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Abstract: Seasonal variations in stoichiometry are a crucial regulatory mechanism for plant commu-
nities that respond to environmental changes. However, the seasonal characteristics of stoichiometry
in plants, litter, and soil are poorly understood, especially in plantation ecosystems. Therefore, we
explored the seasonal variations of C, N, and P contents and ratios between plants, litter, and soil of a
Robinia pseudoacacia plantation on the Loess Plateau in China in 2017. The results indicate that the C,
N, P contents and ratios in plants, litter and soil showed different seasonal patterns. The N and P
contents of tree and shrub leaves substantially decreased over the growing season, while the C:N,
C:P, and N:P ratios exhibited the opposite trend. The utilization efficiency of the N and P elements by
trees and shrubs gradually increased with the change of the growing season. These results suggest
that the C:N:P stoichiometry of plants was more sensitive to seasonal changes than the litter and soil;
therefore, the potential impacts of time should be considered when using stoichiometry to explore
the utilization of plant nutrients. Additionally, the P content between tree leaves and soil and the
N content between herb leaves and soil were significantly positively correlated, indicating that the
growth of the tree and herb layer in the R. pseudoacacia plantation in the area was restricted by P and
N, respectively. Meanwhile, the N content in the leaves between trees and herbs showed a significant
negative correlation, indicating that N competition existed between R. pseudoacacia and understory
herbs, which was not conducive to the effective use of environmental resources by the R. pseudoacacia
plantation ecosystem. This study contributes to vegetation restoration and plantation management
on the Loess Plateau and provides basic information for global stoichiometric analyses.

Keywords: ecological stoichiometry; plants-litter-soil; seasonal variation; plantation; Loess Plateau

1. Introduction

Ecological stoichiometry has become an important scientific theory that connects
different levels and scales in biological research, reflecting the dynamic balance and inter-
actions between multiple chemical elements and energy [1]. It emphasizes the proportional
relationships between chemical elements in ecological processes, especially those of carbon
(©), nitrogen (N), and phosphorus (P) [2,3]. The elements of C, N, and P are strongly
coupled in plants, and understanding their stoichiometric characteristics plays a crucial
role in exploring plant growth, litter decomposition, and biogeochemical cycling [4-6].

Plantation forests occupy an important position in global forest resources and play a
significant role in environmental restoration and economic development; thus, the stability
and sustainability of artificial forests have become a focus of social concern [7]. The planta-
tion ecosystem has a composition and structure similar to that of other forest ecosystems,
of which plants, litter, and soil are the primary components [8,9]. The “plants-litter-soil”
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system is often described as a micro-continuum in which the chemical elements within
the ecosystem are transferred between the different parts, leading to complex ecological
processes [10,11]. At present, research on the stoichiometry of plantation ecosystems has
mainly focused on the tree layer [12,13], but the stability of forest ecosystem functions de-
pends on the specific interrelationships among the plant communities and the interactions
between biotic and abiotic factors [14]. The competition of species in a plant community
for limited resources can reflect the current development status of the community [15].
Therefore, a comprehensive study of the stoichiometry of plantation ecosystems is helpful
to understand the ecological restoration of plantation forests.

In addition, the material circulation and energy flow in a forest ecosystem undergo
obvious temporal and spatial changes, which increase the complexity of the nutrient
relationship between the plants, litter, and soil [16,17]. Meanwhile, there are few studies on
the time-varying mechanism of forest ecosystems’ stoichiometry [18]. Plants will maintain a
relative balance with external environments by regulating their own nutrient characteristics
and physiological activities. Their metabolism also varies with the growing season, which
affects the stoichiometry of the plant body and even that of the ecosystem [19,20]. For
example, Grigal et al. [21] found that foliage N:P ratios in five shrubs in Minnesota varied
twofold over the course of a season. Moreover, Kerkhoff et al. [22] observed that with
the delay of plant phenology, the proportion of stored substances in plant cells gradually
increases. Therefore, only analyzing the stoichiometric characteristics of a certain growth
stage in a forest ecosystem may magnify or weaken the understanding of its nutrient
balance mechanism [23]. Identifying seasonal stoichiometric features in the “plants-litter—
soil” continuum contributes to our understanding of the adaptation strategies of forest
ecosystems to environmental changes.

The ecological environment of the Loess Plateau in China is extremely fragile, mainly
due to the loss of its original vegetation and serious soil erosion [24]. In order to carry
out ecological restoration, the “Grain for Green” project was implemented, and artificial
vegetation was planted extensively in 1999. Robinia pseudoacacia, which has the advantages
of extensive roots and strong nitrogen fixation abilities, has become the main afforestation
species and performs critical ecological functions in the Loess Plateau [25,26]. However,
due to climate change and high planting density, soil desiccation in the R. pseudoacacia
plantation has increased, and its growth is subject to degradation. Therefore, it is necessary
to understand the nutrient circulation pattern and stability mechanism of this species,
subsequently allowing reasonable vegetation management and restoration measures to be
formulated. Previous studies have paid attention to the spatial patterns and age sequence of
the stoichiometry of the R. pseudoacacia plantation ecosystem [12,27]. However, systematic
research on the seasonal variations in stoichiometry of this plantation is lacking. The
seasonal patterns of nutrient contents in plant tissues represent the difference in nutrients’
absorption and utilization by vegetation, which is essential information for plantation
tending and fertilization [28]. Here, we examine the C, N, and P contents and ratios in
plants, litter, and soil during different growth periods of an R. pseudoacacia plantation
on the Loess Plateau in 2017. We hypothesize that (i) the contents and ratios of carbon,
nitrogen, and phosphorus in plants, litter, and soil have different seasonal variations; (ii)
different vegetation types exhibit specific nutrient distribution patterns, and their N- and
P-limiting conditions are different; (iii) different nutrients and stoichiometric relationships
exist among trees, shrubs, and herbs, as well as among plants, litter, and soil.

2. Materials and Methods
2.1. Study Area

This study was conducted in the Zhifanggou Watershed (36°46'29"-36°46'45" N,
109°13/017-109°16'44" E), located in the Ansai County of Shaanxi Province, China (Figure
1). The study region contains typical loess hilly-gully landform types. The region has a
warm, temperate semi-arid climate, with a mean annual precipitation of 505 mm, ~60% of
which occurs over 7-9 months. The annual average temperature is 8.8 °C, and there are
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2300-2400 h annual hours of sunshine. The soil type is mainly loess soil produced from
the parent loess material and the soil texture is silt loam, which is susceptible to erosion.
Vegetation types in the region belong to the forest-steppe zone. The dominant tree species
is R. pseudoacacia, the understory shrubs are mainly Periploca sepium, and the herbs are
Bothriochloa ischaemum, Artemisia gmelinii, and Patrinia heterophylla.
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Figure 1. The location at the Zhifanggou station on the Loess Hilly Region.

2.2. Experimental Design

We set up three sample plots in the mature forest of the R. pseudoacacia plantation
(26 years old) with the same densities and areas (20 x 30 m), and the previous type of
land use was farmland. The stand conditions in each plot were the same, and the distance
between adjacent plots was at least 20 m. In each plot, three small shrub plots (2 x 2 m),
herb plots (1 x 1 m), and litter plots (1 x 1 m) were arranged diagonally. Before sampling,
the R. pseudoacacia data in the sample plot were investigated, including the tree heights,
diameters at breast height (DBHs), and crown sizes. Robinia pseudoacacia in the study area
germinate in late April, grow slowly before the end of June, grow rapidly from July to
September, and grow slowly again in late September and October. According to the growth
and development cycle of R. pseudoacacia, samples were collected in May (incipient growing
season), August (middle growing season), and October (late growing season) of 2017.

2.3. Data Collection

Five healthy trees with consistent size and growth were selected according to their
average DBHs. The leaves and branches of the trees were collected using a pole pruner
from different directions in the canopy, and a growth cone was used to drill the stem
samples. Fine root (<2 mm in diameter) samples were collected using a root drill at
20 cm in the topsoil to reduce damage to the plots. Understory shrubs and herbs were dug
out of whole plants using the full harvest method [27], and the shrubs were divided into
leaves, branches, and roots. The herbs were collected separately from the above-ground
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(leaves) and below-ground (roots) parts. A total of 243 plant samples were collected
(108 tree samples, 81 shrub samples, and 54 herb samples). After the litter was collected
from the litter frame, a soil core was drilled with a depth of 20 cm in each litter plot. A total
of 27 litter and 27 soil samples were taken, respectively.

In the laboratory, the plant and litter samples were dried in an oven at 80 °C for 24 h to
a constant weight and ground into powder by ball mill (Retsch MM 400, Retsch GmbH and
Co KG, Haan, Germany). The soil samples were dried naturally and crushed. Afterwards,
all dry samples of plants, litter, and soil were sieved through a 0.25-mm mesh before
nutrient analyses. The organic carbon contents of the samples were determined using
the dichromate oxidation method [29], while the total N and P contents of the samples
were determined using the Kjeldahl method [30] and the HCIO4-H2504 colorimetric
method [31], respectively.

2.4. Statistical Analysis

A statistical analysis was conducted with SPSS 25.0 (IBM SPSS, Somers, NY, USA) software.
After a one-sample Kolmogorov—Smirnov (K-S) test was performed to satisfy the normal
distribution, a one-way ANOVA with a least significant difference (LSD) test was applied to
analyze the differences of the C, N, and P contents and ratios in the plants, litter, and soil during
different growth periods, and the significance was identified as p = 0.05. The coefficient of
variation (CV) was the main index used to reflect the degree of a discrete random variable,
whereby CV < 0.1 is a weak variation, 0.1 < CV < 1.0 is a medium variation, and CV > 1.0is a
strong variation. Relationships of the C:N:P stoichiometry between the different components of
the ecosystem were quantified using Pearson’s correlation method. Cartograms were prepared
with the Origin Pro 2017 (Originlab Lab, Northampton, MA, USA) software.

3. Results
3.1. Seasonal Variations of the C:N:P Stoichiometry in the Arbor Layer

Throughout the growing season, the CV of the C content in each tissue was lower than
10%, which corresponds to a weak variation (Table 1). Except for the P content in the root
system, the CVs of the N and P contents in the different tissues and the C:N:P ratios exceeded
10%, which corresponds to a medium variation. The C contents in the leaves and stems
were obviously higher during the incipient growing season than during the middle growing
season, while the branch and root C contents were the lowest in the incipient growing season
(p < 0.05) (Figure 2a). Otherwise, the N and P contents in the leaves gradually decreased
and the difference was significant (p < 0.05) (Figure 2b,c). Moreover, the N contents in the
branches, stems, and roots during the late growing season were apparently higher than those
during the incipient growing season, while the P contents were the lowest during the middle
growing season (p < 0.05). The C:N, C:P, and N:P ratios in leaves gradually increased with
time, and the difference was significant (p < 0.05) (Figure 2d—f). However, the C:N ratios in
branches, stems, and roots exhibited the opposite trend to that in the leaves; the peak C:P
ratios in the branches, stems, and roots occurred during the middle growing season, and their
N:P ratios during the incipient growing season were considerably lower than those during
the other periods (p < 0.05).
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Table 1. Variation characteristics of various components of the Robinia pseudoacacia plantation ecosystem (n = 27).

C N P C:N C:P N:P
Component

AV/g-kg1 CV/i% AV/g-kg1 CV/% AV/g-kg1 CV/% AV CV/% AV CV/% AV CV/%
TL 409.02 + 19.82 4.85 27.61 £ 8.15 29.53 1.52 £+ 0.64 42.15 16.08 + 4.64 28.87 326.97 + 153.01 46.8 19.44 + 3.45 17.74
TB 419.47 £ 8.37 1.99 15.18 £ 3.28 21.64 0.93 £0.22 23.86 289 £ 6.22 21.54 481.16 + 127.44 26.49 16.75 £ 2.97 17.72
TS 435.13 £ 10.05 3.13 5.28 £3.10 58.8 0.38 £0.12 31.78 99.79 + 34.82 34.89 1248.53 + 350.31 28.06 13.71 £ 4.54 33.14
TR 428.32 + 13.64 2.35 30.01 £ 4.11 13.71 0.95 + 0.09 9.13 14.55 + 2.14 14.73 455.62 + 47.28 10.38 31.79 £ 4.72 14.83
SL 415.7 £ 18.57 4.47 3297 £5.31 16.1 1.88 +0.47 24.97 12.85 + 1.61 12.53 233.2 £ 55.74 23.9 18.01 £2.95 16.39
SB 416.68 + 12.07 29 10.76 £ 2.46 22.83 0.84 + 0.31 37.11 40.77 £9.80 24.05 589.99 + 267.43 45.33 14 £+ 3.62 25.84
SR 393.69 + 15.82 4.02 9.87 £2.53 25.67 0.8+0.18 229 41.99 + 8.66 20.64 519.23 +116.37 22.41 13.07 £ 4.91 37.53
HL 376.67 £ 31.24 8.29 19.57 + 3.83 19.55 1.32+0.18 13.68 19.96 + 4.24 21.25 290.74 + 51.68 17.77 14.75 £ 1.56 10.59
HR 347.16 £ 26.82 7.73 1597 £ 3.36 21.05 1.24 +0.28 22.76 22.64 +£ 491 21.68 297.98 £+ 91.36 30.66 13.04 £ 1.47 11.27
LI 270.96 + 50.37 18.59 12.86 £ 2.15 16.76 0.81 +0.09 10.63 2119 +£2.72 12.84 340 £ 79.50 23.38 15.99 +2.74 17.14
SO 21.31 £5.95 27.9 1.13 +0.27 23.57 0.58 £ 0.02 3.89 18.72 +0.87 4.63 36.64 £ 10.59 28.91 1.94 + 048 24.72

AV: Average; CV: Variable coefficient; TL: Tree leaves; TB: Tree branches; TS: Tree stems; TR: Tree roots; SL: Shrub leaves; SB: Shrub branches; SR: Shrub roots; HL: Herb leaves; HR: Herb roots; LI: Litter; SO: Soil.
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Figure 2. Seasonal variations of C, N, and P contents and ratios in arbor layer. (a) describes the C content of the tree layer;
(b) describes the N content of the tree layer; (c) describes the P content of the tree layer; (d) describes the C:N ratio of the
tree layer; (e) describes the C:P ratio of the tree layer; (f) describes the N:P ratio of the tree layer. Different small letters over
the bars represent the significant differences among the different growing seasons at p < 0.05, the same as below.

3.2. Seasonal Variations of the C:N:P Stoichiometry in the Undergrowth Layer

In addition to the C content, the CVs of the nutrient contents and ratios in the shrub
and herb tissues were higher than 10%, indicating a moderate degree of variation (Table 1).
Specifically, the C content in the shrub layer during the incipient growing season was notably
higher than that during the other growth periods (p < 0.05; Figure 3a). The C content in the
herb leaves decreased slowly with the change in the growing season but was significantly
lower in the herb roots during the incipient growing season than in the other growing periods
(p < 0.05). Unlike the shrub leaves, the shrub branch and herb layer N and P contents, as well
as the P content of the shrub roots, increased gradually with time. The differences between
the incipient and late growth seasons were significant (p < 0.05; Figure 3b,c). The C:N, C:P,
and N:P ratios in the shrub leaves gradually increased, while the shrub branch ratios were
significantly different between the incipient and late growing seasons (p < 0.05) (Figure 3d—f).
Meanwhile, the peak C:N and C:P ratios in the shrub roots and herb leaves and the peak N:P
ratios in the shrub roots and the herb layer were observed during the incipient and middle
growing seasons, respectively.
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Figure 3. Seasonal variations of the C, N, and P contents and ratios in shrub and herb layers. (a) describes the C content
of understory vegetation; (b) describes the N content of understory vegetation; (c) describes the P content of understory
vegetation; (d) describes the C:N ratio of understory vegetation; (e) describes the C:P ratio of understory vegetation;
(f) describes the N:P ratio of understory vegetation. Different small letters over the bars represent the significant differences
among the different growing seasons at p < 0.05.

3.3. Seasonal Variations of the C:N:P Stoichiometry in the Litter and Soil

Overall, the C, N, and P contents and ratios in the litter all had medium degrees of
variation, among which the CV of the C:P ratio was the highest (23.38%; Table 1). The CVs
of the soil P content and C:N ratio were 3.89% and 4.63%, respectively, indicating weak
variations. Litter and soil C contents during the different growth periods were relatively
stable (Figure 4a). Both the litter and soil peak N contents occurred during the middle
growing season, while the litter N content during the late growing season was significantly
different from that of the other growth periods (p < 0.05; Figure 4b). Unlike in the litter,
we observed that the soil P content during the incipient growing season was obviously
higher than that during the other growing stages (p < 0.05; Figure 4c). Additionally, the C:N
ratios in the litter and soil were the highest during the late and middle growing seasons,
respectively (Figure 4d). The C:P and N:P ratios in the litter during the different growth
periods fluctuated slightly, while those of the soil during the incipient growing season were
obviously lower than those during other periods (p < 0.05; Figure 4e,f).
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Figure 4. Seasonal variations of the C, N, and P contents and ratios in the litter and soil. (a) describes the C content of the
litter and soil; (b) describes the N content of the litter and soil; (c) describes the P content of the litter and soil; (d) describes
the C:N ratio of the litter and soil; (e) describes the C:P ratio of the litter and soil; (f) describes the N:P ratio of the litter and
soil. Different small letters over the bars represent the significant differences among the different growing seasons at p < 0.05.

3.4. Correlations of the C:N:P Stoichiometry Among the Plants, Litter, and Soil

The nutrient elements in the different plant tissues were closely linked (Table 2). The
C content of the leaves showed a significant positive correlation with the C contents in
branches and stems in the tree layer (p < 0.05). By contrast, the N and P contents of the
leaves were negatively correlated with those in the other tissues. With the exception of the
stems and roots, the N contents were significantly correlated among the different tissues
(p < 0.01). In the shrub layer, the C contents in the different tissues showed a significant
positive correlation, while the N and P contents in the leaves were negatively correlated
with those in the other tissues. In addition, the N and P contents in the herb leaves and
herb roots showed a significant positive correlation (p < 0.01).

Strong positive correlations were present between the nutrient contents and ratios in the
tree and shrub leaves, while the N contents and the C:N and C:P ratios in the tree and herb
leaves were inversely correlated (p < 0.01; Table 3). The C and N contents in the tree leaves
and the C:N ratio were positively correlated with those in the litter (p < 0.05). Moreover, the C
and P contents in the soil were also significantly correlated with those in the tree and shrub
leaves (p < 0.05). Except for the C:N ratio, there were no correlations among the nutrients in
the shrubs, herbs, and litter. A significant positive correlation was observed between the P
content in the herb leaves and litter, as well as between the N content and N:P ratio in the herb
leaves and soil (p < 0.05). However, the C and N contents and C:P and N:P ratios between the
litter and soil had significant negative correlations (p < 0.05).
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Table 2. Relationships between the C, N, and P contents of the different plant tissues (1 = 27).

Plants Components C N P
Tree Leaves- 0.404 * —0.847 ** —0.587 **
Branches
Leaves-Stems 0.532 ** —0.613 ** —0.183
Leaves-Roots —0.352 —0.597 ** —0.189
Branches-Stems —0.298 0.724 ** 0.602 **
Branches-Roots —0.142 0.557 ** 0.458 *
Stems-Roots 0.030 0.085 0.421*
Shrub Leaves-Branch 0.893 ** —0.728 ** —0.835 **
Leaves-Root 0.761 ** —0.118 —0.294
Branches-Roots 0.680 ** 0.142 0.439 *
Herb Leaves-Roots —0.103 0.684 ** 0.717 **

* and ** refer to correlation coefficients of p < 0.05 and p < 0.01, respectively.

Table 3. Correlations among the C, N, and P contents and ratios in the plant, litter, and soil (1 = 27).

Component C N P C:N C:P N:P
TL-SL 0.613 ** 0.919 ** 0.928 ** 0.759 ** 0.806 ** 0.794 **
TL-AH —0.299 —0.494 ** —0.24 —0.582 ** —0.539 ** 0.279
TL-LI 0.44* 0.492 ** —0.092 0.542 ** 0.066 —0.173
TL-SO —0.523 ** —0.312 0.785 ** 0.221 0.182 0.082
SL-AH 0.143 —0.345 —0.014 —0.213 —0.241 0.202
SL-LI 0.241 0.21 —0.044 0.547 ** 0.367 0.208
SL-SO —0.586 ** —0.232 0.858 ** 0.05 —0.126 —0.263
AH-LI —0.334 —0.116 0.629 ** 0.074 0.377 —0.031
AH-SO 0.193 0.771 ** —0.15 —0.318 —0.368 0.572 **
LI-SO —0.547 ** —0.554 ** —0.073 0.09 —0.404 * —0.512 **

TL: Tree leaves; SL: Shrub leaves; AH: Above-ground herb; LI: Litter; SO: Soil. * and ** refer to correlation
coefficients of p < 0.05 and p < 0.01, respectively.

4. Discussion
4.1. Seasonal Variations of the C, N, and P Contents and Ratios of the Plants

The average C content of the R. pseudoacacia leaves was lower than the average C
content of Chinese and global plants (Table 4), which is consistent with the law of low C
content in angiosperm tissues [32]. In addition, the C:P and N:P ratios of the leaves were
higher than the Chinese and global averages, while C:N was lower than the global average
(Table 4). These differences may be related to different vegetation types, climatic features,
and sampling periods [33-35]. Notably, previous studies have found that the P content
and C:N ratio of the R. pseudoacacia leaves in the Loess Plateau were significantly higher
than the Chinese and global averages [27,36], which is inconsistent with our results. This
indicated that the sampling period may cause deviations in our understanding of plant
nutrient balance.

In order to adapt to environmental changes, plants can regulate the relative abun-
dances of their own nutrients; thus, changes in nutrient contents among plant tissues may
be due to trade-offs between utilization and storage efficiency [33,37]. Overall, the content
of structural substance C in plants was relatively high and stable, and the C contents were
positively correlated among the different tissues of tree and shrub, which is consistent
with the results of other studies [38,39]. The contents of N and P in plant tissues were
low, and the N and P contents of the tree and shrub leaves decreased during the growth
season (Figures 2 and 3). Meanwhile, those of the leaves and other tissues were negatively
correlated, while the opposite correlation was observed for the branches, stems, and roots
(Table 2). This indicates that N and P were transferred and had an influence on each
other among the tissues. Specifically, during the incipient growing season, the substances
in perennial plants mainly carry out morphological construction, which requires a large
amount of protein and nucleic acids to support the rapid division of cells [35,40]; therefore,
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the leaves had higher N and P absorption during this period. Meanwhile, higher N con-
tents in the leaves will increase the concentration of cell fluid, improve the water potential
in the leaves, and reduce the drought stress on the plant [41]. Aside from the biological
characteristics of the plant itself, significant changes in temperature and precipitation
during the different seasons also affect the absorption of nutrients [42]. During the middle
growing season, the plant metabolic rate increases with increased ambient temperatures
and precipitation. This is accompanied by a rapid increase in biomass, resulting in the
dilution of nutrients [43]. Plants grow slowly during the late growing season; therefore, the
demand for nutrients in the leaves decreases. Meanwhile, the plant re-absorbs nutrients
from senescent tissues, causing the transfer of nutrients in senescent leaves [44]. The herbs
of annual vegetation will store a large amount of nutrients for reproduction in a short
growth period [45], so the N and P contents in herb tissues gradually increased with the
growing season.

Table 4. Statistics of the “plant-litter-soil” C, N, and P contents and ratios in this study and previous studies.

Item Area Cl(g-kg™1) N/(g-kg=1) Pl(g-kg1) C:N C:pP N:P Date Source
The Loess i
Treeleaves L= 0% 409024198 2761+ 81 1.52 4 0.6 16.08 + 4.4 326.97 + 86 1944+34  Thisstudy
China - 202+ 84 146 + 1.0 - - 13.83£9.3 Han
Global 4640 +32 206 + 1.2 1.99 0.1 225419 232.0 + 72.4 12.7 £ 10.1 Elser
Global 4613 +£722  201+87 177 £1.1 238 +17.3 300.9 + 236.8 138495 Reich and
Oleksyn
. The Loess .
Litter Platons. 27096 £503 1286 +2.1 0.81 +0.1 2119 +2.7 340.0 + 79.5 1599 +£27  This study
China  508.16+282  10.85+ 1.9 046 +0.2 541+164 135574 +80.1 2547 +24 Wang
Global 467.7 +2.7 10.0 £ 0.1 0.7 £0.0 529 +13 1183.0 £ 70 192405 Yuan
Global - 10.93 + 6.5 0.85 + 0.7 - - 1832+ 11.2 Kang
Soil T;‘faf'ezejs 2131459 113403 0.58 + 0.0 1872 +£0.8 36.64 & 10.5 1.94 4 0.4 This study
China 1112+ 1.6 1.07 £ 0.1 2.05+0.7 119 402 60.0 + 1.1 51401 Tian
Global - - - 143405 186.0 & 12.9 131408 Cleveland

The growth rate hypothesis states that organisms with lower C:N and C:P ratios have
higher growth rates [46]. In this study, the C:N and C:P ratios of tree leaves enlarged
with the variation in the growing season (Figure 2), which was mainly related to the
migration and dilution of N and P nutrients. The seasonal variations of the C:N and C:P
ratios of the other organs did not conform to this theory, which is consistent with previous
findings [47,48]. This may be because the growth rate hypothesis is mainly based on marine
organisms, while the material composition and growth mode of higher plants are more
complex [46,49,50]. In addition, as the production organ for organic matter synthesis in
green plants, leaves can best reflect the growth status of plants [51]. Therefore, it may
be more appropriate to analyze threats to the health of the forest ecosystem using the
stoichiometry of leaves. Generally, the C:N and C:P ratios represent the ability of plants to
assimilate and store carbon when they absorb nutrients, reflecting the utilization efficiency
of nutrients by plants [52,53]. The C:N ratio of the R. pseudoacacia leaves was significantly
lower than the global average, while the C:P ratio was the opposite, indicating that the
growth of R. pseudoacacia in the area had lower N use efficiency and higher P use efficiency.
Furthermore, the R. pseudoacacia had a higher utilization efficiency of N and P elements
in the late growing season. The N:P ratios in the leaves reflect the nutrients supplied
by the environment to plant growth. Koerselman and Meuleman [54] found that when
leaves’ N:P < 14, N is limited, and when leaves’ N:P > 16, P is limited. For an N:P ratio
of between 14 and 16, plant growth is limited by both N and P. The form and intensity of
plant nutrient restriction may change in different growth periods [51]. Although seasonal
factors had a remarkable impact on leaf N:P ratio in our study, leaf N:P ratio during the
different growth periods was > 16 (Figure 2), indicating that the growth of R. pseudoacacia
was mainly restricted by P in this region. This may be caused by low soil P contents in the
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Loess Plateau, such that the plants are more restricted by P than N, which is also related to
the strong nitrogen fixation ability of R. pseudoacacia [55].

4.2. Seasonal Variation of the C:N:P Stoichiometry in the Litter and Soil

Litter is the carrier that connects plants and soil and is where organic matter is broken
down into small inorganic molecules by microorganisms and supplied to the plants. The
litter C:N ratio can reflect its ability to decompose and store nutrients, whereby a lower
ratio means less lignin content that is conducive to the decomposition of litter [30]. When
the litter C:N > 25, the microorganisms will not only use N in the matrix, but will also
compete with the plants for the available N in the soil to meet their own growth needs [56].
We found that the litter C:N ratios in the different growth periods were lower than
25 (Figure 4) and were lower than the Chinese and global averages, thus benefiting the
decomposition of the litter. Suitable temperatures and abundant precipitation can optimize
the microbial community and improve extracellular enzyme activity in soil [57]. Therefore,
the litter C:N ratio was the lowest during the middle growing season, at which time the
turnover of litter decomposes faster and the nutrient storage capacity is poor. In addition,
the litter C:N ratio in the late growing season was higher than that in the other growth
periods (Figure 4), which may be due to the enhanced plant nutrient re-absorption capacity
from the senescent tissues and the decreased N proportion in the litter. Aerts [44] found
that plants growing in nutrient-rich environments have relatively high litter C:P and N:P
ratios. In our study, the C:P and N:P ratios were both lower than the Chinese and global
averages (Figure 4), reflecting the lower growth potential of plant communities in the
region, especially the lack of availability of P.

Over a relatively short period, the factors of time and parent material have little
influence on the formation of natural soil, especially topsoil nutrients [58]. The sampling
month had a weak influence on soil C and N contents and the C:N ratios in our study
(Figure 4). The reactions of soil C and N contents to environmental changes were essentially
synchronous, and variations in C:N ratios during the different growth periods did not
manifest (Figure 4). The reason for this is that C and N, as structural components, have
relatively fixed ratios in the accumulation and consumption processes [59,60]. The source
of soil P is relatively fixed, and its mass fraction is mainly affected by the parent materials.
High temperatures and rain accelerate the weathering rate of rock and the leaching of
phosphorus [61]; thus, soil P content during the middle growing season was slightly lower
(Figure 4). Soil C:N ratio is a crucial parameter for measuring soil quality and can indicate
nutrient circulation in the soil [55,58]. In our study, the soil C:N (18.72) was higher than
the Chinese (11.90) [55] and global (14.3) [62] averages, indicating that the mineralization
capacity of the soil organic matter in the R. pseudoacacia plantation was weak. The soil C:P
ratio is an essential direction for judging the release potential of soil P elements, whereby
the availability of P decreases with an increase in the soil C:P ratio [63]. The soil C:P
(35.19) ratio measured in this study was lower than the Chinese (61.00) [55] and global
(186.00) [59] averages, and this C:P value is conducive to the release of more P from forest
soil microorganisms during the mineralization process. This means that although the
soil P content in the study area is significantly lower than the average in China, the R.
pseudoacacia leaves can still maintain a high P content (Table 4). Meanwhile, the soil C:P
ratio in the incipient growing season was significantly lower than in the other growing
periods, indicating that the availability of soil P during this period was the highest.

4.3. Correlation Analysis of Plants, Litter and Soil C, N, P Stoichiometry

The competition of plant communities for resources is the internal cause for the de-
velopment and succession of forest ecosystems [14]. We found that there was a significant
positive correlation between the leaf nutrients of trees and shrubs, indicating that the com-
petition between trees and shrubs for soil nutrients was weak. The nutrients of herbs were
negatively correlated with the nutrients of trees and shrubs, and the correlation of N con-
tent was extremely significant. Therefore, the arbor layer may have exerted stress to the N
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absorption of the understory herbs, and this strong competition for underground resources
will cause the R. pseudoacacia plantation ecosystem to be unable to effectively use environ-
mental resources [64]. Thus, appropriate management measures can be implemented to
optimize the community structure.

Plants, litter, and soil are the basic components of the nutrient cycle in forest ecosys-
tems, whereby elements such as C, N, and P are transported and transformed among these
components [30]. Correlation analyses of the collected data indicate that the correlation
of C and N between plants and litter is contrary to that of P (Table 3), indicating that the
decomposition and utilization of different nutrients in the litter may not be synchronous.
Previous studies have illustrated that the correlation of certain nutrient contents between
plants and soil can also indicate that plant growth is limited by this element, especially
because leaves are more sensitive to the changes in soil nutrients [10,30]. In this study,
the P content between trees and soil and the N content between herbs and soil exhibited
a significant positive correlation (Table 3). This indicates that the supply capacity of the
soil P content in this region cannot meet the growth demand of R. pseudoacacia, and the
understory herbs lack N. Litter releases nutrients into the soil via processes such as leaching,
crushing, and decomposition, and we found that the C and N contents were significantly
correlated between the litter and soil, while the correlation of litter and soil P contents was
not significant (Table 3). The reason for this may be that the P components in the soil not
only come from the decomposition of litter but also from the leaching and weathering of
rock parent materials [61,65].

5. Conclusions

The C:N:P stoichiometry of the plants, litter, and soil of the R. pseudoacacia plantation
on the Loess Plateau had different seasonal patterns. Overall, the influence of seasonal
changes on the nutrients of plant tissues, especially on the N and P contents of leaves, was
greater than that on the litter and soil. The N and P contents in both the trees and shrub
leaves gradually decreased throughout growing seasons, while those in herbs showed an
opposite trend. The C:N, C:P, and N:P ratios of leaves on trees had significant differences
in different growing seasons, and the N and P utilization efficiencies of trees and shrubs
were the lowest in the incipient growing season. The time factor should be considered
when using C:N:P stoichiometry to reflect plant functionality traits. Additionally, the
P content between trees and soil and the N content between herbs and soil exhibited a
significant positive correlation and their growth was restricted by soil P and N, respectively.
Therefore, corresponding measures of artificial tending and nutrient management should
be implemented in this area. These findings are critical for understanding the nutrient
balance in the R. pseudoacacia plantation and contribute to the sustainable management of
this species in the Loess Plateau. However, due to differences in the external environment,
short-term data may limit our understanding of nutrient regulation mechanisms in such
forest ecosystems. Hence, long-term observations should be strengthened in the future to
explore the survival and adaptation strategies of artificial forests.
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