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Nutrient resorption is an important strategy for nutrient conservation, particularly under conditions of nutrient limitation. However, changes in nutrient resorption efficiency with stand development and the associated correlations with ecological stoichiometry and homeostasis are poorly understood. In the study, the authors measured carbon (C), nitrogen (N), and phosphorus (P) concentrations in soil and in green and senesced needles along a chronosequence of Mongolian pine (Pinus sylvestris var. mongolica) plantations (12-, 22-, 31-, 42-, 52-, and 59-year-old) in Horqin Sandy Land of China, calculated N and P resorption efficiency (NRE and PRE, respectively), and homeostasis coefficient. The authors found that soil organic C and total N concentrations increased, but soil total P and available P concentrations decreased with stand age. Green needle N concentrations and N:P ratios as well as senesced needle C:N ratios, NRE, and PRE exhibited patterns of initial increase and subsequent decline with stand age, whereas green needle C:N ratios and senesced needle N concentrations, and N:P ratios exhibited the opposite pattern. NRE was positively correlated with N concentration and N:P ratio, but negatively correlated with C:N ratio in green needles, whereas the opposite pattern was observed in senesced needles. PRE was negatively correlated with senesced needle P concentration, soil-available N concentration, and available N:P ratio. The homeostatic coefficient of N:P was greater when including all stand ages than when including only those younger than 42 years. These findings indicate that tree growth may change from tending to be N limited to tending to be P limited along the Mongolian pine plantation chronosequence. Nutrient resorption was coupled strongly to tree growth and development, whereas it played a lesser role in maintaining stoichiometric homeostasis across the plantation chronosequence. Therefore, adaptive fertilization management strategies should be applied for the sustainable development of Mongolian pine plantations.
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INTRODUCTION

Nitrogen (N) and phosphorus (P) play important roles in plant growth and metabolism, and deficiencies thereof have been shown to strongly limit forest growth and productivity (Vitousek et al., 2010; See et al., 2015). During forest stand development, plant photosynthetic characteristics, nutrition requirements, and soil nutrient supply often remain changed (Zhang et al., 2018). These variations in soil and plant nutrient status may cause a transition in the type of nutrient limitation; N limitation often occurs in young forests, whereas P limitation tends to progressively occur in aging forests, particularly in areas with nutrient deficiencies (Yan et al., 2018; Deng et al., 2019). Such changes in nutrient limitation status across a forest chronosequence would have substantial effects on plant survival and growth. Understanding these effects will enhance our appreciation of the adaptability of plants to changes in nutrients in an environment.

Ecological stoichiometry, which studies the balance of energy and chemical elements in ecological interactions (Elser et al., 2010), offers an option of investigating the changes in multiple elements during the growth and development of forest ecosystems (Yan et al., 2018). Carbon (C):N:P stoichiometry has been used to explore the relationships and feedback between plants and soil in ecological processes (Wang et al., 2007). Leaf N:P ratios are widely used to indicate N (N:P < 14) and/or P (N:P > 16) limitation for the growth of plants (Koerselman and Meuleman, 1996). Soil C:N, C:P, and N:P ratios not only reflect soil fertility and nutrient limitation, but also affect plant nutrient state and regulate plant growth (Fan et al., 2015). Stoichiometric homeostasis, the central concept of ecological stoichiometry, is defined as the ability of an organism to maintain a relatively constant nutrient composition regardless of changes in environmental conditions (Sterner and Elser, 2002). Stoichiometric homeostasis has been validated in trees (Wang et al., 2019), shrubs (Gu et al., 2017), and herbs (Yu et al., 2011). Stoichiometric homeostasis may have different limits in response to changing environments (Meunier et al., 2014), while the degree of homeostasis also varies during different growth stages in plants (Peng et al., 2016).

Nutrient resorption from senescing organs is an important mechanism by which plants conserve nutrients and optimize their use efficiency (Aerts, 1996), making them less dependent on the soil nutrient supply and helps to maintain stoichiometric homeostasis (Brant and Chen, 2015). Plants are expected to have greater N or P resorption efficiency (NRE or PRE, respectively) under N- or P-limited conditions (Killingbeck, 1996; Yan et al., 2018). NRE:PRE ratio is used as an indicator of nutrient limitation, considering that plants should use N or P more efficiently relative to the other nutrient under selective pressure (Reed et al., 2012). Aside from the impact of soil nutrient status, nutrient resorption efficiency (NuRE) can also be affected by leaf and litter nutrients (Kobe et al., 2005; Deng et al., 2019), leading to various patterns in response to stand age, such as an increase (Ye et al., 2012; Yan et al., 2018), decrease (Li et al., 2013), or no significant change (Zhang et al., 2018). It is commonly accepted that NuRE is negatively correlated with soil nutrients (Tully et al., 2013). However, some studies suggested that plants growing on lower fertility soil did not always have higher NuRE (Aerts, 1996), and fertilization study also showed various responses of NuRE to nutrient addition (Chen et al., 2015; Deng et al., 2016; Li et al., 2016). Nutrient resorption is a key mechanism in maintaining homeostasis. The higher the NuRE is, the higher homeostasis and stable nutrient composition plants usually have (Julian et al., 2020). However, some studies suggested contrasting nutrient homeostasis and resorption responses to environmental nutrient availability across growth stages (Peng et al., 2016). Accordingly, as the variations in NuRE with stand development and the associated correlations with stoichiometry and homeostasis remain unclear, it is necessary to link nutrient resorption to stoichiometry and homeostasis to reveal the nutrient conservation mechanisms across a forest chronosequence.

Mongolian pine (Pinus sylvestris var. mongolica) is the dominant afforestation species in “Three Norths” area of China (northwest, north, and northeast China; Zhu et al., 2006), and its afforestation area has reached more than 7.0 × 105 ha (Song et al., 2019). However, the earliest Mongolian pine plantations to be introduced have begun to decline, as indicated by observed crown dieback, lack of natural regeneration, low growth rate, and high mortality (Zhu et al., 2006). Water supply and nutrient availability are the main limiting factors for plant growth in the sandy land (Zhao et al., 2009; Song et al., 2019). Nutrient limitation often occurs in pure plantations due to the single-species composition and mono-silviculture system in arid and semiarid areas (Deng et al., 2019). Several studies have revealed N limitation for the growth of Mongolian pine (Chen et al., 2004), whereas others have demonstrated soil P deficiency in the plantations (Zhao et al., 2009). The disagreements may be because earlier studies were conducted only at one specific stage of growth or with a narrow range of stand ages of Mongolian pine (Zhao et al., 2009). Thus, nutrient limitation status during the development of Mongolian pine plantations remains unclear. Knowledge of nutrient resorption changes with stand age and the feedback between tree nutrient conservation strategies and soil nutrient availability would help gain a better understanding of soil nutrient limitation, control, and consequences (Yan et al., 2018). Therefore, linking nutrient resorption to stoichiometry and homeostasis across a forest chronosequence would have significant implications to understand the mechanisms of decline and proper management of Mongolian pine plantations.

The purpose of this study was to understand how nutrient resorption changes with stand development and how it associates with stoichiometry for Mongolian pine plantations. We examined the patterns of soil and needle C, N, and P stoichiometry and needle nutrient resorption in Mongolian pine plantations across a chronosequence consisting of 12-, 22-, 31-, 42-, 52-, and 59-year-old stands in the Horqin Sandy Land of China. The study also analyzed the relationships between nutrient resorption and stoichiometry and homeostasis. We hypothesized the following (i) NuRE would increase along the plantation chronosequence since nutrient demand may increase as stands developed and (ii) NuRE would be negatively related to soil and needle nutrient status since nutrient resorption is important to conserve nutrients for plants.



MATERIALS AND METHODS


Study Site

This study was conducted at the Zhanggutai Experimental Base of the Liaoning Institute of Sandy Land Control and Utilization, Liaoning Province, China (42°43′ N, 122°22′ E), which is located in the southeastern region of the Horqin Sandy Land (Supplementary Figure 1). The Zhanggutai experimental base covers an area of 2,620 hm2, with Mongolian pine plantation accounting for 1,587 hm2. Mongolian pine was first introduced for afforestation in the region. Thus, it includes the oldest plantations. The region has a semiarid climate and the average altitude is 226 m above mean sea level. The mean annual temperature is approximately 7.7°C, with minimum and maximum air temperatures of −29.5 and 37.2°C, respectively. The mean annual precipitation is 474 mm, and the mean annual potential pan evaporation is ~1,580 mm (Song et al., 2019). According to the FAO soil classification (Food Agriculture Organization of the United Nations, 2015), the soil type is arenosol, which develops from sandy parent material through wind action (Zhu et al., 2006). The vegetation mainly consists of psammophytes, which belong to the flora of Inner Mongolia. A large area of shelterbelts included P. sylvestris var. mongolica, Pinus tabuliformis, Populus. spp., and Ulmus pumila that were planted in the region for sand fixation and agricultural production since the 1950s.



Experimental Design

In August 2017, we selected 12-, 22-, 31-, 42-, 52-, and 59-year-old pure Mongolian pine plantation stands at the Zhanggutai experimental base to form a chronosequence. All plantations were established from non-vegetated sandy lands. Previous studies have shown that soil properties were relatively similar prior to afforestation, and that the C, N, and P concentrations were 3.15, 0.24, and 0.09 g kg−1, respectively (Chen et al., 2004; Zhang et al., 2013; Wang et al., 2021b). The initial afforestation density was 2 × 3 m for all the stands. Although the foliar litter was occasionally collected away by the local people more than a decade ago, no one collects foliar litter in recent years. No fertilization management was conducted in any of the stands. The 12-, 22-, 31-, 42-, 52-, and 59-year-old stands were thinned by 25% in 2014, 25% in 2002, 30% in 2015, 25% in 2002 and 2011; 25% in 2002, 30% in 2015, and 25% in 1995, 2002, and 2015. Three replicated stands were sampled in each age class, and a 20 × 20 m plot was established within each stand. All plots were on flat topography and within 10 km, with similar soil type (arenosols), elevation, and climatic condition (Table 1). Tree height, diameter at breast height (DBH), and site conditions were recorded for all the stands. Within each plot, three healthy individuals (without diseases and/or insect pests) with average DBH were randomly selected, and the distance between any two sample trees was >5 m.


Table 1. Characteristics of the Mongolian pine plantations with different ages.
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Green and senesced needles from the same tree were sampled in mid-August and October, when the needles were at peak biomass and maximum abscission, respectively. Twelve branches from lower to upper and from four opposite compass sides of the crown of each individual were cut away using a tree trimmer or by climbing the trees. All age-class green needles without diseases and/or insect pests were collected from these branches and mixed. Additionally, senesced needles were collected directly from the branch of trees rather than from litter to avoid underestimating their nutrient concentrations (Li et al., 2013). The needles were completely yellow, dry, and ready to fall off if the branch was given a gentle shake or touched (Yan et al., 2016, 2018). For tall trees, the branches were cut away and then collected senesced needles. All needle samples were dried for 72 h at 60°C, ground with a mechanical grinder, passed through a 0.149-mm sieve, and then used to measure total C, N, and P concentrations.

As more than 60% of fine roots were distributed within the 0–40 cm soil layer (Wang et al., 2014), soil samples from depths of 0–10, 10–20, and 20–40 cm were taken when sampling green needles. After removing the understory plants and surface litter, four soil samples were randomly collected within 1 m of the base of each selected tree using a metal tube (5 cm in diameter) and pooled to obtain one composite soil sample per tree (Yan et al., 2018). Roots and stones were removed from the samples. Some soil samples were air-dried and passed through a 0.149-mm mesh for organic C, total N, and total P concentration analysis. The remaining fresh soil samples were passed through a 1-mm mesh and then used to measure available N and P concentrations.



Chemical Measurements

Total needle C and soil organic C concentrations were measured using the oil bath-K2Cr2O7 titration method. Total N concentrations in the needles and soil were determined according to the semimicro-Kjeldahl method using a Kjeldahl autoanalyzer (JY-SPD60, Beijing, China). Total P concentrations in the needles and soil were determined according to the colorimetric method using a spectrophotometer (T6, Beijing, China) after digestion in H2SO4-H2O2 and H2SO4-HClO4, respectively. Soil-available N concentrations were analyzed using the alkali diffusion method. Soil-available P concentrations were measured according to the colorimetric method using a spectrophotometer after extraction with NaHCO3 (Bao, 2000).



Calculations

Nutrient resorption efficiency was used to quantify nutrient resorption, which was calculated as follows (Vergutz et al., 2012):

[image: image]

where the mass loss correction factor value was 0.745 for conifers (Vergutz et al., 2012), and Ng and Ns represented the nutrient concentrations in all age-class green needles and senesced needles, respectively.

The homeostatic coefficient (H) was calculated using the nutrient concentrations and their ratios in needles and soil. The H-value was derived from the following model (Sterner and Elser, 2002):

[image: image]

where y is the N concentration, P concentration, or N:P ratio in the needles, and x is the corresponding value in the soil. The total nutrient concentrations and their ratios at 0–40 cm were used as soil values, which were calculated as the means of the different soil layers. H and c were obtained through a linear regression analysis. If the regression relationship was non-significant (P > 0.05), the slope (1/H) was set to 0. If the regression relationship was significant (P < 0.05), a slope of 0 indicates strict homeostasis, and that foliar nutrient stoichiometry remained unchanged with soil nutrient stoichiometry. A slope between 0 and 1 indicates homeostatic adjustment of foliar nutrient stoichiometry and organism nutrient accumulation. A slope equal to 1 indicates non-homeostasis and the foliar nutrient stoichiometry reflected soil nutrient stoichiometry. A slope >1 indicates that the organism accumulated nutrients at a faster rate than the rate of increase in nutrients in the soil (Meunier et al., 2014).



Statistical Analyses

Needle and soil C, N, and P stoichiometric ratios were calculated as mass ratios. The normality of data was checked using the Kolmogorov–Smirnov test, and the homogeneity of variance was examined using Levene's test. Subsequently one-way analysis of variance was used to compare the significant differences in the soil nutrients and NuREs among the different-aged plantations and soil nutrients among the different soil layers. Duncan's test was conducted for post-hoc multiple comparisons. Differences between NRE and PRE within stands of the same age were analyzed using the two-sample t-test. Linear and quadratic regression analyses were performed to test the relationships between stand age and needle nutrient concentrations and their ratios, and NRE:PRE ratios, and the relationship was determined by which model was more statistically significant. Analysis of covariance was used to test for significant differences in slopes of nutrient stoichiometry between green and senesced needles, and slopes of stoichiometric homeostasis between stands of all ages and those younger than 42 years. Pearson's bivariate correlations were used to determine the relationships between NuRE and needle and soil nutrient concentrations and their ratios, and between soil-available N:P ratios and soil total N:P and needle N:P ratios. All statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA) for Windows. Statistical significance was set at P < 0.05.




RESULTS


Soil C, N, and P Concentrations and Stoichiometric Ratios

Soil organic C concentrations tended to increase with stand age at all observed soil layers (Table 2). Soil total N concentrations exhibited an upward trend at 0–10 cm, and the highest concentrations were observed in the 22-year-old stands in the 10–20 and 20–40 cm soil layers (Table 2). Soil total and available P concentrations tended to decrease with stand age. However, soil-available N concentrations increased and then declined, with the greatest values being found in the 22-year-old stands (Table 2). Generally, total C:P and N:P ratios, and available N:P ratios showed upward trends with stand age (Table 2).


Table 2. Soil nutrient concentrations along the stand age chronosequence of Mongolian pine plantations.
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Needle C, N, and P Concentrations and Stoichiometric Ratios

Both green and senesced needle C concentrations increased significantly with stand age, ranging from 459.78 to 529.79 g kg−1 and from 403.04 to 486.65 g kg−1, respectively (Figure 1A). By contrast, green needle N concentrations tended to rise and subsequently drop, whereas senesced needle N concentrations tended to decrease and then increase with stand age (Figure 1B). However, green and senesced needle P concentrations decreased significantly with stand age, with values ranging from 2.49 to 1.81 and 1.01 to 0.72 g kg−1, respectively (Figure 1C). With increasing stand age, C:N ratios decreased and subsequently rose in green needles, whereas the reverse was observed in senesced needles (Figure 1D). C:P ratios of both the green and senesced needles tended to increase with stand age, and the slope was greater in senesced needles than in green needles (Figure 1E). Green needle N:P ratios increased and then dropped with stand age, with the maximum being observed in the 42-year-old stands. Senesced needle N:P ratios declined and then increased with stand age, with the minimum being observed in the 22-year-old stands (Figure 1F).


[image: Figure 1]
FIGURE 1. Changes in C (A), N (B), and P (C) concentrations and C:N (D), C:P (E), and N:P (F) in green and senesced needles along the chronosequence of Mongolian pine plantations. Solid and dashed lines indicate the regression equation for green and senesced needles, respectively. Data are shown as the mean ± SE (n = 3).




NuRE and Its Relationships With Needle and Soil Stoichiometry

Nitrogen resorption efficiency, PRE, and NRE:PRE ratios exhibited a trend of initial increase and subsequent decline with stand age. NRE was significantly higher than PRE in the 22-, 31-, 42-, and 52-year-old stands but significantly lower in the 12- and 59-year-old stands (Figure 2). NRE was positively correlated with green needle N concentration and N:P ratio, and senesced needle C:N ratio, but was negatively related to green needle C:N ratio, and senesced needle N concentration and N:P ratio. However, PRE was negatively correlated with senesced needle P concentration, soil-available N concentration, and available N:P ratio (Table 3).


[image: Figure 2]
FIGURE 2. Changes in N and P resorption efficiency (A) and NRE:PRE (B) along the chronosequence of Mongolian pine plantations. Data are shown as the mean ± SE (n = 3). Different lowercases indicate significant differences among stand ages within the same element at P < 0.05. Different capital letters indicate significant differences between N and P resorption efficiency within the same stand age at P < 0.05.



Table 3. Pearson correlations between nutrient resorption efficiency and nutrient concentrations and stoichiometric ratios in needles and soil.
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Stoichiometric Homeostasis

The slope (1/H) for N:P ratios between soil and green needle was lower when all stand ages were included than when only stands younger than 42 years were considered (Figure 3). Strict homeostasis was found in N concentrations across all stand ages (Figure 3A). The slopes were between 0 and 1 for N concentrations in stands younger than 42 years, for P concentrations across all stand ages, and for N:P ratios. However, the slope was above 1 for P concentrations in stands younger than 42 years (Figure 3B).


[image: Figure 3]
FIGURE 3. Relationships between green needle and soil for N concentrations (A), P concentrations (B), and N:P (C). Solid and dash lines indicate regression equations for stands younger than 42 years and all stand ages, respectively.





DISCUSSION


Changes in Nutrient Resorption Efficiency and Nutrient Limitation

A higher growth potential usually requires more nutrients to support biomass production; therefore, plants should have higher NuRE during their rapid growth phase (Nambiar and Fife, 1991). In disagreement with our first hypothesis, NRE and PRE first increased significantly and then decreased along the chronosequence of the Mongolian pine plantations (Figure 2A), which may be explained by growth variation in Mongolian pine. Mean height and DBH of Mongolian pine increased quickly before the age of 42 years, but slowly after the age of 42 years (Table 1). Meanwhile, increments in the total, aboveground, stem, and root biomass of the Mongolian pine gradually increased until ~40 years of age and then decreased slightly (Zhang et al., 2019). Similar patterns have been reported for Robinia pseudoacacia (Deng et al., 2019) and Pinus massoniana (Liu et al., 2016) of different ages. NRE and PRE increased with stand development up to 42 years of age, indicating that nutrient resorption was beneficial for internal N and P conservation and reuse to promote growth. However, NRE and PRE decreased with stand development after the age of 42 years, implying that N and P resorption may play a weaker role in conserving nutrients in Mongolian pine plantation stands older than 42 years. A decline in needle biomass and dieback in Mongolian pine plantations often emerges in the plots at stand ages >42 years (our personal observation), which may be explained by possible nutrient deficiencies due to declining nutrient conservation in needles. Although there were significant differences in soil moisture among different stand ages (Table 1; Wang et al., 2021a), no significant relationships were found between NuRE and soil moisture (Supplementary Figure 2).

In this study, we found that soil organic C and total N concentrations in topsoil (depth of 0–10 cm) increased along a chronosequence of Mongolian pine plantations (Table 2), which is in agreement with Li et al. (2012), who reported that Mongolian pine plantations enhanced soil C and N concentrations in the Horqin Sandy Land. Similar results have also been found in Larix kaempferi (Yan et al., 2018) and Populus tremuloides (Yuan and Chen, 2010) plantations. In contrast to C and N concentrations, soil total P concentrations decreased with stand age (Table 2), with similar results observed for L. kaempferi (Yan et al., 2018) and Metasequoia glyptostroboides plantations (Zhang et al., 2018). The different dynamics of soil C, N, and P concentrations across the age chronosequence may reflect differences in soil nutrient sources and transformation processes (Kuznetsova et al., 2011). The accumulation of soil C and N is driven mainly by biological factors (e.g., decomposition of plant litter and dead roots), whereas P transformation in soil is driven primarily by biochemical mineralization (e.g., phosphate decomposition, which takes a long time; Deng et al., 2019). With increasing stand age, the plant litter and dead roots in Mongolian pine plantations gradually accumulated (Zhang et al., 2019). Soil water content and holding capacity, soil microorganism quantity, and enzyme activity improved after afforestation (Yang et al., 2005; Li et al., 2012), which may be beneficial for litter decomposition and transformation from large organic residues toward smaller molecular size. Thus, soil C and N concentrations gradually were enhanced with stand development. However, soil P is released as a result of weathering of rocks, which is a very slow process (Vitousek et al., 2010). Increased soil C:P and N:P ratios with stand age (Table 2) have a negative effect on soil P availability (Li et al., 2016), which leads to a decline in soil-available P concentrations along the chronosequence. Furthermore, increased soil-available N:P ratios with stand age (Table 2) may improve the susceptibility to P limitation. These findings indicate that soil P deficiency may occur with the stand development of Mongolian pine plantations.

Green and senesced needle C concentrations increased significantly with stand age (Figure 1A), which may be due to the accumulation of C-rich structural compounds in the older trees compared with the younger trees. A higher C concentration often leads to lower specific leaf area, photosynthetic rates, and growth rates but stronger defensive ability (Niklas and Cobb, 2005), implying slower growth but higher resistance with stand development. Green needle N concentrations exhibited a pattern of initial increase and subsequent decrease with stand age (Figure 1B), which may be related to nutrient requirements of growth along the chronosequence of the Mongolian pine plantations (i.e., needle N concentrations increased as growth accelerated but decreased as growth slowed). P concentrations decreased and C:P ratios increased in both green and senesced needles with increasing stand age (Figures 1C,E), and N:P ratios in senesced needles increased in the older stands (Figure 1F), implying that less P remained in the litter and returned to the soil with stand development, which would reduce the release of P from litter decomposition and negatively affect soil P availability (See et al., 2015). Thus, the continual decline in soil total and available P with increasing stand age was expected (Table 2). Furthermore, senesced needle N concentrations increased greatly while P concentrations decreased slightly with stand development after the age of 42 years (Figures 1B,C), which indicates a minor decrease in P use efficiency but a great decrease in N use efficiency in the trees. Reed et al. (2012) found that plants in comparatively N-rich and P-poor areas should be under selective pressure to use P more efficiently relative to N. Thus, P deficiency may occur in older Mongolian pine plantation stands.

Soil nutrient limitation would result in greater NuRE for plants (Kobe et al., 2005). The greater NRE than PRE in Mongolian pine plantations at most stand ages (Figure 2A) indicates that Mongolian pine stands tended toward N deficiency. Previous studies demonstrated that younger stands were more susceptible to N limitation (Chen et al., 2004), whereas soil P deficiency was enhanced with increasing stand age (Zhao et al., 2009). The rapid growth of young trees requires more P for the production of genetic material (Deng et al., 2019), which may account for the greater PRE and lower NRE:PRE ratios in the 12-year-old stands (Figure 2). However, a declining trend in NRE:PRE ratios was observed from 22 to 59 years old (Figure 2B), indicating that relatively more P was resorbed with increasing stand age. Following the relative nutrient resorption hypothesis that plants would resorb proportionally more N or P under N- or P-limited conditions (Reed et al., 2012), our results imply an increase in P limitation with Mongolian pine stand development. Furthermore, the dieback occurs in Mongolian pine plantations after the age of 42 years, wherein trees grow slowly and thereby have a low demand for N and P. Thus, NRE and PRE ratios decreased (Figure 2A) but senesced needle N increased (Figure 1B), perhaps suggesting a decrease in N limitation after the age of 42 years.

In this study, the homeostatic coefficient for N:P (HN:P) between soil and needle in Mongolian pine plantations was greater across all stand ages than those younger than 42 years (Figure 3C). Based on the homeostatic degree (Julian et al., 2020), Mongolian pine showed weak homeostasis across all stand ages but non-homeostasis when only stands younger than 42 years were considered. A similar result was reported for M. glyptostroboides plantations, in which mature trees were observed to have higher HN:P than young trees (Wang et al., 2019). Plants with stoichiometric flexibility (i.e., non-homeostasis) function efficiently when the soil nutrients meet their growth needs, and they are not obliged to regulate nutrient composition to save energy or store nutrients (Meunier et al., 2014). We found that the slope was lower than 1 for N concentrations and higher than 1 for P concentrations before the age of 42 years (Figure 3). These results indicate accumulation of N nutrients in the organism but that P accumulates in the organism faster than it increases in the soil (i.e., P sequestration in biomass), implying that the older stands would be relatively more P-limited. With increasing tree age, leaf N, P, and N:P may be more constrained within a certain range to maintain optimal physiological performance (Fonseca et al., 2018); thereby, older plantations may deploy more conservative nutrient use strategies. Mongolian pine exhibits flexible stoichiometry in younger plantations but relatively conservative stoichiometric homeostasis in older plantations, which is an advantageous strategy in adapting to various regimes.

Needle N:P ratios varied with soil N:P ratios across all ages, and the slope was lower than 1 (Figure 3C), implying that needles did not regulate nutrient composition to save energy and store nutrients (Meunier et al., 2014). Moreover, nutrients in leaves translocate to branches and roots when excessive amounts of soil nutrients are available, whereas under nutrient deficiency leaf nutrients remain constant via translocation from other organs and tissues (Wang et al., 2018; Zhang et al., 2018). N:P ratios in leaves and soil constitute an important basis for determining changes in the nutrient limitation status of forest ecosystems with increasing stand age (Liu et al., 2016; Yan et al., 2018). In this study, a green needle N:P < 14 across all ages (Figure 1F) indicated N limitation for plant growth during stand development (Koerselman and Meuleman, 1996). However, stoichiometric homeostasis results in decreased sensitivity of leaf N:P ratios to nutrient limitation compared with soil N:P ratios, which may be because nutrients in leaves are obtained not only from soil but also from other tissues and organs (Garrish et al., 2010), and nutrient resorption from senescing organs enables plants to conserve and reuse nutrients (Aerts, 1996). Moreover, soil-available nutrients can reflect the ability of the soil to supply plants with nutrients (Yu et al., 2011). We found that soil-available N:P ratios correlated with soil-total N:P ratios but not with needle N:P ratios (Supplementary Figure 3), which indicates that soil N:P ratios may be a better indicator than leaf N:P ratios of the variations in soil nutrient. In addition, other organs (such as branch, root; Wang et al., 2021b) and needle age (Yuan et al., 2017) have great influences on nutrient uptake, transport, consumption, and storage. Further research is needed to consider nutrient allocation and translocation among different organs and age-class needles.

In general, based on the results of variations in soil and needle stoichiometry, NRE:PRE ratios, and stoichiometric homeostasis, we found an increase in P limitation and a decrease in N limitation with Mongolian pine stand development. Strictly speaking, the nutrient limitation can only be determined experimentally (i.e., increase in the rate of an ecosystem process by nutrient addition; Tanner et al., 1998; Camenzind et al., 2018), but results obtained from indirect metrics may offer important information due to the relative absence or difficulty in the direct assessment of nutrient limitation in many biomes (Reed et al., 2012).



Relationships Between Nutrient Resorption and Stoichiometry and Homeostasis

In accordance with our second hypothesis, NRE was negatively correlated with senesced needle N concentrations and N:P ratios but positively correlated with senesced needle C:N ratios (Table 3). In general, higher litter N concentrations and N:P ratios but lower C:N ratios would improve litter quality and decomposition rates (William et al., 2007), thereby enhancing soil nutrient availability, reducing plant nutrient limitation, and reducing NRE (Yan et al., 2016). Positive feedback between NRE and senesced needle N stoichiometry was found during the development of Mongolian pine plantations, indicating that senesced leaf N stoichiometry was a good indicator for NRE. However, in green needles, NRE was positively correlated with N concentrations and N:P ratios, but negatively correlated with C:N ratios (Table 3), contrary to our second hypothesis. The ratio of soluble to insoluble N in the leaves is related to NRE (Pugnaire and Chapin, 1993). Leaf soluble/mobilizable N is resorbed during senescence, stored in stems and roots, and remobilized to support new growth in the next growing season, whereas insoluble N is sequestrated in cell wall proteins and then removed with leaf abscission (Kobe et al., 2005). These results indicate a greater ratio of soluble to insoluble N in the leaves, which is beneficial for the redistribution and reutilization of N.

Phosphorus resorption efficiency was negatively correlated with senesced needle P concentrations and soil-available N concentrations (Table 3), confirming our second hypothesis. These results indicate that PRE was concurrently affected by multiple elements rather than the cycling of a single element alone (See et al., 2015). The process of P hydrolysis demands greater investments of energy and N in hydrolytic enzymes (Hofmann et al., 2016), which may lead to an increased N uptake from soil. PRE was negatively correlated with the soil-available N:P ratio (Table 3), implying that PRE is lower under lower soil P availability. These findings indicate that PRE may not be the main strategy of Mongolian pine in coping with P-limited conditions; thus, more efficient nutrient absorption by roots becomes important. Nutrient resorption may be an inherent feature of species (Killingbeck, 1996), and genetic differences among plants may be more important in determining NuRE (Luyssaert et al., 2005; Deng et al., 2019).

Maintaining stoichiometric homeostasis is an effective adaptation strategy to cope with changing environments (Sterner and Elser, 2002) and is based on regulating root nutrient capture and/or leaf nutrient resorption (Julian et al., 2020). Although Mongolian pine showed weak homeostasis across stand development, it is non-homeostatic in stands younger than 42 years. This result may be related to nutrient requirements of growth (i.e., trees need more nutrients for growth in stands younger than 42 years, leading to non-homeostasis; however, trees grow slowly and maintain relative homeostasis in stands older than 42 years). The cost for root-nutrient acquisition is progressively higher as soil nutrients get scarcer (Hopmans and Bristow, 2002), and nutrient resorption gets progressively more difficult with low nutrient concentrations in leaves (Wright and Westoby, 2003). Thus, decreased soil-available N and P concentrations (Table 2) and needle N and P concentrations after 42 years of age (Figure 1) may lead to the variations in homeostasis with stand age. Julian et al. (2020) found that nutrient resorption did not vary with growth environments, which supports the notion of weak or non-homeostatic behavior of plants. In this study, no significant differences were found in both NRE among 22-, 31-, 52-year-old stands and in PRE among 22-, 31-, 52- and 59-year-old stands (Figure 2). Thus, the relative constant nutrient resorption in most stands indicates weak or non-homeostasis for Mongolian pine. NRE and PRE decreased after the age of 42 years (Figure 2), whereas foliar N:P homeostasis was lower prior to the age of 42 years than when all stand ages were included (Figure 3). The opposite patterns of change were also found by Peng et al. (2016), who reported that Amaranthus mangostanus displayed contrasting nutrient homeostasis and resorption responses to environmental nutrient availability across growth stages. These findings indicate that nutrient resorption may play a lesser role in maintaining stoichiometric homeostasis across the chronosequence of Mongolian pine plantations.



Implications for Forest Management

Our analysis of NRE:PRE ratios and N:P ratios in needles and soil during the stand development of Mongolian pine plantations in Horqin Sandy Land of China indicates that trees may progress from being primarily N limited to being primarily P limited with growth. The reduced P concentrations and increased C:P ratios in senesced needles with stand age imply that less P is returned to the soil as trees age. Furthermore, a substantial amount of the P sequestered in biomass was removed from the plots by thinning. Positive plant–soil feedback would result in soil P deficiency and the occurrence of P limitation with stand development of Mongolian pine plantations. Similar findings have also been observed in other pure plantations that exhibited enhanced P limitation with stand age, including plantations of P. massoniana (Liu et al., 2016), L. kaempferi (Yan et al., 2018), M. glyptostroboides (Zhang et al., 2018), and R. pseudoacacia (Deng et al., 2019). However, P limitation did not occur in some mixed forests (Yan et al., 2016; Luo et al., 2020). This raises the question of whether afforestation with pure plantation causes P limitation, which requires further research encompassing other tree species. Adaptive fertilization management strategies offer an appropriate means of alleviating nutrient limitations in timber forests. N and P fertilization may be particularly important for younger and older stands, respectively. Additionally, selection of appropriate N-fixing species for Mongolian pine is a feasible means of establishing mixed forests in sandy land because the introduction of N-fixing species could improve soil N and P availabilities (Wang et al., 2007), which is beneficial for stimulating soil phosphatase activity and enhancing P cycling rates (Deng et al., 2016) because of the supply of highly decomposable litter.




CONCLUSION

NRE and PRE exhibit patterns of initial increase and subsequent decline along the chronosequence of Mongolian pine plantations, which are more dependent on the nutrient requirements of growth than on nutrient limitation. Nutrient resorption plays a lesser role in maintaining stoichiometric homeostasis. Nutrient resorption and stoichiometric homeostasis would contribute to a decrease in N limitation and an increase in P limitation with stand development of Mongolian pine plantations. P limitation often occurs with stand development in pure plantations. Therefore, the establishment of mixed plantations may represent a more promising strategy for afforestation.
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Green needle N 0.810 <0.001
CN —0.630 0.006
N:P 0.787 <0.001
Senesced needle N -0.955 <0.001
P -0.596 0.009
CN 0.880 <0.001
N:P —-0.888 <0.001
Soil Available N -0.545 0.019
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NRE and PRE represent N and P resorption efficiency, respectively. R is the Pearson correlation coefficient. The pooled data of all stand ages are used for analyzing the correlations.

Only the cases with significance are shown.
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DBH, diameter at breast height.

Mean height (m)

232 +£0.08
3.92 +£0.10
8.13+0.18
9.54 £ 0.26
12.02 + 043
13.25 £ 0.39

Mean DBH (cm)

3.54 £ 0.22
9.42 £ 0.36
16.36 + 0.48
19.95 + 0.61
2321+ 0.52
23.52 + 0.66
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