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Abstract

Aims Forest productivity may decrease with increasing stand age, which may be related to a shift in the nitrogen (N) and

phosphorus (P) nutrient balance. However, it is unclear how the plantation nutrient balance changes with stand age and how

it affects plantation productivity. Methods We experimented with increasing stand ages (6-, 10-, 15-, 25-, 30-, and 34-year-old

stands) in Castanopsis hystrix plantations in southern China. Plant growth and the carbon (C), N, and P dynamics were

assessed at the ecosystem level (leaf–litter–soil–microorganism). Results Increasing stand ages reduced plantation productivity

and leaf N:P ratios (lower leaf N concentrations and stable leaf P concentrations). The reduced productivity may be related to

increased N consumption rather than possible P limitations. Increasing stand ages increased N consumption mainly through

decreasing soil NO 3
--N concentrations and microbial biomass without altering plant N resorption, although enhanced N-

acetylglucosaminidase, cellobiohydrolase, and polyphenol oxidase activity might accelerate N mineralization. Increased soil

total P concentrations and microbial biomass P rather than plant P resorption would support a larger P supply for plants with

increasing stand ages. Conclusions These results suggest that increasing stand ages can contribute to N consumption rather

than elevate possible P limitations. Therefore, N fertilizer management should receive attention to maintain the productivity

of C. hystrix plantations with increasing stand age.
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Aims Forest productivity may decrease with increasing stand age, which may be related to a shift in the
nitrogen (N) and phosphorus (P) nutrient balance. However, it is unclear how the plantation nutrient balance
changes with stand age and how it affects plantation productivity.

Methods We experimented with increasing stand ages (6-, 10-, 15-, 25-, 30-, and 34-year-old stands) in
Castanopsis hystrix plantations in southern China. Plant growth and the carbon (C), N, and P dynamics
were assessed at the ecosystem level (leaf–litter–soil–microorganism).

Results Increasing stand ages reduced plantation productivity and leaf N:P ratios (lower leaf N concentrations
and stable leaf P concentrations). The reduced productivity may be related to increased N consumption
rather than possible P limitations. Increasing stand ages increased N consumption mainly through decreasing
soil NO3

--N concentrations and microbial biomass without altering plant N resorption, although enhanced N-
acetylglucosaminidase, cellobiohydrolase, and polyphenol oxidase activity might accelerate N mineralization.
Increased soil total P concentrations and microbial biomass P rather than plant P resorption would support
a larger P supply for plants with increasing stand ages.

Conclusions These results suggest that increasing stand ages can contribute to N consumption rather than
elevate possible P limitations. Therefore, N fertilizer management should receive attention to maintain the
productivity of C. hystrix plantations with increasing stand age.

Keywords : Nutrient dynamics; Nitrogen; Phosphorus; Leaf; Tropical forests

Graphical abstract

1. Introduction

Forests are the largest terrestrial carbon (C) sinks due to their high capacity to store large amounts of C in
plants and soils (Hua et al., 2022). Human overuse of land has reduced forest area and C sinks in forests
over the past 30 years (FAO, 2020; Yuan and Chen, 2012; Hua et al., 2022). Therefore, afforestation and the
protection of existing forests are important measures to improve the C sequestration capacity of terrestrial
ecosystems, which can mitigate climate change (Bonner et al., 2013; Chen et al., 2019). China has made a
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significant contribution to global greening, with intensive afforestation projects (e.g., plantations) accounting
for 42% of this contribution (Chen et al., 2019). The nutrient status in subtropical plantations changes with
increasing stand age, and understanding the association between nutrient status and stand age would be
helpful for devising strategies to sustain and improve ecosystem stability and C sequestration capacity (Feng
et al., 2017; Yang et al., 2021).

Subtropical forests in China possess a great diversity of plants and provide high net C productivity (Yu et
al., 2014). Nutrient limitation is defined as an increase in plant productivity with an increase in nutrient
availability (Elser et al., 2007). Nitrogen (N) and/or phosphorus (P) often limit plant productivity in most
terrestrial ecosystems (Vitousek and Howarth, 1991; Elser et al., 2007; Vitousek et al., 2010). Leaf N:P
ratios can indicate the nutrient limitation of plants (Gusewell, 2004; Bui and Henderson, 2013; Liu et al.,
2013a). In tropical and subtropical areas, young plantations are generally vulnerable to N limitation, while
older plantations are limited by P (Fan et al., 2015; Wang and Zheng, 2021; Yang et al., 2021). Hence,
P could become increasingly limiting to plant growth with increasing stand age. Yang et al. (2021) have
reported that N limitation decreases while P limitation increases with increasing stand age in subtropical
southeast China. Therefore, it is important to focus on the change in the nutrient balance with forest age
in the subtropics.

Nutrient limitation in plantation forests is related to soil nutrient availability. Changeable N and P con-
centrations in plants can result in a change in the N:P ratio, which exerts a significant impact on plant
productivity and the process of litter decomposition (Feng et al., 2019b). The C:N ratios and C:P ratios
in litter and soil have been recognized as quality indicators of organic matter and its decomposition rate
(Paul et al., 2002; Zhang et al., 2013; Liu et al., 2017; Yang et al., 2021). Soil N and P concentrations
change with the stand age of forests due to factors including the changeable litter biomass, enzyme activ-
ities, and microbial community (Deng et al., 2013; Lucas–Borja et al., 2016; Moreno–Mateos et al., 2017;
Feng et al., 2019a; Feng et al., 2019b). Increased stand ages result in higher litter biomass, which elevates
soil N concentrations (Moreno–Mateos et al., 2017; Feng et al., 2019b). Higher microbial biomass, abun-
dance, and diversity caused by increasing stand ages enhance the soil available N concentrations (Deng et
al., 2013; Moreno–Mateos et al., 2017). In addition, higher enzyme activities, including polyphenol oxidase
(PhOx) and N-acetylglucosaminidase (NAG) activities, contribute to increasing the available N concentra-
tions through accelerating litter decomposition (Moreno–Mateos et al., 2017; Feng et al., 2019b; Dong et
al., 2021). However, lower soil total P and available P concentrations are expected to be found in older
forests than in younger forests (Frizano et al., 2002; Feng et al., 2017; Chen et al., 2018; Yang et al., 2021),
which is driven by higher P accumulation in plants (Kitayama et al., 2000; Vitousek et al., 2010; See et
al., 2015). Lower soil available P concentrations under increasing stand ages may be due to reduced acid
phosphomonoesterase (AP) activity (Wang et al., 2019; Yang et al., 2020). Microbial biomass N (MBN) and
P (MBP) can also reflect the status of soil N and P, and MBN and MBP can be converted into soil available
N and P for plants (Lucas–Borja et al., 2016). Some studies have shown that soil MBN and MBP increase
with stand ages due to increasing litter biomass and enzyme activity (Feng et al., 2019a; Feng et al., 2019b;
Wang et al., 2019). However, it is not clear whether soil available P decreases and available N increases with
increasing plantation age in N-rich and P-deficient subtropical regions, and thus increasing the P-limitation
of plantation forests.

Castanopsis hystrix plantation occupies more than 50, 000 ha in southern China and provides high C storage
and economic benefits (He et al., 2013; Zhou et al., 2013; Xu et al., 2020). However, the vegetation dynamics
and the relationship between soil development and vegetation inC. hystrix plantations have rarely been
studied. Previous studies have investigated the implications of increasing stand ages on the alternations in
nutrient concentrations and stoichiometry in single components of many plantations, but have not explained
the ecosystem-level (leaf–litter–soil–microorganism) nutrient limitation mechanisms (Feng et al., 2019a; Feng
et al., 2019b; Wang and Zheng, 2021; Yang et al., 2021). This study examined the impacts of increasing
stand ages (6-, 10-, 15-, 20-, 30-, and 34-year-old stands) on the nutrient concentrations and stoichiometry
in the leaves, litter, soil, microorganisms, and soil enzyme activities in a C. hystrix plantation in southern
China. The main objectives of this study were to (a) investigate the impacts of increasing stand ages on
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the nutrient concentrations and stoichiometry in the leaves, litter, soil, and microorganisms of the C. hystrix
plantation; (b) determine the mechanisms regulating the nutrient concentrations in the soil, microorganisms,
and plants. High N deposition with 30–50 kg N ha-1 yr-1 has been reported in some studies (Fang et al.,
2008; Hietz, 2011), and P deficiency is often found in forest ecosystems in southern China. Thus, in the
present study, it was hypothesized that increasing stand ages in the C. hystrix plantation would (a) decrease
aboveground productivity and (b) increase leaf N:P ratios due to stable leaf N concentrations and decreased
P concentrations, and that (c) the reduced productivity might be related to increased P consumption.

2. Materials and methods

2.1 Study area

The study was conducted at the Longyandong Forest Farm (113°21’ E–113°27’ E and 23°10’ N–23°18’ N) in
southern China. The study area has a tropical monsoon climate that is characteristic of the area. Throughout
the year, the average temperature is 21 °C and the relative humidity is 80%. There are approximately 1,
900 mm of precipitation per year in the area, during the wet season (April–September), the region receives
approximately 80% of rainfall; while, in the dry season (October–March), it receives approximately 20%
(Liu et al., 2013). The region has experienced considerable N deposition (34 kg N ha-1 yr-1) due to rapid
urbanization since 1978 (Huang et al., 2015). The soil type is lateritic red soil and is mainly composed of
granite and sand shale.

C. hystrix plantations were planted in 1986, 1990, 1995, 2005, 2010, and 2014 after clear cutting. All
plantations created in different years were subjected to the same artificial cultivation measures, including
fertilization and the removal of understory vegetation, in the third and fifth years, followed by the cessation
of artificial disturbance. All lands had similar geological and land use history before planting; all lands were
planted with Acacia mangium using the same methods beginning in the 1970s, before which all lands were
covered with evergreen broad-leaved forest, dominated by C. hystrix , Castanopsis chinensis , Syzygium
rehderianum , andSchima superba (Zhou et al., 2013). The main shrub species wereFicus hirta , Psychotria
asiatica , and Melicope pteleifolia , and the main herb species were Lophatherum gracile ,Woodwardia japonica
, and Blechnum orientale .

2.2 Plot design

After carefully selecting and replicating plots, a chronosequence approach was used to survey forest stands
(Walker et al., 2010). In August 2020, a sample survey was conducted in six stands of different ages (6, 10,
15, 25, 30, and 34 years old). Three plots (20 m x 20 m) were randomly set up in each stand (a total of 18
plots; three plots x six stand ages). A distance of at least 20 m was maintained between each plot and the
forest edge, and the slope positions and aspects of all selected plots were similar. Plots between different
stand ages were spaced at least 1 km apart to minimize spatial autocorrelation. The data of all stand ages
were obtained from the records of the Longyandong Forest Farm (Table 1).

2.3 Field measurements

In August 2020, mature leaves and litter (1 m x 1 m on the ground) were collected at each stand age of
the C. hystrix plantation (three replicates x six stand ages = 18 samples). All live trees were measured
simultaneously to determine the diameter at breast height (DBH, cm; [?] 5 cm) and tree height (m). The
species richness and stand density (tree ha-1) were calculated by summing the stand basal area (m2 ha-1)
for each species at the plot level (Feng et al., 2017; Yang et al., 2021).

Seven subsamples were collected from each of the three soil layers (0–10, 10–20, and 20–40 cm) using a
4-cm diameter auger, and the three subsamples from each soil layer were combined into a single composite
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sample. The soil samples were quickly refrigerated using ice packs and handheld storage boxes so they could
be tested in the laboratory within 72 hours.

2.4 Aboveground productivity of C. hystrix plantations

The tree and understory biomass were measured in each plot of theC. hystrix plantation in August 2020. The
tree biomass was estimated using allometric equations that correlated biomass with the tree height and DBH
(Zhou et al., 2018). All understory vegetation (shrubs and herbs) was harvested from three sub-quadrats (2
m x 2 m) randomly located in each plot. Litter samples were collected from three sub-quadrats (1 m x 1
m) located within each plot. Then, all plant samples were dried at 65degC to obtain a constant weight for
determining the biomass. The annual aboveground productivity of the C. hystrix plantation was calculated
as the aboveground (tree + understory + litter) biomass/stand age.

2.5 Laboratory assessments

A minimum of 72 hours were required for the oven drying of the leaf and litter samples. The Walkley–Black
wet digestion method as described by Nelson and Sommers (1982) was used to determine the concentrations
of C in leaf and litter samples (g kg-1). The Kjeldahl method (Bremner and Mulvaney, 1982) was used to
determine the N concentrations (g kg-1) in leaf and litter samples. The leaf and litter P concentrations (g
kg-1) were measured using a photometer after digesting the samples with H2SO4–H2O2.

An ultraviolet spectrophotometer was used to determine the concentrations (mg kg-1) of NO3
-–N and NH4

+–
N in soil that had been extracted with KCl solution at 1 M. A solution containing 0.03 M NH4F and 0.025 M
HCl was used to extract the soil available P concentration (mg kg-1) (the ratio between soil and extractant
was 1:7). Then, an ultraviolet spectrophotometer was used to measure the results. Dichromate oxidation and
titration with ferrous ammonium sulfate as described by Nelson and Sommers (1982) were used to determine
the soil organic C (SOC, g kg-1).

The activities of soil enzymes involved in the cycling of C, N, and P were measured, as well as four hydrolytic
enzymes, namely cellobiohydrolase (CBH), β -glucosidase (BG), AP, and NAG, and two oxidases, namely
peroxidase and PhOx. The methodology described by Lie et al. (2019) was used to measure the BG, CBH,
NAG, and AP activities. Hydrolytic enzymes were measured colorimetrically using a Multiskan EX (Thermo
Scientific, Waltham, MA, USA) at 405 nm, and oxidase enzymes were measured at 450 nm (Tabatabai, 1994).
To calculate the specific enzyme activities, this study followed the methodology described by Trasar-Cepeda
et al. (2007) and divided the enzyme activities by the soil microbial biomass carbon (MBC).

The fumigation–extraction method was used to analyze the soil MBC, MBN, and MBP (Vance et al., 1987).
The organic C and N of moist soil were extracted using a solution containing 0.5 M K2SO4, while P was
extracted with 0.03 M NH4F and 0.025 M HCl. Following fumigation with chloroform for 24 hours at 25°C,
the same extraction methods were conducted. A Total Organic Carbon Analyzer (TOC-VCSH, Shimadzu,
Japan) was used to determine the extracted C and N in K2SO4, while the extracted P was determined using
inductively coupled plasma optical emission spectroscopy. Based on the differences between the fumigated and
unfumigated subsamples multiplied by their conversion factors, the microbial biomass values were calculated
(Jenkinson et al., 2004).

2.6 Statistical analysis

To understand the mechanisms associated with the indirect and direct effects of altered leaf, litter, and
soil nutrients triggered by stand ages, linear regression was used to examine the associations between stand
ages and leaf, litter, soil characteristics, and microbial parameters. The relationships between variables (leaf,
litter, and soil C:N:P concentrations and ratios) were represented by Pearson correlation coefficients. To
determine the effects of stand ages, soil depth, and their interactions on soil characteristics and microbial
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parameters, two-way analyses of variance (ANOVAs) were used. All analyses were performed in R 4.0.4. and
SPSS 20.0. The level of statistical significance was set at 0.05.

3. Results

3.1 Effects of increasing stand ages on the nutrient concentrations and ratios in leaves and
aboveground productivity

Increasing stand ages did not affect leaf P concentrations but significantly reduced leaf N concentrations and
the N:P ratio (Figure 1b and f, P < 0.05). Additionally, increased leaf C concentrations and C:N ratios were
found in C. hystrix plantations with increasing stand ages (Figure 1a and d, P < 0.05).

Increasing stand ages significantly reduced the aboveground productivity (Figure 2a, P < 0.05). The above-
ground productivity was positively correlated with leaf N:P ratios (Figure 2b, P< 0.01).

3.2 Effects of increasing stand ages on the nutrient concentrations and ratios in litter

The litter C and P concentrations and C:N ratio were enhanced with increasing stand ages (Figure 3a, c and
d, P < 0.05); however, the litter N concentrations and N:P ratio were decreased with increasing stand ages
(Figure 3b and f, P < 0.05).

3.3 Effects of increasing stand ages on soil properties

The soil organic C, total P concentrations, and C:N ratio in the three soil layers were significantly enhanced
with increasing stand ages (Figure 4a, c, and d, P < 0.05). However, the soil C:P and N:P ratios decreased
with increasing stand ages (Figure 4e and f,P < 0.05).

Increasing stand ages decreased the soil NO3
--N concentrations in three soil layers (Figure 5a, P < 0.05) but

had no significant change in the soil NH4
+-N concentrations (Figure 5b). The soil available N concentrations

in the 20–30 cm soil layer and the available P concentrations in the 0–10 cm soil layer were reduced with
increasing stand ages (Figure 5c and d,P < 0.05).

The MBC and MBC:MBP ratios in the top (0–10 cm) and middle (10–20 cm) layers were reduced with
increasing stand ages (Figure 6a and e,P < 0.05). The MBN and MBN:MBP in the top layer (0–10 cm) and
the MBC:MBN in the middle layer (10–20 cm) displayed a declining trend with higher stand ages (Figure
6b, d, and f, P< 0.05). In contrast, increasing stand ages led to higher MBP in the top layer (0–10 cm)
(Figure 6c, P < 0.05).

The AP activity decreased with increasing stand ages in the deep soil layer (20–30 cm) (Figure 7a, P <
0.05). The PhOx and NAG activities in the top layer (0–10 cm) and the CBH activity in the middle layer
(10–20 cm) were enhanced with increasing stand ages (Figure 7b, c, and d, P < 0.05). The BG activity
initially increased and then decreased as the stand age increased in all soil layers (Figure 7e, P < 0.05). In
contrast, the peroxidase activity initially decreased and then increased as the stand age increased in the top
and middle layers (Figure 7f, P < 0.05).

4. Discussion

4.1 Nutrient limitations and productivity in C. hystrixplantations

Consistent with the hypothesis, increasing stand ages reduced plantation productivity, which might have been
caused by increased N consumption rather than possible P limitations. As forest stands age, P increasingly
accumulates in aboveground biomass or in the soil in recalcitrant organic and inorganic forms, which further
decreases the biological availability of P (Vitousek & Farrington, 1997; Lambers et al., 2008; Wardle et al.,
2008). During forest succession, species use different strategies to acquire P, including resorption from foliage
or/and absorption from the soil via rhizosphere processes.

The alternations in nutrient concentrations and stoichiometry caused by increasing stand ages alter forest
properties and functions, such as lowering the capacity and rate of C fixation and productivity in plantations
(Fan et al., 2015, Ma et al., 2017). Therefore, knowing the effects of increasing stand ages on nutrient
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status would be helpful to take measures to maintain ecosystem function in plantations, such as adding
fertilizer (Waterworth et al., 2007; Markewitz et al., 2012; Zhang et al., 2022). Most studies have shown
that P limitation is strengthened by increasing stand ages in subtropical plantations due to accumulation
in plants (Fan et al., 2015; Yang et al., 2021). Additionally, lower N:P ratios have been found in older C.
hystrix plantations (leaf N:P < 20) than younger ones (leaf N:P > 20), suggesting that increasing stand
ages increase N limitations but reduce P limitations in C. hystrix plantations (Gusewell, 2004; Bui and
Henderson, 2013; Liu et al., 2013; Yang et al., 2021). Overall, increasing stand ages intensify N limitations
but not P limitations in C. hystrix plantations, and reduced leaf N concentrations may further limit the
growth of C. hystrix . Thus, N fertilizer should be added rather than P fertilizer in C. hystrix plantations
to ensure their sustainable ecosystem function in the future.

4.2 Effects of increasing stand ages on ecosystem Ndynamics

In the present study, it was found that increasing stand ages decreased the N concentration in leaves, which
may have been due to N dilution as a result of enhanced C. hystrix growth (Cregger et al., 2014; Hayes et
al., 2014). Additionally, lower litter N concentrations resulted in declining soil available N concentrations,
which further decreased the N concentrations in leaves (Feng et al., 2018; Feng et al., 2019b). Higher C:N
ratios in leaves and litter should be due to increasing C concentrations and decreasing N concentrations (Li
et al., 2013).

Although higher litter inputs induced by increasing stand ages were found in the present study, reduced
litter N concentrations might lead to declining soil available N concentrations in C. hystrixplantations (Chen
et al., 2017; Feng et al., 2019b). In contrast to the findings of the present study, several studies reported
that the soil available N concentrations were enhanced with increasing stand ages due to higher litter inputs
and the accelerated decomposition of organic matter (Vitousek et al., 2010; Chen et al., 2017; Feng et al.,
2019b). Higher PhOx, NAG, and CBH activities in the soil would help decompose organic matter to increase
the soil available N concentrations (Lucas–Borja et al., 2016; Feng et al., 2017; Yang et al., 2021). MBN
in the top layer was reduced with increasing stand ages, which may have been driven by declining litter
N concentrations (Feng et al., 2019b). The reduced soil available N concentrations and MBN caused by
increasing stand ages may not sustain the enhanced growth of C. hystrix (Feng et al., 2019a). The soil C:N
and MBC:MBN ratios were enhanced with increasing stand ages, indicating that the mineralization rate
of organic matter was reduced and that N in the soil might become a limiting element for plant growth
(Yang et al., 2021). In contrast, previous studies have demonstrated that N may be not a limiting factor in
subtropical forests due to the high level of N deposition (Reich and Oleksyn, 2004; Huang et al., 2013; Yang
et al., 2021).

4.3 Effects of increasing stand ages on ecosystem P dynamics

Increasing stand ages increased the P concentrations in litter and sustained a stable P concentration in the
leaves of C. hystrixplantations, which resulted in declining N:P ratios in litter and plants. Stable leaf P
concentrations and increasing litter P concentrations in C. hystrix plantations under increasing stand ages
led to decreased P resorption (Figure S1), and lower P resorption indicated that the leaf P concentrations
met the growth requirements forC. hystrix (He et al., 2011; Du et al., 2020). Plant available P concentrations
mainly result from the decomposition of organic P in tropical forests (Crews et al., 1995; Lie et al., 2019).
The enhanced litter biomass and litter P concentrations caused by increasing stand ages lead to higher
total P concentrations in the soil (Jara et al., 2009; Martinez–Garza et al., 2016), which led to stable P
concentrations in the leaves of C. hystrix (Huang et al., 2013). In addition, C. hystrix requires less P than
most other species in tropical China. Huang et al. (2012) measured 71 species in a monsoon evergreen
broad-leaved forest that had been well protected for more than 400 years in southern China and found that
the leaf P concentrations of most species were higher than that of C. hystrix .

In the present study, it was found that increased soil total P concentrations and MBP rather than plant P
resorption provided a higher P supply to plants with increasing stand ages. Increased MBP in the top soil
layer with increasing stand ages may be attributable to increased litter P concentrations (Zhao et al., 2009;
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Bai et al., 2021). Lower AP activity in the deep layer (20–30 cm) suggested that P limitation was decreased
under increasing stand ages in C. hystrix plantations (Feng et al., 2017). It was found that the soil available
P concentrations in the top layer (0–10 cm) were lowered under increasing stand ages, which may be related
to enhanced leaching (Tiecher et al., 2020) and P uptake by fine roots (Wang et al., 2021). In addition,
reduced AP activity in C. hystrix plantations induced by increasing stand ages may contribute to decreased
soil available P concentrations in the top layer (Wang et al., 2019). Many studies have found that soil total
P concentrations are lower in older forests than in younger forests (Feng et al., 2017; Chen et al., 2018;
Yang et al., 2021), which may be driven by higher P accumulation in plants as a result of increasing plant
growth (Kitayama et al., 2000; Vitousek et al., 2010; See et al., 2015). P limitations in subtropical forests
are exacerbated by increasing stand ages due to declining total and available P concentrations in the soil, as
demonstrated by other studies (Kitayama et al., 2000; See et al., 2015). In contrast, the present study found
that increasing stand ages led to higher total P concentrations in the soil of C. hystrix plantations, which
may be related to the lower P requirement for maintaining the growth ofC. hystrix (Huang et al., 2012).
Crews et al. (1995) and Frizano et al. (2002) showed that soil P concentrations increased with stand ages,
which might be associated with increasing P accumulation in plant biomass and due to litter returns to the
soil (Vitousek et al., 2010).

5. Conclusions

Increasing stand ages reduced the N concentrations in litter, soil, microorganisms, and plants but increased
their P concentrations, which led to lower N:P ratios in the C. hystrix plantation ecosystem in response to
increasing stand ages. Overall, C. hystrixplantations become relatively N deficient over time, and their P
limitation may be alleviated with increasing stand age in southern China. Based on the results of this study,
the increase in potential N mineralization with increasing stand age did not meet the plant N demand, while
the increases in total soil P and MBP facilitated the plant uptake of P. The shift in the nutrient balance
under increasing stand age will increase the importance of N availability in subtropical plantation forest
ecosystems as well as influence the availability of P.
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