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ABSTRACT: As a typical deciduous shrub native to China’s Loess Plateau, Caragana korshinskii plays an irreplaceable
role in windbreaks and sand fixation. However, as stands age, C. korshinskii commonly exhibits aging-related problems
related problems characterized by reduced growth rates and declining ecological benefits. As key drivers of global
climate change, increased precipitation and nitrogen deposition profoundly affect the growth, development, and eco-
logical functions of vegetation on the Loess Plateau. To elucidate the response mechanisms of early senescence-stage
C. korshinskii to combined water and nitrogen addition effects, this study focused on 18- and 22-year-old C. korshinskii.
Four treatments were applied: control (CK), water addition (W: 100 L), nitrogen addition (N: 8.15 g N-m~2-a™!), and
combined water and nitrogen addition (WN). The study examined the effects of water, nitrogen, and their combination
on the leaf economics spectrum of C. korshinskii and the mechanisms regulating growth rate. The results showed
that: (1) W treatment, N treatment, and WN treatment all significantly enhanced the growth rate of C. korshinskii;
(2) W treatment, N treatment, and WN treatment significantly increased leaf area, specific leaf area, and total leaf
nitrogen concentration, at the same time, they significantly reduce leaf mass per area, shifting the leaf economics
spectrum toward a “fast investment-return” strategy; (3) Structural equation modeling revealed that W treatment, N
treatment, and WN treatment could all regulate the growth rate of C. korshinskii through the leaf economics spectrum,
specifically manifested as the positive driving effect of acquisitive traits on growth rate and the negative constraining
effect of conservative traits on growth rate. Furthermore, the regulatory effect of WN treatment was superior to that
of W or N treatment alone. These findings suggest that the leaf economics spectrum is the core regulatory pathway
through which early senescence stage C. korshinskii growth responds to WN treatment.
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1 Introduction

In recent years, global climate change has intensified, leading to notable shifts in global precipitation
patterns, with a significant increasing trend in many regions [1,2]. Concurrently, atmospheric nitrogen
deposition has risen substantially due to global economic development [3]. The Loess Plateau, serving as
both an ecologically fragile zone and a typical transition belt between semi-humid and semi-arid regions,
is particularly sensitive to these alterations [4]. Changes in its precipitation patterns and nitrogen input
affect physiological processes such as photosynthesis, water transport, and nutrient cycling, thereby having
substantial effects on the growth and development of vegetation in this region and the functioning of the
ecosystem [5-7]. The availability of water and nitrogen jointly influences the growth and development of
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the vegetation in this area. Therefore, a detailed investigation of the responses of plant growth to water
and nitrogen is crucial for understanding vegetation responses in the Loess Plateau region to future climate
change and maintaining ecological stability.

As the key organ for interactions between plants and the external environment, leaves can rapidly
adjust their morphological, physiological, and biochemical status in response to environmental changes;
to some extent, leaf traits serve as important indicators of the overall ecological adaptation strategy of
plants [8,9]. Leaf Economics Spectrum quantifies the resource trade-offs among leaf traits to reveal the
internal mechanism of plant’s adaptation to the environment [10]. At one end of the spectrum, plants exhibit
short lifespans, high photosynthetic rates, high nitrogen concentration, and low specific leaf mass, reflecting
a “rapid investment strategy”, while at the opposite end, plants have long lifespans, low photosynthetic
rates, low nitrogen concentration, and high specific leaf mass, reflecting a “slow investment strategy” [11].
As the primary organ for aboveground resource acquisition, leaves undergo trait adjustments in different
external environments to respond to changes in the external environment and form feedback patterns in
plant leaves [12]. Water and nitrogen are essential for plant growth and development [13], and changes
in plant leaves are particularly sensitive to water and nitrogen availability [14]. In-depth research on the
differences in leaf trait responses to different external environments is crucial for understanding plant
adaptability, predicting adaptation strategies, and growth trajectories. Previous studies have shown that
varying external environments cause plants to form different survival strategies to adapt to environmental
changes. For example, when plants are under drought stress, they close stomata to reduce water loss and
improve water use efficiency to meet their survival needs. In this context, leaves respond to drought stress
by increasing leaf thickness rather than expanding leaf area [15].

Leaves tend to focus on a “slow investment-return” growth strategy with longer lifespans and higher
specific leaf mass. During rehydration, leaves expand their area to enhance photosynthesis and support
growth. In this process, the stomata increase, photosynthesis rises, and the overall tendency is towards
“large and thin” construction and a “rapid investment-return” growth strategy [16]. Nitrogen availability
directly affects the strength of plant photosynthesis, and nitrogen addition can significantly influence the
photosynthetic capacity and photosynthetic nitrogen utilization efficiency of plant leaves [17]. Studies
have shown that nitrogen addition can significantly enhance leaf traits such as specific leaf area and leaf
nitrogen concentration by increasing soil nitrogen concentration, thereby driving shifts in plant survival
strategies. Water and nitrogen are key limiting resources for plant growth, not only promoting adjustments
of the plant’s leaf economics spectrum strategy but also exerting a direct and significant positive effect on
plant growth rate. Previous studies have shown that the addition of water and nitrogen individually can
improve soil moisture and nutrients, thereby modulating plant physiological processes and substantially
increasing growth rates [18,19].

However, in the future context of intensified precipitation and nitrogen deposition on the Loess
Plateau, the responses of vegetation to climate are unlikely to result from water or nitrogen alone. Instead,
the synergistic effects of water-nitrogen interactions are expected to become the dominant mechanism
regulating the growth and development of vegetation in this region. Water and nitrogen are not independent
environmental factors; they interact significantly. Water can promote soil nitrogen mineralization, improve
soil nutrient availability, and accelerate nutrient uptake by plant roots; Nitrogen, in return, can increase soil
nitrogen concentration and enhance water use efficiency. The interaction of water and nitrogen produces
a stronger synergistic effect on plant growth and development than either factor alone [20]. Previous
studies have shown that water-nitrogen interaction can significantly increase basal diameter, plant height,
leaf nitrogen concentration [21], chlorophyll concentration [22], and maximum net photosynthetic rate.
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The effects drive plants toward a resource acquisition strategy and accelerate biomass accumulation. In
a study of bitter vetch, water-nitrogen interaction was shown to have a significant, and in some cases
extremely significant, synergistic effect on plant height [23]. At the same time, water-nitrogen interaction
can promote biomass accumulation by synergistically enhancing key physiological processes, including
photosynthetic carbon assimilation and nitrogen metabolism [24]. These interactions also optimize plant
height and structure and improve water use efficiency, thereby accelerating plant growth across multiple
dimensions and increasing growth rate [25]. The addition of water and nitrogen in birch stems increased
their growth rate significantly [26]. Together, these studies indicate that the additions of water and nitrogen,
as well as their interaction, can substantially alter leaf traits, promoting the formation of a new distribution
pattern of the leaf economic spectrum, driving plant survival strategies to shift from a “slow investment
return” type towards a “fast investment return” type, thereby exerting a positive regulatory effect on growth
and development.

C. korshinskii, a typical xerophytic shrub, has an extensive root system [27], stable drought-resistant
physiological mechanisms [28], and a superior capacity for nodule nitrogen fixation [29]. Furthermore,
its dense shrub canopy effectively reduces surface runoff and wind speed [30], giving it a high ecological
adaptability to harsh environments with drought and nutrient-poor soils. The Loess Plateau is located
in an ecological transition zone, where natural conditions are harsh and the ecosystem is extremely
fragile [31], with sparse vegetation and frequent wind and sand activities. As a typical species for ecological
restoration, C. korshinskii is widely planted across the Loess Plateau, serving as an ecological barrier
and contributing significantly to the region’s ecological recovery. However, with increasing stand age,
C. korshinskii commonly exhibits aging-related problems characterized by reduced growth rates and
declining ecological benefits. Studies have shown that Caragana enters the old-aged stage after 14 years
of growth [28]; consequently, the age structure of local planted Caragana shrublands is predominantly
composed of old-aged stands. Changes in water and nitrogen availability are expected to have a significant
influence on C. korshinskii’s growth, development, biomass accumulation, survival strategies, and ecological
functions, especially as precipitation and nitrogen deposition on the Loess Plateau continue to increase.
However, most existing research on C. korshinskii focuses on stumping, root growth, hydraulic traits, and
leaf characteristics [32-36]. Against the backdrop of global climate change driving significant shifts in
precipitation patterns and nitrogen inputs on the Loess Plateau, do the growth strategies and resource
allocation of C. korshinskii at the early senescence stage change when confronted with simultaneous
enrichment of water and nitrogen? Furthermore, through which pathways do water and nitrogen influence
the growth and development of C. korshinskii at this early senescence stage? The exploration of these
questions will not only contribute to understanding the growth dynamics and physio-ecological adaptation
strategies of aged C. korshinskii under future climate change scenarios—providing a theoretical foundation
for its sustainable development and the enhancement of its ecological barrier function—but will also provide
essential insights into the response patterns, adaptation mechanisms, and functional improvement of
vegetation under the synergistic combined water and nitrogen addition effect in this region.

Based on this, the study investigated how W treatment, N treatment, and WN treatment affected leaf
traits such as relative growth rate, leaf area, specific leaf area (SLA), and leaf nitrogen. The main objective
was to better understand how aged C. korshinskii growth responds to water and nitrogen additions, as
well as the combined effect of water and nitrogen additions, with a particular emphasis on changes in
C. korshinskii growth rate and regulatory mechanisms. This research also provides a theoretical basis and
valuable insights into predicting the growth and development of C. korshinskii and other vegetation in the
Loess Plateau region in the future, assuming increased precipitation and nitrogen deposition. We propose a
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mechanistic hypothesis: water-nitrogen interaction enhances the growth rate of C. korshinskii by shifting
the leaf economic spectrum toward a “fast investment—return” strategy. In particular, we predict that:
(1) the combined effect of water and nitrogen addition can exert a positive driving effect on plant growth by
promoting the optimization of acquisition traits in C. korshinskii; (2) conservation traits impose a negative
constraint on growth, jointly shifting the growth response of C. korshinskii along the combined water and
nitrogen addition effect.

2 Materials and Methods
2.1 Study Area

The study area is located in Shijutou Village, Wuzhai County, Xinzhou City, in the central Loess Plateau
(38°58’13"” N, 111°48’22” E), at an altitude of 1370-1533 m. The study area is shown in Fig. 1. The region
experiences a temperate continental monsoon climate, with cool, short summers and long, cold winters, as
well as frequent dust storms in spring. The mean annual precipitation is 515 mm (based on the average
natural annual precipitation over the past decade, with precipitation data obtained from ERA5), which
is primarily concentrated in the summer and autumn and often occurs as short-duration heavy rainfall
events. The mean annual temperature is approximately 4-5°C, with January being the coldest month at
—13.3°C and July being the warmest at 20.1°C, (temperature data from ERA5). The frost-free period lasts
about 120 days. The dominant soil type in this area is light chestnut soil, which is sandy, has low organic
matter content, low fertility, and maiked soil desiccation. This region represents a typical fragile area and
ecological transition zone in the semi-arid and semi-humid regions. Because natural vegetation in this
area has been largely destroyed, artificially planted C. korshinskii stands serve as the main tree species for
windbreak and sand fixation in the region. The county currently has more than 44,000 hm? of C. korshinskii
planted. With its well-developed root system, high-temperature tolerance, and strong root-sucking ability,
it serves as a crucial ecological barrier in windbreak, sand fixation, and soil and water conservation.
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Figure 1: Location of the study area. (a) overview map of the study site. (b) variations in precipitation and air
temperature in the study area. (c) field photograph of C. korshinskii in the study site.
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2.2 Water and Nitrogen Treatments

To account for the sensitivity of early senescence-stage C. korshinskii to water and nitrogen availability,
and to enhance the reliability of our experimental findings, two age classes of early senescence stands,
18-year-old and 22-year-old, were randomly selected as study subjects within the research area, with three
plots established in each age class. The seedlings used in both age classes were locally produced and grown
directly from seeds. The 18a plot was planted in 2005, and the 22a plot was planted in 2001. To ensure
the rigor and accuracy of the experiment, the two selected age classes were in close proximity to each
other and exhibited no differences in plant density, plant health status, soil conditions, topography, or
wind exposure. Each plot measured 15 m x 15 m, with a row spacing of 2 m and a plant spacing of 2 m for
C. korshinskii within the plots. Three healthy and well-grown individuals were randomly selected from
each treatment within each plot for sample collection, as shown in Fig. 2: Schematic diagram of the plot
layout. Three treatment levels were designed: control (CK), water addition (W), and combined water and
nitrogen addition effect (WN). The water and nitrogen addition experiments ran from April to July 2023, to
simulate the randomness of natural precipitation, water was added randomly, at irregular intervals, and in
variable amounts from April to July, the total amount of water added is 100 L. Artificial uniform irrigation
was applied in a 0.5-m-radius centered on each plant. A monthly irrigation volume of 25 L per plant was
applied over a continuous period of 4 months, resulting in a total of 100 L per plant. Nitrogen addition
gradients were established using the nitrogen deposition rate commonly adopted in existing nitrogen
deposition research [37], with N set at 8.15 g N-m~2-a~!. The nitrogen fertilizer used was urea (CH4N,O,
100% purity), and the amount applied each time was dissolved in water. For each irrigation event, 5.56 g
of urea was mixed with water for the N treatment, while the control treatment received the with volume
of water without urea. combined water and nitrogen addition effect treatment involved the simultaneous
addition of water and nitrogen. To clarify, because our experimental design did not include a nitrogen-alone
treatment, the difference between the WN and W treatments does not represent a pure nitrogen main
effect. Rather, it reflects the additional growth promotion conferred by nitrogen supply when water is
simultaneously supplemented—an effect we term the “nitrogen-supplement effect” and refer to simply as
the “N treatment” in the text for brevity. The N treatment was designed primarily to isolate and quantify
the incremental growth effect attributable to nitrogen supply when water is not limiting. Consequently, the
principal comparisons in this study focus on the CK, W, and WN treatments, with the N treatment data
serving mainly as a supplementary reference.
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Figure 2: Schematic diagram of the plot layout, CK: control; W: W treatment; WN: WN treatment. Note: For clarity
of illustrating the quadrat layout, this schematic diagram shows only the plants actually used for sampling in each
treatment; the remaining plants within the plots are not depicted.



6 Phyton-Int J Exp Bot. 2026;95(9):21

2.3 Sample Collection

Leaf and branch samples were collected in mid-August 2023 during the peak growing season. Three
C. korshinskii individuals with similar growth status, free of pests, diseases, and obvious deformities were
selected from each quadrat. Mature, healthy, and intact leaves were randomly clipped from different
orientations of each plant, placed in sealable plastic bags, and transported to the laboratory in an ice box.
The tallest branch and its lateral branches of each individual were clipped using scissors. Plant height was
measured and recorded in the field during the August sampling period. The specific sample sizes collected
are as follows: This study included three treatments. For each treatment, three C. korshinskii shrubs were
selected for leaf collection, and a total of 150 leaves were randomly collected for the determination of
LA, SLA, and LMA. For each treatment, 15 g of leaves were randomly collected from three shrubs: 10 g
were used for LDMC determination, of which 2 g of the oven-dried and ground sample were used for LNC
determination; an additional 2 g of fresh leaves were used for Chl determination.

2.4 Trait Measurement and Analytical Methods

In this study, we selected six leaf functional traits with the strongest physiological relevance to water
and nitrogen availability. These included four resource-acquisition traits, namely leaf area (LA), specific
leaf area (SLA), leaf nitrogen content (LNC), and chlorophyll content, as well as two resource-conservation
traits, namely leaf mass per area (LMA) and leaf dry matter content (LDMC). Together, these traits provide
direct insights into plant strategies for capturing, using, and partitioning water and nitrogen resources [11].
Determination of C. korshinskii Leaf Traits: After removing the petioles, leaf fresh weight was measured
using an electronic balance (with 0.0001 g) accuracy. Leaf blade images were scanned using a Canon
CanoScan LiDE 120 scanner to determine leaf area. Samples were then oven-dried at 65°C to constant
weight to obtain leaf dry weight. The following formulas were used calculate the indicators [38]:

SLA = Leaf area (1)
Leaf dry mass
LMA = Leaf dry mass @)
Leaf area
LDMC = Leaf dry mass 3)

Leaf fresh mass

Chlorophyll (Chl) content was extracted using 95% ethanol and quantified by spectrophotometry.
(LNC) was determined using an elemental analyzer (vario MACRO cube, Elementar, Hanau, Germany).

Determination of C. korshinskii Average Growth Rate (AGR): The tallest branch of each C. korshinskii
individual within a quadrat was selected and categorized into primary, secondary, and tertiary branches
based on branching points. In August 2023, the vertical distances between branching points were measured
using a tape measure to record the lengths of primary, secondary, and tertiary branches, as well as overall
plant height. Basal diameters of the branches were measured 10 cm from the branching point using a
vernier caliper. At the end of August, each individual was clipped at ground level, weighed, and transported
to the laboratory, where it was oven-dried at 65°C to constant weight to determine biomass. Using branch
and plant characteristics under different water and nitrogen treatments in August 2023—including primary,
secondary, and tertiary branch basal diameters and lengths, and plant height—as independent variables,
and biomass as the dependent variable, a biomass estimation equation for C. korshinskii was constructed
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(Table 1). Biomass sampling of C. korshinskii was conducted at the end of the growing season (August).
Allometric equations for estimating biomass were established using field-measured plant height and basal
diameter of first-, second-, and third-order branches collected in August, with equations fitted separately
for each treatment gradient. From April to July, only non-destructive measurements of height and basal
diameter were taken for branches of each order. Aboveground biomass in April was then calculated by
substituting the respective April measurements into the allometric equations. Given that the height and
basal diameter measurements used to establish the allometric equations were obtained one day before
the start of the water and nitrogen addition treatments—prior to any detectable growth response to the
treatments—we applied a unified allometric equation derived from the CK treatment to all treatments
for the estimation of April biomass (The biomass equations are shown in Table 2), thereby ensuring the
comparability and reliability of the initial biomass estimates. Growth rates were then computed as: (August
biomass — April biomass)/number of days.

Table 1: Overview of the study site plots.

Average Height

C. korshinskii A Basal A C
orsmnstit Slope/  Elevation/m Soil Type of the Tallest Yerage asa verage r(;wn
Age Class/a Diameter/mm Area/cm’
Branch/cm
18a 0~5 1423~1446 loessal soil 164.83 + 13.38 12.11 +£ 1.90 38,903.44 + 3951.75
22a 0~10 1444~1448 loessal soil 207.25 £ 8.33 13.69 + 1.18 74,062.29 + 4543.63

Note: The plant height, basal diameter, and crown width presented in this table are the values from the CK treatment.

Table 2: Allometric equations used for biomass estimation of planted C. korshinskii stands.

Treatments Fitted Biomass Equation for C. korshinskii R? P

y = 9.074X; — 1.156X, — 9.487X;5 — 0.716X, + 51.289X; —
4.059X, + 2.817X, — 258.837

CK: control; R? represents the coefficient of determination, and P indicates the significance level, with the threshold set at 0.05,
X;: Primary basalt diameter, X,: Second basal diameter, X;: Tertiary basal diameter, X,: Primary plant height, Xs: Second plant
height, X,: Tertiary plant height, X;: total plant height, R?: Coefficient of determination, P: Significance level.

CK R? =0.717 P <0.01

2.5 Data Processing and Statistical Analyses

The differential responses of C. korshinskii growth rate and leaf economic spectrum to different water
and nitrogen additions across different forest ages. Were investigated using one-way analysis of variance
(ANOVA). Before analysis, leaf trait data were log10-transformed to satisfy the assumptions of homogeneity
of variance and normal distribution. To elucidate the mechanisms underlying the growth response of aged
C. korshinskii shrubs to water-nitrogen coupling in the Loess Plateau region, this study employed structural
equation modeling (SEM) to parse the direct and indirect pathways through which W treatment, N treatment,
and WN treatment both plant growth and leaf traits. The relationships between trait indicators were first
investigated using Pearson correlation analysis. Leaf traits were than categorized into “acquisition-type”
and “conservation-type” functions dimensions. An initial path model with various water and nitrogen
treatments, leaf functional traits, and growth rate was constructed based on this classification and theoretical
frameworks. The chi-square to degrees of freedom ratio (x%/df < 3), goodness-of-fit index (GFI > 0.85),
comparative fit index (CFI > 0.9), root mean square error of approximation (RMSEA < 0.08), and probability
value (p > 0.05) were multiple of the indices used to assess the model’s goodness-of-fit. Causal relationships
between variables were interpreted using standardized path coefficients. Excel was used to process all of
the data. SPSS23.0 was used for statistical analysis, and Origin 2021 was used to generate the figures.
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3 Results
3.1 Effect of Combined Water and Nitrogen Addition on the Growth Rate of C. korshinskii

By analyzing the effects of different W treatment and N treatment on the growth rate of C. korshinskii
of different ages (Fig. 3), the results showed that W treatment and N treatment significantly increased the
growth rate in both age groups. In 18- and 22-years-old C. korshinskii, W treatment and N treatment had
a significant effect on growth rate (p < 0.05). In 18-years-old C. korshinskii, the growth rate increased by
49.34% with W treatment and 97.94% with N treatment. In 22-years-old C. korshinskii, the growth rate
increased by 112.51% with addition and 41.07% with N treatment. The WN treatment had a highly significant
effect on growth rate (p < 0.01). Under C. korshinskiis under the WN treatment, growth rates increased
by 195.58% in 18-years-old and 199.97% in 22-years-old C. korshinskii. These results indicate a positive
response of C. korshinskii growth to W treatment, N treatment and WN treatment. Notably, for both age
groups, the effect of WN treatment on growth rate was significantly greater than that of W treatment and

N treatment.
a
b
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[ Jek [Jw HEWN

Figure 3: Effects of combined water and nitrogen addition on the relative growth rate of C. korshinskii at different
stand ages. AGR represents the average growth rate. CK: control; W: W treatment; WN: WN treatment. Different

lowercase letters above the error bars indicate statistically significant differences (p < 0.05).
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3.2 Responses of the Leaf Economics Spectrum C. korshinskii to WN Treatment

By analyzing the effects of different water and nitrogen addition gradients on the leaf traits of C. korshinskii
(Fig. 4), we found that, W treatment significantly increased the LA of 18-years-old plants by 7.7% (p < 0.05)
and the LNC of 22-years-old plants by 9.2% (p < 0.05). Under N treatment, LA increased significantly in
both 18- and 22-years-old plants by 20.3% and 12.5%, respectively (p < 0.05). In 22-years-old plants, SLA
increased by 15.4% (p < 0.05), LMA by 14% (p < 0.05), and Chlorophyll content declined by 9.4% (p < 0.05).
Under the WN treatment, LA increased highly significantly in 18-years-old plants by 29.6% (p < 0.01),
and significantly in 22-years-old plants by 17.7% (p < 0.05). These results indicate that the leaf economics
spectrum of C. korshinskii responds markedly to different water and nitrogen addition gradients, WN
treatment exerting a stronger effect on leaf traits than either W treatment or N treatment.

3.3 Correlations among Leaf Economics Spectrum Traits of C. korshinskii under Combined Water
and Nitrogen Addition Effect

Pearson correlation analysis was conducted to examine among leaf traits of C. korshinskii under
WN treatment (Fig. 5). The results revealed that LA was significantly negatively correlated with LDMC
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(r =—0.72, p < 0.001), and SLA was strongly negatively correlated with LMA (r = —0.95, p < 0.001); LNC
was significantly positively correlated with Chl (r = 0.90, p < 0.001). LMA was significantly negatively
correlated with both LNC (r = —0.58, p < 0.05) and Chl (r = —0.52, p < 0.05), whereas SLA was significantly
positively correlated with LNC (r = 0.53, p < 0.05) and Chl (r = 0.49, p < 0.05). Overall, under water and
nitrogen addition, the correlations among leaf economics spectrum traits of C. korshinskii on the Loess
Plateau were generally consistent with patterns reported at the global scale.
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Figure 4: Effects of water and nitrogen addition on leaf functional traits of C. korshinskii. LA: leaf area. SLA: specific

leaf area. LNC: leaf nitrogen concentration. Chl: chlorophyll. LMA: leaf mass per area. LDMC: leaf dry matter content.
Different lowercase letters above the error bars indicate statistically significant differences (p < 0.05).

3.4 Regulatory Effects of Combined Water and Nitrogen Addition in and Stand Age on Growth Rate

Based on SEM (As shown in Fig. 6), the analysis of the regulatory pathways of water and nitrogen
addition on the growth rate of C. korshinskii showed that W treatment, N treatment, and WN treatment
had significant influences on the growth rate of C. korshinskii, but the regulatory pathways differed. W
treatment had two distinct regulatory effects on C. korshinskii growth. First, it exerted a direct positive effect
on growth rate (3 = 0.542, p < 0.01). Second, it influenced growth indirectly through the leaf economics
spectrum. Specifically, W treatment had an indirect positive effect on growth via acquisitive leaf traits
(y = 0.387, p < 0.01) and an indirect negative effect on via conservative leaf traits (y = —0.418, p < 0.01).
N treatment had a single regulatory effect on the growth rate of C. korshinskii, acting through the leaf
economics spectrum; Specifically, N treatment had an indirect positive effect on growth via acquisitive leaf
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traits (y = 0.401, p < 0.01), and an indirect negative effect via conservative leaf traits (y = —0.296, p < 0.01).
WN treatment had two regulatory effects on growth. First, it exerted a direct positive effect on growth rate
(B =0.864, p < 0.001). Second, it influenced growth indirectly through the leaf economics spectrum. WN
treatment produced an indirect positive effect via acquisitive leaf traits (y = 0.918, p < 0.01) and an indirect
negative effect via conservative leaf traits (y = —0.365, p < 0.01). Overall, water and nitrogen additions
regulated the leaf economics spectrum traits of C. korshinskii, promoting increased growth. These results

indicated that the leaf economics spectrum serves as the central pathway mediating the growth response of
C. korshinskii.
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Figure 5: Pearson correlation analysis of leaf traits under different water and nitrogen treatments. The color gradient
represents Pearson correlation coefficients between variables, with red indicating positive correlations and blue

indicating negative correlations. Asterisks denote significance levels: *p < 0.05, ***p < 0.001.
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4 Discussion

4.1 Effect of Combined Water and Nitrogen Addition on the Growth Rate of C. korshinskii

The increase in growth rate can be regarded as a crucial link connecting the internal physiological
processes of plants, external resource environment, and ecosystem functions [39]. Its physiological signifi-
cance lies in that when the external environment improves, plants tend to adopt a strategy of rapid growth,
allocating more water and nutrients to growth investment, thereby achieving the effect of accelerating
development. As a primary factor for plant growth and development, water and nitrogen can influence
relative growth rate, biomass accumulation, and morphological traits by regulating physiological processes
such as leaf photosynthesis and nutrient uptake and assimilation [40-43]. Our study demonstrates that
the addition of W treatment, N treatment, and WN treatment has significant effects on the growth rate of
C. korshinskii. Moreover, the growth rates of C. korshinskii of both age groups were significantly enhanced
under W treatment or N treatment. However, for different-aged C. korshinskii, their responses to single W
treatment and N treatment were significantly different. The 18-year-old trees responded more sensitively
to nitrogen addition, whereas the 22-year-old trees showed greater sensitivity to W treatment. This pattern
is consistent with the fact that soil aridity increases with stand age [44]. 18-year-old trees have a lower
degree of soil aridity than the 22-year-old trees, and they require more nutrient availability than water for
growth and development, whereas the 22-year-old trees have a higher degree of soil aridity, with water
being the primary element for growth and development. C. korshinskii growth rate increased significantly
under the WN treatment, demonstrating the importance of WN treatment in promoting C. korshinskii
growth. At the same time, the response of early senescence stage C. korshinskii growth rate to water
and nitrogen addition suggests that WN treatment can stimulate the growth vitality of C. korshinskii by
improving the supply of water and nitrogen, thereby increasing early senescence stage C. korshinskii’s
growth rate, confirming our first hypothesis. Furthermore, the significant increase in C. korshinskii growth
rate under WN treatment suggests that the synergistic effect of water and nitrogen should be emphasized
when promoting C. korshinskii growth and biomass accumulation.

4.2 Responses of the Leaf Economics Spectrum of C. korshinskii to WN Treatment

Studies have shown that environmental changes trigger trade-offs in plant leaf resource allocation, and
leaf traits can respond to environmental changes through self-regulation [45]. In different environments,
various leaf traits may adjust to adapt to environmental variations [37]. LA, SLA, LNC, and Chl serve
as important indicators of leaf resource allocation and investment, reflecting, to some extent, the leaf’s
light capture capacity and photosynthetic efficiency. LMA and LDMC serve as key structural indicators,
representing leaf construction strategies [46]. The results of this study showed that under W treatment,
LA and LNC increased significantly. Under N treatment, LA and SLA increased significantly, while LMA
decreased significantly. Under WN treatment, LA increased significantly. These results indicate that
C. korshinskii leaves respond to changes in water and nitrogen addition through a significant increase in
acquisitive traits such as LA and a significant decrease in conservative traits such as LMA. The flexible
response of these traits to external environmental changes helps promote a shift in leaves towards a “fast
investment-return” growth strategy under water and nitrogen addition, thereby supporting a higher growth
rate. Leaf traits also varied significantly across stand ages in response to water and nitrogen addition. In this
study, the LNC of 18-year-old plants decreased significantly under W treatment. Under drought stress, plants
may increase leaf thickness to store more carbon dioxide, enhancing water and photosynthetic efficiency
and allowing them to maintain growing and developing normally [43]. In addition, plants may increase
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leaf nitrogen concentration in response to drought stress. Under drought conditions, evapotranspiration
intensifies, and leaf stomata close. To sustain normal growth, leaves require more nitrogen to support
photosynthesis. Water addition helps to alleviate the water scarcity that limits plant growth. As a result,
plants no longer need to allocate significant nitrogen to leaves to improve water use efficiency. Instead,
nitrogen is redistributed to other organs to support growth [47]. Unlike the change in LNC observed in
18-year-old plants, 22-year-old plants’ LNC increased significantly under water addition. Water addition
can accelerate the mineralization of organic nitrogen by stimulating soil microbial activity, and thus the
supply of available nitrogen [48]. This response highlights the central role of water in the nitrogen cycle of
ecosystems in the sandy region of the Loess Plateau, emphasizing that water is both a prerequisite and a key
limiting factor for nitrogen utilization in this system. The increase in LNC due to W treatment enhances
nitrogen absorption and photosynthetic capacity, allowing more nitrogen to be used for photosynthesis,
promoting plant growth and development. This optimized nitrogen allocation strategy accelerates the
growth of C. korshinskii, as supported by the synchronous changes in LNC and Chl observed in this study.
Notably, LA responded the most pronouncedly response to water and nitrogen addition. For 18-year-old
plants, LA increased significantly under both W treatment and N treatment exhibited a highly significant
increase under the WN treatment. For 22-year-old plants, LA increased significantly under both individual
nitrogen addition and the WN treatment. Previous research indicates that C. korshinskii adopts an adaptive
strategy of producing smaller thicker leaves to reduce water loss while maintaining photosynthetic capacity
under drought stress [36]. However, water and nitrogen addition alleviate this drought stress. Under
these conditions, C. korshinskii prioritizes expanding leaf area to maximize photosynthetic production
and support growth and development. The pronounced differences in leaf area in response to drought
stress versus water—nitrogen interaction treatments reflect the species’ distinct survival strategies and
adaptive responses to environmental conditions. Considering projected increases in precipitation and
nitrogen deposition, future research on the environmental adaptation of C. korshinskii should pay particular
attention to changes in leaf area.

4.3 Relationships among Leaf Economics Spectrum Traits of C. korshinskii under Combined Water
and Nitrogen Addition

The synergistic relationships among leaf traits can partially reflect plant adaptive strategiesto the
environment because leaves are crucial organs for the exchange of materials and energy between plants
and the environment [49]. The correlations between C. korshinskii leaf economic spectrum traits on the
Loess Plateau under water and nitrogen addition were largely in line with those found globally [11]. This
strong positive correlation between LNC and Chl shows that C. korshinskii prioritizes the allocation of
nitrogen to photosynthetic organs, independent of environmental changes. To some extent, this stable
synergistic relationship guarantees that C. korshinskii can sustain minimum photosynthetic efficiency to
satisfy fundamental growth requirements even under stress conditions. Subsequently, it also describes the
adaptability of C. korshinskii in terms of survival strategies: synchronously increasing investment to attain
maximum plant growth under favorable conditions, while concurrently decreasing investment to lower
costs and guarantee basic survival under unfavorable conditions [50]. The study found a strong correlation
between LA and LDMC. LDMC is an important indicator of leaf construction cost [51], while LA reflects
photosynthetic capacity to some extent [52]. The water nitrogen interaction that simultaneously increases
LA and promotes the relative dilution of LDMC may be the cause of the strong negative correlation between
LA and LDMC. This indicates that C. korshinskii’s adaptive strategy tends to prioritize photosynthesis
over further strengthening structural defense under improved water and nitrogen resource conditions,
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indicating a shift from a “conservative” to an “acquisitive” survival strategy. From the perspective of
synergistic trait changes, this suggests that C. korshinskii’s survival strategy still follows the leaf economic
spectrum principles [11]. Water-nitrogen interaction can improve C. korshinskii’s overall growth efficiency
by regulating the “photosynthesis-structure” trade-off in leaves.

4.4 Mechanisms by Which WN Treatment Regulates the Growth Rate of C. korshinskii

The regulation of C. korshinskii growth rate by W treatment, N treatment, WN treatment all promoted
plant growth by influencing acquisitive leaf traits, according to an integrated analysis using SEM of the
relationships among leaf traits, growth, and stand age in C. korshinskii under three treatments (W treatment,
N treatment and WN treatment) (Fig. 5). This suggests that C. korshinskii invests in leaf organs with
high photosynthetic capacity and rapid resource returns, when constraints on essential resources like
water and nitrogen are reduced. This investment is converted into a growth advantage, thereby exerting
a positive regulatory effect on plant growth rate. The regulatory effects of the three treatments on the
growth rate of C. korshinskii were found to differ significantly. Growth rate was significantly impacted by
W treatment both directly and indirectly through its effects on the leaf economics spectrum. The main
way that N treatment had a regulatory effect was by altering the leaf economics spectrum, which had a
major impact on growth rate. The underlying mechanism is that plant leaves’ structural defense needs
and construction costs can be decreased by adding water and nitrogen. As a result, plants shift their leaves
toward a “fast investment-return” survival strategy with high LA, high SLA, high LNC, and low LMA by
allocating more nitrogen to photosynthetic tissues for photosynthesis. The accumulation of photosynthetic
products ultimately promotes plant growth [53,54]. The study’s results also showed that LA, SLA, and
LNC of C. korshinskii significantly increased under W treatment and N treatment, while LMA significantly
decreased, confirming a shift in the leaf economics spectrum towards the “fast investment-return” strategy.
However, water is the most critical limiting factor for vegetation growth and development in the Loess
Plateau, which is located in a transitional zone between semi-humid and semi-arid regions [4]. Water
scarcity in this area restricts the direct conversion of nitrogen into growth because efficient nitrogen
utilization requires an adequate water supply [55]. Therefore, the growth rate of C. korshinskii was not
directly impacted by nitrogen addition alone. W treatment, on the other hand, relieved the growth inhibition
caused by drought stress, which decreased the amount of resources plants had to devote to producing
drought resistant compounds. Instead, resources were redirected to growth processes, which enhanced
growth vigor and significantly increased C. korshinskii’s growth rate.

WN treatment had a particularly strong regulatory effect on C. korshinskii growth rate: it had a greater
direct effect on growth rate than that of W treatment, and it had a greater indirect effect on growth rate
through the leaf economics spectrum than N treatment. The positive response of C. korshinskii growth
rate to WN treatment indicates that the combined effect of water and nitrogen is better than the addition
of either resource individually in terms of improving growth rate, a key physiological process in plants.
Water and nitrogen work together to improve soil moisture, nutrient availability and mobility [56]. The
mature and well-developed root system of C. korshinskii absorbs these resources and uses an effective
hydraulic conduction system to transport them to the aboveground sections [57]. Strong photosynthetic
physiological reactions, including an increase in leaf area and nitrogen concentration, are triggered by
this. Higher marginal growth returns and compensatory growth are achieved when a competitive growth
strategy directs the resulting extra photosynthetic products to aboveground biomass accumulation rather
than defense or maintenance [58]. Furthermore, the limitations of single-resource addition are effectively
overcome by the synergistic effect of water-nitrogen interaction. In particular, while W treatment can
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accelerate C. korshinskii growth, this growth effect is often difficult to sustain due to insufficient nitrogen
support for continuous tissue construction. Conversely, under water-limited conditions, C. korshinskii
cannot fully carry out photosynthesis and material transport, resulting in low nitrogen use efficiency and
limiting the translation of added nitrogen into rapid growth advantages even though nitrogen addition
alone can improve the plant’s nitrogen nutritional status. WN treatment, through resource complementarity
and the linkage of physiological processes, overcomes the bottleneck of sustained growth under water
addition alone and alleviates the metabolic conversion constraints under nitrogen addition alone [59]. As a
result, it shows a sustained and effective growth pattern at the trait and physiological levels, with effects
that are markedly superior to that of W treatment and N treatment.

5 Conclusion

WN treatment markedly enhanced the growth rate of early senescence stage C. korshinskii, with rapid
increases observed in both 18- and 22-year-old stands across varying water and nitrogen gradients. Key
leaf economics spectrum traits, including LA, SLA, LMA, and LNC, responded strongly to combined water
and nitrogen addition, shifting leaves toward a “fast investment-return” growth strategy. Furthermore, the
responsiveness of both growth rate and leaf economics spectrum traits was greater under WN treatment
than W treatment or N treatment. Among all traits, leaf area exhibited the most pronounced changes in
response to water and nitrogen inputs, showing significant or highly significant responses in both 18-
and 22-year-old stands across all treatment gradients. These results indicate that leaf area may serve as a
primary indicator of C. korshinskii’s response to environmental changes, and future studies of the species’
environmental adaptation should prioritize this trait. Water and nitrogen additions exerted significant
regulatory effects on C. korshinskii growth. Specifically, W treatment and WN treatment influenced growth
rate both directly and indirectly via the leaf economics spectrum, whereas N treatment alone affected
growth rate only indirectly through this spectrum. These results highlight the leaf economics spectrum as
the central regulatory pathway mediating early senescence stage C. korshinskii’s response to WN treatment,
with WN treatment enhancing growth primarily by modulating this spectrum.
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