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Abstract

Nitrogen (N) and phosphorus (P) are key elements required for plant growth and development and are the most common limiting
nutrients that constrain net primary productivity in terrestrial ecosystems. As a result of anthropogenic activities, N deposition has
increased in subtropical regions of China; however, the impact of forest P associated with N is relatively scarce. Four treatments,
including control, were set up in the forest of Castanopsis sclerophylla (seedlings) to evaluate the effects of long-term N and P
applications on plant growth and water physiological characteristics. In the forest's understory, N, P, and combined N+P additions were
applied to similar growth conditions in the 50-year-old secondary forest. The results show that the mid-day water potential of C.
sclerophylla seedlings under the N+P addition treatments was significantly higher (»<0.05) than in the P and N treatments, and found
significant (p<0.05) variation in seasonal growth. In the dry season, the conduit density of young C. sclerophylla seedlings under P
inputs and control was significantly higher (p<0.05) than combined N+P addition. N addition, it possibly signifies the drought resistance
of C. sclerophylla seedlings in seasons. Remarkably, without adding nutrients, the C. sclerophylla seedlings showed the strongest
resistance to drought conditions in all seasons. Therefore, under the influence of global climate change in the future, drought and N
deposition will negatively affect the understory regeneration of C. sclerophylla in subtropical secondary forests. The outcomes of this
study direct the forest manager and silviculturist regarding the adverse situation ahead regarding the C. sclerophylla regrowth in
subtropical forests and help prioritize plant species for future drought conditions.
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Introduction The overall N deposition rate in China increased to 21.1 kg

ha! year!, and N deposition reached 36.0 kg ha! year! in

Nitrogen (N) and phosphorus (P) interact closely in the
biochemical responses that control plant ecophysiological
functions, and fluctuations in the availability of elements
may trigger changes in the uptake and availability of the
other growth elements (Li et al., 2024; Wang et al., 2024).
N and P uptake from the soil or assimilation within the
plant relies primarily on a negative water potential gradient
from the soil to the leaves to complete water and nutrient
transport (Salazar-Tortosa et al., 2018). N and P availability
have been shown to alter water relations by affecting plant
hydraulic structure (Li et al., 2021). Therefore, plant
hydraulic structure, water transport capacity, and nutrient
status interactions can lead to drought stress or reduced
plant survivability under global change.

Since the Industrial Revolution, anthropogenic
activities have forced the input of unprecedented amounts of
available N into many ecosystems (Gallo-way et al., 2004).
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the subtropical region in the southeast (Zhu et al., 2021),
making it a high N deposition region. The intensified N
deposition further accelerated the soil P cycle and caused P
limitation (Marklein et al., 2012). In the case of long soil
development and high weathering, P often complexes with
iron or aluminium oxides to form a closed storage state and
cannot be used by plants. The effective soil P content is low,
so P is often considered a limiting factor in subtropical forest
ecosystems (Vitousek et al., 2010). Appropriate P addition
can significantly improve soil P availability (Zheng et al.,
2016), increase soil total P, and soluble organic carbon
content, as well as increase microbial abundance and soil
enzyme activities in the soil (Feng et al., 2021; Li et al.,
2024); in P-deficient areas, P application can significantly
increase P availability, enhance the ability of vegetation to
take up P, and reduce soil N:P, thus alleviating the limiting
effect of P on plant and microbial growth (Cleveland ef al.,
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2002). In addition, plant water physiology can be influenced
by changes in nutrient availability and, thus, plant
physiological and ecological traits, such as changes in
conduit density and size, stomatal size and density in xylem
tissues, and hydraulic characteristics in leaves. Several
studies have shown that N addition leads to more efficient
xylem hydraulic conductivity but more susceptibility to
cavitation, as increased N availability may lead to larger
conduit diameters, thinner conduit walls, and easier
penetration of gases into the conduit through the striatal
membrane (Zhang et al., 2021).

In subtropical forest ecosystems, studies on N and P
interactions have mainly focused on the effects of N
deposition on plant stoichiometry (e.g., C: N: P) and carbon
economic traits (e.g., biomass production, photosynthesis)
(Wang et al., 2017; Hu et al., 2019). As a key element and
limiting factor for plant growth, water may also occur in
respond to N and P additions regarding its hydraulic
structure and water transport. Yet, the response mechanism
remains unclear, requiring an in-depth study of the
potential impacts of N deposition and P supply in
subtropical forests to clarify their interactions on plant
water relations. Thus, in this study, the growth, leaf, and
branch hydraulic structures of naturally regenerated annual
Castanopsis sclerophylla seedlings were measured in a
nine-year nutrient (N, P) addition fixed sample plot in a
natural secondary C. sclerophylla forest in the mountains
of southern Anhui Province, using the dominant species of
subtropical broad-leaved evergreen forest community, C.
sclerophylla seedling (Zhang ef al., 2007). We hypothesize
that: (1) nutrient addition affects the hydrophysiological
properties of stems and leaves of C. sclerophylla seedlings
and relates to the type of nutrient addition; (2) nutrient
addition stimulates the growth of C. sclerophylla seedlings
but reduces its drought resistance.

Material and Methods

Study area: The experimental site was situated within the
Rending Mountain Forest Farm, Shimentai County, Chizhou
City, Anhui Province, China (117°2624 "N, 30°15'37 "W),
at an elevation of 120 m. This region experiences a
subtropical monsoon climate, characterized by high
temperatures during summer, with an average peak of
38.8°C in previous years and an annual mean temperature of
16.1°C. The average yearly precipitation is 1,626 mm,
accompanied by an annual average of 1,704.4 hours of
sunshine and a frost-free period lasting 234 days. The soil
was predominantly sandy-yellow-red loam. The vegetation
comprised a broad-leaved evergreen forest, with dominant
species including C. sclerophylla, and Quercus acutissima
(Zhang et al., 2007; Wang et al., 2024). The area primarily
consisted of secondary forests of C. sclerophylla, covering
approximately 500 acres, largely regenerated naturally
following logging activities in the 1960s and subsequent
forest management practices over the past five decades.

Plot design: In August 2011, we established twelve 15 m x
15 m plots (with four treatments and three replicates each)
within a 50-year-old C. sclerophylla secondary forest. To
prevent nutrient infiltration interference from runoff
between plots, a buffer zone of more than 10 m was
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maintained between them, delineated by signs and pull
ropes. A randomized block design was employed for the
nutrient addition experiment across the 12 plots, with four
treatment levels and three plots designated for each
treatment. The four nutrient addition treatments included
control (CK), N, P, and N+P group (Fig. 1). N and P were
administered via ammonium nitrate (NH4NO3) and calcium
superphosphate [Ca(H2POs),], respectively. These fertilizers
were dissolved in 20 L of water and sprayed evenly
throughout the forest using an artificial sprayer, while
control plots received an equal amount of water spray.

Plant growth measurement and water use efficiency:
Leaf water potential was determined using a pressure
chamber hydrometer (1505D, PMS Instruments), and the
early morning and midday water potential was measured at
5:00 and 12:00 on each measurement day. The early
morning water potential was required to be conducted
before sunrise due to the influence of sunrise time in winter
and summer. Healthy five seedlings with the same growth
were selected for each treatment (CK, N, P, and N+P
addition) in the middle of the wet season in August 2020
and the dry season in January 2021 in sunny weather.
Branches with leaves in the upper middle of the south-
facing crown of the sample trees of about 50 cm were cut
with high pruning shears. Then leaves were quickly picked,
and the C. sclerophylla seedlings' leaves were inserted
upside down into the lid of the pressure chamber to ensure
that the lid was clamped to the leaf petiole. Then, the
cylinder valve was opened, and the control valve was
facing towards it. Open the valve of the cylinder, make the
control valve face to the pressure, slowly open the
measuring valve, make the pressurization rate up to 0.1 bar
s’!, and carefully observe the base of the petiole that
extends out of the lid of the pressure chamber, and close
the valve immediately when a water film appears on the
petiole, and record the readings. Two branches were cut
down for each sample tree, and from each branch, two
leaves were picked to determine the water potential in the
sample plot as soon as possible to ensure that the data could
reflect the real water situation.

Anatomical observation of leaf and branch structures:
Five samples of healthy trees with essentially uniform growth
conditions were selected for each treatment, and in mid-sunny
weather in August 2020 during the wet season and January
2021 during the dry season, foliage-bearing branches with
leaves of about 50 cm from the south-facing upper-middle part
of the crowns of the sample trees were cut, and the cut ends of
the branches were placed in plastic buckets with water, put on
a black plastic bag, and brought back to the laboratory
immediately (Clearwater ef al., 2021). Under each treatment,
five different C. sclerophylla seedlings were selected, fresh
mid-upper branches with a diameter of §8-10 mm were
intercepted from the top, and each branch was cut into small
segments of 3 cm in length. The temporary sections were
made to be placed under a 40x optical microscope for
observation, and photographs were taken for three fields of
view (Zhang et al., 2021). The number of conduits and conduit
area in the field of view was calculated using Image J
software, and the percentage of conduit tissue and conduit
density were calculated (Yang et al., 2009).
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10-year platform for N- and P-added Castanopsis carlesii secondary forests
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Fig. 1. Nutrition added a design and implementation plan.

Statistical analysis

Data analysis and graphing were done using Excel
2016 with R 4.0.5. and applied for ANOVA (One-way
ANOVA) and multiple comparison test (LSD test) to know
the significance differences between treatments, with the
level of significant difference being p<0.05; correlation
analysis between variables (Pearson correlation analysis
(Pearson correlation) and plotting were done in R 4.0.5.

Results

Effects of N and P addition on the C. sclerophylla
seedling's growth: In contrast, the P-added treatments
showed no significant difference from the control (»p>0.05).
In the addition treatment, the highest growth (D?H) of
81.06 cm?, followed by the N addition treatment with 74.54
cm?, is observed.

Effects of N and P addition on plant hydraulic drip:
Applying N, P, and N+P showed varied effects on Huber
values. Specifically, the N treatment exhibited a moderate
increase in Huber values in the control and N+P groups in
both wet and dry seasons. At the same time, the P treatment
showed a minimal effect. However, the combined N+P
treatment notably enhanced Huber values, indicating a
synergistic influence on plant growth (Fig. 2a). The
responses of stem sapwood-specific hydraulic conductivity
to the treatments differ significantly. Nitrogen treatment
triggers a moderate conductivity development, showing
improved water passage within the stem. Phosphorus
treatment showed a more substantial enhancement in
conductivity in the dry season compared to the wet season,
signifying a distinct effect on sap flow properties.
Remarkably, the highest significant conductivity values
were observed under the control treatment, indicating no
response from adding N, P, and N+P. (Fig. 2b). The
treatments employed distinction effects on Kier. Nitrogen
application resulted in a slight increase in Kief, indicating
improved leaf water transport efficiency. Phosphorus
treatment showed a more significant difference in Kiear

compared to N+P treatment, while the means of P and N
remained overlapped with the highest values in treatment;
however, the effect is minimal seasonally in the means,
suggesting a pronounced influence on leaf hydraulic
properties under N+P. The combined N+P treatment
exhibited the lowest mean Kiear values, demonstrating a non-
cooperative effect on leaf water conductance (Fig. 2c).
Adding P treatments significantly impacted dry and wet
seasons and supplemented positive turgor pressure (p<0.05).
Seasonally, N treatment caused a slight increase in turgor
pressure but remained insignificant in balancing cellular
water balance. However, surprisingly, in the control
treatment, a more considerable improvement in turgor
pressure compared to N, N+P treatments, demonstrating
improved flow in the xylem (Fig. 2d). Overall, the results
highlight the variation effects of N, P, and combined N+P
treatments on plant water uptake properties, with the
combined treatment generally exerting the most noticeable
impact on growth-related parameters.

Effects of N and P addition on leaf traits of the C.
sclerophylla seedling: Seasonally, N treatment showed
significant growth (p<0.05) in leaf thickness compared to
the control and P, N+P treatments, demonstrating improved
leaf structural development. Phosphorus treatment
contributed somewhat to increased leaf thickness, but no
significant difference was noticed in wet and dry seasons
(Fig. 3a). N and P treatments result in uncertain increases
in upper epidermis thickness, representing modifications in
leaf surface structure. However, it was non-significant in
the wet and dry seasons. The combined N+P treatment
resulted in a similar increase in upper epidermis thickness
to the control treatment, showing effects on epidermal
layers under p>0.05 (Fig. 3b).

Adding N resulted in a notable increase in palisade and
sponge tissue thickness, indicating enhanced photosynthetic
capacity compared to P and N+P in wet and dry seasons.
Phosphorus treatment also increased palisade and sponge
tissue thickness, suggesting improved leaf function; however,
there was no significant variation in wet and dry seasons (Fig.
3c, d). In addition, applying N treatment resulted in an



insignificant increase in lower epidermis thickness compared
to the control, indicating structural modifications in wet and
dry seasons. Phosphorus treatment showed a similar trend, but
to a lesser extent. The combined N+P treatment exhibited the
most distinct increase in lower epidermis thickness,
suggesting mutual effects on epidermal growth (Fig. 3e). N
treatment showed a moderate rise in spongy and palisade
mesophyll tissues %, signifying improved photosynthetic
activity and cellular density under all treatments. P treatment
contributed to increased tissue development, and seasonal
variation signified their growth. Similarly, the combined N+P
treatment significantly increased spongy and palisade
mesophyll tissues, suggesting synergetic effects on tissue
association (Fig. 3f). Indeed, the results revealed that N, P, and
combined N+P treatments apply varied effects on leaf
morphology and tissue growth and development, with the
combined treatment usually showing the most noticeable
influences on physical and functional characteristics.

Effects of N and P additions on hydraulic traits in young
C. sclerophylla seedlings: The response of the water
potential of young C. sclerophylla seedlings to nutrient
addition during the dry and wet seasons is shown (Fig. 4).
The changes in the early morning water potential during
the wet and dry seasons under different treatments
maintained the same trend, i.e., the control young C.
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sclerophylla seedlings' early morning water potential was
significantly higher than that of the N-addition treatment,
and CK, P-addition and N-addition treatments were
considerably higher than that of the N- and P-addition
treatments (p<0.05) and showed significant seasonal
differences under different treatments (p<0.05). The mid-
day water potential of young C. sclerophylla seedlings in
the dry and wet seasons under different treatments
maintained the same trend, i.e., the midday water potential
of young C. sclerophylla seedlings in the N- and P-added
treatments, the control was significantly higher than that in
the P-added treatment, and the N-added treatment
(»<0.05), and significant seasonal differences were
observed under different treatments (p<0.05).

The results of the correlation analysis indicate that the
water potential of the leaves is closely related to the
anatomical structure of the leaves. Among them, stem
hydraulic conductivity, leaf thickness, palisade tissue
thickness, sponge tissue thickness, and stomatal density are
compared with leaf (Fig. 5). The predawn water potential
was significantly positively correlated (p<0.05), while the
Huber values, VD (transverse), and Vd were significantly
negatively correlated with the early morning water
potential of the leaves (p<0.05). VD (longitudinal) and VD
(transverse) were extremely significantly negatively
correlated with the midday water potential (p<0.01).
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Fig. 2. Effects of N, P addition on Huber values (a, HV), stem hydraulic conductivity (b, Kstem), KLeat, turgor loss point (d, ¥up) of C.

sclerophylla seedlings.

Note: ns, *, ** and *** denote no significance, p<0.05, p<0.01 and p<0.001, respectively. Different lowercase letters indicate significant

differences between different treatments.
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differences between different treatments.

Effects of N and P additions on branch conduit
characteristics in young C. sclerophylla seedlings:
Analyses showed that there was no significant difference
(»>0.05) in conduit diameter (transverse) of young C.
sclerophylla seedlings under different treatments, both in
dry and wet seasons, but observed significant seasonal
differences (p<0.05) were observed under different
treatments (Fig. 6). Specifically, under N and P addition
treatments, the conduit (xylem) diameter (transverse) of
young C. sclerophylla trees in the dry season was 37.57 £+
1.46 mm, while that in the wet season was 55.68 + 2.61
mm; under N addition treatment, the conduit diameter
(transverse) of young C. sclerophylla trees in the dry
season was 37.07 + 3.18 mm, while that in the wet season
was 52.84 + 2.06 mm; and under P addition treatment, the
diameter of young C. sclerophylla trees in the dry season
was 37.07 £ 3.18 mm, while that in the wet season was
52.84 £ 2.06 mm. Conduit diameter (transverse) of young
C. sclerophylla trees in the dry season was 41.69 + 2.72
mm compared to 54.58 + 0.98 mm in the wet season, and
in the control, conduit diameter (transverse) of young C.
sclerophylla trees in the dry season was 37.10 + 1.97 mm
compared to 50.62 + 1.66 mm in the wet season (Fig. 6a).
The conduit diameter (longitudinal) of young C.
sclerophylla trees under different treatments in dry and
wetseasons maintained the same trend, i.e., N, P-added
treatments, P-added treatment and control were
significantly higher than N-added treatments (p<0.05), and
significant seasonal differences (p<.05) were ob-served
under different treatments (Fig. 6b). Specifically, under N-
and P-added treatments, the conduit diameter
(longitudinal) of young C. sclerophylla trees in the dry
season was 47.64 + 0.60 mm, compared with 54.97 + 2.51
mm in the wet season; under N-added treatment, the
conduit diameter (longitudinal) in the dry season was 39.06
+ 2.10 mm, compared with 50.93 = 0.92 mm in the wet
season; and under P-added treatment, the diameter in the
dry season was 39.06 £ 2.10 mm. conduit diameter
(longitudinal) of young C. sclerophylla trees in the dry
season was 46.67 £ 1.53 mm compared to 57.79 £ 2.53 mm
in the wet season, and in the control, conduit diameter
(longitudinal) of young C. sclerophylla trees in the dry

season was 44.86 = 2.08 mm compared to 59.74 £ 1.16 mm
in the wet season.

Under the dry season, the conduit density of young C.
sclerophylla trees under P-addition treatment and control
was significantly higher than that of N and P-addition
treatments (p<0.05). Still, however, the difference with the
N-added treatment group was insignificant (p>0.05). In
contrast, the conduit density of young C. sclerophylla trees
under different treatments during the wet season showed
no significant difference (p>0.05). Significant seasonal
differences (p<0.05) were observed under different
treatments (Fig. 6¢). Specifically, under N and P addition
treatments, the conduit density of young C. sclerophylla
trees in the dry season was 9.48 + 0.77, while that in the
wet season was 7.37 + 0.76; under N addition treatment,
the conduit density of young C. sclerophylla trees in the
dry season was 10.88 + 1.26, while that in the wet season
was 8.75 £+ 1.18; under P addition treatment, the conduit
density of young C. sclerophylla trees in the dry season was
13.28 £ 0.99 compared to 8.71 + 1.84 in the wet season; in
control, the conduit density of young C. sclerophylla trees
in the dry season was 12.13 + 0.76 compared to 9.04 = 0.75
in the wet season.

Comprehensive evaluation of drought tolerance in young
C. sclerophylla seedlings under N and P additive
treatments: The results of variance analysis indicated that,
compared with the control, the addition of N significantly
increased the stomatal density of the leaves of C.
sclerophylla seedlings in the wet season. Under the same
treatment, there was no significant difference in the stomatal
density of the leaves in different seasons (Fig. 7a). However,
the addition of N, P, and N+P significantly affected the
stomatal length of the leaves of C. sclerophylla seedlings
(»p<0.001). Compared with the control, the stomatal length
of the leaves decreased to varying degrees after the addition
of N and P (Fig. 7b). Among them, the stomatal density of
leaves under the N addition and N+P addition treatments was
significantly lower than that of the control (p<0.05). This
indicates that the addition of N will increase the risk of water
evaporation and loss to a certain extent.



Discussion

Trees absorb water from the soil through the root
system. Water is transported along xylem conduits to
various tissues and organs in the plant body, driven by
potential tissue differences (Simonin ef al., 2015). Plant
water use efficiency is a comprehensive measure of the
plant body's carbon and water balance. Droughts
exacerbate the decline in soil moisture in mountainous
regions, which affects the ability of the plant body to
transport water in the branches and leaves, thus limiting
the stomatal conductance and photosynthetic rate
(Scoffoni et al., 2016; Wu et al., 2022b). Limited soil
moisture supply can cause cavitation to bodies' plants'
xylem water conductance system, exacerbating the risk of
drought-related mortality in plant bodies (Anderegg et al.,
2015). Hydraulic disorders are an important factor in
causing tree mortality in natural forests, and 70% of
species globally have narrow hydraulic safety thresholds
and will be at higher risk of mortality under future climate
extremes (Choat et al., 2012). In mountainous areas more
prone to drought stress, it is necessary to pay continuous
attention to the changes in water uptake and transport
capacity of the plant body (Xu et al., 2012; Cohu et al.,
2014; Garcia-Valdes et al., 2021); combined with the
changes in global nutrient cycling, it was found that there
were significant seasonal differences in the four
treatments in terms of leaf water potentials, midday and
dawn water potentials, and the dry season was greater
than the wet season. The dawn water potential of the C.
sclerophylla leaves in the wet season was expressed as
follows: N+P addition > P addition > N addition and
control, and the midday water potential showed a similar
pattern. Regarding water conductivity, the leaf-specific
water conductivity of C. sclerophylia seedlings showed P
added > N added and CK > N, which was added in the
wet season. In contrast, the sapwood water conductivity
showed P added, N added, and CK > N+P addition. In
terms of expansion pressure loss point, C. sclerophylla
seedlings showed N, P-added and N-added > P-added and
CK in the wet season, which indicated that N and P-added
treatments were more susceptible to water stress in the
wet season, and drought tolerance of C. sclerophylla
seedlings was found to be greater in control and P-added
than in N+P-added and N-added during the wet season
through 2 different assignments, which was in line with
the above results. It might be related to its conservative
growth strategy (Guo et al., 2017). Under nutrient-
sufficient conditions, the plant showed lower plasticity.
Although it is growing well, it will be more susceptible to
water stress under extreme climate change conditions.

Thicker leaf epidermis can reduce plant water loss (Shi
et al., 2020). In this experimental area, due to the influence
of subtropical monsoon climate, the dry period of C.
sclerophylla seedlings is usually accompanied by a
significant reduction in rainfall, and this change in
epidermal thickness is conducive to the adaptation of dry
C. sclerophylla seedlings to the arid habitat (Wu et al.,
2020; Wu et al., 2022a; Wu et al., 2022b). Therefore, we
speculate that the drought resistance of dry C. sclerophylla
is higher than C. sclerophylla seedlings in the wet season.
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Changes in stomatal conductance, stomatal size, and
stomatal density can not only affect plants' photosynthetic
rate but also change plants' water loss. For example, smaller
stomata are favorable for plants to respond to changes in
external environmental conditions promptly, especially in
the case of soil moisture deficiency, and a decrease in
stomatal size is conducive to reducing water loss (Haworth
et al., 2021). However, an increase in stomatal density is
conducive to both reducing water loss and maintaining
photosynthetic stability, and in general, the greater the
stomatal density of a plant, the lower the resistance to
stomatal transport and the higher the photosynthetic rate and
photosynthetic capacity (Wu et al., 2020). Most plants
reduce water loss by reducing stomatal size when faced with
a water deficit since smaller stomata respond rapidly to
drought and can save the plant from cavitation embolism
(Beerling et al., 2009). It has been shown that the Syzygium
rehderianum effectively reduced water loss under drought
conditions by reducing stomatal size, which, combined with
its decreased stomatal conductance, significantly reduced
transpiration rate (Wu et al., 2018). However, its stomatal
density did not change considerably under drought
conditions (Wu ef al., 2018). In contrast, it has been found
that M. xylostella adopted a more conservative strategy to
adapt to drought conditions, i.e., reducing its stomatal
density rather than changing its stomatal size, suggesting
that M. xylostella's reduction of water loss also reduced its
photosynthetic rate (Hepworth et al., 2015), an adaptive
strategy that would be detrimental to M. xylostella's growth
but an adjustment mechanism that facilitates the plant's
assimilation of CO, under conditions of water deficit.

Conclusions

Applying N and P significantly reduced mid-day water
potential in wet and dry seasons, with N having a greater
influence than P. N application reduced mid-day water
potential more than P and control treatments, associated
with fluctuations in photosynthesis. Seasonal differences in
conducting tissue's structural properties are intensely
subjective, with more noticeable effects observed in the
wet season. Both N and P treatments enhanced the
conducting tissue structure. Nitrogen addition improved
leaf thickness, tissue cellular density, and water transport
efficacy, emphasizing its role in plant water uptake. P
application boosted photosynthetic capacity and tissue
growth, mainly in dry seasons. Collectively, N+P
treatments confirmed combined effects on plant growth-
related parameters. Nutrient contributions significantly
impacted the water transport and hydraulic structure in the
subtropical forest, highlighting the complex interaction
between nutrient-plant physiology.
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