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• N deposition increased stomatal sensitiv-
ity toVPD for trees ofQuercuswutaishanica
and Acer mono.

• N deposition decreased stomatal sensitiv-
ity to water potential in both species.

• N deposition increased the vulnerability
of the hydraulic system to cavitation in
both species.

• N deposition would increase the risk of
hydraulic failure in both species.
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Although the effects of nitrogen deposition on tree water relations are studied extensively, its impact on the relative
sensitivities of stomatal and xylem hydraulic conductance to vapor pressure deficit and water potential is still poorly
understood. This study investigated the effects of a 7-year N deposition treatment on the responses of leaf water rela-
tions and sensitivity of canopy stomatal conductance to vapor pressure deficit (VPD) andwater potential, as well as the
sensitivity of branch hydraulic conductance towater potential in a dominant tree species (Quercus wutaishanica) and an
associated tree species (Acer mono) in a temperate forest. It was found that the N deposition increased stomatal sensi-
tivity toVPD, decreased stomatal sensitivity to water potential, and increased the vulnerability of the hydraulic system
to cavitation in both species. The standardized stomatal sensitivity to VPD, however, was not affected by the N depo-
sition, indicating that the stomata maintained the ability to regulate the water balance under nitrogen deposition con-
dition. Although the increased stomatal sensitivity to VPD could compensate the decreased stomatal sensitivity to
water potential to some extent, the combined response would increase the percentage loss of hydraulic conductivity
(PLC) when 50 % loss in stomatal conductance occurred, particularly in the dominant species Q. wutaishanica. The re-
sult indicates that N deposition would increase the risk of hydraulic failure in those species if the soil and/or air be-
comes drier under future climate change scenarios. The results of the study can have significant implications on the
modelling of ecosystem vulnerability to drought under the scenario of atmospheric nitrogen deposition.
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1. Introduction

Atmospheric N deposition has been increasing significantly due to in-
creased fossil fuel combustion, urbanization and agriculture intensification
(IPCC, 2007; Davidson, 2009). It is predicated that the N deposition rate
will double the current rate by 2050 (Galloway et al., 2008). Increasing N
availability in the soil can increase plant growth (Ripullone et al., 2004;
Xia and Wan, 2008; Reay et al., 2008; Li et al., 2015; Schulte Uebbing
and de Vries, 2017), and change hydraulic architecture (Borghetti et al.,
2016), which in turn will impact plant water relations (Kleiner et al.,
1992; Goldstein et al., 2013). Hydraulic adjustments in woody plants may
influence their survival (Brodribb et al., 2020), ecosystem resistance and re-
silience (McGregor et al., 2021) to environmental stresses, particularly
drought. Such resistance and resilience will become even more important
to ecosystems as climate change has been increasing the frequency and se-
verity of drought stress and drought (and heat)-related forest die-off (Allen
et al., 2010; Choat et al., 2018; McDowell et al., 2020). Therefore, a good
understanding of the long-term effects of N deposition on plant water rela-
tions is critical for improving the prediction of ecosystem responses to
global change (Anderegg et al., 2016).

The current results on the effects of N deposition and its interactionwith
drought on the physiology and growth of forests are inconsistent and not
well understood. N deposition may decrease plant survival during and
after drought stress as it may increase limitations to photosynthesis and hy-
draulic failure (Gessler et al., 2017). Studies have showed that the hydraulic
safety of branches (Zhang et al., 2021a, 2021b, 2021c) and leaves (Zhang
et al., 2021a, 2021b, 2021c) have been compromised by nitrogen deposi-
tion, while the hydraulic conductance and stomatal conductance
(Borghetti et al., 2016; Zhang et al., 2021a, 2021b, 2021c) are increased
due to anatomical alterations (Bucci et al., 2006; Watanabe et al., 2008;
Hacke et al., 2010; Plavcová and Hacke, 2012; Jiang et al., 2018). These
studies suggest that the plant may face hydraulic failure if nitrogen deposi-
tion and drought stress increase further under the scenario of continued
global climate change. In contrast, other studies have shown that nitrogen
deposition canmitigate the effect of drought stress via improving carbon se-
questration and reserves (Zhang et al., 2021a, 2021b, 2021c; Dulamsuren
and Hauck, 2021). Furthermore, there are studies that have demonstrated
that N deposition is neither a major nor a consistent driver of forest produc-
tivity responses to drought in European forest ecosystems (van der Graaf
et al., 2021). Chronic N depositions to the soil can also reduce forest growth
if the N concentration reaches or exceeds toxic levels (Aber et al., 1998; Li
et al., 2013).

Stomatal sensitivity to changes in environmental conditions may be a
contributor to the above conflicting results (Zhang et al., 2018). Stomates
are the critical control of gas exchanges and water interactions between
plants and the atmosphere (Buckley, 2019). The sensitivity and regulation
of stomatal conductance influence tree growth and survival under drought
conditions at both tree and ecosystem levels (McDowell et al., 2008, 2020).
Stomata can respond to changes in soil and atmospheric moisture condi-
tions via either a feedback (Oren et al., 1999) or feed-forward mechanism
(Franks et al., 1997). The magnitude and rate of changes in stomatal con-
ductance or aperture in response to environmental stimulus are, therefore,
closely associated with hydraulic conductance and hydraulic sensitivity
(Sperry et al., 2017; Anderegg et al., 2018). The relative sensitivities of sto-
matal conductance and xylem hydraulic conductance towater potential de-
termine the risk of hydraulic failure under drought stress (Martínez Vilalta
et al., 2014). Plants can maintain water homeostasis if stomatal conduc-
tance is more sensitive than hydraulic conductance to dry conditions. A
consequence of high stomatal sensitivity to water potential is reduced car-
bon assimilation under dry conditions, which explains why isohydric pine
species are less tolerant of long-term drought than anisohydric pine species
(McDowell et al., 2008). Furthermore, soil or plant water potential and VPD
can jointly affect stomatal sensitivity in the field (Jarvis, 1976; Dang et al.,
1997; Leuschner et al., 2022). Although a meta-analysis has led to the hy-
pothesis that nitrogen deposition reduces stomatal sensitivity to water po-
tential (Zhang et al., 2018), there is no measured data to support it.
2

Lab and field measurements of stomatal response to water potential
(stomatal vulnerability curve) indicate that 20 % loss of hydraulic conduc-
tivity due to xylem embolism has a functional association with 50 % loss in
stomatal conductance in some tree species (Brodribb and Holbrook, 2003a,
2003b). However, measuring stomatal response to water potential in the
field is complicated because of the high variability of VPD in the field
which also has substantial impact on stomatal conductance. There are
also complications with lab measurements because the chemical signals
from roots and soil are excluded when the measurements are conducted
on detached branches (Dang et al., 1997). An empirical model of the rela-
tionship between predawn and midday water potential may shed some
light on the relative sensitivity of stomatal conductance and hydraulic con-
ductance in the field (Martínez Vilalta et al., 2014). However, the effect of
water potential on stomatal conductance is confounded with the effect of
VPD in the model. The two effects need to be disentangled to better assess
the risk of hydraulic failure to be imposed by N disposition in the future
in the scenario of global climate change.

China is one of the three regions in the world with the highest rate of N
deposition (Dentener, 2006). N deposition has increased by approximately
60 % over the past decades (Liu et al., 2013). The temperate broad-leaf for-
est in China is located in the area with the highest N deposition rate (Yu
et al., 2019). N supply is a predominant limiting factor to plant growth in
temperate regions (Vitousek and Howarth, 1991; Elser et al., 2007; Xing
et al., 2022) and the deposition effect of N deposition can significantly af-
fect the physiology and growth of plants in the region, including stomata
behavior and hydraulic characteristics of plants. This study investigated
the responses of canopy conductance, branch hydraulics, leaf water rela-
tions and stomatal sensitivity to water potential/VPD in a dominant tree
species (Quercus wutaishanica) and an associated tree species (Acer mono)
to N deposition in a temperate forest in China in a 7-year experiment.
Q. wutaishanica is a dominant tree species in warm temperate deciduous
broad-leaved forest area in China (Chen, 1997), whileA. mono is a common
deciduous tree widely distributed in northeastern Asia (van Gelderen,
1994). We tested the hypothesis that N deposition would increase the hy-
draulic efficiency by increasing the vessel diameter but would also increase
the risk of hydraulic failure, according to the trade-off between hydraulic
efficiency and safety. We further hypothesized that nitrogen deposition
would reduce stomatal sensitivity to water potential but would increase
its sensitivity to VPD.

2. Materials and methods

2.1. Study site

The experiments were conducted in an experimental area of the Beijing
Forest Ecosystem Research Station of the Chinese Academy of Sciences lo-
cated in the Dongling Mountain of Mentougou District of Beijing (39°57′
N, 115°25′E, and elevation 1296 m). It has a typical warm temperate conti-
nental monsoon climate with an average annual precipitation of 500–650
mm. The annual mean temperature is 7 °C, and the monthly mean temper-
atures of January and July are−7.8 °C and 21.1 °C, respectively. The tem-
perate forest is dominated by oak (Quercus wutaishanica) and the associated
tree species are primarily maple (Acer mono), ash (Fraxinus rhynchophylla)
and birch (Betula dahurica). The canopy height of Quercus wutaishanica
was 8–10 m and that of Acer mono was 3–8 m. The average stand density
was 431 stems per hectare (Chen, 1997).

2.2. Nitrogen deposition treatment

The long-term nitrogen deposition experiment was established in 2013.
There were four independent 15 m × 15 m fertilized plots and a control
plot of the same size was established adjacent to each of the N deposition
plot. Urea equivalent to 20 kg N ha−2 was applied once a month during
the growing season (May–September) when rainfall was abundant in this
area and no application occurred beyond the growing season. The N
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application was in addition to the actual background N deposition in the
study area (>50 kg N ha−2 a−1 reported by Yu et al., 2019).

2.3. Sap flow measurements

Sap-flow gauges were installed at breast height in the stems of sample
trees (Granier, 1987). The installation and maintenance of the gauges
were conducted according to the protocol given by the manufacturer (SF-
G, Ecomatik, Germany). The gauges were installed on 9 Quercus and 7
Acer trees which were from the both plots of the nitrogen deposition and
control (see Supplementary Table 1 for details). The sap flux density (sap-
flow density per unit area of sapwood, Js, g m−2 s−1) of the individual
trees was measured with Granier-type heat pulse sensors (SF-G, Ecomatik,
Germany). All the gauges were installed on the north side of the tree stem
in the outer 30 mm of the xylem at 1.3 m height and were insulated from
solar radiation using a reflective shield. 30-min averages of sap-flow den-
sity were recorded with a data logger. However, for Gsi (m s−1, mean can-
opy stomatal conductance to water vapor) calculation, we used the hourly
data because only hourly meteorological data [e.g. air temperature (TA),
air relative humidity (RH%)] were available from the field meteorological
station about 1 km away from the study site. VPD was calculated from on
TA and RH% (Buck, 1981). Js was calculated using an empirical formula de-
veloped by Granier and Bréda (1996):

Js ¼ 0:0331� ΔTm � ΔT
ΔT

� �1:231

(1)

where Js has a unit of g m−2 s−1. ΔT is the temperature difference between
the upper and lower probe of the gauge when there is sap flow and ΔTm is
the temperature difference when there is no sapflow (night values).

2.4. Canopy-level stomatal conductance from sap flux measurement

We determined the canopy stomatal conductance for each sample tree
from the sap flux measurements. Canopy transpiration E (g m−2 s−1) was
estimated according to Granier and Loustau (1994):

E ¼ Js � Huber value ð2Þ

where Js (g m−2 s−1) is the sap-flow density per unit of sapwood area and
Huber value (m2 m−2) is the cross-section sapwood area per unit leaf area.

The terminal branch (at the same position as water potential and hy-
draulic conductance measurements) was used to estimate the Huber value
of the tree. The difference between the Huber value determined from the
measurement of the entire tree and that determined from the terminal
shoot is generally <20 % (Jarvis, 1976; Margolis et al., 1995; Togashi
et al., 2015; Lehnebach et al., 2018), and can be predicted by the pipe
model theory (Shinozaki et al., 1964). Furthermore, the standardized sto-
matal sensitivity to VPD (m/b) is not affected by the variation of Huber
value, as both m and b are calculated based on the same Huber value,
where m is Gsi sensitivity to VPD, and b is the stomatal conductance at
1 kPa VPD.

Branch sapwood cross-sectional area was determined by measuring the
diameter of the acropetal end of each branch segment using a digital mi-
crometer. Pith area was subtracted from gross cross-sectional area after
measuring its dimension under a dissecting microscope equipped with a
stage micrometer. Sample leaves were first scanned with a scanner
(EPSON, Japan), and then the area of each was calculated using WinFOLIA
software (Regent, Canada). The Huber value was calculated as the ratio of
sapwood cross-sectional area to leaf area. At least nine replicates were
used for each sample tree.

The sap-flux-scaled Gsi was calculated using the following equation
(Ewers and Oren, 2000; Monteith and Unsworth, 2013):

Gsi ¼ KG TAð ÞE
VPD

(3)
3

where KG(TA) (kPa m3 g−1) is the conductance coefficient as a function of
temperature [=115,800 + 422.6 × TA (°C)] (Ewers and Oren, 2000),
which integrates the psychrometric constant, latent heat of vaporization,
specific heat of air at constant pressure, and air density. The unit of Gsi

was then transformed from m s−1 to mmol m−2 s−1 according to Cowan
and Farquhar (1977):

gs
mmol
m2s

� �
� 1000 ¼ gs

m
s

� �
=100� 0:446� 273

273þ T

� �
� P

101:3

� �
(4)

where T is air temperature (°C), P is atmospheric pressure (KPa).

2.5. Gsi sensitivity to VPD

The relationship between Gsi and VPD is described using a modified
Lohammar's function (Oren model):

Gsi ¼ −m ∙ lnVPDþ b ð5Þ

The Gsi calculated from sap flux might suffer from the following uncer-
tainties: 1) the diffusion of the transpiration signal by the depletion and re-
plenishment of stem-storedwater (Meinzer et al., 2009; Braun et al., 2010);
2) the irradiance effect on stomatal opening (Buckley and Mott, 2013);
3) the effect of leaf boundary layer conductance (BLC) (Ewers et al.,
2005); 4) the effects of water potential and other environmental factors.
Therefore, the canopy stomatal conductance at a specific VPD could be se-
riously underestimated and the reliability of Eq. (5) outputs is highly ques-
tionable. However, the maximum Gsi based on sap flux at the similar VPD
can only be used if the forementioned influences are minimized. Therefore,
a boundary regression method on the flux-based Gsi over consecutive days
is better than the common regression over a single day (Mediavilla and
Escudero, 2003). As such, we applied the quantile regression (QR) ap-
proach, fitted quantile regression models for the 90% quantiles to describe
the upper bound, and used sap flux density data of 35 days in the growing
season of 2020. We only used sap flux density measurements from 0900 h
to 1300 h for the analysis ofGsi sensitivity toVPD to further minimize those
effects. Matheny et al. (2015) demonstrate that the depletion of stored
water in the stem occurs from 0800 h to 1800 h at a constant rate, and
the replenishment occurs from 1800 h to 0800 h at a non-linear rate in
oak and maple tree species during sunny days. Bunce (2000) has observed
that when irradiance is higher than 500 μmol m−2 s−1, stomatal conduc-
tance is quite stable in two crop species. Stomatal response to red light is re-
lated to photosynthesis (Buckley and Mott, 2013). Midday photoinhibition
observed in the field generally leads to decreases in both photosynthesis
and stomata conductance in afternoon. Therefore, the time period of
0900 h–1300 h provided a good time window to take measurements with
minimal influence from the above effects.

2.6. Bench drying vulnerability curves

In August 2020, sunlit branches sampled from the upper canopy in both
species were selected. The leafy end of branches of at least 2.0 m long for
Quercus wutaishanica and at least 0.9m long forAcermonowere sampled be-
tween 0530 and 0630 h, covered with a large black plastic bag with its cut
submerged under water, and transported to an air-conditioned laboratory
(25 °C). A preliminary test based on the method of Jacobsen et al. (2007)
showed that the cutting length is more than twice the maximum vessel
length of each species. To achieve a wide range of xylem tensions, some
branches were air dried under dim light conditions (<10 μmol m−2 s−1

PAR) in the lab for periods of up to 6 h (until PLC >85 %) and then bagged
for a minimum of 1 h to allow xylem pressure to equilibrate across the
branch. After one hour equilibration time, branches were double-cut
under water to relax residual tension, according to the protocol of
Wheeler et al. (2013). The first cut was made more than the maximum
length of one vessel from the end direction and the second cut was made
one third of the maximum vessel length from the apical direction.
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Following the cuts, the tension-relaxed branch segments (about 5–8 cm in
length) in the middle of the remaining part were cut for the measurement
of percentage loss of hydraulic conductivity (PLC, %). The flow rate
through the segment was recorded using a XYL'EM apparatus (Bronkhorst,
Montigny-les-Cormeilles, France). Filtered (0.2 μm) and degassed water
containing 10 mM KCl was used to perfuse the samples. Native flow rate
was recorded under low pressure (ki, kg MPa−1 s−1, 6 kPa). Maximum
flow rate (km) was recorded under the same low hydrostatic pressure
after air emboli was flushed out by perfusion under 130–150 kPa for 30
min. PLC was calculated as

PLC ¼ 100� km � ki
km

(6)

The specific hydraulic conductivity ks (kg m−1 MPa−1 s−1) was calcu-
lated by dividing km by the segment's cross-section sapwood area. For
xylem pressure (Ψ, MPa) measurements, sampled leaves were sealed in alu-
minum to achieve equilibration before the measurement was taken using a
Scholander pressure chamber (PMS Instrument, Corvallis, Oregon, USA).
The branch hydraulic vulnerability curve for each sample was fitted with
a cumulative Weibull function (Martínez Vilalta et al., 2014)

PLC
100

¼ e
� Ψ

ck

� �kk

(7)

where ck is the water potential at 63 % loss of the hydraulic conductivity
and kk is the slope of the vulnerability curve.

2.7. Midday and predawn water potential measurements

The predawn (Ψdawn, MPa, between 0530 and 0630 h) and midday
water potential (Ψmin, MPa, between 1200 and 1300 h) of branches were
measured according to Pockman and Sperry (2000): a branch of similar
size at the similar position to those used in the hydraulic vulnerability
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Fig. 1. Daily sap flux density (+s.e.) of Quercus wutaishanica and Acer mono in respons
Eqs. (1) and (2) (see text for details).

4

curve measurements was selected and sealed in a big black plastic bag con-
taining a moist paper towel for 1 h in darkness to allow the equilibration of
water potential between leaves and the subtending branch. Then the peti-
ole water potential of a leaf was measured. The measurements were made
on 8 different days (August 10th, 11th, 14th, 15th, and September 5th,
8th, 9th, 10th in 2020). There were at least 9 paired replicates for each spe-
cies within each treatment. The midday and predawn branch water poten-
tial measurements were made on adjacent (paired) branches.

2.8. Gsi sensitivity to Ψ

The averages of Gsi measurements between 1200 h and 1300 h for each
tree on each of the measurement days were used to investigate Gsi sensitiv-
ity to midday Ψ. The sensitivity of stomatal conductance to water potential
can be modeled empirically as 1 minus the corresponding cumulative
Weibull function (Martínez Vilalta et al., 2014):

Gsi ¼ Gsimax � 1 � e
� Ψ

cg

� �kg
0
@

1
A (8)

where cg is the water potential at 63 % loss of stomatal conductance; kg is
the slope of the Gsi vs. Ψ curve. Gsimax was obtained from the maximum
Gsi recorded in 35 days in the growing season.

Under uncontrolled environmental conditions in the field, stomata not
only respond to Ψ, but also to other factors such as VPD, irradiance, CO2

concentration and temperature (Jarvis, 1976). Although in the current sit-
uation (at noon in the eight sunny and sunny-cloudy days within one
month), irradiance, CO2 concentration and temperature (Supplementary
Table 2) were similar across different days, VPD could greatly affect the
analysis ofGsi sensitivity toΨ. Therefore, we replacedGsimax with a realistic
maximum Gsi at a specific VPD, as described by Eq. (5) if the interactive ef-
fect of VPD and Ψ is not taken into account for simplicity. We also applied
the multiplicative constraint model (Ogle and Reynolds, 2002) to
b) Q. wutaishanica +N

10/8 11/8 14/8 15/8 5/9 8/9 9/9 10/9

d) Acer mono +N

e to nitrogen deposition on the 8 measurement days. Values were calculated using
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investigate if VPD values at noon in the eight days were larger than

e � b � Gsimax
m for each species and treatment. The fact that all were lower

than the threshold indicates that Eq. (5) is robust. As such, the real stomatal
sensitivity to water potential can be modified as:

Gsi ¼ Gsimax � real � 1 � e
� Ψ

cgreal

� �kgreal
0
@

1
A (9)

where Gsimax-real was calculated based on Eq. (5), cgreal is the real water po-
tential at 63 % loss of stomatal conductance; kgreal is the slope of the corre-
sponding Gsi vs. Ψ curve.

2.9. Foliar carbon isotope discrimination

After the measurement of Huber value, leaves distal to the measured
samples were oven-dried at 70 °C for 48 h and finely ground. A sub-
sample of 1 mg of ground leaf was combusted and analyzed for 13C-12C
composition using an isotope ratio mass spectrometer (EA-DELTA plus
XP, Thermo Fisher Scientific, USA). Leaf carbon isotope composition
(δ13C) was calculated as:

δ13C ¼ Rsa � Rst

Rst
� 1000 (10)

where Rsa and Rst are the 13C/12C ratio in the sample and in the conven-
tional Pee Dee Belemnite standard, respectively.
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2.10. Statistical analyses

The distribution normality of hydraulic traits were tested by calculating
the Shapiro-Wilk W statistics. Differences between treatments were tested
using Kruskal-Wallis H test if P(W) < 0.05, and ANOVA if P(W) > 0.05.
Non-linear regression model with the gnls () function of R software was ap-
plied to bench drying vulnerability curves and Gsi-to-Ψ sensitivity curves.
The QR was carried out by using the ‘quantreg’ packages in R (Koenker
et al., 2018). We conducted all the statistical analyses using R version
4.0.5 (R Development Core, 2017).

3. Results

Variations in the 30-min average sapflowof the 16 sample trees on each
measurement day (August 10th, 11th, 14th, 15th, and September 5th, 8th,
9th, 10th in 2020) are shown in Fig. 1. In the control plots, Js ofA.monowas
generally larger than that ofQ. wutaishanica. In 7 out of the 8 measurement
days,maximum Js valueswere 31.4±0.9 (s.e.) g H2Om−2 s−1 forA. mono
and 15.4±0.3 gH2Om−2 s−1 forQ.wutaishanica. Nitrogen deposition sig-
nificantly increased the average maximum Js of Q. wutaishanica, to 24.8 ±
1.0 g H2O m−2 s−1. The N deposition also increased Js of A. mono, but the
effect was less obvious (32.5 ± 0.9 by the N deposition). However, the sap
flow density on September 10th was much lower than those on other mea-
surement days for both species and in both treatments because it was a dry
day with a VPD as high as 2.41 kPa at 1300 h.

Fig. 2 demonstrated the relationship between Gsi and VPD of represen-
tative trees at 0900, 1000, 1100, 1200, 1300 h of 35 consecutive days in
the growth season in 2020. Therewere 175 data points in total for each spe-
cies and treatment, and the upper boundary of the data could be fitted very
0 1 2 3 4

VPD (kPa)

(d) Acer mono +N No.3

(b) Quercus wutaishanica  +N No.4

1300 h on 35 days. 90%Quantile Regressionmethodwas applied to obtainm and b
pplementary Table 1 for details.



Table 1
Means and standard error ofGsimax (mmolm−2 s−1),m (mmolm−2 s−1 ln (kPa)−1),
b (mmol m−2 s−1) andm/b for Quercus wutaishanica and Acer mono in N deposition
treatment (+N) and control (CK). Treatment and species combinations labeledwith
different letters were significantly different from each other (P ≤ 0.05).a

Species & treatment Gsimax m b m/b

Q. wutaishanica CK 387 ± 68b 121 ± 24b 171 ± 37b 0.71 ± 0.05a

Q. wutaishanica + N 1075 ± 205a 276 ± 61a 418 ± 86a 0.65 ± 0.02a

Acer mono CK 677 ± 195ab 234 ± 52ab 361 ± 73ab 0.65 ± 0.03a

Acer mono + N 784 ± 55ab 255 ± 20ab 364 ± 33ab 0.70 ± 0.03a

P value Species(S) 0.74 0.60 0.62 0.71
Treatment
(T)

0.02⁎ 0.066 0.051 0.66

S ∗ T 0.10 0.15 0.09 0.14

a ⁎: P < 0.05.

Table 2
Means and standard error for ks (kg m−1 MPa−1 s−1), Huber value (×10−4 m2

m−2), δ13C (‰) of Quercus wutaishanica and Acer mono in N deposition treatment
(+N) and control (CK). Treatment and species combinations labeled with different
letters were significantly differenta from each other (P ≤ 0.05). Nitrogen deposi-
tion.

Species & treatment ks Huber value δ13C

Q. wutaishanica CK 2.51 ± 0.10b 1.42 ± 0.22b −27.89 ± 0.37a

Q. wutaishanica + N 3.11 ± 0.25a 2.14 ± 0.25a −27.68 ± 0.30a

Acer mono CK 0.44 ± 0.02c 1.12 ± 0.15b −29.50 ± 0.21b

Acer mono + N 0.51 ± 0.02c 1.30 ± 0.15b −29.11 ± 0.15b

P value Species(S) <0.001⁎⁎⁎ 0.009⁎⁎ 0.002⁎⁎
Treatment
(T)

0.04⁎ 0.03⁎ 0.70

S ∗ T 0.17 0.21 0.40

a ⁎: P < 0.05, ⁎⁎: P < 0.01, ⁎⁎⁎: P < 0.001.
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well by the Eq. (5) (all R2> 0.98, P< 0.01). Themaximum stomatal canopy
conductance (Gsimax) was generally higher inA. mono (577mmol m−2 s−1)
than inQ.wutaishanica (387mmolm−2 s−1), but the differencewas not sta-
tistically significant (Table 1). The N deposition significantly increased
Gsimax of both species (P=0.02), particularly for Q. wutaishanicawhich in-
creased by about three times. The N deposition increased both Gsi sensitiv-
ity to VPD (m) and the referenceGsi at 1 kPa (b) in bothQ. wutaishanica and
A. mono but the magnitude of increase was greater in Q. wutaishanica than
in A. mono. Them and b values of Q. wutaishanica increased by 128 %, and
144% respectively, while those ofA. mono increased by 9% and 1%. How-
ever, there was no significant impact on the standardized Gsi sensitivity to
VPD (m/b) in the two species (Table 1; Fig. 3).

The specific hydraulic conductivity (ks) of branches in Q. wutaishanica
was about six times higher than that of A. mono (Table 2). The N deposition
increased ks of both species, particularly for Q. wutaishanica (by 24 %, P <
0.05), and by 16 % (P > 0.05) for A. mono. Q. wutaishanica had a higher
Huber value than A. mono. The N deposition also increased Huber value
of both species, particularly for Q. wutaishanica (by 51 %, P < 0.05). δ13C
of Q. wutaishanica was significantly higher than that A. mono (P < 0.05),
but the N deposition did not significantly affect δ13C in the two species.

The N deposition significantly influenced the relationship between
Ψdawn andΨmin in the two species (Fig. 4): InQ.wutaishanica, the deposition
increased the slope of the relationship by 87 %, but did not significantly
affect the intercept of the regression (P > 0.05); In A. mono, the deposition
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Fig. 3.Relationship betweenm and b inQuercus wutaishanica (circle) andAcer mono
in N fertilized treatment (solid square) and control (empty square). The slope was
significant different from 0.6 (95 % LCL = 0.642, 95 % UCL = 0.701). Red band
represents the 95 % confidence interval of linear regression line.
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increased the slope and also decreased the intercept, but neither effect was
statistically significant (P > 0.05).

The nitrogen deposition increased the hydraulic sensitivity to water po-
tential in both species (Fig. 5). For example, Ψ50 (water potential at 50 %
PLC) in control and fertilized Q. wutaishanica were −2.42 and −1.92
MPa, respectively; Ψ50 for control and fertilized A. mono were −2.50 and
−2.09 MPa, respectively. Ψ63 (ck, water potential corresponding to 63 %
PLC) for unfertilized and fertilized Q. wutaishanica were −3.15 MPa and
−2.52 MPa, respectively; Ψ63 for unfertilized and fertilized A. mono were
−3.13 MPa and −2.59 MPa, respectively. The N deposition decreased kk
from 1.14 to 0.93 in Q. wutaishanica and from 1.00 to 0.99 in A. mono. In
contrast, the nitrogen deposition decreased Gsi sensitivity to Ψ in both spe-
cies (Fig. 5). In Q. wutaishanica, the deposition decreased cg (the water po-
tential corresponding to 63 % loss of stomatal conductance) from
−0.70 MPa to −0.99 MPa and increased kg from 0.55 to 0.88; In
A. mono, the deposition decreased cg from −1.00 MPa to−1.07 MPa and
decreased kg from 1.97 to 1.02.

The shape of the cumulative Weibull curve of Gsi sensitivity to Ψ
changed substantially when VPD effect was excluded. For example, the
real cgreal decreased to −1.35 MPa as compared to an empirical cg of
−0.70 MPa for Q. wutaishanica CK, −2.01 MPa compared to−0.99 MPa
for Q. wutaishanica + N, −1.10 compared to −1.00 MPa for Acer mono
CK, and−1.73 MPa compared to−1.07 MPa for Acer mono + N, respec-
tively (Fig. 5). The results further confirmed the nitrogen deposition de-
creased Gsi sensitivity to Ψ in both species.

4. Discussion

4.1. Effects of nitrogen deposition on stomatal sensitivity to VPD

The nitrogen deposition increased maximum Gsi and stomatal sensitiv-
ity to VPD (m) significantly in Q. wutaishanica but non-significantly in
A. mono. A higher maximum stomatal conductance generally is associated
with a higher stomatal sensitivity to VPD, particularly in mesic woody spe-
cies (Oren et al., 1999; Katul et al., 2009). The results are in line with the
conclusions of two meta-analyses (Zhang et al., 2018; Liang et al., 2020).
Nitrogen depositions generally lead to higher leaf nitrogen concentration,
larger stomates and higher rates of photosynthesis (Zhu et al., 2020), partic-
ularly in upper canopy trees exposed to higher PAR (photosynthetic active
radiation). Indeed, the Gsimax and m in the upper canopy of Q. wutaishanica
responded to the deposition to much greater extents than the lower canopy
tree species, A. mono.

The present study showed that nitrogen deposition did not change the
standardized stomatal sensitivity to VPD (m/b), indicating that the species
were capable of regulating stomatal conductance tomaintain relatively sta-
ble water relations even when there was a significant amount of nitrogen
deposition in the soil. To our knowledge, this is the first study in the litera-
ture investigating the effect of nitrogen deposition on m/b. The stomatal
sensitivity to VPD in Q. wutaishanica in the control treatment is similar to
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Fig. 4. Relationship between predawn andmidday leaf water potentials forQuercus wutaishanica and Acer mono. (a)Q. wutaishanica (CK): F, P and R2 for the linear regression
were 45.249, <0.001 and 0.384, respectively; 95% CI rangewas−0.449 to−0.689 for the intercept and 0.569 to 1.049 for the slope. (b).Q. wutaishanica (+N): F, P and R2
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were 19.003, <0.001 and 0.202, respectively; 95 % CI range was −0.726 to −0.491 for intercept and 0.295 to 0.795 for the slope. (d). A. mono (+N): F, P and R2 were
16.437, <0.001 and 0.179, respectively; 95 % CI range −1.012 to −0.615 for intercept and 0.310 to 0.911 for slope. Black lines represented 1:1 lines, and red lines were
the linear regression fits.
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the value reported forQ. alba grown at a lowland site (Phillips et al., 1996).
Numerous other studies have demonstrated that the standardized stomatal
sensitivity to VPD (m/b) of C3 plants converges at 0.6 under various envi-
ronmental conditions, such as different CO2 concentrations (Maherali
et al., 2003), different groundwater depths (Fan et al., 2020), different
growing-season temperatures (Poyatos et al., 2007), different light regimes
(Tarvainen et al., 2013), and in species of different climate origins (Bourne
et al., 2015). This conclusion is consistent with the theoretical expectations
of a hydraulic model for stomatal regulationwhere stomatal conductance is
regulated to maintain relatively stable rates of transpiration and leaf water
potential. However,m/b in this study converged to 0.67, slightly above the
value of 0.60 in the literature for mesic species (Oren et al., 1999).

Canopy conductance determined from sap flux tends to show similar
trends to those shown by leaf area-based conductance (Oren et al., 1999;
Addington et al., 2004). It can be argued that the Gsi is autocorrelated
with VPD because VPD is also used in the calculation of Gsi (Monteith,
1995). However, using an alternative method to calculate Gsi did not
change the shape of the relationship between VPD and Gsi (Monteith,
1995; Oren et al., 1999). In fact, b is the stomatal conductance at 1 kPa
VPD which often occurs in field measurements. The reference canopy sto-
matal conductances (b) of the two species are in agreement with values of
leaf scale conductance in the literature (Hanba et al., 2002; Lin et al.,
2002; Nabeshima and Hiura, 2004; Liu et al., 2019), indicating the canopy
conductance derived from sap flux measurements is comparable to values
of leaf scale conductance reported by similar studies.
7

VPD as themajor driving force of transpirationwas generally below 3 kPa
during the growing season in the study area (Fig. 2). The Oren model has
shown that the slope of the conductance sensitivity curve (m/b) can increase
to 0.68 for the VPD range of 1–3 kPa, very close to the value found in this
study. Furthermore, the Oren model predicts that the m/b value is constant
only if stomata conductance is regulated perfectly to maintain relative
constant transpiration and leaf water potential, which is the case of A. mono
in this study (Fig. 4c & d). However, the nitrogen deposition obviously
increased the range of diurnal variation in tissue water potential of
Q. wutaishanica, which showed a clear transition from isohydric behavior to
anisohydric behavior as defined by Meinzer et al. (2016) in response to the
nitrogen deposition (Fig. 4a & b). This discrepancy can be reconciled by
modifying the Oren model by relaxing the constant water potential assump-
tion andwhen both the tight relationship between leaf specific hydraulic con-
ductance (kl) andGsi (Addington et al., 2004; Broddrib andHolbrook, 2003a)
and the regulation of kl via xylem cavitation or changes in conductance of
non-xylem tissue (Scoffoni et al., 2017) are taken into account. The results
using theOrenmodelwith relaxed assumption have demonstrated that plants
can regulate kl under variable ΔΨ (water potential differential between soil
and leaf) conditions to maintain m/b constant (Fan et al., 2020; Ranawana
et al., 2021).

Stomatal sensitivity to VPD is tightly related to water-use efficiency
(Franks and Farquhar, 1999) and may be coordinated with photosynthesis
(Aphalo and Jarvis, 1993; Damour et al., 2010). The stable carbon isotope
composition δ13C is an indicator of long-term integrated water use
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Fig. 5.Vulnerability to embolism curves generated bybench top dehydrationmethod, apparent stomatal sensitivity and real stomatal sensitivity towater potential forQuercus
wutaishanica andAcer mono in N deposition treatment (+N) and control (CK). Solid squares and black lines represent PLC data points generated using bench drying methods
and the corresponding hydraulic vulnerability curves, respectively. Green circles and lines represent apparent Gsi sensitivity to Ψ and the corresponding stomata
“vulnerability” curves. Red circles and lines represent the real Gsi sensitivity to Ψ and the corresponding stomata “vulnerability” curves. Bar: +s.e. Because the real Gsi

was obtained by the Eq. (4), and the relative Gsi was calculated as the ratio between real Gsi and Gsimax, there was no s.e. for red circles.
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efficiency and was not significantly affected by the nitrogen deposition in
either of the two species in this study (Table 2), which is consistent with
the findings of other studies on the same ecosystem (Zhu et al., 2019; Liu
et al., 2019) and the conclusion of a meta-analysis (Zhang et al., 2018;
Liang et al., 2020). The δ13C results further corroborate our finding that
the N deposition had no significant effect on the standardized stomatal sen-
sitivity to VPD (m/b). It is interesting to note that A. mono had significantly
lower δ13C than Q. wutaishanica, which is in contrast to the finding of Liu
et al. (2019) that there is no significant difference in instantaneous photo-
synthetic water use efficiency between the two species, possibly due to
the interspecific variation in the draw-down of CO2 from the intercellular
spaces to the chloroplast as regulated by the mesophyll resistance (Flexas
and Ribas-Carbo, 2008).

4.2. Effects of N deposition on stomatal and hydraulic sensitivities to water poten-
tial

The nitrogen deposition significantly increased the branch Ψ50 in both
species. The result indicates that the fertilized trees suffered xylem cavita-
tion or embolism at less negative water potentials than their unfertilized
counterparts, making them less resistant to drought stress. The nitrogen de-
position increased the xylem hydraulic vulnerability by 20.7 % in
Q. wutaishanica and 16.4 % in A. mono. Furthermore, the N deposition in-
creased ck (water potential at 63 % PLC) and decreased kk (slope of the
xylem VC curve) in both species. Our results are consistent with the finding
of a meta-analysis that nitrogen deposition increases Ψ50 by an average of
21.5 % across tree species in different biomes (Zhang et al., 2018). There-
fore, both our study and the meta-analysis suggest that nitrogen deposition
will likely increase the risk of hydraulic failure, particularly if the soil and
air become drierwith continued changes in the climate, unless stomates be-
come more sensitive and better able to control water loss.
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The decreased resistance of branch xylem hydraulic system to more
negative water potential by the nitrogen deposition as indicated by the in-
creases in ks suggests a trade-off between hydraulic safety and hydraulic ef-
ficiency within a species. Such a trade-off is also reported for other species
(Gleason et al., 2016). The intra-specific trade-off indicates a structural reg-
ulation (Lovelock et al., 2006). The hydraulic conductivity of a conduit is
positively related to the fourth power of its diameter based on the Hagen-
Poiseuille equation (Tyree and Zimmermann, 2013). However, larger-
diameter conduits tend to be more vulnerable to cavitation, particularly
freeze-thaw induced cavitation (Choat et al., 2003). The nitrogen deposi-
tion in this study increased the vessel diameter of Q. wutaishanica by
22.08 %, and that of A. mono by 7.68 % without changing vessel density
(data not shown), indicating Q. wutaishanica showed more pronounced
trade-off between efficiency and safety than A. mono. These results suggest
that Q. wutaishanica will probably benefit more from nitrogen deposition
than A. mono under non-drought conditions but will be at a higher risk of
hydraulic failure if drought becomes more severe in the future. Our results
are consistent with the findings of other studies in the same ecosystem
(Zhang et al., 2021a).

The xylem hydraulic system is only one of the factors influencing the
water relations and vulnerability of plants to cavitation. Therefore, the in-
crease in xylem vulnerability to water deficit that induced cavitation does
not necessarily mean an increasing risk of hydraulic failure as some studies
suggest (Gessler et al., 2017; Zhang et al., 2018; Liang et al., 2020). A cor-
responding increase in stomatal sensitivity to water potential can compen-
sate for or off-set the increase in the sensitivity of the hydraulic transport
system to avoid catastrophic hydraulic failure from “run-away” cavitations
(Tyree and Sperry, 1988). The relative sensitivities of stomatal conductance
and hydraulic conductance to soil water availability can be empirically
quantified by the slope (σ) of the relationship between predawn water po-
tential and midday water potential (Martínez Vilalta et al., 2014). This
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slope increased significantly in Q. wutaishanica in response to the nitrogen
deposition in this study (Fig. 4), suggesting that hydraulic conductance de-
clined faster than stomatal conductance didwhenwater potential declined.
However, it should be pointed out that the response of stomatal conduc-
tance to water potential could have been confounded with its response to
VPD or the interaction between VPD and water potential because we
were unable to hold VPD constant during the measurements.

To disentangle the above confounding effects, we firstly investigated
the apparent response ofGsi to water potential in the field. The nitrogen de-
position decreased cg (water potential at 63 % loss of stomatal conduc-
tance), which is the opposite to the response of the xylem hydraulic
system. Furthermore, the N deposition decreased the water potential
threshold for 50 % stomatal closure in both species, particularly for
Q. wutaishanica (from −0.70 MPa to −0.99 MPa). The water potential at
50 % stomatal closure induced a PLC of 14 % in Q. wutaishanica CK, and
21 % in A. mono CK. However, the shape of stomatal “vulnerable curve”
as obtained in the present study is quite different from that by Brodribb &
Holbrook, 2003a, 2003b: their curves are generally “S” shaped, i.e., stoma-
tal conductance is stable at highwater potentials, drops quickly aswater po-
tential declines further, and become stable again when the water potential
becomes really low, whereas ours are “L” shaped, i.e., stomatal conductance
decreased quickly with decreasing water potential for the entire range of
the measured water potential (Fig. 5). The “L” shaped curves could also
occur in the field (McDowell et al., 2008; Bartlett et al., 2016). It is
postulated that the “L” shaped curves in the present study were probably
caused by the larger variability of VPD, as the air temperature and irradi-
ance conditions were comparable in our 8 days of mid-day (1200 to 1300
h) measurements (Supplementary Table 2). We used Eq. (5) to exclude
the VPD effect to obtain the sole effect of water potential on stomatal con-
ductance in the field.

As expected, the shape of stomatal “vulnerability curve” returned to “S”-
like shape after VPD effect was excluded (Fig. 5). This contradicts the previ-
ous argument that the “L” shaped curves reflect the true water potential re-
sponses. The water potential at 50 % stomatal closure induced 26 % PLC in
Q. wutaishanica CK, and 23 % in A. mono CK, compared with 14 % and 21
% when VPD was included, which are close to the value of≈20 % reported
by others (Brodribb&Holbrook, 2003a, 2003b). This result also suggests that
there was no strong vulnerability segmentation in the two species (Brodribb
and Holbrook, 2003a). Interestingly, the N deposition increased PLC from
26 % to 45 % at 50 % stomatal closure in Q. wutaishanica, and from 23 %
to 38 % in A. mono. Furthermore, the N deposition decreased cgreal (the real
water potential at which 63 % of stomatal conductance is lost) and kgreal
(the curve was less steep). All the results confirm that the nitrogen deposition
decreased the sensitivity of stomata to water potential. As such, the results do
not support the inter-specificfinding that specieswithmore vulnerable xylem
tend to be completely compensated by having even more sensitive stomata
(Nardini and Salleo, 2000;Martínez Vilalta et al., 2014). Indeed, the nitrogen
deposition could induce more sensitive stomata to evaporative demand (m),
which can compensate less sensitive stomata to upstream hydraulic supply
(cgreal), to prevent the occurrence of massive xylem cavitation to some ex-
tents. This could be inferred from the fact that PLC could drop from 45 %
(sole effect by water potential on stomata response) to 21 % (a mixed effect
by water potential and VPD on stomata response) at 50 % stomatal closure
in Q. wutaishanica, and from 38 % to 22 % in A. mono.

The more sluggish stomatal response to water potential in the fertilized
trees indicates a lower bulk turgor loss point (ΨTLP). ΨTLP is a key indicator
of stomatal response (Brodribb and Holbrook, 2003a) although it should be
used with caution (Farrell et al., 2017; Buckley, 2019). Lower ΨTLP values
are also reported in nitrogen-fertilized trees grown in water-limited areas
(Fang et al., 2018). There are also studies reporting opposite results, i.e., nitro-
gen deposition increasesΨTLP (Tan andHogan, 1997) or has no effect onΨTLP

(Jin et al., 2020). Therefore, further investigations are warranted on the re-
sponse of ΨTLP to nitrogen deposition, particularly on the mechanisms of
the response. However, the mechanism of increases in stomatal sensitivity
to VPD seems more certain and is primarily attributed to increases in peri-
stomatal transpiration for a higher Gsi as driven by a specific VPD, and may
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also be related to changes in anatomy induced by increases in nitrogen supply
(Mott and Parkhurst, 1991; Bucci et al., 2006; Watanabe et al., 2008; Hacke
et al., 2010; Plavcová and Hacke, 2012; Jiang et al., 2018). The changes in
Gsimax and stomatal sensitivity to water potential and VPDmay have contrib-
uted to the higher photosynthesis rates and faster growth in the fertilized
trees of both species (data not shown). The IPCC2007 (Solomon et al.,
2007) projects a robust pattern of increased precipitation in North Temperate
Zone, to the end of the 21st century. If the prediction becomes true, the
changes in Gsimax and stomatal sensitivity to water potential and VPD will
be beneficial to those trees. However, the number of dry days are also pre-
dicted to increase in many places, including the study area (Pörtner et al.,
2022). These tendencies arise from the reduction in the frequency of precip-
itation, the increases in precipitation intensity and runoff, and the increases in
evapotranspiration (Trenberth, 2011). As such, nitrogen deposition may in-
crease the risk of hydraulic failure for both species as indicated by the 14 %
to 21 % increases in PLC in Q. wutaishanica and 21 % to 22 % PLC increases
in A. mono accompanied by a 50 % stomatal closure. Further, the dominant
tree species, Q. wutaishanica, is likely to be more vulnerable to drought.

5. Conclusions

Although the effect of soil nitrogen deposition on tree water relations
has been studied extensively (e.g., Xia and Wan, 2008; Zhang et al., 2018;
Liang et al., 2020), there is a paucity of data on the relative sensitivities
of stomatal conductance and xylem hydraulic conductivity to water poten-
tial. We found that the nitrogen deposition increased the relative sensitivity
of the xylem hydraulic system but reduced the relative sensitivity of stoma-
tal conductance to water potential in both species. The nitrogen deposition
also increased stomatal sensitivity toVPD. However, the nitrogen treatment
did not affect the values of standardized stomatal sensitivity toVPD. The in-
crease in stomatal sensitivity to VPD did not fully compensate for the effect
of decreases in stomatal sensitivity to water potential by the nitrogen depo-
sition, leading to increases in percentage loss of xylem hydraulic conduc-
tance at the water potential with 50 % loss of stomatal conductance,
particularly in the canopy species Q. wutaishanica. The results indicate
that the risk of hydraulic failure in the ecosystem may increase if the soil
and/or air becomes drier and soil N increases under the predicted future cli-
mate change conditions. The results of the study can have significant impli-
cations on the modelling of ecosystem vulnerability to drought under the
scenario of atmospheric nitrogen deposition.
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