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Abstract: Stoichiometric ratios of carbon (C), nitrogen (N), and phosphorus (P) are considered
indicators of nutrient status and ultimate ecosystem health. A detailed investigation of these elements
in the leaves, branches, forest layer vegetation and soil, depending on stand age, was carried out. We
investigated the effects of stand age (9-, 18-, 28-, and 48-year) on the aboveground plant parts (leaf,
branch, herb, shrub, plant litter) and belowground pools (soil, roots) of P. massoniana plantations.
The CNP stoichiometry of trees was affected by stand age. Mean N content in the aboveground
parts in the nine-yr stand was greater than the other stands (18-, 28-, 48-yr), which decreased with
increasing stand age. As stands aged, the nutrient demands of the plantations increased as well as
their N:P ratios in soil. C content in the soil ranged from 30 to 105, the total N was 0.06 to 1.6, and
the total P content ranged from 3.3–6.4 g kg−1. Soil C, N and P contents were greatly influenced by
both stand age and soil depth, because surface soil sequester C and N more actively compared to
deeper horizons, and more nutrients are released to the topsoil by the plant litter layer. Similarly,
the ratios of other layers had a similar pattern as CNP because more nutrients were taken up by the
plantations, decreasing nutrient supply in the deeper soil horizons. The green leaves N:P ratios (16)
indicate limited growth of P. massoniana, as the range for global nutrient limitation for woody plants
oscillated between 14–16, indicating N and P limitation. Young stands were observed to have greater
P content and P resorption efficiency (56.9%–67.3%), with lower C:P and N:P ratios (704.4; 14.8). We
conclude that with stand development, the nutrient demands of the plantations also increase, and
soil N:P stoichiometry shows that these improve soil quality.
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1. Introduction

The major elements of carbon (C), nitrogen (N), and phosphorus (P) constitute the
building blocks for living organisms and, as such, are strongly associated with their bio-
chemical functions [1]. These elements control the normal functioning and certain ecological
processes in a forest ecosystem [2]. To maintain the structure of food webs in agroecosys-
tems and in controlling their tropic relationships, especially under stress conditions, the
C:N:P stoichiometry plays a vital role [3–5]. According to Zhang et al. [6], a positive in-
teraction between plants and soil is important to maximize the net primary productivity
of a given agroecosystem. Plant growth, and the limitations to it, can easily be explained
through plant C:N:P [1], whereas soil fertility can directly be indicated through the soil
stoichiometry and indirectly through plant nutrient status [7].

Nutrient resorption is a highly complex process where the nutrients are transferred
from the organs to new tissues or storage structures, and this has a vital strategic role in
plants for conservation and optimization of the nutrient’s availability [8]. Niu et al. [9] and
Yuan et al. [10] (2019) concluded that nutrient use efficiency, and thus plant growth and
development, can be increased by nutrient resorption. In this process, soil microbes can
significantly improve nutrient resorption by enhancing plant litter quality and its rate of
decomposition [11]. As a result, decomposed plant litter releases nutrients and plays a
part in the overall nutrient cycle while also ensuring adequate vegetative and reproductive
plant growth [7].

As one of China’s key forest types, forest plantations have rapidly increased in re-
cent years [12]. It is anticipated that, by the end of this century, forest plantations will triple
globally [13]. The extension of forest plantations to promote biodiversity conservation [14,15]
and the ecosystem amenities of plantations can perform well if managed properly [16]. In
such forests, the species composition is mainly comprised of understory trees, as forest
plantations are usually composed of one tree species [14]. For water and soil conservation,
such understory plants play a significant role [17], as well as in energy flow and nutri-
ent cycling [18]. Therefore, there is an increased need to understand the potential role of
understory plant species in energy cycling within the plantation ecosystem.

Soil is a source for plant growth and a medium for plant development, and con-
sequently has a vital role to play in forest ecosystem [19]. Plants greatly influence soil
properties and, ultimately, soil properties affect plant growth and composition [20]. More-
over, different plants have different requirements for soil nutrients [21]. Thus, different
plants can create diverse litter which will eventually decompose and alter the fertility
of soil in different ways [19,22]. The vertically and horizontally spatial heterogeneity of
soils can be influenced by human actions, climate, parent materials, and topographical
factors [23,24]. It has also been observed that the vegetation’s cover and vertical structure
of the forests influence the soil’s physical properties [25]. In turn, the variability of the
properties of the soil may affect plant composition [18,26]. Furthermore, recent studies
found that N deposition [20] and P limitation [27] were vital factors for the development
and growth of plants. However, in plantations the plant components and soil nutrient
relationship have been scarce, and reports on relationships between different soil depths
and stand age are even rarer [28].

Forest management practices such as harvesting, along with litter accumulation, could
significantly influence the biogeochemical cycle of a forest [29]. Different factors affect the
contents of C, N, and P, as well as their ratios both in the plants and in the soil, which are
responsible for the determination and distribution of elements. Among others, these factors
include the stand structure, community structure, chemical traits, and the root biomass [30].
Studies have revealed that management activities and forest succession may enhance
SOC [31]. Furthermore, the plant and soil nutrient relationship and their stoichiometry may
provide a better understanding of biogeochemical cycling [32]. C, N, P, and the relationship
among different layers of forest ecosystem biomass has rarely been considered. Secondary
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forests have an age gradient that includes natural C and N dynamics that is useful for
investigating the temporal heterogeneity of the C:N ratios [18]. Several studies considered
C and N dynamics during the formation of stands (e.g., Niu et al. [9]), and thus provide
the opportunity to quantify temporal trends of stoichiometric C: N in diverse ecosystems
over the age series. During stand growth, the dynamics of C:N ratios, however, remains
controversial. In plant tissues, a significant increase in C:N:P ratios was reported with stand
age [33]. Conversely, no change was observed by Cui et al. [34] in the C:N ratios of plant
tissue over the age sequence. To expose generalized trends and improve our knowledge of
C:N stoichiometry during the creation of the stand, it is therefore essential to synthesize
various findings among different studies.

In China, plantations constitute approximately 6.9 × 107 ha (31%), and are mostly
comprised of single species (State Forestry Administration [35]). The main purpose of
these plantations is economic, which can sometimes lead to serious ecological issues such
as soil degradation and overall low primary productivity [36]. As a fast-growing species,
P. massoniana is widely planted on degraded lands in China. Due to its fast growth, good
timber quality, and strong resilience to low-quality soils, this species can also be found
in the subtropical forests of Hubei province in central China [37]. However, its status in
the present study has not been previously investigated. Previous studies showed that
stand age management has led to increased productivity and soil fertility in P. massoniana
plantations [9,38].

In this study, we analyzed plant C, N, P stoichiometry, senesced and green leaves,
understory vegetation, litter, soil, and the resorption of N and P in P. massoniana plantations
of different ages located in the northern subtropical forests of central China. A further goal
of this analysis is to find the relationship between nutrient contents, nutrient resorption
efficiency, and key stoichiometric properties. Thus, the study is guided by the following
questions: (1) How are nutrient contents and plant stoichiometric ratios, leaf litter, and soil
in P. massoniana plantations affected by stand age? (2) Are P. massoniana leaves efficient
in terms of nutrient resorption? and (3) Is there any relationship among the available
soil nutrients and the nutrient resorption in the leaves? We hypothesize that (1) C, N, P
contents both in plant and soil could be increased with stand age management, which will
in turn alter the C:N:P ratios; (2) resorption efficiencies of N and P could increase as stand
age increases due to greater nutrient availability; and (3) the leaves’ nutrient resorption
efficiency is significantly and negatively correlated to soil nutrient content. Addressing
these questions will improve the current understanding of ecological processes and the
nutrients’ status in P. massoniana plantations with manipulated stand age and provide a
scientific basis for better plantation management via more effective restoration plans.

2. Material and Methods
2.1. Study Area and Plantation

The Taizishan Forestry Administration Bureau (TFBC; 112◦48.113◦03′ E, 30◦48.31◦02′ N),
is within the subtropical humid monsoon climate zone of Hubei Province, Central China
(Figure 1). Winters in this region are usually cold while summer is hot and humid with
increased precipitation. Data from the Taizishan Forestry Farm (2016–2020) shows that
the mean annual precipitation was 1090 mm with increased rainfall recorded in July and
September. July is the warmest month in Taizhishan, and the mean annual temperature is
16.4 ◦C, with a maximum temperature of 39.2 ◦C. The free-frost period spans about 240 days.
Forests of the study area have been classified into mixed coniferous forests, broad-leaved
forests, and the evergreen coniferous forests. Three major soil types exist in the area, which
are the yellow-brown soil, mountain yellow-brown soil, and yellow-cinnamon soil, with an
average soil depth of 40–60 cm.
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Figure 1. Study area location in the Jingshan County, Hubei province, central China. Different shapes
represent different stand age groups of P. massoniana.

P. massoniana is a widespread pine species and has been largely used as a plantation
species all over China. Plantations at the research site were established in 1957 with the
initial objective of timber production until a decade ago (Table 1). Thinning and understory
clearing were the two management practices adopted by the TFBC with the principal goal
of cutting the large trees and maintaining the small ones. The initial thinning age in TFBC
was 10–15-yr, depending upon the growth status of the trees. Afterwards, thinning had
been done at approximately 10-yr intervals, until reaching maturity (50-yr for this species).
Thinning has usually been applied to all of the plantations in the area. Contrastingly, the
understory clearing was conducted after five years at some sites for reducing fire risk and for
the improvement of the driving visibility of the logging roadsides. The clearing was done
with a machine that cut the aboveground parts of the understory vegetations. Artemisia
sacrorum and Carex stenophylloides were the dominant species among the herb species in the
understory layer, while Rosa xanthine, Lonicera japonica, and Lonicera microphylla were the
dominant species in the shrub layer.

Table 1. Stand characteristics in different age groups in P. massoniana plantation in the study area.
Values are presented as mean ± standard deviation. DBH: Diameter at breast height.

Stand Age (Year) Stand Density
(Trees ha−1) DBH (cm) Height (m) Light Transmittance (%)

9-yr 3651 ± 393 9.1 ± 0.7 5.74 ± 0.3 35.1 ± 2.8
18-yr 1556 ± 239 14.9 ± 0.2 11.4 ± 0.9 33.6 ± 2.5
28-yr 1196 ± 51 21.6 ± 0.4 15.3 ± 0.6 49.8 ± 3.5
48-yr 774 ± 92 25.5 ± 2.9 16.8 ± 2.2 48.2 ± 5.4

2.2. Plant Sampling Design and Data Collection

Following a comprehensive review of P. massoniana L. plantations, a site represent-
ing standard elevation, slope, aspect, and soil conditions was selected for the present
investigation. The chosen plantations were established in 1957 and were comprised of
pure P. massoniana with limited herb and shrub diversity. Different management activities
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were conducted in different years, mainly through tending operations and pruning. In
2018, 24 plots of 30 m × 30 m size with similar management practices were established
representing four stand ages (i.e., 9, 18, 28, and 48 yr), with three replicate plots for each
age group treatment. To prevent edge effects, a 5 m wide buffer zone was set around each
plot, whereas the distance between both plots was less than 5 km.

The growing season in Taizishan normally starts in May and finishes in September.
Therefore, field samples were collected in July and October 2018. To generate a composite
sample for each plot, we collected green leaves from five standard trees with the same
diameter at breast height (DBH), height and similar physical condition using a pole pruner.
For mixed samples of senesced leaves per plot, specimens were collected through five nylon
(of 0.1 mm thickness) litter traps which were positioned 0.5 m above the ground. Herb
and shrub composite samples were also collected from the same plots. An autoanalyzer
(Kjeltec 2300 Analyzer Unit, Foss, Sweden) was used to determine the contents of C and
N after the samples were ground, while the standard ammonium molybdate method was
used to determine P concentration [39,40]. Leaf samples were oven dried at 105 ◦C for
15 min prior to analysis, after which the temperature was reduced to 85 ◦C until constant
mass was attained. Nutrient resorption efficiency (NuRE) was determined through the
following equation:

NuRE =

(
1− Ns

Ng
MLCF

)
× 100%

where NuRE denotes nutrient (N or P) resorptions efficiency, Ns and Ng are the nutrients
content (N and P g kg−1) in the NRE and PRE (nitrogen resorption efficiency, phosphorus
resorption efficiency), respectively, and mass loss correction factor (MLCF), for which 0.745
was adopted to correct unbiased resorption value [41]. An elemental analyzer (FLASH20000
CHNS/O, Thermo, Waltham, MA, USA) was used for the determination of total carbon
(TC) and nitrogen (TN) both in the soil and leaf samples, while total phosphorus (TP)
was established by colorimetry after digestion with H2SO4−H2O2 and H2SO4−HClO4,
respectively [42]. Soil water content (SWC) and bulk density (BD) of the soil were also
determined using the cutting ring method [18]. For determination of the soil available P
(SAP), the method based on colorimetry after extraction with NaHCO3 was used, while
NaOH hydrolysis was used to measure soil available N (SAN) [42]. A standard pH meter
was utilized to measure soil pH by applying a soil-water mixture of 1:2.5 [43].

2.3. Soil Sample and Analysis

At each of the four stand ages, subplot sampling areas of 2 m × 2 m were used to
randomly collect soil samples at nine different points at each plot and replicate. Subplots
in each treatment were used to get samples from the top 40 cm (0–10, 10–20, 20–40 cm)
soil layer with a 5 cm auger. Soil samples were then collected and composited across
subplots sampling areas for each depth. A 2-mm mesh was used to sieve all soil samples
after removing stones, plant debris, and roots. We grouped all soil samples into two
parts, one for chemical analyses and another for microbial biomass analysis which was
stored at 4 ◦C. A conductance meter was used to measure the electrical conductivity (EC)
(1:5 soil-water) [42,44]. The chloroform fumigation method of extraction was used for the
determination of soil microbial biomass C (MBC) and N (MBN) [45]. To analyze soil total
organic carbon (TOC), a Multi N/C analyzer was utilized (Multi N/C 3100, Analytic Jena,
Jena, Germany).

2.4. Data Analysis

Prior to data processing, the normality and homogeneity of variance for all the pa-
rameters under analysis were checked and, when required, data were transformed. A
one-way analysis of variance (ANOVA) was used to check the effect of age group and
Tukey’s comparison test was applied for determination of significant differences among
stand age groups. A level of significance was defined at 0.05. Regression analysis was
used to determine the relations between green and sensed leaf C, N and P, between soil
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and senesced leaves, and between soil and green leaves. Analyses of data were performed
using SPSS 23.0 (IBM Corp., Armonk, NY, USA). To test the relationship among NuRE, C,
N, P contents, and stoichiometry ratios in leaves and soil, linear regressions were used.
We used the principal component analysis (PCA) and redundancy analysis (RDA) for the
determination of the relationships among soil properties and stoichiometry with respect to
different treatments by Canoco5 software.

3. Results
3.1. Changes in Soil Properties among Stand Ages

Changes in all soil properties across stand ages, except for soil water content, were
detected (Table S1). Higher soil bulk density (p < 0.05) in 9- and 18-yr stands was observed.
Soil pH decreased in the 48-yr stands compared to the 9-yr stand. Higher soil available N
(SAN) was detected in the 18-yr stands, while in the young stands soil available P (SAP)
was higher than the two older stands (Figure 2c,d). Furthermore, EC and MBC were higher
in 28-yr stands, but lower MBC and MBN was reported in the 9-yr stand than the 48-yr
stands (Figure 2a,b).
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Figure 2. Soil properties in soil layer of P. massoniana chronosequence. Lines represent mean value
with three replicates (n = 3; p < 0.05). (a–d) represents MBN, MBC, SAP, SAN in different soil depths,
repectively. Error bars show standard error.

3.2. Soil C:N:P and Stand Age

Soil C, N, P and their ratios were influenced by both stand age and soil depth (p < 0.05)
(Figure 3). Soil C content varied from 30 to 105 g kg−1, total N content from 0.06 to
1.6 g kg−1, and total P content from 3.3 to 6.4 g kg−1 (Figure 3a–c). Distribution patterns of
soil C, N, and P varied in the soil layers, as soil C and P contents first increased and then
decreased with depths, while soil N content increased, then decreased, and increased again
(Figure 3c). Higher C (93.15) and N (0.96) contents were observed in the topsoil layer which
decreased (p < 0.05) with soil depth, while P (4.91) remained stable with no difference
detected among soil depths (p > 0.05). Mean soil C and N contents of 28- and 48-years
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stands were higher (p < 0.05) than 9 and 18-year stands (Figure 3a–c). Mean soil N contents
in the 9- and 28-year stands varied (p < 0.05) among age stands. A similar pattern for P
contents of soil was observed compared to 9- and 28-years stands. In the 28-year stand,
average C:N ratios were higher (p < 0.05) compared to the others. Lower mean C:P ratios
(p < 0.05) were seen in the following order: 48 > 18 > 28 > 9 year (Figure 3d–f). Furthermore,
mean N:P ratios in the 9- and 28-year stands were lower (p < 0.05) than the 18- and 48-year
stands (Figure 3d–f).
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show standard error while the lines represent mean value with three replicates.

3.3. C:N:P and Stand Age

C, N and P contents in most tree components (leaf, branch, root, litter), were affected
by stand age (p < 0.05). In the 48-year-old stands, mean C content in the leaf, branch,
root, and litter was lower (Table S2, p < 0.05). With stand development an increasing and
decreasing trend in N content was seen, which was higher in the 9-year-old stand (p < 0.05),
later on decreasing with stand growth. Similarly, the N content in root increased (p < 0.05)
with stand age (Table S2). Furthermore, the C:N ratio in herbs of the 18-year stand was
high (60 g kg−1), whereas P content was higher in the 9-year-old stands. In the shrubs a
similar trend to that of the herbs was seen in these plantations. In the C, N, P contents of
herbs and shrubs, negligible differences were (p > 0.05) observed (Table S2).

As the stands aged, the C:N ration decreased (p < 0.05) in branches of P. massoniana
stands (Table S3), while the C:N ratio (611) in branches of the 18-year old stand was higher
among all age groups. In the 28-year-old stand the C:P ratio increased (p < 0.05), but later
on decreased in the branch tissues of the 48-year stand. In the 28-yr old stands, the N:P
ratio showed a similar pattern as that of C:P ratios, with increased values in the 28-year
stand compared to the other stand ages (Table S3). Higher C:N ratios in the root of the
48-year stand was observed as it decreased with increasing stand age. High root C: P and
N: P ratios were seen in the 9-year stand as compared to the 48-year stand. In the herb
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and shrub layer, C:N ratios were lower (p < 0.05) in the 9- and 48-year stands, whereas the
18-year stand had a higher C:P ratio. High N:P ratios in the 9-, 18-, and 28-yr stands were
recorded in both herb and shrub. Changes in the C:N ratio were recorded in the litter of
the 28- and 48-year stands (p < 0.05), but no changes in C:N ratios were seen among other
stands (Table S3). C and N content in the aboveground carbon was approximately 10%
and 21.2% more than the belowground C content, while the P content was 18.4% higher in
the belowground soil content in P. massoniana stands. As the stands aged, the contents of
C, N and P increased in the middle age (18-yr) and then decreased in the mature stands.
Middle aged stands (18- and 28-year) were recorded have better nutrient cycling patterns
compared to the young and mature stands (Figure 4).
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Figure 4. Pattern of aboveground and belowground component C, N, P stoichiometry Masson
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(p < 0.05). (d–f) shows ratios of C, N and P in the above and belowground components.

3.4. Nutrient Resorption Efficiency (NuRE) and the Relationship among Stoichiometry Ratios

Carbon content in the green leaf was higher (p < 0.05) in the 18-year-old stand
(Figure 5a), while the 18- and 48-year stands had 20% higher N and P contents, respectively,
compared to other stands of P. massoniana (Figure 5b,c). Stand age has increased C and
N content (p < 0.05), while the P contents in all stands remained unchanged (p > 0.05).
Similarly, in the senesced leaves, the 18- and 28-year stands had higher values (Figure 5b,c).
Higher C:N and C:P ratios were recorded in the 48-year stand in the senesced leaf of the
48-year stands, while the 18-year stand had a higher N:P ratio (Figure 5f). A high N:P ratio
was observed in the 18-year stand’s green leaf components (Figure 5d). The NRE and PRE
in stand ages varied between 51.8%–56.5% and 56.9%–67.3%, respectively (Figure 6a,b).
No changes (p > 0.05) in PRE were seen (Figure 6b). A strong relationship was observed
between NRE and PRE in the stands of P. massoniana plantations (Figure 6c).
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Figure 6. Changes in (a) NRE (nitrogen resorption efficiency), (b) NRE: PRE and (c) PRE in stand
ages, and the relationship among NRE and PRE (d) among P. massoniana plantation chronosequence.
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Leaf P was influenced by soil P while the leaf N:P ratio was affected by the soil N:P
ratio (Figure 7a,b). Similarly, the PRE was affected by stand age and was related to leaf
stoichiometry (Figure 7d).

3.5. Response of CNP Stoichiometry to Different Stand Ages

The PCA presented in Figure 8a of the responses of the contents of soil C, N, and P and
different plant components along with their stoichiometric ratios in various age stands was
determined. The cumulative variance of stand ages (9-, 18-, 28-, and 48-year) contribution
explained 64.4% and 43.1% of PC1 and PC2. Among four different stand ages (9-, 18-, 28-,
48-yr), the18- and 28-year stands were considered good stands for C, N, and P contents
(Figure 8b).

The relationship between the contents of C, N, and P, and stoichiometric ratios with
soil variables (SWC, SAN, EC, BD, pH, MBN, MBC, SAP), were examined based on RDA
(Figure 6b). RDA analysis showed variation in x-axis 48.9% and y-axis 25.6%, respectively
(Figure 6b). Results showed a strong correlation of SAP with soil C, P and C:P ratios, while
soil C:N ratio showed a good relationship with EC. Furthermore, strong correlations of soil
N and N:P ratio with soil pH, MBN, and MBC were found.
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Figure 8. (a) The relationship between plant components (blue-arrows) and C:N:P contents (red-
arrows) in the stand age of P. massoniana plantations chronosequence was determined using principal
component analysis (PCA). (b) Redundancy analysis (RDA) was used to determine the relationships
between soil properties (blue-arrows) and C:N:P ratios (red-arrows) in different stand age treatments
(9-, 18-, 28-, 48-year). Soil available phosphorus (SAP), microbial biomass carbon (MBC), microbial
biomass nitrogen (MBN), soil water content (SWC), bulk density (BD).
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4. Discussion
4.1. Ecological Stoichiometry and Stand Age

Forest ecosystems are considered to be the most adaptive ecosystems, as plants in
these systems can survive in poor environmental conditions [9]. Our study shows that the
soil fertility of P. massoniana plantations decreased after 48 years after planting and when
the available soil nutrients failed to fulfill the plant nutrient requirements, the rapid growth
of the tree species would ultimately slow down. The decrease in leaf C, N and P contents
and the concomitant increase in the leaf C:N ratios might be due to the changes in the tree
biomass and environmental changes [46].

Generally, the aboveground stoichiometric ratios is related to the soil properties [21].
Soil C content greatly depended on organic matter availability and the size of soil humus.
This pattern of soil C accumulation was in agreement with some previously published
results [47]. The biological N fixation and N inputs through precipitation are considered
main sources of N in the soil, while most of the P comes from the disintegration of rocks
and the leaching process and less by the organic matter input [48]. In this context, the
relationship between soil factors and the stoichiometry of plant communities could be
used for elucidating major soil factors that greatly affect these plant communities. Native
soil fertility has a vital role in providing nutrients to the plant that control the growth
and development of plants, thus controlling the rates of plant metabolism and its overall
nutrition [49]. At the beginning of the plantations, the community structure of P. massoniana
was not well developed and during speedy growth periods, the dominant species needed to
absorb large amounts of the available soil nutrients. Increased soil erosion and weathering
could restrict soil nutrients enrichment [50]. With increasing stand age, an increasing trend
in the C:P, C:N ratios of P. massoniana plantation was generally observed but decreased
after maturity. This shows that the degree of humification of the organic matter has initially
decreased and then increased.

In this study the mean leaf N:P ratio was 1.2, which was higher compared to the same
species in southern subtropical China [51]; that could be the reason that stand age and soil
depth affected N:P ratios in the current study. The understory could possibly decrease N
loss, and this was beneficial for increasing N content and limited the P release in the parent
soil material [52]. Differences in the rate of nutrient turnover due to different soil N and P
sources may also explain this phenomenon [18].

4.2. Stand Age and Plant Component C:N:P Stoichiometry

Growth rates at the senescence stage of P. massoniana decreased and the capacity of N
fixing rhizobium also decreased, which ultimately resulted in high N:P ratios. The total
amount of elements content in the understory species was positively correlated to the C, N
and P contents, similar to observations from Niu et al. [9]. Moreover, positive relationships
were found among the changes in the plant stoichiometry and its nutrient contents. Since
the factors affecting nutrient limitation in plantations are often very complex and integrated,
the threshold for N and P limitation in various ecosystems can hardly be defined [53].
C:N:P ratios are actually the representation of the effects of the nutrients limitation [9]. N
is the key factor responsible for the growth of P. massoniana plantations in the area, which
has also been shown in different other studies [53]. Limited N and P availability in the
terrestrial ecosystems is considered to affect plant community composition, plant traits,
biodiversity, and plant growth [6,54]. Therefore, for assessing the elements limitation in
plant development, the study of the ratios of N and P has proved to be an effective indicator
of productivity and overall ecosystem health [22,52]. In the current study, the leaf N:P
ratios was 15.1:1, which is close to the national mean values of 14.1:1 in China [22,34], but
higher than the mean value at the global scale (11.8:1) [7]. This value was also lower than
that of P. massoniana in the tropical forests in China (16.1:1) and higher than the global
values of the genus Pinus, suggesting that the limited growth of P. massoniana are mainly
due to N and P (9.6:1) [7].
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4.3. Leaf C, N, P Status

Leaves are an important tree organ for photosynthesis [46], while stems are the con-
ducting organs that build a connection between the belowground roots for absorption and
the aboveground leaves performing the assimilation [40]. No major dissimilarities were
detected for the C content of the younger age groups (Figure 5a). Stand age increased; how-
ever, C played an increasingly significant role in the structural basis and plant productivity,
similar to previous findings from Yang et al. [46] and Qiu et al. [7]. Similarly, as stand age
increased, the N and P contents also increased (Figure 5b,c), due to an increase in the growth
rate in the middle age stands, a finding that is in agreement with previous observations
from Russo et al. [55]. As trees grew in the middle age stands (18- and 28-years), they
required more P-rich ribosomal RNA and N-rich protein for maintaining and supporting
their fast growth [56], which was an obvious explanation for the increase of green leaf
N and P. Several researchers [22,57] reported that C, N, P ratios are generally negatively
correlated to the growth of the stands, thus the lower C:N and C:P ratios (Figure 5d,e) in
the green leaves had a possible impact promoting plant growth. Furthermore, the green
leaf N:P ratio is a strong indicator of plant nutrient availability. Schreeg [58] proposed
that a leaf N:P ratio less than 14 indicates N limitation, between 14–16 indicates N and P
limitation, and greater than 16 indicates P limitation, respectively. In our study, the mean
N:P value (15.2) was greater than 14 and smaller than the mean value (16.3) in China. It
has been observed that in the autotrophic organisms, when the growth rate is relatively
low, the N:P ratios increase gradually but decreases as growth rate increases [55]. Thus, in
the initial stages of P. massoniana plantations, increased N:P ratios in the leaf were observed
and then dropped down with increasing stand age. Our results reflect the limited growth of
P. massoniana both due to N and P, which aligns with the results of other studies conducted
in the subtropical forests [51,59].

The current results showed that C, N, and P fluctuated significantly among different
age groups of P. massoniana stands (Figure 6a–c), indicating that due to litter decomposition
more nutrients were returned to the soil. The literature showed that N:P ratio <22 is an
indication of P-limited decomposition for herbaceous wetland species [4,52]. The mean N:P
ratio in the present study was 14.5, suggesting an N limitation of P. massoniana in senesced
leaf decomposition. The mean N:P ratios of the 18- and 28-yr stands were higher than
others (Figure 5f), reflecting more N limitations in the 9- and 48-yr stands.

4.4. NRE and PRE in Different Age Groups

For the improvement of nutrient cycling in nutrient poor environments and increased
plant fitness, the decomposition of litter provides nutrients to the soil and is closely asso-
ciated with the growth and development of P. massoniana plantations. The NRE and PRE
for P. massoniana stands were 54.4% and 58.7% lower than the mean NRE and PRE for the
global forest [60]. Among different age groups of P. massoniana, there were no significant
differences observed (Figure 7a), which was discussed in the results of Zhang et al. [6] and
Cheng et al. [61]. The current results showed no relationship among the NRE and N status
in the soil and green leaves, similar to results from Deng et al. [38]. A recent study from
Xu et al. [62] suggests that nutrient resorption and transfer might be an inheriting feature
of the tree species and the genetic diversity might be important in determining nutrient
resorption. Significantly high PRE values in the 48-yr stands were observed compared to
the other age stands (Figure 7c). The trend might be attributed to increasing soil P, SAP and
green leaf P, ultimately reducing P resorption in senesced leaf because of stable P supply.
NRE: PRE ratios in the 9- and 18-yr stands were considerably less than in the 28- and
48-yr stands (Figure 7b), suggesting that the 28- and 48-yr stands resorbed more N than
P compared to the other stand ages. These findings were in agreement with the ‘nutrient
resorption hypothesis’ which explains that more N or P would be resorbed when plants are
in growing stages under N or P limited environments [63].

In the green and sensed leaf, the N:P status suggested N limitation in the growth of
the P. massoniana plantation in the area. However, fertilization experiments are needed to
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further confirm N limitations and to also determine the N:P ratio thresholds. Planting N
fixing plan species in afforestation and reforestation projects could be valuable in main-
taining and balancing the nutrient limitations and improving soil N inputs and nutrient
cycling [58,64]. In our study, stand age has significantly increased C content in the soil with
a fluctuating trend shown by N and P contents in the soil, green, and senesced leaf.

5. Conclusions

Using comprehensive field and lab investigations, we studied the stoichiometric
ratios of C, N and P in plant components, leaf, litter, root, understory vegetation and
soil in a P. massoniana chronosequence. Our results revealed important differences in
different plant components, suggesting that the stoichiometric ratios may be biologically
or inherently flexible in the current study area. Higher tree leaf P content and resorption
efficiency (PRE) were recorded, but C:P and N:P ratios were markedly lesser in young stands
compared to the older stands of P. massoniana. This study suggests that P stoichiometry
and PRE are more sensitive degradation indicators of P. massoniana. The P in the leaves was
completely resorbed, showing the efficiency of these tree species to adapt their nutrient
uptake pathways based on the current soil nutrient availability. We argue that as stand
age increases, the nutrient demands of the plantations also increase possibly due to an
increase in biomass and climate-induced factors. The soil N:P stoichiometry shows that
these changes could enhance the soil quality of the degraded landscapes in central China.
Overall, our results show the occurrence of significant changes in C:N:P ratios among
different age stands and exhibit the enhancement of soil quality, but it would still take
almost two decades to see significant improvement.
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mdpi.com/article/10.3390/f13030469/s1, Table S1: Soil properties characterization of different stand
ages of P. massoniana plantations. The lower-case letters (a–c) represent significant difference among
the age treatments (p < 0.05). Table S2: Contents of C, N and P in different plant components
of P. massoniana plantations chronosequence. (±=standard deviation, the lower-case letters (a–c)
represent significant difference among the age treatments (p < 0.05).). Table S3: Stoichiometry of C, N
and P in different plant components of P. massoniana plantations chronosequence. Values are mean ±
standard deviation. Lower-case letters represent significant difference among the treatments.
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