to 2010, the average annual total NEP in different study periods ranged from 0.07 PgC/y to 1.89 PgC/y (Cao et al., 2003; Zhang et al., 2014; Wang et al., 2015; Yang et al., 2016; Yao et al., 2018; He et al., 2019; Zhang et al., 2020; Wang et al., 2021). Nayak et al. (2015) used the CASA model to simulate the NEP of the Indian terrestrial ecosystem from 1981 to 2006 and concluded that the average annual NEP was 10 TgC. Scholars have also paid attention to changes in the NEP of terrestrial ecosystems in different regions and have concluded that the change characteristics of the NEP of terrestrial ecosystems in different regions are different. Zhang et al. (2021) concluded that the NEP in Central Asia decreased at a rate of 6.1 gC/m2/10y during 2000–2020. Holland and Brown (1999) concluded that the NEP of the terrestrial ecosystems in the United States and Canada increased from 1987 to 1988; From 1981 to 2006, carbon sources became carbon sinks in India (Nayak et al., 2015). The carbon sink capacity of China’s ecosystems increased from 2000 to 2015 (Zhang et al., 2020). He et al. (2019) revealed the decadal-scale changes in the NEP, that is a decrease of -5.95 TgC/yr2 (decreasing sink) during 1982–2000 and an increase of 14.22 TgC/yr2 (increasing sink) during 2000–2010. In addition, the influencing mechanism of the NEP changes in terrestrial ecosystems has also attracted the attention of some scholars. Zhao et al. (2020) found that climate change had a positive effect on the increase in the vegetation carbon storage of the global forest ecosystem from 2006 to 2010. However, many scholars have suggested that climate change has had a negative impact on the carbon sink capacity of terrestrial ecosystems (Tian et al., 2011; Mu et al., 2015; Sitch et al., 2015; Biederman et al., 2017; Verduzco et al., 2018). Precipitation and temperature changes may have profound effects on the carbon cycle (Wang et al., 2021).

In summary, even though scholars have conducted a great deal of research on the NEP of terrestrial ecosystems in different regions, the regions involved are still limited and the conclusions are different. Even within the same region, taking China as an example, when the time scale is different, the results are different. Therefore, research on the NEP of terrestrial ecosystems requires further discussion. Regarding the study of the changing trend of the NEP of terrestrial ecosystems, the conclusions also have large differences and need to be discussed. Regarding the impact mechanisms of the changes in the NEP of terrestrial ecosystems, existing studies have mostly focused on the impacts of climate change. However, changes in vegetation and the concentration of CO2 are also important factors driving the changes in the NEP, but limited research has been conducted on this relationship. China is located in the middle and high-latitude regions of the Northern Hemisphere, covers a vast area, spans multiple climatic zones, and is characterized by complex and diverse ecological and environmental conditions (Tao et al., 2007). It is a key region for studying the global terrestrial carbon cycle (Liu et al., 2013a).

The main objectives of this study were 1) to use daily meteorological data and NDVI data to drive the C-FIX model to simulate the spatial and temporal variations in the NEP of the terrestrial ecosystems in China from 2000 to 2019, 2) to reveal the factors influencing the NEP changes in the terrestrial ecosystems in China by setting up control experiments, and 3) to provide a scientific basis for revealing the changes in the NEP and their influencing factors in the terrestrial ecosystems in China. Our research also provides evidence for the study of global greenhouse gas concentrations and global climate change.




2 Materials and methods



2.1 Data sources and processing

The parameters driving the C-FIX model mainly include the NDVI, daily average temperature, daily average radiation, and atmospheric CO2 concentration. The data acquisition process was as follows.



2.1.1 Normalized difference vegetation index

The NDVI data used in this study was obtained from the MOD13A3 product, which has a spatial resolution of 1 km×1 km, one image per month, and a total of 12 images throughout the year, and every 35 consecutive images can cover China (row numbers: h23–h29, column numbers: v03–v08). The NDVI data used in this study were from January 2000 to December 2019, with a total of 8400 images. The data were downloaded from the official National Aeronautics and Space Administration (NASA) website (https://ladsweb.nascom.nasa.gov/data/search.html). A total of 240 monthly NDVI products from 2000 to 2019 were finally processed using the ERDAS9.1 software to conduct the format conversion, image merging, and projection conversion. MODIS data for January 2000 was unavailable, so the NDVI data for January 2001 was replaced.




2.1.2 Daily average temperature data

The daily average temperature data used in our analysis were derived from the daily dataset (V3.0) of Chinese national ground meteorological stations, which contains daily observations of basic meteorological elements at 2474 stations in China (Figure 1A), including basic, reference, and general meteorological stations, since January 1951. The dataset was produced under strict quality control, the concerns and errors found during the detection were generally verified and corrected manually, and similar “ missing data” phenomena caused by digital omissions were also corrected. In this study, the daily average temperature data in this dataset were selected for use, and the time scale was from 2000 to 2019. Considering the completeness of the data and the accuracy of the results, after eliminating the stations with poor continuity, the average temperature data from 2257 meteorological stations were finally selected for use in the calculations. Spatial interpolation was performed using ArcGIS and the gradient inverse distance square method (GIDS) (Lin et al., 2002), and the spatial resolution was kept consistent with the NDVI data.




Figure 1 | Spatial distribution of meteorological stations (A), vegetation types and spatial distribution of ChinaFLUX station (B) in China.






2.1.3 Incoming daily global radiation

Since there were relatively few meteorological stations with ground radiation observations in China, this study estimated the incoming daily radiation by the daily sunshine hours. The daily sunshine hours data used were derived from the daily dataset (V3.0) of Chinese national ground meteorological stations.

 

Sg,d : Incoming daily global radiation (MJ/m2/day); n : Actual sunshine hours (h); N : Maximum possible sunshine hours; Ra : Clear sky solar radiation (MJ/m2/day); as=0.25 ; bs=0.50 (Jones, 1992).

The daily Ra can be estimated from the solar constant, the magnetic declination of the Sun, and the position of the day in the year.

 

 

 

 

 

where: Gsc : Solar constant (0.082); dr : Relative distance between sun and earth; ωs : Sunrise and sunset angle (rad); ϕ : latitude (rad); δ : Solar magnetic declination angle (rad); J: Day order [1-365/366] January 1 takes the day order of 1 (Yan et al., 2016). The calculated Sg,dwas spatially interpolated using ArcGIS software with the inverse distance square method (IDS) (Lin et al., 2002), and the spatial resolution was kept consistent with the NDVI data.




2.1.4 Atmospheric CO2 concentration data

CO2 is a fundamental substance for photosynthesis in vegetation, and an increase in the atmospheric CO2 concentration will inevitably affect the photosynthetic outcome of vegetation. Moreover, atmospheric CO2 concentration data are one of the parameters driving the C-FIX model. In this study, the global monthly atmospheric CO2 mixture concentrations measured during 2000–2019 and reported in the Copenhagen conference proceedings were selected and downloaded from http://co2now.org/.




2.1.5 Land use/cover data

The global land cover data from the Climate Change Initiative-Land Cover (CCI-LC) dataset developed by European Space Agency (ESA), which has a high precision and long time series, were adopted. The data format is TIFF, the coordinate system is WGS1984, and the spatial resolution is 300 m. The land use/cover data for 2000, 2005, 2010, and 2015 were downloaded from the official website of the ESA (http://maps.elie.ucl.ac.be/CCI/viewer/index.php). The data for China’s regional land use/cover in 2000, 2005, 2010, and 2015 were obtained by cutting them with the Chinese area vectorization layer. According to the land use/cover classification system developed by the Food and Agriculture Organization of the United Nations, this product divides the land use types into 22 categories and 36 subcategories. To maintain better data consistency, based on the United States Geological Survey’s (USGS) classification system, the land cover types of the entire country were reclassified into 11 types: evergreen coniferous forest, evergreen broad-leaved forest, deciduous coniferous forest, deciduous broad-leaved forest, mixed forest, shrubland, grassland, agriculture, savanna, sparse vegetation and other (Figure 1B).





2.2 C-FIX model introduction

The C-FIX model is a light energy utilization model based on Monteith’s theory (Veroustraete, 1994), which enables the simulation of three fundamental carbon cycle components (the gross primary productivity (GPP), net primary productivity (NPP), and NEP) estimated at regional and global scales. In recent years, many scholars have used the C-FIX model to simulate the GPP, NPP, and NEP, and have achieved good simulation results (Lu et al., 2005; Zhang et al., 2011; Yan et al., 2016). For each pixel, daily GPP, NPP, and NEP were estimated according to Eq. (7) to Eq. (14). Table 1 and Table 2 list the parameters of the C-Fix model (Veroustraete et al., 2002).


Table 1 | Description of parameters in the C-FIX model.




Table 2 | List of the parameters used in the Eq. (10) to Eq. (14) (Veroustraete et al., 2002).




Table 3 | Radiation Use Efficiency (ϵ) of vegetation in different land use types (Zhang et al., 2018).



 

 

 

 

 

 

 

 

The affinity coefficients Km and K0 show a temperature dependence according to an Arrhenius relationship:

 

if: Ta ≥ 15°C then Ea1 = 59.4 kJ/mol and A1 = 2.419×1013

or if Ta< 15 °C then Ea2 = 109.6 kJ/mol and A2 = 1.976×1022

The inhibition constant K0 for O2 is calculated according to Eq. (16), where A0 = 8240 and Ea0 = 13.9135 kJ/mol.

 

Wherein, Aτ = 7.87×10-5 and Eaτ = -42.8969 kJ/mol.

 

The parameter by is the mean annual calibration coefficient of soil heterotrophic respiration, and the value is 1.0.

The specific simulation process was as follows. The 300 m land use/cover data layers for 2000, 2005, 2010, and 2015 were used to present the annual land use/cover data layers for 2000–2004, 2005–2009, 2010–2014, and 2015–2019, respectively. According to the land use/cover data, the radiation use efficiency (ϵ) layer for 2000–2019. For each pixel, the daily average temperature, daily sunshine hours, ϵ, and the concentration of CO2 and NDVI were adopted to drive the C-FIX model, and the daily raster layer of the GPP, NPP, and NEP was obtained. The monthly and yearly average values were subsequently calculated via numerical integration of the flux functions over the number of days in the considered assessment period, mostly 1 year. When NEP>0, the terrestrial ecosystem is a carbon sink and vice versa.




2.3 Controlled experiment method

To reveal the causes of the carbon source/sink effects in China’s terrestrial ecosystems, we analyzed the effects of vegetation changes, climate changes (temperature and radiation), and atmospheric CO2 changes on the NEP of China’s terrestrial ecosystems and their contribution rates. In this study, the controlled experiment method was applied, that is, the different driving factors were controlled to simulate the difference between the NEP under the actual scenario and under the controlled terrestrial ecosystems, which was defined as the effect of the controlling factor on the carbon source/sink (Table 4).


Table 4 | Controlled experiments.



Taking the analysis of the impact of the vegetation changes on the NEP as an example, controlled experiment 1 is described in Table 4. The temperature, radiation, and atmospheric CO2 concentration remained unchanged, and only the NDVI was changed. To avoid the effect of anomalous years, we used the 5-year average values. The average temperature, radiation, and CO2 concentration from 2015–2019 and the average NDVI from 2000–2004 were used to drive the C-FIX model to simulate the NEP of the vegetation, which was considered to be the simulated value of the NEP under the controlled experiment. The average temperature, radiation, CO2 concentration, and average NDVI during 2015–2019 were used to drive the C-FIX model to simulate the NEP, which was considered to be the actual value. The simulated value was subtracted from the actual value, and the difference was the NEP caused by the vegetation change.

 

Where: Δvariation is the NEP change caused by the vegetation change, NEPsimulated is the simulated NEP value, and NEPactual is the actual NEP value.




2.4 Trend analysis method

A univariate linear regression equation of the GPP, NPP, and NEP (y) and the corresponding time (x) was established:

 

where a is the linear regression coefficient indicating the rate of change in the GPP, NPP, and NEP. A positive or negative value of a indicates that the GPP, NPP, and NEP are increasing or decreasing over time, respectively.

The kappa coefficient is generally used to determine the degree of agreement or accuracy between two images, and its calculation formula is (Cohen, 1960):

 

Among them, P0 is the sum of the number of samples correctly classified in each category divided by the total number of samples, which is the overall classification accuracy. Assume that the numbers of real samples in each category are a1, a2,…, ac, and that the predicted numbers of samples in each category are b1, b2,…, bc, and that the total number of samples is n. Then:

 

The kappa coefficient calculation results are -1–1, but usually, the kappa falls between 0 and 1, which can be divided into five groups to indicate the different levels of consistency: 0.0–0.20, very low consistency; 0.21–0.40, general consistency; 0.41–0.60, moderate consistency; 0.61–0.80, high consistency; and 0.81–1 almost identical (Stehman, 1996).




2.5 Statistical analysis

The error analysis of simulated data was conducted by comparison with the measurements. The mean error, root mean square error (RMSE), and correlation coefficient (R) was used, and calculated as follows:

 

where xi represents the simulated data; yi indicates the actual data; x is the average value of the interpolated data; y is the average value of the measured data, and n represents the number of the sample.





3 Results and analysis



3.1 Verification of C-FIX model simulation results

In order to verify the simulation accuracy of the C-FIX model more precisely, the GPP, NPP, and NEP were verified.

Verification of GPP: The monthly measured GPP data were obtained from eight stations in the China Terrestrial Ecosystem Flux Observation and Research Network (ChinaFLUX), among which four were forest stations (CBS, QYZ, DHS, and XSBN), three were grassland stations (DX, NMG, and HB), and one was a cultivated land station (YC). When selecting the verification points, the locations of the verification points were taken into account, that is, they covered the four directions of China, and the vegetation types at the verification points were considered, including forest, grassland, and agriculture. Finally, the monthly measured GPP data for stations CBS, QYZ, DX, YC, and NMG from 2004 to 2010 were selected for verification. According to the latitude and longitude of each observation station, the monthly simulated GPP values of the grid from 2004 to 2010 were extracted, and the accuracy of the simulated values was verified using the trend comparison(Figure 2A) and the scatter plot  (Figure 2B). The R2 between the simulated values and measured values at the five stations are 0.92, 0.68, 0.59, 0.56, and 0.78, and they all passed the 0.01 probability level test, indicating that the trends of the simulated and measured values are basically the same. The RMSE of the five stations is 31.71 gC/m2/m, 9.71 gC/m2/m, 1.65 gC/m2/m, 0.59 gC/m2/m, and 102.55 gC/m2/m, indicating that stations CBS, QYZ, DX, and NMG are within 10% of the measured value, and station YC is greater than 10%. Thus, the simulations for stations CBS, QYZ, DX, and NMG have a higher accuracy, and the simulation for station YC has a slightly poorer accuracy. In summary, the C-FIX model can simulate the terrestrial ecosystem GPP well. Specifically, the vegetation ecosystem GPP simulation accuracy is higher for the forest and grassland (Figure 2).




Figure 2 | Verification of the GPP (unit: gC/month) (A) trend comparison (B) the scatter plot of simulated GPP and observations.



Verification of NPP: The research results of the annual mean NPP of the terrestrial ecosystems in China in recent years are further summarized in Table 5. It can be seen that the models used include the BEPS, C-FIX, GEOPRO, M-SDGVM, CASA, MuSyQ-NPP, LPJ-DGVM, and the annual average NPP is between 1.92 and 4.37 PgC/y (Table 5). A numerical comparison could not be conducted due to the different time scales of the simulations. However, the simulated values of the BEPS, GEOPRO, MuSyQ-NPP, and LPJ-DGVM are relatively low, while those of the C-FIX and M-SDGVM are slightly higher. The CASA simulation results show that the average annual NPP of the regional terrestrial ecosystem in China was 3.38–4.35 PgC/y from 1981 to 2008, 2.25–2.62 PgC/y from 2001 to 2010, and 2.93 PgC/y in 2015, indicating inter-annual fluctuations. Based on the simulation results of the C-FIX model, the average annual NPP of the regional terrestrial ecosystem in China from 2000 to 2019 was 3.34 PgC/y. Compared with previous studies, our simulation results are less than the maximum value and greater than the minimum value, i.e., within a reasonable range. The simulation results presented in this study are credible.


Table 5 | Summary of studies on NPP in China.



Verification of NEP: Figure 3 presents a comparison of our C-FIX model simulation results for the terrestrial ecosystem NEP in China and the results of previous studies. The results of different studies differ greatly. The simulation results of the CEVSA2, BEPS, TEC, IBIS, GOSAT, and other models are small, while the NEP values observed using vorticity correlation measurement methods are high. In summary, different researchers have applied different time scales, different model parameters, and different driving data sources, resulting in different results. The results of the previous studies show that the NEP in the terrestrial ecosystems in China was 0.07–1.89 PgC; however, in this study, the NEP values of the terrestrial ecosystems in China during 2000–2019 were calculated to be 0.6–1.38 PgC. The calculated results are within the NEP thresholds of previous studies, further demonstrating the accuracy of our results.




Figure 3 | Verification of the NEP.






3.2 Temporal and spatial variation characteristics of carbon sources/sinks in China’s terrestrial ecosystems from 2000 to 2019



3.2.1 Temporal patterns and change characteristics of the GPP, NPP, and NEP

The mean GPP, NPP, and NEP values of the regional terrestrial ecosystems in China from 2000 to 2019 were 4.75 PgC, 3.34 PgC, and 1.08 PgC, respectively. Figure 4 shows the temporal variations in the GPP, NPP, and NEP in China’s regional terrestrial ecosystems during 2000–2019. It shows that all three exhibited increasing trends with annual coefficients of variation of 7.86%, 7.72%, and 24.45%, respectively, indicating that the interannual variations in the GPP and NPP in China’s regional terrestrial ecosystems were small. The rates of increase of the GPP, NPP, and NEP of the regional terrestrial ecosystems in China from 2000 to 2019 were 0.86 PgC/10 y, 0.86 PgC/10 y, and 0.83 PgC/10 y, respectively (Figure 4), and the equations passed the 0.01 probability level test (R2 critical value of 0.608). Furthermore, Figure 4 shows that the terrestrial ecosystems in China remained a carbon sink during 2000–2019, and their carbon sink capacity increased significantly. Analysis of the variance of the annual mean NEP of the terrestrial ecosystems in China during 2015–2019 and 2000–2005 revealed that there was a significant difference between these two periods at the 0.01 level, further confirming that the NEP of China’s regional terrestrial ecosystems changed significantly during 2000–2019.




Figure 4 | Changes in the GPP, NPP, and NEP in China from 2000 to 2019.






3.2.2 Spatial patterns and change characteristics of the GPP, NPP, and NEP

Figure 5 shows the spatial patterns of the GPP, NPP, and NEP of the terrestrial ecosystems in China from 2000 to 2019. Figure 5A showed that the GPP, NPP, and NEP of the terrestrial ecosystems in China during 2000–2019. Taking the line along the Daxinganling-Yin Mountain-Helan Mountain-Hengduan as the boundary, the values were significantly higher in the eastern part than in the western part. Most of the high-value annual average GPP areas had values of >1750 gC/m2, while the low-value areas in the west had values of<500 gC/m2, and the values in the central and northeastern regions were basically within 750–1500 gC/m2. Most of the high-value annual average NPP areas had values of >1500 gC/m2, while the low-value areas in the west had values of<250 gC/m2, and the values in the central and northeastern regions were basically within 500–1250 gC/m2 (Figure 5B). Most of the high-value annual average NEP areas in the southeastern region had values of >1000 gC/m2, while the low-value areas in the west had values of<-500 gC/m2, and the values in the central and northeastern regions were basically within 0–750 gC/m2 (Figure 5C).




Figure 5 | Spatial distributions of the (A) GPP, (B) NPP, and (C) NEP in China from 2000 to 2019.



Figure 6 shows the spatial variation characteristics of the annual average GPP, NPP, and NEP of the terrestrial ecosystems in China from 2000 to 2019. The spatial changes in the GPP, NPP, and NEP were consistent, and their rates of change were high in the south and east and low in the north and west. Their rates of change were all dominated by significantly increasing trends (Figures 6A–C). The areas with significant increases in the GPP, NPP, and NEP of the terrestrial ecosystems accounted for 50.51%, 50.67%, and 45.85% of the total area of the country, respectively, and the areas with high values of significant increase were mainly located in the central and southwestern regions. The areas with significant decreases in the GPP, NPP, and NEP of the terrestrial ecosystems accounted for 18.23%, 18.51%, and 36.01% of the total area of the country, respectively, and the areas with significant decreases were mainly sporadically distributed in eastern and northwestern China. The carbon sink capacity in central and southwestern China continuously increased, while in eastern China and some parts of northwestern China, the carbon sink capacity decreased even though these areas were carbon sink areas.




Figure 6 | Spatial variations in the (A) GPP, (B) NPP, and (C) NEP in China from 2000 to 2019.







3.3 Analysis of influencing factors of NEP changes in terrestrial ecosystems in China from 2000 to 2019

Three sets of controlled experiments were conducted to investigate the factors influencing the NEP changes in the terrestrial ecosystems in China. The results showed that vegetation changes and CO2 concentration changes caused the increase in the NEP of the terrestrial ecosystems in China from 2000 to 2019. However, climate change caused the decrease in the NEP. Vegetation changes caused the largest increase in the NEP in the terrestrial ecosystems in China (0.49 PgC), which was 2.3 times the increase in the NEP caused by changes in the CO2 concentration (Table 6). The effect of climate change on the NEP was 26.53% and 61.90% that of the effects of the changes in the vegetation and CO2 concentration on the NEP. Assuming that the absolute value of the NEP caused by each factor was 100%, the change in the NEP caused by vegetation changes accounted for 85.96%, while those caused by climate change and changes in the atmospheric CO2 concentration accounted for -22.80% and 36.84%, respectively, implying that the vegetation changes were the main cause of the increase in the carbon absorption in the terrestrial ecosystems in China.


Table 6 | Results of controlled experiments (TgC=1012 gC).



The spatial patterns of the controlled experiment results show that the vegetation changes increased the NEP of the terrestrial ecosystems in 61.53% of the entire country, and the high-value areas were located in the Daxinganling-Taihang Mountains-Qinling area and southern China. The vegetation changes only caused a decrease in the NEP of the terrestrial ecosystems in 16.96% of the total area, mainly in Hulunbeier, Inner Mongolia, and parts of eastern China (Figure 7A). Climate change caused an increase in the NEP of the terrestrial ecosystems in 14.89% of the total area, mainly in Yunnan Province in southwestern China, while it caused a decrease in the NEP in 63.60% of the terrestrial ecosystems, mainly in northeastern, central, and eastern China (Figure 7B). The changes in the CO2 concentration caused an increase in the NEP in 73.82% of the regional terrestrial ecosystems in China, and the high-value areas were located in southeastern China; changes in the CO2 concentration caused a decrease in the NEP in only 4.67% of the region, mainly sporadically distributed in northwestern China and the Qinghai-Tibetan Plateau (Figure 7C).




Figure 7 | Spatial distribution of the NEP changes based on the controlled trials: (A) vegetation changes; (B) climate change; and (C) CO2 density changes.



Based on the spatial distribution characteristics, the CO2 concentration changes, vegetation changes, and climate change caused increases or decreases in the NEP of the terrestrial ecosystems in some regions. Therefore, the factors causing the changes in the NEP of the terrestrial ecosystems in the different administrative regions of China were revealed through the control experiments (Table 7). The vegetation changes were the main factor causing the changes in the NEP of the terrestrial ecosystems in northeastern, northern, eastern, central, southern, northwestern, and southwestern China. The proportion of the provinces and cities in which the NEP of the terrestrial ecosystems was affected by vegetation was 93.97%, mainly in Heilongjiang Province, the Inner Mongolia Autonomous Region, Guangxi Province, Shaanxi Province, Yunnan Province, and Sichuan Province. Jiangsu Province and Taiwan Province were affected by the changes in CO2 concentration, accounting for 6.06%.


Table 7 | NEP changes in each administrative region in China under the control of the experimental situation (TgC).







4 Discussions

(1) In this study, the spatial and temporal patterns and change characteristics of the NEP of the terrestrial ecosystems in China during 2000–2019 were analyzed based on simulations of the GPP, NPP, and NEP of the terrestrial ecosystems conducted using the C-FIX model of light energy utilization, and the factors influencing the changes in the NEP of the terrestrial ecosystems in China were further analyzed. The results of this study not only provide and update basic data on carbon stocks in regional terrestrial ecosystems in China but also provide a basis for quantitative analysis of the carbon stock changes in terrestrial ecosystems in China.

(2) Some scholars have studied the ratio of the NPP to the GPP. For example, Zhang et al. (2009) used MODIS data for 2000–2003 to calculate the ratio of the NPP to the GPP of global terrestrial ecosystems and obtained a value of 0.52. Wang (2012) reported that the annual average ratio of the NPP to the GPP for the terrestrial ecosystems in east Asia during 1949–2008 was 0.604 based on the atmospheric-vegetation interaction model version 2 (AVIM2). Scholars have also calculated the ratio of the NPP to the GPP for the forest system. Landsberg et al. (2020) used the forest grow model 3-PG to analyze the ratio of the NPP to the GPP at more than 200 forest stations. Their results revealed that the range of the values was mostly 0.4–0.6. Waring et al. (1998) reported that the ratio of the NPP to the GPP of forest ecosystems was between 0.22 and 0.79. By comparing the NPP/GPP ratios of different regions simulated using the C-FIX model, Song et al. (2021) determined that the NPP/GPP ratio of terrestrial ecosystems in the Gannan region of China in 2019 was 0.77. It can be seen that due to the different data resources and different simulation methods used, the results of the NPP/GPP ratios of different ecosystems are different, with values of basically between 0.22 and 0.79. In this study, the annual average NPP/GPP ratio of China’s terrestrial ecosystems from 2000 to 2019 calculated using the C-FIX model was 0.70. Based on a comprehensive comparison, the NPP/GPP ratio simulated using the C-FIX model is high, but it is within a reasonable range. According to the test results of this study, the GPP simulated using the C-FIX model is slightly lower, while the NPP is slightly higher, which is the reason why the NPP/GPP ratio is high.

(3) The C-FIX model is a light energy utilization model, and its Radiation Use Efficiency (ϵ) is an important parameter for constraining the accuracy of the model (Yuan et al., 2014). Its value is influenced not only by the vegetation type but also by the uniformity of the vegetation cover, and there are differences in the ϵ values of different vegetation types (Yan et al., 2016). Thus far, while most scholars have used the C-FIX model to simulate the GPP, NPP, and NEP of terrestrial ecosystems, the radiation use efficiency (ϵ) of vegetation has been set as a constant, i.e., the differences in the radiation use efficiencies of different types of vegetation were not considered. For example, in previous studies, when simulating the GPP, NPP, and NEP in the ecosystems in China (Chen et al., 2007), western China (Lu et al., 2005), the Gannan region of China (Song et al., 2021), and other places, the ϵ value was set as 1.1 gC/MJ. However, as the accuracy of the simulation has improved in recent years, some scholars noticed the difference in the ϵ values of different types of vegetation. When Yan et al. (2016) used the C-FIX model to simulate the GPP, NPP, and NEP of a terrestrial ecosystem, they divided the vegetation types in the region into six types (i.e., cultivated land, grassland, closed forest, shrub, open forest, and other forests), and the ϵ value was set according to the vegetation type. Based on the vegetation types in China and referring to the results of previous research, in this study, the vegetation types were divided into 11 types with different ϵ values (Table 3). In order to compare the two different assignments, the difference between the simulation results of the two scenarios was further assessed. When the radiation use efficiency of all of the vegetation was assigned a constant value (ϵ=1.1), the simulated total annual GPP of the terrestrial ecosystem in China during 2000–2019 was 6.76 PgC. In contrast, when the ϵ was assigned according to the vegetation types, the GPP was 4.75 PgC. It can be seen that there is a difference between the two results. When the ϵ value is assigned as a constant, the simulation result is high, and the difference between the two is 2.01 PgC. The spatial distributions of the simulated total annual GPP of the terrestrial ecosystems in China during 2000–2019 obtained using the two methods are shown in Figure 8. Through this comparison, it can be seen that when ϵ is assigned according to the vegetation type, the spatial differentiation of the GPP is significantly improved. Therefore, assigning different radiation use efficiency values to the different vegetation types makes the simulated values more accurate and the spatial differentiation clearer.




Figure 8 | Spatial distribution of the NEP under different radiation use efficiencies: (A) ϵ=1.1; (B) ϵ (Table 2).



(4) Until now, although researchers have simulated the carbon source/sink changes in terrestrial ecosystems in different regions in China and abroad, few studies have analyzed the influencing factors of these changes. Studies of the factors influencing NEP changes have mainly focused on climate change, and the results are different. For example, Cao et al. (2003) analyzed climate change and the changes in the NEP of the terrestrial ecosystem in China from 1981 to 1998 and reported that climate change weakened the terrestrial ecosystem’s carbon sink capacity. He et al. (2019) reported that the carbon sink capacity in China increased from 2000 to 2010, and this shift was mainly influenced by the enhanced summer monsoon, with the climate effect accounting for 56.3%. Compared with previous studies, this study not only focused on the impacts of climate change on the NEP but also revealed the impacts of vegetation changes and CO2 concentration changes on the NEP. The results of this study provide a reference for studying the NEP mechanism in regional terrestrial ecosystems.

(5) In this study, by using the controlled experiment method, it was concluded that the increase in the NEP in more than 90% of the provinces in China was influenced by vegetation changes, among which the NEP in Yunnan, the Inner Mongolia Autonomous Region, and Shaanxi and Guangxi provinces was most significantly influenced by the vegetation changes. To further verify these results, we reviewed the white paper Twenty Years of Returning Farmland to Grassland in China (1999–2019) and found that 515 million acres of cropland were returned to forest and grassland in China in the past 20 years, of which the increase in forest land was 502 million acres, and data on vegetation changes in the major provinces in China were obtained (Table 8). As can be seen from Table 8, in Yunnan Province, the Inner Mongolia Autonomous Region, Shaanxi Province, and the Guangxi Zhuang Autonomous Region 107.5 million acres have been afforested since 1999, accounting for 21.41% of the total reforestation area in China. We conclude that the reforestation area in these four provinces accounted for 20% of the total reforestation area in China, and the woodland area increased significantly (Table 8). Moreover, the four administrative regions of Yunnan Province, the Inner Mongolia Autonomous Region, Shaanxi Province, and the Guangxi Zhuang Autonomous Region also experienced the largest changes in the terrestrial carbon sink capacity due to vegetation changes, exhibiting good consistency. This also indicates that the research results of this study are consistent with reality.


Table 8 | Afforestation area in Yunnan Province, Inner Mongolia Autonomous Region, Shaanxi Province, and Guangxi Province (10,000 mu).



Based on the NDVI data for China downloaded from the MODIS website, we calculated the rate of change of the NDVI in China from 2000 to 2019 (Figure 9). The results show that the NDVI increased in 64.66% of China. This further confirms that the state of the surface vegetation in China improved from 2000 to 2019, and these vegetation changes were the main factor leading to the maintenance of the carbon sinks in the regional terrestrial ecosystems in China and the significant increase in the carbon sink capacity.




Figure 9 | Spatial variations in the NDVI in China from 2000 to 2019.



(6) In this study, during image data processing, when layer overlay, cropping, and raster calculation were performed, more complicated data processing and calculation processes such as projection conversion, graphic correction, vector data and raster data conversion, boundary alignment, and spatial statistics were required. The mapping process also involved the conversion of the geographic coordinate system, all of which affected the accuracy of the simulation results.




5 Conclusions

	(1) The mean GPP, NPP, and NEP values of the regional terrestrial ecosystems in China from 2000 to 2019 were 4.75 PgC, 3.34 PgC, and 1.08 PgC, respectively, exhibiting highly significant increasing trends with rates of change of 0.86 PgC/10 y, 0.86 PgC/10 y, and 0.83 PgC/10 y, respectively. The terrestrial ecosystems in China were maintained as carbon sinks during 2000–2019, and their carbon sink capacity increased significantly.

	(2) The GPP, NPP, and NEP of China’s terrestrial ecosystems during 2000–2019 exhibited high spatial variability, i.e., high in the south and east and low in the north and low west. Take the Daxinganling-Yin Mountain-Helan Mountain-Hengduan Mountains line as the boundary, the values were significantly higher in the eastern part than in the western part. The spatial change rates of the GPP, NPP, and NEP mainly increased. The areas with significant increases were distributed in central and southwestern China, while the areas with significant decreases were sporadically distributed in eastern and northwestern China.

	(3) Vegetation changes and CO2 concentration changes caused the increase in the NEP in the terrestrial ecosystems in China during 2000–2019, while climate change had the opposite effect, with contribution rates of 85.96%, 36.84%, and -22.80%, respectively, indicating that vegetation changes were the main reason for the increase in the carbon absorption in the terrestrial ecosystems in China. The vegetation changes increased terrestrial ecosystem NEP in 63.60% of China, and the high-value areas were located in the Daxinganling-Taihang Mountains-Qinling area and southern China.

	(4) During 2000–2019, the carbon source/sink capacity of the terrestrial ecosystems in more than 90% of the provinces and cities was affected by vegetation changes, and the vegetation changes led to an increase in the carbon sink capacity in 31 provinces and cities, except for Shanghai and Hong Kong. The changes in the CO2 concentration led to an increase in the carbon sink capacity in the entire country, while climate change weakened the carbon sink capacity.
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Height to crown base (HCB) is an important predictor variable for forest growth and yield models and is of great significance for bamboo stem utilization. However, existing HCB models built so far on the hierarchically structured data are for arbor forests, and not applied to bamboo forests. Based on the fitting of data acquired from 38 temporary sample plots of Phyllostachys edulis forests in Yixing, Jiangsu Province, we selected the best HCB model (logistic model) from among six basic models and extended it by integrating predictor variables, which involved evaluating the impact of 13 variables on HCB. Block- and sample plot-level random effects were introduced to the extended model to account for nested data structures through mixed-effects modeling. The results showed that bamboo height, diameter at breast height, total basal area of all bamboo individuals with a diameter larger than that of the subject bamboo, and canopy density contributed significantly more to variation in HCB than other variables did. Introducing two-level random effects resulted in a significant improvement in the accuracy of the model. Different sampling strategies were evaluated for response calibration (model localization), and the optimal strategy was identified. The prediction accuracy of the HCB model was substantially improved, with an increase in the number of bamboo samples in the calibration. Based on our findings, we recommend the use of four randomly selected bamboo individuals per sample to provide a compromise between measurement cost, model use efficiency, and prediction accuracy.




Keywords: random effects prediction, mean response, crown density, BAL, sample selection strategy, response calibration, logistic function




1 Introduction

According to the 2022 Sixth Assessment Report by the Intergovernmental Panel on Climate Change (IPCC), the concentration of CO2 in the atmosphere is now 410 ppm, which is the highest level in recent years. Afforestation can mitigate climate change by reducing atmospheric CO2 (Wang et al., 2013). Although the planet’s arboreal forest area is decreasing dramatically worldwide, the area of bamboo forests is increasing substantially (FAO, 2010). Bamboo forests have distinct characteristics from arboreal forests, including faster growth, higher production efficiency, and faster maturity. Bamboo forests has steadily increased their net carbon storage capacity in recent decades, becoming a carbon sink in the subtropical region of China (Chen et al., 2009; Wang et al., 2013) and playing an important role in mitigating global warming (Yen and Lee, 2011; Yen, 2015; Yen, 2016; Zhou et al., 2022).

The bamboo crown is an important part of the bamboo forest, as it is where photosynthesis, transpiration, and other physiological processes occur (Morataya et al., 1999). Bamboo crowns affect the distribution of the biomass of various organs in bamboo forests, the density and dry matter accumulation of bamboo stems, and the quality of bamboo stems (Biging and Dobbertin, 1992; Chmura et al., 2007). Bamboo crowns also reflect the vitality of bamboo forests (Assman, 1970; Hasenauer and Monserud, 1996; Pan et al., 2020), the quality of stems (Kuprevicius et al., 2014; Yang, 2017), and wind resistance (Ancelin et al., 2004; Yang, 2017).

The ratio of crown length to bamboo height (CR) is an important parameter for quantifying and determining bamboo vitality, competition, stability of growth stage, and production efficiency (Monserud and Sterba, 1996; Brown et al., 2004; Kuprevicius et al., 2014). Bamboo CR can be measured directly (Maguire and Hann, 1990) or determined by measuring total bamboo height (H) and height to crown base (HCB) (Fu et al., 2017; Sharma et al., 2017; Pan et al., 2020; Yang et al., 2020). HCB is defined as the vertical height from the ground to the first living branch (Hasenauer and Monserud, 1996). HCB reflects the utilization efficiency of bamboo stems; that is, the smaller the distance between bamboo branches and the ground, the lower the availability of bamboo stems (Zhou, 1998; Sun et al., 2009; Li et al., 2010; Sun, 2010). The stem is the most-utilized part of bamboo and can be used as an industrial raw material to produce paper, chopsticks, charcoal, etc. (Zhou, 1998; Dam et al., 2018). Therefore, the study of bamboo HCB is of great practical significance for nutrition research (photosynthesis and transpiration of the bamboo canopy) and utilization research (bamboo stem quality). However, while conducting bamboo forest surveys or measurements, especially in dense bamboo forests, it is difficult to distinguish bamboo crowns; thus, HCB measurement is time-consuming, laborious, and costly (Temesgen et al., 2005; Zhou et al., 2022). To avoid these difficulties, a model to estimate HCB should be developed using measured data from a sufficient number of bamboo plants.

HCB models for different tree species have been established, and their construction methods vary from simple to complex (Wykoff et al., 1982; Van Deusen and Biging, 1985; Walters and Hann, 1986; Popoola and Adesoye, 2012; Rijal et al., 2012; Fu et al., 2017; Sharma et al., 2017; Yang et al., 2020; Zhou et al., 2022). The predictor variables used in these models include individual tree variables (H, diameter at breast height; DBH; and competition-related variables) and stand variables (stand density, base area, and site quality-describing variables). The general forms of existing HCB models are exponential and logistic (Fu et al., 2017; Sharma et al., 2017; Yang et al., 2020). Most existing HCB models use ordinary least squares (OLS) regression for parameter estimation, and the predictor variables included in the models are simple. Bamboo forest growth differs significantly by block and sample plot nested in the block, and repeated measurements of different bamboo attributes might be made during the inventory. Using OLS to estimate HCB models built on a hierarchical (nested) data structure would lead to biased parameter estimation and invalid hypothesis tests (West et al., 1984). Mixed-effects modeling for such a nested data structure (e.g., bamboo culms within a sample plot, sample plots within a block, multiple measurements on the same plot or bamboo plant) provides the most robust method to avoid the problems caused by a nested data structure, including problems with spatial correlations. Mixed-effects modeling has been widely used in forest modeling in recent years because of its high efficiency and robustness (Fu et al., 2017; Sharma et al., 2017; Pan et al., 2020; Yang et al., 2020; Zhou et al., 2021a; Zhou et al., 2021b). Only a few HCB modeling studies exist, and they are based solely on arboreal species (Fu et al., 2017; Pan et al., 2020; Yang et al., 2020) and use one-level mixed-effects modeling. Here, we use two-level mixed-effects modeling, which is novel in the field of bamboo forest modeling. Considering the significant contribution of bamboo forests to mitigating global warming and their importance in balancing ecosystem function, building a bamboo HCB model would be worthwhile.

To solve the problems (nested data structure, spatial correlations, lack of intensive bamboo HCB research, etc.), this study developed a mixed-effects HCB model by integrating DBH, total basal area of all bamboo individuals with a diameter larger than that of the subject bamboo (BAL), and canopy density (CD) as the predictor variables and random effects at the block and sample plot levels. Specifically, this study aimed to (1) develop a nonlinear mixed-effects (NLME) model of bamboo HCB, (2) quantify the impact of the predictor variables on HCB, and (3) select the strategies that would be most suitable for a response calibration of the two-level NLME HCB model. We used temporary sample plot data of Phyllostachys edulis (moso bamboo) forests on the Yixing Forestry Farm, Jiangsu Province, for our study. The methods and results presented can provide an important reference for efficient inventorying and effective management of bamboo forests.




2 Materials and methods



2.1 Study area and data

The study area is located in the Yixing State-owned Forest Farm, Jiangsu, China (119° 41 ′ 38 ″ E, 31° 13 ′12 ″N) (Figure 1). The forest farm is humid throughout the year and has a subtropical monsoonal climate. It has an annual average temperature of 16.7 °C, total precipitation of 1805.4 mm, 1807.5 h of sunshine, and 150 rainy days. It is the area with the richest bamboo forest resources in Jiangsu Province.




Figure 1 | Location of sample plots nested in different block settings.



From July to August 2022, 38 temporary sample plots (Figure 1) were established on the forest farm and investigated. The area of each sample plot was 20 × 20 m. These sample plots represented most of the forest structure, forest size, and vitality in the region. The sample plots were distributed across five different blocks. Each bamboo plant in the sample plots with a DBH greater than 5 cm was measured for DBH, H, height to crown base (HCB), crown width, canopy density, and age. A total of 1374 individuals were measured and the measured stand and individual bamboo data are summarized in Table 1. Because of the unique growth characteristics of moso bamboo, with a vegetative cycle of two years (on-year and off-year), the age could be expressed as “du” (Tang et al., 2016), with one (I) “du” corresponding to 1–2 years, and 2 (II) and 3 (III) “du” corresponding to 3–4 and 5–6 years, respectively (Tang et al., 2016). Figure 2 shows the general features of bamboo in the study area. Figure 3 shows the scatter plots of HCB versus potential predictor variables evaluated in our study.


Table 1 | Bamboo forest variables statistics.






Figure 2 | Features of moso bamboo in the sample plot.






Figure 3 | Scatter plots of HCB versus different predictor variables evaluated for their potential contribution to the HCB model of moso bamboo.






2.2 Basic model

By consulting the relevant literature on HCB modeling, we used six common mathematical functions as candidates for bamboo forest modeling (Table 2). As we found that the DBH and BAL of bamboo were significantly related to HCB, which was also proven by a recent bamboo modeling study (Zhou et al., 2022), we used these variables as predictor variables in the basic models. We then used the entire data set to fit these models, and four versatile evaluation indicators (Eqs. 1–4) were used to compare model fits. The model with the best-fitting effect was selected for further extension and analysis.


Table 2 | HCB candidate models considered (HCB: height to crown base; H: bamboo height; x: vector of bamboo variables; β, a, c, 1/m and W: parameter vector;  : infinity).











where   is the height to crown base of the kth bamboo in the jth sample plot in the ith block,   is the estimated value of the kth bamboo in the jth sample plot in the ith block, and n is the number of sample plots.

In addition to DBH, BAL, and bamboo size, location and competition also affect HCB (Fu et al., 2017; Pan et al., 2020; Yang et al., 2020). We therefore also considered bamboo size, stand vitality, site quality, and competition. There were 12 predictor variables in total, which can be grouped into the bamboo size and stand vitality variables (H, CW, CD, bamboo age (A), stand density (N), base area (BA), quadratic mean DBH; QMD), competition-related variables (total basal area of all bamboo individuals with a diameter larger than that of the subject bamboo (BAL) and relative diameter (RD; the ratio of DBH of individual bamboo to QMD), and site quality factors (slope degree, slope position, and humus thickness), and their impact on HCB was evaluated.

We used graphical analysis and appropriate statistical tests to select the variables that contributed the most to the HCB models (Uzoh and Oliver, 2008). Root mean square error (RMSE) and Akaike’s information criterion (AIC) were used to compare the model variants created by different combinations and logarithmic transformations of the predictor variables. All analyses were carried out using the R nls function, and the model with the most attractive fit statistics was selected for further extension using two-level mixed-effects modeling.




2.3 Two-level NLME HCB model

We introduced random effects at both the block and sample plot levels by considering the combination of each fixed parameter and random effects and selecting the best combination using AIC and Log Likelihood (LL). Spatial correlation appeared to have little influence on the HCB model; thus, we disregarded this effect. However, there was a significant heteroscedasticity problem, which was reduced by using a variance-covariance matrix (Davidian and Giltiman, 1995).



where   the variance-covariance matrix,   the residual variance (Gregoire et al., 1995),   is the diagonal matrix describing heteroscedasticity and   is the matrix describing the spatial correlation. Therefore,   is assumed to be an identity matrix.

To reduce the heteroscedasticity problem in Eq. 5, we evaluated three common variance functions (Eqs. 6–8) (Yang et al., 2020; Zhou et al., 2022) and selected the best-performing one. AIC and LL were used to evaluate the effects of the variance functions.







where   is the height of the kth bamboo in the jth sample plot in the ith block and   represents the parameter to be estimated.




2.4 Parameter estimation

All the basic models (Table 2) were estimated using the R nls function, and the parameters of the mixed-effects model were estimated using the R nlme function (R Core Team, 2020).




2.5 Response calibration/prediction with NLME models

Based on the optimal mixed-effects model selected above, we considered two cases: one with only the fixed parameters considered (excluding random effects), termed the M response, and one with local measurements used to estimate random effects, termed model localization or model calibration (Calama and Montero, 2004; Yang et al., 2009). When random effects cannot be estimated, the M response must be used for HCB prediction. The empirical best linear unbiased prediction (EBLUP) theory (Eq. 9) was used to estimate random effects (Lindstrom and Bates, 1990; Liu and Cela, 2008).

	



where   is the estimated random effects;   is estimated value by using the EPBLU method;   is an NLME HCB model;   is the fixed effect parameters vector;   is the vector of predictor variables;   is the random effect variance-covariance matrix;   is variance-covariance matrix; and   is   dimensional design matrix of the partial derivatives of the NLME HCB model   with respect to the random-effect  . More detailed descriptions of the response calibration can be found in Meng and Huang (2009) and Fu et al. (2017).

Different sample sizes can be used for response calibration or random-effects estimation. Different sampling strategies produce different random effect values, which affect the prediction accuracy of NLME models. Previous forest modeling studies attempted to identify the optimal sample size for estimating random effects in several forestry NLME models (Meng and Huang, 2009; Yang et al., 2009; Yang et al., 2020; Zhou et al., 2021a). However, none of these studied the NLME HCB model of bamboo forests. As moso bamboo was uniaxially scattered throughout the sample plot, with each bamboo plant growing independently like a tree and many individual plants per sample plot, we were able to evaluate four different sampling strategies for predicting random effects:

	1–8 randomly selected bamboo plants per sample plot.

	1–8 bamboo plants with the largest DBH per sample plot.

	1–8 bamboo plants with average DBH per sample plot.

	1–8 bamboo plants with the smallest DBH per sample plot.



RMSE and total relative error (TRE) statistics were used to evaluate the prediction performance of each sampling strategy. The EBLUP theory was used to estimate the empirical Bayesian estimates of random effects. To ensure the stability of the estimates, each strategy was repeated 100 times, and the mean RMSE and TRE statistics were computed for each strategy.




2.6 Model evaluation

The effectiveness of the NLME-HCB model could be evaluated by using independent data. However, these data are laborious and costly to gather. Thus, this study adopted the leave-one-out cross-validation (LOOCV) approach (Fu et al., 2018; Yang et al., 2020; Zhou et al., 2021a). We removed one sample plot at a time and fitted the models using data from the remaining 37 sample plots. This process was performed randomly 38 times to ensure that data from each sample plot was excluded from the fitting. The statistical indicators (Eq. 1–4) were computed using the predicted and observed HCB values.





3 Results



3.1 Basic models

Using all the data, we fitted six candidate models (M1–6; Table 1) and evaluated them using four statistical indicators (Eqs. 1–4). All the models had a similar fitting effect. However, the R2, RMSE, and TRE of M3, M4, and M5 were slightly higher than those of the other models (Table 3). Because the number of parameters of M4 and M5 was higher than those of M3, we chose the simplest model, M3, for further analyses.


Table 3 | Fit statistics of the basic models.





where   is the height to crown base of the kth bamboo in the jth sample plot in the ith block,   is the DBH of the kth bamboo in the jth sample plot in the ith block,   is the BAL of the kth bamboo in the jth sample plot in the ith block,   are fixed parameters to be estimated, and   is the error term.




3.2 Expansion of the basic model

In addition to DBH and BAL, we considered other variables as predictors that substantially affected HCB. The HCB model with DBH, BAL, and CD provided the best fit (R2 = 0.5226, RMSE = 1.2905, TRE = 3.3892), indicating that only CD provided a better fitting effect than the other variables evaluated. The use of only three predictor variables in the model prevents over-parameterization and non-convergence problems and still describes the majority of HCB variations. The extended HCB model form is



where   is the height to crown base of the kth bamboo in the jth sample plot in the ith block,   is the DBH of the kth bamboo in the jth sample plot in the ith block,   is the BAL of the kth bamboo in the jth sample plot in the ith block and   is the CD of the jth sample plot in the ith block,   are fixed parameters to be estimated, and   is the error term.

We simulated the effects of DBH, BAL, and CD on HCB estimation (Figure 4). HCB increased with increasing BAL, DBH, and CD, with DBH having the greatest impact on HCB, followed by BAL and CD.




Figure 4 | Simulation of the impact of DBH, BAL, and CD on HCB. The HCB model used for this simulation is Eq. 11.



The curves simulated using Eq. 11 (extended HCB model without random effects) passed almost through the middle of the data clouds (Figure 5), indicating that the model would be biologically reasonable, and the parameters easily explained.




Figure 5 | Base model (Eq. 11) simulation curves overlaid on scattered plot data (relationship between HCB and H).






3.3 NLME HCB model

Random effects at both the block and sample plot levels were introduced into the extended model form (Eq. 11) and different parameter combinations were considered to determine the best combination of fixed-effect parameters and random effects. The NLME model using the combination of (Eq. 12) provided the smallest AIC (AIC = 4946) and maximum LL (LL= -2465), with the best-fit statistics (R2 = 0.6350, RMSE = 1.1285, TRE = 2.5742). Among the three evaluated variance functions (Eqs. 6–8), the exponential function (Eq. (6)) provided the smallest heteroscedasticity (Table 4; Figure 6).


Table 4 | AIC and LL of different variance functions applied to NLME HCB model (AIC, Akaike Information Criteria; LL, loglikelihood).






Figure 6 | Residual distribution of the NLME HCB (Eq. 12) with and without using the variance functions. (A) OLS, (B) variance function not included, (C–E) different variance functions (Eqs. 6–8) included, respectively.





All the parameters of the OLS HCB model (Eq. 11) and NLME HCB model (Eq. 12) were statistically significant (p< 0.05). The first model (Eq. 11), with estimated parameter values, is provided below (Eq. 13).



where  , and similarly estimated NLME HCB model is,



	

	

	

	

	




3.4 Response calibration/model prediction

The results of using different sampling strategies to estimate random effects are shown in Figure 7. The different sampling strategies showed almost identical trends in prediction accuracy. With an increase in the number of samples, prediction accuracy incrementally improved. The RMSE and TRE of three of the sampling strategies were smaller than those of the M response and OLS models; the “smallest DBH” strategy was the exception (Eq. 11). When four randomly selected bamboo plants per sample plot were used, the model produced the maximum reduction rates of both RMSE and TRE, which were 22.53% and 16.54%, respectively. With the inclusion of additional samples, the prediction accuracy of the model incrementally improved, and while the cost and time for measurement also substantially increased. Thus, it would be reasonable to use four randomly-selected bamboo plants per sample plot for calibration of the NLME HCB model (Eq. 12).




Figure 7 | Root mean squared error (RMSE) and total relative error (TRE) for the ordinary least square (OLS) model (Eq. 11), mean response of NLME model (M response) (Eq. 12), and NLME model (Eq. 12) calibrated using four sampling strategies.






3.5 Model evaluation

We used the same evaluation statistics (Eqs. 1–4) to compare the prediction performance of the OLS HCB model (Eq. 10) (RMSE = 1.2905; TRE=15.6863), NLME HCB model (Eq11) (RMSE = 1.1285; TRE=2.5742), and M response (RMSE = 1.2760; TRE=15.3380) model. Relative to the OLS and the M response models, the prediction statistics of the NLME HCB model were substantially improved. When using 1–8 randomly-selected bamboo plants to estimate the random effects at the block and sample plot level, the RMSE decreased from 0.04% to 33.4% relative to the M response of Eq. 12. This indicated that the random effects at the block and sample plot levels had a large impact on the change in HCB and their inclusion was justified.





4 Discussion

With growing concern regarding the increase in atmospheric CO2 concentration, researchers are increasingly paying attention to bamboo as a resource for reducing atmospheric CO2 because of its substantial advantages over woody plants, such as faster growth and carbon sequestration rates, high production capacity, and multiple uses (Zhang et al., 2014; Yen, 2015; Yen, 2016). Most studies emphasize the economic value of bamboo but pay little attention to its physiological growth characteristics, including HCB and CR dynamics, the quantification of which provides support for carbon stock estimation and global warming mitigation (Song et al., 2013; Yen, 2016).

In this study, among the six candidate models that were chosen from previous HCB modeling studies (Fu et al., 2017; Sharma et al., 2017; Yang et al., 2020; Zhou et al., 2022), the logistic model showed the best fitting effect (Table 3), which is consistent with HCB modeling studies on arboreal species (Fu et al., 2017; Pan et al., 2020; Yang et al., 2020). Moreover, the simulation curve of the model overlays the data, which is biologically reasonable, and the parameters are solved and easily explained (Figure 5). The two-level NLME HCB model developed with four predictor variables (H, DBH, BAL, and CD) was able to describe a large proportion of HCB variations, even though the data pattern was largely scattered (Figure 3). Some studies have used DBH and H as predictor variables in an HCB model (Rijal et al., 2012; Fu et al., 2017). Because DBH is the most important and accurate variable in forestry inventory, it has been widely used in forest modeling, including HCB modeling (Rijal et al., 2012; Fu et al., 2017; Zhou et al., 2021a). H reflects the vitality and competition of the plant. BAL reflects competition among individual bamboo plants in the sample plot and is widely used in various forest models (Zhang et al., 2017; Yang et al., 2020; Zhou et al., 2021a; Zhou et al., 2022). Our study also found a significant positive relationship between CD and HCB (R2 = 0.5226, RMSE = 1.2905, TRE = 3.3892) (Figure 4); however, the inclusion of CD was not attempted in previous HCB modeling studies, making our study novel. The inclusion of CD is necessary because it reflects the site quality and vitality of bamboo forests, with a larger CD meaning a denser bamboo crown, stronger bamboo vitality, and better site quality. The positive relationship between CD and HCB means that the larger the CD, the more bamboo in the forest, and the darker the environment under the bamboo forest, which is not suitable for photosynthesis, transpiration, and other physiological activities (Lawlor, 2009). Better growth and survival of bamboo would increase HCB, which improves adaptation to the environment.

Many researchers have found that stand density significantly contributes to HCB variation (Toney and Reeves, 2009; Russell and Weiskittel, 2011; Popoola and Adesoye, 2012). Stand density also reflects the competition among individual bamboo plants within a stand. The HCB of moso bamboo with the same DBH was larger in more-crowded bamboo forests. However, our study showed no significant impact of stand density on HCB. This may be due to the competition between individual bamboo plants, as reflected by BAL and CD.

We also evaluated other variables; however, their impact on the HCB model was minor. Although adding an increasing number of variables might slightly improve the accuracy of the model, introducing too many variables certainly leads to model non-convergence and biased parameter estimation caused by excessive parameterization (Fu et al., 2013; Fu et al., 2017). Including too many predictor variables in the HCB model raises inventory cost and takes longer.

Relative spacing may influence tree height and crown base relationships (Saud et al., 2016; Pan et al., 2020). However, this did not apply to our study because the bamboo stand density did not change much during a given period. While annual bamboo shoots may lead to a change in stand density, the bamboo in this study was cut down 4–6 years after it was planted, minimizing long-term stand density changes.

Our model introduced both block- and plot-level random effects, which largely reduced unexplained variance and improved the fitting accuracy of the model relative to the OLS model (Figure 6). The addition of random effects added to DBH produced the best results, which could be attributed to the DBH difference reflected in the data and expressed by the random effect.

Calibrating the mixed-effects model using small samples is important for applying this model in forestry. A small number of samples per stand could be used to determine the impact variables that significantly affect HCB (Liu and Cela, 2008). Calibration using various sample sizes has been evaluated and discussed in most studies (Calama and Montero, 2004; Yang et al., 2009; Campo et al., 2010; Fu et al., 2017; Ye et al., 2019; Yang et al., 2020; Zhou et al., 2021a). The prediction accuracy of the model can be significantly improved by increasing the number of samples (Figure 7). In our study, the use of four randomly selected bamboo plants resulted in the highest reduction rates of RMSE and TRE. Although increasing the number of samples led to improved prediction accuracy, it also increased inventory costs and lead time. Thus, considering these as limiting factors of the inventory, four randomly selected bamboo plants per sample plot are optimal for calibrating the mixed-effects model, as this provides a desirable compromise between measurement cost, model use efficiency, and prediction accuracy (Yang et al., 2009; Fu et al., 2017; Ye et al., 2019; Yang et al., 2020; Zhou et al., 2021a).

As pointed out in Section 1, the study of bamboo HCB is of great practical significance for research on bamboo forest photosynthesis, transpiration, and utilization. The proposed model (Eq. 12) predicts the HCB of bamboo forests under similar site conditions (stand density of 1000–4000 stem/ha, the slope of 0–15). It can provide a reliable basis for bamboo forest management, such as describing changes in the bamboo canopy, bamboo forest fire potential, and carbon storage (Ancelin et al., 2004; Kuprevicius et al., 2014; Yang, 2017).

Some studies have pointed out that there may be errors in HCB measurements (caused by the crew, equipment failure, etc.) (Omule, 1980; Fuller, 1987; Rencher and Schaalje, 2008; Gertner, 2011). In building the model, it was assumed that the response variable is random and error-free, and when any error is associated with this and the predictor variables, the resulting model may be significantly biased. However, we did not consider these potential sources of error in our study. If any variable in Eq. 11 contains significant errors, a new modeling method, such as error-in-variable modeling, must be developed to address this problem. Studies have shown that altitude and climate factors may also have a significant impact on HCB (Yang, 2017; Zhou et al., 2021a), which needs to be considered in future studies.




5 Conclusion

In this study, the NLME HCB model containing three individual bamboo variables (H, DBH, and total BAL or CD) was developed by introducing random effects at the block and sample plot levels. The NLME HCB model described the majority of HCB variations. The HCB increased with increasing DBH, CD, and BAL, with DBH having the greatest impact, followed by height and CD. There was a significant impact of the block- and sample plot-level random effects on HCB, and consequently, the NLME HCB model was significantly improved relative to the basic and expanded models without random effects (the fixed-effects model or M response). The NLME HCB model used in this study can be applied after calibration with random effects estimated using at least four randomly selected individual bamboo plants per sample plot and can accurately predict the HCB of bamboo forests under identical site conditions. The model will provide a reliable basis for bamboo forest management, such as describing changes in the bamboo canopy, bamboo forest fire potential, and carbon storage.
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China has the second-largest grassland area in the world. Soil organic carbon storage (SOCS) in grasslands plays a critical role in maintaining carbon balance and mitigating climate change, both nationally and globally. Soil organic carbon density (SOCD) is an important indicator of SOCS. Exploring the spatiotemporal dynamics of SOCD enables policymakers to develop strategies to reduce carbon emissions, thus meeting the goals of “emission peak” in 2030 and “carbon neutrality” in 2060 proposed by the Chinese government. The objective of this study was to quantify the dynamics of SOCD (0–100 cm) in Chinese grasslands from 1982 to 2020 and identify the dominant drivers of SOCD change using a random forest model. The results showed that the mean SOCD in Chinese grasslands was 7.791 kg C m−2 in 1982 and 8.525 kg C m−2 in 2020, with a net increase of 0.734 kg C m−2 across China. The areas with increased SOCD were mainly distributed in the southern (0.411 kg C m−2), northwestern (1.439 kg C m−2), and Qinghai–Tibetan (0.915 kg C m−2) regions, while those with decreased SOCD were mainly found in the northern (0.172 kg C m−2) region. Temperature, normalized difference vegetation index, elevation, and wind speed were the dominant factors driving grassland SOCD change, explaining 73.23% of total variation in SOCD. During the study period, grassland SOCS increased in the northwestern region but decreased in the other three regions. Overall, SOCS of Chinese grasslands in 2020 was 22.623 Pg, with a net decrease of 1.158 Pg since 1982. Over the past few decades, the reduction in SOCS caused by grassland degradation may have contributed to soil organic carbon loss and created a negative impact on climate. The results highlight the urgency of strengthening soil carbon management in these grasslands and improving SOCS towards a positive climate impact.
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1 Introduction

The soil organic carbon (SOC) pool is the largest organic carbon pool in terrestrial ecosystems and the backbone of soil health, contributing greatly to soil fertility and quality and the functionality of various ecosystems (Lal, 2004; Zhao et al., 2018). Even a small reduction in SOC can lead to large amounts of CO2 emissions, and exacerbate global warming (Fan et al., 2008; Wang et al., 2011). Soil organic carbon density (SOCD) is an important index to measure soil organic carbon storage (SOCS) (Wu et al., 2019). Information on the spatiotemporal variability of SOCD is critical for understanding the global carbon budget and adjusting land-use management policies, around CO2 emission reduction and global warming mitigation (Wu et al., 2019). Grasslands store approximately 34% of the total soil carbon and 10% of SOC in global terrestrial ecosystems (Scurlock et al., 2002; Corona et al., 2016; Yuan et al., 2021). With a mean SOCD of 7.6–14.1 kg C m−2 and SOCS of 278.9–591.5 Pg, global grasslands have strong carbon sequestration potential and play a critical role in regulating the global carbon cycle and climate (King et al., 1997; Prentice et al., 2001; Piao et al., 2009; Wei and Fang, 2009; Yang et al., 2021).

China has the second-largest grassland area in the world, accounting for 6%–8% of the global grassland area and 41% (3.95 × 106 km²) of China’s total territory (Fan et al., 2008; Deng et al., 2017; Yang et al., 2021). Understanding the dynamics of SOCD in Chinese grasslands not only enables the assessment of the carbon budget at a national scale but also helps to evaluate the contribution of Chinese grasslands to global grasslands’ soil carbon balance (Zhang et al., 2016). Process-based biochemical models and data-driven empirical models are two common methods for simulating and assessing SOCD dynamics. Biochemical models, such as the Rothamsted Carbon (RothC) model, the CENTURY model, and the denitrification–decomposition (DNDC) model are typically used for SOCD dynamic assessment (Stockmann et al., 2013; Lee and Viscarra Rossel, 2020), but differences in model mechanisms and input parameters could lead to diverse results (Li H et al., 2022). Empirical models are built on the soil-forming factors equation, which generally requires sufficient field survey data to establish relationships between SOCD and climatic, biological, soil, topographic, and other soil-forming factors (McBratney et al., 2003; Zhang Y et al., 2022). In practice, the accuracy of this method depends on the amounts of field survey data, while the availability of sufficient field survey data remains limited by various conditions (Yang et al., 2016). In recent years, machine learning algorithms (e.g., classification and regression tree, artificial neural network, and random forest) have been used extensively to build empirical models and simulate SOCD (Yang et al., 2016; Wadoux et al., 2020). Many researchers have employed the space-for-time substitution processes to simulate SOCD dynamics by constructing empirical models based on machine learning algorithms (Szatmári et al., 2019; Zhang W et al., 2022). Based on a certain number of observed samples, the spatiotemporal dynamics of SOCD can be simulated using time-varying covariates, which can reduce challenges in obtaining measurement data historically. The random forest (RF) model can effectively handle non-linear relationships, can reduce overfitting, and has shown good predictive power in many studies (Breiman, 2001; Singh et al., 2017; Keskin et al., 2019; Zhu et al., 2023). Therefore, it has been often used for modeling and mapping SOCD (Yang et al., 2016; Li H et al., 2022).

Climate, elevation, soil texture, and human activities are key factors driving SOCD change and are often used as input into models to assess and predict SOCD dynamics (Hartley et al., 2021; Zhang Y et al., 2022; Liang et al., 2019; Li H et al., 2022). For example, the increased temperature can accelerate the SOC decomposition rate and decrease SOCD (Ofiti et al., 2021). Furthermore, it can promote microbial activity and accelerate the accumulation of microbial assimilative synthesis products, promoting the formation of stable soil carbon (Hao et al., 2021). Changes in precipitation can control litter input and soil respiration by influencing soil water content and soil microbial activity, which further affects the accumulation of SOC (Zhang et al., 2016). It is reported that wind speed, sunshine duration, and humidity also affect SOCD (Lu et al., 2013; Lei et al., 2019; Huang et al., 2022). As an important anthropogenic factor, grazing and its intensity (standard sheep unit ha−1 year−1) can disturb the carbon balance in ecosystems by affecting SOCD (Zhang et al., 2016; Zhou G et al., 2017; Li B et al., 2022). For example, slight and heavy grazing intensity may result in SOC loss, while moderate grazing intensity probably promoted SOC accumulation (Jiang et al., 2020; Zhang M et al., 2018; Xie and Wu, 2016). The net primary production (NPP) of plants and normalized difference vegetation index (NDVI) can drive SOCD change. NPP is a major determinant of terrestrial carbon sinks and an important regulator of the ecosystem carbon cycle (Zhang et al., 2016). NDVI reflects vegetation growth and biomass, and the influence of vegetation on SOCD changes (Zhang C et al., 2021; Liu et al., 2019). Overall, SOCD dynamics are regulated by the long-term equilibrium state of biophysical and chemical processes (Plante et al., 2014). These processes are closely linked to and interact with climate change, vegetation growth, environmental change, and human activities, which make SOCD vulnerable to external factors (Jobbágy and Jackson, 2000; Gaitan et al., 2019; Li H et al., 2022).

The overall objective of this study was to explore the spatiotemporal dynamics of SOCD over the past four decades in Chinese grasslands and to identify the dominant factors driving SOCD change. Specifically, a total of 15 factors, comprising mean annual temperature (MAT), mean annual precipitation (MAP), NPP, NDVI, elevation, aspect, sand, silt, clay, mean annual wind speed (MAWS), evapotranspiration (ET), sunshine hours (SH), relative humidity (RH), large livestock population (LLP), and sheep population (SP), were used to establish the relationship with SOCD using an RF model. The relationship was then used to quantify the spatiotemporal variation of SOCD in Chinese grasslands from 1982 to 2020. Dominant factors driving SOCD change were then identified based on their relative importance. We hypothesized that (i) the SOCD of Chinese grasslands showed a net increasing trend during 1982–2020, and (ii) the SOCS of Chinese grasslands gradually increased over time as a response to the conservation programs implemented over the past decades to control grassland degradation (Lu et al., 2018). The information can provide the basis for land-use adjustments and ecological projects and facilitate the realization of China’s ambitious national emissions reduction targets.



2 Materials and methods



2.1 Grasslands in China

According to the bulletin of the third national land survey, in 2020, Chinese grasslands covered an area of 2.645 × 106 km2, of which 80.59% were natural pastures and 0.22% were cultivated grasslands. Grasslands in China are mainly distributed in six provinces (Tibetan Autonomous Region, Inner Mongolia Autonomous Region, Xinjiang Uygur Autonomous Region, Qinghai Province, Gansu Province, and Sichuan Province), accounting for 94% of the total grassland area. China is a vast country with complex and diverse climate types, and SOCD is unevenly distributed (Zhang Y et al., 2022). To better investigate the distribution and variation of SOCD, based on climate conditions, Chinese grasslands were divided into four regions in this study: northwestern, northern, southern, and Qinghai–Tibetan regions (Figure 1). The northern and southern regions are in the north and south of the monsoon climate zone, respectively. The northwestern region is in the non-monsoon climate zone, and the Qinghai–Tibetan region is a unique geographical area with a distinctive climate type (Zhang Y et al., 2022).




Figure 1 | Spatial distribution of soil samples across Chinese grasslands.





2.2 Data and processing



2.2.1 Soil measurement sample data

We obtained a total of 552 measured grassland SOCD data (0–100 cm) from “A dataset of carbon density in Chinese terrestrial ecosystems (2010s)” for RF modeling (Xu et al., 2019). Each data point contained ecosystem type, location (longitude and latitude), the value of SOCD, sampling time, data type, and data source. There are two types of soil data: (a) Direct data, referring to SOCD data obtained directly from experimental tests, and SOCD and other relevant parameters (soil bulk density, SOC content, and soil depth) from literature. Among these, for soil depth< 100 cm, the SOCD of 0–100 cm was calculated according to the actual depth, and for those samples with depth > 100 cm, only 0–100 cm was selected. (b) Indirect data, which means there are no SOCD data in the experiments or literature, and the relevant parameters are incomplete, thus needing some deductions.

SOCD information from indirect data was derived according to the following rules (Xu et al., 2019): (a) Soil samples lacking bulk density were calculated using a pedotransfer function. (b) For soil samples without SOC, but with soil organic matter content, a conversion factor of 0.58 was used to convert soil organic matter to SOC. (c) For soil samples without gravel content, the mean value of known soil types was used instead. Detailed collection and calculation processes on SOCD can be found in Xu et al. (2019).

The dataset was subjected to strict quality control in the process of literature selection, data extraction, and collation to make the data reliable. We selected 552 sample values for the sampling period between 2009 and 2014 representing the soil data year 2010 for subsequent RF model construction. In addition, we selected 100 soil samples collected between 2000 and 2005 to validate the temporal accuracy of simulated SOCD data. The spatial distribution of soil samples used for modeling is shown in Figure 1.



2.2.2 Land-use datasets

To identify the area and distribution of Chinese grasslands in various years, we collected land-use data for 1980, 1990, 2000, 2010, and 2018 from the Resource and Environment Science and Data Center (https://www.resdc.cn/). The original spatial resolution of the land-use data was 1:100,000, and we resampled them to 30 × 30 m in raster formats for further analysis. To match the time of our study, we treated the land-use data of 1980 as the land-use data in 1982, and the land-use data of 2018 as the land-use data in 2020. The land-use data were divided into six primary types, namely, woodland, farmland, grassland, water body, built-up land, and unused land. It should be noted that gobi, sandy land, swampland, gravel and rock, bare land, and other unused land in the original land-use data were uniformly classified as unused land.



2.2.3 Data for SOCD modeling

We used a total of 15 factors (MAT, MAP, NPP, NDVI, MAWS, ET, SH, RH, elevation, aspect, sand, silt, clay, LLP, and SP) to model SOCD in this study. Details of the data source for all modeling factors are presented in Table 1. These factors represented climate, topography, soil texture, vegetation, and anthropogenic factors. Of these, we considered topography factors (elevation and aspect) and soil texture factors (sand, silt, and clay) as static factors and the rest as dynamic factors. We resampled all the data at 1-km spatial resolution using the ArcGIS 10.2 software in the Albers_WGS_1984 coordinate system.


Table 1 | Data sources for the modeling factors.



The MAT and MAP data from 1982 to 2020 were derived from a 1-km monthly temperature and precipitation dataset for China. We used MATLAB to synthesize the month-by-month data into annual data by calculating the mean value of 12 months for each raster in a year. SH, RH, and MAWS data for 1982–2015 were obtained from the 1-km resolution annual relative humidity, sunshine hours, and mean wind speed datasets for China, while for 2016–2020, they were generated based on meteorological station data and then interpolated in ArcGIS 10.2 using ordinary kriging. The ET data for 1982–2015 were from the spatial–temporal continuous dataset of the transpiration-to-evapotranspiration ratio in China. Based on the meteorological station data, we calculated ET for 2016–2020 using the Penman–Monteith formula and then interpolated it to the study area.

The vegetation factors include NDVI and NPP. The NDVI data ranged from 1982 to 2020 with a raw spatial resolution of 0.05° and a temporal resolution of 1 day. It was prepared by averaging the data for the first 15 days and the last 15 days of each month and then using the maximum value synthesis method to generate monthly average NDVI data for China. We collected NPP data for 1982–2018 from the global NPP/GPP dataset and NPP data for 2019–2020 from the MODIS product dataset.

LLP and SP are anthropogenic factors. Based on the data recorded in the Statistical Yearbook from 1982 to 2020, we converted the LLP and SP data to a raster format using the “Polygon to Raster” tool and resampled it to a spatial resolution of 1 km using ArcGIS 10.2 software.

Topography data included elevation and aspect data, and we obtained them from the Shuttle Radar Topography Mission (DEM). The aspect data were calculated from DEM data in ArcGIS 10.2. Soil texture was obtained from Resource and Environment Science and Data Center and consisted of sand, silt, and clay.




2.3 Methods



2.3.1 Random forest model

RF model, one of the most popular methods for simulating SOCD spatiotemporal dynamics, has a consistent predictive power even in complex situations (Yang et al., 2016; Wadoux et al., 2020). It is created by using bootstrap samples of training data and random feature selection of the tree and has been effectively used for numerical prediction. It can also handle multivariate interactions and non-linear relationships as well as can estimate uncertainties in sparse samples and marginal regions, thus improving the prediction accuracy (Sreenivas et al., 2014; Vaysse and Lagacherie, 2017; Gyamerah et al., 2020). Due to the limitations of obtaining historical data on soil samples, we used time-varying factors as predictors to simulate SOCD in various years. This is a method of the space-for-time substitution being commonly used in a previous study concerning long-term SOC dynamics modeling (Padarian et al., 2022).

In the RF model running, we tested the model by setting three parameters (the maximum depth of trees, the random state, and the number of estimators). To further assess the accuracy of the model predictions, we used 10-fold cross-validation procedures to calculate the coefficient of determination (R2) and root mean square error (RMSE) (Yang et al., 2020). The detailed description of the 10-fold cross-validation process and the calculation equations of R2 and RMSE can be found in Zhu et al. (2019).



2.3.2 Mann–Kendall test

The Mann–Kendall (MK) trend test is suitable for testing linear trends and nonlinear trends (i.e., the rate of change in each period has obvious change, as well as a certain regularity) (Shadmani et al., 2012). The Z-value and p-value are important parameters in measuring the trend. Z > 0 is an upward trend and the opposite is a downward trend (Yang et al., 2017). The p-value represents the significance of the trend (Shadmani et al., 2012; Yang et al., 2022). It is calculated as follows (Tošić, 2004):

 

where S is the test statistic and Var(S) is the variance of the statistic S, which can be described as:

 

where xj and xi are the time series values for years j and i, respectively; sgn is the sign function.

 



2.3.3 Calculation of soil organic carbon storage

SOCS can be calculated using the following formula (He et al., 2021):

 

where SOCD is the mean soil organic carbon density of grasslands in each geographic region; Area is the area of grassland in each geographic region.




2.4 Modeling and testing

The basic flow of SOCD simulation modeling and subsequent analysis are presented in Figure 2. Based on 552 observed data and the modeling factors, we built a grassland SOCD prediction model using an RF model. During the training run, the model was adjusted for 200 iterations, and we used 10-fold cross-validation to evaluate the accuracy of the model training results. After the model training, we input 15 modeling factor layers and simulated SOCD on each raster to obtain the national SOCD layers of 1982, 1990, 2000, 2010, and 2020. At the same time, we calculated the interquartile (the difference between the 75th and 25th percentiles) of 200 iterations of simulated SOCD for each raster, which was used to represent the uncertainty of the simulated SOCD (Ding et al., 2016) (Supplementary Figure 1). The Chinese grassland SOCD layers were extracted by mask using the Chinese grassland vector layers. Following Liang et al. (2019), we examined the spatial simulation performance and validated the spatial accuracy of the grassland SOCD generated from the RF model using 100 measured samples from the original data and their corresponding values from the 2010 grassland SOCD layer. As there were few measured samples for a single year to be obtained, the temporal accuracy of the grassland SOCD generated from the RF model was validated as follows: we selected the measured samples between 2000 and 2005 (n = 100) and treated these soil samples as the measured samples in 2000. Then, we extracted the values of grassland SOCD layer in 2000 and their corresponding measured samples to test the performance of the model following Li H et al. (2022).




Figure 2 | Framework diagram of this study. SOCD, soil organic carbon density; SOCS, soil organic carbon storage.



The observed data were used as the initial data to determine the contribution of each factor to grassland SOCD using the RF model. The factors with cumulative contributions larger than 70% were the dominant factors driving grassland SOCD change. For the dominant dynamic factors, using the grassland vector layers, we mask-extracted these factor layers to obtain the factor layers for the grassland section and used the zonal statistics (mean value calculation) to calculate the mean values of factors for the four regions (northwestern, northern, southern, and Qinghai–Tibetan regions). Then, we examined the trends of these factors over the past 39 years in four regions using the MK test. The mask extraction and zonal statistics were carried out on ArcGIS 10.2. The RF model and MK trend test were run on the R platform (R version 4.1.2, R Core Team, 2022), using the “randomForest” (Liaw and Wiener, 2002) and the “trend” (Pohlert, 2020) package, respectively.




3 Results



3.1 Random forest regression and factors’ contribution ranking

The accuracy of the RF model training dataset and the results of 10-fold cross-validation are shown in Figure 3. The R2 of the training dataset was 0.923 and the RMSE was 3.384 kg C m−2 (Figure 3A). The results of the 10-fold cross-validation showed that the R2 of the model was 0.674 and the RMSE was 7.096 kg C m−2 (Figure 3B). These results indicated a good correlation between observed SOCD and predicted SOCD. The R2 and RMSE of the spatial accuracy of the grassland SOCD prediction are shown in Figure 4A, where the R2 and RMSE were 0.239 and 13.302 kg C m−2, respectively. The temporal accuracy of the grassland SOCD prediction is presented in Figure 4B, with an R2 of 0.256 and an RMSE of 6.063 kg C m−2. According to the contribution ranking of the RF model, we considered the top 4 factors (cumulative contribution > 70%) as the dominant factors driving changes in grassland SOCD, and they were MAT, NDVI, elevation, and MAWS (Table 2).




Figure 3 | Accuracy evaluation of the model training dataset (A) and 10-fold cross-validation (B) on the comparisons between the model’s observed and predicted values for SOCD (0–100 cm) of grasslands. SOCD, soil organic carbon density; R2, the coefficient of determination; RMSE, root of mean square error.






Figure 4 | (A) is the validation result of 100 measured samples in 2010 with the corresponding simulated values of the mean grassland SOCD in 2010; (B) is the verification results of 100 measured samples (from 2000 to 2005) and their corresponding simulated values of the mean grassland SOCD in 2000. SOCD, soil organic carbon density; R2, the coefficient of determination; RMSE, root mean square error.




Table 2 | Ranking of the contribution of modeling factors based on the random forest model.





3.2 Spatial and temporal characteristics of SOCD (0–100 cm) in grasslands from 1982 to 2020

At the national level, grassland SOCD simulated by the RF model was low in the west and north and high in the east and south (Figure 5). The high SOCD values were distributed in the eastern Qinghai–Tibetan region and near the Tianshan Mountains of the Xinjiang Uygur Autonomous Region, while the low SOCD values were mainly located in the western Qinghai–Tibetan region and central northwestern region. In the southern and northern regions, the values of grassland SOCD generally ranged from 4 to 12 kg C m−2. In the northwestern region, the SOCD values were relatively high in the eastern Inner Mongolia and northern Xinjiang (greater than 4 kg C m−2), and relatively low in the rest of this region (less than 4 kg C m−2). The spatial heterogeneity of grassland SOCD in the Qinghai–Tibetan region was large, showing a gradual increase from northwest to southeast. In this region, SOCD values were higher than 12 kg C m−2 in southern Tibet, southern Qinghai, and western Sichuan, and the values were lower than 12 kg C m−2 in the rest of the region. During the period 1982–2020, the largest net increase of SOCD occurred in eastern Inner Mongolia, with an increase over 4 kg C m−2. Conversely, the SOCD decreased the most in southern Tibet where the reduction was greater than 4 kg C m−2.




Figure 5 | Spatial distribution of Chinese grassland average SOCDs in 1982 (A), 1990 (B), 2000 (C), 2010 (D), and 2020 (E). SOCD was divided into five classes (SOCD<2 kg C m−2, 2–4 kg C m−2, 4–8 kg C m−2, 8–12 kg C m−2, and >12 kg C m−2). (F) is the net change of SOCD from 1982–2020, divided into four classes (<−4 kg C m−2, −4–0 kg C m−2, 0–4 kg C m−2, and >4 kg C m−2). SOCD, soil organic carbon density. The spatial distribution maps of Chinese grassland mean SOCD and the 25th and 75th percentile SOCDs in Chinese grasslands for each year are shown in Supplementary Figure 1.



During the study period, the mean grassland SOCD increased in each period with respect to 1982 across China, with a net increase of 0.734 kg C m−2 from 1982 to 2020 (Table 3). However, variation in the mean grassland SOCD among regions was different over time. In the northern region, the mean grassland SOCD first decreased and then increased, and it was 9.471 kg C m−2 in 1982 and 9.299 kg C m−2 in 2020, decreasing by 0.172 kg C m−2. The mean grassland SOCD in the northwestern, Qinghai–Tibetan, and southern regions showed a net increase of 1.440 kg C m−2, 0.915 kg C m−2, and 0.411 kg C m−2, respectively. In the three regions, the grassland SOCD of each period showed varying degrees of increase compared to 1982.


Table 3 | Estimated mean grassland SOCD (with interquartile range) (0–100 cm) (kg C m-2) for the four major geographic divisions in 1982, 1990, 2000, 2010, and 2020.





3.3 Changes in grassland area and SOCS (0–100 cm) from 1982 to 2020

Chinese grassland area showed a decreasing trend between 1982 and 2020, with a decrease of 3.985 × 105 km² (Table 4). The most evident decrease in grassland area was in the Qinghai–Tibetan region, with a decrease of 2.494 × 105 km². The least decrease in the area was observed in the southern region, with a reduction of 1.318 × 104 km². Over the whole study period, an area of 8.549 × 105 km² of grassland was mainly converted to unused land (58.14%), woodland (20.22%), and cropland (14.82%) (Table 5). In addition, there was also a small proportion of grassland converted to water body and built-up land.


Table 4 | Chinese grassland area from 1982 to 2020 (km2).




Table 5 | Transformed grassland area from 1982 to 2020 (km2).



The total SOCS of Chinese grasslands showed a change featuring first an increase and then a decrease (Table 6). The increase of grassland SOCS was obvious during 1982–1990 with an increase of 1.352 Pg, then gradually decreased by 2.509 Pg during 1990–2020. During the study period, the net decrease of 1.158 Pg in grassland SOCS was mainly caused by the reduction from 1990 to 2020. In four regions, from 1982 to 2020, grassland SOCS of the northwestern region showed an overall upward trend, with a net increase (0.950 Pg), and it showed a net decrease in the southern (0.005 Pg), northern (0.618 Pg), and Qinghai–Tibetan regions (0.923 Pg), respectively. Among these three regions, grassland SOCS in the southern and Qinghai–Tibetan regions increased slightly during 1982–2000 and then decreased until 2020, while the northern region experienced a gradual decrease from 1982 to 2020.


Table 6 | Soil organic carbon storage (with interquartile range) (Pg) in Chinese grasslands (0–100 cm) from 1982 to 2020.






4 Discussion



4.1 Reasons for differences in grassland’s SOCD among different regions

Chinese grassland SOCD was high in the east and south, and low in the west and north (Figure 5), a similar observation reported by Liu et al. (2022). Generally, SOCD is influenced by biological productivity and organic matter mineralization, as well as controlled by hydrothermal conditions (Duchaufour, 1983; NSSO, 1998). In the southern region of the study area, the climate is more humid due to monsoonal circulation (Zhang, 1991; Wu and Peng, 2003). On the contrary, in the northwestern region, the climate condition is arid due to the far distance from the ocean and the blockage of the Qinghai–Tibetan plateau (Wu and Peng, 2003). In the southern and northern regions with a warm climate and abundant precipitation, improved vegetation growth and high primary productivity promote the accumulation of SOC and contribute to higher grassland SOCD (Ontl and Schulte, 2012). In northwestern China, the western part is mainly covered by desert, while the eastern part is mostly covered by grasslands. The dry climatic conditions and scarce precipitation are not conducive to vegetation growth and high NPP, which might contribute to relatively low SOCD in the western part (Li et al., 2004; Ontl and Schulte, 2012; Zhang et al., 2016). The Qinghai–Tibetan region has unique climatic conditions, and the elevation of this region is high in the west and low in the east (Zhang Y et al., 2022; Liu et al., 2019). The cold and relatively humid conditions promoted the accumulation of soil organic matter in the southeastern of the Qinghai–Tibetan region, resulting in higher SOCD (Piao et al., 2011; Zhong et al., 2012).



4.2 Dominant factors determining SOCD

The mean SOCD of Chinese grasslands was 7.791 kg C m−2 in 1982 and 8.525 kg C m−2 in 2020, showing a net increase of 0.734 kg C m−2 (Table 3). This was consistent with our hypothesis that grassland SOCD showed a net increasing trend. The results from the RF model suggested that MAT, NDVI, elevation, and MAWS were the main factors driving the variation in grassland SOCD across China, with MAT being the most important factor, explaining 44.00% of the total variation, followed by NDVI, elevation, and MAWS, explaining 13.45%, 10.62%, and 5.16%, respectively (Table 2).



4.2.1 Effects of MAT on SOCD

In the northern region of China, MAT showed an increasing trend, resulting in a net decrease in SOCD in the region (Table 3; Figure 6B). This is due to the fact that (i) the fine and coarse root mass quantity and quality reduced with increased temperature, and the decline in root mass was an important cause of the loss in soil organic matter (Rasse et al., 2005; Ofiti et al., 2021), and (ii) the temperature rise would accelerate the decomposition of soil organic matter and thus reduce SOCD (Duan et al., 2013; Lv et al., 2020; Li B et al., 2022). However, in the southern, northwestern, and Qinghai–Tibetan regions, the climate warming seemed to increase SOCD (Table 3; Figures 6A, C, D). This was probably because, on the one hand, although an increased temperature accelerated the release of soil carbon into the atmosphere (Davidson and Janssens, 2006; Leblans et al., 2017), on the other hand, it contributed to a longer growing season (Leblans et al., 2017) and stimulated plant productivity and thus increasing litter input into the soil (Piao et al., 2006). When the rate of soil carbon input exceeds the rate of soil carbon decomposition, SOCD will gradually increase (Chen et al., 2016; Nie et al., 2019).




Figure 6 | Trends in mean annual temperature from 1982 to 2020 in the southern (A), northern (B), northwestern (C), and Qinghai–Tibetan (D) regions. Z > 0 or Z< 0 indicates an increasing or decreasing trend, respectively. p< 0.01 indicates a significant increasing or decreasing trend.





4.2.2 Effect of vegetation cover on SOCD

NDVI is an important indicator of vegetation cover. Changes in NDVI represent the changes in vegetation cover, which plays an important role in SOC accumulation (Zhang C et al., 2021; Wang et al., 2018). In the southern, northwestern, and Qinghai–Tibetan regions, NDVI gradually increased over the years (Figures 7A, C, D), resulting in a net increase in SOCD in these regions (Table 3). With a gradual increase in NDVI, the vegetation cover also increased (Tian et al., 2022). Studies have proven that an increase in vegetation cover could facilitate soil carbon accumulation and thus increase SOCD (Smith, 2008; Don et al., 2011; Gong et al., 2017). This can be ascribed to (i) an increase in NPP of plant roots (Smith, 2008; Gong et al., 2017), (ii) a reduction in the loss of SOC by effectively blocking wind erosion (Don et al., 2011), and (iii) the accumulation of litter on the soil surface (Li et al., 2020). However, in the northern region, NDVI gradually increased, while SOCD showed a net decrease (Figure 7B; Table 3). Generally, increase in vegetation is followed by an increase in the litter (Tian et al., 2022). As the organic matter from the litter input to the soil increases, it may result in a “priming effect”. That is to say, soil microbes are supposed to be incentivized by readily decomposable organic matter, and CO2 emission from soil increases disproportionately, resulting in the loss of SOC (Kuzyakov et al., 2000; Heimann and Reichstein, 2008; Sayer et al., 2011). In summary, the relationship between NDVI and SOCD is complicated and needs further study.




Figure 7 | Trends in NDVI from 1982 to 2020 in the southern (A), northern (B), northwestern (C), and Qinghai–Tibetan (D) regions. Z > 0 or Z< 0 indicates an increasing or decreasing trend, respectively. p< 0.01 indicates a significant increasing or decreasing trend. NDVI, normalized difference vegetation index.





4.2.3 Effect of MAWS on SOCD

Annual variation in wind speed directly affects wind erosion intensity (Wu et al., 2021). Wind erosion is a natural process that affects ecosystems and is more pronounced in arid and semi-arid regions (Shao et al., 2011; Lei et al., 2019). It can cause loss of organic carbon by transferring soil organic matter from the soil surface to the atmosphere (e.g., dust) (Zhang W et al., 2022; Lal, 2003; Borrelli et al., 2017). In the northwestern region, a significant decreasing trend in MAWS led to a reduction in wind erosion intensity, promoting the accumulation of SOCD in the region (Table 3; Figure 8C; Wu et al., 2021). In addition, studies showed that adequate wind speed will promote intercellular CO2 exchange, resulting in an increase in intercellular CO2 concentration and accelerating the rate of net phosphate synthesis in plants, thereby increasing plant NPP (Xu et al., 2017) and the accumulation of organic matter in the soil. This might be the reason that SOCD increased in the southern region (Table 3; Figure 8A). In the Qinghai–Tibetan region, SOCD showed a net increase (Table 3). This can be attributed to two aspects: (i) wind erosion is positively correlated with wind speed, and reduced MAWS weakened the power of wind erosion (Figure 8D; Wu, 2003; Zhang C et al., 2018); (ii) a range of ecological projects (such as Returning Grazing Land to Grassland Program) that have been implemented on the Qinghai–Tibetan Plateau helped improve vegetation cover and soil fertility, thereby mitigating wind erosion (Li et al., 2016b; Chen et al., 2014). The northern region is in a semi-humid climate where 70% of the annual precipitation falls in summer, resulting in frequent flooding and reduced vegetation growth (Zhang Y et al., 2021). As a result, although there was a significant downward trend of MAWS in the northern region, SOCD decreased significantly over the past decades (Table 3; Figure 8B).




Figure 8 | Trends in mean annual wind speed from 1982 to 2020 in the southern (A), northern (B), northwestern (C), and Qinghai–Tibetan (D) regions. Z > 0 or Z< 0 indicates an increasing or decreasing trend. p< 0.01 indicates a significant increasing or decreasing trend, respectively.





4.2.4 Effects of elevation on SOCD

In general, topographic factors do not directly influence SOC accumulation, but they can influence vegetation types and soil hydrothermal conditions by regulating climate, which, in turn, affects vegetation productivity and soil organic matter decomposition (Cao et al., 2020; Tian et al., 2022). As elevation increases, the decrease in temperature leads to a reduction in the decomposition rate of soil organic matter, which facilitates SOC accumulation and thus increases SOCD (Chen et al., 2013). However, it was also found that in warmer areas at low latitudes, SOC increased with elevation, while in colder areas at high latitudes, SOC decreased with elevation (Yin et al., 2022). This implies that the effect of elevation on SOCD is complex and requires further study.




4.3 Grassland area change effects on soil organic carbon storage

Grassland SOCD and grassland area are important factors influencing changes in grassland SOCS. A reduction in grassland area would lead to the loss of grassland SOCS and make grasslands a source of greenhouse gas emissions. Between 1982 and 2020, the Chinese grassland area declined severely, with a total reduction of 3.985 × 105 km2, resulting in a 1.158 Pg reduction in grassland SOCS (Tables 4 and 6). This was contrary to our hypothesis that SOCS of Chinese grasslands increased between 1982 and 2020. The transfer of grasslands to unused lands was the main reason for the reduction in grassland area, accounting for 58.14% of the total changed area (Table 5; Figure 9). Various factors, such as population growth, overgrazing, emphasis on livestock over grass, frequent droughts, insects, and other natural disasters, accelerate the process of grassland degradation and desertification (Bardgett et al., 2021; Li et al., 2021). These led to the conversion of some grasslands to unused lands (gobi, sandy land, swampland, gravel and rock, bare land, and other unused lands) and resulted in the loss of SOCS. Furthermore, the cultivation of grassland, the construction of reservoirs, and the development of urban areas led to the conversion of some grasslands to croplands, water bodies, and built-up lands (Bardgett et al., 2021; Chang et al., 2022; Li et al., 2016a). Different land types have different SOCDs, and it is generally accepted that woodlands have the highest SOCD, followed by grasslands, croplands, and built-up lands (Li Y et al., 2022; Lin et al., 2021; Zhu et al., 2021). Therefore, the conversion of grasslands to woodlands with high SOCD usually promoted the accumulation of SOCS. In contrast, the conversion of grasslands to land types with low SOCD (e.g., croplands, water bodies, and built-up lands), resulted in a loss of SOCS, leading to significant CO2 emission to the atmosphere and accelerating global warming.




Figure 9 | The spatial distribution of grassland transformed from 1982 to 2020 (km2).





4.4 Countermeasures and suggestions

As mentioned above, the SOCD of grasslands in China gradually increased during the study period. This implies that more carbon can be sequestrated into the soil of grasslands. However, due to the reduction in grassland area caused by degradation and conversion, grassland SOCS decreased across China in general. Therefore, taking certain measures to mitigate the decline in grassland areas appears to be crucial in increasing grassland SOCS.

To do this, China has implemented several ecological restoration projects since the 1980s, including the Grain to Green Program introduced in 1999 and the Returning Grazing Land to Grassland Program introduced in 2003 (Li et al., 2016a; Zhou W et al., 2017). These programs were aimed to convert agricultural lands into forests and grasslands (Ferraro and Kiss, 2002) and to relieve grazing pressure on degraded grasslands through grazing bans, fallow grazing for grass, fencing, and rotational grazing (Tong et al., 2004). It was shown that the carbon sequestration amount due to these programs’ implementation since 2001 and 2010 was 0.200 Pg and 0.118 Pg, respectively (Lu et al., 2018). Various grassland protection programs, such as banning grassland reclamation and private conversion and destruction of grasslands, were also enforced (Xing, 2016). These measures not only were effective in alleviating the degradation of grasslands and the reduction of SOCS due to grassland area decrease (Li et al., 2016a; Zhou W et al., 2017), but also enhanced the grassland’s ability against wind erosion through increasing vegetation cover (Shao et al., 2016).

Besides this, as temperature and altitude influenced grassland SOCD change, additional work should be done in the future. For example, we should pay more attention to temperature or altitudes that caused a decrease in SOCD. We should try to restrict change from carbon sources to pools in such areas by implementing proper ecological engineering or adopting measures such as water and soil conservation and regulating grassland use practices. However, rarely has any study looked at the improvement of grassland SOCD in specific temperatures and altitudes.



4.5 Uncertainty and limitation of the study

The RF model has been used extensively for modeling. For example, Li H et al. (2022) and Sreenivas et al. (2014) used it to quantify the dynamics of SOC in China and SOCD in southern India, respectively. Their findings demonstrated the feasibility of the model in predicting SOC dynamics. In this study, the results also indicated that the RF model has good spatiotemporal predictive power (Figure 4). However, there are still some uncertainties in the model.

First, there may be more factors that contribute to SOCD changes but were not included in our RF model. These factors include litter quality, nitrogen deposition, and CO2 enrichment (Zhang W et al., 2022; Sumiyoshi et al., 2017). Future studies should focus on including more factors in the model and intensive sampling in sparsely sampled areas to reduce the uncertainty of model predictions (Liang et al., 2019). Second, the data sources are not consistent. For example, the data sources of some modeling factors used to predict grassland SOCD in 2020 were not consistent with the previous data sources, which may affect the model prediction results (Zhang et al., 2017). Third, we only have the observed soil samples data in 2010 to build a model, which may cause some uncertainty in the results over a long time series of simulations. Fourth, while the datasets containing 552 samples across the study area are large enough to increase the performance of the model and extrapolability of the results, assessment of the spatial coverage of samples was not carried out and is beyond the scope of the study objective. Therefore, in future studies, assessment of spatial coverage of sample locations to capture the variability of environmental conditions within the four regions (e.g., the southern, northern, northwestern, and Qinghai–Tibetan regions) should be considered to increase the extrapolability of the results.




5 Conclusions

From 1982 to 2020, the spatial distribution of SOCD (0–100 cm) in Chinese grasslands showed little change, with low SOCD in the west and north and high SOCD in the east and south. The absolute quantity of Chinese grassland SOCD showed a net increase during the study period. The grassland SOCD showed a net decreasing trend in the northern region, and a net increasing trend in the southern, northwestern, and Qinghai–Tibetan regions. The MAT was the most important factor driving the variation in SOCD (its contribution rate accounting for 44.00%) of Chinese grasslands, followed by NDVI, elevation, and MAWS.

Due to the reduction in grassland area over the last 39 years, the total organic carbon storage of Chinese grassland soils was 22.623 Pg in 2020, a net decrease of 1.158 Pg compared to that in 1982. Land-use change is the reason for the decline in grassland area, and the conversion of grasslands to other land types such as croplands, built-up lands, and unused lands usually leads to large amounts of CO2 emission into the atmosphere, exacerbating global warming. Therefore, there is an urgent need to protect grasslands, and to prevent grasslands from degradation and insist on the implementation of ecological restoration programs. In addition, the conversion of grasslands to other land types should be avoided as far as possible to reduce the release of soil carbon.
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Understanding the mechanisms underlying the relationship between biodiversity and ecosystem function (BEF) is critical for the implementation of productive and resilient ecosystem management. However, the differences in BEF relationships along altitudinal gradients between forests and shrublands are poorly understood, impeding the ability to manage terrestrial ecosystems and promote their carbon sinks. Using data from 37962 trees of 115 temperate forest and 134 shrubland plots of Taihang Mountains Priority Reserve, we analyzed the effects of species diversity, structural diversity, climate factors and soil moisture on carbon storage along altitudinal gradients in temperate forests and shrublands. We found that: (1) Structural diversity, rather than species diversity, mainly promoted carbon storage in forests. While species diversity had greater positive effect on carbon storage in shrublands. (2) Mean annual temperature (MAT) had a direct negative effect on forest carbon storage, and indirectly affected forest carbon storage by inhibiting structural diversity. In contrast, MAT promoted shrubland carbon storage directly and indirectly through the positive mediating effect of species diversity. (3) Increasing altitudinal gradients enhanced the structural diversity-carbon relationship in forests, but weakened the species diversity-carbon relationship in shrublands. Niche and architectural complementarity and different life strategies of forests and shrubs mainly explain these findings. These differential characteristics are critical for our comprehensive understanding of the BEF relationship and could help guide the differentiated management of forests and shrublands in reaction to environmental changes.




Keywords: biomass carbon, forest and shrubland, structural diversity, species diversity, altitudinal gradients




1 Introduction

Global environmental change, particularly global warming caused by increased carbon emissions from fossil fuels burning and direct land use change, is threatening an increasing number of species and their habitats, posing new challenges to ecosystem management (Friedlingstein et al., 2022). Global environmental change, such as temperature increase and precipitation change, not only directly affect biodiversity, but may also alter biodiversity and ecosystem function (BEF) relationship (Liang et al., 2016; Ratcliffe et al., 2017; Guo et al., 2019). Therefore, understanding the underlying mechanism of variations in BEF relationship under the context of global environmental change is critical for implementing productive and resilient ecosystem management and predicting the responses of plant physiological processes and functions to global environmental change.

Over the past few decades, most research has focused on understanding the role of niche complementarity, selection effects and their interrelationships in BEF through natural and experimental plant communities (Polley et al., 2003; Yachi and Loreau, 2007; Jing et al., 2015; Williams et al., 2017). The niche complementarity hypothesis, which states that improved ecosystem function is due to higher resource utilization through diverse species and functional traits within a community, generally explains a positive BFE relationship (Loreau and Hector, 2001; Yachi and Loreau, 2007). The selection hypothesis suggests that higher ecosystem function may be due to a higher probability of productive and high-functioning species in the community, which generally predicts a negative BEF relationship (Jing et al., 2015; Rodriguez-Hernandez et al., 2021). These mechanisms or ecological hypothesis that explain the BEF relationships are also applicable for the relationship between structural diversity and ecosystem function (Williams et al., 2017; Ali, 2019). So far, the relative importance of species diversity and structural diversity in promoting positive BEF relationships is the one of central debate (Poorter et al., 2015; Ali et al., 2016; Yuan et al., 2018). High species diversity leads to better utilization of resources in a community and reduces the competition among species based on the niche complementary mechanism, so it has a positive promoting effect on ecosystem function (Liang et al., 2016; Chen et al., 2018; Huang et al., 2018; Rahman et al., 2021). The positive relationship between species diversity and biomass carbon has been widely tested in several ecosystems with the urgent purposes of predicting the consequence of biodiversity loss and the potential for carbon sink (Tilman, 1999; Lasky et al., 2014; Ali and Yan, 2017; Yan et al., 2022).

However, recent studies have shown that structural diversity independently drives biomass carbon better than species diversity (Yuan et al., 2018; Ali et al., 2019a; Aponte et al., 2020; Wen et al., 2022). Structural diversity refers to the variation or heterogeneity of tree size (diameter, height, and/or crown) in a community (Ali et al., 2016; Danescu et al., 2016; Williams et al., 2017). The combination of individuals with different structures could allow a community to efficiently utilize resources (e.g., water, heat, light, soil nutrients), which is also attributed to niche differentiation and facilitation (Zhang et al., 2015; Glatthorn et al., 2017; Fotis et al., 2018). For example, variations in individual tree size can lead to improve canopy filling and spatial complementarity, thereby increasing light capture and utilization (Yachi and Loreau, 2007; Sapijanskas et al., 2014; Williams et al., 2017; Matsuo et al., 2021). Thus, structural diversity tends to increase biomass carbon through niche complementarity of individuals rather than species. Moreover, structural diversity is regarded as the mediated mechanism between species diversity and biomass carbon, as higher species diversity can drive diversification of stand structure (Zhang et al., 2015; Tan et al., 2017; Noulekoun et al., 2021).

Plant ecophysiology suggests that climatic factors, such as temperature and precipitation, have several distinct and convergent effects on ecosystem productivity and carbon storage (Chu et al., 2016; Corlett, 2016). Photosynthetic rate and respiration rate are the key physiological processes that determine the distribution of plant biomass, and are directly affected by temperature and water availability (Reich et al., 2018). In addition, climate factors can indirectly affect plant biomass by regulating the species composition and structural attributes of a community or ecosystem (Ratcliffe et al., 2017; Abbasi et al., 2022). Altitudinal gradients are the comprehensive reflection of local environmental conditions with different microclimates, water availability, and soil nutrients (Girardin et al., 2014; Noulekoun et al., 2021; Ullah et al., 2021; Wu et al., 2022), and thus could directly affect plant diversity by environmental filtering effect and indirectly affect carbon storage.

Although the plant diversity-carbon relationship has been widely reported in forests, the response mechanisms of ecosystem functions (e.g., biomass, carbon storage, or net primary productivity) to the variation of biotic and abiotic factors might vary in forests and shrublands (Guo et al., 2019; Yi et al., 2021) due to the differences in species dispersal and resource acquisition strategies (Biederman et al., 2018; Cao et al., 2020). Although only accounting for 10% of global terrestrial ecosystem (Pan et al., 2011; Yang et al., 2022), shrubland is still an irreplaceable component of terrestrial carbon sinks, especially in arid, cold, and disturbed lands where forests cannot grow (Biederman et al., 2018; Strassburg et al., 2020). Clarifying the BEF relationship between forests and shrublands can help us manage and improve terrestrial ecosystem carbon sinks.

Taihang Mountains Priority Reserve, one of China’s Biodiversity conservation priority areas released in 2015 (Wang et al., 2020), plays an irreplaceable role in maintaining ecosystem carbon sink function and protecting biodiversity in the Beijing-Tianjin-Hebei region. The vegetation in Taihang Mountains Priority Reserve are mainly secondary shrublands and semi-natural forests due to the historical deforestation (Wang et al., 2020). The secondary shrublands accounting for 47.55% of the total area of Taihang Mountains Priority Reserve are the main provider of regional ecosystem functions, and also the basis for the restoration and succession of temperate forest communities in the future. Faced with the demand of high-density population development in the Beijing-Tianjin-Hebei region and the task of eliminating historical carbon emissions, there is an urgent need for scientific ecosystem management to achieve the goal of carbon neutrality in China.

Therefore, using a composite structural equation model, with measured data of 37962 trees from 115 forest plots and 134 shrubland plots of Taihang Mountains Priority Reserve in North China, we examined the effects of species diversity, structural diversity, soil moisture and climate factors on carbon storage in temperate forests and shrublands (Figure 1; Table 1). The aim of our study is to answer three questions: (1) What are the differences in plant diversity-carbon relationships between temperate forests and shrublands? (2) How do environmental factors influence plant diversity and carbon storage? (3) How do altitudinal gradients modulate the plant diversity-carbon relationships in temperate forests and shrublands?




Figure 1 | The hypothesized paths amongst carbon storage, species diversity, structural diversity, soil moisture, and climate factors in temperate forests and shrublands.




Table 1 | Pathways and hypothesized mechanism based on piecewise structural equation modeling.






2 Materials and methods



2.1 Location and plot data

Taihang Mountains Priority Reserve (38°33′13″-41°3′33″N, 113°41′32″-117°49′53″E) is one of the most important priority areas for biodiversity conservation in China. It covers an area of 2.1×104 km2, spanning three administrative regions of Beijing, Tianjin City, and Hebei Province in China (Figure 2). The region belongs to a mountainous climate in the transition zone from semi-humid to semi-arid. Altitude in this region ranges from 93 to 2882 m. Annual average temperature ranged from 5 to 11 °C, and the annual precipitation ranged from 400 to 800 mm.




Figure 2 | Location, sampling plots, and land use/cover of Taihang Mountains Priority Reserve.



The major vegetation types in Taihang Mountains Priority Reserve are temperate deciduous broad-leaved shrubland temperate deciduous broad-leaved forest, and evergreen coniferous forest, accounting for 47.55%, 20.15% and 11.26% of the total vegetation area respectively (Wang et al., 2020). The main dominant species of shrubs include Vitex negundo var. heterophylla, Ziziphus jujuba var. spinose, Armeniaca sibirica, Amygdalus davidiana, and Ostryopsis davidiana. The main tree species include Quercus mongolica, Betula platyphylla, Populus davidiana, Pinus tabuliformis, and Platycladus orientalis. This region has a relatively well-preserved warm temperate forest of North China with rich biodiversity, which is of great conservation value. Meantime, faced with the increasingly intense human disturbance, it is urgent to implement the scientific forest ecosystem management and protection to enhance ecosystem functioning.

We conducted the field investigation throughout the study area in the summer (August to October) of 2019 and 2020. A total of 249 plots were investigated along the altitude range of 93 m ~ 2391 m, including 134 shrubland plots and 115 forest plots. The shrubland plots were all deciduous broad-leaved shrubland plots, and the forest plots included 82 plots of the deciduous broad-leaved forest, 22 plots of evergreen coniferous forest, and 11 plots of deciduous coniferous forest (Figure 2). In our field investigation, we divided trees and shrubs mainly according to plant species and a widely used criteria for forest plot investigation where trees below 3cm in DBH are classified as shrubs (Fang et al., 2009). The area of the forest plot was 20 m × 20 m, and the observation records included tree layer and shrub layer. For tree layer, all tree species, DBH, height and crown width for each individual with DBH≥3 cm were measured and recorded. For shrub layer, four squares with an area of 10 m×10 m were selected for investigation, and all shrub species, basal diameter, height and crown width were measured and recorded. Finally, our study recorded a total of 37962 trees of 198 species belonging to 94 genera and 45 families.




2.2 Carbon storage estimation

We calculated both the aboveground and belowground biomass of each tree and shrub using allometric growth equations (Eqs.1) collected for different species and tree components including stems, branches, leaves, and roots. For the plant species without a specific equation, we used a general equation for the genus, family, or coenotype to which a plant species belongs. All allometric growth equations used in this study were in Table S1. Woody plant biomass was multiplied by organic carbon content to obtain carbon storage. In order to improve the accuracy, we used different organic carbon content depending on tree species and tree components based on the previous measurements in the same region (Ma et al., 2002) (Table S1). We then summed the living wood carbon storage of all individual trees for each plot. Finally, carbon storage density (Mg/ha) of each plot was calculated.

 

Where, W is biomass of individual; D is the diameter at breast height; H is the tree height; a, b are the model coefficients.




2.3 Plant diversity and environmental variables

For species diversity, we calculated the species richness (SR) (i.e., the number of woody plant species within a plot), Shannon-Wiener index (SW) (Eq.(2)), Simpson index (SI) (Eq.(3)), and Shannon evenness (SE) (Eq.(4)), which are the most commonly used indices for assessing species diversity (Ali et al., 2019a). Shannon-Wiener index assumes that heterogeneity depends on species richness and evenness within a community, which is similar to Simpson index, but Shannon-Wiener index is more sensitive to rare species. Shannon evenness is an indicator that measures the relative abundance of different species that make up the species richness within a community.

 

 

 

Where Hs is Shannon-Wiener index; Ds is Simpson index; Js is Shannonevenness; Pi is the proportion of basal areas of species i; S is the number of woody plant species within a plot.

For structural diversity, we quantified diameter at breast height (DBH) diversity, height diversity, and crown width diversity by calculating the coefficient of variation of DBH (CVd), height (CVh), and crown width (CVc) in each plot. For shrubs, we calculated the structural diversity index using basal diameter instead of DBH (Yi et al., 2021). The formulas are as follows:

 

 

 

where SDd, SDh, and SDc are the standard deviations of DBH, height and crown width in each plot respectively. Meand, Meanh, and Meanc are the mean values of DBH, height and crown width in each plot respectively. For shrubs, SDd and Meand refer to the standard deviation and mean value of basal diameter respectively. A higher CV reflects a higher-level structural diversity, which is a more complex structure. The calculation for all diversity indices was performed with vegan package of R4.2.1.

In addition, we calculated the mean annual temperature (MAT) and mean annual precipitation (MAP) of the study area using data from 177 meteorological stations in the Beijing-Tianjin-Hebei region. The meteorological data were obtained from the China Meteorological Science Data Sharing Service Network (http://cdc.cma.gov.cn). The soil moisture data was obtained from a 1 km daily soil moisture dataset over China using in situ measurement (Li et al., 2022), which was provided by National Tibetan Plateau Data Center (http://data.tpdc.ac.cn). To explore how altitudinal gradients influence the relationship between plant diversity and carbon storage, we divided forest and shrubland plots into high, middle and low altitudes according to the widely used classification criteria of hilly (below 500 m) and mountainous (above 500 m) in China and the vertical distribution characteristics of tree species in the study area (Wang et al., 2020), using the altitude measured at the site. Finally, high, middle and low altitudes in our study correspond to >1000m, 500~1000m, and 0~500m respectively.




2.4 Piecewise structural equation model and statistical analysis

In this study, we established a composite piecewise structural equation model (pSEM) (Tian et al., 2021; Liu et al., 2022), which could incorporate multiple independent variables in each path, to analyze the effects of composite structural diversity, species diversity as well as environmental factors on woody plant carbon storage. Before performing the composite pSEM, we examined the bivariate relationships among all tested variables calculated in Sections 2.2 and 2.3 by Pearson correlation analysis (Figures S1, S2). And if the correlation between a factor and carbon storage is not statistically significant in both forest and shrubland plots, the factor will be eliminated from pSEM, such as CVc, Shannon evenness (SE), and mean annual precipitation (MAP). Therefore, the indices of CVd, CVh, species richness (SR) index, Shannon-Wiener (SW) index, Simpson (SI) index, mean annual temperature (MAT) and soil moisture (SM) were finally selected to be included in pSEM analysis. Then, the composite structural diversity variable was calculated as follows in R 4.2.1. First, we obtained the corresponding regression standard coefficients by conducting linear regression analysis between carbon storage and CVd, CVh. Then, we calculated the composite structural diversity variable by multiplying and summing the regression standard coefficients of CVd, CVh with corresponding original variables. Similarly, we calculated composite species diversity variable by integrating SR, SW and SI indices.

In order to satisfy the linearity and normality of the data, and to compare the relative influence of multiple predictors on the response variables, all variables were natural log-transformed and Z-score standardized before statistical analysis in IBM SPSS Statistics 20. The model-fit to data of the composite pSEM was evaluated by Fisher’s C statistics with P-value. Fisher’s C with P > 0.05 indicates a goodness-of-fit. The composite pSEM and all statistical analyses were conducted mainly using ggcorplot, nmle, lme4 and piecewiseSEM packages in R. 4.2.1.





3 Results



3.1 Bivariate relationships of all hypothesized paths in pSEM

The bivariate relationships for all hypothesized paths in forests and shrublands were shown in Figure 3. The simple bivariate relationship between carbon storage and plant diversity (structural and species diversity) was consistent in forests and shrublands, showing positive correlation (Figures 3D, E). However, the simple bivariate relationship between carbon storage and altitude as well as mean annual temperature showed the opposite trend in forests and shrublands (Figures 3A, B). In forests, carbon storage significantly (P< 0.05) increased with increasing altitude, soil moisture, structural diversity and species diversity, but significantly decreased with increasing mean annual temperature (Figures 3A–E). In shrublands, carbon storage significantly increased with increasing mean annual temperature, structural diversity and species diversity (Figures 3B, D, E), but decreased with increasing altitude (Figure 3A). Besides, the simple bivariate relationship between structural diversity and mean annual temperature also showed the opposite trend in forests and shrublands (Figure 3G). Structural diversity significantly decreased with increasing mean annual temperature in forests, but increased in shrublands. Species diversity significantly decreased with increasing mean annual temperature in both forests and shrublands. In general, from a simple bivariate relationship, carbon storage in forests and shrublands had consistent responses to plant diversity (structural and species diversity), but opposite responses to altitude and mean annual temperature.




Figure 3 | Simple bivariate relationships among all hypothetical paths in pSEMin forests and shrublands. The solid lines are fitted regression line given with Pearson correlation coefficient (R) and P-value. The gray shading represents their 95% confidence band.






3.2 Direct and indirect effects on forest and shrubland carbon storage

The composite pSEM showed that mean annual temperature, soil moisture, structural diversity and species diversity together explained 38% and 48% of the variation in forest and shrubland carbon storage, respectively (Figures 4A, B). The model also explained 17%, 14% and 3% of the variation in soil moisture, structural diversity and species diversity in forests, respectively, and 10%, 10% and 7% of the variation in species diversity, structural diversity and soil moisture in shrublands, respectively.




Figure 4 | The composite pSEM linking species diversity, structural diversity, mean annual temperature and soil moisture to carbon storage in temperate forests and shrublands. Solid red and black arrows represent significant positive and negative paths (P< 0.05) respectively, while dashed gray arrows show non-significant paths (P > 0.05). The numbers on the path are the standard path coefficients. Numbers adjacent to measured variables are their coefficients with composite variables. R2 represents the proportion of variance of each response variable explained by the predictors. MAT, mean annual temperature; CVd, coefficient of variation in diameter at breast height; CVc, coefficient of variation in tree height; SR, species richness index; SW, Shannon-Wiener index; SI, Simpson index.



In forests, structural diversity had a strongest direct positive effect (0.369, P< 0.001; Figure 4A; Table S2) on carbon storage, followed by species diversity (0.251, P< 0.01), while mean annual temperature had a direct negative effect (-0.185, P< 0.05) on carbon storage. The results suggested that structural diversity, not species diversity, determined the distribution of forest carbon storage in this area. In addition to a direct effect, mean annual temperature also had an indirect negative effect on carbon storage via a negative effect on structural diversity (-0.113 = -0.305*0.369). In other words, with the decrease of mean annual temperature, structural diversity increased, leading to an indirect increase of carbon storage. It showed that structural diversity mediated the negative indirect effect of mean annual temperature on carbon storage in forests.

In shrublands, species diversity had a strongest direct positive effect (0.514, P< 0.001; Figure 4B; Table S6) on carbon storage, followed by mean annual temperature (0.232, P< 0.01) and structural diversity (0.216, P< 0.01). Unlike forests, the results suggested that species diversity determined the distribution of carbon storage in shrublands. In addition to a direct effect, mean annual temperature also had an indirect positive effect on shrubland carbon storage via a positive impact on species diversity (0.195 = 0.379*0.514) and structural diversity (0.070 = 0.324*0.216), which meant that with the increase of mean annual temperature, species diversity and structural diversity increased, leading to the increase of carbon storage. Species diversity played a stronger intermediary role on the indirect effect of mean annual temperature on carbon storage in shrublands. The relationship between soil moisture and carbon storage was not significant (P > 0.05) in both forests and shrublands.

By visualizing the direct, indirect and total effects of all predictors on carbon storage (Figure 5), we found that structural diversity (0.37) was the main driver of carbon storage in forests with the strongest total effect, followed by mean annual temperature (-0.30), and species diversity (0.25) (Figure 5A). Whereas, species diversity (0.51) was the main driver of carbon storage in shrublands with a more than half proportion of relative effect, followed by mean annual temperature (0.50) and structural diversity (0.21) (Figure 5D). It worth noting that mean annual temperature had the indirect effect on carbon storage in both forests and shrublands. See all details of direct, indirect and total effects of the composite pSEM for forest and shrublands in Table S2 and S6 respectively.




Figure 5 | Direct, indirect and total standardized effects of mean annual temperature, soil moisture, species diversity, structural diversity on carbon storage in temperate forests and shrublands. The pie chart shows the proportion of standard effect of each factor. MAT, mean annual temperature; SM, soil moisture; SPED, species diversity; STRUC, structural diversity.






3.3 Plant diversity-carbon relationships along the altitudinal gradients

We further analyzed the plant diversity-carbon relationship at different altitudinal gradients. The results of the composite pSEMs in forests and shrublands at altitudinal gradients were in Tables S3–S5, 7–9. In forests, the pSEMs of high, middle and low altitudes explained 44%, 52% and 45% of the carbon storage respectively (Figures 4C, E, G). We found that the direct positive effect of structural diversity on carbon storage enhanced significantly with the altitudinal gradients (local environmental gradients) in forests. The direct positive effect of structural diversity on carbon storage at high altitude (0.616, P< 0.001; Table S3) was almost twice that at low altitude (0.338, P< 0.05; Table S5). Altitudinal gradients also altered the relationship between species diversity and carbon storage. Specifically, species diversity had a direct positive effect on carbon storage at high (0.323, P< 0.05; Table S3) and low altitude (0.338, P< 0.01; Table S5) and had an indirect positive effect through a positive influence on structural diversity at middle altitude (0.161 = 0.329*0.489; Table S4). It is worth noting that the direct effect of species diversity on carbon storage became equal to that of structural diversity at low altitude, although structural diversity played a dominant role in forest carbon storage throughout the study area (Figure 4A). Besides, the effects of mean annual temperature on carbon storage also changed with altitudinal gradients. Mean annual temperature had a direct negative effect on carbon storage at low altitude (-0.411, P< 0.05; Table S5) and an indirect negative effect through a negative impact on structural diversity at middle altitude (-0.201 = -0.414*0.489), but was not significant at high altitude. Soil moisture only had a significant direct positive effect on carbon storage at middle altitude (0.333, P< 0.05).

In shrublands, the pSEMs of high, middle and low altitudes explained 50%, 43% and 70% of the carbon storage respectively (Figures 4D, F, H). In contrast to the forests, the direct positive effect of species diversity on carbon storage weakened significantly with the altitudinal gradient (local environmental gradient) in shrublands. The direct positive effect of species diversity on carbon storage at high altitude (0.510, P< 0.001; Table S7) was much less than that at low altitude (0.683, P< 0.001; Table S9). And at high altitude, the positive effect of structural diversity on shrubland carbon storage became significant (0.443, P< 0.005; Table S7). Moreover, altitudinal gradients changed the indirect effect of mean annual temperature on carbon storage. Mean annual temperature had an indirect negative effect on carbon storage mediated by soil moisture (-0.154 = -0.522 *0.294), but indirect positive effect mediated by species diversity (0.298 = 0.683*0.436) at low altitude but had indirect positive effect mediated by structural diversity (0.179 = 0.405*0.443) at high altitude. It worth noting that the direct positive effect of soil moisture on carbon storage became significant at low altitude (0.294, P< 0.05; Table S9).

Altitudinal gradients also changed the relative effects (the proportion of standard path coefficients) of predictors on carbon storage (Figure 5). The relative effect ratio of structural diversity on forest carbon storage enhanced steadily with the increasing altitude. Specifically, in terms of total effect, structural diversity was the main driver of forest carbon storage at high and middle altitudes (0.62 and 0.49) (Figures 5B, C), but at low altitude, mean annual temperature became the main driver of carbon storage with a negative effect of -0.41 and the role of species diversity was starting to loom large (Figure 5D). In shrublands, the relative effect of species diversity weakened with increasing altitude, but species diversity was still the most important driver of carbon storage at different altitudes (Figures 5F–H). The results indicated that the high altitude (accompanied by lower temperature and higher soil moisture; Figures S1 and S2) enhanced the dominant role of structural diversity on forest carbon storage, but weaken the dominant role of species diversity on shrubland carbon storage.





4 Discussion

To the best of our knowledge, this is the first study to systematically compare forest and shrubland woody plant carbon storage in relation to their biotic and abiotic drivers (structural diversity, species diversity, mean annual temperature and soil moisture). Based on 249 temperate forest and shrub plots of the uniform vertical gradient distribution, we found that: (1) both structural diversity and species diversity positively drove woody plant carbon storage, but their dominant roles were different in forest and shrubland ecosystems; (2) Climate factors (i.e., temperature) not only directly affect carbon storage, but also indirectly affect carbon storage by affecting species diversity and structural diversity; (3) In addition, altitudinal gradients altered the plant diversity-carbon relationship in forest and shrubland ecosystems.



4.1 Plant diversity-carbon relationship and its differences in forest and shrubland

First, our pSEM of temperate forest plots showed that structural diversity, rather than species diversity, mainly determined forest carbon storage. This is consistent with recent studies of different ecosystems including tropical forests (Poorter et al., 2015; Ali et al., 2019a; Wen et al., 2022), subtropical forests (Ali et al., 2016), temperate forests (Yuan et al., 2018; Aponte et al., 2020) and dry Afromontane forests (Tetemke et al., 2021) (Table S10). Structural diversity is increasingly recognized as an important determinant of forest carbon storage. Several important processes and mechanisms have been shown to increase light capture of complex tree structure, i.e., spatial complementarity effect, and thus carbon storage: (a) architectural niche differentiation, and (b) crown plasticity (Danescu et al., 2016; Schnabel et al., 2019). Tree size variation lead to leaf stratification and multilayer canopy, which affects ecological processes such as photosynthesis and respiration as well as forest carbon storage (Poorter et al., 2015). Therefore, high structural diversity will enhance spatial complementarity effects through efficient light capture and utilization, while low structural complexity may weaken niche complementarity effects (Ali et al., 2016; Williams et al., 2017).

In our study, the composite structural diversity constructed by diameter and height diversity index (CVd and CVh) can reflect the degree of architectural niche differentiation and crown plasticity, thus promoting niche complementary effect (Danescu et al., 2016; Kazempour Larsary et al., 2021). And the main tree species analyzed in the study have significant individual size differences, occupy different canopy locations, and have canopy spatial complementary properties (Williams et al., 2017), thus improving light capture and light use efficiency (Atkins et al., 2018). The higher positive Pearson correlation coefficients between diameter, height diversity (CVd and CVh) and forest carbon storage compared to species diversity indices (Figure S1), supporting a more important role of structural diversity in forest carbon storage. In addition, structural diversity may be related to species/functional diversity, as increased species/functional diversity may lead to occupying more spatial niches (Zhang et al., 2015). However, no significant positive correlation between species diversity and structural diversity was detected in our pSEMs except in forests at middle altitude, because single and species-poor stands can still have structural diversity through vertical and horizontal differentiation of a limited number of species (Tetemke et al., 2021).

Similarly, consistent with the most previous studies, our pSEM results also support a positive species diversity-carbon relationship (Zhang et al., 2016; Chen et al., 2018; Huang et al., 2018; Rahman et al., 2021). Systematic experimental and theoretical studies have shown that species diversity can positively affect plant carbon storage through two main non-exclusive mechanisms: niche complementarity effect (the complementarity of different species in terms of function and resource utilization) (Yachi and Loreau, 2007; Zhang et al., 2016; Mensah et al., 2018), and selection effect (strong productivity advantage of species with high levels of function) (Loreau and Hector, 2001). The species diversity indices used in our study, including species richness, Shannon-Wiener index and Simpson index, can reflect niche complementarity effect to some extent, that is, the diversity of species and their niche enhances ecosystem function through the effective resource utilization by constituent species within a community (Tilman, 1999; Ali et al., 2019a). Although most of our results supported a positive diversity-carbon relationship, insignificant results still existed, such as the species diversity-carbon relationship in forests at middle and high altitudes (Figures 4C, E). These controversial results suggest that the effects of species diversity on plant carbon storage may vary depending on resource utilization conditions in different environments (Ratcliffe et al., 2017; Jucker et al., 2018; Ali et al., 2019a).

Unlike forests, our pSEMs showed that species diversity had a greater effect on carbon storage than structural diversity in shrubland ecosystems (Figure 4B). This is because the individual size variation of shrubs is significantly lower than that of forests, and the variation degree of structural diversity is lower. In this case, high species richness and functional trait diversity bring higher carbon storage under the niche complementarity effect (Poorter et al., 2015; Yi et al., 2021). Theoretically, species diversity leads to aboveground and underground niche differentiation (complementary of multiple resources), while the effects of structural diversity on forest carbon storage mainly come from aboveground spatial niche differentiation (light capture and utilization), which is a subset of the impacts of species diversity (Schnabel et al., 2019). Thus, species diversity dominated the positive diversity-carbon stock relationship in shrubland ecosystems with relatively simple structures.




4.2 Altitudinal gradients regulate plant diversity-carbon relationship

Altitudinal gradients may lead to micro-environmental heterogeneity in resource availability (light, water, and soil nutrients) (Jucker et al., 2018; Ali, 2023). A higher altitudinal gradient receives lower temperature and higher soil moisture content (Liu Z. et al., 2022). The altitude span of our study area exceeds 2000m, and the vertical temperature span can reach 6 degrees. Therefore, with the increase of altitude, temperature would significantly decrease, soil moisture increases significantly and thus affect species distribution as well as their diversity characteristics, and carbon accumulation (Girardin et al., 2014; Ratcliffe et al., 2017; Ali et al., 2019b). Forest and shrubland have significantly different responses to environmental factors such as temperature and soil moisture. From our previous study on vegetation diversity and mapping in Taihang Mountains Priority Reserve (Wang et al., 2020), temperate shrubland is more tolerant to drought and heat than forest (Werner and Homeier, 2015; Xia et al., 2016; Jucker et al., 2018). To be specific, at low altitude, broad-leaved forests do not grow well because of the limited water availability caused by higher temperature and evaporation. As a result, shrubs such as Armeniaca sibirica and Vitex negundo L. var. heterophylla, and drought-tolerant forests, such as Platycladus orientalis, are mainly distributed at low altitude. Then at middle altitude, broad-leaved forests begin to appear on the shady slope due to decreased temperature and increased humidity, and the drought-tolerant coniferous forest, Quercus mongolica and Pinus tabulaeformis dominate on the sunny slope. As the altitude continued to increase (at high altitude), temperature rather than water availability became the main limiting factor, the vegetation is dominated by Betula platyphylla and hardy coniferous. These analyses explain the differential responses of forest and shrubland to altitude or temperature condition changes.

Our pSEMs suggested that high altitude prominently strengthened the positive relationship of structural diversity-carbon in forest ecosystem. We speculated that forests at high altitudes might have a higher structural diversity, closed to natural forests due to relative slight disturbance from anthropogenic activities. Pearson correlation results (Figure S1) also showed that structural diversity increased significantly with altitude, supporting our speculation. Specifically, the dominant species at high altitudes are Betula platyphylla, Picea wilsonii and Picea meyeri. Betula platyphylla is often inlaid and mixed with other Betula, Quercus mongolica, Populus davidiana, Tilia tuan, etc., or form theropencedrymion with Larix principis-rupprechtii, resulting in a complex forest composition and structure (Wang et al., 2020). A higher structural diversity leads to more efficient light capture, carbon capture and storage through canopy filling according to the niche complementary hypothesis (Glatthorn et al., 2017; Aponte et al., 2020; Noulekoun et al., 2021). Our Pearson correlation analysis results showed that there forest carbon storage and soil moisture significantly increased with altitude (Figure S1), which also reflected that the altitude in this region had not reached the extreme low temperature limit on forest growth. The more adequate moisture condition (high humidity and soil moisture) at high altitude made coniferous forests with high carbon storage widely distributed. These analyses explain the role of altitude in regulating the forest structural diversity-carbon relationship through environmental factors (temperature and soil moisture).

Secondly, our pSEMs also found that high altitude weakened the positive relationship of carbon-species diversity in shrublands. Combined with Pearson’s correlation results that species diversity (SR, SW, SI) in shrubland decreased significantly with increasing altitude (Figure S2), we speculated that this might be attributable to relatively poor shrub species and less efficient resource utilization due to environmental filtering at high altitude. Previous studies have shown that the effect of species diversity on carbon storage tend to be weaker in species poor condition with limited resource utilization (Van Der Sande et al., 2018; Aponte et al., 2020). Theory suggests that overyielding in mixed forests is expected to increase only if interspecies interactions increase water use efficiency as water conditions are limited (Forrester, 2014; Forrester and Bauhus, 2016). Our results support this theory, that is, species diversity has the strongest complementary effect on shrubland carbon storage in arid low-altitude areas characterized by higher temperature and lower soil moisture (Figures 5H and S2), while the positive effect of species diversity was significantly weakened at high altitude with relatively humid and low temperature (Figures 5D and S2).





5 Conclusion

The results of this study suggest that both structural diversity and species diversity can positively contribute to temperate forest and shrubland carbon storage, but structural diversity dominates forest carbon storage and species diversity dominates shrubland carbon storage. High altitude enhanced the effect of structural diversity on forest carbon storage, but weakened the effect of species diversity on shrubland carbon storage. These differential characteristics should be taken into account in future sustainable forest management decisions. For forests, choosing a combination of different tree sizes according to altitude to maintain a complex stand structure will contribute to higher productivity. For shrublands, the selection of suitable species combinations based on altitude to maintain a high niche complementary effect will help achieve the management objectives of biodiversity conservation and increased carbon sink. In addition, abiotic factors played an important regulatory role in the process of directly or indirectly affecting carbon storage, and differentiated planting patterns along the altitudinal gradient should be adopted to maintain ecosystem functions. More environmental determinants (such as climatic water and soil water availability), plant functional traits and nonlinear relationships should be fully considered in the future, which is important for maintaining high productivity and carbon storage, especially under changing environmental conditions in the future.
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Introduction

Phenotypic plasticity (PP) could be an important short-term mechanism to modify physiological and morphological traits in response to climate change and global warming, particularly for high-mountain tree species. The objective was to evaluate PP response of growth ring traits to temperature and precipitation in Pinus hartwegii Lindl. populations located at the ends of its elevational gradient on two volcanic mountains in central Mexico (La Malinche and Nevado de Toluca).





Methods

Increment cores collected from 274 P. hartwegii trees were used to estimate their PP through reaction norms (RN), which relate the ring width and density traits with climate variables (temperature and precipitation). We estimated the trees’ sensitivity (significant RN) to climatic variables, as well as the relative proportion of RN with positive and negative slope. We also estimated the relationship between the PP of ring width and density traits using correlation and Principal Component (PC) analyses.





Results

Over 70% of all trees showed significant RN to growing season and winter temperatures for at least one growth ring trait, with a similar proportion of significant RN at both ends of the gradient on both mountains. Ring width traits had mostly negative RN, while ring density traits tended to have positive RN. Frequency of negative RN decreased from lower to higher elevation for most traits. Average PP was higher at the lower end of the gradient, especially on LM, both for ring width and ring density traits, although high intrapopulation variation in PP was found on both mountains.





Discussion

Results indicate that P. hartwegii presents spatially differentiated plastic responses in width and density components of radial growth. PP was particularly strong at the lower elevation, which has higher temperature and water stress conditions, putting these populations at risk from the continuing global warming driven by climate change.





Keywords: radial growth, reaction norms, climate, Nevado de Toluca, La Malinche




1 Introduction

Over the past decades, ambient temperature has increased (IPCC, 2021) and levels and patterns of precipitation have changed. As a result, it is estimated that heat waves (periods of abnormally hot temperatures with a duration of days or weeks) and droughts are becoming more intense at a global level, with important effects on terrestrial ecosystems (Feeley et al., 2020). Organisms must adjust the mechanisms of their physiological (e.g., carbon fixation, development of new tissue, etc.) and ecological processes (regeneration, facilitation, etc.) through adaptation and/or acclimatization to these changing conditions, migrate, or face the risk of extinction (Futuyma and Moreno, 1988). Migration and the development of new adaptive mechanisms are relatively slow, long-term processes; therefore, acclimatization mechanisms, which occur in the short term, are especially relevant in this scenario (Matesanz et al., 2010).

Acclimatization mechanisms involve fine changes to an organism’s development, morphology, and physiology. In plants, this can lead to increased tolerance to abiotic stress (Matesanz et al., 2010) and with it, an increase in survival and persistence under new climate scenarios. These mechanisms are manifested through phenotypic plasticity (PP), the capacity of a genotype to present different phenotypes in response to changes in its environment (Bradshaw, 1965; DeWitt and Scheiner, 2004). There are different approaches and methods to estimate the degree of PP in specific functional traits of interest (Sultán, 2003; Valladares et al., 2006; Escobar-Sandoval et al., 2021). One of these approaches is the estimation of reaction norms (RN), which quantify PP as the regression of an individual’s phenotypic trait in response to changes in a given environmental variable (Valladares et al., 2006; Sultán, 2007; Arnold et al., 2019). Thus, RN is a graphical model (linear or curvilinear regression) that shows the genotype × environment interaction and indicates (through its slope or curve) the degree of PP (Valladares et al., 2006).

High mountain forest ecosystems are especially vulnerable to climate change due to their harsh abiotic conditions, including poorly developed soil, high UV radiation, presence of snow, and low temperatures (Körner, 2007). As such, PP plays a particularly important role in the development and survival of sessile and long-lived organisms, like high-mountain tree species, facing adverse environmental conditions (Bradshaw, 1965; Silvestre et al., 2012; Santini et al., 2018). Given their long lifespan, trees confront innumerable climate fluctuations with distinct frequency and intensity (Rehfeldt et al., 2001), making them more likely to encounter extreme climate events which are reflected through the modification of their functional traits. Furthermore, these modifications are physically recorded as growth rings. Radial growth is one of the best indicators of PP, since both the width and the density of the tissue formed during xylogenesis are particularly sensitive to fluctuations in ambient temperature and rainfall (Engelbrecht, 2012; Meng et al., 2020) and can be quantified by measuring the growth rings. Plant species that are found growing at the limits of their elevational distribution generally present more plastic responses in their functional traits as a survival mechanism (Sultán, 1987), given the variability in temperature, levels, and patterns of rainfall, and their interaction with elevation. It is thus expected that radial growth of trees will be impacted differently depending on their position along an elevational gradient (Fritts, 1976; Körner, 2007; Carrillo-Arizmendi et al., 2022a).

The tree species Pinus hartwegii has attracted particular interest in the context of climate change (Pérez-Suárez et al., 2021), due to its wide altitudinal distribution range (3,000 – 4,000 m). Furthermore, it is the tree species with the highest recorded elevational distribution, with records at 4,200 m. Therefore, P. hartwegii has developed great resistance to the adverse conditions for arboreal growth (poor soils, extreme low temperatures, short growing seasons, etc.), present at high elevations in Mexico, Guatemala, and Honduras (Neuner, 2014; Alfaro-Ramírez et al., 2017; Manzanilla-Quiñones et al., 2019). Since its biological and ecological processes are adapted to extreme low temperatures, P. hartwegii has been pointed out as a particularly vulnerable tree species to global warming. Under projected climate trends, the distribution area suitable for P. hartwegii could be reduced by 30-70% in the next 50 years (Alfaro-Ramírez et al., 2020). This will undoubtedly have important consequences in many different contexts and spatial scales. On one hand, P. hartwegii forests have high value in the regulation of local and regional climate, in addition to other important ecological services. Furthermore, this species is used for construction and furniture making, with strong impact on the local and regional economies (Sánchez, 2008; Torres-Rojo, 2015; Moctezuma-López and Flores, 2020). Therefore, understanding the potential impact of global warming on the radial growth of P. hartwegii and the role of PP to adjust the growth response of trees would allow the establishment of efficient preservation and management strategies.

In the present study, we therefore aimed to determine the degree of PP of growth ring traits in P. hartwegii trees under harsh environmental conditions at the ends of its elevational distribution on two mountains in central Mexico — “La Malinche” (LM) and “Nevado de Toluca” (NT). For this, we proposed the hypothesis that the PP will show differential adaptive mechanisms between growth ring traits (i.e., width and density components) in response to interannual fluctuations in temperature and rainfall at the extremes of the elevational gradient, with compensatory effects at the population level, but not necessarily at the individual level. Our specific objectives were to: (1) evaluate PP in growth ring traits of P. hartwegii trees in response to interannual climate fluctuation; (2) determine the potential interrelationships between the PP of width and density traits in the growth rings; and (3) evaluate the effect of elevation and mountain on the expression of PP in growth ring traits to the climatic factors.




2 Materials and methods



2.1 Study sites

This study was carried out on two mountains in central Mexico: “La Malinche” (LM) and “Nevado de Toluca” (NT) (Figure 1). LM is located between the states of Tlaxcala and Puebla and has a maximum elevation of 4,461 m (Acosta-Pérez and Kong, 1991). NT is located in Mexico State, between the municipalities of Toluca and Tenango del Valle, and has a maximum elevation of 4,680 m (Körner and Paulsen, 2004). Both mountains belong to the Trans-Mexican Volcanic Belt, however, there is a distance between the mountains of 181.6 km. On both mountains there are widely different conditions between the lower and upper extremes of the elevational gradient. The data from the model ClimateNA (Wang et al., 2016) indicate that the mean annual temperature (MAT) of LM is 9.7°C at the lower end of the elevation gradient (Table 1) and 6.6°C at the upper end. The mean annual precipitation (MAP) at the lower end of LM it is 1208.2 mm and at the upper end is 1132.1 mm. On NT, the MAT is 9.9°C at the lower end and 5.5°C at the upper, and MAP is 1458.3 mm at the lower end and 1299.1 mm at the upper (Figure 1). In addition to P. hartwegii, which is the species with the highest elevation distribution range (3500 - 4200), other tree species can be found on both mountains, such as P. montezumae Lamb. (3,000 - 3,200 m) and Abies religiosa Kunth Schltdl. & Cham. (2,800 - 3,400 m); as well as grasslands, alpine zacatonal, and highland paramo (4,000 - 4,400 m) (CONANP, 2013a; CONANP, 2013b).




Figure 1 | Left: Geographical location of the study area including the two mountain sites, Nevado de Toluca and La Malinche. Right: Climate diagrams with monthly mean temperature and precipitation values at the geographic coordinates sampled at the lower (black) and upper (gray) ends of the elevation gradient on the two mountains. Data were extracted from the ClimateNA database for the 1965-2016 period.




Table 1 | Geographic coordinates, number, and age of the trees sampled per site at the extremes of the elevation gradient on La Malinche (LM) and Nevado de Toluca (NT) mountain.






2.2 Sampling design and sample processing

On each mountain, sampling plots were selected at the lower and upper limits of the elevational distribution gradient of P. hartwegii. Three sites were sampled at each elevation on LM and two per elevation on NT (Table 1). The sites were selected based on the criteria of being low competition stands of mature P. hartwegii trees, without evidence of disturbance due to logging, wildfire, or pests. At each site, we selected between 25 and 31 dominant adult trees with a straight trunk, over 40 cm in diameter at breast height. For each selected tree, we extracted a wood core from the bark to the center of the trunk using a 5-mm diameter increment borer (HAGLOF ®, Suiza) at 1.30 m height above the ground. We sampled a total of 274 trees.

The collected increment cores were air-dried at room temperature and longitudinally sawn to obtain 1.57 mm thick transverse sections. Then, the resin was extracted with a bath in a water-pentane solution (2:1) for 48 hours. Each sample was exposed to a source of X-rays for 25 min in the wood densitometry laboratory of the Institut National de Recherche sur L’agriculture, L’alimentation et L’environnement, INRAe Val de Loire Center, Orleans, France. This was based on the procedure developed by Polge (1978) and described by Mothe et al. (1998). Then, microdensity profiles were obtained by scanning the X-ray images at a resolution of 4,000 dpi with the software WinDendro, Regent Instruments Inc. (Guay et al., 1992). This software converts the gray levels of the pixels detected in the X-rays image to density values, calibrated with a standard of known physical and optical density (Schweingruber, 1996).




2.3 Annual tree-growth ring traits and detrending

The microdensity profiles obtained from the growth cores were imported into R (“R Development Core Team”, 2018). Then, we calculated the following traits related to the width and density of the growth rings: overall ring width (RW: mm), earlywood ring width (EWW: mm) latewood ring width (LWW: mm), overall mean ring density (RD: g cm-3), earlywood ring density (EWD: g cm-3), latewood ring density (LWD: g cm-3), maximum density (MAXD: g cm-3) and minimum density (MIND: g cm-3). This was done using R functions designed to obtain these variables (Rozenberg et al., 2002).

Cambial age influences width of growth rings and in general the properties of wood, especially during the juvenile stage (the first 10 to 25 rings). Although it is a natural effect of tree growth, this effect can introduce bias in the subsequent statistical analyses. We therefore removed the effect of cambial age by adjusting the raw data using the regional curve standardization (RCS) procedure, in the four elevation plots, as described below (Figure 2) (Esper et al., 2003).




Figure 2 | Fit of cambial age to the raw data of the time series for all width and density traits of growth rings of P. hartwegii trees located at the upper and lower ends of their elevation gradient on two mountains in central Mexico, “La Malinche” and “Nevado de Toluca”.



Following Esper et al. (2003) and Rozenberg et al. (2020), we compared three methods to eliminate the effect of cambial age: raw data (no adjustment), residual RCS, and RCS ratio. Of these, the residual methods had the best fit to eliminate the effect of cambial age; we obtained one age-related curve for the lower end and another for the upper end for each of the mountains (LM and NT) (Figure 2). In each of the populations, we calculated the expressed population signal (EPS) statistic, which serves to determine the statistical quality of the chronology. The EPS value has a range of 0 to 1.0, where a value of 0.85 is considered acceptable (Buras, 2017). In all of our study sites, the EPS for RW was 0.88 or higher, above the reference point used to evaluate the quality of the chronologies. The residual chronologies and the time-dependent RCS ratios were obtained from the means of individual series. For the above analyses, we used the dendrochronology library for R, dplR (Bunn, 2008).




2.4 Climate variables

The climate variables for each sampling location were obtained with the software ClimateNA model v6.30 (Wang et al., 2016), which includes monthly data as well as annual mean (MAT), maximum (TMAX) and minimum (TMIN) temperature and total annual precipitation (TAP) for the 1964-2016 period. We used the monthly temperature data to calculate the mean temperature of the growing season (TGS; months of April through September), spring mean temperature (Tspring; months of April through June), and winter mean temperature (Twinter; months of January through March), The annual aridity index (ARI) was calculated with the equation ARI = TAP/(MAT+10) (Fniguire et al., 2014). To verify that the data from the ClimateNA software accurately reflected the conditions at the study locations, we calculated the correlation between the ClimateNA data, and the data recorded by local meteorological stations. The meteorological stations were “Amaxac de Guerrero” (No. 29042; 3,320 m of elevation) and “Acxotla del Monte” (No. 29161; at 2,443 m of elevation) for LM and “Tenango” (No. 15122; at 2,858 m) and “Nevado de Toluca” (No. 15062; at 4,283 m) meteorological stations for NT. In all cases, there were very strong correlations between MAT and TAP values (r > 0.97), except in the case of TAP with meteorological station No. 29161, which had a moderate correlation (r = 0.59).




2.5 Statistical analysis

All the statistical analyses were done using the adjusted data for the growth ring traits for the 1964–2016 period. To reduce the number of variables to analyze (RW, EWW, LWW, RD, EWD, LWD, MAXD, MIND), we estimate the Pearson correlation coefficients among the growth ring traits, using the mean values per sampling site per year (showed in annexes). Pairs of variables that were strongly correlated (r > 0.9) were consolidated by selecting only one representative variable; this resulted in the selection of five variables for subsequent analyses: RW, LWW, RD, EWD and MAXD.

The RN for each ring trait to each climate variable was calculated for each individual tree based on the linear model Yi = β1 + β2Xi + ϵij, where Yi is the phenotypic trait (ring trait); Xi is the climate variable, β1 is the intercept, β2 is the slope (the PP value), and ϵij is the model residuals. The model was fit using the lm function of R, from the R stats package (R Core Team, 2018). For each RN, we obtained the probability value (p) as well as the adjusted R2 value as an indicator of the goodness of fit of the linear model. When p < 0.05 we considered that the slope of the RN was significantly different from zero, demonstrating that the ring trait showed PP, and the regression coefficient (β2) was a quantitative estimate of the amount of PP of the ring trait to the climate variable for the corresponding tree. For the following statistical analyses, we only worked with the climatic variables: “TGS” and “Twinter”, because they were the ones with which P. hartwegii showed greater PP through the traits of its growth rings. It should also be noted that a previous research (Carrillo-Arizmendi et al., 2022b) carried out correlations between these two climatic variables indicating that there is a relatively weak relationship (0.460 ≤ |r| ≤ 0.619), such that these two variables are not providing redundant information, so we consider it is appropriate to include both in order to compare the plastic response of trees to these two climate variables and determine which one might be more reliable across populations. The relative frequency of trees with significant RN (RNS) for each growth ring trait-climate variable was calculated for each mountain/elevation combination (hereafter, “population”), to compare the overall “sensitivity” in PP of ring traits to different climate variables at the lower and upper end of the elevation gradient on both mountains. In addition, to identify possible relationships and/or compensatory effects on PP of growth ring traits, a correlation coefficient analysis and a principal component analysis (PCA) of the PP values for the ring traits were carried out. We also calculated the proportion of trees with positive and negative slope of RNS for each ring trait. With these data, we determined whether there were differences in the proportion of trees with positive and negative RNS between the two ends of the elevation gradient (lower and upper) and between mountains (LM and NT). The Glimmix procedure in SAS (SAS 9.4, 2019), with the link function for binary variables (proportions) was used for this purpose. A two-way ANOVA (SAS 9.4) was also done to evaluate the effect of elevation, mountain, and their interaction on the average slope value (β2) of the positive and negative RNS for each ring trait and climate variable to determine whether the populations differed in the magnitude of PP.





3 Results



3.1 PP in growth ring traits of P. hartwegii trees in response to interannual climate fluctuation

Growth ring traits were more “sensitive” to the climate variables TGS and Twinter; that is, they had the overall largest number of significant RN with these two climate variables (Table 2) and a high percentage of trees with significant RN for more than one ring trait (Figure 3). Overall, the percentage of trees with significant RN for a growth ring trait was around 50% for both TGS and Twinter across elevations and mountains, except for the RN related with Twinter at low elevation in LM mountain, were it was only 44.3% (Table 2). None of the other climate variables had similar percentages of significant RN across all populations. For instance, there was a high percentage of significant RN with mean annual temperature (MAT) in three populations but not at high elevation in LM. TMAX was also important in three populations, but not at low elevation in LM and TAP was important only at the upper end in NT mountain. Given that TGS and Twinter had the highest proportion of trees with significant RN, the remaining analyses were done only for these two climate variables. Looking at individual growth ring traits, the proportion of trees with significant RN to TGS and Twinter differed only for RW, between mountains at the lower end, with a lower percentage on LM mountain (Table 2). Despite these differences among populations, the overall proportion of trees with significant RN in response to TGS and Twinter was high on both mountains; over 70% of trees had significant RN for at least one growth ring trait, and over 40% of trees in all populations showed significant RN for three or more growth ring traits (Figure 3).


Table 2 | Percentage of trees with significant reaction norms (RNS) for growth ring traits in relation to different climate variables at the two ends of the elevation gradient of Pinus hartwegii on two mountains in central Mexico.






Figure 3 | Relative frequency of P. hartwegii trees with significant reaction norms (RN) for one or more growth ring traits at each elevational extreme (lower: red; upper: blue) on each mountain; La Malinche (LM; A, C) and Nevado de Toluca (NT; B, D) in response to the growing-season temperature (TGS; A, B) and winter temperature (Twinter; C, D). The number 0 represents the proportion of trees with no significant RN for any growth ring trait; the other numbers represent the proportion of trees with significant RN for 1, 2, 3, 4 or all 5 growth ring traits. All bars add up to 100% in each series.






3.2 Relationships between the PP of growth ring traits

The correlation matrix and the first two PC obtained from the PCA showed that for both climatic variables (TGS and Twinter), the PP of growth ring traits was separated in three distinctive groups: ring and latewood width in one group, ring and earlywood density in other, and maximum density in the third group (Figure 4). In the correlation matrix of PP values associated with both TGS and Twinter, RW and LWW were strongly correlated, as well as RD and EWD.In general, the PP of growth ring traits in response to the two climate variables (TGS and Twinter) showed a similar structure. Thus, the PP of each ring variable in response to TGS was strongly correlated (r > 0.87) with the PP of the same variables in response to Twinter. The exception was LWW, where the correlation was slightly weaker (r = 0.76).




Figure 4 | By-plot of the first two principal components (PC1 and PC2) obtained from the PC analysis of phenotypic plasticity (PP) values for growth ring traits (RW, LWW, RD, EWD and MAXD) associated with growing season temperature (A) and winter temperature (B).






3.3 Effect of elevation and mountain on the expression of PP in growth ring traits

A wide variation in PP was found for growth ring traits (RW, RD, and MAXD) across populations in both TGS and Twinter-related NR (Figure 5). Even though significant RN ranged from negative to positive slopes for all traits, negative trends were more common for RW and positive trends for RD and MAXD, except for MAXD at low elevation in NT, where negative trends were predominant. In addition, there were significant elevation and mountain effects on both the proportion of trees with negative and positive RN and the mean absolute PP value for a given growth ring trait (Figure 5). The proportion of trees with negative trends in their RN generally decreased from the lower to the upper end for all traits in both mountains, although the effect of elevation was more pronounced for RW and MAXD at the NT mountain for both climate variables (Figure 5). Overall, mean absolute PP values were higher on LM than on NT for both positive (in RD) and negative (in RW and RD) RN (Figure 5). Also, at the lower end of the elevation gradient mean absolute PP values were higher than at the upper end for both positive (in RD) and negative (RW) RN. The effect of elevation on the absolute PP value of negative RN for RW was larger at the LM mountain (Figure 5). Mean absolute PP values for MAXD showed a similar trend, but differences between mountains and elevations were not significant.




Figure 5 | Absolute value of the slope of positive and negative RN of growth ring traits to TGS (growing season temperature) and Twinter (mean winter temperature) at the lower and upper ends of the elevation gradient of P. hartwegii on La Malinche (LM) and Nevado de Toluca (NT) mountains. In the graph for each ring trait, we include the average value of phenotypic plasticity (PP) and the proportion of trees with positive and negative RN (pie charts). RW: Ring width (mm); RD: Ring density (g cm-3); MAXD: Maximum density (g cm-3).







4 Discussion



4.1 PP response of growth ring traits to climate variables in P. hartwegii

Overall, radial growth of P. hartwegii trees was more sensitive to temperature than to precipitation. This coincides with a previous report by Soto-Carrasco (2021) who analyzed the PP of P. hartwegii on three other mountains in Mexico (Mount Tláloc, Pico de Orizaba, and Cofre de Perote). In that study, precipitation was the climate variable with the fewest significant RN for growth ring traits. Liu et al. (2015) mentioned that high-mountain trees generally have low sensitivity to precipitation, although they did not propose any explanation for this finding. Hendrickson et al. (2004) and Storkey (2004) mention that, under high mountain conditions, temperature is the main factor influencing most physiological processes and phenotypic changes in plants; precipitation seems to be a limiting factor only for some processes associated with xylogenesis, particularly during extreme drought events (Pompa-García and Venegas-González, 2016; Camarero and Gutiérrez, 2017; Correa-Díaz et al., 2020; Pompa-García et al., 2021).

In our study, the differences in tree sensitivity to climatic variables could be also due to differences in the degree of micro-spatial variation in temperature versus precipitation at the study locations. Ambient temperature is more homogeneous within a single location, associated mainly with site elevation, such that the value recorded at the locality level better reflects the growing conditions of all trees on it, while rainfall (and soil moisture) is very heterogeneous over short distances (Gómez-Plaza et al., 2000; Wundram et al., 2010; Yang et al., 2018). Therefore, total annual precipitation values recorded at the site level do not necessarily reflect the moisture conditions for each tree, potentially making it more difficult to detect significant RN for them. It is worth mentioning that, although our analyses do not consider the possibility of analyzing multi-annual or lagged effects, it would be interesting to do so in future research and thus learn how individual trees within a population differ in the reaction norms of ring growth traits in response to interannual fluctuation of climatic variables, especially precipitation.

On the other hand, the sensitivity of ring growth traits to the inter-annual climate fluctuations also shows differences between mountains. There was a higher overall proportion of significant RN on NT than on LM (Table 2). The difference between mountains could be due to differences in the range or variation coefficient of climate variables, differences in age of trees, or to other site-level factors affecting the response of radial growth to fluctuation of climate variables. Although the variation coefficient of TAP was similar between the two mountains (14%), the average value of TAP was higher on NT and there was a larger difference between the lower and higher elevations (1458.3 mm and 1299.1 mm, respectively, compared to 1132.1 mm at the lower end and 1208.2 mm at the upper end of the elevation gradient on LM). On NT there was also a higher variation coefficient of MAT than on LM, which could have facilitated the detection of the PP response of trees in this mountain. In addition, trees sampled at NT were older, on average, than at LM (Table 1), which could suggest that sensitivity of radial growth to climate fluctuation increases with age in P. hartwegii trees. Similar findings have been reported in other studies, particularly for high mountain species (Voelker, 2011; Dominik et al., 2019). Besides, the proportion of trees with significant RN was similar at both ends of the altitudinal range, despite the broader inter-annual climate fluctuation at high elevation. At the upper end of the gradient, there was a higher variation coefficient in MAT and TAP, than at the lower end. However, environmental conditions at the upper end of the gradient are far more restrictive for vegetative growth (sub-optimal temperature and lower depth and moisture retention capacity of soil), limiting the response of trees to fluctuations in temperature and precipitation (Holtmeier and Broll, 2005; Silva et al., 2016). Despite the results obtained, we suggest that for further research, the variation of conditions within a year or the global variation between years should be considered, to corroborate that phenotypic plasticity does not refer only to the response to average climatic conditions from one year to another.




4.2 Relationships between the PP of growth ring traits in P. hartwegii

The similar correlation matrix and separation of growth ring traits in three distinctive groups, based on the PP response to TGS and Twinter, shows a strong relationship between the temperature variables at different periods of the year and their effect on the growth ring traits. In other words, the PP values for any growth ring trait in response to TGS and with Twinter were strongly correlated. However, the separation of ring width traits from ring density traits, and these from maximum density indicates a different plastic response, globally, of these traits to the temperature variables. The positive loadings of PC2 to RD and EWD, and negative loadings to RW and LWW show contrasting RN in these traits to increasing temperature; a positive response for the first group and a negative one for the second. MAXD also showed, globally, a negative response to increasing temperature, more pronounced in the RN to Twinter. This contrasting response in RN for width vs. density seems to indicate a compensatory effect in resource allocation at the global (population) level in response to increasing temperature, reducing cell division and size, and increasing cell wall deposition (Rozenberg et al., 2020). A reduction in the rates of cell division and/or the diameter of the cells (less ring width) and an increase in the thickness of the cell wall (higher wood density) with increasing temperature, could allow an increase in the functionality and hydraulic security of the xylem in response to increased water stress (Rozenberg et al., 2020). Several authors have pointed out that during episodes of drought or increased temperature, evapotranspiration increases, and with it, the water demand of the trees, increasing the vulnerability of the xylem to hydraulic failures due to cavitation and embolism (Bréda et al., 2006; Meinzer et al., 2010; McDowell et al., 2011).

On the other hand, the correlation analysis also indicated a low and generally non-significant correlation between the PP values for width and density traits. Thus, despite the potential compensatory effect between growth ring traits in response to temperature described at the population level, at the tree level this compensatory effect between growth ring traits was not shown. This is corroborated by the broad within-population variation in PP values found in all growth ring traits in the P. hartwegii populations sampled. Thus, trees differed in their PP response; they seem to have a predominant response in one or few growth ring traits, and for those with a simultaneous significant RN for several growth ring traits, the PP response was relatively independent for width and density traits. Soto-Carrasco (2021), found similar results, arguing that trees exposed to similar variations in temperature can respond differently in the PP of their radial growth traits. Similarly, Pélabon et al. (2013), indicate that high intra-population variation is common and reflects variation in the specific physiological processes associated with the phenotypic traits involved. Escobar-Sandoval et al. (2021), mention that variation in the direction of the slope of the RN among trees within the same population is possible because different trees are positioned at different points along the response curve to the climate variable, i.e., they inherently have different RN. In addition, it has been reported that the RN of the majority of phenotypic traits analyzed in plants over wide temperature intervals are generally expected to be curvilinear (Arnold et al., 2019). As such, the detection of individual trees whose significant RN have signs opposite to the general trend could suggest differences among the trees in their position on the temperature curve. However, the results could also be due to the effect of other micro-environmental factors intrinsic to each population (e.g., micro-spatial variation in temperature or soil moisture), as has been described by other authors (Diamond and Kingsolver, 2012; Tammaru and Teder, 2012; Smoliński et al., 2020). Natural tree populations are characterized by high phenotypic variation in adaptive traits, due to their inherently high genetic variation and high pollen dispersal capacity, which enables them to cope with environmental changes. If phenotypic plasticity has any adaptive role, it would also be expected to be highly variable; thus, genetic variation in climatic sensitivity for radial tree growth is also a possible cause of the variation in PP within populations at both mountains (Rolland et al., 1999; Lebourgeois et al., 2010).




4.3 Effect of elevation and mountain on the expression of PP in growth ring traits

The general trend of higher frequency of negative RN for ring width traits and positive RN for ring density traits was most noted at the upper end of the elevation gradient on both mountains. This partially coincides with the results of Soto-Carrasco (2021), who mentions that on the mountain Pico de Orizaba there was a higher proportion of positive RN for ring density traits at higher elevation. However, in her study, the percentage of positive and negative RN for the ring width traits did not differ between elevations. We also found several differences in the average PP values between the ends of the elevation gradient sampled. The highest values of PP for both positive and negative RN were found at the lower elevation on both mountains, for most growth ring traits in response to both TGS and Twinter. These results coincide with the report by Escobar-Sandoval et al. (2021), where the absolute value of the mean slope of positive and negative RN were generally higher at the lower end of the gradient of the three mountains analyzed in that study, which was attributed to the differences in the mean temperature between the two extremes of the elevation gradient. In our study, the average value of TGS during the study period was 2.0°C higher at the lower than at the upper end of the elevation gradient on LM and 4.3°C higher on NT. The difference in Twinter was even more marked, with 5.3°C and 4.5°C higher temperatures at the lower than at the higher elevation on LM and NT, respectively. A change in the slope of the RN (i.e., a change in the phenotypic plasticity) associated with a change in the range of TGS and Twinter values implies that the RN associated with temperature are not linear (Arnold et al., 2019). This is the case in many biological systems (Camarero and Gutiérrez, 2004; Körner, 2012). It is common, for example, that as temperature increases, the rate of change (slope of the regression line) of metabolic processes is modified (Arnold et al., 2019; Escobar-Sandoval et al., 2021). It is therefore possible that the higher phenotypic plasticity observed at the lower end of the gradient is due to the average position of the population with respect to a non-linear RN of these traits to TGS and Twinter, as has been pointed out in other studies with different growth traits in several plant species (Valladares et al., 2006; Arnold et al., 2019).

The elevational differences in PP were generally more pronounced on LM than on NT, associated in most cases with the higher average PP value at the lower end of LM (Figure 5). A steeper slope of the negative RN for ring width and the positive RN for ring density indicates that trees on LM are adjusting more rapidly their radial growth traits to the temperature increase. Gilmore (1968), mentions that the factors that favor a reduction in ring width generally increase their density, mainly in the second half of the radial growth period (Büntgen et al., 2010; Bouriaud et al., 2015). The differences between mountains, therefore, suggest different needs and/or responses of trees, as a function of the micro-environmental conditions on them. Even though temperature at the lower end was similar on both mountains, LM has lower annual precipitation, particularly during the summer and early fall (Figure 1), so trees might be experiencing higher water stress. This differential response is also shown in the wide intra-population variation in the sign and magnitude of the RN slopes found in all growth ring traits, with individuals that differed from the general population trends, discussed before. Although it is difficult to identify the main factors involved in this PP variation, the importance of PP variation as a buffering mechanism of the impact of climate change at the population level is evident, as has been mentioned by Escobar-Sandoval et al. (2021).

Therefore, P. hartwegii trees seem to have the capacity to show plastic responses with different growth ring traits under climate change-driven environmental variation. Populations at the lower extreme of the elevation gradient showed higher proportion of trees with negative trends in their RN to temperature and higher absolute values of PP for growth ring traits, so they seem to be experiencing higher impacts from global warming and climate change. However, the wide intrapopulation variation detected in PP of these traits offers positive perspectives on the short-term response capacity of these populations, as PP may serve as a mechanism to buffer the impact of interannual fluctuation and the gradual increase in temperature in the medium term. However, it is fundamental to obtain additional information with respect to the physiological mechanisms associated with this variation in PP, its possible genetic origin (Zacharias et al., 2022) and the adaptive implications (DeWitt and Scheiner, 2004; Ghalambor et al., 2007; Chown et al., 2008).





5 Conclusions

In this work we identified that ring width and density traits of P. hartwegii were more sensitive to temperature than to precipitation, which may be attributed to the lower variability or higher spatial homogeneity of ambient temperature at the site level. Despite the most restrictive environmental conditions at higher elevations, radial growth of trees was similarly sensitive to inter-annual climate fluctuation at both extremes of the elevational distribution gradient. Plastic response of ring traits to interannual fluctuation in temperature at different times during the year was strongly interrelated, with a clear separation of ring width from ring density traits. At the population level, a general trend was distinguished, with a negative response of ring width traits and a positive response of ring density traits to increasing temperature. At the individual level, however, plastic responses for width and density traits were mostly independent from each other, and a wide variation was found for both the sign of the RN and magnitude of PP. Both the proportion of trees with positive and negative RN to temperature and the absolute PP value differed between elevations and mountains. At the lower end of the gradient on both mountains there was a higher proportion of negative trends and higher PP values for ring width and density traits, attributed to a higher mean temperature at this elevation level and a possible non-linear response to temperature. Overall, our data show the presence of differentiated adaptive mechanisms between ring width and density traits in the PP response to temperature, with compensatory effects at the population level, but not necessarily the individual level. Apparently, P. hartwegii has the potential to present differential plastic responses between its ring width and density traits, with a higher degree of average PP at the lower end of the elevation gradient, associated with higher temperature and water stress. These plastic responses might be important components in the reaction of populations located at the elevational extremes of the species distribution range to the continuing increase and interannual fluctuation in temperature linked to climate change.
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Grassland-Built-up
Land

Grassland-Farmland
Grassland-Woodland
Grassland-Water Body

Grassland-Unused
Land

Total changed area

Transformed area
(km?)

1982-2020

1.521x10"

1.267x10°
1.728x10°

4312x10"

4.970x10°

8.549x10°

Percentage
(%)

1.78

14.82

2022

58.14

100
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19 199 0 201 2020
Southern region 2.851x10° 2.867x10° 2.824x10° 2.714x10° 2.720x10°
Northern region 2.774x10° 2.688x10° 2.551x10° 2.329%10° 2.160x10°
‘ Northwestern region 1.020x10° 1.019x10° 1.004x10° 9.468x10° 9.454x10°
Qinghai-Tibetan region 1.470x10° 1.469x10° 1.468x10° 1.221x10° 1.220x10°
China 3.052x10° 3.044x10° 3.009x10° 2.672x10° 2.654x10°
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Southern region

Northern region

Northwestern region

Qinghai-Tibetan region

China

19

8.892
(6.125-11.234)

9.471
(6.949-11.647)

5504
(4.139-6.644)

8.181
(5.506-10.445)

7.791
(5.529-9.710)

90

9.056
(6.310-11.363)

9.403
(7.029-11.407)

6.924
(5.085-8.451)

8.200
(5.579-10.436)

8257
(5.898-10.244)

2000

9.086
(6.340-11.392)

8.804
(6.524-10.751)

5.907
(4.510-7.087)

8.855
(6.092-11.212)

7993
(5.753-9.891)

010

9213
(6457-11.515)

9.496
(7.118-11.516)

6395
(4.783-7.733)

9.656
(6.683-12.180)

8517
(6.136-10.521)

020

9.303
(6.553-11.613)

9.299
(7.021-11.216)

6.943
(5.160-8.417)

9.097
(6.277-11.483)

8525
(6.152-10.516)
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SOCD

Contribution (%)

MAT 44.00
NDVI 13.45
Elevation 10.62
MAWS 5.16
LLP 443
Clay soil 430
aspect 2.95 ‘
Sand soil 291
ET 2.88
NPP 234
SH 225 ‘
RH 1.61 ‘
MAP 1.43
Silt soil 1.28
SP 0.39

SOCD, soil organic carbon density; MAT, mean annual temperature; NDVI, normalized
difference vegetation index; MAWS, mean annual wind speed; LLP, large livestock population;
NPP, net primary production; ET, evapotranspiration; SH, sunshine hours; MAP, mean
annual precipitation; RH, relative humidity; SP, sheep population.
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inal resolu- | Final resolu-

Variable i
tion
NDVI Growing-season NDVI over China during 1982-2020 Wang (2021) 0.05° 1 km
Global annual GPP/NPP dataset (1982-2018) Yuan et al. (2010) Zheng et al. (2019) 0.05° 1 km
NPP
MODIS products (2019-2020) (https://www.nasa.gov/) 1 km 1 km
Monthly temperature and precipitation dataset for China
» MAP g 1. (201 1
MAT, M. (1982-2020) Peng et al. (2019) km 1 km
A Annual data of basic meteorological stations (1982-2015) | S et al. (2014); Sun et al. (2015); Sun 1 km 1 km
o % Daily dataset of Chinese terresrial limate data V3.0 aane)
(2016-2020) (http://data.cma.cn/wa) 1km 1km
The transpiration-to-evapotranspiration ratio data (1982~ @020y Lam Lk
2015)
ET
Daily dat: f Chi jal cli ta V3.4
(Z?):l); :izao;;e)t of Chinese terrestrial climate data V3.0 (hitpiidata.cma.cn/vwa) Tim 1 km
LLP, SP National Bureau of Statistics of China (1982-2020) (http://www.stats.gov.cn/) Vector 1 km
Elevation Shuttle Radar Topography Mission (DEM) (https://www.resdc.cn/) 1 km 1 km
Aspect Shuttle Radar Topography Mission (DEM) Calculated from elevation 1 km 1 km
d, silt, and
Z’" 62841 Data of soil texture in China (https:/fwww.resdc.cn/) 1 km 1km
ay

NDVI, normalized difference vegetation index; NPP, net primary production; MAT, mean annual temperature; MAP, mean annual precipitation; MAWS, mean annual wind speeds; SH, sunshine
hours, RH, relative humidity; LLP, large livestock population; SP, sheep population.
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Southern region

Northern region

Northwestern region

Qinghai-Tibetan region

China

198

2.536
(1.746-3.203)

2627
(1.927-3.230)

5614
(4.222-6.778)

12.023
(8.092-15.350)

23.780
(16.875-29.637)

1990

2596
(1.809-3.258)

2527
(1.889-3.066)

7.056
(5.182-8.612)

12.049
(8.197-15.335)

25.132
(17.952-31.181)

2000

2565
(1.790-3.217)

2246
(1.664-2.743)

5.928
(4525-7.112)

13.000
(8.943-16.460)

24.051
(17.311-29.765)

2010

2500
(1.752-3.125)

2211
(1.658-2.682)

6054
(4.529-7.321)

11.788
(8.158-14.869)

22757
(16.395-28.110)

2020

2530
(1.782-3.158)

2009
(1.517-2.423)

6564
(4.879-7.957)

11.100
(7.660-14.013)

22,623
(16.326-27.907)
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Controlled experiments Input parameters for the Simulated value Input parameters for
Experiment 1 (controlled NDVI) Ta» Sga» [CO,] (2015-2019); NDVI (2000-2004) Ta» Sga» [COJ, NDVI (2015-2019)
Experiment 2 (controlled T, Sy) [CO,], NDVI (2015-2019); T, Sga (2000-2004) Tar Sga» [COJ, NDVI (2015-2019)

Experiment 3 (controlled [CO]) NDVI, T, Syq (2015-2019); [CO,] (2000-2004) T, Sga [CO2J, NDVI (2015-2019)
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cance Value
C Constant 21.77
AH,, Activation energy 52750 J/mol
AS Entropy of the denaturation equilibrium of CO, 704.98 J/K/mol
Ry Gas constant 831 J/K/mol
T Air temperature K
T, Air temperature °C
AH,, Deactivation energy 211000 J/mol
T CO,/0; specificity ratio
(CO,] CO, concentration in the mesophyll tissue of leaves ppmv
[02] O, concentration in the mesophyll tissue of leaves 209 ppmv
[co.™ CO; concentration in the atmosphere 285 ppmv
' Affinity constant for CO, of Rubisco [%CO0,]
Ky Inhibition constant for O, [%0,]
NDVI Normalized difference vegetation index
ksy Heterotrophic respiratory rate coefficient gC/m?/d
Qo The relative increase of the respiratory flux 15

for a 10K increase in temperature T,
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JfAPAR

Significance
Normalized temperature dependency factor [0,1] (Wang, 1996)
Normalized CO, fertilization factor (Veroustracte, 1994)
Radiation Use Efficiency (RUE)
Climatic efficiency (McCree, 1972)
Incoming daily global radiation
Autotrophic respiratory fraction (Goward and Dye, 1987)
Heterotrophic respiration (Maisongrande et al,, 1995)

Fraction of absorbed Photosynthetically Active Radiation (PAR) (Asrar et al., 1984)

€ of (8) was assigned by different land use types in Table 3.

[-] Indicates that there is no unit.

Val

0.48

gC/M]
[-]
MJ/m*/d
[l

gC/m?*/d
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Methods Study periods NPP ranges (PgC/y) References
BEPS model 2001 224 Feng et al. (2007)
‘ C-FIX model 2003 437 Chen et al. (2007)
‘ GEOPRO model 2000-2004 2.42-2.84 Gao and Liu (2008)
‘ M-SDGVM 1981-2000 330 Mao et al. (2010)
‘ CASA model 1981-2008 3.38-435 Chen et al. (2011)
BEPS model 2000-2010 2.63-2.84 Liu et al. (2013b)
‘ CASA model 2001-2010 2.25-2.62 Pei et al. (2013)
|
CASA model 2015 2928 Li et al. (2018)
‘ MuSyQ-NPP 1982-2012 1.92-2.73 Wang et al. (2019)
‘ LPJ-DGVM model 1961-2016 2.8-3.1 Huang et al. (2019)
‘ C-FIX model 2000-2019 334 ‘ This study
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Latitude Samples

Mountain  Elevation end = Elevation (m) (N) Longitude (O) = (No. Trees) Average age (age range) in years
3472 19°15.509' 98°1.7050" 25 38 (64-24)
LM Lower 3,444 19°15.560" 98°1.8550" 25 30 (24-62)
3363 19°15.785’ 98°12.138" 25 68 (35-100)
4,100 19°24.091° 98°03.370" 25 49 (33-59)
LM Upper 3,966 19°14474° 98°1.9980" 25 78 (34-158)
3,943 19°14.432 98°1.8920" 25 34 (80-18)
3,400 19°7.3630 99°46.335" 33 82 (16-104)
NT Lower
3379 19°10.461° 99°48.754° 31 85 (63-139)
4,126 19°7.2610° 99°45.229° 30 79 (37-169)
NT Upper I

4,000 19°9.4520° 99°48.449" 30 79 (33-147)
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Pathway Hypothesized mechanis

1 il moi
fzm’;:‘s‘“" —xCarbon Soil moisture affects plant carbon storage by regulating soil nutrient supply and uptake by plants (Green et al., 2019).

2 Species diversity — Carbon  Tree species diversity can affect plant carbon storage through several biological mechanisms, such as niche complementarity
storage effect, selection effect (Huang et al., 2018).

3 Structural diversity — High structural complexity of trees can enhance efficient use of resources for growth to promote plant carbon storage (Ali
Carbon storage et al,, 2019a; Aponte et al., 2020).

4 Climate factors — Carbon Climate favorability affects plant growth and carbon storage by regulating respiration and water utilization (Chen et al.,
storage 2018).

5 Soil moisture — Species Soil moisture may affect plant diversity by regulating soil nutrient supply and uptake by plants, but the underlying
diversity mechanisms are unclear (Green et al,, 2019).

6 Climate factors — Species Climate factors (i.e. temperature and precipitation) can cause alterations in species diversity with a momentous consequence
diversity for ecosystem carbon storage (Yan et al,, 2022).

7 Soil moisture— Structural Soil moisture may affect plant individual size by regulating soil nutrient supply and uptake by plants, but the underlying
diversity mechanisms are unclear (Green et al,, 2019).

8 Species diversity— Species diversity plays a driving role in the complexity of stand structure, which indirectly increases carbon storage (Ali
Structural diversity etal, 2016).

9 Climate factors — Structural attributes and ecosystem properties and processes may vary along environmental gradients including temperature,
Structural diversity rainfall and soil fertility (Poorter et al., 2015).

10 Climate factors — Soil

moistare Soil moisture is controlled by climatic forcing, particularly water balance (Green et al., 2019).
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Biomass LTC : LTP

STC : STN -0.594 -0.762 -.998* 0.982 999* -0.995 -1.000**

STN : STP -0.13 .998* 0.764 -0.575 -0.696 0.644 0.73
YS

LTN 0.54 0.803 1 -0.967 -0.995 0.986 .999*

LTC:LTN -0.621 -0.74 -0.995 0.988 1 -.998* -.999*

Biomass 1 -0.86 -.998* 0.653 0.982 -0.677 -0.814
HMS

LTP 0.653 -0.175 -0.604 1 0.497 -1.000* -0.972
NMS Biomass 1 0.966 -0.556 0.994 0.463 -997* -0.797

Sunny slope

STC 0.423 -0.847 0.214 -.998* -0.096 998 0.869

STN 0.298 -0.768 0.081 -0.981 0.038 997* 0.795
MS

SAP -0.871 .998* -0.742 0.846 0.657 -0.775 -0.995

LTC -0.84 1 -0.7 0.877 0.61 -0.812 -.999*

SAP -0.371 -0.966 -0.987 -0.877 1.000* 0917 0.873
OMS STN : STP 1.000* 0.579 0.494 -0.146 -0.374 0.053 0.153

LTP -0.122 0.722 0.788 1 -0.863 -0.996 -1.000**

LTC -0.567 1 .999* 0.986 -.999* -0.979 0.984
YS LTN -0.606 .999* 1 0.977 -1.000%* -0.968 0.992

LTP -0.423 0.986 0.977 1 -0.978 -.999* 0.941

Biomass 1 .999* -0.012 -0.727 0.303 0.825 0.498

STP 0.858 0.88 0.504 -0.976 -0.23 .998* 0.873
NMS

STC : STP -0.831 -0.856 -0.546 0.986 0.278 -1.000** -0.896

STN : STP -0.675 -0.708 -0.73 .997* 0.499 -0.974 -0.976

Shady slope

STC : STN 0.312 -0.619 0.487 -0.675 -0.49 0.551 :999%
MS STN : STP -0.333 0.637 -0.506 0.658 0.51 -0.532 -.998*

LTN 0.982 -0.987 1 0.316 -1.000%* -0.461 0.454

STC : STP 997 -0.887 0.882 0.927 -0.874 -0.891 -0.911

LTC -0.85 1 -1.000** -0.996 1.000* 1.000** 1999
OMS

LTN 0.845 -1.000** 1 0.995 -1.000* -1.000* -.998*

LTP 0.896 -0.996 0.995 1 -0.993 -0.996 -.999*

*p < 0.05, **p < 0.01. Only the results with significant correlations are presented in the table. YS, Young stage; HMS, Half-mature stage; NMS, Near-mature stage; MS, Mature stage; OMS,
Over-mature stage. LTC, Leaf total carbon; LTN, Leaf total nitrogen; LTP, Leaf total phosphorus; STC, Soil total carbon; STN, Soil total nitrogen; STP, Soil total phosphorous; SAP, Soil
available phosphorous; Site, site factors, including shady slope and sunny slope. Age: stand age class Variable: all factors for correlation comparison. Biomass: leaf biomass per plant; LTC, Leaf
total carbon; LTN, Leaf total nitrogen; LTP, Leaf total phosphorus. The meaning of bold value indicates the significant correlation between leaf biomass, leaf ecological stoichiometry and soil
ecological stoichiometry under different forest ages and site conditions.
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Age class Mean DBH (cm) Mean tree height (m) Mean stand density(tree-hm’z)

S1, Sunny slope; S2, Shady slope.

S S2 S1 S1 S2
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Ecosystem type Mean SE Median cv Skewness Kurtosis Max Min
Grassland 34239 35.80 278.45 1.84 078 -0.006 80673 107
NEP 4176 1865 39.60 042 0.62 144 32263 -143.31 29
ER 300.98 , 2947 24119 197 065 08 63005 130.63 27
Shrub GPP 388.78 75.11 358.93 259 L12 216 597.46 239.80 4
NEP 60.36 13.90 68.04 194 -142 273 91.72 891 » 5
ER 336.03 7421 31134 226 082 0.16 532.55 188.90 4
Desert GPP 26021 33.08 229.15 231 138 266 480.02 136.58 9
NEP 50.02 2553 4494 059 039 031 190.59 -107.85 11
ER 186.11 3167 187.88 1.96 043 -0.62 352 6238 9
All | GPP | 328.54 26.65 I 277.89 i 1.95 094 043 80673 107 [ 40
NEP 4584 1348 43.56 051 039 146 322.63 -143.31 45
ER 278.64 2337 2311 1.89 074 -0.42 63005 62.38 , 40

NEP, net ecosystem productivity; GPP, gross primary productivity; ER, ecosystem respiration.
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Site Latitude Longitude Vegetation Ecotone

N) CE) type

Dangxiong wetland 30.47 91.07 Wetland Tibetan Plateau

Dangxiong grassland 30.85 91.08 Grassland Tibetan Plateau

Shenzha 30.95 88.68 Wetland Tibetan Plateau

Naqu grassland1 31.37 91.90 Grassland Tibetan Plateau

Nagqu grassland2 31.64 92.01 Grassland Tibetan Plateau

Ruoergail 33.10 102.65 Wetland Tibetan Plateau

Ruoergai2 33.93 102.87 Wetland Tibetan Plateau

Sanjiangyuan 3435 100.55 Grassland Tibetan Plateau

degraded

Sanjiangyuan 34.41 100.40 Grassland Tibetan Plateau

Fenghuoshan 34.72 92.89 Grassland Tibetan Plateau

SACOL 35.95 104.13 Grassland Loess Plateau

Qinghai wetland 36.70 100.78 Wetland Tibetan Plateau

Ansai 36.86 109.32 Grassland Loess Plateau

Haiyan 36.95 100.85 Grassland Tibetan Plateau

Qinghai lake 37.58 101.33 Wetland Tibetan Plateau

Haibei grassland 37.62 101.32 Grassland Tibetan Plateau

Haibei shrubland 37.67 101.33 Grassland Tibetan Plateau

Haibei wetland 37.68 101.31 Wetland Tibetan Plateau

Yanchi 37.71 107.23 Grassland Arid and semiarid
areas

Hexi 37.87 102.83 Cropland Arid and semiarid
areas

Yakou 38.01 100.24 Grassland Tibetan Plateau

Arou 38.05 100.45 Grassland Tibetan Plateau

Shule 38.42 98.32 Grassland Tibetan Plateau

Yulin 38.45 109.47 Grassland Agro-pastoral ecotone

Huazaizi 38.77 100.32 Grassland Arid and semiarid
areas

Shenshawo 38.79 100.49 Grassland Arid and semiarid
areas

Dashalong 38.84 98.94 Grassland Tibetan Plateau

Daman 38.86 100.37 Cropland Arid and semiarid
areas

Bajitan 38.92 100.30 Grassland Arid and semiarid
areas

Tazhong. 38.96 83.65 Grassland Arid and semiarid
areas

Zhangye 38.98 100.45 Wetland Arid and semiarid
areas

Linze 39.32 100.13 Cropland Arid and semiarid
areas

Kubugi grassland 40.38 108.55 Grassland Arid and semiarid
areas

Kubugi forestland 40.54 108.69 Forestland Agro-pastoral ecotone

Siziwang fenced 41.79 111.89 Grassland Agro-pastoral ecotone

Siziwang grazing 41.79 111.90 Grassland Agro-pastoral ecotone

Qidaogiao 41.98 101.17 Forestland Arid and semiarid
areas

Heihe mixed 41.99 101.13 Forestland Arid and semiarid

forestland areas

Heihe-luodi 42.00 10113 Grassland Arid and semiarid
areas

Sidaogiao 42.00 101.14 Grassland Arid and semiarid
areas

Heihe cropland 42.00 101.13 Cropland Arid and semiarid
areas

Duolun cropland 42.05 116.67 Cropland Agro-pastoral ecotone

Duolun grassland 42.05 116.28 Grassland Agro-pastoral ecotone

Heihe desert 42.11 100.99 Grassland Arid and semiarid
areas

Naiman 42.92 120.70 Grassland Agro-pastoral ecotone

Keerqin 4334 122.65 Wetland Agro-pastoral ecotone

Xinlinhot fenced 43.55 116.67 Grassland Agro-pastoral ecotone

Xinlinhot degraded 43.55 116.67 Grassland Agro-pastoral ecotone

Xilinguole 44.08 11357 Grassland Agro-pastoral ecotone

Xinlinhot stipa 44.13 11633 Grassland Agro-pastoral ecotone

Maodeng 44.16 11649 Grassland Agro-pastoral ecotone

‘Wulanwusu 44.28 85.82 Cropland Arid and semiarid
areas

Fukang 4428 87.93 Grassland Arid and semiarid
areas

Aibi lake 44.62 83.57 Grassland Arid and semiarid
areas

Hulunbeier 49.35 120.10 Grassland Agro-pastoral ecotone

"MAP, mean annual precipitation; MAT, mean annual temperature.

MAT' (°C)

2.96
-1.98
1.89
-0.38
-1.60
2.37
1.90
-3.24

-1.61
-6.01
7.88
0.85
9.68
-0.08
-1.78
-2.07
-2.61
-2.84
7.97

7.9

-7.73
-1.98
-6.69
7.92
6.84

7.38

-6.89
6.91

7.41
11.96
7.67
7.89
7.03

7.44
3.53
3.50
8.36

8.21

323
3.05
8.73

7.15
7.02
1.03
1.03
2.62
1.84
146
7.34

6.69
9.02

-251

MAP!
(mm)

420
416
385
426
430
694
654
590

552
301
348
418
490
435
465
469
475
475
309

167

457
404
300
376
264

215

342
220

31
188
161
228

227

216

219
35

40

41
40
40

409
400
34

432
474
320
320
198
274
284
140

174
158

369

Observation
year

2009-2013
2004-2011
2016-2019
2008-2008
2012-2017
2013-2017
2008-2009
2006-2008

2005-2008
2015-2015
2007-2012
2011-2015
2012-2014
2010-2010
2007-2016
2002-2004
2003-2012
2003-2006
2012-2016

2014-2018

2015-2016
2009-2016
2008-2012
2011-2012
2012-2012

2012-2012

2013-2016
2012-2018

2014-2014

2009-2013

2012-2014

2008-2008

2006-2006

2005-2006
2010-2011
2010-2011
2013-2016

2013-2013

2012-2012

2013-2014

2013-2013

2005-2006
2005-2006
2015-2015

2015-2017
2016-2016
2006-2008
2006-2006
2008-2010
2004-2006
2013-2017
2009-2013

2002-2012

2012-2015

2009-2010





OPS/images/fpls.2023.1060066/fpls-14-1060066-g003.jpg
Density

0.006

0.004

0.002

0.000

200

400
Carbon flux (g C m? yr')

600

800





OPS/images/fpls.2023.1095126/M13.jpg
S

HOBp. = o e e e B Ry + b

(12





OPS/images/fpls.2022.1062055/fpls-13-1062055-g007.jpg
mmm Total
B Direct
B Indirect

Standardized effects of SEM

ot e sait LAY GPP EP

Geopr?™
— negative Climate (MAT & MAP)
M— positive Geographic location (Longitude & Latitude)
m—— Soil (pH & SOC)

R2=0.70 %2=961,P=0212





OPS/images/fpls.2023.1060066/fpls-14-1060066-g002.jpg
40°N

30°N

20°N

10°E

Legend
A Desent

©  Grassland
%  Shrub

by sub-hunid
[0 semiarid
B i

- Super Arid

L0°T°

30°E

90°E

100°E

1O°E

120°E

130°

120°

E

r

140°E

150°E

40°N

=

30°N

20°N





OPS/images/fpls.2023.1095126/M12.jpg
y

i +§ )
HCBy = b BT ACoy) *





OPS/images/fpls.2022.1062055/fpls-13-1062055-g006.jpg
GPP

NEP
Latitude
Longitude
MAT
MAP
SOC

pH

LAI

10

20 30 40

Independent effect (%)

50

60





OPS/images/fpls.2023.1060066/fpls-14-1060066-g001.jpg
Climate driven theory Hypothesis

Precipitation *

Temperature

/

Carbon flux

Climate gradient






OPS/images/fpls.2023.1095126/M11.jpg
ka3

HCBy. = s+ S0 (10





OPS/images/fpls.2022.1062055/fpls-13-1062055-g005.jpg
CUEe

CUEe

0 5 10

Soil pH (-log (H"))

15

SOC (%wt.)

800






OPS/images/fpls.2023.1060066/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1095126/M10.jpg
YZI(R, +Z2¥2) ' ly, - f(B,u, ,x;) + Zu. | (9)






OPS/images/fpls.2022.1062055/fpls-13-1062055-g004.jpg
CUEe

80

100

Longitude (° E)

120

20

30

40

Latitude (° N)

50

60





OPS/images/fpls.2023.1048828/table3.jpg
2020

2021

d

erl
Growing Season
Dormant Season
Entire year
Growing Season
Dormant Season

Entire year

Su/Sq

La/Ly
0.83
0.75
0.80
0.85
0.76

0.82

Rn/(Sa+La)
023

0.12

H/R,

1.02

0.62

1.01

0.60

G/R,
0.03
-0.14
0.00
0.03
-0.17

-0.01






OPS/images/fpls.2023.1095126/M1.jpg
MD

S (HCBy - HCB )

[0





OPS/images/fpls.2022.1062055/fpls-13-1062055-g003.jpg
0.6

0.4

CUEe

0:2

0.0

Arid v

areds ?\a\e“?o(a\ ecoton®

and @
nd e ot “oe;% 0-P3S

an plawe?

Tibet

Grassland Cropland Forestland Wetland





OPS/images/fpls.2023.1048828/table2.jpg
Year Slope Intercept (W nnual ratio
2020 071 21.70 0.93 093

2021 0.73 19.01 0.94 0.94
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Height/depth

Model, manufacturer

Accuracy

Observations

(m)

12

Latent (LE) and sensible heat flux (H), fraction velocity (u.), wind speed (U) 12
Air temperature (T,) and relative humidity (H,) 12
Downward (S4) and upward shortwave radiation (S,), downward (Lg) and upward
longwave radiation (L) 16
Soil water content® 0.15 0.3
Soil heat flux (G)® 0.1
Precipitation (P)* 16

“eddy covariance system consisting of a 3D sonic anemometer (CSAT3B) and an infrared H,0/CO, gas analyzer (LI-7500).
Yinstalled around the tower, and 3 repetitions at each depth.

“depth referring to a previous study (Cheng and Chen, 2013).

dealibrated from the Jianpingzhen National Meteorological Station, 30 km from the tower.

LI-7500, Li-COR Inc., Lincoln, NE, USA®

CAST3B, Campbell Scientific Inc., Logan,
UT, USA*

HMP45C, Vaisala Co., Ltd., Helsinki,
Finland

CNR4, Kipp&Zonen B.V., Delft,
Netherlands

8650, Campbell Scientific Inc.

HFPO1SC, Hukseflux B.V., Delft,
Netherlands

TE525MM, Texas Electronics Inc., Dallas,
TX, USA

+0.2°C/3%

<1%

+1%

0.1 mm





OPS/images/fpls.2023.1095126/im45.jpg
ok N(0,1.2920)





OPS/images/fpls.2022.1062055/fpls-13-1062055-g001.jpg
Legend

Vegetation type
/\ Cropland Tibetan Plateau

IForestland Agro-pastoral ecotone

[ ] Wwetland Ioess Plateau 1.500 3,000
O km

Grassland Arid and semi-arid areas






OPS/images/fpls.2023.1048828/M9.jpg
VoLE-g
&= AR, ~G) +p,-¢,- VPD-g, ~ LE(A+7)





OPS/images/fpls.2023.1095126/im44.jpg
-





OPS/images/fpls.2023.1048828/M8.jpg





OPS/images/fpls.2023.1095126/im43.jpg





OPS/images/fpls.2023.1095126/im42.jpg
LD





OPS/images/fpls.2022.1069730/im23.jpg





OPS/images/fpls.2022.1069730/im22.jpg
NOy-—N





OPS/images/fpls.2023.1120202/M7.jpg
7)





OPS/images/fpls.2022.1069730/im21.jpg





OPS/images/fpls.2023.1120202/M6.jpg
_ AR +(pC,VPD — Ary,(R — R,))/(rua + fas)
- A+ (1 + (r, /(1 + 1))

PM, ®





OPS/images/fpls.2022.1069730/im20.jpg





OPS/images/fpls.2023.1120202/M5.jpg
M = T Gl g +2))

)





OPS/images/fpls.2022.1069730/im2.jpg





OPS/images/fpls.2023.1120202/M4.jpg
AET

C.PM_ + C,PM, “4)





OPS/images/fpls.2022.1069730/im19.jpg





OPS/images/fpls.2023.1120202/M3.jpg
SED; ‘A”

-3 204 ®





OPS/images/fpls.2022.1069730/im18.jpg
NOy-—N





OPS/images/fpls.2023.1120202/M2.jpg
A=nr((D-d) -D}) )





OPS/images/fpls.2022.1069730/im17.jpg





OPS/images/fpls.2023.1120202/M17.jpg
HSWC)

a7





OPS/images/fpls.2022.1069730/im16.jpg
NOy-—N





OPS/images/fpls.2023.1120202/M16.jpg
1

T = o {SWCS)P,RAJC, ae)





OPS/images/fpls.2022.1069730/im15.jpg





OPS/images/fpls.2023.1120202/M15.jpg
= bi(gres

(15)
by





OPS/images/fpls.2023.1120202/M14.jpg
P = (A+Y)ry + yr (14)





OPS/images/fpls.2023.1120202/M8.jpg
(8)





OPS/images/fpls.2022.1069730/im14.jpg
NOy-—N





OPS/images/fpls.2022.1069730/im13.jpg





OPS/images/fpls.2023.1120202/M13.jpg
Pe=(A+ P)r, +yrye (13)





OPS/images/fpls.2022.1069730/im12.jpg





OPS/images/fpls.2023.1120202/M12.jpg
Py =(A+ 7, (12)





OPS/images/fpls.2023.1076902/fpls-14-1076902-g001.jpg
45°0'0"N

30°0'0"N

15°0'0"N

SOCD (kg C m?)
° < 4

° 4-8
8- 18 [ 1] Subregion

18-32 M Grassland
o >332

0 2503500 1,000 1,500 2,000 km
1 4 J | @ |

90°0'0"E

105°0'0"E

120°0'0"F





OPS/images/fpls.2022.1069730/im11.jpg





OPS/images/fpls.2023.1120202/M11.jpg
Comr—
T T (e PPy + P

an





OPS/images/fpls.2023.1076902/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1069730/im1.jpg
(NH; - N)





OPS/images/fpls.2023.1120202/M10.jpg
1

S T AT ] (10)

G





OPS/images/fpls.2023.1095126/table4.jpg
Variance function

None 4945.80 -2464.90
Eq. 6 4944.60 -2463.30
Eq.7 4945.53 -2463.76
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Model MB SE TRE R?

M1 0.0050 1.2970 3.4250 0.5178
M2 0.0050 1.2970 3.4250 0.5178
M3 0.0053 1.2948 3.4129 0.5194
M4 0.0053 1.2948 3.4129 0.5194
M5 0.0052 ' 1.2949 3.3992 0.5194
M6 0.0044 1.2970 ‘ 3.4244 0.5178

MB, mean bias; RMSE, root mean square error; TRE, total relative error; and R? coefficient
of determination.
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Designation Mathematical Form Name of Function Value Range Source
M1 HCB = H[1 - exp(fx)] Exponential (=0, H) Wykoff et al., 1982
M2 HCB = H[1 - exp(Bx)?] Exponential (- oo, H) Van Deusen and Biging, 1985
M3 o H Logistic (0,H) Walters and Hann, 1986
CB=—
[1+ exp (Bx)]
M4 B H Logistic (0,H) Rijal et al. (2012)
[L+cexp (Bo)] /"
M5 HCB = H[1 - cexp(Bx")] Exponential (—eo,H) Rijal et al. (2012)
Mé HCB = H[a + exp(Bx)] Exponential (=0, H) Popoola and Adesoye (2012)
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Variable Min Max Mean SD

DBH (cm) 5.0 15.6 1038 157
I QMD (cm) 891 118 1047 | 0.60
RD 0.44 1.44 09913 0.12
HCB (m) 14 143 6.88 187
H (m) 5 17.9 12.16 201
BAL (m*ha™) 0 70.58 2344 14.62
A(du) . 1 5 167 078
CW(m) 2.03 4.86 3.09 038
BA (m” ha™") 11.32 72.56 282 1123
D 0.4 0.87 0.65 0.16
N (culms ha™) 1150 3750 2783 853

Diameter at breast height (DBH), quadratic mean DBH (QMD), relative diameter (ratio of DBH of an individual to QMD; RD), height to crown base (HCB), bamboo height (H), total basal area
of all bamboos with a diameter larger than that of the subject bamboo (BAL), bamboo age (A), crown width (CW), base area per hectare (BA), canopy density (CD), number of culms per hectare
(stand density; N), minimum (Min), maximum (Max), the average value (Mean), and standard deviation (SD).
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Alan Batu forest Tropical OPEC 0.025 2014.2-2015.7 Wong et al. (2018)
Ponderosa pine Subtropical CPEC 0.0018 2007.8.11-19 Smeets et al. (2009)
Poplar plantation Subtropical CPEC 0.0029 2012-2013 He et al. (2019);

A mixed plantation Temperate CPEC 0.0019 2016.6-2019.11 This study

Boreal forest Temperate OPEC 0.036 2014.5.29-6.12 Praeg et al. (2019)
Boreal forest Temperate Relaxed eddy accumulation 0.0002 2014-2017 Wilczak et al. (2001)
Black spruce forest Temperate CPEC 0.009 2011-2013 Iwata et al. (2015)
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Independent variable T R P R ‘ P R P
variable Net R, 025 ns 077 ‘ " 021 ns
Net R, 023 ns 0.36 ‘ - 0,04 ns
Independent variable 'WEPS PCCs e PCCs ‘ 1 PCCs 1)
variable Net R, 041 # 0.28 ‘ * 037 *
Net R, 0.19 ns 0.43 ‘ = 034 *

R, Pearson correlation coefficients; P, significance. EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressus chengiana primary forest; EfM forest, Rhododendron
phacochrysum primary forest; **, P < 0.01, *, P < 0.05, not significant (ns), P> 0.05.
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SOC (g kg™)

TN (gkg™)

C:N

NHj - N(mg kg™)

NO;--N (mgkg™")

EcM forest
5.33 + 0.48b
53.32 + 19.11a
357 + 1.02a
14.94 + 1.90b
470 + 1.78a

0.64 + 0.47a

AM fore: ErM forest

7.01 £ 0.56¢ 5.01 £ 0.28a

73.23 £19.71b 65.31 + 15.65b

6.14 + 1.53¢ 4.81 + 0.37b
11.93 + 2.30a 13.59 + 1.90b
10.66 + 4.84b 9.25 + 2.24b

441 * 2.45b 0.61 + 0.42a

EcM forest, Abies fargesii var. faxoniana primary forest; AM forest, Cupressus
chengiana primary forest; ErM forest, Rhododendron phaeochrysum primary forest.
Lowercase letters (a, b and c) indicate significant differences among three mycorrhizal

forests (P < 0.05).
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