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Population sex ratios of many dioecious plants in nature are biased. This may
be attributed to sexually different resource demands and adaptive capacity. In
male-biasedPopulus, males often display stronger physiological adaptation than females.
Interestingly, Populus and Salix, belonging to Salicaceae, display an opposite biased
sex ratio, especially in nutrient-poor environmental conditions. Do female willows have a
greater tolerance to nutrient deficiency than males? In this study, we investigated the
growth and defensive strategies of Salix paraplesia cuttings, which were grown with
high and low sail fertility for about 140 days over one growing season. Results suggest
that different strategies for biomass allocation may result in sexually different defense
capacities and trade-offs between growth and defense. Females are likely to adopt
radical strategies, overdrawing on available resources to satisfy both growth and defense,
which seems to be more like a gamble compared with males. It is also suggested that
females may have an extra mechanism to compensate for the investment in growth under
nutrient-poor conditions. In summary, the results may help focus restoration efforts on
sex selection such that a moderate increase in female willow quantity could increase the
resistance and resilience of willow populations to early sporadic desertification.

Keywords: desertification, dioecy, low soil fertility, sex differences, willow

INTRODUCTION

Dioecy is found in 175 flowering plant families and in 7% of flowering plant genera (Renner,
2014). Classic sex ratio theory suggests that when reproductive costs to produce a female vs.
a male offspring are equal, natural selection will act to balance the sex ratio of the population
(Fisher, 1930). However, numerous investigations have revealed that the population sex ratios
of many dioecious plants are biased (Barrett et al., 2010; Sinclair et al., 2012; Munné-Bosch,
2015). Barrett et al. (2010) reported that most plant species exhibit equal or male-biased sex
ratios, whereas female-biased sex ratios occur less frequently. Many researchers speculate that this
phenomenon is most likely to be associated with the fundamental biological processes of gender
dimorphism (Tognetti, 2012). However, we cannot ignore the fact that females have a higher
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resource requirement for reproduction than males. Obeso (2002)
suggested that females invest more resources in reproduction,
which would leave them with a smaller amount of resources
available for defense. Fujita et al. (2014) suggested that if
plants in phosphorus-limited communities invest little in sexual
reproduction, plants would be in danger. In addition, sex-
specific physiological responses, such as nitrogen uptake and use,
would have a great effect on plant stress tolerance. For example,
Juniperus thurifera females may use a long-term strategy by
increasing N storage to compensate for massive reproductive
masting events, whereas males prefer to use current nutrients
for promoting gas exchange capacity (Montesinos et al., 2012).
If plants grow in nutrient-poor conditions, especially under N
shortage, the contrasting responses of males and females may
have a direct impact on plant survival.

In Populus, a genus with male-biased sex ratios, females
usually experience greater negative effects than do males under
environmental stresses. To interpret this important case, a series
of studies were carried out. The results suggested that different-
sex individuals display distinct morphological and physiological
adaptations to environmental stresses (Juvany and Munné-
Bosch, 2015). For example, in a water-limited scenario, drought
stress could limit poplars’ photosynthetic capacity more in
females than in males (Xu et al., 2008a). In addition, when
the two sexes grow in a combined stress condition, such as
elevated temperature (Xu et al., 2008b) or salinity (Chen et al.,
2010), some sex-specific reactions will differ from single-stress
responses. For instance, the combination of drought and salinity
induced greater sex-specific differences in the levels of total
chlorophyll, carotenoid, H,O, and Cl~ in the leaves than
did single stresses (Zhang et al, 2011). Furthermore, when
poplars were subjected to low-temperature conditions, males
exhibited improved chloroplast structure and more intact plasma
membranes than did females, suggesting a better self-protective
capacity (Zhang et al., 2011). Populus and Salix, belonging to
Salicaceae, display different biased sex ratios that female-biased
sex ratios are of approximately 2:1 in many willow species
(Alliende and Harper, 1989; Dudley, 2006; Myers-Smith and Hik,
2012). Do female willows have a greater tolerance than males
and thus survive multiply stressful conditions? So far, few studies
have been performed to confirm the sex-specific mechanisms that
produced female-biased sex ratios of willows in nature from an
ecophysiological perspective (Jones et al.,, 1999; Dudley, 2006;
Randriamanana et al., 2015). Moreover, previous studies on

sexual differences in plant growth were merely based on a single
time point, which may miss important information and could not
reflect the temporal variation because sexes differ in their timing
of development (Glynn et al., 2007; Hultine et al., 2013).

In this study, we employed Salix paraplesia individuals, which
were grown with high and low soil fertility for about 140
days over one growing season. Briefly, our study monitored
plants’ growth parameters at three important time points,
which respectively represent the initial-growth stage, rapid-
growth stage and late-growth stage according to our observations
for many years. The experiment was designed not only for
research on how S. paraplesia males and females respond to
nutrient limitation but also to provide support for research
on willows’ tolerance to low nutrients in nature. The latter is
important because sporadic desertification has been observed
in many of their natural habitats. Temporal variation in the
relative growth rate (RGR), net assimilation rate (NAR), stable
isotope compositions, non-structural carbohydrates (NSCs), and
condensed tannins (CTs) were measured. It is hypothesized
that there is a gender-specific trade-off between growth and
defense, whereby females have a stronger capacity to overdraw on
available resources to satisfy growth requirements (for example,
greater biomass accumulation and higher RGR) or defense (for
example, higher CT concentrations) than males under nutrient-
poor conditions.

MATERIALS AND METHODS
Plant Material and Experimental Design

In this study, 60 male and 60 female cuttings were produced
from ten individuals of each population (6 populations in total)
in their natural habitat in northern Sichuan province, China
(Table 1). Briefly, each stem was cut into similar sections (1-
cm diameter x 15-cm long) that were planted in 10-L plastic
pots (one plant per pot), filled with 8kg of homogenized
soil on April 20. The two soil levels represented topsoil
and deep soil. Topsoil was sieved from surface humus (0-
15cm), and deep soil was sieved from a depth of 20-40 cm at
the site of origin. Topsoil represented nutrient-rich soil, and
deep soil represented nutrient-poor soil. The properties of the
nutrient-rich soil (nutrient-poor soil) used in this study were as
follows (based on kg~! dry soil): total carbon 30.33 g (17.86 g),
organic carbon 28.51 g (16.08 g), total N 3.11 g (1.94 g), nitrate-
N 26.06 mg (11.28 mg), and ammonium-N 21.86 mg (12.78 mg).

TABLE 1 | Willow population location and climate characteristics.

Population site name Location Elevation (m) MAT (°C) January MAT (°C) July MAT (°C) MAP (mm)
Baxi 33°36' N, 103°13' E 3140 0.7 -10.6 10.8 656.8
Hongxing 34°05' N, 102°44' E 3150 11 -8.9 12.2 648.5
Rangtang 32°16' N, 100°58" E 3390 4.8 —-2.7 144 763.0
Aba 32°54' N, 101°42" E 3400 3.3 -7.9 1.7 712.0
Hongyuan 32°47' N, 102°32" E 3485 1.1 -10.3 10.9 753.0
Dazhasi* 33°34' N, 102°57" E 3439 1.7 —-9.4 1.5 660.0

*Dazhasi, study site. MAT, mean annual temperature; MAF, mean annual precipitation.
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The experimental layout was completely randomized with two
factors (sex and nutrients). Local soil has high fertility; therefore,
in the present study, topsoil with high fertility was used as the
control soil. There were finally four treatments: (i) males with
high soil fertility (control); (ii) females with high soil fertility
(control); (iii) males with low soil fertility; and (iv) females
with low soil fertility. Thirty plants of each sex were exposed to
each treatment. To monitor the ontogenetic variation in plants
responding to relative high and low soil fertility, plants were
destructively harvested at 100 (representing initial-growth stage,
on July 29), 120 (representing rapid-growth stage, on August 18),
and 140 days (representing late-growth stage, on September 7)
after plants were planted.

RGR, NAR, and Biomass Allocation

Parameters related to plant growth were measured according
to Glynn et al. (2007) with a minor modification. Briefly, leaf
area was measured from the whole fully expanded leaves from
each plant using a scanner with leaf area analysis software
(WINFOLIA; Regent Instruments Inc. Quebec, Canada), after
which leaves were dried at 60°C for 48 h and weighed. Leaf mass
per unit area (LMA, g m~2) was then calculated as the quotient
of the mass and area of the leaf sample. At harvest, plants were
partitioned into leaf, stem and root fractions, respectively. Each
plant fraction was dried at 60 °C for 48 h and weighed. Indices
of plant growth and allocation were then calculated from dry
mass and total leaf area measurements according to the following
equations:

Total plant mass (g) = total leaf mass + total stem mass +
total root mass;

RGR (g g_1 d™!) = [In(final total mass) — In(initial total
mass)]/time;

Total leaf area (m?) = total leaf mass/LMA;

LAR (cm? g_l) = total leaf area/total plant mass (LAR, leaf
area ratio);

NAR (gm~—2 d~!) = RGR/LAR;

SWR (g g~!) = stem mass/total plant mass (SWR, stem weight
ratio);

RWR (g g~!) = root mass/total plant mass (RWR, root weight
ratio).

Carbon, Nitrogen Concentrations, and

Stable Isotope Signatures

The samples of shoots and roots were ground and passed
through a 20-mesh screen after being dried (60°C, 48 h) to
constant weight. The carbon and nitrogen concentrations were
determined by the semi-micro Kjeldahl method as described
by Kost and Boerner (1985), respectively. The stable carbon
and nitrogen isotope abundance in the combusted samples was
measured with a mass spectrometer (Finnegan MAT Delta-E,
Bremen, Germany). The overall precision of the 3-values was
better than 0.1%o, as determined from repeated samples.

Condensed Tannins
Condensed tannins (CTs) were analyzed using standard
techniques (Orians, 1995; Hagerman and Butler, 1998; Hunter

and Forkner, 1999). Briefly, leaves were removed from the trees
and immediately put into a cooler, transported to the lab, and
immediately vacuum dried. Once dry, leaves were ground with
a mortar and pestle. Approximately 10 mg of leaf powder was
weighed into 2-ml microfuge vials and washed with 500l
diethyl ether. Following centrifugation (4 min at 3700 rpm), the
diethyl ether was discarded. Tannins were extracted four times
with 200wl of a 7:3 acetone: water combination with 1-mM
ascorbate. After each addition, samples were sonicated for 10 min
at 5°C and centrifuged at 3700 rpm for 4 min. The supernatant
was decanted into another microfuge vial. The acetone in the
final supernatant was removed by evaporation. Water was added
to attain the final volume of 500 pl. Some S. paraplesia tannins
were prepared as standards in a similar manner, which generated
by multiple sequential washes of samples in diethyl ether,
followed by acetone extraction. S. paraplesia tannin standards
were purified by Sephadex LH20 column chromatography.
Samples were then analyzed using the butanol-HCl assay (Porter
et al,, 1985). Finally, tannin concentration (mg g~! dry weight)
was calculated.

Non-structural Carbohydrates

The NSC was determined as described by O’Brien et al. (2014).
Five cuttings of each sex from each treatment were used to
qualify the changes in stored NSC concentrations in the leaves,
stems and roots, respectively. Plant materials were ground,
and 15mg of each sample was used for NSC analysis. Soluble
sugars were extracted with a shaking bath of 80% ethanol
at 27°C for one night, followed by two additional 2-h baths
(Marquis et al., 1997; Myers and Kitajima, 2007). The remaining
starch was digested with amyloglucosidase. The concentrations
of soluble sugars and starch (measured as glucose equivalents)
were measured at 487 nm by spectrophotometry after a phenol-
sulphuric acid reaction. Mean NSC concentration was calculated
by multiplying the extracted concentration for each organ by
organ biomass, which provides total NSC per organ. The NSC
values were summed and divided by total plant mass. Therefore,
the NSC concentration in each organ represents the percentage
of NSC relative to the whole cutting, and the sum of each organ
percentage represents the total NSC concentration in the cutting.

Statistical Analyses

Experimental data were analyzed using SPSS 17.0 software
(SPSS Inc., Chicago, IL, USA). Two-way analyses of variance
were performed to evaluate the interaction effect of sex and
variable nutrient conditions. Sexual differences were analyzed
using a model with nutrient and sex as fixed effects. Significant
individual differences among means of different treatments were
determined by Tukey’s multiple range tests after conducting tests
of homogeneity for variances. Differences were considered as
statistically significant at the P < 0.05 level.

RESULTS
Plant Growth

The treatments of nutrient availability had different effects on
the plant growth of male and female S. paraplesia individuals
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(Tables 2, 3). Distinct sexual differences were detected in both
total plant mass and total leaf area throughout the growing
season. Briefly, nutrient limitation significantly decreased the
accumulation of total plant mass of both sexes, and importantly,
females consistently had relatively higher total plant mass than
males. The effects of both sex and nutrient were significant for
total plant mass on all three harvest dates. Similar results were
observed for total leaf area with one exception: the nutrient factor
had no effect for plants grown in the first harvest intervals (Days
1-100). However, sexually different LMA of both sexes were
not detected on any of the three harvest dates, as confirmed by
the statistical analyses (Table 3). Moreover, nutrient limitation
had no effect on the LAR of either sex at the first harvest time
(Day 100), but it did have obvious effects for males during the
last two harvest intervals (Days 101-120, 121-140). Statistical
analyses revealed a significant effect on LAR by nutrient. In
addition, we found effects on SWR for sex, nutrient and their
combination. These effects were significant when plants grown
during the first (Days 1-100) and the last (Days 121-140) harvest
intervals. However, there was no effect on SWR (except for the
nutrient effect) for plants grown in the middle harvest interval
(Days 101-120). There was an effect on RWR of nutrient for
plants grown in the first two harvest dates, but this had no effect
during the last harvest interval (Days 121-140). Interestingly, the
effect of sex exhibited completely opposite changes, which could
be associated with variation of the combined effects by sex x
nutrient. Nevertheless, it should be noted that little interactive
effect on plant growth by sex x nutrient was detected in most
harvest intervals (Tables 2, 3). Although the interaction effect by
sex x nutrient had no effect on RGR or NAR of males and females
on any of the three harvest dates, distinct sexual differences
existed for plants grown during the first two harvest intervals
(Table 4). Over this time period, nutrient limitation significantly
decreased cuttings’ RGR and NAR when compared with those
of cuttings grown under nutrient-rich conditions. Furthermore,
females maintained relatively higher RGR and NAR than males
under both conditions during the first harvest interval (Days 1-
100). Statistical analyses suggested a significant effect on RGR and
NAR by sex, which played an important role mainly during the
first harvest interval (Days 1-100).

Carbon, Nitrogen Concentrations and
Carbon, Nitrogen Isotope Signatures

Multiple effects (sex, nutrient, and their combination) were
generally not significant for C concentration, N concentration,
C/N ratio or $!2C in the shoots and roots of S. paraplesia male
and female cuttings (Table 5). Nutrient limitation significantly
increased 3'°N in shoots, and females had more 3!°N than did
males. Statistical analyses suggested a significant effect on the
8!°N in shoots by sex and by nutrient, but the interaction effect
by sex x nutrient was not significant. In addition, nutrient
limitation increased 8!°N in roots, but the changes were only
detected in males (Table 5). Statistical analyses indicated that the
effect on 5!°N by nutrient played a key role in roots, but the effect
by sex as well as the interaction effect by sex x nutrient was not
significant (Table 5).

TABLE 2 | Statistical significance of single and interactive effects of sex and nutrient on parameters related to plant biomass accumulation based on two-way ANOVA over three harvest intervals

(day 1-100, 101-120, and 121-140, respectively) after cuttings planted (April 20, 2014).

Stem weight ratio (SWR; g g~ 1) Root weight ratio (RWR; g g~ 1)

Total plant mass (g)

Conditions

Day 120 Day 140 Day 100 Day 120 Day 140 Day 100 Day 120 Day 140

Day 100

0.25 + 0.001b
0.26 £ 0.001b
0.30 + 0.006a
0.19 £ 0.001¢c

0.17 £ 0.006a
0.17 £ 0.003a
0.19 + 0.008a
0.19 £ 0.009a

0.18 £ 0.006a
0.17 £ 0.005 b
0.15 £ 0.008b
0.15 £ 0.007b

0.52 £ 0.007ab
0.53 + 0.006b
0.39 + 0.016¢
0.58 + 0.009a

0.55 +0.012a
0.54 + 0.009a
0.42 £ 0.021b
0.40 + 0.005b

0.37 £ 0.008c
0.40 + 0.006b
0.40 + 0.005b
0.52 + 0.003a

14.62+£0.49b
16.02+0.19a

6.22 £ 0.32b

1.97 £ 0.03b
2.80 + 0.08a

Male

Nutrient-rich

7.25 £ 0.07a

Female
Male

3.08 +£0.23c 6.58+0.21d

1.59 £+ 0.08¢c
2.26 +£0.1b

Nutrient-poor

Female 3.89 4+ 0.10c 8.08+0.25¢

P: FS
P: FN

ns

ns

ns

3

3

ok

*%

Xk

ok

o ns ns

ns

ns ns ns

P: FgxFiy

Different letters represent statistical significances between treatments (mean 4+ SE, n = 5) at P < 0.05 according to Tukey’s multiple range tests. Fs, sex effect; Fy, nutrient effect; FsxFy, the interactive effect of sex and nutrient.

Significance values of the factorial analysis (ANOVA) for the effects are denoted as follows: ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Different letters represent statistical significances between treatments (mean + SE, n = 5) at P < 0.05 according to Tukey’s multiple range tests. Fs, sex effect; Fy, nutrient effect; FsxFy, the interactive effect of sex and nutrient.

Significance values of the factorial analysis (ANOVA) for the effects are denoted as follows: ns, non-significant; *P < 0.05; **P < 0.01.

Non-structural Carbohydrates and

Condensed Tannins

Low soil fertility increased plants’ NSC levels, but the increases
were different in males and females. Briefly, females had more
NSC than did males (Figure 1). Statistical analyses suggested an
effect on the NSC by sex and by nutrient, but the interaction effect
by sex x nutrient was not significant. In addition, there was a
positive relationship between total plant mass and NSC. Females
not only accumulated more NSC but also had greater total plant
mass than males. Table 6 revealed that nutrient limitation caused
plants to produce more CTs among females than males on Day
100. This effect gradually diminished toward the end of the
growing season. An effect on the CTs by nutrient was found
throughout the plant growing season, while the effect by sex was
only detected on Day 100. Females possessed more CTs than
did males under nutrient-poor conditions on Day 100, but this
pattern was completely changed when plants were subjected to
nutrient-rich conditions. However, the sexual differences in CT
concentration between males and females detected on Day 120
or 140 were not significant (except plants under nutrient-poor
conditions on Day 140).

DISCUSSION

Male and female plants play different roles in productive biology
and thus have sexually different resource demands imposed upon
them. Any decision about resource utilization made by males or
females may have different consequences, even contributing to
spatial segregation of the sexes (Fujita et al., 2014). Many studies
have implied that the population sex ratio of certain species
would become female-biased if dioecious plants were placed
under high-quality environments. The same reports maintain
that the sex ratio would become male biased under stressful
or resource-poor habitats, because reproduction is very costly
for females (Sanchez-Vilas et al, 2012). However, there are
exceptions. Salix often exhibits female-biased population sex
ratios in naturally stressful environments (Dudley, 2006; Myers-
Smith and Hik, 2012). Thus, we have attempted to find possible
explanations that gender-specific trade-offs between growth and
defense may be relevant to willow’s female-biased sex ratios. In
this study, S. paraplesia male and female cuttings were employed.
A critical subject is posed: once plants suffer from nutrient
limitation, how do males and females make their own choices:
growing fast enough to compete or maintaining physiological
adaptations necessary for survival?

Estimating growth parameters can help to elucidate whether
plants suit the current environment or not. In the present study,
female cuttings are likely to accumulate greater biomass than
males under either nutrient-rich or nutrient-poor conditions.
Statistical analyses have indicated that both sex and nutrients
are important factors. Hermans et al. (2006) indicated that
plants often allocate biomass to the root system when mineral
elements are scarce. However, in our study, nutrient limitation
significantly decreased biomass allocation below ground (see
RWR) in males, while few effects were observed in females
compared with those under nutrient-rich conditions during the
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TABLE 4 | Statistical significance of single and interactive effects of sex and nutrient on growth parameters based on two-way ANOVA over three harvest
intervals (day 1-100, 101-120, and 121-140, respectively) after cuttings planted (April 20, 2014).

Conditions Relative growth rate (RGR; g g—1 d—1) Net assimilation rate (NAR; g cm—2 d“)
Day 1-100 Day 101-120 Day 121-140 Day 1-100 Day 101-120 Day 121-140
Nutrient-rich Male 0.007 + 0.0002b 0.057 £ 0.0019a 0.043 £+ 0.0035a 1.327 £ 0.169b 15.296 + 0.104a 17174 £2.317a
Female 0.01 £ 0.0003a 0.048 £+ 0.0019a 0.04 £ 0.001a 1.982 + 0.023a 12.065 + 0.833b 18.781 £ 2.392a
Nutrient-poor Male 0.005 + 0.0005¢ 0.033 £+ 0.0017b 0.038 + 0.0046a 0.756 + 0.105¢c 5.999 + 0.626¢ 10.594 + 1.767a
Female 0.008 + 0.0005b 0.027 £+ 0.0036b 0.037 £ 0.0027a 1.662 + 0.113ab 5.207 £ 0.723¢c 12.302 £+ 0.958a
P: Fg e ns ns e * ns
P: Fy ok . ns o e *
P: FgxFp ns ns ns ns ns ns

Different letters represent statistical significances between treatments (mean £+ SE, n = 5) at P < 0.05 according to Tukey's multiple range tests. Fg, sex effect; F, nutrient effect;
FsxFy, the interactive effect of sex and nutrient. Significance values of the factorial analysis (ANOVA) for the effects are denoted as follows: ns, non-significant; *P < 0.05; **P < 0.01;

P < 0.001.

initial-growth stage. This suggests that nutrient-limitation did
not cause severe effects on the root growth of female cuttings
but rather was fatal to males. This may ultimately reduce male
cuttings’ survival rate and might explain the segregation of
the sexes. The largest value of RWR was observed in males
under nutrient-poor conditions during the late-growth stage,
suggesting that males indeed sensed and experienced greater
environmental stress than did females. In other words, nutrient
limitation may cause more severe impacts on plant growth in
males than in females. In addition to RWR, nutrient limitation
increased resource output to the stem in both sexes, and females
constantly had higher SWR than males. S. paraplesia females
gave priority to vegetative investment at the cost of stem
growth during the initial- and late-growth stages, which may
have enhanced stem functions including water transport and
mechanical stability (Albrectsen et al., 2004; Taneda and Tateno,
2004). Relatively higher levels of nutrient storage in the female
cuttings used for propagation may partially explain why female
cuttings exhibited stronger capacity than male cuttings during
the initial-growth stage.

In addition to plant growth, two compounds’ NSC and CTs
were investigated. NSC stores are assumed to be an important
trait for plant survival under stress (O’Brien et al, 2014),
particularly in maintaining basic metabolic functions to optimize
growth and defense (Dietze et al, 2014). In general, most
carbohydrates are produced in foliage leaves, and some are
synthesized in flowers and fruits (Kozlowski, 1992). However,
trees in the juvenile stage of development do not flower and,
therefore, only have vegetative tissues as carbohydrate sinks.
In our study, we analyzed the total NSC contents of entire
cuttings (Figure 1). As expected, low soil fertility increased
plants’ NSC content, conducive to enhancing plant tolerance
capacity (Chapin et al., 1990). Interestingly, females had higher
NSC levels than males, and statistical analyses indicated a role for
sex. This suggests that female cuttings with greater NSC storage
were more likely to survive nutrient-poor conditions (Canham
etal.,, 1999). In addition, there was a positive relationship between
total plant mass and NSC, suggesting a good balance between

photosynthesis and respiration, which ultimately influences
carbon availability for growth (Chapin et al., 1990; Dietze et al.,
2014).

Recent advances in plant metabolism studies indicate
that plants are dependent on the deployment of secondary
metabolites for their response to abiotic and biotic stresses
(Mumm and Hilker, 2006; Neilson et al., 2013), and a variety of
secondary compounds are produced from carbohydrates, amino
acids and lipids. For example, Populus tremuloides seedlings
increased CT concentrations under conditions of low fertility
with competition (Donaldson et al., 2006). In the present study,
comparative analysis showed that females produced more CTs
than males under nutrient-poor conditions, while producing
fewer CTs than males when plants are subjected to nutrient-
rich conditions during the initial-growth stage. This suggests
that females are likely more sensitive than males to nutrient
availability, with regard to chemical defense. Our studies indicate
that CTs may play a different role, sexually, in the initial- and late-
growth stages rather than the rapid-growth stage (Table 6), which
could provide females with greater defense capacity than enjoyed
by males. In contrast, CTs are traditionally thought to play a key
role in plant defense against herbivorous insects (Agrawal, 2007;
Gols, 2014; Agrawal and Weber, 2015). In our study, temporal
variation and sex-based differences in the regulatory strategies
of CTs were observed in males and females. This may suggest
sex-based differences between willows and herbivorous insects
and sex-based differences in competition- and resource-mediated
trade-offs between growth and defense (Donaldson et al., 2006).

According to the growth-differentiation balance hypothesis
(Herms and Mattson, 1992; Glynn et al., 2007), if levels of defense
remain stable while resources decrease, fewer resources will be
available for growth or reproduction. Stamp (2003) suggested
that resources allocated to the synthesis, storage, and regulation
of plant secondary metabolites would come at the expense of
those allocated for growth and reproduction. In accordance
with our hypotheses, the results presented here suggest sex-
specific trade-offs between the growth and defense of willows
facing nutrient limitation. In the initial-growth stage, male and
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FIGURE 1 | Effects of nutrient availability on non-structural
carbohydrates (mean + SE, n = 5) in Salix paraplesia males and
females. Nutrient-poor condition: black; nutrient-rich condition: white.
Different letters above the bars represent statistically significant differences
between treatments at P < 0.05 according to Tukey’s multiple range tests.
Significance values of the factorial analysis (ANOVA) are denoted as follows:
sex, sex effect; nutrient, nutrient effect; sex x nutrient, sex x nutrient
interaction effects.

TABLE 6 | Statistical significance of single and interactive effects of sex
and nutrient on condensed tannins (CTs) based on two-way ANOVA over
three harvest intervals (day 1-100, 101-120, and 121-140, respectively)
after cuttings planted (April 20, 2014).

Conditions Condensed tannins (CTs,mg g~ dry weight)
Day 100 Day 120 Day 140
Nutrient-rich ~ Male 2.309 + 0.06¢c 0.535 + 0.06b 0.261 4+ 0.03b

Female 1.507 £0.06d  0.52 4+ 0.03b 0.222 4+ 0.03b

Nutrient-poor Male 2.993 £ 0.09p 1.399 + 0.1a 0.357 £+ 0.02b
Female 3.37 £ 0.07a 1.11 £ 0.06a 0.533 £ 0.05a
P: Fg * ns Ns
P:Fy - - sk
P: FgxFp o ns *

Different letters represent statistical significances between treatments (mean + SE, n =
5) at P < 0.05 according to Tukey's multiple range tests. Fs, sex effect; Fy, nutrient
effect; Fs xFy, the interactive effect of sex and nutrient. Significance values of the factorial
analysis (ANOVA) for the effects are denoted as follows: ns, non-significant; *P < 0.05;
P < 0.001.

female strategies when confronting challenges related to nutrient
availability differ substantially. Under nutrient-rich conditions,
males invested more resources in defense than females (as
reflected in the synthesis of more condensed tannins than
females, see Table 6), which could be defined as a conservative
adaptive strategy. This could impact male cuttings’ growth
(Table 4). Although high resource availability may diminish
allocation costs and allow for growth and defense (Siemens
et al., 2002), once plants face limited resources, females’ positive
regulatory mechanisms seem to be more efficient than those
of males. It was found that females synthesized more CTs
to enhance defense; levels were greater than those found in
males (Table 6). As predicted, nutrient limitation significantly
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decreased plants’ RGR and total plant mass accumulation, but
females still had higher RGR and greater total plant mass than
males (Table4). Most explanations of plant stress tolerance
indicate an evolutionary trade-off such that plant species with
high chemical defense would lower their RGR to maintain
relative equilibrium (Herms and Mattson, 1992; Stamp, 2003;
Fine et al, 2006; Glynn et al., 2007). However, in our study,
females were likely to adopt radical strategies, overdrawing on
available resources to satisfy both growth and defense, suggesting
sex-based strategy differences. The results also indicated that
females may have an extra mechanism to compensate for
the investment in growth under nutrient-poor conditions. For
example, female Salix may have higher photosynthetic rate
than males, or increase allocation to photosynthetic organs,
which would enable them to compensate for their higher
resource demands (Dudley and Galen, 2007; Ueno et al., 2007).
Similar relationships between RGR and CTs were observed
when males and females were in the late-growth stage. These
results suggest that such aggressive mechanisms could help
female individuals win from the start when willows face
intersexual competition for limited resources. In the rapid-
growth stage, both males and females maintained a high level
of growth, and CT levels were significantly decreased when
compared with those measured in the initial-growth stage,
suggesting an obvious trade-off between growth and defense
(Stamp, 2003). The total biomass of females was found to
be significantly higher than that of males under nutrient-rich
conditions, but nutrient shortages could alter this relationship
(the differences between sexes were not substantial). Previous
studies have suggested that biomass allocation plays a key
role in the plant response to nutrient shortage (Hermans
et al., 2006; Agrawal, 2007), and we speculate that different
strategies for biomass allocation may result in sex-based

REFERENCES

Agrawal, A. A. (2007). Macroevolution of plant defense strategies. Trends Ecol.
Evol. 22, 103-109. doi: 10.1016/j.tree.2006.10.012

Agrawal, A. A, and Weber, M. G. (2015). On the study of plant defence and
herbivory using comparative approaches: how important are secondary plant
compounds. Ecol. Lett. 18, 985-991. doi: 10.1111/ele.12482

Albrectsen, B. R., Gardfjell, H., Orians, C. M., Murray, B., and Fritz, R. S. (2004).
Slugs, willow seedlings and nutrient fertilization: intrinsic vigor inversely affects
palatability. Oikos 105, 268-278. doi: 10.1111/j.0030-1299.2004.12892.x

Alliende, M. C., and Harper, J. L. (1989). Demographic studies of a dioecious tree.
I. Colonization, sex and age structure of a population of Salix Cinerea. J. Ecol.
77,1029-1047. doi: 10.2307/2260821

Barrett, S. C., Yakimowski, S. B., Field, D. L., and Pickup, M. (2010). Ecological
genetics of sex ratios in plant populations. Philos. Trans. R. Soc. B 365,
2549-2557. doi: 10.1098/rstb.2010.0002

Canham, C. D., Kobe, R. K,, Latty, E. F., and Chazdon, R. L. (1999). Interspecific
and intraspecific variation in tree seedling survival: effects of allocation to
roots versus carbohydrate reserves. Oecologia 121, 1-11. doi: 10.1007/s0044200
50900

Chapin, F. S., Schulze, E, and Mooney, H. A. (1990). The ecology and
economics of storage in plants. Annu. Rev. Ecol. Syst. 21, 423-447. doi:
10.1146/annurev.es.21.110190.002231

Chen, J., Dong, T., Duan, B., Korpelainen, H., Niinemets, U., and Li, C. (2015).
Sexual competition and N supply interactively affect the dimorphism and

differences in defense capacity and trade-offs between growth and
defense.

Recent studies have suggested various inter-sexual
competition patterns in a male-biased dioecious plant Populus
with a sex ratio, in terms of resource utilization within given
environments (Chen et al, 2014, 2015). Our study further
provided new insights into S. paraplesia, a female-biased sex
ratio dioecious plant, in response to nutrient availability. In
particular, we demonstrated sex-specific trade-offs between
growth and defense. Females are likely to adopt radical strategies,
overdrawing on available resources to satisfy both growth and
defense, which seems to be more like a gamble compared to
the strategies pursued by males. Females may have an extra
mechanism to compensate for the investment in growth under
nutrient-poor conditions.

AUTHOR CONTRIBUTIONS

HJ designed the experiment and measured the dynamic changes
of plant biomass; he was also responsible for the statistical
analysis and manuscript writing. SZ contributed largely to
language improvement, and provided much useful suggestions
and comments for the revision. YL and GX carried out much of
the field work and chemical analyses. DZ had the initial research
idea and was also doing some of the writing of the paper during
initial submission and revisions.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (No. 31300512, 31370607), and the
Excellent Young Scientist Program of the National Natural
Science Foundation of China (NO. 31322014).

competiveness of opposite sexes in Populus cathayana. Plant Cell Environ. 38,
1285-1298. doi: 10.1111/pce.12477

Chen, J., Duan, B., Wang, M., Korpelainen, H., and Li, C. (2014). Intra- and inter-
sexual competition of Populus cathayana under different watering regimes.
Funct. Ecol. 28, 124-136. doi: 10.1111/1365-2435.12180

Chen, L., Zhang, S., Zhao, H., Korpelainen, H., and Li, C. (2010). Sex-
related adaptive responses to interaction of drought and salinity in
Populus yunnanensis. Plant Cell Environ. 33, 1767-1778. doi: 10.1111/j.1365-
3040.2010.02182.x

Dietze, M. C,, Sala, A., Carbone, M. S., Czimczik, C. 1., Mantooth, J. A., Richardson,
A. D, et al. (2014). Nonstructural carbon in woody plants. Annu. Rev. Plant
Biol. 65, 667-687. doi: 10.1146/annurev-arplant-050213-040054

Donaldson, J. R, Kruger, E. L., and Lindroth, R. L. (2006). Competition-
and resource-mediated tradeoffs between growth and defensive chemistry
in trembling aspen (Populus tremuloides). New Phytol. 169, 561-570. doi:
10.1111/j.1469-8137.2005.01613.x

Dudley, L. S. (2006). Ecological correlates of secondary sexual dimorphism in Salix
glauca (Salicaceae). Am. J. Bot. 93, 1775-1783. doi: 10.3732/ajb.93.12.1775

Dudley, L. S., and Galen, C. (2007). Stage-dependent patterns of drought tolerance
and gas exchange vary between sexes in the alpine willow, Salix glauca.
Oecologia 153, 1-9. doi: 10.1007/s00442-007-0712-4

Fine, P. V., Miller, Z. J., Mesones, 1., Irazuzta, S., Appel, H. M., Stevens, M.
H. H,, et al. (2006). The growth-defense trade-off and habitat specialization
by plants in Amazonian forests. Ecology 87, S150-S162. doi: 10.1890/0012-
9658(2006)87[150: TGTAHS]2.0.CO;2

Frontiers in Plant Science | www.frontiersin.org

July 2016 | Volume 7 | Article 1064


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Jiang et al.

Gender Specific Growth-Defense Trade-Offs

Fisher, R. (1930). The Theory of Natural Selection. London: Oxford University
Press.

Fujita, Y., Venterink, H. O., van Bodegom, P. M., Douma, J. C., Heil, G. W,
Holzel, N., etal. (2014). Low investment in sexual reproduction threatens plants
adapted to phosphorus limitation. Nature 505, 82-86. doi: 10.1038/nature12733

Glynn, C.,, Herms, D. A., Orians, C. M., Hansen, R. C., and Larsson, S. (2007).
Testing the growth-differentiation balance hypothesis: dynamic responses of
willows to nutrient availability. New Phytol. 176, 623-634. doi: 10.1111/].1469-
8137.2007.02203.x

Gols, R. (2014). Direct and indirect chemical defences against insects
in a multitrophic framework. Plant Cell Environ. 37, 1741-1752. doi:
10.1111/pce.12318

Hagerman, A. E., and Butler, L. G. (1998). Choosing appropriate methods
and standards for assaying tannin. J. Chem. Ecol. 15, 1795-1810. doi:
10.1007/BF01012267

Hermans, C., Hammond, J. P., White, P. J., and Verbruggen, N. (2006). How do
plants respond to nutrient shortage by biomass allocation? Trends Plant Sci. 11,
610-617. doi: 10.1016/j.tplants.2006.10.007

Herms, D. A., and Mattson, W. J. (1992). The dilemma of plants: to grow or defend.
Q. Rev. Biol. 67, 283-335. doi: 10.1086/417659

Hultine, K. R, Burtch, K. G., and Ehleringer, J. R. (2013). Gender specific patterns
of carbon uptake and water use in a dominant riparian tree species exposed to
a warming climate. Global Change Biol. 19, 3390-3405. doi: 10.1111/gcb.12230

Hunter, M. D., and Forkner, R. E. (1999). Hurricane damage influences foliar
polyphenolics and subsequent herbivory on surviving trees. Ecology 80,
2676-2682. doi: 10.1890/0012-9658(1999)080[2676:HDIFPA]2.0.CO;2

Jones, M. H., MacDonald, S. E., and Henry, G. H. (1999). Sex-and habitat-specific
responses of a high arctic willow, Salix arctica, to experimental climate change.
Oikos 87, 129-138. doi: 10.2307/3547004

Juvany, M., and Munné-Bosch, S. (2015). Sex-related differences in stress tolerance
in dioecious plants: a critical appraisal in a physiological context. . Exp. Bot. 66,
6083-6092. doi: 10.1093/jxb/erv343

Kost, J. A., and Boerner, R. (1985). Foliar nutrient dynamics and nutrient use
efficiency in Cornus florida. Oecologia 66, 602-606. doi: 10.1007/BF00379355

Kozlowski, T. T. (1992). Carbohydrate sources and sinks in woody plants. Bot. Rev.
58, 107-222. doi: 10.1007/BF02858600

Marquis, R. J., Newell, E., and Villegas, A. (1997). Non-structural carbohydrate
accumulation and use in an understorey rain-forest shrub and relevance for
the impact of leaf herbivory. Funct. Ecol. 11, 636-643. doi: 10.1046/j.1365-
2435.1997.00139.x

Montesinos, D., Villar-Salvador, P., Garcia-Fayos, P., and Verdd, M. (2012).
Genders in Juniperus thurifera have different functional responses to variations
in nutrient availability. New Phytol. 193, 705-712. doi: 10.1111/j.1469-
8137.2011.03982.x

Mumm, R, and Hilker, M. (2006). Direct and indirect chemical defence
of pine against folivorous insects. Trends Plant Sci. 11, 351-358. doi:
10.1016/j.tplants.2006.05.007

Munné-Bosch, S. (2015). Sex ratios in dioecious plants in the framework of global
change. Environ. Exp. Bot. 109, 9-102. doi: 10.1016/j.envexpbot.2014.08.007

Myers, J. A., and Kitajima, K. (2007). Carbohydrate storage enhances seedling
shade and stress tolerance in a neotropical forest. J. Ecol. 95, 383-395. doi:
10.1111/j.1365-2745.2006.01207.x

Myers-Smith, I. H., and Hik, D. S. (2012). Uniform female-biased sex ratios in
alpine willows. Am. J. Bot. 99, 1243-1248. doi: 10.3732/ajb.1200107

Neilson, E. H., Goodger, J. Q. D., Woodrow, I. E., and Moller, B. L. (2013).
Plant chemical defense: at what cost? Trends Plant Sci. 18, 250-258. doi:
10.1016/j.tplants.2013.01.001

O’Brien, M. J., Leuzinger, S., Philipson, C. D., Tay, J., and Hector, A. (2014).
Drought survival of tropical tree seedlings enhanced by non-structural
carbohydrate levels. Nat. Clim. Change 4, 710-714. doi: 10.1038/nclimate2281

Obeso, J. R. (2002). The costs of reproduction in plants. New Phytol. 155, 321-348.
doi: 10.1046/j.1469-8137.2002.00477.x

Orians, C. M. (1995). Preserving leaves for tannin and phenolic glycoside analyses:
a comparison of methods using three willow taxa. . Chem. Ecol. 21, 1235-1243.
doi: 10.1007/BF02027558

Porter, L. J., Hrstich, L. N., and Chan, B. G. (1985). The conversion of procyanidins
and prodelphinidins to cyanidin and delphinidin. Phytochemistry 25, 223-230.
doi: 10.1016/S0031-9422(00)94533-3

Randriamanana, T. R., Nissinen, K., Moilanen, J., Nybakken, L., and Julkunen-
Tiitto, R. (2015). Long-term UV-B and temperature enhancements suggest that
females of Salix myrsinifolia plants are more tolerant to UV-B than males.
Environ. Exp. Bot. 109, 296-305. doi: 10.1016/j.envexpbot.2014.06.007

Renner, S. S. (2014). The relative and absolute frequencies of angiosperm sexual
systems: dioecy, monoecy, gynodioecy, and an updated online database. Am. J.
Bot. 101, 1588-1596. doi: 10.3732/ajb.1400196

Sanchez-Vilas, J., Bermudez, R., and Retuerto, R. (2012). Soil water content and
patterns of allocation to below- and above-ground biomass in the sexes of
the subdioecious plant Honckenya peploides. Ann. Bot. 110, 839-848. doi:
10.1093/aob/mcs157

Siemens, D. H., Garner, S. H., Mitchell-Olds, T., and Callaway, R. M. (2002). Cost
of defense in the context of plant competition: brassica rapa may grow and
defend. Ecology 83, 505-517. doi: 10.2307/2680031

Sinclair, J. P., Emlen, J., and Freeman, D. (2012). Biased sex ratios in plants: theory
and trends. Bot. Rev. 78, 63-86. doi: 10.1007/s12229-011-9065-0

Stamp, N. (2003). Out of the quagmire of plant defense hypotheses. Q. Rev. Biol.
78, 23-55. doi: 10.1086/367580

Taneda, H., and Tateno, M. (2004). The criteria for biomass partitioning of the
current shoot: water transport versus mechanical support. Am. J. Bot. 91,
1949-1959. doi: 10.3732/ajb.91.12.1949

Tognetti, R. (2012). Adaptation to climate change of dioecious plants: does gender
balance matter? Tree Physiol. 32, 1321-1324. doi: 10.1093/treephys/tps105

Ueno, N., Suyama, Y., and Seiwa, K. (2007). What makes the sex ratio female-
biased in the dioecious tree Salix sachalinensis? J. Ecol. 95, 951-959. doi:
10.1111/j.1365-2745.2007.01269.x

Xu, X, Peng, G. Q., Wu, C. C,, Korpelainen, H., and Li, C. Y. (2008a). Drought
inhibits photosynthetic capacity more in females than in males of Populus
cathayana. Tree Physiol. 28, 1751-1759. doi: 10.1093/treephys/28.11.1751

Xu, X., Yang, F., Xiao, X. W., Zhang, S., Korpelainen, H., and Li, C. Y. (2008b). Sex-
specific responses of Populus cathayana to drought and elevated temperatures.
Plant Cell Environ. 31, 850-860. doi: 10.1111/j.1365-3040.2008.01799.x

Zhang, S., Jiang, H., Peng, S., Korpelainen, H., and Li, C. (2011). Sex-related
differences in morphological, physiological, and ultrastructural responses of
Populus cathayana to chilling. J. Exp. Bot. 62, 675-686. doi: 10.1093/jxb/erq306

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Jiang, Zhang, Lei, Xu and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

July 2016 | Volume 7 | Article 1064


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Alternative Growth and Defensive Strategies Reveal Potential and Gender Specific Trade-Offs in Dioecious Plants Salix paraplesia to Nutrient Availability
	Introduction
	Materials and Methods
	Plant Material and Experimental Design
	RGR, NAR, and Biomass Allocation
	Carbon, Nitrogen Concentrations, and Stable Isotope Signatures
	Condensed Tannins
	Non-structural Carbohydrates
	Statistical Analyses

	Results
	Plant Growth
	Carbon, Nitrogen Concentrations and Carbon, Nitrogen Isotope Signatures
	Non-structural Carbohydrates and Condensed Tannins

	Discussion
	Author Contributions
	Acknowledgments
	References


