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Morphological and ecophysiological plasticity in dioecious plant Populus
tomentosa under drought and alkaline stresses
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Abstract

Morphological and ecophysiological traits showed by male and female Populus tomentosa Carr. trees were studied under
various degrees of water and alkaline stresses. The results showed that different adaptations to drought and alkaline stresses
were adopted by each gender; males possessed a much higher tolerance to both stresses compared to females. In contrast
to females, the males exhibited a lower inhibition in total biomass, total leaf area, net photosynthetic rate, stomatal
conductance, leaf carbon and nitrogen concentrations as well as water- and nitrogen-use efficiency in response to drought
and alkaline stresses. Nevertheless, compared to the males, the females showed a higher plasticity in root biomass/shoot
biomass ratio, fine root/coarse root ratio, and intrinsic water-use efficiency, indicating that the males and females differed
in some of trade-offs between growth and stress defence to maximize water and nitrogen gains under both stress
conditions.
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Introduction

Approximately 932 million ha of land is subjected to soil
salinity and alkalinity stresses worldwide. These soils are
characterized by high pH, poor fertility, and an extremely
low water-infiltration capacity, thereby reducing the yield
of crops and forests on approximately 100 million ha
throughout Asia (Rao et al. 2008). It is difficult to
determine the alkalinity tolerance of trees and their
corresponding ecophysiological adaptations, particularly
for long-lived species, and it is even more difficult in
complex environments, where drought, flooding, and other
stresses co-occur (James et al. 2005). Phenotypic plasticity

(i.e., changes in the phenotypic expression of a genotype
in response to environmental factors; Valladares et al.
2000, West-Eberhard 2003, Godoy et al. 2011) is widely
expected to have evolutionary consequences. Different
resource allocation could lead to males and females of
dioecious trees that differ from one another in terms of
photosynthetic capacity (Dawson and Bliss 1989) and
water and nutrient relations (Dawson and Ehleringer 1993)
as well as in long-term indicators of physiological traits,
such as tissue isotope composition.

The analysis of stable isotopes can provide vital
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information about ecology and dynamics of plant systems
and their interrelations with the surrounding environment
(Ometto et al. 2006). For example, carbon isotope (5'°C)
values have been proven to be associated with water-use
efficiency (WUE) (Bonal et al. 2000), while nitrogen
isotope (3'°N) abundance analysis can provide information
on the nutrient pools used by trees (Wanek and Zotz 2011).
In general, more negative §°C values are usually
associated with lower WUE (Li et al. 2000), while more
8N values indicate higher nitrogen-uptake efficiency
(NUpE) (Millard and Grelet 2010). Apart from above-
ground measures, root metrics, such as the fine roots/
coarse roots ratio (Fine/Course ratio) and specific root
length of fine root (SRL¢), which primarily depends on the
overall contribution of fine roots, are positively related to
root water- and nutrient-uptake capacity (Sudmeyer et al.
2004, Dong et al. 2015).

Dioecious plants represent only 6% of flowering
angiosperm species (Renner and Ricklefs 1995) but are
vital to terrestrial ecosystems. Owing to their biased sex
ratio and gender-specific variation in balancing growth
and reproduction under different environments (Dawson
and Geber 1999, Obeso 2002), dioecious plants serve as
good models for detecting trade-offs in resource allocation
(Cepeda-Cornejo and Dirzo 2010). Given the respective
resource costs of reproduction, each gender adopts
resource-allocation strategies that suit it; thus, females
allocate more resources to reproduction and defence,
whereas males allocate more resources to growth (Obeso
2002, Stehlik et al. 2008). Such resource-allocation
patterns might differentiate adaptive traits between
females and males (Geber et al. 1999). Importantly,
females are more abundant in rich-resource habitats,
whereas males are more tolerant to adverse conditions
(Ortiz et al. 2002). Many studies have revealed differences
in resource-allocation trade-offs between sexes related to
drought, salinity, elevated temperature, light, and nutrient
surpluses, etc., but the results vary among studies (Delph

Materials and methods

Plant material and experimental design: The experi-
mental material consisted of 240 cuttings (120 males and
120 females) collected from 60 trees (30 of each sex)
sampled from 15 populations at the flowering stage in the
Yellow River alluvial plain habitats (Liaocheng, 36°45'N,
115°97'E) in Shandong Province, China. The mother trees
selected were from distant locations to ensure a diversity
of genotypes. The mean annual rainfall and mean annual
temperature of this semiarid continental area are 578.4 mm
and 13.1°C, respectively. Healthy cuttings of uniform
height were selected and transplanted into 10-L plastic
pots (one cutting per each pot). The average mean height
of the selected trees was 48.60 + 2.30 cm for females and
49.80 + 2.60 cm for males, while the average diameter of
the selected trees was 5.60 =+ 0.30 mm for the females and
5.80 + 0.40 cm for the males. Each pot was filled with
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1990, Montesinos et al. 2012, Zhao et al. 2012,
Randriamanana ef al. 2014, Li et al. 2016). In response to
long-term N storage increases, female Juniperus thurifera
trees benefit more from N surpluses than do males
(Montesinos et al. 2012). Meanwhile, no gender differen-
ces have also been reported owing to their own strategies
to compensate for reproductive costs (Delph 1990).

Chinese white poplar (Populus tomentosa Carr.) is a
dioecious, native tree species widely distributed in China.
These trees are fast growing, and they have important
ecological and economical characteristics and superior
wood quality (He et al. 2005). In recent years, enormous
climatic threats impacting P. tomentosa biomass have
increased in severity, along with changes in land use and
increased habitat destruction (Munns 2011, Behnke et al.
2013). Given the respective resource costs of reproduction,
each gender adopts appropriate resource-allocation stra-
tegies (Chen et al. 2015). Our previous studies have shown
that male P. fomentosa plants are more tolerant than
females towards salt, with a higher degree of root coloni-
zation by arbuscular mycorrhizal symbiosis (Lu et al.
2014). In the present study, we examined plant growth and
biomass allocation, gas exchange, leaf C and N concen-
trations, water- and nitrogen-use efficiency, and carbon
and nitrogen isotope compositions in female and male
P. tomentosa cuttings under various degrees of water
stress and alkalinity. Additionally, the plasticity in leaf-
and plant-level traits was also measured for both genders.
The objectives of the present study were to characterize the
response patterns of both genders of P. tomentosa to soil
alkalinity and drought and to gain further insight into these
response mechanisms.

Specifically, we aimed to address the following
questions: (1) Do P. tomentosa genders exhibit morpho-
logical and ecophysiological differences in response to
drought and alkaline stresses? (2) What are the trade-offs
between growth and stress defence for each gender?

homogenized brown soil, and 12 g of slow-release ferti-
lizer (compound fertilizer, 13:10:14 NPK plus oligo-
elements; Luxi Chemical Company, Ltd., China) was
added to meet the plant macronutrient needs. Hoagland’s
basic nutrient solution was also prepared and added to
satisfy the plant micronutrient requirements. The plants
were grown at Liaocheng University in a semi-controlled
greenhouse to avoid the effects of rainfall. The daytime
temperature ranged from 10-36°C, the night temperature
ranged from 9-18°C, and the relative humidity ranged
from 45-80% throughout the entire experimental period.
Two watering regimes were applied in our study. The
first regime constituted well-watered (WW) conditions:
60 pots of each gender were weighed every other day and
were watered to 100% of field capacity (FC) by supplying
water equal to that lost by transpiration; in this case, the
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soil water content was always maintained at volumetric
content of 32.3%, as measured by a portable soil moisture
detector (Trime-IDR, IMKO Inc., Germany) with a TDR
pico soil moisture probe. The second regime constituted
drought-stressed (DS) conditions: 60 pots of each gender
were weighed every other day and were watered to 40% of
field capacity (FC) by supplying water equal to that lost by
transpiration; in this case, the soil water content was
always maintained at a volumetric content of 13.8%. In
order to simulate real conditions, we selected three alkaline
levels that matched measured field conditions in which P.
tomentosa naturally occurs. Non-alkaline-stressed (CK)
cuttings were irrigated with 250 mL of Hoagland solution
(pH 6.0); the low- and high-alkaline-stressed cuttings were
irrigated every other day with the same amount of Hoag-
land solution (250 mL) containing either 75 mM(Na,COs3)
L' [pH 7.78, the low alkaline stress (A;)] or 150
mM(Na,CO;) L! [pH 8.62, the high alkaline stress (A,)],
respectively. Thus, the experimental layout in our study
was completely randomized and involved 12 factorial
combinations with three factors: sex (male, female) x
water (WW and DS conditions) x alkalinity (CK, A, and
A»). Six treatments were applied to the cuttings of each
gender:

Treatment Water conditions Alkaline stress

CK Well-watered -
WW + A1 Well-watered Low
WW + Az Well-watered High
DS Drought -
DS+ A1  Drought Low
DS+ A2  Drought High

Each treatment group included 20 male and 20 female
cuttings, which were assigned to five blocks. The five
blocks were rotated each week to eliminate potential
microenvironmental effects. An empirical relationship
between plant fresh mass (Y, g) and plant height (X, cm),
Y =0.975+0.112 X (R>=0.968, P<0.001) (Li et al. 2004),
was used to correct pot watering amounts for changes in
plant biomass. All treated plants were maintained for four
months from 1 June to 30 September during the
experiment.

Growth and morphological traits: Betwen 28-30 Sep-
tember, all cuttings were harvested and partitioned into
leaves, stems, and roots. For the root analysis, two groups
were considered: coarse roots (longer than 2 mm in
diameter) and fine roots (shorter than 2 mm in diameter).
The dry mass (DM) was determined after the samples were
oven-dried at 70 = 2°C for 3 d. The total leaf area (LA otal)
of 20 cuttings was measured using a portable laser area
meter (CI-203; CID Inc., Camas, WA, USA). Based on the
biomass mass and leaf area, the following primary
morphological and structural indices were calculated:
leaf mass per area (LMA, leaf biomass per unit leaf area),

the leaf area ratio (LAR, leaf area divided by total
biomass), the root/shoot ratio [R/S ratio, the ratio of root
biomass to shoot (leaf + stem) biomass], the fine root
biomass/coarse root biomass ratio (Fine/Course ratio) and
the specific root length of fine roots (SRL¢, the ratio
between the length of fine roots and their DM).

Photosynthetic parameters: The photosynthetic rate (Pn)
and stomatal conductance (gs) were measured using an
open gas-exchange system (Li-6400, Li-Cor Inc., Lincoln,
NE, USA). Five replicates of the second, third, and fourth
mature leaf samples were assayed. The measurements
were performed from 09:00 to 11:00 in the morning
throughout one week. The leaf temperature was 25°C, the
PAR was 1,500 pmol(photon) m=2 s7!, the relative air
humidity was 70.0 + 3.5%, and the ambient CO, concen-
tration was 400 + 5 pmol mol™. The photosynthetic
nitrogen-use efficiency (PNUE) was calculated as the ratio
of Pn to leaf N, and the intrinsic water-use efficiency
(WUE;) was obtained as the ratio of Py to gs.

Carbon and nitrogen concentrations: Dried leaf samples
were homogenized by pulverizing the leaves and sifting
the resulting powder through a 20-mesh screen. The
concentrations of carbon (C) and nitrogen (N) were
determined using the rapid dichromate oxidation technique
(Nelson and Sommers 1982) and the semi-micro Kjeldahl
method (Mitchell 1998), respectively.

Carbon and nitrogen isotope compositions: A week
before sampling for the 3!°N composition analysis, a half
of the cuttings was pre-watered with a solution of 'N-
ammonium ("NH4Cl, 8'3Ny), and the other half was pre-
watered with a solution of '*N-nitrate (Na'>NO;, §'°N>)
through plastic tubes inserted into holes near the roots in
each pot (Kalcsits et al. 2015). Samples (100 mg each) of
fully expanded leaves were oven-dried at 65°C for 2 d and
subsequently pulverized. The amounts of stable carbon
and nitrogen isotopes in the combusted samples were
measured using an elemental analyser (Flash EA1112 HT,
Thermo Finnigan Inc.) coupled with an isotope ratio mass
spectrometer (Delta V Advantage, Thermo Fisher
Scientific, Inc., USA) in accordance with the methods of
Li et al. (2000) and Ometto et al. (2006). The assays were
performed at the Chinese Academy of Forestry. The
instrumental precision for *C and "N was 0.1% for the
five replicates.

Nitrogen uptake and nitrogen-use efficiency: Nitrogen
uptake and nitrogen-use efficiency were represented by the
N-uptake efficiency (NUpE) and nitrogen-use efficiency
(NUE), respectively. NUpE was calculated as the ratio of
the total plant N (Nt) concentration to the fine root biomass,
as reported by Hawkins (2007). NUE was calculated as the
ratio of total plant biomass to the Nt concentration, as
described by Bernacchi et al. (2007).
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Calculation of the plasticity index (PI): Phenotypic
plasticity is indicated by plasticity index (PI) values, as
these values better represent the reaction norm and exhibit
little response to variance between two samples (Godoy et
al. 2011). The PI values were obtained from the ratio
between the highest and the lowest mean values of the
ecophysiological variables at all treatments and the highest
mean value of all studied variables [i.e., (the highest value —
the lowest value)/the highest value] in accordance with the
methods of Valladares et al. (2006) in order to compare the
plasticity of females and males at both the leaf and plant
levels. Additionally, the mean plasticity index was
calculated by averaging the PI of all the above mentioned
20 variables for males and females.

Statistical analyses: All measurements were tested by a
two-way analysis of variance (ANOVA) for the effects of
drought and alkaline stress in each sex. Before the two-way

Results

Effects of drought and alkaline stress on growth and
morphological traits: Leaves, stems, total biomass (TB)
and total leaf area (L Aowi) showed a significant decrease in
response to drought and alkaline stress conditions in both
sexes (Table 1). The ‘drought x alkaline’ interaction
reflected a cumulative effect of drought and alkaline stress,
indicated by the lower values of LA and TB under the
combined stress conditions than under each individual
stress conditions. There was a significant ‘sex x alkaline’
interactive effect for the above four traits because of a much
larger decrease in females than males at high and low
alkaline levels. There were similar trends between the two
sexes in four traits (stem biomass was excluded), as ‘sex x
drought’ interactive effects were not statistically significant
for this parameter (Table 1).

The ‘drought X alkaline’ interaction also reflected a
cumulative effect under both factors, as higher values of
LMA occurred under combined stress conditions than
under each individual stress. However, a significant ‘sex x
drought x alkaline’ interaction resulted in a larger change in
LMA in the females than in the males (Table 1). Alkaline
stress increased the R/S ratio to a greater extent in the
females than in the males, which indicates the existence ofa
significant ‘sex x alkaline’ effect. A significant interaction
of the ‘drought x alkaline’ effect induced much higher
increases in the Fine/Course ratio and SRL¢ under the
combination of drought and alkaline stress than under
drought and alkalinity individually. Genders significantly
differed in their Fine/Course ratio and SRL; in response to
drought and alkaline stress (significant ‘sex x drought” and
‘sex x alkaline’ interactions occurred); however, the two
indices exhibited different trends, such that a greater
increase was observed in the Fine/Course ratios for the
females, whereas a greater increase was observed in SRL¢
for the males (Table 1).
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ANOVA,an ANOVA of the populations (site) and tree effects
was performed. Post-hoc comparisons were tested using
Tukey’s test at a significance level of P<(.05. Differences
between PI values obtained for males and females were
assessed using an independent-sample #-test. Statistical
significance was concluded when P<0.05. All the above
analyses were performed with the general linear ANOVA
model procedure of SPSS 16.0 (SPSS Inc., Chicago, IL). In
addition, a principal component analysis (PCA) was carried
out to determine which variables were most influenced by
drought and alkaline stresses and to determine how the data
points following a given treatment (gender, drought or
alkaline stress) were dispersed. Principal component
analyses were performed using Canoco (version 4.5) for
17 variables: LMA, the RS ratio, the Fine/Course ratio,
LAR, SRLy, Py, gs, PNUE, N, Nr, C, NUE, NUpE, WUE;,,
313C, 85Ny, and 8'°N..

Effects of drought and alkaline stress on photosynthetic
parameters: Py, g, and PNUE significantly decreased in
both genders in response to drought and alkaline conditions
individually, and a greater reduction occurred under the
combination of both factors due to a ‘drought x alkaline’
interaction (Fig. 14—C; Table 2). A significant ‘sex X
alkaline X drought’ interaction reflected the different
gender effects under drought and alkaline stress conditions,
as the decreases in Py, gs, and PNUE were smaller in the
males than that in the females (Table 2).

Effects of drought and alkaline stresses on nutrient
concentrations: Leaf N and C concentrations and total
plant N significantly decreased due to drought and
alkalinity individually and by their combination in both
genders, although significant ‘drought X alkaline’ inter-
active effects were observed only for leaf C concentrations
(Fig. 24—C; Table 2). Due to the ‘sex X alkaline’ interactive
effects, significant gender differences in leaf N and C
concentrations in response to alkalinity were observed,
which was indicated by greater reductions in females than in
males. At the same time, the ‘sex X drought’ interaction
reflected the cumulative effects of both factors; this
phenomenon was indicated by the stronger decrease of total
plant N and leaf C concentrations in the females than that in
the males (Table 2).

Effects of drought and alkaline stresses on nitrogen- and
water-use efficiency: Drought and alkaline stress signi-
ficantly affected NUE in females. In contrast, neither
drought nor alkaline stress changed the NUE or WUE; in
males, as indicated by the ‘sex x alkaline’ and/or ‘sex x
drought’ interactive effects (Fig. 34,C; Table 2). In
comparison to drought and alkaline stress alone, stronger
inhibition under the combination of both stresses was
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Fig. 1. The effects of alkaline and drought stress on net photo-
synthetic rate (Pn; A), stomatal conductance (gs; B), and photo-
synthetic nitrogen-use efficiency (PNUE; C), in female and male
Populus tomentosa cuttings. CK — control; A1— 75 mM (Na2COs)
L A2— 150 mM(Na2COs) L!; W — well-watered; D — drought.
Values are presented as the means = SE (n = 5). Values followed
by different letters above the bars are significantly different at the
P<0.05 level according to Tukey’s multiple range test.

observed in NUpE, owing to the effect of the ‘drought x
alkaline’ interaction. Gender differences in response to
drought and alkaline stress were observed in the NUE and
NUpE due to the ‘sex x alkaline x drought’ interaction:
NUE was significantly affected by high alkaline con-
ditions individually as well as by the combinations of both
stresses in the females, while no effect was observed in the
males (Fig. 34,B; Table 2). NUpE significantly decreased
under all treatments in the females, while low alkaline
conditions had little effect on the males (Fig. 3B, Table 2).

Effects of drought and alkaline stresses on carbon and
nitrogen isotope compositions: The &'3C content
significantly increased in response to drought and alkaline
stresses individually and in combination in females;
however, this content was influenced by significant ‘sex x
alkaline’ and ‘sex x drought’ interactions, resulting in a
smaller increase in 8'°C in the males (Fig. 44, Table 2).
Both 8"N; and 8'SN, significantly decreased under all
stress conditions in the females, while no changes in both
parameters were observed under low or high alkaline stress
individually in the males. As indicated by the ‘sex x
alkaline’ and/or ‘sex x drought x alkaline’ interactive
effects, the §'°N; and 8'°N, decreased more in the female
cuttings than in the male cuttings (Fig. 4B,C; Table 2).

Table 2. Analysis of variance (¥ values) for the interactive effects of sex, drought, and alkaline stresses on net photosynthetic rate (Pn),
stomatal conductance (gs), photosynthetic nitrogen-use efficiency (PNUE), leaf N concentrations (N), total plant N concentrations (Nrt),
N-use efficiency (NUE), N-uptake efficiency (NUpE), intrinsic water-use efficiency (WUE;), carbon isotope composition (5'3C),
pretreated with '"NH4Cl fertilizer (§'°N1) and pretreated with Na'>NO; fertilizer (3'°N2). Sex x D — sex x drought effect; Sex x A — sex
x alkaline effect; D x A — drought x alkaline effect; Sex x D x A —sex x drought x alkaline effect. ™ — not significant; * — P<0.05; ™" —

P<0.01; ™ — P<0.001.

Parameter  Sex D A Sex x D Sex XA Dx A Sex x D x A
P 5.476" 386.914™" 365.885" 0.003m 28.145" 17.205* 6.805™"
gs 10.922* 336.636™" 224.299"* 9.468™ 37.649" 3.364m 5.182"
PNUE 6.235" 967.561"" 793.971** 0.472m 46.465™" 105.446"" 50.113**
N 189.562""  385.432** 216.403""* 3.106" 11.239" 0.568"s 5.033"
Nr 38.423* 237.806""" 89.709™" 14.286""" 0.554ns 3.103ns 0.554ns
C 7.115" 471.308™" 211.913"" 13.972™ 18.421*™ 12.081" 0.238m
NUE 8.089™ 99.944"* 22.734™ 25.955™" 11.680"" 3.314m 4.718"
NUpE 33.240™" 414308 137.103"* 0.289m 1.945m 41317 6.858"
WUE; 10.676" 43,134 19.283"** 12.4" 16.631""" 5.633" 2.074ms
313C 78.955™" 427.029"" 296.324™"* 31.763™" 9.176™" 2.066™ 0.433ms
315N 179.188™*  103.160™" 55.455™" 0.009m 6.227™ 1.145m 2.580m
31N> 87.480"" 183.037°" 49.300"" 0.573"0s 7.247" 4.038" 4.720"
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Fig. 2. The effects of alkaline and drought stresses on leaf N
concentrations (4), total plant N concentrations (Nt; B), and leaf
C concentrations (C) in female and male Populus tomentosa
cuttings. CK — control; A1 — 75 mM(NaxCOs) L™'; Az — 150 mM
(NaxCOs3) L', W — well-watered; D — drought. Values are
presented as the means + SE (rn = 5). Values followed by different
letters above the bars are significantly different at the P<0.05
level according to Tukey’s multiple range test.

Plasticity analysis: For all drought and alkaline
treatments, the values of the plasticity index (PI) were in
the range of 0.022 to 0.752 (Fig. 54—F). Although the
Fine/Course ratio exhibited the greatest plasticity at the
plant level, PNUE exhibited the greatest plasticity at the
leaf level (Fig. 54A-F). In general, males exposed to
drought and alkaline stresses presented lower PI values
than did females for the R/S ratio, the Fine/Course ratio,
Nr, NUE, and NUpE for plant-level traits and for leaf C
and N concentrations, N isotope composition, Py, g,
PNUE, and WUE; for leaf-level traits (Fig. 54,B). In
contrast, the males exhibited a higher plasticity than that
of females regarding SRL;, LMA, and 3'3C in response to
drought and alkaline stresses (Fig. 54,B).
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Fig. 3. The effects of alkaline and drought stresses on N-use
efficiency (NUE; A); N-uptake efficiency (NUpE; B); and
intrinsic water-use efficiency (WUE;; C), in female and male
Populus tomentosa cuttings. CK — control; A1— 75 mM(Na2CO3)
L' A2— 150 mM(NaxCO3) L!; W — well-watered; D — drought.
Values are presented as the means = SE (n = 5). Values followed
by different letters above the bars are significantly different at the
P<0.05 level according to Tukey’s multiple range test.

Trait correlations: The results of the principal component
analysis showed a clear demarcation between genders
under all treatment conditions (Fig. 6). The model
explained 93.3% of the dataset’s total variance for both
sexes; the variance was loaded on two components
(Fig. 6). The first main component (80.7%) was strongly
influenced by the LAR, Px, gs, PNUE, N, N1, C, NUpE,
3!5N;, and 8N, in both sexes, which were negatively
correlated with LMA, SRLy, and 8'3C in the males and
negatively correlated with the R/S ratio, the Fine/Course
ratio, and WUE; in the females. The second main
component (12.6%) was strongly influenced by the NUE
of both sexes (Fig. 6). In addition, the R/S ratio presents
the smallest angle to the Fine/Course ratio and WUE; in
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the females, while LMA has the smallest angle to SRL¢and
3!3C in the males (Fig. 6). These results indicate that the
RS ratio may have the closest connection with both the
Fine/Course ratio and WUE; in the females and that LMA
may have the closest connection with both SRL¢ and §'*C
in the males. Compared with those under the control
conditions, the females under low alkaline stress, high

Discussion

Our experiment was set to address drought and alkaline
stress on the functional response of male and female P.
tomentosa cuttings. Different trade-offs between growth
and functional traits in response to both stresses were
observed according to sex. In this study, compared to
males, females presented a more significant increase in the
R/S ratio and Fine/Course ratio, suggesting that they
should outcompete males under both stresses because they
enhanced these parameters, as part of morphological
responses, which might improve soil exploration and
nutrient uptake (Paz et al. 2012). Nevertheless, the more
significant reduction in NUpE, 8'>N isotope composition,
and leaf C and N concentrations observed in females
compared to males contradicts this hypothesis. The
reduced capacity for N uptake occurred mainly due to
limitations created by water and alkaline stress on root
development, especially that of the fine roots. As a costly
process, N uptake requires vast energy consumption,
accompanied by a high protein turnover and assimilation
(Bouma et al. 1996, Adams et al. 2013). In the present
study, the more pronounced increase in SRLf and LMA
observed in males than that in females is consistent with
increased fitness under drought and alkaline stresses. SRL¢
is closely associated with the high-cost process of
increasing root length or surface area and changes in root
proliferation and life span (Eissenstat et al. 2000,
McCormack et al. 2012). The results of theoretical
analysis have shown that plant species with high root SRL¢
are more active in nutrient acquisition (Yanai et al. 1995,
Eissenstat and Yanai 1997). In addition, increased LMA
may reflect the accumulation of cell-wall compounds and
non-structural carbohydrates, which determines the fitness
of species in their environment and affects various
ecosystem processes (Poorter et al. 2009). In similar
circumstances, much tougher leaves have been observed.
Water-use efficiency (WUE) is represented as the
WUE; called intrinsic water-use efficiency, defined as the
rate of Py to gs, and the 8'3C isotopic composition is
represented as an integrated measure of WUE (Farquhar et
al. 1989). WUE,; significantly increased only in response
to high alkaline conditions in females; for all other
treatments and in males, no marked changes were
observed. These data contradict the isotopic C'*/C'? data,
which showed significant increases (less negative values)
under all stress conditions for both genders. In addition,
3!3C provides an integrated measurement of the internal
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alkaline stress, drought stress, drought plus low alkaline
stress, and drought plus high alkaline stress conditions
exhibited differences, while the males under drought plus
high alkaline stress conditions exhibited differences,
which indicated that the females were more influenced by
drought and alkaline stresses than the males.
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Fig. 4. The effects of alkaline and drought stresses on carbon
isotope composition (8'°C, A); pretreatment with 'SNH4Cl
fertilizer (3'°Ni; B); and pretreatment with Na'>NOs fertilizer
(8Na2; C), in female and male Populus tomentosa cuttings. CK
— control; A1 — 75 mM(Na2CO3) L!; A2— 150 mM(Na2CO3) L;
W — well-watered; D — drought. Values are presented as the
means = SE (n = 5). Values followed by different letters above
the bars are significantly different at the P<0.05 level according
to Tukey’s multiple range test.

physiological and external environmental properties in-
fluencing photosynthetic gas exchange during a long
period of time, while instantaneous water-use efficiency
(WUE);), which is the ratio of Px to g, is dependent on the
instantaneous microclimate environment of each leaf
position.
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Fig. 5. Plasticity indices for leaf-level (PIL) and plant-level (Plp) traits measured in female and male Populus tomentosa cuttings in
response to (4, B) all treatments, (C, D) alkaline stress, and (E, F) drought stress (n = 4 per traits per gender). Leaf-level traits:
LMA - leaf mass per area; N — leaf nitrogen concentrations; C — leaf carbon concentration; 8'3C — carbon isotope composition;
85N — pretreated with "NH4Cl fertilizer; 8'°N2 — pretreated with Na'>NOs fertilizer; Px — net photosynthetic rate; gs — stomatal
conductance; PNUE — photosynthetic nitrogen-use efficiency; WUEi — intrinsic water-use efficiency; and Meant — the means of leaf-
level variables. Plant-level traits: LAt — total leaf area; TB — total biomass, LAR — leaf area ratio; R/S ratio — root biomass/shoot
biomass ratio; SRL — the ratio of fine root length to dry mass of fine roots; Fine/Course — fine roots/coarse roots ratio; Nt— total plant
nitrogen concentrations; NUE — nitrogen-use efficiency, NUpE — nitrogen-uptake efficiency; Meanp— the means of plant-level variables
and Meanr — the total mean. ™ — not significant; *— P<0.05; ** — P<0.01; ™" — P<0.001.

Nitrogen-use efficiency (NUE) was indicated by
photosynthetic nitrogen-use efficiency (PNUE), §'°N;, and
3’N, measured at the leaf level (Field et al. 1983,
Valladares et al. 2000, Renninger et al. 2014) and by
NUpE at the plant level (Berendse and Aerts 1987,
Pefiuelas et al. 2000). As expected, the females showed a
significant reduction in all these parameters in response to
drought and alkaline stresses, while the males showed only
minor changes. This differential performance could be
detrimental for females to be settled under conditions of
water and alkalinity stress. Therefore, compared to the
males, females have been referred to have higher
reproduction costs, resulting in a greater demand for N,
which is a vital limiting factor for reproduction (McDowell
et al. 2000, Obeso 2002).

The combination of water and alkaline stresses might
generate conflicting demands on limited resources. By

varying water and alkalinity supplies, a trade-off between
leaf 8'3C and leaf-level NUE (indicated by PNUE, 8'°Nj,
and 8'5N,) was observed for both genders of P. tomentosa
and across all water and alkalinity treatments. This trade-
off arose from the physiological balance in which open
stomata increased the rate of photosynthesis per unit of leaf
N (high NUE) but resulted in large water losses (low
WUE; Ripullone et al. 2004, Dijkstra et al. 2016). This
apparently contrasting relationship is supported by the
microeconomic framework in that the studied P. tomen-
tosa cuttings might maximize either their WUE or PNUE,
depending on which resource is more limiting, similar to
the manner in which Ulmus americana seedlings respond
to nitrogen and water deficiency (Reich ef al. 1989) and
Quercus douglasii responds to summer drought and high
temperatures (Xu and Baldocchi 2003). In addition to the
trade-off between NUE and WUE at the leaf level,
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Fig. 6. Principal component analysis of Populus tomentosa males
and females showing the relationships between 17 variables
under different treatment combinations. C — leaf carbon
concentration; Fine/Course — fine roots/coarse roots ratio; gs—
stomatal conductance; LAR — leaf area ratio; LMA — leaf mass
per area; N — leaf nitrogen concentrations; Nt — total plant
nitrogen concentrations; NUE — nitrogen-use efficiency, NUyE —
nitrogen-uptake efficiency; Px — net photosynthetic rate; PNUE
— photosynthetic nitrogen-use efficiency; R/S — root
biomass/shoot biomass ratio; SRL¢ — the ratio of fine root length
to dry mass of fine roots; WUE; — intrinsic water-use efficiency;
313C — carbon isotope composition; §'°Ni — pretreated with
ISNH4Cl fertilizer; 35Nz —pretreated with Nal>NOs fertilizer. CK
— control; W+A | — well-watered + 75 mM(Na2CO3) L™!; W+A2—
well-watered + 150 mM(Na2CO3) L!'; D — drought; D+A; —
drought + 75 mM(NaxCO3) L°!'; D+Az — drought + 150
mM(NaxCO3) L1,

the trade-off between WUE and NUpE was maintained at
the whole-plant level. Although the allocation of N may
differ within a plant (Garrish et al. 2010), a relationship
between NUE and WUE at the whole-plant level was also
observed. In contrast, when we used WUE; instead of §'°C,
the trade-off between WUE and NUE was observed only
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