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Abstract

Water availability strongly influences nutrient utilization and plant adaptive strategies, yet
how nitrogen (N) and phosphorus (P) supply interact with water conditions to regulate
leaf functional traits remains insufficiently understood. In this study, Robinia pseudoacacia L.
seedlings were subjected to contrasting water regimes combined with N and P additions
to examine leaf morphological, structural, physiological, and stoichiometric traits. The
results showed that water availability significantly modulated seedling responses to N
and P supply. Under well-watered conditions, nutrient addition promoted leaf growth
and biomass accumulation, whereas under water deficit, seedlings enhanced osmotic
adjustment and altered resource allocation. Significant interactions among water, N, and P
were observed for leaf morphological, physiological, and stoichiometric traits. Soil organic
carbon (SOC), total nitrogen (TN), and available phosphorus (AP) in rhizosphere soil were
the soil factors most strongly associated with the variation in leaf functional traits, among
which SOC exhibited the highest explanatory power. Functional trait network analysis
revealed that specific leaf area (SLA) and leaf nitrogen-to-phosphorus ratio (N:P) were
identified as central hubs of the leaf trait network. Overall, drought shifted R. pseudoacacia
seedlings from a resource-acquisitive strategy toward a resource-conservative and stress-
tolerant strategy. This study elucidates the short-term response patterns of R. pseudoacacia
seedlings to combined water and nutrient stress, providing preliminary insights for water
and fertilizer management during seedling establishment in arid regions.

Keywords: drought stress; nitrogen—phosphorus interaction; plasticity index; trait network;
C:N:P stoichiometry

1. Introduction

Global climate change has become one of the most critical environmental challenges
affecting terrestrial ecosystems, particularly in arid and semi-arid regions where resource
limitation is increasingly intensified. Among various climate-related stressors, reduced
water availability caused by the increasing frequency and severity of drought substantially
constrains plant growth, physiological activity, and ecosystem functioning [1,2]. Concur-
rently, accelerated industrialization and agricultural activities have markedly increased
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atmospheric nitrogen deposition, thereby altering soil nutrient availability and plant nu-
trient acquisition patterns in many ecosystems [3,4]. In contrast, phosphorus availability
remains strongly limited in many nutrient-poor soils because of its low mobility and re-
stricted bioavailability, further constraining plant productivity and ecosystem stability [5].
As water and nutrient availability jointly regulate plant carbon assimilation, nutrient allo-
cation, and stress resistance, plants frequently exhibit complex adaptive responses under
simultaneous drought and nutrient fluctuations [6]. Previous studies have demonstrated
that drought can reduce leaf nitrogen and phosphorus concentrations while promoting
the accumulation of soluble sugars and starch, reflecting shifts in plant resource allocation
and osmotic regulation strategies under resource limitation [7]. Moreover, nitrogen and
phosphorus supply often exert strong interactive effects on plant growth and functional
trait expression [6]. However, when drought occurs simultaneously with changes in nutri-
ent availability, the responses of plant functional traits become highly context dependent
and are strongly influenced by environmental conditions and species-specific resource-use
strategies [8]. Although increasing evidence suggests that water and nutrient interac-
tions play a fundamental role in shaping plant adaptation to environmental stress, the
mechanisms through which water availability modulates plant responses to nitrogen and
phosphorus supply remain insufficiently understood.

Leaf functional traits constitute a critical interface between plants and the external
environment and provide important insights into plant ecological strategies and adaptive
responses to environmental change [9]. Morphological, physiological, and stoichiometric
leaf traits collectively reflect plant resource acquisition, nutrient utilization, photosynthetic
performance, and stress tolerance [10,11]. In particular, leaf nitrogen and phosphorus
contents are widely recognized as key indicators of plant nutritional status and ecological
strategy, whereas leaf C:N:P stoichiometry provides important information on nutrient
limitation and adaptive responses to environmental stress [12,13]. Owing to their high
plasticity, leaf functional traits enable plants to optimize water use and maintain physio-
logical stability under changing environmental conditions [14,15]. Under drought stress,
plants commonly adopt conservative resource-use strategies characterized by increased
leaf thickness, altered osmotic adjustment, and reduced transpiration water loss in order to
maintain water balance and photosynthetic function [16,17]. In addition, nutrient availabil-
ity can substantially modify leaf functional traits and thereby influence plant adaptation
to environmental stress [18] Nitrogen addition generally promotes leaf nitrogen accumu-
lation and photosynthetic capacity, whereas phosphorus supplementation may enhance
nutrient utilization efficiency and stress tolerance under nutrient-deficient conditions [19].
Previous field studies have shown that nitrogen addition can significantly alter leaf nutri-
ent concentrations and morphological traits, while the combined regulation of nitrogen
and phosphorus jointly influences plant trait coordination and adaptive strategies [18].
Nevertheless, most previous studies have primarily focused on the independent effects of
drought or nutrient addition, whereas the coordinated responses of leaf functional traits to
coupled water and nutrient regulation remain poorly characterized.

Robinia pseudoacacia L. is an important afforestation and ecological restoration tree
species widely distributed in warm temperate and semi-arid regions because of its rapid
growth, strong environmental adaptability, and nitrogen-fixing capacity. Owing to these
characteristics, R. pseudoacacia has been extensively used for vegetation restoration and soil
and water conservation on the Loess Plateau and other drought-prone regions. Previous
studies have shown that drought stress substantially constrains photosynthetic perfor-
mance, reduces non-structural carbohydrate reserves, and aggravates hydraulic and gas
exchange limitations in R. pseudoacacia, indicating a shift toward conservative survival
strategies under water deficit conditions [20,21]. Considerable clonal variation in growth
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and ecophysiological performance has also been observed in R. pseudoacacia under dry
environmental conditions, with coordinated variation among assimilation rate, transpira-
tion rate, and growth traits [22,23]. At the species level, prolonged water limitation can
induce reductions in transpiration and leaf area and substantially decrease above-ground
biomass, whereas whole-plant water-use efficiency may remain relatively stable across
different water regimes [24]. In addition, phosphorus limitation can alter biomass alloca-
tion and functional trait expression, and the combined effects of drought and phosphorus
stress may further intensify leaf functional adjustments [5]. Despite increasing attention
to the ecological adaptation of R. pseudoacacia, existing studies have mainly examined the
effects of water or nutrient availability separately, whereas the interactive effects of water,
nitrogen, and phosphorus on leaf functional trait coordination remain unclear. Therefore,
this study established different soil moisture conditions combined with nitrogen and phos-
phorus supply treatments to investigate the coordinated responses of leaf functional traits
in R. pseudoacacia seedlings. Specifically, this study aimed to: (1) evaluate the interactive
effects of water availability and nitrogen-phosphorus supply on leaf morphological, struc-
tural, physiological, and stoichiometric traits; (2) determine the relationships between leaf
functional traits and rhizosphere soil physicochemical properties; and (3) investigate the
coordination patterns among leaf functional traits and identify key traits associated with
trait network structure under contrasting water and nutrient conditions. We hypothesized
that: (1) water availability significantly modulates the effects of nitrogen and phosphorus
supply on leaf functional traits; (2) variations in leaf functional traits are closely associated
with rhizosphere soil nutrient status and physicochemical properties; and (3) coordinated
and trade-off relationships among leaf functional traits jointly reflect adaptive strategies
of R. pseudoacacia seedlings under multiple resource stresses. This study provides new
insights into the adaptive mechanisms of R. pseudoacacia under coupled water-nutrient
stress and offers a theoretical basis for vegetation restoration and nutrient management in
drought-prone and nutrient-limited ecosystems.

2. Materials and Methods
2.1. Experimental Design

The controlled pot experiment was conducted from March to September 2019 at
the Institute of Soil and Water Conservation, Northwest A&F University, China. The
experimental setup was placed under a retractable rain shelter to avoid natural rainfall
interference and to maintain the target soil moisture conditions through manual watering
based on daily weighing. The study site was located in Yangling, Shaanxi Province, on
the southern margin of the Loess Plateau (34°17’ N, 108°04’ E). The region has a warm
temperate semi-humid climate, with a mean annual precipitation of 632 mm, approximately
70% of which occurs from June to September, and a mean annual temperature of 13 °C.

In late March 2019, one-year-old R. pseudoacacia seedlings with an average height of
approximately 20 cm were selected for the experiment. Each seedling was individually
planted in a cylindrical plastic pot measuring 30 cm in diameter and 30 cm in height. A
gravel layer (2-3 cm in diameter) was placed at the bottom of each pot, and a polyvinyl
chloride (PVC) pipe with an inner diameter of 2 cm was installed along the inner wall of
the pot. Irrigation through the PVC pipe reduced water loss caused by evaporation and
prevented soil surface hardening resulting from direct surface irrigation. Nitrogen fertilizer
(urea, 46% N) and phosphorus fertilizer (superphosphate, 16% P,Os) were applied once as
basal fertilizers. Each pot was filled with 15 kg of soil or soil-fertilizer mixture. The soil
was collected from the 0-20 cm topsoil layer of a local abandoned field. Before fertilizer
application, the soil had a bulk density of 1.27 g cm~3, a pH of 8.29, a soil organic carbon
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content of 6.74 g kg1, a total nitrogen content of 0.72 g kg ™!, and a total phosphorus
content of 0.72 g kg 1.

The experiment followed a completely randomized design with 16 water-fertilization
treatment combinations, six replicates per treatment, and a total of 96 pots. Two soil
moisture levels were established: 55% of field capacity (W1, drought treatment) and 75%
of field capacity (W2, well-watered treatment). Nitrogen was applied at four levels: NO,
no urea; N1, 0.2 g kg~!; N2, 0.4 g kg~!; and N3, 0.8 g kg~ !. Phosphorus was applied at
two levels: PO, no superphosphate; and P1, 0.6 g kg ~!. Before drought treatment initiation,
soil moisture was maintained at approximately 80% of field capacity to ensure seedling
establishment and early growth. After drought treatment began, soil moisture was adjusted
daily to the designated treatment level at 18:00 using the weighing method. A schematic
diagram of the experimental procedure is shown in Figure 1.

soil-fertilizer S I P—— P

@ N fertilizer \ / \ : S ® \:/ \ee® | 000 oo |

P fertilizer |

One-year-old
seedling
transplanting

water

treatment 55% FC 75% FC

16 treatments x 6 replicates

Figure 1. Schematic diagram of the experimental design and treatment setup.

2.2. Sample Collection and Measurements

After three months of drought treatment, three pots were randomly selected from the
six biological replicates in each treatment group for leaf collection. Fully expanded and
healthy leaves were collected from each seedling for leaf trait measurements. Leaf area (LA)
was measured using a scanner (Epson Perfection V700 Photo, Seiko Epson Corporation,
Suwa, Nagano, Japan), and leaf thickness (LT) was measured using a digital caliper (CD-
6" ASX, Mitutoyo Corporation, Kawasaki, Japan). Fresh weight (FW) was determined
immediately after sampling using an electronic balance (ME204, Mettler-Toledo GmbH,
Greifensee, Switzerland). The leaf samples were then washed, air-dried, and rehydrated
to full turgor before turgid weight (TW) was measured. Subsequently, the samples were
heated at 105 °C for 30 min to inactivate enzymes, followed by oven-drying at 75 °C to
constant weight using an electric thermostatic drying oven (Model 101-2, Shanghai Yiheng
Scientific Instrument Co., Ltd., Shanghai, China). Dry weight (DW) was then determined
using an electronic balance [25].

The leaf samples were ground into powder for the determination of soluble sugar,
soluble protein, proline, carbon (C), nitrogen (N), and phosphorus (P) contents. Soluble
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sugar content was determined by the anthrone method; soluble protein content by the
Coomassie brilliant blue method; proline content by the ninhydrin method; C content by
the potassium dichromate volumetric method; N content by the Kjeldahl method; and P
content by the vanadomolybdate yellow colorimetric method [25].

The calculated leaf traits included specific leaf area (SLA), leaf mass per area (LMA),
leaf dry matter content (LDMC), leaf water content (LWC), relative water content (RWC),
and leaf tissue density (LTD), which were calculated as follows [26].

leaf area (cmz)

Specific leaf area (SLA, cm”/ g) = dry weight (g) (1)
dry weight (g)
Leaf LMA =2 "5 6/ 2
eaf mass per area ( ,g/cm”) leaf area (cm?) (2)
B dry weight (g)
Leaf dry matter content (LDMC, g/g) = saturated fresh weight (g) 3)
Leaf total water content (LWC, %) = (fresh weight — dry weight) x 100% 4)

fresh weight

(fresh weight — dry weight)
(saturated fresh weight — dry weight)

Leaf relative water content (RWC, %) = x100%  (5)

. . dry weight (g)
3\ _ y weight (g
Leaf tissue density (LTD,g/cm ) " (leaf area (cm?2)leaf thickness (cm)) ©)

Rhizosphere soil adhering to the surfaces of fine roots was collected using the shaking
method and stored in sterile self-sealing bags. These rhizosphere soil samples were used
for the determination of soil physicochemical properties. Soil pH was measured using
the glass electrode method at a soil-to-water ratio of 1:2.5. Soil organic carbon (SOC) was
determined by the potassium dichromate oxidation-external heating method, total nitrogen
(TN) by the Kjeldahl method using a Kjeltec 8400 analyzer (FOSS Analytical A/S, Hillered,
Denmark), total phosphorus (TP) by the perchloric acid-sulfuric acid digestion colorimet-
ric method using a visible spectrophotometer (Model 7225, Shanghai Precision Scientific
Instrument Co., Ltd., Shanghai, China), available phosphorus (AP) by the sodium bicar-
bonate extraction-molybdenum-antimony spectrophotometric method, and ammonium
nitrogen (NH;-N) and nitrate nitrogen (NO3~-N) using an AA3 continuous flow analyzer
(Bran+Luebbe GmbH, Norderstedt, Germany) [25].

2.3. Data Analysis

To facilitate interpretation, the measured leaf traits were classified into four categories:
morphological traits, including leaf area (LA), fresh weight (FW), turgid weight (TW),
and dry weight (DW); structural traits, including leaf thickness (LT), specific leaf area
(SLA), leaf mass per area (LMA), leaf dry matter content (LDMC), and leaf tissue density
(LTD); physiological traits, including leaf water content (LWC), relative water content
(RWC), soluble sugar (SS), soluble protein (SP), and proline (Pro); and stoichiometric
traits, including carbon (C), nitrogen (N), phosphorus (P), carbon-to-nitrogen ratio (C:N),
carbon-to-phosphorus ratio (C:P), and nitrogen-to-phosphorus ratio (N:P).

The plasticity index (PI) was used to quantify the responsiveness of leaf traits to
environmental stress and thereby reflect the degree of trait plasticity [27]. For each trait, PI
was calculated as the difference between the maximum and minimum values divided by
the maximum value. PI values range from 0 to 1, with higher values indicating stronger
plastic responses to environmental variation. PI values were calculated for all measured
leaf traits, and representative traits were compared across treatments.

Raw data were initially organized in Microsoft Excel 2019, and all results were pre-
sented as mean =+ standard deviation (SD, n = 3). Three-way analysis of variance (ANOVA)
was used to test the main effects of water, nitrogen, and phosphorus, as well as their
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interactions (W x N, W x P,N x P,and W x N x P). The coefficient of determination (R?)
of the three-way ANOVA model was used to quantify the proportion of total variation in
each response variable explained collectively by the three experimental factors and their
interactions. Prior to the three-way ANOVA, the Shapiro-Wilk test and Levene’s test were
performed to assess the normality of model residuals and homogeneity of variance, respec-
tively. For several response variables, one or both assumptions were violated. Therefore,
bootstrap resampling with 1000 iterations was adopted as a supplementary approach to
test the robustness of treatment effects. The bias-corrected and accelerated (BCa) boot-
strap method was used to construct the 95% confidence intervals (ClIs) for the estimated
treatment effects; a treatment effect was considered supported by the bootstrap analysis
when its 95% CI did not contain zero. Since the bootstrap results were consistent with the
significance patterns obtained from the three-way ANOVA, the F-values and p-values from
the ANOVA were retained as the primary basis for reporting treatment effects. Duncan’s
multiple range test was used for multiple comparisons among treatments at a significance
level of & = 0.05. Descriptive statistical analyses were conducted using IBM SPSS Statistics
(version 27.0.1.0). Data visualization was performed using Canoco (version 5.02), Origin
2021 (version 9.8.0.200), and R (version 4.4.3; https:/ /www.r-project.org/). Specifically,
Canoco was used to generate redundancy analysis (RDA) plots, Origin 2021 was used to
produce bar charts and Pearson correlation heatmaps, and R 4.4.3 was used for network
analysis and Mantel test visualizations.

For the functional trait network analysis, all raw data were first standardized to elimi-
nate differences in measurement scales and improve comparability among traits. A Pearson
correlation matrix was then constructed based on the standardized data. To build a robust
trait network, a dual filtering criterion was applied, and only significant correlations meet-
ing both false discovery rate (FDR)-adjusted p < 0.05 and absolute correlation coefficient Ir |
> 0.2 were retained. The filtered correlations were used to construct an adjacency matrix,
from which an undirected weighted network was generated. Edge weights were defined
as the absolute values of the correlation coefficients, whereas edge attributes retained the
original correlation coefficients. Network topological properties were calculated using
the igraph package in R, and the network was visualized using the qgraph and igraph
packages.

Mantel tests were performed to evaluate the overall associations between leaf trait
categories and rhizosphere soil physicochemical properties as a complementary analysis to
the Pearson correlation analysis. The measured leaf traits were classified into four groups:
morphological, structural, physiological, and stoichiometric traits. Gower distance was
used to construct the distance matrix for each leaf trait group, whereas Euclidean distance
was used to construct the distance matrix for the soil environmental variables. For graphical
presentation, the absolute Mantel correlation coefficients were classified into three levels
(<0.20, 0.20-0.40, and >0.40), and the corresponding p values were classified as <0.01,
0.01-0.05, and >0.05.

To examine the associations between leaf functional traits and rhizosphere soil physic-
ochemical properties, DCA was first conducted to determine whether a linear or unimodal
constrained ordination method was appropriate. The maximum gradient length obtained
from the DCA was 0.14 standard deviation units, which was below the threshold of
3 adopted in this study. This result indicated that a linear response model was more appro-
priate for the present dataset than a unimodal response model. Therefore, RDA, rather than
canonical correspondence analysis, was used for the subsequent constrained ordination.
In the RDA, leaf functional traits were treated as response variables, whereas rhizosphere
soil physicochemical properties were treated as explanatory variables. Variance inflation
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factors were calculated to evaluate multicollinearity among the explanatory variables. All
retained soil variables had VIF values below 2.0, indicating no substantial multicollinearity.

3. Results
3.1. Plasticity and Network Characteristics of Leaf Traits in R. pseudoacacia Seedlings

As shown in Figure 2, the plasticity of leaf structural and physiological traits in R.
pseudoacacia seedlings differed under different water supply conditions. The calculated
plasticity index (PI) values showed that, under drought conditions, LT, LMA, SLA, DW,
TW, and FW exhibited markedly higher PI values than LWC, RWC, SS, and Pro (Figure 2a).
Under well-watered conditions, Pro showed the highest PI value, followed by SLA and
LMA, whereas LTD also exhibited relatively high plasticity (Figure 2b).
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Figure 2. Ranking of the plasticity index (PI) of leaf traits in R. pseudoacacia seedlings under different
water conditions: (a) drought treatment (W1, 55% of field capacity); (b) well-watered treatment (W2,
75% of field capacity). LA, leaf area; FW, fresh weight; TW, turgid weight; DW, dry weight; LT, leaf
thickness; SLA, specific leaf area; LMA, leaf mass per area; LDMC, leaf dry matter content; LWC, leaf
water content; RWC, relative water content; LTD, leaf tissue density; C, carbon content; N, nitrogen
content; P, phosphorus content; SS, soluble sugar; SP, soluble protein; Pro, proline.

As shown in Figure 3, the constructed leaf trait network was an undirected network in
which nodes represented leaf traits and edges represented significant correlations among
traits. Pro and SP in the green cluster, as well as RWC, LDMC, and LWC in the blue cluster,
showed no direct connections with traits in the other colored clusters, indicating that these
traits had no significant direct correlations with those traits. Within the purple cluster, C:P
was directly connected with C, C:N, N, P, and N:P, while N was directly connected with
C:N, C:P, P, and NP, indicating that these traits were significantly correlated with multiple
chemical traits. In the red cluster, SLA showed the highest centrality and was closely
associated with all other nodes in the cluster, indicating that it played a key role in the
structural trait network of R. pseudoacacia seedlings. In addition, N:P was connected with
SLA, LMA, and LTD, suggesting that this node acted as a bridge linking chemical traits
with structural traits. Overall, the results indicated that SLA and N:P were the key nodes
in the leaf trait network of R. pseudoacacia seedlings, jointly forming the core endpoints of
the resource allocation trade-off axis and exerting an important influence on the overall
coordination of leaf traits.

3.2. Differential Responses of Leaf Trait Categories to Water, Nitrogen, and Phosphorus Treatments
in R. pseudoacacia Seedlings

3.2.1. Responses of Leaf Morphological Traits to Water, Nitrogen,
and Phosphorus Treatments

Three-way analysis of variance (ANOVA) (Table 1) revealed that water availability
(W, F =26.882, p < 0.001) and the water x nitrogen interaction (W x N, F = 3.674, p = 0.022)
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had significant effects on leaf area (LA), whereas nitrogen addition, phosphorus addition,
and all other interaction terms showed no significant effects on LA. Nitrogen addition
significantly affected fresh weight (FW, F = 3.556, p = 0.025), turgid weight (TW, F = 3.904,
p = 0.017) and dry weight (DW, F = 3.795, p = 0.019), whereas water availability, phosphorus
addition, and all interaction terms had no significant effects on FW, TW, or DW. To further
characterize differences among specific nitrogen-phosphorus treatment combinations,
treatment means were compared separately within each water regime (Figure 4). Under
drought conditions, combined nitrogen and phosphorus treatments significantly affected
leaf morphological traits, including LA, FW, TW, and DW (Figure 4). Specifically, compared
with the control treatment (NOPO), the N2P1 treatment significantly increased FW, TW,
and DW by 36.71%, 32.14%, and 43.37%, respectively (Figure 4b—d). Under well-watered
conditions, combined nitrogen and phosphorus treatments also significantly affected leaf
morphological traits, including LA, FW, TW, and DW (Figure 4). Specifically, compared
with the control treatment (NOPO), the N1P1 treatment significantly increased TW and DW
by 30.66% and 27.31%, respectively (Figure 4c,d).

Figure 3. Network analysis of leaf traits in R. pseudoacacia seedlings. Red cluster: LT, leaf thickness;
LA, leaf area; SLA, specific leaf area; LMA, leaf mass per area; DW, dry weight; FW, fresh weight;
TW, turgid weight; LTD, leaf tissue density. Blue cluster: RWC, relative water content; LDMC, leaf
dry matter content; LWC, leaf water content. Green cluster: Pro, proline; SP, soluble protein. Purple
cluster: C, carbon content; N, nitrogen content; P, phosphorus content; C:N, carbon-to-nitrogen ratio;
C:P, carbon-to-phosphorus ratio; N:P, nitrogen-to-phosphorus ratio.

Overall, the morphological traits of R. pseudoacacia seedlings were not uniformly
affected by water, nitrogen, phosphorus, or their interactions. The full three-way ANOVA
model explained 60.2% of the variation in leaf area (LA; R?= 0.602), with water availability
and the W x N interaction showing significant effects. In contrast, fresh weight (FW), turgid
weight (TW), and dry weight (DW) were primarily affected by nitrogen addition. Under
drought conditions, the N2P1 treatment significantly increased FW, TW, and DW relative
to the NOPO control. Under well-watered conditions, the N1P1 treatment significantly
increased TW and DW relative to the control.
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Figure 4. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf
morphological traits of R. pseudoacacia seedlings. Under the same water condition, different lowercase
letters indicate significant differences among nitrogen and phosphorus treatments at p < 0.05. Lower-
case letters in the upper-left corner of each panel are panel labels only and do not indicate statistical
significance. Lowercase letters in the upper-left corner of each panel are panel labels only and do
not indicate statistical significance. LA, leaf area (a); FW, fresh weight (b); TW, turgid weight (c); DW,
dry weight (d).

Table 1. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf
morphological traits of R. pseudoacacia seedlings.

Factor LA FW ™ DW
F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value
W 26.882 <0.001 *** 2.387 0.132 ns 3.164 0.084 ns 0.899 0.350 ns
N 1.053 0.382ns 3.556 0.025* 3.904 0.017* 3.795 0.019 *
P 3.819 0.059 ns 1.301 0.262 ns 1.824 0.186 ns 2.743 0.107 ns
W x N 3.674 0.022 * 2.404 0.085 ns 2.508 0.076 ns 2.511 0.076 ns
W x P 0.002 0.969 ns 0.272 0.605 ns 0.148 0.702 ns 0.224 0.639 ns
N x P 0.199 0.896 ns 0.545 0.654 ns 0.403 0.752 ns 0.182 0.907 ns
W x N xP 0.977 0.415 ns 1.301 0.291 ns 0.868 0.467 ns 1.271 0.301 ns
R? 0.602 0.461 0.468 0.459

Note: Values represent F-values and significance levels of morphological trait parameters under different treat-
ments. R? indicates the proportion of variance explained by the model. W, N, and P represent water, nitrogen,
and phosphorus, respectively, and x indicates interaction effects. *** p < 0.001, * p < 0.05, and ns indicates no
significant difference. LA, leaf area; FW, fresh weight; TW, turgid weight; DW, dry weight.
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3.2.2. Responses of Leaf Structural Traits to Water, Nitrogen, and Phosphorus Treatments

The three-way ANOVA results (Table 2) showed that water availability significantly
affected specific leaf area (SLA, F = 5.861, p = 0.021), leaf mass per area (LMA, F = 6.083,
p = 0.019), leaf dry matter content (LDMC, F =5.159, p = 0.029), and leaf tissue density (LTD,
F =9.051, p = 0.005); phosphorus addition significantly affected LTD (F = 10.778, p = 0.002);
the water x nitrogen interaction significantly affected SLA (F = 3.536, p = 0.025) and LTD
(F = 3.810, p = 0.019); and the water x nitrogen X phosphorus interaction significantly
affected LDMC (F = 3.136, p = 0.038). In contrast, phosphorus addition had no significant
effects on the other structural traits, and neither the water x phosphorus interaction nor
the nitrogen x phosphorus interaction significantly affected the measured structural traits.
To further examine the effects of water, nitrogen, phosphorus, and their interactions on
leaf structural traits, treatment comparisons were conducted separately under the two
water regimes (Figure 5). Multiple comparisons revealed that under drought conditions,
compared with the control treatment (NOP0), the N2P0, N1P1, N2P1, and N3P1 treatments
significantly increased LTD by 52.08%, 49.30%, 61.80%, and 43.26%, respectively (Figure 5e).
Under well-watered conditions, compared with the control treatment (NOPO), the N3P0
treatment significantly decreased LDMC by 8.74% (Figure 5d).

Overall, among the leaf structural traits, specific leaf area (SLA) and leaf tissue density
(LTD) were significantly affected by both water availability and the water x nitrogen
interaction, and LTD was additionally affected by phosphorus addition. Leaf mass per
area (LMA) was primarily affected by water availability, whereas leaf dry matter content
(LDMC) was mainly affected by water availability and the three-way water x nitrogen
x phosphorus interaction. Leaf thickness (LT) showed no significant response to any
individual factor or interaction, indicating that not all leaf structural traits were jointly
affected by water, nitrogen, and phosphorus. Under drought conditions, combined nitro-
gen and phosphorus application generally increased LTD, thereby enhancing structural
characteristics associated with drought resistance. Under well-watered conditions, the
high-nitrogen, low-phosphorus treatment (N3P0) significantly reduced LDMC, indicating
plasticity in leaf structural responses. These results suggest that R. pseudoacacia may adjust
its resource-use and adaptive strategies by modifying leaf structural traits under different
water—nutrient combinations.

Table 2. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf
structural traits of R. pseudoacacia seedlings.

Factor LT SLA LMA LDMC LTD
F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value
W 0.03 0.863 ns 5.861 0.021* 6.083 0.019* 5.159 0.029 * 9.051 0.005 **
N 0.443 0.723 ns 1.294 0.293 ns 0.914 0.445 ns 1.171 0.336 ns 2.572 0.07 ns
P 1.411 0.243 ns 2.708 0.109 ns 3.016 0.092 ns 1.225 0.276 ns 10.778 0.002 **
W x N 0.292 0.830 ns 3.536 0.025* 2.561 0.072 ns 0.187 0.904 ns 3.810 0.019 *
W x P 1.463 0.235ns 0.750 0.392 ns 1.350 0.253 ns 0.240 0.878 ns 0.840 0.366 ns
N x P 1.040 0.388 ns 0.194 0.899 ns 0.124 0.945 ns 0.727 0.543 ns 0.866 0.468 ns
W x N x P 0.770 0.519 ns 0.549 0.652 ns 0.690 0.564 ns 3.136 0.038 * 0.798 0.504 ns
R? 0.271 0.449 0.421 0.408 0.583

Note: Values represent F-values and significance levels of structural trait parameters under different treatments.
R? indicates the proportion of variance explained by the model. W, N, and P represent water, nitrogen, and
phosphorus, respectively, and x indicates interaction effects. ** p < 0.01, * p < 0.05, and ns indicates no significant
difference. LT, leaf thickness; SLA, specific leaf area; LMA, leaf mass per area; LDMC, leaf dry matter content;
LTD, leaf tissue density.
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Figure 5. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf
structural traits of R. pseudoacacia seedlings. Under the same water condition, different lowercase
letters indicate significant differences among nitrogen and phosphorus treatments at p < 0.05. Lower-
case letters in the upper-left corner of each panel are panel labels only and do not indicate statistical
significance. LT, leaf thickness (a); SLA, specific leaf area (b); LMA, leaf mass per area (c); LDMC, leaf
dry matter content (d); LTD, leaf tissue density (e).
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3.2.3. Responses of Leaf Physiological Traits to Water, Nitrogen,
and Phosphorus Treatments

Three-way ANOVA results (Table 3) revealed that water availability significantly
affected leaf water content (LWC, F = 4.531, p = 0.041), while nitrogen addition significantly
affected relative water content (RWC, F =4.987, p= 0.005). Soluble sugar (SS), soluble protein
(SP), and proline (Pro) were each significantly affected by water, nitrogen, phosphorus,
and their interactions. Notably, the three-way water x nitrogen x phosphorus interaction
significantly affected SS, SP, and Pro (p < 0.001 for all), indicating that the physiological
responses to N and P supply depended strongly on water availability. To further elucidate
the specific effects of water, nitrogen, phosphorus, and their interactions on physiological
traits, treatment comparisons were conducted separately under the two water regimes
(Figure 6). Multiple comparisons revealed that, under drought conditions, combined
nitrogen and phosphorus applications significantly altered the contents of SS, SP, and Pro
(Figure 6): relative to the NOPO control, some treatments increased SS, SP, or Pro, whereas
others reduced SS or SP. Under well-watered conditions, N and P treatments significantly
affected all physiological traits (Figure 6): the N3P1 treatment significantly decreased LWC
by 16.96% compared with NOPO; RWC was significantly reduced under multiple treatments
relative to the control; and SS, SP, and Pro exhibited either increases or decreases depending
on the specific N-P combination.

Table 3. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf
physiological traits of R. pseudoacacia seedlings.

LWC RWC SS SP Pro
Factor F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value
W 4.531 0.041 * 0.380 0.542 ns 54.153 <0.001 *** 19.033 <0.001 ***  1633.200  <0.001 ***
N 0.631 0.600 ns 4.987 0.005 ** 103.167 <0.001 *** 431.132 <0.001 *** 1637984  <0.001 ***
P 3.820 0.059 ns 0.704 0.407 ns 140.414 <0.001 *** 37.391 <0.001 ***  1204.871  <0.001 ***
W x N 0.972 0.417 ns 1.892 0.150 ns 136.831 <0.001 *** 139.276 <0.001 ***  1541.738  <0.001 ***
W x P 0.039 0.845 ns 0.188 0.667 ns 11.555 0.002 ** 156.305 <0.001 *** 1845967  <0.001 ***
N x P 1.735 0.179 ns 1.899 0.149 ns 62.198 <0.001 *** 202.238 <0.001 ***  1461.346  <0.001 ***
W x N x P 1.048 0.384 ns 2.134 0.115ns 28.105 <0.001 *** 925.571 <0.001 *** 996.212 <0.001 ***
R? 0.402 0.515 0.974 0.994 0.999

Note: Values represent F-values and significance levels of physiological trait parameters under different treatments.
R? indicates the proportion of variance explained by the model. W, N, and P represent water, nitrogen, and
phosphorus, respectively, and x indicates interaction effects. *** p < 0.001, ** p < 0.01, * p < 0.05, and ns indicates
no significant difference. LWC, leaf water content; RWC, relative water content; SS, soluble sugar; SP, soluble
protein; Pro, proline.

Overall, the physiological traits of R. pseudoacacia seedlings displayed divergent re-
sponse patterns to water and nutrient treatments. LWC was primarily affected by water
availability, RWC was primarily affected by nitrogen addition, whereas SS, SP, and Pro
showed significant W x N x P interaction effects, suggesting that the effects of N and P
on the accumulation of osmotic adjustment compounds were modulated by the specific
combination of water and nutrient conditions.

3.2.4. Responses of Leaf Chemical Traits to Water, Nitrogen, and Phosphorus Treatments

Three-way ANOVA results (Table 4) showed that water availability had no significant
effects on leaf carbon (C), nitrogen (N), phosphorus (P), or their stoichiometric ratios (C:N,
C:P, and N:P). Nitrogen addition significantly affected C (F = 4.837, p = 0.006), N (F = 5.480,
p = 0.003), and the N:P ratio (F = 5.928, p = 0.002). Phosphorus addition significantly affected
the C:N ratio (F = 6.187, p = 0.018) and the N:P ratio (F = 7.940, p = 0.008). Regarding
interaction effects, the water X nitrogen interaction (W x N) significantly affected C
(F=4.661, p =0.008) and N (F = 3.907, p = 0.017); the water x phosphorus interaction (W
x P) significantly affected the N:P ratio (F = 7.735, p = 0.009); the nitrogen x phosphorus
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interaction (N x P) significantly affected N (F =2.947, p = 0.047), P (F = 4.947, p = 0.006), the
C:P ratio (F = 2.898, p = 0.050), and the N:P ratio (F = 4.140, p = 0.013); and the three-way
water X nitrogen X phosphorus interaction (W x N x P) significantly affected N (F = 4.129,
p = 0.013), the C:N ratio (F = 3.043, p = 0.042), and the N:P ratio (F = 3.799, p = 0.019).
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Figure 6. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf
physiological traits of R. pseudoacacia seedlings. Under the same water condition, different lowercase
letters indicate significant differences among nitrogen and phosphorus treatments at p < 0.05. Lower-
case letters in the upper-left corner of each panel are panel labels only and do not indicate statistical
significance. LWC, leaf water content (a); RWC, relative water content (b); SS, soluble sugar (c); SP,
soluble protein (d); Pro, proline (e).
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To further characterize the specific effects of water, nitrogen, phosphorus, and their in-
teractions on leaf chemical traits, treatment comparisons were conducted separately under
the two water regimes (Figure 7). Multiple comparisons revealed that under drought con-
ditions, combined nitrogen and phosphorus treatments significantly affected leaf chemical
traits of R. pseudoacacia seedlings, including C, N, P, C:N, C:P, and N:P (Figure 7). Compared
with the control treatment (NOPO0), the N1PO, N2P0, and N2P1 treatments significantly
decreased C content by 17.63%, 25.11%, and 14.83%, respectively (Figure 7a). Relative to
the control, the N1P1 treatment significantly decreased N content by 19.86% (Figure 7b),
whereas the N2P1 treatment significantly increased P content by 32.56% (Figure 7c). In
addition, the N1PO treatment significantly decreased C:N by 30.23% (Figure 7d), the N2P1
treatment significantly decreased C:P by 37.36% (Figure 7e), and the N1P1 and N2P1 treat-
ments significantly decreased N:P by 22.86% and 31.73%, respectively (Figure 7f). Under
well-watered conditions, compared with the NOPO control, combined nitrogen and phos-
phorus treatments did not show significant effects on leaf chemical traits of R. pseudoacacia
seedlings (Figure 7).

Overall, water availability had no significant main effects on leaf stoichiometric traits;
however, it affected the responses of certain traits through its interactions with nitrogen
and phosphorus, including the three-way water x nitrogen x phosphorus interaction.
Moreover, different stoichiometric traits exhibited distinct response patterns to water and
nutrient supply. These results indicated that the responses of leaf stoichiometric traits to wa-
ter and nutrient treatments were trait-specific and depended on the treatment combination.

3.3. Differences in Rhizosphere Soil Physicochemical Properties Under Different Treatments

Three-way ANOVA results (Table 5) revealed that water availability significantly
affected soil pH (F = 4.310, p = 0.046) and soil organic carbon (SOC, F = 21.899, p < 0.001).
Nitrogen addition significantly affected SOC (F = 4.630, p = 0.008), total nitrogen (TN,
F =13.694, p = 0.001), and ammonium nitrogen (NH4*-N, F = 10.375, p < 0.001). Phospho-
rus addition significantly affected total phosphorus (TP, F = 22.630, p < 0.001), available
phosphorus (AP, F = 30.46, p < 0.001), and nitrate nitrogen (NO3; ~-N, F = 4.361, p = 0.044).
The water X nitrogen interaction significantly affected TN (F = 4.898, p = 0.006), NO3~-N
(F=5.970, p = 0.002), and NH4"-N (F = 7.023, p < 0.001). The water x phosphorus in-
teraction significantly affected TN and NO3;~-N. The nitrogen x phosphorus interaction
significantly affected SOC, AP, NO; ™ -N, and NH,*-N. The three-way water x nitrogen x
phosphorus interaction significantly affected only NOs~-N (p < 0.001).

To further characterize the specific effects of water, nitrogen, phosphorus, and their
interactions on soil physicochemical properties, treatment comparisons were conducted
separately under the two water regimes (Figure 8). Multiple comparisons revealed that
under drought conditions, combined nitrogen and phosphorus treatments significantly
affected rhizosphere soil physicochemical properties, including soil SOC, TN, AP, NO3;~-N,
and NHy4*-N (Figure 8). Compared with the control treatment (NOPO), the N1P0, N2P0,
N3P0, and N1P1 treatments significantly decreased SOC by 6.06%, 6.30%, 6.56%, and 8.27%,
respectively (Figure 8b). In addition, compared with the control, the N1P0, N2P0, N3P0,
NOP1, N1P1, and N2P1 treatments significantly decreased NO3™-N by 62.63%, 75.27%,
82.29%, 64.50%, 79.59%, and 74.72%, respectively (Figure 8f). Relative to the control, the
N1P1 treatment significantly increased NH4*-N by 25.13% (Figure 8g).

Under well-watered conditions, combined nitrogen and phosphorus treatments also
significantly affected rhizosphere soil physicochemical properties, including soil SOC, TN,
TP, AP, NO3;~-N, and NH;*-N (Figure 8). Compared with the control treatment (NOPO), the
N1P0 and NOP1 treatments significantly decreased SOC by 9.30% and 6.17%, respectively
(Figure 8b). TN was significantly increased by 246.71%, 218.42%, and 215.78% under the N2P0,
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N1P1, and N2P1 treatments, respectively, relative to the control (Figure 8c). In contrast, TP
was significantly decreased by 4.26%, 5.01%, and 4.13% under the N1P0, N2P0, and N3P0
treatments, respectively (Figure 8d). The N1P1 treatment significantly increased AP by 99.43%
compared with the control (Figure 8e). In addition, the N3P0 treatment significantly increased
NO3~-N by 134.11% (Figure 8f), whereas NH4*-N was significantly increased by 23.03% and

31.95% under the N3P0 and N3P1 treatments, respectively (Figure 8g).
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Figure 7. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf
chemical traits of R. pseudoacacia seedlings. Under the same water condition, different lowercase letters
indicate significant differences among nitrogen and phosphorus treatments at p < 0.05. Lowercase
letters in the upper-left corner of each panel are panel labels only and do not indicate statistical
significance. C, carbon content (a); N, nitrogen content (b); P, phosphorus content (c); C:N, carbon-to-
nitrogen ratio (d); C:P, carbon-to-phosphorus ratio (e); N:P, nitrogen-to-phosphorus ratio (f).
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Opverall, the responses of rhizosphere soil properties to water and nutrient treatments
varied considerably. Soil pH and soil organic carbon (SOC) were primarily affected by
water availability, whereas total nitrogen (TN), total phosphorus (TP), available phosphorus
(AP), nitrate nitrogen (NO3 ~-N), and ammonium nitrogen (NH,;*-N) were affected by the
main effects of nitrogen or phosphorus, two-way interactions (W x N, W x P,and N x P),
or the three-way interaction (W x N X P), indicating that the response patterns were
property-specific. Under drought conditions, several soil nutrient indicators tended to
decrease, whereas well-watered conditions were generally associated with greater nutrient
availability. Combined nitrogen and phosphorus application produced greater changes
in soil nutrient properties than single-nutrient additions, with some combined treatments
producing particularly pronounced increases in AP. These results suggest that selecting
appropriate nitrogen—phosphorus combinations under different water regimes may help
improve soil nutrient availability and balance.

3.4. Relationships Between Leaf Traits and Rhizosphere Soil Physicochemical Factors in
R. pseudoacacia Seedlings

Mantel test analysis showed that total phosphorus (TP) was extremely significantly
positively correlated with available phosphorus (AP, p < 0.01), but significantly negatively
correlated with nitrate nitrogen (NO3™-N, p < 0.05) (Figure 9). Among the measured soil
physicochemical properties, soil organic carbon (SOC) showed significant correlations with
the physiological traits of R. pseudoacacia seedlings, including leaf water content (LWC),
relative water content (RWC), soluble sugar (SS), soluble protein (SP), and proline (Pro), as
well as with the chemical traits, including carbon (C), nitrogen (N), phosphorus (P), carbon-
to-nitrogen ratio (C:N), carbon-to-phosphorus ratio (C:P), and nitrogen-to-phosphorus ratio
(N:P). In contrast, no significant correlations were detected between the remaining leaf trait
categories and rhizosphere soil physicochemical properties (p > 0.05).

As shown in Figure 10, the RDA ordination plot illustrates the multivariate associations
between leaf functional traits of R. pseudoacacia and rhizosphere soil physicochemical
properties. Redundancy analysis (RDA), a constrained ordination method, was used
in this study, with rhizosphere soil properties treated as explanatory variables and leaf
traits as response variables. The first RDA axis explained 9.70% of the total variance, and
the second axis explained 3.56%, with the first two axes jointly explaining 13.26% of the
total variance. These results indicated that rhizosphere soil physicochemical properties
explained a limited proportion of the variation in leaf functional traits of R. pseudoacacia.
Permutation tests indicated that soil organic carbon (SOC) was significantly associated
with variation in leaf traits (p < 0.05), whereas total nitrogen (TN), total phosphorus (TP),
available phosphorus (AP), ammonium nitrogen (NH4*-N), nitrate nitrogen (NO3~-N),
and pH were not statistically significant (p > 0.05). Further analysis of the independent
explanatory power and contribution of each variable showed that SOC had the highest
independent explanatory power, explaining 3.00% of the variation with a contribution of
34.7%. Accordingly, rhizosphere SOC was the soil variable most strongly associated with
variation in the leaf traits of R. pseudoacacia seedlings. Specifically, SOC was positively
correlated with resource-acquisitive traits, including leaf N, SLA, LA, and LWC, and
negatively correlated with conservative structural traits, including LMA, LTD, LDMC, and
LT, suggesting that seedlings tended to exhibit a more resource-acquisitive strategy under
higher rhizosphere SOC conditions.

Overall, SOC was the soil factor most strongly associated with variation in the leaf
functional traits of R. pseudoacacia. Higher SOC conditions were associated with a more
resource-acquisitive trait pattern, whereas the associations of the other measured soil
variables with leaf trait variation were not statistically significant.
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Table 4. Effects of different water regimes and nitrogen—phosphorus addition treatments on leaf chemical traits of R. pseudoacacia seedlings.
Factor C N P C:N C:P N:P
F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value
W 1.759 0.194 ns 1.832 0.185ns 0.065 0.800 ns 3.663 0.064 ns 0.300 0.587 ns 3.023 0.091 ns
N 4.837 0.006 ** 5.480 0.003 ** 0.985 0.411ns 1.328 0.282 ns 1.531 0.225ns 5.928 0.002 **
P 4.055 0.052 ns 3.213 0.082 ns 1.427 0.240 ns 6.187 0.018 * 0.002 0.968 ns 7.940 0.008 **
W x N 4.661 0.008 ** 3.907 0.017 * 0.334 0.801 ns 1.665 0.194 ns 1.937 0.143 ns 1.274 0.300 ns
W x P 0.026 0.872 ns 3.584 0.067 ns 0.510 0.480 ns 2.082 0.158 ns 0.212 0.648 ns 7.735 0.009 **
N x P 1.686 0.189 ns 2.947 0.047 * 4.947 0.006 ** 1.807 0.165 ns 2.898 0.050 * 4.140 0.013 *
W x N x P 2.077 0.122 ns 4.129 0.013 * 0.073 0.973 ns 3.043 0.042 * 0.662 0.581 ns 3.799 0.019 *
R? 0.588 0.645 0.396 0.526 0.403 0.667

Note: Values represent F-values and significance levels of chemical trait parameters under different treatments. R? indicates the proportion of variance explained by the model. W, N,
and P represent water, nitrogen, and phosphorus, respectively, and x indicates interaction effects. ** p < 0.01, * p < 0.05, and ns indicates no significant difference. C, carbon content; N,
nitrogen content; P, phosphorus content; C:N, carbon-to-nitrogen ratio; C:P, carbon-to-phosphorus ratio; N:P, nitrogen-to-phosphorus ratio.

Table 5. Effects of different water regimes and nitrogen—phosphorus addition treatments on rhizosphere soil physicochemical properties of R. pseudoacacia seedlings.

Factor pH SOC TN P AP NO;-N NH;*-N
F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value
W 4.310 0.046 * 21.899 <0.001 *** 0.868 0.358 ns 0.105 0.748 ns 0.144 0.706 ns 2419 0.129 ns 1.343 0.254 ns
N 1.379 0.267 ns 4.630 0.008 ** 13.694 <0.001 *** 1.700 0.186 ns 2.153 0.112ns 2.888 0.051 ns 10.375 <0.001 ***
P 1.093 0.303 ns 0.108 0.744 ns 0.001 0.970 ns 22.630 <0.001 ***  30.046 <0.001 *** 4.361 0.044 * 2.015 0.165 ns
W x N 0.583 0.630 ns 2.329 0.093 ns 4.898 0.006 ** 0.363 0.780 ns 1.488 0.236 ns 5.970 0.002 ** 7.023 <0.001 ***
W x P 0.289 0.594 ns 0.291 0.593 ns, 6.154 0.018 * 0.667 0.420 ns 0.752 0.392 ns 8.066 0.007 ** 2.631 0.114 ns
N x P 0.976 0.416 ns 3.936 0.016 * 2.573 0.071 ns 1.719 0.182ns 5.431 0.003 ** 3.126 0.039 * 3.803 0.019*
W x N xP 1.778 0.171ns 2.466 0.080 ns 2.498 0.077 ns 0.821 0.492 ns 0.320 0.810ns 14.592 <0.001 *** 1.412 0.257 ns
R? 0.383 0.661 0.709 0.538 0.649 0.747 0.698

Note: Values represent F-values and significance levels of rhizosphere soil physicochemical parameters under different treatments. R? indicates the proportion of variance explained by
the model. W, N, and P represent water, nitrogen, and phosphorus, respectively, and x indicates interaction effects. *** p < 0.001, ** p < 0.01, * p < 0.05, and ns indicates no significant
difference. SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; NO; ™ -N, nitrate nitrogen; NH;*-N, ammonium nitrogen.
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Figure 8. Effects of different water regimes and nitrogen—phosphorus addition treatments on rhizo-

sphere soil physicochemical properties of R. pseudoacacia seedlings. Under the same water condition,

different lowercase letters indicate significant differences among nitrogen and phosphorus treatments

atp < 0.05. Lowercase letters in the upper-left corner of each panel are panel labels only and do not
indicate statistical significance. pH, soil pH (a); SOC, soil organic carbon (b); TN, total nitrogen (c);
TP, total phosphorus (d); AP, available phosphorus (e); NO3~-N, nitrate nitrogen (f); NH;*-N,
ammonium nitrogen (g).
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Figure 9. Mantel test correlations between leaf trait categories and rhizosphere soil physicochemical
properties in R. pseudoacacia seedlings. ** p < 0.01, * p < 0.05. Morphological traits include LA, FW,
TW, and DW; structural traits include LT, SLA, LMA, LDMC, and LTD; physiological traits include
LWC, RWC, SS, SP, and Pro; chemical traits include C, N, P, C:N, C:P, and N:P.

Pearson correlation analysis (Figure 11) revealed significant pairwise correlations
among leaf traits of R. pseudoacacia seedlings, as well as between leaf traits and rhizosphere
soil variables. For morphological and structural traits, fresh weight (FW), turgid weight
(TW), and dry weight (DW) were positively correlated with leaf mass per area (LMA;
r =0.800, 0.794, and 0.805, respectively; all p < 0.001) and leaf tissue density (LTD; r = 0.652,
0.690, and 0.693, respectively; all p < 0.001), but negatively correlated with specific leaf
area (SLA; r = —0.793, —0.795, and —0.801, respectively; all p < 0.001). This covariation
pattern indicated that higher leaf mass values co-occurred with higher tissue density
and leaf mass per area, whereas higher SLA co-occurred with lower leaf mass values.
For physiological and stoichiometric traits, significant correlations were detected among
leaf carbon (C), nitrogen (N), phosphorus (P), and their stoichiometric ratios. Leaf N
was positively correlated with N:P (r = 0.373, p < 0.01) but negatively correlated with
C:N (r= —0.726, p < 0.01) and C:P (r = —0.383, p < 0.01), reflecting coordinated variation
between leaf N and stoichiometric ratios. Soluble protein (SP) was positively correlated
with proline (Pro; r = 0.380, p < 0.01), indicating coordinated variation in these osmotic-
adjustment-related compounds. Regarding trait-soil covariation, soil organic carbon (SOC)
was positively correlated with leaf area (LA; r = 0.425, p < 0.01) and N:P (r = 0.365, p < 0.05),
but negatively correlated with LTD (r = —0.314, p < 0.05) and SP (r = —0.501, p < 0.001).
Total nitrogen (TN) was positively correlated with FW, TW, and DW (r = 0.303, 0.341,
and 0.308, respectively; all p < 0.05). Similarly, available phosphorus (AP) was positively
correlated with FW, TW, and DW (r = 0.344, 0.346, and 0.361, respectively; all p < 0.05).
These relationships reflected statistical covariation between soil nutrient status and leaf
mass-related traits rather than direct evidence of nutrient-induced growth stimulation.
Total phosphorus (TP) was positively correlated with AP (r = 0.427, p < 0.01) and negatively
correlated with nitrate nitrogen (NO3™-N; r = —0.286, p < 0.05), demonstrating significant
statistical covariation among these soil nutrient indices.
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Figure 10. Redundancy analysis (RDA) ordination plot showing the relationships between leaf
traits and rhizosphere soil physicochemical factors in R. pseudoacacia seedlings. SOC, soil organic
carbon; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; NO3; ™ -N, nitrate nitrogen;
NH,*-N, ammonium nitrogen; LA, leaf area; FW, fresh weight; TW, turgid weight; DW, dry weight;
LT, leaf thickness; SLA, specific leaf area; LMA, leaf mass per area; LDMC, leaf dry matter content;
LWC, leaf water content; RWC, relative water content; LTD, leaf tissue density; C, carbon content; N,
nitrogen content; P, phosphorus content; SS, soluble sugar; SP, soluble protein; Pro, proline.
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Figure 11. Pearson correlation matrix of leaf traits and rhizosphere soil variables in R. pseudoacacia
seedlings. * p < 0.05; ** p < 0.01; *** p < 0.001. LA, leaf area; LT, leaf thickness; FW, fresh weight; TW,
turgid weight; DW, dry weight; SLA, specific leaf area; LMA, leaf mass per area; LDMC, leaf dry
matter content; LWC, leaf water content; RWC, relative water content; LTD, leaf tissue density; C,
carbon content; N, nitrogen content; P, phosphorus content; SS, soluble sugar; SP, soluble protein; Pro,
proline; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus;
NO;™-N, nitrate nitrogen; NH;*-N, ammonium nitrogen.
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Overall, the morphological, structural, physiological, and stoichiometric leaf traits of
R. pseudoacacia seedlings displayed coordinated patterns of variation. SOC, TN, and AP
were significantly associated with multiple leaf functional traits and leaf mass-related traits.

4. Discussion
4.1. Plasticity and Ecological Adaptability of Leaf Traits

Leaves are important nutrient-acquiring organs in plants, and their functional traits
generally exhibit substantial plasticity and variation. The plasticity index can, to some
extent, reflect the responsiveness of plant morphological and physiological characteristics to
resource availability, thereby providing insight into plant adaptive capacity under changing
environments [28]. In the present study, the plasticity indices of leaf traits in R. pseudoacacia
seedlings differed markedly between drought and well-watered conditions, reflecting
dynamic adaptive strategies under contrasting resource regimes. Under drought stress,
leaf thickness (LT) showed a much higher plasticity index (PI = 0.640) than the other
traits, which may be associated with the rapid adjustment of leaf structure (Figure 2a).
As a structural trait, LT may respond quickly under stress to reduce transpiration water
loss and maintain water balance, which is consistent with previous studies [1]. Under
well-watered conditions, proline (Pro) showed the highest plasticity index (PI = 0.713,
Figure 2b), indicating that under non-stressful conditions, plants may preferentially regulate
osmoprotective substances to buffer potential environmental fluctuations. As a key osmotic
regulator, the high plasticity of proline suggests that plants may prioritize biochemical
defense mechanisms when resources are sufficient, thereby enhancing their capacity to
cope with environmental variability [29], consistent with previous findings [30]. In contrast,
LDMC, LWC, RWC, and SS showed relatively low plasticity indices under both drought
and well-watered conditions. This pattern may reflect the relatively stable regulation
of plant water status, together with the conservative nature of certain physiological and
biochemical traits. In addition, R. pseudoacacia seedlings may adopt a strategy of reducing
leaf investment under stress by decreasing leaf number and photosynthetic activity, which
could further contribute to the relatively low plasticity of these traits [21,31,32].

Environmental variation may strengthen coordination among leaf traits to alleviate
resource limitation. Specific leaf area (SLA), as a core trait in the leaf economics spectrum,
is closely associated with photosynthetic performance, growth rate, and nutrient use ef-
ficiency [33]. In the present study, SLA, LMA, LTD, and leaf N:P were closely linked in
the trait network, suggesting coordinated regulation of nutrient use and allocation. In
particular, structural and chemical traits appeared to be connected through key nodes,
thereby balancing short-term growth and long-term stress resistance [34]. Among all leaf
traits, SLA showed high centrality in the network, linking morphological, structural, and
chemical traits and therefore functioning as a hub trait. This central role also reflects its
importance for resource acquisition efficiency, as higher SLA is generally associated with
thinner leaves, larger leaf area, and faster growth rates, allowing plants to acquire light and
carbon more rapidly [35]. Leaf N:P also emerged as a key node in the trait network and
was directly connected with multiple other traits, suggesting an important role in regulat-
ing resource allocation between nutrient conservation and metabolic activity across the
network [14]. The emergence of SLA and leaf N:P as core nodes in the leaf trait network of
R. pseudoacacia seedlings may reflect a trade-off between acquisitive and conservative strate-
gies. Specifically, SLA is more closely associated with resource acquisition, whereas leaf N:P
is more closely associated with conservative nutrient-use strategies. Under resource-limited
conditions, this trade-off may be particularly important during the seedling stage, enabling
these traits to exert relatively strong integrative effects on the overall trait network [36].
This interpretation is consistent with previous studies [37,38].
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4.2. Regulatory Effects of Water, Nitrogen, and Phosphorus Interactions on Leaf Traits

Water availability and the water X nitrogen interaction significantly affected leaf area,
indicating that R. pseudoacacia seedlings adapt to environmental conditions by adjusting
leaf morphology to reduce transpiration water loss and maintain water balance [20]. Nitro-
gen addition exerted significant effects on fresh weight (FW, F = 3.556, p = 0.025), turgid
weight (TW, F = 3.904, p = 0.017) and dry weight (DW, F = 3.795, p = 0.019). Under drought
stress, FW, TW and DW were significantly lower than those under well-watered condi-
tions. Nitrogen addition markedly increased FW, TW and DW. These results indicate that
drought stress restricts plant growth, while nitrogen fertilization promotes cell expansion
and biomass accumulation in plants [39]. In contrast, under drought stress, combined
nitrogen and phosphorus application resulted in higher LMA, LDMC, and LTD than ni-
trogen application alone, indicating a pronounced pattern of resource reallocation. The
coordinated supply of nitrogen and phosphorus may promote the allocation of a greater
proportion of biomass and nutrients to leaves, thereby enhancing structural investment
under stress [40]. Previous studies have shown that high nitrogen treatment (N3) can
significantly inhibit leaf photosynthetic efficiency, particularly when nitrogen is present
in ammonium form; under such conditions, leaves may accumulate more nitrogen while
exhibiting reduced photosynthetic capacity [41]. In the present study, under well-watered
conditions, the N3P0 treatment significantly reduced LDMC by 8.74%, the N3P1 treatment
significantly reduced LWC by 16.96% and the N3P0 and N3P1 treatments significantly
reduced RWC by 13.79% and 17.21%, respectively. These responses may indicate that
excessive nitrogen supply impairs leaf structural stability, thus reducing leaf dry matter
content [28]. In addition, excessive nitrogen under drought may reduce net photosynthetic
rate, stomatal conductance, and water-use efficiency, which could further weaken cellular
water retention capacity and ultimately lower leaf water content [42].

In our study, water, nitrogen and phosphorus significantly affected the contents of
soluble sugar (SS), soluble protein (SP) and proline (Pro) (p < 0.001). Under drought con-
ditions, compared with the control treatment (NOPO), the soluble sugar content under
N2P1 treatment increased significantly by 7.97%, the soluble protein content under N3P1
treatment increased significantly by 19.19%, and the proline content under N3P1 treatment
increased significantly by 19.94% (Figure 6¢c—e), indicating that under drought stress, nu-
trient regulation promoted the accumulation of osmotic adjustment substances that help
maintain cellular osmotic balance, reduce water loss, and stabilize cell structure [43,44]. At
the same time, under drought stress, leaf nitrogen content, C:N and C:P ratios changed sig-
nificantly. Compared with the control (NOPO0), leaf N under the N1P1 treatment decreased
by 19.86% (Figure 7b); the C:N ratio under the N1P0 treatment dropped by 30.23%; and
the C:P ratio under the N2P1 treatment declined by 37.36% (Figure 7d,e). This indicates
that plants maintain functional stability under resource limitation by adjusting nutrient
stoichiometry and leaf nutrient allocation [45]. Phosphorus is an essential element for
plant growth, and drought generally reduces phosphorus mobility and availability in soil.
Previous studies have shown that phosphorus addition under drought can significantly
increase leaf P content [5]. Consistent with previous findings, our study showed that leaf
phosphorus concentration was significantly higher in the P1 treatment than in the PO treat-
ment under drought conditions. Specifically, the N2P1 treatment significantly increased leaf
P content by 32.56% relative to the NOPO control (Figure 7c). This pattern may be associated
with increased soil phosphorus availability and potentially enhanced phosphorus uptake
following phosphorus addition, which may have partially alleviated phosphorus limitation
under drought stress [46].

Under well-watered conditions, nutrient addition may have altered metabolic pro-
cesses and plant nutritional status. Notably, the contents of soluble protein (SP) and proline
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(Pro) under the N1P0 treatment were significantly higher than those under all other treat-
ments. Compared with the NOPO control, N1PO0 significantly increased SP by 58.87% and
Pro by 172.67%, respectively (Figure 6d,e), suggesting that moderate nitrogen addition
without phosphorus supplementation was associated with greater SP and Pro accumu-
lation under well-watered conditions. Moreover, high-nitrogen treatments (N3) under
well-watered conditions yielded higher leaf nitrogen and soluble sugar (SS) concentrations.
Specifically, the N3P1 treatment significantly increased SS by 14.76% relative to NOPO
(Figure 6¢). This may be associated with nitrogen fertilization enhancing photosynthesis
and carbon assimilation, consequently boosting carbohydrate accumulation [47]. Adequate
nitrogen supply may also support enzymatic activity and metabolic function, which in
turn contributes to higher nitrogen content and soluble sugar accumulation [48]. Together,
these results indicate that the effects of nitrogen and phosphorus addition on leaf traits are
strongly dependent on water availability, and that the balance between nutrient supply
and water status plays a key role in determining whether nutrient inputs promote growth
and metabolic adjustment or induce physiological imbalance.

4.3. Regulatory Effects of Water, Nitrogen, and Phosphorus Interactions on Rhizosphere
Soil Properties

Drought stress can reduce biomass accumulation and photosynthetic capacity in R.
pseudoacacia seedlings, thereby limiting the input of root exudates and litter into the soil.
Reduced vegetation cover and biomass may further contribute to declines in soil organic
carbon (SOC) [49]. Previous studies have also shown that under drought conditions, ni-
trogen addition alone or low-level combined nitrogen and phosphorus application may
further stimulate microbial activity and enhance SOC mineralization. Nitrogen input
provides an important nitrogen source for microorganisms and may promote photosyn-
thesis and carbon metabolism, while at the same time accelerating SOC decomposition,
ultimately leading to lower SOC content [39]. The present study yielded similar results:
SOC significantly declined under the N1P0, N2P0, N3P0, and N1P1 treatments, suggesting
that this pattern may result from the combined effects of drought-induced limitation and
nitrogen-enhanced decomposition. Under drought stress, nitrogen addition alone also
reduced SOC, AP, and NO3 ™ -N. This may be because, although nitrogen fertilization can
stimulate plant photosynthesis, plants under drought may not be able to effectively uti-
lize the added nitrogen, resulting in rapid transformation, immobilization, or uptake of
available nitrogen forms and consequently lower measured contents in soil [50].

Under well-watered conditions, compared with the control (NOP0), total phosphorus
(TP) and available phosphorus (AP) under the N3P0 treatment decreased by 5.01% and
25.00%, respectively (Figure 8d,e), suggesting that high nitrogen supply without phospho-
rus addition may have disrupted the soil nitrogen—phosphorus balance and intensified
relative phosphorus limitation. Excessive nitrogen input may indirectly affect phospho-
rus availability by altering soil physicochemical conditions [51], which is consistent with
previous findings [52]. In contrast, under well-watered conditions, the N3P0 treatment
significantly increased nitrate nitrogen (NO3~™-N) by 134.11%. Meanwhile, the N3P0 and
N3P1 treatments significantly elevated ammonium nitrogen (NH4*-N) by 23.03% and
31.95%, respectively (Figure 8f,g). This pattern may be attributable to the greater nitrogen
availability resulting from the high-nitrogen treatment. In addition, nitrogen addition may
alter microbial community composition and enzyme activity, which may influence nitrogen
cycling and contribute to increased nitrate and ammonium concentrations in soil [53].

4.4. Coupling Relationships Between Leaf Traits and Rhizosphere Soil Properties

Mantel test analysis showed that the responses of leaf traits in R. pseudoacacia seedlings
to soil physicochemical properties were selective rather than uniform. TP was significantly
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positively correlated with AP (p < 0.01), indicating that soil available phosphorus was
strongly influenced by the total phosphorus pool, which is consistent with the regulatory
role of soil phosphorus in plant nutrient uptake [54]. TP was significantly negatively corre-
lated with NO3™N (p < 0.05), possibly because under environmentally constrained nitrogen
conditions, phosphorus enrichment may reduce nitrification rates and thus decrease nitrate
production [55]. In addition, SOC was significantly correlated with multiple physiological
traits (LWC, RWC, SS, SP, and Pro) and chemical traits (C, N, P, C:N, C:P, and N:P), indicat-
ing that SOC is a key indicator of soil fertility and serves as both a source and reservoir of
nutrients for plants [56]. As such, SOC may strongly influence physiological metabolism
and nutrient balance in R. pseudoacacia, which is consistent with previous studies [57]. As a
nitrogen-fixing leguminous tree species, R. pseudoacacia can release substantial amounts
of organic acids and carbohydrates through its roots, thereby not only promoting soil car-
bon accumulation [58], but also enhancing nutrient availability by regulating rhizosphere
pH and enzyme activity [59]. The correlations observed between SOC and leaf C:N:P
stoichiometry further support the existence of tight soil-plant nutrient coupling.

Redundancy analysis (RDA) results (Figure 10) showed that the first axis explained
9.70% of the total variation in leaf traits and the second axis explained 3.56%, with the
cumulative explanatory rate of the first two axes reaching 13.26%. This indicated that
rhizosphere soil physicochemical properties explained a limited proportion of the variation
in leaf functional traits of R. pseudoacacia seedlings. Further variance analysis showed that
among all soil factors, only soil organic carbon (SOC) was significantly associated with
leaf trait variation (p < 0.05), whereas the other soil factors were not statistically significant
(p > 0.05). The results indicated that SOC was the soil factor with the strongest statistical
association with variation in leaf functional traits. This interpretation is consistent with
previous studies [60]. Specifically, SOC was positively correlated with leaf N, LWC, SLA
and LA, and negatively correlated with LMA, LTD, LDMC and LT. This indicates that
under higher soil organic carbon levels, plants tend to adopt a more resource-acquisitive
strategy, featuring larger leaf area, higher specific leaf area and greater leaf water con-
tent [61]. By contrast, AP and TN were positively associated with several morphological
and structural traits, suggesting that higher AP and TN levels were associated with greater
leaf mass-related traits. This pattern is broadly consistent with previous findings [62] and
suggests that R. pseudoacacia seedlings adopt different adaptive strategies under different
soil nutrient conditions.

Pearson correlation analysis further revealed coordinated variations among leaf traits
(Figure 11). Leaf area (LA) showed significant negative correlations with FW (r = —0.290,
p <0.05), TW (r = —0.335, p < 0.05), SS (r = —0.297, p < 0.05), LMA (r = —0.619, p < 0.001)
and LTD (r = —0.554, p < 0.001), while it was significantly positively correlated with SLA
(r=0.610, p < 0.001), N:P (r = 0.284, p < 0.05) and SOC (r = 0.425, p < 0.01), indicating
that leaf area covaried with leaf structural traits, stoichiometric traits, and rhizosphere
SOC. Seedlings with larger leaf area tended to have lower LMA and LTD but higher
SLA, a trait combination consistent with a resource-acquisitive strategy [63]. In contrast,
seedlings with smaller leaves tended to have higher FW, TW, LMA, and LTD, indicating
greater mass investment per unit leaf area and a more conservative trait pattern [35]. In
addition, SLA was significantly positively correlated with N:P (r = 0.390, p < 0.01), while it
showed significant negative correlations with LMA (r = —0.970, p < 0.001), LTD (r = —0.837,
p <0.001) and AP (r = —0.297, p < 0.05). LMA had a significant positive correlation with
LTD (r = 0.841, p < 0.001). These relationships support a resource-use trade-off consistent
with the leaf economics spectrum, in which high SLA is associated with a more acquisitive
strategy, whereas high LMA and LTD are associated with a more conservative strategy; the
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positive correlation between SLA and N:P further suggests that leaf stoichiometric balance
may be linked to this trade-off [64].

Significant correlations among leaf C, N, P, and their stoichiometric ratios indicate
that leaf C:N:P stoichiometry reflects plant nutrient uptake, utilization efficiency, and nutri-
ent limitation status. Leaf N and P contents are determined not only by species-specific
genetic characteristics, but also by external soil conditions [65]. In particular, N:P was
significantly positively correlated with SOC (r = 0.365, p < 0.05), possibly because organic
carbon influences nitrogen mineralization, microbial activity, and nutrient cycling efficiency,
thereby increasing the relative availability of nitrogen to plants and ultimately elevating leaf
N:P [66]. SS was significantly negatively correlated with TN, reflecting the role of nitrogen
supply in regulating plant carbon metabolism. Previous studies have shown that under
nitrogen-limited conditions, reduced nitrogen assimilation may hinder the conversion of
carbon into nitrogen-containing organic compounds, leading to the accumulation of soluble
sugars in plant tissues [67]. TP was significantly negatively correlated with NO3; ~-N, pos-
sibly because under nitrogen-rich conditions, plants may reduce phosphorus acquisition,
thereby weakening organic phosphorus mineralization and affecting TP dynamics [68].
Taken together, these results indicate that leaf trait trade-offs are a direct outcome of adap-
tation to soil nutrient environments, while stoichiometric balance and osmotic adjustment
substances act as key links between plant traits and environmental conditions. Their coor-
dinated interactions jointly shape the adaptive strategies of R. pseudoacacia seedlings in the
study area.

4.5. Limitations and Future Perspectives

This study was based on a short-term pot experiment using one-year-old R. pseudoaca-
cia seedlings. Therefore, the observed responses may not fully represent those occurring
under long-term field conditions or at later developmental stages, including sapling and
mature tree stages. In addition, data on initial soil texture and mineral nitrogen were
unavailable, which limited the characterization of the initial soil environment and the
interpretation of nutrient availability in the potting system. Future studies should incorpo-
rate more complete baseline soil measurements and combine controlled experiments with
long-term field observations across different developmental stages. Further investigation
of plant functional traits, physiological responses, soil nutrient dynamics, and plant—soil
interactions would improve understanding of how R. pseudoacacia responds to changes in
water and nutrient availability under conditions relevant to ecological restoration on the
Loess Plateau.

5. Conclusions

This study investigated the responses of leaf functional traits in R. pseudoacacia
seedlings to water availability and nitrogen—phosphorus supply. Water and nutrient
treatments showed significant interactive effects on several leaf physiological, stoichiomet-
ric, and rhizosphere soil properties. Under drought conditions, some N-P combinations
increased soluble sugar, soluble protein, and proline contents, indicating enhanced osmotic
adjustment. Under well-watered conditions, responses varied among nutrient treatments,
and high nitrogen input altered several physiological and soil nutrient indicators. Soil
organic carbon showed the greatest explanatory power for variation in leaf traits, while
total nitrogen and available phosphorus were also associated with several leaf mass-related
traits. In addition, specific leaf area and the leaf N:P ratio occupied central positions in the
trait correlation network. Overall, the responses of R. pseudoacacia seedlings to nutrient
supply depended strongly on water availability, highlighting the importance of considering
water-nutrient interactions when evaluating seedling responses on the Loess Plateau.
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Abbreviations

The following abbreviations are used in this manuscript:

R. pseudoacacia  Robinia pseudoacacia

LA leaf area
FW fresh weight
™ turgid weight
DW dry weight
LT leaf thickness
SLA specific leaf area
LMA leaf mass per area
LDMC leaf dry matter content
LWC leaf water content
RWC relative water content
LTD leaf tissue density
C carbon content
N nitrogen content
P phosphorus content
SS soluble sugar
SP soluble protein
Pro proline
SOC soil organic carbon
TN soil total nitrogen
TP soil total phosphorus
AP soil available phosphorus
NO3;-N soil nitrate nitrogen
NH,*-N soil ammonium nitrogen
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