

[image: image1]
New landscape-perspective exploration of Moso bamboo forests under on/off-year phenomena and human activities













	 
	

	TYPE Original Research
PUBLISHED 26 July 2023
DOI 10.3389/ffgc.2023.1204329





New landscape-perspective exploration of Moso bamboo forests under on/off-year phenomena and human activities

Longwei Li1,2,3†, Huizi Zhu1†, Tianzhen Wu1, Linjia Wei3 and Nan Li1,2*

1School of Geographic Information and Tourism, Chuzhou University, Chuzhou, China

2Anhui Province Key Laboratory of Physical Geographical Environment, Chuzhou, China

3School of Resources and Environmental Engineering, Anhui University, Hefei, China

[image: image]

OPEN ACCESS

EDITED BY
Upama Ashish Koju, Kathmandu Forestry College, Nepal

REVIEWED BY
Til Prasad Pangali Sharma, Nepal Open University, Nepal
Dong Zhang, Hong Kong University of Science and Technology, Hong Kong SAR, China

*CORRESPONDENCE
Nan Li, linan@chzu.edu.cn

†These authors have contributed equally to this work and share first authorship

RECEIVED 12 April 2023
ACCEPTED 10 July 2023
PUBLISHED 26 July 2023

CITATION
Li L, Zhu H, Wu T, Wei L and Li N (2023) New landscape-perspective exploration of Moso bamboo forests under on/off-year phenomena and human activities.
Front. For. Glob. Change 6:1204329.
doi: 10.3389/ffgc.2023.1204329

COPYRIGHT
© 2023 Li, Zhu, Wu, Wei and Li. 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.

On-year and off-year phenomena is an unique spatiotemporal characteristics of Moso bamboo forests (MBFs), the combination of multiple sources data to assess the impact of on-/off-year phenomena and human activities is a new perspective to better understand MBFs. There is an urgent need to explore how to characterize the spatial variability of MBFs, whether there is a pattern in the spatial distribution of MBFs boundary lines, and whether the causes of the boundary lines are directly related to human activities. In this paper, Anji County, with a large MBF area, was selected as the study area. Based on Sentinel-2 time-series data, topography and impermeability data, the on-year/off-year status and boundary lines of MBFs were determined, and the Integrated Moso bamboo On-off year Differentiation Index (IMODI) was proposed to evaluate spatial differentiation. Spatial heterogeneity, the shape pattern of boundary lines, and the impact of human activities on the MBFs were quantitatively analyzed, and 631.5 km2 of MBFs and 140 on-off boundaries were accurately obtained. The on-year and off-year MBFs and boundaries were mainly distributed in mountainous areas, especially at elevations of 100–400 m and on slopes of 10–35°. The patterns in elevation can be categorized as stable, single-change, ascending-descending and descending-ascending patterns. The patterns in slope can be summarized as stable, single-change, and trapezoidal patterns. The newly proposed IMODI shows the best performance in reflecting the spatial differentiation of MBFs, and the on-year and off-year phenomenon of MBFs was closely related to human activities because the boundary lines were mostly concentrated within 2 km of villages. The results of this paper provide a new perspective to understand landscape of MBFs and the integrated management of carbon sequestration and sinks.
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1. Introduction

Alternate bearing is a periodic variation pattern with a high-yielding year (on-year) followed by a low-yielding year (off-year), it varies biennially and frequently occurs in perennial plants, such as those growing in orchards (Shalom et al., 2012) and natural forests (Noble et al., 2018). Normally, alternate bearing can become synchronous at the sample, local and provincial scales (Li et al., 2019). As the most widely distributed and economically valuable bamboo species in the tropics and subtropics (Yuen et al., 2017; Shi et al., 2022; Zheng et al., 2022), Moso bamboo (Phyllostachys edulis) exhibits alternate bearing, a fluctuating reproduction pattern with numerous new bamboo trees growing in the on-year and rarely new bamboo trees in the off-year (Chen et al., 2019; Li et al., 2019).

Unlike other forests, Moso bamboo forests (MBFs) essentially consist of graminaceous plants characterized by tall trunks, tree shapes, and evergreen and perennial characteristics (Fang et al., 2015). They have both an aboveground bamboo stem system and underground root system (Huang Z. Y. et al., 2021). Although MBFs have flowering, dormant and fruiting periods, they are propagated by asexual reproduction of underground stems. Generally, MBFs bear fruit after flowering and then die, accompanied by the falling of leaves and the withering of the bamboo stem (Fang et al., 2015). In the 20th century, farmers tried to stop alternate bearing in the hope that new bamboo shoots would grow every year. However, Huang et al. (1980) showed that a newly planted MBF that did not exhibit the on-year and off-year pattern in the first 5 years will begin to show this patter after 5–7 years. Both exogenous conditions, such as external environmental factors (Huang et al., 1980; Zheng et al., 1996; Zhang, 2016), and endogenous triggers, such as consumption rhythm variations and hormone balance (Chen, 2010; Xu et al., 2013; Zou, 2013; Yao et al., 2015; Huang Z. Y. et al., 2021), have been considered contributing factors to the alternate bearing phenomenon of MBFs.

Traditionally, alternate bearing is a cyclical temporal phenomenon that affects annual production (Chen et al., 2018), and this temporal cycle traditionally occurs in MBFs. In addition, there is one obvious difference in that MBFs have spatial heterogeneity, for example, the leaves of on-year Moso bamboo show a dark green color, while those of off-year Moso bamboo show a bright green color in May (Figure 1A), this spatiotemporal variability undoubtedly increases the complexity and difficulty of monitoring MBFs (Li et al., 2020). Furthermore, humans are deeply involved in the growth and harvesting of MBFs (Fang et al., 2015), such as digging bamboo shoots (Figure 1B), hooking off the top tips (Figure 1C), and logging old bamboos (Figure 1D).
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FIGURE 1
Unique phenological characteristics of Moso bamboo forests (MBFs) under human-nature interactions. (A) On-year bamboo (left) vs. off-year bamboo (right), (B) digging bamboo shoots in spring, (C) hooking off the top tips in fall, (D) logging old bamboos in winter.


Remote sensing technology has been widely used in the monitoring of agroforestry production activities due to its wide scope, period imaging and comprehensiveness. In recent bamboo resource monitoring studies, some scholars have used Landsat or Sentinel-2 images to successfully map the spatial distribution of bamboo forests due to their data availability (Linderman et al., 2010; Guan et al., 2013; Han et al., 2014; Li et al., 2016; Ying et al., 2016; Chen et al., 2019; Zhang et al., 2019; Qi et al., 2022), and some scholars have used MODIS images to extract bamboo forest information on a large scale (e.g., East Africa, Southeast Asia, and globally), which has proven effective (Du et al., 2018; Cui et al., 2019). However, there are fewer related studies on the mapping of on-year and off-year MBFs. Based on a comparison of Landsat-8 and Sentinel-2 data, Li et al. (2019, 2022) analyzed the temporal spectral differences between on-year and off-year bamboo forests and proposed a multitemporal remote sensing index to map the on-year and off-year spatial distribution information of MBFs, which confirmed the use of remote sensing to accurately measure the spatial variation of MBFs.

In this study, we proposed three hypotheses and quantitatively tested them: (1) Is there a spatial pattern of on-year and off-year boundary lines in MBFs? (2) How can the spatial differentiation of the on-year and off-year characteristics of MBFs be characterized? (3) Is there a direct correlation between the occurrence of on/off-years and human activities?



2. Materials and methods


2.1. Study area

The study area is located in Anji County and covers 1,886 km2 in western Zhejiang Province (Anji Forestry Bureau, 2018), with Anhui Province to the northwest (Figure 2A). This region has a subtropical monsoon climate, with an annual average temperature of 15–18°C and an annual average precipitation of approximately 1,400 mm (Li et al., 2019). The topography of Anji County is high in the southwest and low in the northeast, undulating with an average elevation of 782 m and an average slope of 40°. The lowest elevation point of 0 m is located in the northeast, and the highest elevation point of 1587.4 m (Longwang Mountain) is in the south (Figure 2B).
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FIGURE 2
Study area. (A) Zhejiang Province, China. (B) Anji County, Huzhou City, Zhejiang Province. (C) Photo of on-year (number 1) and off-year (number 2) spatial phenomena taken on May 04, 2018. (D) True color composites of Sentinel-2 data, 4 May 2018: on-year (left), off-year (right).


The county has a forest cover rate of 70% (Anji Forestry Bureau, 2018). The vegetation zone of Anji County belongs to the subzone of subtropical eastern evergreen broad-leaved forest. This region has obvious vertical biome zonality: from low to high elevation, the forests change from sundry bamboo to Moso bamboo and deciduous broadleaf to evergreen coniferous. The main tree species of MBFs include evergreen broad-leaved trees (such as sawtooth oak and Schima superba) and conifers (such as Masson pine and Chinese fir). Anji County is famous as the hometown of bamboo, especially Moso bamboo. The bamboo industry is developing rapidly, with an annual output value of 15.4 billion Yuan (Anji Forestry Bureau, 2018). Because of the combination of humans and nature, the on-year and off-year phenomenon (Figure 2C) is very evident in this region (Figure 2D).



2.2. Data collection and processing

The datasets used in this study are listed in Table 1, including multitemporal Sentinel-2 imagery, digital elevation model (DEM), validation sample and impervious surface (GISA) data. All data were processed for the same projection system (Universal Transverse Mercator 50N).


TABLE 1    Dataset used in this research.
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The Sentinel-2 surface reflectance data (Level-2A) were downloaded from the ESA website.1 Images were acquired for December-February and May 2017–2018, and these images were processed for cloud removal, mean synthesis, mosaic cropping, and resampling to a spatial resolution of 10 m to create the image dataset. DEM data with a spatial resolution of 30 m were downloaded from the Geospatial Data Cloud,2 and elevation and slope were generated.

The 2017–2018 images were viewed through Google Earth, and the boundary lines of the on-year and off-year MBFs were mapped, with a total of 180 lines recorded as validation data.

Impervious surface data with a spatial resolution of 30 m were downloaded from the Institute of Remote Sensing Information Processing of Wuhan University (Huang X. et al., 2021)3 and combined with Google Earth imagery to extract data on settlements adjacent to the boundary lines of on-year and off-year MBFs.




3. Methods

The framework of this study is illustrated in Figure 3, and the major steps include the following:
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FIGURE 3
Framework of mapping on-year and off-year MBFs under human intervention.


(1) Data collection (e.g., field survey data, administrative units, terrain data, and Sentinel-2 data) and preprocessing (geometric corrections among different data sources); (2) on-year and off-year MBF mapping using Sentinel-2 images and a hierarchy classifier; (3) development of boundaries between on-year and off-year MBFs and accuracy assessment; (4) spatial pattern analysis of MBF on-year and off-year boundaries at the elevation and slope levels; and (5) a comparison of three spatial heterogeneity indices at the township level.


3.1. Mapping on/off-year boundaries of MBFs

Sentinel-2 data are effective data source for mapping vegetation because of the advantages of spatiotemporal resolution and data availability (Li et al., 2019, 2022; Ji et al., 2021; Liu et al., 2021; Huang et al., 2022). In this research, eight scenes of Sentinel-2 images covering Anji County were used for mapping on/off-year MBFs and on/off-year boundaries. The multitemporal bamboo forest index has been shown to distinguish on-year MBFs and off-year MBFs while having good regional transferability (Li et al., 2019, 2022). For this study, the multitemporal bamboo forest index, hierarchy classifier and edge filtering were selected to map on-year/off-year status and its boundaries in MBFs in Anji. The main steps were as follows: (1) develop a multitemporal bamboo forest index based on seasonal spectral analysis between bamboo forest and other evergreen vegetation types; (2) use a hierarchy classifier to classify the NDVI, YCBI, and MCBI into four major types: on-year MBFs, off-year MBFs, other evergreen vegetation and non-vegetation (water bodies, impervious surfaces, cropland, etc.); (3) extract the boundaries between on-year and off-year MBFs using cluster analysis and edge filtering; and (4) evaluate the on-year status, off-year status and boundaries of the MBF mapping results based on high-spatial-resolution images.

To effectively map on-year and off-year MBFs, the selection of suitable variables is critical (Li et al., 2022). In this research, the NDVI in winter was first selected to distinguish evergreen land and non-evergreen land, reducing the influence of deciduous vegetation, the pixels with an NDVI value lower than 0.5 were considered as non-vegetation land, the pixels higher than 0.5 were considered as evergreen land. The monthly change bamboo index (MCBI) and the yearly change bamboo index (YCBI) were chosen based on spring images of the two consecutive years to map on-year and off-year MBFs, the pixels with an MCBI and YCBI greater than 1.1 were considerd as off-year MBFs, the pixels with an MCBI and YCBI lower than 0.9 were considerd as on-year MBFs. A detailed description of on-year and off-year mapping is provided in Li et al. (2019).

A field survey was conducted from 2017 to 2018 using a handheld GPS to obtain photographs information of MBF and other vegetation, and to outline polygons of different forest types on Google Earth. Field data and polygon records were used as validation samples. A total of 1,000 samples with a minimum of 300 MBFs were collected to evaluate the on-year and off-year mapping accuracy, and a stratified random sampling technique was used to allocate the sample plots. Each sample plot was visually checked to decide whether it was an on-year or off-year MBF or another landcover type. An error matrix (Foody, 2002) and the F1 score were used to assess the on-year and off-year MBF mapping performance (Yang et al., 2021).



3.2. Exploring the spatial patterns of the boundary lines of on-year and off-year MBFs

During the growth of MBFs, the phenomenon of on-year and off-year alternation gradually differentiates, resulting in obvious boundary lines, which have hardly been studied. The perspective of boundary lines is a new way to better understand the distribution patterns of MBFs, hypothese (1) “Is there a spatial pattern of on-year and off-year boundary lines in MBFs” were tested by elevation and slope factor. Topography is an important factor in MBF spatial patterns, but previous research did not pay much attention to it. In this research, we obtained the developed on-off boundaries for 2018 and then examined the impacts of elevation and slope on the on-off boundary distribution in Anji County.

The quantitative distribution and cumulative frequency were first used to analyze the data patterns of the boundary lines in terms of elevation and slope. In the second step, we categorized and analyzed each boundary line combined with Sentinel-2 true color images and stereoscopic images.

The buffer zone-based approach has been used to analyze the spatial patterns of MBFs. Because the spatial patterns of MBFs influenced by external factors such as topography, it is necessary to examine the spatial patterns of MBFs at different aspects. Therefore, we divided this study area into eight directions–east, southeast, south, southwest, west, northwest, north, and northeast–with buffer zones of 100 m intervals within a radius of 900 m in elevation and buffer zones of 5° intervals within a radius of 60° in slope.



3.3. Mapping spatial heterogeneity of on-year and off-year MBFs and evaluating its estimates

Li et al. (2022) proposed the Moso bamboo on-/off-year Differentiation Index (MODI) to reflect the spatial variation in on-year and off-year MBFs. The calculation of the MODI was relatively crude, and it needed to be combined with other indices to represent the MBF spatial patterns. In this research, we create three new indices, named the Integrated Moso bamboo On-off year Differentiation Index (IMODI), Absolute Moso bamboo On-off year Differentiation Index (AMODI), and Opposite Moso bamboo On-off year Differentiation Index (OMODI), to characterize the spatial differentiation performance of the on-year and off-year MBFs (Figure 4). The OMODI was then developed but was judged to have a high differentiation correlation when the area of Moso bamboo stands was equal in on/off years. To solve both problems, the IMODI was finally created to specifically characterize the degree of on- and off-year Moso bamboo stand differentiation.
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FIGURE 4
Diagram of the calculation of the OMODI.


The values for the three indices were classified into five levels: extremely low (0 ≤ Index < 0.2), low (0.2 ≤ Index < 0.4), normal (0.4 ≤ Index < 0.6), high (0.6 ≤ Index < 0.8), and extremely high (0.8 ≤ Index ≤ 1). The AMODI/IMODI/OMODI values of the zones at the township level were mapped and comparatively analyzed. The final value of the IMODI was used to assess the degree of on- and off-year Moso bamboo differentiation in the townships of Anji County.
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4. Results


4.1. MBF on/off-year and boundary maps in 2018s

The Sentinel-2 MBF maps show the on-year and off-year MBF distributions in Anji County (Figure 5). We calculated the number of individual pixels covered by on-year and off-year MBFs. A total of 6,314,982 pixels (631.5 km2) were classified as MBFs, of which 2,505,409 pixels (250.54 km2) were on-year MBFs and 3,809,573 pixels (380.96 km2) were off-year MBFs. Based on the third-party validation samples (Figure 5), the accuracies of the sentinel-2 MBFs were high, the overall accuracy was ∼96%, the user accuracy was 92 to 97%, the producer accuracies was 93.3 to 98.5%, and the F1 scores of on-year and off-year MBFs were 93 and 93.5%, respectively (Supplementary material A). The on-year MBF map for 2018 had a slightly higher accuracy than the off-year MBF map, which was expected because the spectral difference of on-year MBFs in spring is more obvious. On-year MBFs were mainly distributed in the southeast and northwest of Anji County, while off-year MBFs were distributed in the southwest.
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FIGURE 5
Moso bamboo forest on/off-year and boundary line maps for 2018 based on Sentinel-2 data, (A) MBFs maps in Anji County, (B1) and (B2) typical on/off-year maps and boundary lines (solid red line), (C1) and (C2) Sentinel-2 data and boundary lines.


Based on MBF on/off-year maps and edge filtering, a total of 140 MBF boundary lines (Figure 5A) were obtained in Anji County for 2018. These boundary lines are understandably distributed between on-year and off-year MBFs. The total length of these boundary lines on the plane is 83,548 meters, the longest boundary line is 3,639 m, distributed in the northwest, and the shortest boundary line is 102 m, distributed in the southeast. The average length of the boundary line is 597 m.



4.2. Spatial patterns of on-year and off-year MBF boundary lines

The boundary lines of the 140 MBFs showed different statistical characteristics in terms of elevation and slope. As shown in Figure 6A, the boundary lines were distributed between elevations of 79 and 856 m. Within the elevation range of 100–200 m, the number of boundary lines showed an overall increasing trend. The distribution was most concentrated near an elevation of 200 m and showed a decreasing trend above 200 m. The cumulative percentage of the boundary line distribution frequency within 500 m increased rapidly, that between 500 and 900 m slowly increased. Ninety-five percent of the MBFs were distributed in the range of 100 to 600 m.
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FIGURE 6
Frequency of the on-off boundary line distribution. (A) Elevation, (B) slope.


In terms of slope (Figure 6B), the boundary lines are distributed between 0 and 60°, concentrated between 15 and 30°, and the most concentrated near 25°. At a 0–25° slope, there was an overall increasing trend, and after a 35° slope, there was an overall decreasing trend. The cumulative percentage of the frequency of the boundary line distribution within a 30° of slope increased slowly.

A total of 140 boundary lines were calculated and mapped in terms of elevation and slope. Observation and analysis of the boundary lines generally revealed four forms as defined by elevation, namely, the stable type (Figure 7A1), single-change (ascending or descending) type (Figure 7B1), ascending then descending type (Figure 7C1), and descending then ascending type (Figure 7D1). Each type of change could be observed in the 2D scene and the 3D scene (Figure 7). There were some differences among the four overall patterns (Figure 7), and these typical sample patterns fluctuated and changed around the overall trend range line.
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FIGURE 7
Horizontal view of the on-/off-year boundary variation in elevation. (A1–A3) Series represent stable type, (B1–B3) series represent single-change (ascending or descending) type, (C1–C3) series represent ascending then descending type, (D1–D3) series represent descending then ascending type. Series1 represent spatial type, series2 represent 2D/3D Scene, series3 represent diagram of typical boundary changes.


The regular changes in the slope of the boundary line also showed three trends, which were the stable (Figure 8A1), single-change (ascending or descending) (Figure 8B1), and trapezoidal (Figure 8C1) types. This is different from the regular change in elevation of the boundary line. According to the image distribution and the line graph results (Figure 8), the change in the boundary line on the slope did not fluctuate greatly, but compared with the elevation change, the data fluctuation was more obvious. However, the general rule remained the same, the regularity of the boundary line distribution in terms of slope can be clearly found, and the overall trend remains unchanged, which can be recognized as the stable, single-change (ascending or descending), and trapezoidal types.
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FIGURE 8
Horizontal view of the on-/off-year boundary variation in slope. (A1–A3) Series represent stable type, (B1–B3) series represent single-change (ascending or descending) type, (C1–C3) series represent trapezoidal type. Series1 represent spatial type, series2 represent 2D/3D Scene, series3 represent diagram of typical boundary changes.




4.3. A comparison of three spatial heterogeneity indices at the township level

Based on the obtained spatial distribution data of MBF on-/off-year maps, we focused on spatial heterogeneity insights at the township level. The areas of on-year and off-year MBFs in 15 townships were calculated and included in the variability analysis. Meanwhile, the spatial heterogeneity values of on-year and off-year MBFs based on three indices (AMODI, OMODI, and IMODI) were calculated and mapped (Figure 9).
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FIGURE 9
Spatial heterogeneity map of the AMODI, OMODI, and IMODI in Anji County. (A1,A2) Series represent map results of AMODI, (B1,B2) series represent map results of OMODI, (C1,C2) series represent map results of IMODI. Series1 represent spatial heterogeneity map, series2 represent index value for each township.


The AMODI, OMODI, and IMODI values of Xiaofeng township were 0.62, 0.79, and 0.70, respectively, making it the township with the highest differentiation degree of on-year and off-year MBFs in Anji County. The AMODI, OMODI, and IMODI values of Zhangcun township were 0.02, 0.01, and 0.01, respectively, and were judged to be extremely low, making this township that with the lowest degree.

The AMODI, OMODI, and IMODI values of the MBF in Zhangcun, Hanggai, and Gifu towns, located in southwestern Anji County, were all extremely low, with the IMODI of the three towns being 0.01, 0.03, and 0.04, respectively (Figure 9). These three towns had the lowest degree of annual variation in MBF in Anji County. The values of AMODI, OMODI, and IMODI in Xiaoyuan Street, Dipu Street, and Xiaofeng Township in central Anji County were all high or very high, with IMODI values of 0.42, 0.50, and 0.70, respectively, which were the three townships with the highest degree of annual variation in MBF in Anji County.




5. Discussion


5.1. Spatial patterns of on-year and off-year MBF boundary lines

Accurate data on the spatial and temporal distribution of bamboo forests are essential to support sustainable ecosystem management and biodiversity conservation. Current studies have used sensors with different resolutions to map bamboo forests from spectral, phenological, textural, and morphological perspectives and with different classifiers (Liu et al., 2018; Zhao et al., 2018; Qi et al., 2022; Lv et al., 2023; Xiang et al., 2023; Li et al., 2019). Most of these studies focused on the overall distribution of bamboo forests, this study analyzed the distribution of on/off-year bamboo forests from phenological patterns. The timing of image observations and cloud occlusion are tricky issues for bamboo forest mapping, as most bamboo forest distributions in China are currently distributed in humid and warm climates, which suggests a large cloud frequency (Feng et al., 2023), May is the best month to distinguish on-year and off-year MBFs (Li et al., 2019). In this paper, we obtained the total bamboo forest area of Anji County over 600 km2, and the on/off-year MBF areas were 250.54 km2 and 380.96 km2. In addition to the spatial distribution of on-year and off-year MBFs, boundary lines were also developed. The boundaries of on-year and off-year MBFs exhibit a certain degree of regularity in elevation and slope, such as the single-change (ascending or descending) type (Figures 7A1, B1), ascending then descending type (Figure 7C1), and descending then ascending type (Figure 7D1). In addition to the above types, there are also some irregular patterns, such as bimodal morphology and multimodal wave patterns see details in Supplementary material A. We also aimed to analyze the variation rules of these boundary lines in different directions (Figure 10). 3D scene maps containing elevation and slope levels, proportions, and eight directions are shown in Figure 10.
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FIGURE 10
Frequency distribution of boundary line elevation and slope along different slope directions. (A) Elevation proportion at different direction, (B) slope proportion at different direction.


The distribution of boundary lines (see details in Supplementary material B) also correspond to the overall distribution of MBFs, related studies analyzed the changes in spatial patterns of bamboo forests from the perspectives of topographic differentiation, climate, soil, Moso bamboo age, diameter at breast height, and univariate distance (Zhang and Xue, 2018; You et al., 2020; Li et al., 2022; Jin et al., 2023; Zheng and Lv, 2023). The spatial distribution of bamboo forests is mainly reflected in the topography, which is the combined effect of the biological characteristics of bamboo forests and the site conditions (Guan et al., 2012). The boundary lines of on-year and off-year MBFs in this study area were slightly more distributed on the north and southeast slopes than on other slopes (Figure 10), but the elevation on each slope reached 700 m (Figure 10A). The elevation distribution in each direction showed a certain degree of regularity (Figure 10A). The boundary lines on the northeast, east and west slopes were mainly distributed between 150 and 250 m, while those on the west and southwest slopes were mainly distributed between 150 and 250 m. The boundary lines were mainly distributed between 100 and 300 m. In addition, according to the frequency analysis results for the slope of the boundary line among different slopes (Figure 10B), the slope could reach 35°. The slope distribution of the boundary line on the west and east slopes was lower, and the slope distributions of the boundary line on the north, northwest, and northeast slopes were higher. The boundary lines on the north, east, southeast, southwest, and south slopes were mainly distributed at 20–25°, and the boundary lines on the northeast and northwest slopes are mainly distributed at 15–20°.



5.2. Spatial heterogeneity in Moso bamboo forests

Spatial heterogeneity is an inherent, pervasive, and critical property of ecosystems that provided critical information and insights in various fields such as ecology, resource management, and urban planning to help better understand and address spatial variability and pattern (Wu et al., 2000; Carey, 2001; Frazer et al., 2005; Zhang et al., 2023). Effective forest resource management required considering the spatial heterogeneity of biomass and growth rates to develop appropriate forestry management plans (Klooster, 2002). Spatial heterogeneity represent spatial complexity and variation of ecosystem characteristics caused by the distribution of forest vegetation (Pickett and Cadenasso, 1995; Beckage and Clark, 2003; Ngao et al., 2012; Assal et al., 2016; Brazhnik and Shugart, 2017). Most studies in bamboo forests focused on the overall distribution of MBFs (including the relationship with biomass) or the spatial effects of neighboring trees. For example, Han analyzed the spatial and temporal heterogeneity of Moso bamboo carbon stocks at different scales (Han et al., 2013). Zheng and Lv (2023) analyzed the spatial distribution of bamboo along the transition gradient and the competition with neighboring trees. This study constructed the IMODI index to quantitatively assess the spatial variation of MBF from the phenological characteristics of on-year and off-year. It showed that the low value of IMODI distributed at the northern townships of Anji, while the high IMODI value mainly distributed at the northwestern townships (Figure 5). Xiaofeng township had the highest spatial variance values, indicating that its distribution areas of on-year and off-year MBFs were similar, which could reduce the concern about the reduction on bamboo forest economy. It is speculated that this phenomenon has some connection with the economic development of XiaoFeng. Studies have shown that regional location characteristics, demographic characteristics and GDP characteristics will also influence the evolution and distribution of Moso bamboo forest landscapes in China (Yu et al., 2023). Xiaofeng is the economic town of Anji, with the largest number of factory enterprises in the county and the second largest bamboo industry in the county.

To better explore the scalability of the index, we added the MODI from Li et al. (2022) for comparison and conducted quantitative analysis at four different scales (township level, 500, 250, and 100 m). It shows that in Figure 11: (1) The variation range of the MODI is larger than that of the IMODI proposed in this study. (2) When the degree of differentiation is low, the differences in the differentiation indices are not significant, showing almost identical trends. (3) When the degree of differentiation is very high, the IMODI can better reflect the level of differences between the AMODI and OMODI. (4) A pixel scale that is too low or too high can lead to a downward trend in the average differentiation level in the region. The present study focused on the physiological characteristics of on and off-year MBFs, however, on and off-year differentiation is an integrated and complex bamboo forest growth factors, which will have direct or indirect complex and far-reaching effects on the on-year and off-year MBFs. And in the future, constructing complex models under the framework of integrated factor research, while expanding the research scale (including temporal and spatial scale), these deserve further analysis and research.


[image: image]

FIGURE 11
Performance of the four indices at the township scale and 500, 250, and 100 m scales. (A) District/township scale, (B) 500 m scale, (C) 250 m scale, (D) 1000 m scale.




5.3. Impact of human activities on the distribution of MBFs

Frequently, socioeconomic forces and biogeographic aspects influence landscape change (Ren et al., 2014; Liang and Liu, 2022). As the economy grows, human disturbances change the stability of the landscape patterns. Water systems, roads, and distances from urban center directly influence the accessibility of forests, which affects the transformation of forest landscapes (Garbarino et al., 2013; Ferrara et al., 2017). Moso bamboo is an important forest resource, and humans are constantly involved in the exploitation of bamboo forests, such as planting, cutting, and digging shoots, establishing bamboo industry factories, and enacting development policies to enhance the ecological and economic benefits of expanding bamboo forests (Li et al., 2019). Benoit analyzed the environmental, infrastructural, and economic development factors driving the expansion of bamboo industry (Benoit et al., 2008). Liu et al. (2020) mentioned that humans have established well-managed and mature bamboo plantations. The expansion of Moso bamboo forests is considered to be of concern and human involvement in controlling the expansion of bamboo forests. Human intervention is the key to explore the regulatory mechanism of Moso bamboo expansion, because human factors such as fertilization under intensive management will strongly influence the success of Moso bamboo expansion, long-term Moso bamboo forests without any management will inhibit the growth of other tree species and are not suitable for new forest establishment (Xu et al., 2020). This study attempts to use impervious surface data to represent the activity scope of humans and assess the quantitative impact of human activity based on the spatial distribution of MBF boundary lines and impervious surface data. In the analysis of the horizontal distance distribution results from the lowest elevation point of the boundary line to the village (Figure 12A), the horizontal distance between the two was mostly within 2 km, mainly distributed in the range of 0–1 km and, to a lesser extent, in the range of 700–800 m. From the scatter plot results of the distribution of relative height differences and horizontal distances (Figure 12B), the results were concentrated in a relative height difference range of 0–200 m and horizontal distance range of 0–1 km, and they were positively correlated.


[image: image]

FIGURE 12
Distance analysis between locations of human activity and on-/off-year boundary lines. (A) Horizontal distance distribution results from the lowest elevation point of the boundary line to the village, (B) the scatter plot of the distribution of relative height differences and horizontal distances.


The above calculation results reflected that the distance does not exist far between the distribution of the boundary lines of on/off-year MBFs and the human settlement, it can be used as one of the bases for the spatial distribution of on and off-year MBFs affected by human activities. To explore the distribution of MBFs landscape from the perspective of human activities, in addition to the distance analysis method in this paper, the relationship between the distribution of MBFs and human activities can also be further analyzed from the perspective of regional economic development, land use change, forest harvesting, and transportation. There are more elements affecting the natural landscape, besides human activities there are also factors such as topography, climate, soil, water source, etc. Topography can respond to the type of substratum and the degree of difference in indexing due to soil differences, climate images are mainly expressed in solar radiation, precipitation, temperature and other conditions, while different vegetation landscapes will be formed under different soils, and MBFs growth will be accompanied by changes in soil nutrients (Xia et al., 2022).




6. Conclusion

Spatial and temporal on-/off-year phenomena in MBFs play an important role in material accumulation or production and consumption. Combining multisource data and a hierarchy classifier, on-year/off-year MBFs and its boundaries were accurately obtained. Based on the spatial pattern analysis and spatial heterogeneity analysis, the following conclusions were drawn: (1) Under the interaction of human activities and nature evolution, on-year and off-year MBFs boundaries showed obvious spatial patterns and spatial differentiation. (2) The on-year and off-year exploration provide a new perspective to understand landscape of MBFs and the integrated management of carbon sequestration and sinks. (3) High intensity of human management in this study area cause the variability of on-year and off-year, it is need to fully consider local management policies and phenological differences in other region, to better quantify the on-year and off-year phenomenon.
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