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Atmospheric nitrogen (N) deposition has been observed to impact plant structure and functional traits in terrestrial
ecosystems. Although the effect of N deposition on plant water use has been well-evaluated in laboratories and in
experimental forests, the linkages between water and carbon relations under N deposition are unclear. Here, we report
on hydraulics, gas exchange and carbon reserves of two broad-leaved tree species (Quercus mongolica and Fraxinus
mandshurica) in mature temperate forests after a seven-year experiment with different levels of N addition (control (CK),
low (23 kg N ha−1 yr−1), medium (46 kg N ha−1 yr−1) and high (69 kg N ha−1 yr−1)). We investigated variation in
hydraulic traits (xylem-specific hydraulic conductivity (K s), native percentage loss of conductivity (PLC) and leaf water
potential), xylem anatomy (vessel diameter and density), gas exchange (maximum net photosynthesis rate and stomatal
conductance) and carbon reserves (soluble sugars, starch and total nonstructural carbohydrates (NSC)) with different N
addition levels. We found that medium N addition significantly increased K s and vessel diameter compared to control, but
accompanied increasing PLC and decreasing leaf water potential, suggesting that N addition results in a greater hydraulic
efficiency and higher risk of embolism. N addition promoted photosynthetic capacity via increasing foliar N concentration
but did not change stomatal conductance. In addition, we found increase in foliar soluble sugar concentration and
decrease in starch concentration with N addition, and positive correlations between hydraulic traits (vessel diameter
and PLC) and soluble sugars. These coupled responses of tree hydraulics and carbon metabolism are consistent with
a regulatory role of carbohydrates in maintaining hydraulic integrity. Our study provides an important insight into the
relationship of plant water transport and carbon dynamics under increasing N deposition.

Keywords: hydraulic architecture, hydraulic conductivity, nitrogen fertilization, nonstructural carbohydrates, photosynthetic
rate, vessel diameter.
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Introduction

Atmospheric nitrogen (N) deposition has increased by three-
fold to fivefold due to fossil combustion and artificial fertilizer
application over the past century (IPCC 2007; Galloway et al.
2008), and is predicted to continue increasing by a factor of 2.5
by the end of the century (Davidson 2009, Fowler et al. 2013).
Increased soil N availability can enhance forest photosynthesis
and water-use efficiency (Magill et al. 2004, Hoegberg et al.
2006, Li et al. 2015, Zhang et al. 2018), and subsequently
increasing forest productivity (Lovelock et al. 2004, Leonardi
et al. 2012, Keenan et al. 2013). However, long-term increases
in N deposition will eventually rise to excessive levels and may
trigger ion/nutrient imbalance in plants, which would poten-
tially exacerbate vegetation vulnerability to stressors and are
expected to overwhelm the benefits mentioned above (Van de
Weg et al. 2013, Borghetti et al. 2017). Yet the physiological
mechanism by which long-term N deposition affects vegetation
to climate changes is currently unknown.

High N availability can cause changes in plant leaf economics,
gas exchange and hydraulic traits (Hacke et al. 2010, Villagra
et al. 2013, Zhang et al. 2018). For example, N addition can
increase foliar N content and leaf area, thereby enhancing leaf-
level photosynthesis and gas exchange (Evans 1989, Grassi
et al. 2002). Likewise, high N nutrition can affect whole-plant
hydraulic conductance through altering plant xylem hydraulic
architecture (e.g., conduit diameter and density; Goldstein et al.
2013, Pivovaroff et al. 2016, Fang et al. 2017, Mozdzer and
Caplan 2018), which is a proxy of hydraulic function (Bucci
et al. 2006, Fonti et al. 2010, Plavcová and Hacke 2012,
Goldstein et al. 2013). Previous N-addition experiments have
revealed that high N conditions increased the diameter of xylem
conduits (Harvey and van den Driessche 1999, Plavcová and
Hacke 2012, Goldstein et al. 2013), which likely enhances
specific conductivity (e.g., the efficiency of water transport;
Bucci et al. 2006, Hacke et al. 2010, Goldstein et al. 2013).
However, wider xylem conduits are also more likely to expe-
rience the prevailing environmental stress (e.g., freeze–thaw
embolism; Davis et al. 1999, Pittermann and Sperry 2003,
Niu et al. 2017), meaning that the efficient xylem conductivity
comes at the cost of being more vulnerable to hydraulic failure
(Hacke et al. 2006). Recent research supports this pattern
(Goldstein et al. 2013, Plavcová et al. 2013), but the trade-
offs of the relationship between the efficiency and the safety
under N deposition remain unclear.

Hydraulic function is interdependent with carbohydrate
utilization processes (McDowell 2011, Anderegg and Anderegg
2013). Stored nonstructural carbohydrate concentrations
(NSC) buffer asynchrony of substrate supply and demand and
thus mitigate mortality risk under environmental stresses (i.e.,
drought). Nonstructural carbohydrate concentrations also play a
critical role in regulating hydraulic function through maintaining
tissue water potential through their role as osmolytes (Galiano

et al. 2011, Sala et al. 2012, O’Brien et al. 2014, Hartmann
and Trumbore 2016, Adams et al. 2017). Previous synthesis
results indicated that N enrichment significantly increased NSC
comsuption via growth and respiration and hence decreased
NSC storage in plants (particualy in foliage and roots; Li et al.
2018, 2020), the extra xylem growth of which may influence
plant architecture toward altered hydraulic efficiency and/or
safety (Magnani et al. 2002, Sack et al. 2003, Mcdowell 2011,
Fatichi et al. 2014). Specifically, enhanced growth of xylem
tissues under N addition could alter xylem structure (e.g.,
wider diameter), subsequently impacting hydraulic efficiency
and safety. In addition, NSC reserves in plant tissues can adjust
osmotic pressure and water potential, which could help to
maintain a water potential gradient between leaves and soil
(Clifford et al. 1998, Mitchell et al. 2014). Besides these
metabolic processes and osmotic adjustment (Dichio et al.
2009), previous results suggested that soluble sugar (one of
main components of NSC) can be used in energy-driven refilling
of embolized vessels under negative pressure for embolism
repair (Holbrook et al. 1999, Hacke and Sperry 2003, Nardini
et al. 2011, Secchi and Zwieniecki 2011), and generated
root or stem pressure may partially free some temperate tree
species from freeze-induced embolism (Niu et al. 2017). The
embolism repair process relies on generation of local positive
pressures via osmotic mechanisms triggered by soluble release
from vessel-associated parenchyma into the embolized conduit,
although underlying mechanisms remain unclear (Salleo et al.
2004, Secchi and Zwieniecki 2012). Hence, understanding
the coordination of plant hydraulic-carbon strategies to prolong
survival with atmospheric N deposition is necessary.

In the present study, current-year branch xylem hydraulic
conductivity, water potential, native PLC, associated xylem struc-
tural characteristics, gas exchange, leaf carbon/nitrogen (C/N)
ratio and NSC were investigated in two main temperate broad-
leaved species. Our objectives were to identify the responses
of hydraulics, gas exchange and carbon reserves to seven-
year N addition, and investigate the relationships among these
functional traits. We hypothesized that: (1) N addition will shift
hydraulic architecture such that it results in higher hydraulic
conductivity, but also result in higher PLC, (2) gas exchange
will be enhanced by increasing foliar N concentration under N
addition and (3) NSC concentrations will be reduced due to
increased consumption under N addition.

Materials and method

Field site description

The study was conducted at the Research Station of Changbai
Mountain Forest Ecosystems of the Chinese Academy of Sci-
ences (128◦28′E, 42◦24′N; 738 m altitude), which is located
in Jilin province, NE China. The site has a temperate continental
climate with long and cold winters and relatively short and

Tree Physiology Volume 00, 2020

D
ow

nloaded from
 https://academ

ic.oup.com
/treephys/advance-article/doi/10.1093/treephys/tpaa120/5909000 by Seoul N

ational U
niversity Library user on 02 January 2021



Tree functional traits responses to N addition 3

cool summers. Mean annual temperature in 2017 was 4.0 ◦C
and monthly range fluctuating from −13.6 to 20.8 ◦C. The
mean annual temperature is approximately 4.1 ◦C across nearly
36 years (Meteorological data from the Research Station of
Changbai Mountain Forest Ecosystems of the Chinese Academy
of Sciences; Figure S2 available as Supplementary Data at
Tree Physiology Online). The highest summer temperature often
occurs in July or August, averaging 16.2 ◦C throughout the
study period (May to September). Mean annual precipitation
was 650.8 mm (Figure S2 available as Supplementary Data
at Tree Physiology Online) during the study period and was
strongly influenced by the summer monsoon with ∼ 60–70%
occurring from June to September. The soil is montane dark
brown soil developed from volcanic ash (Albi-Boric Argosols).
The study site was established in a flat area, with the slope
ranging from 1◦ to 5◦. The area is covered with 300-year-old
mixed forests of oak, pine and ash, interspersed with larch and
mono maple. The mean canopy height is about 27 m and the
stand density is 560 stems ha−1 (stem diameter > 8 cm; Li
et al. 2017).

Experimental design and plant material

N addition treatments were carried out from 2011 to 2017,
following a randomized complete block design. The urea was
divided into five equal doses and sprayed to the plots from
May to September each year at four different rates (0, 23, 46
and 69 kg N ha−1 yr−1). Each plot is 15 m × 15 m, which
was separated by 5 m buffer area. Hence, there were four
treatments in total, with each treatment present in each of the
four blocks (thus four replicates of each treatment). Quercus
mongolica (simple-leaved species) and Fraxinus mandshurica
(compound-leaved species) were selected for the present study,
which are the typical angiosperm tree species in the mixed
forest of this region. One or two trees of each target species
(Quercus mongolica and Fraxinus mandshurica) with tree height
in each plot were identified as target trees. The target trees were
always located near the plot center. The average tree height of
the selected trees was 25 m and all samples were collected
in sun-exposed crowns from selected trees at canopy positions
15–18 m in height.

Leaf water potential and xylem hydraulic conductivity

In August 2017, we randomly collected one branch (∼1.5 m
in length; on the sun-exposed crown) of each target species
from separate individuals in each plot in the morning. In
other words, four treatments × four replicates (four plots per
treatment) × two species equaled a total of 32 branches
collected from all plots in the same morning. The cut ends
were covered with parafilm and samples were placed in large
opaque plastic bags with wet towels to prevent the samples
from drying out, then transported to the laboratory immediately
(the study site is about 10 min driving from the Research

Station). Leaves were cut from the branches before measuring
hydraulic conductivity and immediately sealed in plastic bags
containing a moist towel and kept in a cooler until balancing
pressures were determined in the laboratory at the research
station within 1 h of sample collection. Leaf water potential
(Ψ L) was measured with a pressure chamber (Model 1505D,
PMS Instrument Company, USA) on six to eight of the newest
fully developed mature leaves for each N addition treatment.
Branches were immediately recut (∼5 cm removed) under water
to remove embolized vessels. Current-year branches used for
hydraulic conductivity measurements had the cut end covered
with parafilm and placed the sample in a black trash bag with
moist paper towels (to prevent the sample from drying out). The
samples were stored at 4 ◦C in a refrigerator before hydraulic
measurements. All samples were collected in the same day
and hydraulic measurements were done within 3 days after
sampling. For measurements of native hydraulic conductivity
(Kh), a branch segment ∼15 cm in length (∼5 mm in diameter)
was recut under water (to prevent further embolisms) from
the middle part of the originally sampled branch 20-cm-long
segment in the laboratory with the ends cleanly shaven with
a fresh razor blade (Sperry et al. 1988, Liu et al. 2015). The
samples were connected to the tubing system and perfused
with a solution of 20 mM KCl. The perfusion solution was
filtered to 0.22 μm pore diameter under 0.5 kpa pressure by
vacuum pump (Vacuubrand MD1, GMBH, Germany) to remove
air. A constant hydraulic head of 45 cm was used to generate a
pressure that drove the solution flow through the segments and
avoid flushing native embolism. Hydraulic conductivity (Kh, kg
m s−1 MPa−1) was calculated as:

Kh = JV
�P/�L

(1)

where JV is the flow rate through the branch segment (kg s−1),
and �P/�L is the pressure gradient across the segment
(MPa m−1). Xylem-specific hydraulic conductivity (Ks, kg
m−1 s−1 MPa−1) was calculated as the ratio of Kh by the
cross-sectional area of the xylem.

After measurement of Kh, the branch segments were sub-
merged in perfusion solution (20 mM KCl) under a partial
vacuum overnight (∼24 h) to refill embolized vessels for the
maximum hydraulic conductivity (Kmax) measurements. The
degree of xylem embolism was estimated by comparing Kh

and Kmax to calculate the native percentage loss of hydraulic
conductivity (PLC). PLC was calculated as:

PLC = 100 (Kmax − Kh)

Kmax
(2)

Xylem anatomical traits

Xylem anatomical measurements were performed on cross-
sections of the same current-year segments used for hydraulic
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conductivity measurements. Paraffin sectioning and light micro-
scopic observations methods were used. The procedure is
described in Li (2009) and Spannl et al. (2016). Briefly, current-
year branch segments ∼0.5 cm were cut and fixed in FAA (70%
formalin–acetic acid–alcohol, 43.5% ethanol 10% formalin 3%
glacial acetic acid 43.5% 43.5% water) for at least 24 h. Each
specimen was dehydrated with increasing ethanol concentration
series (30%, 50%, 70%, 85%, 90% and ethanol) and cleared
with xylene (TP1020, Leica, Germany), embedded in paraffin
(HistoCore ArcadiaH+C, Leica, Germany) and cut into thin-
sections (20 μm for branches and 12 μm for compound leaf
petioles) with an electronic rotation microtome (RM2245,Leica,
Germany). The sections were dewaxed with xylene and stained
with safranin-fast green and the slides were examined under
a light microscope (DM2500, Leica, Germany). Mean vessel
diameter (D, μm) was estimated based on measurements of
lumen area of all vessel appearing in the analyzed area of each
image. Vessel density (VD, no.mm−2) was determined as the
number of vessels per xylem area. Image-J software (Image-J,
1.48u, USA) was used for data calculation.

Gas exchange

Gas exchange parameters including maximum net photosyn-
thetic rate (Amax) and stomatal conductance (gs) were mea-
sured using a portable photosynthesis system (LI-6400XT,
LI-COR Inc., USA). Measurements were made immediately after
the long branches (∼1.5 m) cut for hydraulic measurements.
Sun-exposed portions and fully expanded leaves were selected
for measuring and five data points were collected. For each
measurement, chamber CO2 concentration was set to 400 ppm
(ambient) and sample chamber light was set to saturating
light conditions of 1200 μmol m−2 s−1 (photosynthetically
active radiation; PAR). We wished to avoid confounding light
with species or treatment, hence this value was chosen both
because it is above the light-saturation point for these species
(Zhu et al. 2019), and it is typical of the above-canopy
radiation these leaves were exposed to. A high flow rate
(500 μmol s−1) was set to minimize the time take for A and gs
to stabilize and the leaf cuvette temperature was maintained at
26 ± 1.5 ◦C.

NSC analyses

Oven-dried leaf samples collected from the branches that were
used for hydraulic traits measurements were ground to fine
powder in a ball mill (MM400, Retsch, Germany). The con-
centrations of NSC, which are defined as soluble sugars and
starch, were measured using the modified anthrone method
(Hansen and Moller 1975, Mitchell et al. 2013). A total of
100 mg of leaf sample was weighed and extracted with 2 ml
of 80% aqueous ethanol in a 10 ml polyethylene tube. The
mixture was boiled in a water bath at 80 ◦C for 30 min,
then centrifuged at 3500 rpm for 10 min. The supernatants

were removed in a 25 ml volumetric flask and the procedure
was repeated three times. The soluble sugar concentrations
were determined using a predetermined standard curve by
measuring the amount of glucose from UV–Vis spectropho-
tometer (Lambda 25, PerkinElmer, USA) of absorbance at
620 nm.

Starch was extracted from the residue with 2 ml distilled
water and boiled in the water bath at 99.9 ◦C for 15 min, then
added 2 ml 9.2 mol l−1 HClO4, adding 4 ml distilled water after
shaking the mixture for 15 min and centrifuged at 3500 rpm for
10 min. The supernatants were removed in a 50 ml volumetric
flask and the procedure was repeated after replacing 9.2 mol l−1

HClO4 with 4.6 mol l−1 HClO4, then the residue was extracted
with distilled water twice. Finally, starch concentration was
determined by measuring glucose equivalents extracted from
residue by HClO4 according to a UV–Vis spectrophotometer of
absorbance at 620 nm. We used glucose as the standard for
both soluble sugar and starch concentration analyses.

C and N concentration, C/N ratio and leaf mass per area

Leaf samples were collected from each of the branches that
were used for hydraulic traits measurements. Leaves were
scanned for leaf area calculation using ImageJ software, then
oven dried at 65 ◦C for at least 72 h until dry mass was constant
within 0.01 g and milled with a ball mill. Leaf mass per area
(LMA) was calculated as the leaf dry mass divided by the leaf
area. Total C and N concentration were measured, and C/N ratio
was analyzed with an elemental analyzer (Vario EL, Elementar,
Germany).

Statistical analysis

Data were analyzed for normality and equal variance before
the statistical analyses. The statistical significance of treatment
effects was tested using one-way analysis of variance (ANOVA)
and Tukey’s HSD multiple comparisons were used to test
the differences among treatments. Correlations between Ks

and N addition treatment among the two species were fitted
using Polynomial fit. The relationship between PLC, NSC and
N addition rate were evaluated by linear regression analysis.
Linear regressions were used to test for correlations between
Ks, PLC, NSC and the xylem anatomical characteristics. Linear
or polynomial fits were selected depending on the AIC. Results
were considered statistically significant at P < 0.05. The SPSS
17 statistical package (SPSS Inc., Chicago, IL, USA) was used
for statistical analysis.

Results

Response of hydraulic traits and xylem anatomy

The mean values of leaf water potential (Ψ L) ranged from
−0.88 MPa to −0.09 MPa and − 0.52 MPa to −0.23 MPa
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Figure 1. Responses of leaf water potential (Ψ L, MPa) in Q. mongolica (black) and F. mandshurica (red) to different N addition treatments. The error
bar represents ±1SE of all measurements for each individual tree species. Different letters indicate significant difference within each treatment for
each species (P < 0.05). Linear regressions were fitted to the individual data in each species (P < 0.05).

in Q. mongolica and F. mandshurica, respectively. Ψ L decreased
with increasing N addition for both species (Figure 1), and this
effect was significant in Q. mongolica (P < 0.001), but not in F.
mandshurica (P = 0.136). Furthermore, the response pattern
of water potential to different N addition treatments showed
negative correlations (Figure 1). These effects were significant
for Q. mongolica but not for F. mandshurica.

Overall, xylem-specific hydraulic conductivity (Ks) in both
species significantly increased (P = 0.032 for Q. mongolica,
P = 0.010 for F. mandshurica; ANOVA) after 7 years of N
addition, but with a saturating response (see the polynomial
fit analysis in Figure 2a). Ks of both species increased at low
and medium N addition levels, but decreased with high N
addition, with the highest Ks at an N addition level of 38.1
and 38.5 kg ha−1 yr−1 for Q. mongolica and F. mandshurica,
respectively. Under different N addition levels, mean values of
PLC measured varied from 4.19% to 34.39% in Q. mongolica
and 9.04% to 29.40% in F. mandshurica. Percentage loss of
hydraulic conductivity in both species significantly increased
with N addition rate (P = 0.001 for Q. mongolica, P = 0.009
for F. mandshurica; ANOVA).

Consistent with the result of Ks, the vessel diameter first
increased at low and medium N addition levels and then
decreased at high N addition levels. Highest vessel diame-
ter values were observed at medium levels of N fertilization
among both species (Figure 4a). Vessel diameter significantly
increased with N addition for both Q. mongolica (P = 0.042)
and F. mandshurica (P = 0.038; Figure 4a; ANOVA). Vessel

density of both species had a decreasing trend with N addi-
tion, which was significant for F. mandshurica (P = 0.003;
Figure 4b). Notably, there were substantial differences in xylem
anatomical traits between F. mandshurica and Q. mongolica,
because F. mandshurica has compound leaf petioles, while Q.
mongolica has no compound leaf petioles (Figure S1 available
as Supplementary Data at Tree Physiology Online). We found
that a semi-lignified architecture (the transitional growth stage
to lignification) existed in compound leaf petiole (Figures 3
and S3). For compound leaf petioles, both vessel diameter and
density had a significantly positive correlation with N addition
according to linear or polynomial fit analysis (Figure 4). N
addition increased both vessel diameter (P = 0.046, Figure 4a;
ANOVA) and vessel density (P = 0.047, Figure 4b; ANOVA) of
compound leaf petioles in F. mandshurica.

Responses of gas exchange and carbon reserves

Amax was strongly affected by N addition but gs was not, across
the two species (Figure 5). Amax was significantly increased
under N addition for both species, and the peak (highest)
values were observed in medium N addition for Q. mongolica
(Figure 5a). N addition did not change gs for the two species
(except in high N addition for Q. mongolica; Figure 5b).

Overall, N addition has significantly increased soluble sug-
ars for both Q. mongolica (P = 0.005) and F. mandshurica
(P = 0.009), and has significantly decreased starch for both
Q. mongolica (P = 0.001) and F. mandshurica (P = 0.049;
ANOVA). Soluble sugars significantly increased under different
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Figure 2. Responses of xylem-specific hydraulic conductivity (Ks) and the native percent loss of hydraulic conductivity (PLC) in Q. mongolica (black)
and F. mandshurica (red) to different nitrogen (N) treatments (0, +23, +46, and + 69 kg N ha−1 year−1). The error bar represents ±1SE. Different
letters indicate significant difference within each treatment for each species (P < 0.05). Polynomial models were fitted to the individual data in each
species of panel (a). The P-values were showed from ANOVA (P < 0.05).

N addition levels for both species except at low N addition level
in F. mandshurica (Figure 6a). Starch significantly decreased
under medium and high N addition levels for both Q. mongolica
and F. mandshurica (Figure 6b). Nonstructural carbohydrate
concentration was not significantly changed compared to control
for both species, and medium and high N addition decreased

NSC concentrations compared to low N addition for Q. mongolica
(Figure 6c).

Values of foliar C concentration (C%) were not significantly
changed for both species with N addition, while foliar N concen-
tration (N%) was significantly increased (Table 1). N fertilization
had significant effects on C/N ratio for both Q. mongolica
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Tree functional traits responses to N addition 7

Figure 3. Light microscopy images of current-year branch cross-sections for Q. mongolica (a), F. mandshurica (b) and compound leaf petioles of
F. mandshurica (c) in control. The images were taken under magnification of ×100.

Figure 4. Responses of xylem mean vessel diameter and vessel density of current-year branches in Q. mongolica (black), F. mandshurica (red) and
compound leaf petioles of F. mandshurica (blue) to different N addition levels. The error bar represents ±1SE of all measurements for each individual
tree species. Different letters indicate significant difference within each treatment for each species (P < 0.05). Polynomial models or linear regressions
were fitted to the individual data in each species (P < 0.05).
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Figure 5. Responses of maximum net photosynthetic rate (Amax; a) and stomatal conductance (gs; b) responses in Q. mongolica and F. mandshurica
to different N addition levels. The error bar represents 1SE of all measurements for each individual tree species. Different letters indicate significant
difference within each treatment for each species (P < 0.05).

Figure 6. Responses of soluble sugar, starch concentration (mg g−1) and total nonstructural carbohydrates (NSC) in Q. mongolica and F. mandshurica
to different N addition levels. The error bar represents 1SE of all measurements for each individual tree species. Different letters indicate significant
difference within each treatment for each species (P < 0.05).

Table 1. Functional traits relate to carbon dynamics measured under the control (0), low N addition (23 kg ha−1 yr−1), medium N addition
(46 kg ha−1 yr−1) and high N addition (69 kg ha−1 yr−1) treatments for Q. mongolica and F. mandshurica. Data are mean ± 1SE. Different
letters indicate significant difference within each treatment for each species (P < 0.05). P-values are the results of one-way ANOVA and significance
at P < 0.05 are presented in bold. C, foliar C concentration; N, foliar N concentration

Tree species Variables N addition (kg ha−1 yr−1) P-value

0 23 46 69

Q. mongolica C (%) 47.73 ± 0.33a 46.39 ± 0.16a 47.53 ± 0.33a 46.93 ± 0.10a 0.062
N (%) 2.80 ± 0.02a 2.86 ± 0.04a 2.89 ± 0.03b 3.21 ± 0.04c 0.003
C/N ratio 17.04 ± 0.61a 16.39 ± 0.36a 16.56 ± 0.66a 14.62 ± 0.25b 0.046
LMA (g m−2) 56.28 ± 6.75a 79.70 ± 2.28c 72.78 ± 3.16b 61.57 ± 1.17a 0.043

F. mandshurica C (%) 45.71 ± 0.35a 45.32 ± 0.01a 45.09 ± 0.62a 46.56 ± 0.05a 0.144
N (%) 2.88 ± 0.24a 3.15 ± 0.06a 3.57 ± 0.04b 3.71 ± 0.08b 0.032
C/N ratio 16.01 ± 0.44c 14.41 ± 0.27b 12.62 ± 0.05a 12.59 ± 0.61a 0.010
LMA (g m−2) 44.48 ± 6.28a 72.69 ± 1.85b 53.46 ± 3.71a 50.90 ± 1.45a 0.025
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Figure 7. The relationship between xylem-specific hydraulic conductivity (Ks), the percent loss of hydraulic conductivity (PLC, %) and vessel diameter
and vessel density across the two species. The error bar represents ±1SE of all measurements for each individual tree species. Linear regressions
were fitted to the individual data (P < 0.05).

and F. mandshurica (Table 1). The effects of N addition on
LMA were significant in both Q. mongolica and F. mandshurica.
Furthermore, LMA significantly increased at low and medium N
addition levels compared to control for Q. mongolica, but signif-
icantly increased only at low N addition level for F. mandshurica
(Table 1).

The relationships among hydraulics, gas exchange and
carbon reserves under N addition

Ks had significant positive correlations with vessel diameter
among the two species but Ks did not correlate with vessel
density (Figure 7a and b). This pattern was similar for PLC
(Figure 7c and d). In addition, Amax had a significant positive
correlation with vessel diameter but not with vessel density
(Figure 8a and b). Consistently, vessel diameter positively cor-
related with soluble sugar concentration but not with vessel den-
sity (Figure 8c and d). We also found Ks had a significant posi-
tive correlation with LMA (Figure S4 available as Supplementary
Data at Tree Physiology Online).

Amax was positively related to foliar N concentration
(Figure 9a), soluble sugars was positively related to Amax

(Figure 9b) and PLC has significant positive correlation with
soluble sugars (Figure 9c), but no significant correlation was
observed between Ks and PLC (Figure 9d). Note that both
species had low efficiency and high hydraulic safety under
normal growth condition (Figure 9d).

The results of principal component analysis (PCA) showed
that PC axes 1 explained 42.5% of the total variation and was
strongly related to carbohydrates reserves (i.e., soluble sugars,
starch), Amax, PLC, hydraulic architecture (i.e., vessel diameter,
vessel density) and leaf water potential (Figure 10). PC axes
2 explained 26.2% of the total variation and was related to
gs, Ks, foliar C and N concentration, C/N ratio and LMA. The
species were clearly arranged by different N addition levels in
the space defined by the two PC axes (Figure 10b). Analysis
of Q. mongolica under different N addition treatments clustered
at the positive side of PC axes 2, whereas F. mandshurica were
loaded at the negative side of PC axes 2.
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Figure 8. The relationship between vessel diameter and vessel density, and maximum net photosynthetic rate (Amax) and soluble sugars across the
two species. The error bar represents ±1SE of all measurements for each individual tree species. Linear regressions were fitted to the individual data
(P < 0.05).

Discussion

We investigated the shifts of tree functional traits under seven-
year N addition based on water relations (hydraulics), carbon
source (gas exchange) and carbon reserve (NSC) levels. This
approach allowed an assessment of coordination of hydraulics,
gas exchange and carbon reserves under N deposition.
Consistent with our first hypothesis, we found that N addition
significantly increased vessel diameter and thus enhanced
xylem-specific hydraulic conductivity (Ks). However, wider
vessel diameters under N addition could also lead to a higher
risk of xylem embolism from freezing (Pittermann and Sperry
2003, Hacke et al. 2006), which is consistent with the
increased PLC we observed with higher N addition. In addition,
the results support our second hypothesis that N addition
increased maximum net photosynthetic rate in association
with increased foliar N concentration while gs remained
unchanged. Furthermore, N addition significantly reduced starch
concentration but increased soluble sugar concentration across
the two species we examined. Our results are consistent with the
idea that soluble sugars play a critical role in restoring hydraulic

function in trees that experience annual freeze–thaw embolism
under high N availability as indicated by the positive correlations
between soluble sugars and both vessel diameter and PLC.

Hydraulic shifts with long-term N addition

Both tree species showed significant increases in hydraulic
conductivity under N addition (Figure 2), and the enhanced
hydraulic efficiency was mainly attributed to increased conduit
dimensions (e.g., wider vessel diameter; Figure 8a), although
conduit length was not observed in our study. This is inconsistent
with the results by Wang et al. (2016), who demonstrated
that N addition significantly increased vessel diameter but did
not lead to any positive effects on hydraulic conductance in
F. mandshurica seedlings. This discrepancy is presumably
resulted by the difference between seedlings and field mature
trees (Hartmann et al. 2018). The faster growth rate in
seedlings under optimal N fertilization seems to have a cost
in terms of reduced whole-plant hydraulic conductance (Phillips
et al. 2001, Goldstein et al. 2013), but for mature trees with
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Figure 9. The relationship between maximum net photosynthetic rate (Amax) and foliar N concentration (a); between soluble sugars and A (b); between
the percent loss of hydraulic conductivity (PLC) and soluble sugars (c); and between PLC and hydraulic conductivity (Ks) across the two species.
The error bar represents ±1SE of all measurements for each individual tree species. Linear regressions were fitted to the individual data (P < 0.05).

established root systems N fertilization may exert more benefits
for water transport (Bucci et al. 2006).

For the two species we examined, wider vessel diameters
under N-addition (Figure 4) are more likely to allow gas bubbles
to form (cavitation leading to emboli) in conduits during the sap
freezing process and thus species with relatively large xylem
conduits are found to be more vulnerable to freeze–thaw stress,
this freeze–thaw-induced xylem embolism generally occurred in
temperate tree species, which may decrease hydraulic safety
(Davis et al. 1999, Hacke et al. 2006, Niu et al. 2017).
This is consistent with our results that N addition significantly
increased PLC and decreased leaf water potential (more neg-
ative) in this study (Figures 1, 2 and 4). Our previous study
also found that N addition decreased leaf water potential but
increased P50 (P50, water potential corresponding to 50%
loss of hydraulic conductivity; Zhang et al. 2018). This may be
related to the accumulation of soluble sugars or increased risk
of embolism. A gradual increase in PLC with declining water
potential under N addition could represent cavitation of the
larger vessels. This inference is consistent with a previous study

that reported an increase in both xylem efficiency and cavitation
with high nutrient availability in trees (Goldstein et al. 2013).
However, further work would be needed to quantify shifts in
vulnerability.

The highest hydraulic conductivity and vessel diameter
occurred at moderate levels of N addition for the two
species, and thereafter decreased with further increases of
N addition (Figures 2 and 4), suggesting that water transport
efficiency increased with soil N availability to a threshold (about
38 kg ha−1 yr−1; see results section). Based on our results,
we can infer that there should be N-limited in the system,
and that when the N addition levels exceed the threshold, the
N effects will disappear. The negative effects of excessive N
addition are likely attributed to one of the following reasons:
greater risk of xylem cavitation; nutrient imbalances and a
decrease in leaf mass per unit area with excessive N addition
(LMA; Table 1, Figure S4 available as Supplementary Data at
Tree Physiology Online). Sustained and continuous N supplies
increased foliar N content (thereby declining foliar C/N ratio;
Table 1), which could aggravate other nutrient limitations (e.g.,
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Figure 10. Principal component analysis of two tree species with different N addition levels based on 14 functional traits we measured. The percentages
in the axis labels indicate the variance explained by the axis. PC axes 1 and PC axes 2 explain 42.5% and 26.2% of the total variation, respectively.
(a) Analysis of 14 functional traits. �L, leaf water potential; Ks, xylem-specific hydraulic conductivity; PLC, native percent loss of conductivity;
Amax, maximum net photosynthetic rate; gs, stomatal conductance; LMA, leaf mass per area; NSC, nonstructural carbohydrates; foliar C, foliar C
concentration; foliar N, foliar N concentration; C/N ratio, foliar C/N ratio; sugar, soluble sugars; (b) Analysis of two woody species under different N
addition treatments.

potassium, phosphorus; Huang et al. 2016, Liu et al. 2016,
Xiao et al. 2017). These mixed-proportional responses were
part of a web of scaling relationships mediated by plasticity in
LMA (Figures 5 and S4).

Our results suggest that N-induced changes in xylem archi-
tecture and hydraulic efficiency varied across two species
we examined. Increased vessel diameter and xylem hydraulic
conductivity with N addition in Q. mongolica (simple-leaved
species) were apparently greater compared to F. mandshurica
(compound-leaved species; Figure 4a), which could result in a
relatively rapid increase of PLC and decline of water potential
in Q. mongolica under high N addition. The different hydraulic
strategies among the two species might relate to the difference
isolation of vessels, highly connected networks in F. mandshurica
may propagate emboli more readily than Q. mongolica with
more isolated vessels. This is consistent with our previous
results conducted with same seedling species at same site
(Zhang et al. 2019). We also found that N addition significantly
decreased vessel density in F. mandshurica, but not in Q.
mongolica (Figure 4b). Notably, the compound leaf petioles
in F. mandshurica are a semi-lignified architecture, and both
vessel diameter and vessel density of compound leaf petioles
were significantly increased (Figures 3 and 4). Hence, we can
speculate that N addition promoted xylem structure growth,
including the transformation of xylem from semi-lignified to
lignified in compound leaf petioles of F. mandshurica (Figure S3
available as Supplementary Data at Tree Physiology Online),
which might benefit for water transport. However, the details
of transformation of semi-lignified hydraulic architecture are
not well-resolved in our data, nor yet in the literature. The

differences in hydraulic architecture among species result in
different hydraulic system, which might be the key functional
attribute determining the species-specific responses to environ-
mental changes (Tyree and Ewers 1991, Patino et al. 1995,
Beikircher and Mayr 2008, Nicotra et al. 2010, Zhang et al.
2019).

Divergences in gas exchange for N addition across the tree
species

N addition significantly increased foliar N concentration and
maximum net photosynthetic rate (Figure 5, Table 1),and the
increased maximum net photosynthetic rate was positively cor-
related with foliar N concentration (Figure 9a), which is con-
sistent with previous results that leaf N concentrations play
critical roles in photosynthetic capacity (Field et al. 1989,
Quinn Thomas et al. 2009, Sparks 2009, Schulte-Uebbing
and de Vries 2018). Enhanced photosynthesis with N addition
could stimulate carbohydrate supply (Li et al. 2020), which is
consistent with our result that N addition significantly increased
soluble sugar concentration in foliage (Figures 5 and 6). In
addition, we found that N addition did not alter gs across the
two species but F. mandshurica showed much higher gs than
Q. mongolica (Figure 5), suggesting that F. mandshurica had
a stronger gas exchange capacity. These differences between
the two tree species may be because compound-leaved tree
species are more likely to protect themselves from unfavorable
environmental conditions via stomatal control (Gorai et al.
2015). In addition, compound leaf petioles showed a higher
hydraulic safety compared to the leaflet laminas in compound-
leaved species (Liu et al. 2015), and compound-leaved species
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have higher hydraulic conductance at the whole-branch level
than simple-leaved species (Yang et al. 2018). This allows
compound-leaved species to minimize the risk of catastrophic
embolism in stems by sacrificing the whole compound leaves,
which requires high gas exchange rate to compensate for their
extra carbon losses (Niinemets 1998, Yang et al. 2018, Zhang
et al. 2019).

Potential influence of NSC on the coupled responses of tree
functional traits to N addition

N addition increased simple sugar production through photo-
synthesis and starch hydrolysis (starch decreased; Figure 6),
thereby increasing soluble sugar concentration in foliage
(Figure 6), which are likely important in maintaining the osmotic
potentials necessary for seasonal recovery. We speculate that
increased soluble sugars could be used for regulating hydraulic
function as indicated by positive correlations between soluble
sugar concentrations and hydraulic traits (PLC and vessel
diameter; Figures 8 and 9) in our study. This is consistent with
previous results that NSC storage and its remobilization are
coupled with tree hydraulic functionality under high embolism
risks (Chapin et al. 1990, Holbrook et al. 1999, Secchi and
Zwieniecki 2012, Galvez et al. 2013, Dietze et al. 2014,
Wang et al. 2018). Our previous studies also found that N
addition can change carbon partitioning patterns via increasing
photosynthetic rate and intrinsic water-use efficiency (iWUE)
and thus might affect hydraulic shifts (Zhang et al. 2018, Li
et al. 2020). However, sugar content measurement in our study
was limited in leaves, future experiments that quantify sugars
in other organs (for example, in stems/shoots) were required.
In addition, our PCA results showed that high photosynthesis,
soluble sugar concentration and native PLC co-occurred under
N addition in the two tree species (at the negative side of
PC axes and close to PC axes 2; Figure 10a), suggesting a
strong trade-off among these three functional traits. Hence,
these large changes in tree hydraulic systems and carbon
functional attributes indicate that N nutrient availability has
significant coupled effects on both water and carbon economy
of woody plants (Salifu & Timmer 2001, Salleo et al. 2009,
Martin et al. 2010), suggesting that NSC might mitigate the
trade-offs between xylem safety and xylem-specific hydraulic
efficiency, reflected in the absence of correlation between Ks

and PLC in our results (Figure 9).

Concluding remarks

In this study, we investigated the water transport capacity
associated with xylem anatomy, gas exchange and carbon
reserves across two tree species under seven-year nitrogen
addition. N addition increased vessel diameter thereby pro-
moting hydraulic efficiency and decreased hydraulic safety.
Divergent plant structure among species might lead to different
hydraulic strategies to stress tolerance. Furthermore, hydraulic

conductivity reached maximum rates at the medium N addition
levels, suggesting that excessive N addition showed negative
effects on hydraulic efficiency. Most notably, increased soluble
sugar concentration under N addition was associated with
changes of photosynthetic rate, percentage loss of hydraulic
conductivity and vessel diameter, suggesting that carbohydrates
might mitigate the trade-offs between hydraulic efficiency and
safety under N addition. The linkage between hydraulic traits
and nonstructural carbohydrates shown in this study leads us
consider the ecological implication of coupled strategies for
forest ecosystems under increasing atmospheric N deposition.
This description of coordination of functional traits could provide
a complete view of tree adaptation to the environment.

Supplementary Data

Supplementary Data for this article are available at Tree Physiol-
ogy Online.
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