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Abstract

We compared the phenotypic plasticity of two early successional forbs of nutrient-poor mobile dunes (Agriophyllum
squarrosum and Corispermum macrocarpum) and two later successional forbs (weeds) of stabilized, higher nutrient dunes
and cropland (Chenopodium acuminatum and Salsola collina) to variations in environmental factors. A controlled (including
soil nutrients, water, and population density) greenhouse experiment was conducted in Horgin sandy land, China. Late
successional species had high plasticity in growth response to nutrients and water or high performance in high soil
nutrients and water, reflecting their higher nutrient habitat. In contrast, the early successional species have low plasticity,
reflecting their adaptation to resource-poor early successional soil. Late successional species did not always have higher
reproductive effort than early successional species. Plants did not have a uniform strategy of increasing reproductive effort
with any environmental stressors. Reproductive effort increased with increasing water availability and decreasing nutrient
levels, while density had no effect. Patterns of plasticity traits for late successional species exhibited a complex of Master-of-
some and Jack-of-all-trades. Late successional species had higher performance or higher plasticity than early successional

species.
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Introduction

Phenotypic plasticity is usually defined as the ability of an
individual genotype to modify its growth and development when
exposed to different environmental conditions [1-3]. As an
important strategy for plants to maximize or maintain fitness in
variable biotic and abiotic environments [4], many ecologists have
embraced the idea that under many circumstances such pheno-
typic plasticity can be adaptive [5,6]. Phenotypic plasticity allows
individuals to exhibit advantageous phenotypes in a breadth of
environmental conditions [7].

High plasticity is also commonly invoked to explain invasion
success [8]. Invasive species may have increased plasticity relative
to non-invasive species [9-11]. Richards et al. (2006) summarizes
that the invader may benefit from three idealized scenarios: (1) a
Jack-of-all-trades, in which invaders maintain fitness in unfavor-
able environments; (2) a Master-of-some, in which invaders
increase fitness in favorable environments; or (3) a Jack-and-
master, in which invaders combine some level of both above
scenarios. Support for the scenarios is found in later studies [12—
14].

In succession, early successional species colonize the disturbed
site. As colonizers replace indigenous communities, and late
successional species replace early successional species. The late
successional species have some of the same advantages as invaders.
Therefore, under some conditions late successional species prevail
in competition with early successional species leading to a shift in
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community composition. There are different patterns of pheno-
typic plasticity between early and late successional species. Some
studies point out that early successional species showed higher
photosynthetic plasticity than late successional species due to
selection pressures [15,16]. However it is also found that the late
successional species have higher phenotypic plasticity than early
successional species. For example, shade tolerant, late successional
species exhibit high morphological plasticity [17,18], and late
successional forbs have stronger plastic responses to nutrient
patchiness compared to mid-successional forbs [19]. Additional
studies comparing phenotypic plasticity between different succes-
sional species are necessary to understand patterns of response to
successional environments.

Morphological traits are important to resource partitioning in
many plants [20-22]. Reproductive effort, which shows the
proportion of the plant’s resources allocated to reproductive
activities, is an important component of plant fitness [23-25].
Reproductive effort of plants varies across different seral environ-
ments by the adjusting partitioning of resources and morpholog-
ical traits (in relation to reproductive fitness). Evolutionary
selection should favor different patterns of reproductive effort
during early or late stages of ecological succession [26]. Invasive
species showed higher reproductive effort that varies across a
range of resource levels [27,28]. Recent studies have suggested
that invasive or late successional species might not always have a
greater competitive advantage over their non-invasive native
counterparts [29-32]. Abrahamson and Gadgil (1973) demon-
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strated that late successional species did not have higher
reproductive effort compared to early successional species. In
addition, Sans et al. (2004) compared three congeners including
two exotic invasive and one native species and found that the
reproductive effort of the native species was the highest in all
treatments. High reproductive effort is usually associated with
stressed environments [33-35]. Thus, plants in stressed environ-
ments should invest more resources into reproductive and not
vegetative structures. However, studies have provided evidence
that reproductive effort did not hold constant with changes in the
different environments [36-39]. Hence, there are still inconsisten-
cies in studies of reproductive effort.

In a previous study we compared one early and one late
successional species by ANCOVA to distinguish allometric
exponents in response to environmental treatments that showed
higher plasticity of the late successional species [40]. However, the
results are limited in extrapolation to broader patterns of
succession. The present study includes two early and two late
successional species, because the trends of all four species provide
more information on phenotypic plastic responses of early and late
successional species than previous study. We used SMATR
(Standardised Major Axis Tests & Routines, [41] to evaluate
allometric relationships between biomass and other plant mea-
surements for increased statistical inference that our first study
could not provide [40].

By comparing morphological traits (in relation to resource
partitioning) and reproductive effort, we conducted a controlled
(including nutrients, water, and density) greenhouse experiment
comparing early successional species (Agriophyllum squarrosum and
Corispermum macrocarpum) that colonize a resource-poor environ-
ment, with later successional species (Chenopodium acuminatum and
Salsola collina) that colonize a higher- resource environment and
replace the early successional communities, in Horqin sandy land.
We tested three hypotheses: (1) species that exhibit different
invasion scenarios are better adapted to different successional
stages; (2) late successional species have higher reproductive effort;
and, (3) environmental stresses do not uniformly increase
reproductive effort.

Materials and Methods

Study area

This study was conducted in mobile and stabilized sand dunes
of south-western Horgin Sandy Land, Inner Mongolia, China
(42°55'N, 120°42'E; elevation approx. 345 m). The climate of this
region is semi-arid. The average annual temperature is 6.8°C with
monthly averages ranging from a minimum of —13.1°C in
January to a maximum of 23.7°C in July. The average annual
precipitation is 360 mm with 75% of this in the growing season of
June—September [42—44].

Study species

Four annual forbs were selected from the family Chenopodia-
ceae: two early successional status species (Agriophyllum squarrosum
and Corispermum macrocarpum) of mobile sand dunes, and two later
successional species (Chenopodium acuminatum and Salsola collina) of
stabilized dunes and cropland, which are commonly found in
abandoned habitats [45], often in inter-dune lowland and
cropland [46], which play an important role in restoration
succession in degraded land in Horqin Sandy Land. 4. squarrosum
and C. macrocarpum are adapted to extremely degraded sandy soil,
and are also the pioneer species in this habitat. Later successional
dunes become stabilized by shrubs such as Artemisia halodendrom
Turcz. ex Bess and Salix gordegjevii Chang et Skv., and C. acuminatum
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and S. collina colonize with the gradual disappearance of A.
squarrosum and C. macrocarpum [42,46,47].

Experimental design

All species’ seeds, which were separately collected from a
population for each species within the early and later successional
community, were sown on May 9" 2007 in plastic plates with
sandy soil obtained from the severely degraded sand dune. The
seedlings were transferred into 13.8-cm-radiusx26.5-cm-deep
plastic pots with the same sandy soil after 4 weeks of sowing (i.e.
two-leaf stage). Treatments were imposed 2 weeks after planting.
Because of the increasing soil nutrient, soil water and population
density during this ecological succession, each of four species was
treated with different levels of soil nutrients, soil water and
population density. Each factor had two levels: N+: High nutrient
level, 20 g of slow-release fertilizer (Osmocote, containing N
14%,P 14% and K 14% and microelements, The Scotts
Company), mixed with sandy soil at the beginning of the
experiment (total nitrogen concentration was nearly 200 mg/kg
soil, similar to stabilized dunes, which ranged from 200 to
300 mg/kg soil) [48]; N—: Low nutrient level, no nutrients added
(the total nitrogen concentration of sandy soil ranged from 49 to
53 mg/kg soil, measured using the Kjeldahl method) [49-51];
W+: High water level, equivalent to 400 mm of rainfall during the
growing season applied as 530 mL of water every 3 days; W—: Low
water level, equivalent to 200 mm of rainfall during the growing
season applied as 265 mL of water every 3 days (which is
approximately equal to the rainfall during growth season in
Horqin Sandy Land); D+: High density level, six plants in each pot
arranged is an equilateral hexagonal fashion (which was equivalent
to 100 plants/m?, similar to the density in a crowded environ-
ment); D— Low density level, three plants in each pot arranged by
equilateral triangular fashion (which was equal to 50 plants/m®,
similar to the density in normal environment). A full-factorial
design of the 32 possible combinations of four species, two levels of
soil nutrients, water, and population density was constructed. Each
treatment combination had 102 plants (34 pots in each low
population density treatment and 17 pots in each high population
density). All pots were placed in a naturally ventilated greenhouse
in order to reduce differences between the inside and outside of the
greenhouse. In order to eliminate positional effects, the pots in
each combination were regarded as a group and placed together,
group positions were rotated every two weeks.

Measurements

The plants were harvested from 13" to 19™ September, when
the reproduction of plants was completed [52], and 12 to 20 intact
plants from each treatment were randomly selected for measure-
ments. The roots were washed gently until no soil was visible. Each
plant was separated into vegetative organs (including roots, stems,
and leaves) and reproductive organs. These organs were oven
dried at 80°C to a constant mass to determine the respective dry
mass. The shattered seeds on the ground were not collected at the
final harvest (seed losses were not more than 0.1% of reproductive
biomass). The following traits were recorded for individual plant:
absolute height, number of primary branches, number of
secondary branches, vegetative biomass (including roots, stems,
and leaves), reproductive biomass, total biomass, reproductive
effort (reproductive biomass/total biomass). The phenotypic
plasticity index (PPI, (Maximum mean-minimum mean)/maxi-
mum mean) was calculated for each trait.
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Statistical analysis

A four-way factorial analysis of variance (ANOVA) was
performed to test the effects of species (S), nutrients (N), water
(W) and density (D) on plant traits with SPSS statistical software
(version 15.0) (SPSS Inc., Chicago, Illinois). The phenotypic
plasticity was quantitatively estimated by the slope of norm of
reaction. Interaction between species and environments showed
the difference of phenotypic plasticity between different species for
each trait.

Regressions of reproductive biomass (1) on vegetative biomass
(X) were conducted to characterize the allometry of reproduction
in different environmental conditions. The allometric relationship
can be described by log y=log b+a * log x, where a is the scaling
exponent (slope) and & is the allometric coefficient or “scaling
factor” (y intercept). Differences in shifts of the slope and in
elevation of slopes (y-intercept) were assessed using standardized
major axis regression (SMA, also known as reduced major axis,
RMA) using the SMATR package in R software [41,53].
Standardized major axis regression (SMA) is commonly required
for allometric studies [54,55]. SMA analyses are appropriate for
summarizing the relationship between two variables in terms of a
single slope [56]. In SMATR heterogeneity between SMA slopes is
tested via a permutation test. Differences in SMA slope, elevation
(intercept) and plant size are estimated [55].

Results

Phenotypic plasticity of plant morphological traits

Four way factorial ANOVA showed that morphological traits
varied significantly between the four species and among treatments
(all P<0.001, Table 1). All morphological traits increased with
high soil nutrient and water availability for the four species (all
P<0.001, Table 1). Only the number of secondary branches for
individual species was significantly affected by population density,
and decreased with increasing population density (Table 1; Fig. 1).
Interactions between species and environmental factors (SxN,
SxW and SxD) varied across morphological traits, which imply
shifts in plasticity.

The C. acuminatum height was 65.8 cm, which was highest
among the four species in the high soil nutrient treatment (= 0.05
level). S. collina height significantly increased 0.71 times (the
phenotypic plasticity index was 0.42) in response to soil nutrients
(P<<0.001). The significant interactions between species and soil
nutrients showed that the plasticity of S. collina was greater with
higher nutrients than A. squarrosum and C. macrocarpum (both
P<0001, Fig. 1). In response to soil water, C. acuminatum
(PPI=0.26) had the same plasticity as 4. squarrosum (PPI=0.26)
(P=0.925), but had higher plasticity than C. macrocarpum
(PPI=0.17) (P<0001). In the high soil water treatment, there
was no significant difference in height performance between S.
collina and A. squarrosum, but the value of S. collina was significantly
higher than C. macrocarpum. Although the interaction between
species and population density was not significant, C. acuminatum
(PPI=0.09) and S. collina (PP1=0.08) both had higher plasticity in
height than C. macrocarpum (PPI = 0.02) by comparing between two
species (P=0.033 and 0.048, respectively). The heights of C.
acuminatum and S. collina were higher than C. macrocarpum, but not
higher than A. squarrosum in the high population density (Fig. 1).

The numbers of primary branches in high nutrient soil for 4.
squarrosum (PP1=0.58) and S. collina (PP1=0.53) were higher than
C. macrocarpum (PP1=0.37) and C. acuminatum (PPI=0.40), as was
the plasticity in response to soil nutrients (all £<0.001). The
increase in numbers of primary branches for A. squarrosum
(PPI=0.25) and C. acuminatum (PP1=0.20) was significant in
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response to soil water (£=0.002 and 0.006, respectively), while the
numbers of primary branches of C. acuminatum and S. collina were
not higher than 4. squarrosum, but higher than C. macrocarpum.
However, there was no difference in plasticity of plant height
among four forbs in response to population density (P= 0.480).

S. collina had a higher number of secondary branches and higher
plasticity than the other three species, (P=0.006, <0.001 and
<0.001, respectively for plasticity). The number of secondary
branches of €. acuminatum in high soil nutrients was not higher than
C. macrocarpum, but higher than A. squarrosum. The plasticity of
number of secondary branches for the two late successional species
increased (by 27.5 and 25.6 branches respectively) in response to
soill water compared to A. squarrosum (P=0.020 and 0.044,
respectively). The decreases in number of secondary branches of
all four species were significant in response to density (P=0.004,
0.011, 0.031 and 0.002, respectively), but the value of S. collina was
higher than both late successional species, and value of C.
acuminatum was higher than 4. squarrosum (Fig. 1).

Plasticity of biomass traits and reproductive effort

The total biomass was significantly affected by all three
environmental factors as well as their interactions except for
WxD. Total biomass was significantly affected by SXN and SxW
mteractions (Table 1). The biomass of S. collina was 8.96 g in high
soil nutrients and increased 2.63 times compared to low nutrients
(Fig. 2). In response to soil nutrients, the phenotypic plasticity
indices of A. squarrosum, C. macrocarpum, C. acuminatum and S. collina
were 0.82, 0.35, 0.52 and 0.72, respectively. Except for similar
plasticity between C. acuminatum and C. macrocarpum (P=0.177), the
late successional species were more plastic in response to soil
nutrients than both early successional species (Fig. 2). Biomass
values in high soil water and plasticity of late successional species
(the phenotypic plasticity indices of A. squarrosum, C. macrocarpum, C.
acuminatum and S. collina were 0.60, 0.34, 0.62 and 0.50,
respectively.) were higher than early successional species (Fig. 2).
The plasticity of total biomass was not significantly different
among four forbs in response to population density except between
S. collina and A. squarrosum (P=0.005). In high population density,
the value of S. collina was higher than the other three species, and
the value of C. acuminatum was not significantly higher than early
successional species (P>0.05 level) (Fig. 2).

Reproductive effort of late successional species was not always
higher than early successional species (Fig. 2). Only the interaction
between species and soil nutrients on reproductive effort was
significant (Table 1). The values of C. acuminatum and C.
macrocarpum were highest, the value of S. collina was intermediate,
and the value of A. squarrosum was lowest across all high level
treatments (P=0.05). Reproductive biomass was positively corre-
lated with vegetative biomass in all groups (Table 2, Fig. 3).
Individual SMA (standardized major axis) slopes varied signifi-
cantly among four species. When combining the same successional
status species, individual SMA slopes varied significantly between
the two successional status groups (P<<0.001) (Table 2, Fig. 3a).
When comparing individual species, soil nutrient and soil water
treatments had a significant affect on the individual SMA slopes or
y-intercepts. However the population density treatment only
affected the plant size (shift along on the common slope), and
did not have an effect on the slopes or y-intercepts (Table 3).
Fig. 3(b, c, d) showed the result of combining all species in a
common treatment. Individual SMA slopes varied significantly
between the two soil water treatments (P=0.030) (Table 2, Fig. 3c).
Individual SMA slopes did not vary significantly between the two
soil nutrient groups (P=0.195) (Table 2, Fig. 3b). There was a
significant difference in y-intercepts among groups (P<<0.001), as
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Figure 1. Norm of reaction for four species at two soil nutrients (N), water (W) and population density (D) levels on morphological
traits; + and — indicate two levels of factor; The data represent means + SD of average across treatments; ns denote not
significance (P>0.05), asterisks denote significance at P<0.05 (*), P<0.01 (**¥) and P<0.001 (***) for each species in different level
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level environmental treatments for four species. Sig, the P value of interactions between traits and environmental factors when compared
between C. acuminatum and early succession species (A. squarrosum and C. macrocarpum) and between S. collina and early succession species (A.

squarrosum and C. macrocarpum).
doi:10.1371/journal.pone.0050304.g001

well as significant differences in group shifts along a common SMA
(P<<0.001), indicating that shifts in vegetative biomass resulted in
associated shifts in reproductive biomass. High nutrient plants had
higher reproductive biomass and vegetative biomass than low
nutrient plants (Fig. 3b). Individual SMA slopes did not vary
significantly between two population densities (P= 0.715) (Table 2).
There was no significant difference in y-intercepts among the SMA
slopes (P=0.390), allowing a common SMA to be fitted to
examine group shifts. Significant differences in population density
shifts were evident along the common SMA (P<0.001), with low
population density plants having higher reproductive biomass and
vegetative biomass than high population density (Table 2, Fig. 3d).
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Discussion

As with previous studies [57-60], the response of morphological
traits to environmental variation was investigated here. Our
experiment clearly demonstrated that both early and late
successional species exhibited significantly taller plants, more
branches and more biomass under increased nutrients and water
and decreased density [52,61,62].

Late successional sand dunes have higher soil water holding
capacity and higher soil moisture, and they also have higher
nutrients [51,63]. The late successional species had greater growth
responses to higher soil nutrients and water. The height of the two
late successional species in the high resource treatments was not
significantly higher than A. squarrosum. It may be related to the
habitat of A. squarrosum, which is a pioneer species on the mobile
dune, where the competition of intra- and interspecific competi-
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Table 1. Analysis of variance for plant traits of four species under soil nutrients, water, and population densities.
Number of primary Number of secondary

d.f. Height branches branches Total biomass Reproductive effort
Species (S) 3 160.51%*** 14.53*** 73.40%** 20.86*** 470.42%**
Nutrients (N) 1 366.64*** 498.54*** 342.69*** 236.08*** 350.69***
Water (W) 1 168.53%** 20.52%** 48.37*** 124.90%** 64.25%**
Density (D) 1 23.82%** 15.36*** 66.54*** 79.48%** 0.01
S*N 3 14.03*** 16.10%** 43.50%** 14.62*** 3.62*
S*W 3 10.4%** 5.86%** 2.02 3.18% 1.27
S*D 3 2.10 0.83 6.14%** 2.51 1.13
N *W 1 42.23%** 8.72%* 11.52%** 72.69%** 11.371%**
N *D 1 0.26 0.52 45.71%¥* 29.06*** 0.12
W *D 1 0.80 0.25 0.34 1.85 0.96
S*N*W 3 6.47*** 5.90%** 3.83** 2.59 6.55%**
S*N*D 3 6.75%** 1.11 14.13*** 8.39%** 0.79
S*W*D 3 1.34 2.86% 2.76* 0.67 1.61
N*W*D 1 241 0.27 1.79 7.43%* 0.11
S*N*W*D 3 10.30%** 3.50% 3.53* 4.32%% 2.88*
F-values are presented.
*refers to significance at P<.05;
**to significance at P<.01;
***to significance at P<.001.
doi:10.1371/journal.pone.0050304.t001
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Figure 2. Norm of reaction for four species at two soil nutrients (N), water (W) and population density (D) levels on total biomass
and reproductive effort of four species; + and — indicate two levels of factor. The data represent means *+ SD of average across treatments;
Asterisks denote significance at P>0.05 (ns), P<<0.05 (*), P<0.01 (**) and P<<0.001 (***) for each species in different level environmental treatment; the
same lower case letters within columns are not significantly different at P<<0.05 in low level environmental treatments for four species; Same capital
letters within columns are not significantly different at P<<0.05 in high level environmental treatment for four species. Sig, the P value of interactions
of between total biomass and environmental factor when compared between C. acuminatum and early succession species (A. squarrosum and C.
macrocarpum) and between S. collina and early succession species (A. squarrosum and C. macrocarpum).

doi:10.1371/journal.pone.0050304.9002
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doi:10.1371/journal.pone.0050304.g003

tion is weak [61,64,65]. C. macrocarpum had lower values for They also fit another idealized scenario Master-of-some, as they
plasticity than late successional species, except for secondary are better able to increase fitness in favorable environments, than
branch production. On the whole, late successional species had early successional species in response to environmental factors

higher values, which indicates they exhibit the traits of a Jack-of- [66].
all-trades, showed better performance in favorable environments.

Table 2. Results of standardized major axis regression (SMA) analysis of pairwise combinations of reproductive biomass and
vegetative biomass for combining all species in different treatments.
Slope homogeneity Shift in Shift along
Group Level n 7 p Slope Intercept (V] elevation (P)  slope (P
Succession Early 280 0.161 <0.001 1.490 —0.651 <0.001 <0.001 <0.001
Late 268 0.627 <0.001 0.819 —0.092
Nutrient Low 278 0434 <0.001 1.480 —0.138 0.195 <0.001 <0.001
High 270 0.182 <0.001 1.623 —0.884
Water Low 271 0.205 <0.001 1.308 —0.455 0.030 0.072 <0.001
High 277 0.276 <0.001 1.112 -0.320
Density Low 266 0.297 <0.001 1222 —0.423 0715 0.390 <0.001
High 282 0.236 <0.001 1.256 -0.388
Significant results (P<<0.05) are shown in bold.
doi:10.1371/journal.pone.0050304.t002
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vegetative biomass for each species in different treatments.
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Table 3. Results of standardized major axis regression (SMA) analysis of pairwise combinations of reproductive biomass and

Species Nutrient Water Density

P1 P2 P3 P1 P2 P3 P1 P2 P3
A. squarrosum 0.369 <0.001 <0.001 <0.001 0.002 <0.001 0.744 0.552 0.016
C. macrocarpum 0.223 <0.001 <0.001 <0.001 <0.001 0.004 0.133 0.589 <0.001
C. acuminatum 0.097 <0.001 <0.001 0.225 <0.001 <0.001 0.223 0.763 0.002
S. collina <0.001 <0.001 <0.001 0.739 <0.001 <0.001 0.232 0.430 0.015

doi:10.1371/journal.pone.0050304.t003

Thus, the average performance of both late successional species
was always higher than both early successional species, and the
effect of interactions between succession and environmental factors
also were significant. Based on our study, during the succession of
degraded sandy sites, late successional species were better able to
increase fitness for some traits or maintain fitness for other traits.
This may be related to the higher resource levels of the stabilized
dunes. The results of this study are in agreement with the first
hypothesis; patterns of invasive species’ plasticity can be applied to
succession.

An earlier study [30] indicated that the reproductive effort of
exotic species was lower than that of the native plants in all
treatments, which conflicts with other reports [27,67] that invasive
species exhibit higher reproductive effort. The reason for this
inconsistency could be because species [67] or development time
[68]. Stastny et al (2006) were compared between populations of
the same species, and the same patterns may not hold true
between different species, since each species will have its own
intrinsic regulation of reproductive effort [30]. Because under high
resource levels plants may postpone reproduction, increased
resource levels can give the impression of reduced reproductive
effort if plants do not have time to complete their life cycles [68].
More investigations on different species of plants, with completed
reproduction, are therefore necessary in order to fully understand
the mechanism of reproductive effort. However, in a successional
study, the late successional species often had high reproductive
effort [69]. The mid-late successional species allocated most
resources to reproductive effort in order to continue the
population [70]. In this study, late successional species have
higher reproductive effort than A. squarrosum. However the
ecological amplitude of C. macrocarpum is broad, it produces a lot
of seeds to colonize in mobile, semi- mobile and semi-fixed dunes.
The average performance showed that late successional species
had higher reproductive effort, but at the species level, the second
hypothesis was not true, late successional species did not have
higher reproductive effort than early successional species. This
may be related to the fact that C. macrocarpum can also be an early
successional species.

Reproductive effort can vary with different environmental
factors [71], and either increase [33] or decrease [72] in response
to an increasing plant density. In the present study, density had no
effect on biomass allocation and allometry of reproductive
biomass. The plants exhibited similar biomass allocation ratios
across all densities. Reproductive effort greatly depends on
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nutrients and water. The scaling exponent (slope) between
vegetative and reproductive biomass was consistent, but the
allometric coefficient and plant size varied with different soil
nutrients. So under high soil nutrient, plants allocated less biomass
to reproductive organs than to other organs. Besides plant size, soil
water had significant effects on the scaling exponent, which was
the allometric coefficient between vegetative and reproductive
biomass in this study, so with high soil water availability, plants
allocated less biomass to other organs than to reproductive organs
at the same plant size. Previous reports showed that plants increase
reproduction in response to environmental stress [33-35], or that
plants have similar levels of reproductive output in resource-poor
environments. This means that the ability of plants to maintain
fecundity at low resource levels or to “make the best of a bad job”
[73]. In contrast, our study supports the hypothesis that plants do
not always increase reproductive effort for any environmental
stressors. Subtraction of nutrients can increase reproductive effort,
while addition of water can increase reproductive effort, and
altering density may not affect reproductive effort or the allometry
of reproductive biomass.

In conclusion, the plasticity patterns were related to successional
status. For late successional species, it was a complex of Master-of-
some and Jack-of-all-trades. Late successional species had higher
performance in high soil nutrients and water or higher plasticity in
response to soil nutrients and water than early successional species.
Our results show that reproductive effort for late successional
species was not always higher than for each early successional
species. In contrast to the effect of water, the addition of nutrients
lead to a decline in reproductive effort, while density did not have
any effect on reproductive effort. Early successional species were in
general less plastic in their response, perhaps a reflection of their
adaptation to resource-poor early successional soil.

Acknowledgments

We are particularly grateful to Edith B. Allen, Guangdi Li, Bridget Hilbig,
Justin Valliere, Matt ONeill, and Alexandria Pivovaroff for their highly
relevant comments on the manuscript.

Author Contributions

Conceived and designed the experiments: YH XZ. Performed the
experiments: YH. Analyzed the data: YH HZ WZ. Contributed
reagents/materials/analysis tools: YH. Wrote the paper: YH DZ.

2. Strand JA, Weisner SEB (2004) Phenotypic plasticity - contrasting species
specific traits induced by identical environmental constraints. New Phytologist
163: 449-451.

November 2012 | Volume 7 | Issue 11 | e50304



22.

26.

27.

29.

30.

31.

32.

. Pigliucci M, Murren CJ, Schlichting CD (2006) Phenotypic plasticity and

evolution by genetic assimilation. Journal of Experimental Biology 209: 2362—
2367.

. Bouvet JM, Vigneron P, Saya A (2005) Phenotypic plasticity of growth trajectory

and ontogenic allometry in response to density for eucalyptus hybrid clones and
families. Annals of Botany 96: 811-821.

. Agrawal AA (2001) Ecology - Phenotypic plasticity in the interactions and

evolution of species. Science 294: 321-326.

. Dudley SA, Schmitt J (1996) Testing the adaptive plasticity hypothesis: Density-

dependent selection on manipulated stem length in Impatiens capensis.
American Naturalist 147: 445-465.

. Dorken ME, Barrett SCH (2004) Phenotypic plasticity of vegetative and

reproductive traits in monoecious and dioecious populations of Sagittaria latifolia
(Alismataceae): a clonal aquatic plant. Journal of Ecology 92: 32-44.

. Lee CE (2002) Evolutionary genetics of invasive species. Trends in Ecology &

Evolution 17: 386-391.

. McDowell SCL (2002) Photosynthetic characteristics of invasive and non-

invasive species of Rubus (Rosaceae). American Journal of Botany 89: 1431—

1438.

. Durand LZ, Goldstein G (2001) Photosynthesis, photoinhibition, and nitrogen

use efficiency in native and invasive tree ferns in Hawaii. Oecologia 126: 345
354.

. Williams DG, Mack RN, Black RA (1995) Ecophysiology of introduced

Pennisetum setaceum on Hawaii: the role of phenotypic plasticity. Ecology 76:
1569-1580.

. Muth N, Pigliucci M (2007) Implementation of a novel framework for assessing

species plasticity in biological invasions: responses of Centaurea and Crepis to

phosphorus and water availability. Journal of Ecology 95: 1001-1013.

. Lande R (2009) Adaptation to an extraordinary environment by evolution of

phenotypic plasticity and genetic assimilation. Journal of Evolutionary Biology
22: 1435-1446.

. Funk JL (2008) Differences in plasticity between invasive and native plants from

a low resource environment. Journal of Ecology 96: 1162-1173.

. Portes MT, Damineli DSC, Ribeiro RV, Monteiro JAF, Souza GM (2010)

Evidence of higher photosynthetic plasticity in the early successional Guazuma
ulmifolia Lam. compared to the late successional Hymenaea courbaril 1.. grown in
contrasting light environments. Brazilian Journal of Biology 70: 75-83.

. Haeberli W, Beniston M (1998) Climate change and its impacts on glaciers and

permafrost in the Alps. Ambio 27: 258-265.

. Canham CD (1988) Growth and canopy architecture of shade-tolerant trees:

response to canopy gaps. Ecology 69: 786-795.

. Williams H, Messier C, Kneeshaw DD (1999) Effects of light availability and

sapling size on the growth and crown morphology of understory Douglas-fir and
lodgepole pine. Canadian Journal of Forest Research 29: 222-231.

. Johnson HA, Biondini ME (2001) Root morphological plasticity and nitrogen

uptake of 59 plant species from the Great Plains grasslands, U.S.A. Basic and
Applied Ecology 2: 127-143.

. Coleman JS, McConnaughay KDM (1995) A non-functional interpretation of a

classical optimal-partitioning example. Functional Ecology 9: 951-954.

. Wang T, Zhou D, Wang P, Zhang H (2006) Size-dependent reproductive effort

in Amaranthus retroflexus: ‘The influence of planting density and sowing date.
Canadian Journal of Botany/Revue Canadienne de Botanique 84: 485-492.
Kindscher K, Wells PV (1995) Prairie plant guilds: a multivariate analysis of
prairie species based on ecological and morphological traits. Plant Ecology 117:
29-50.

. Bazzaz FA, Chiariello NR, Coley PD, Pitelka LF (1987) Allocating resources to

reproduction and defense. BioScience 37: 58-67.

. Weiner J (1988) The influence of competition on plant reproduction; Lovett DJ,

editor. New York: Oxford University. 228-245 p.

. Hartnett DC (1990) Size dependent allocation to sexual and vegetative

reproduction in four clonal composites. Oecologia 84: 254-259.

Ophélie Ronce, Isabelle Olivieri (1997) Evolution of reproductive effort in a
Metapopulation with local extinctions and ecological succession. The American
Naturalist 150: 220-249.

Baker HG (1974) The evolution of weeds. Annual Review of Ecology and
Systematics 5: 1-24.

. Bazzaz FA (1986) Life history of colonizing plants: Some demographic, genetic,

and physiological features. In: Mooney HA, Drake JA, editors. Ecology of
biological invasions of North America and Hawaii. New York.: Springer. pp.
96-110.

Jiang M, Kadono Y (2001) Growth and reproductive characteristics of an
aquatic macrophyte Oltelia alismoides (L.) Pers. (Hydrocharitaceae). Ecological
Research 16: 687-695.

Sans FX, Garcia - Serrano H, Afan I (2004) Life-history traits of alien and native
senecio species in the Mediterranean region. Acta Oecologica 26: 167-178.
Throop HL (2005) Nitrogen deposition and herbivory affect biomass production
and allocation in an annual plant. Oikos 111: 91-100.

Hawkes CV (2007) Are invaders moving targets? The generality and persistence
of advantages in size, reproduction, and enemy release in invasive plant species
with time since introduction. American Naturalist 170: 832-843.

. Hickman JC (1977) Energy allocation and niche differentiation in four co-

existing annual species of Polygonum in western North America. Journal of

Ecology 65: 317-326.

PLOS ONE | www.plosone.org

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

Phenotypic Plasticity of Four Forbs

Li B, Shibuya T, Yogo Y, Hara T, Yokozawa M (2001) Interclonal differences,
plasticity and trade-offs of life history traits of Gyperus esulentus in relation to water
availability. Plant Species Biology 16: 193-207.

. Wu KK, Jain SK (1979) Population regulation in Bromus rubens and B. mollis: Life

cycle components and competition. Oecologia 39: 337-357.

Sultan SE, Bazzaz FA (1993) Phenotypic plasticity in Polygonum persicaria. III. The
evolution of ecological breadth for nutrient environment. Evolution 47: 1050~
1071.

Sultan SE, Bazzaz FA (1993) Phenotypic plasticity in Polygonum persicaria. 1.
Norms of reaction to soil moisture, ecological breadth, and the maintenance of
genetic diversity. Evolution 47: 1032-1049.

Voils S, Mendlinger SL, Ward D (2002) Differentiation in populations of
Hordeum spontaneum Koch along a gradient of environmental productivity and
predictability: plasticity in response to water and nutrient stress. Biological
Journal of the Linnean Society 75: 301-312.

Meckins JF, Mccarthy BC (2000) Responses of the biennial forest herb Alliaria
petiolata to variation in population density, nutrient addition and light availability.
Journal of Ecology 88: 447-463.

Huang YX, Zhao XY, Zhang HX, Huang G, Luo YY, et al. (2009) A
comparison of phenotypic plasticity between two species occupying different
positions in a successional sequence. Ecological Research 24: 1335-1344.
Falster DS, Warton DI, Wright IJ] SMATR: standardised major axis tests and
routines, ver 2.0. Available: http://www.bio.mq.edu.au/ecology/SMATR/.
Accessed 2006.

Su YZ, Zhao HI (2003) Soil properties and plant species in an age sequence of
Caragana microphylla plantations in the Horqin Sandy Land, north China.
Ecological Engineering 20: 223-235.

Zuo X, Zhao H, Zhao X, Zhang T, Guo Y, et al. (2008) Spatial pattern and
heterogeneity of soil properties in sand dunes under grazing and restoration in
Horqin Sandy Land, Northern China. Soil and Tillage Research 99: 202-212.
Li F-R, Zhao L-Y, Zhang H, Zhang T-H, Shirato Y (2004) Wind erosion and
airborne dust deposition in farmland during spring in the Horqin Sandy Land of
eastern Inner Mongolia, China. Soil and Tillage Research 75: 121-130.

. Zhao WZ, Xiao HL, Liu ZM, Li J (2005) Soil degradation and restoration as

affected by land use change in the semiarid Bashang area, northern China.
Catena 59: 173-186.

Peng Y, Jiang GM, Liu MZ, Niu SL, Yu SL, et al. (2005) Potentials for
combating desertification in Hunshandak Sandland through nature reserve.
Environmental Management 35: 453-460.

Li FR, Kang LF, Zhang H, Zhao LY, Shirato Y, et al. (2005) Changes in
intensity of wind erosion at different stages of degradation development in
grasslands of Inner Mongolia, China. Journal of Arid Environments 62: 567
585.

Su YZ, Zhao HL, Zhao WZ, Zhang TH (2004) Fractal features of soil particle
size distribution and the implication for indicating desertification. Geoderma
122: 43-49.

Zuo X, Zhao H, Zhao X, Guo Y, Yun ]J, et al. (2009) Vegetation pattern
variation, soil degradation and their relationship along a grassland desertification
gradient in Horqin Sandy Land, northern China. Environmental Geology 58:
1227-1237.

Su YZ, Zhang TH, Li YL, Wang F (2005) Changes in Soil Properties After
Establishment of Artemisia halodendron and Caragana microphylla on Shifting Sand
Dunes in Semiarid Horqin Sandy Land, Northern China Environmental
Management 36: 272-281.

Li F-R, Zhao W-Z, Liu J-L, Huang Z-G (2009) Degraded vegetation and wind
erosion influence soil carbon, nitrogen and phosphorus accumulation in sandy
grasslands. Plant and Soil 317: 79-92.

Huang Y, Zhao X, Zhou D, Luo Y, Mao W (2010) Allometry of Corispermum
macrocarpum in response to soil nutrient, water, and population density. Botany-
Botanique 88: 13-19.

Warton DI, Wright IJ, Falster DS, Westoby M (2006) Bivariate line-fitting
methods for allometry. Biological Reviews 91: 259-291.

Niklas KJ (1994) Plant Allometry: The Scaling of Form and Process. Chicago:
University of Chicago Press.

. Wright IJ, Reich PB, Cornelissen JHC, Falster DS, Garnier E, et al. (2005)

Assessing the generality of global leaf trait relationships. New Phytologist 166:
485-496.

Wright IJ, Reich PB, Cornelissen JHC, Falster DS, Groom PK, et al. (2005)
Modulation of leaf economic traits and trait relationships by climate. Global
Ecology And Biogeography 14: 411-421.

Fichtner K, Schulze ED (1992) The effect of nitrogen nutrition on growth and
biomass partitioning of annual plants originating from habitats of different
nitrogen availability. Oecologia 92: 236-241.

Elberse IAM, van Damme JMM, van Tienderen P (2003) Plasticity of growth
characteristics in wild barley (Hordeum spontaneum) in response to nutrient
limitation. Journal of Ecology 91: 371-382.

Jennifer MD, Jill AJ, Marcus TB, Cynthia W (2007) Constraints on the evolution
of adaptive plasticity: costs of plasticity to density are expressed in segregating
progenies. New Phytologist 176: 874-882.

Zhou D, Wang T, valentine I (2005) Phenotypic plasticity of life-history
characters in response to different germination timing in two annual weeds.
Canadian Journal of Botany 83: 28-36.

November 2012 | Volume 7 | Issue 11 | e50304



61.

62.

63.

64.

66.

Huang Y, Zhao X, Zhang H, Japhet W, Zuo X, et al. (2009) Allometric effects of
Agriophyllum squarrosum in response to soil nutrients, water, and population density
in the Horqin Sandy Land of China. Journal of Plant Biology 52: 210-219.
Huang Y, Zhao X, Zhou D, Zhao H, Zhang H, et al. (2009) Allometry of Salsola
collina in response to soil nutrients, water supply and population density. Nordic
Journal Of Botany 27: 539-547.

Guo K, Dong X, Liu Z (2000) Characteristics of soil moisture content on sand
dunes in Mu Us Sandy Grassland: why artemisia ordosicadeclines on old fixed sand
dunes. Acta Phytoecologica Sinica 24: 275-279.

Nemoto M, Lu X (1992) Ecological characteristics of Agriophyllum squarrosum a
pioneer annual on sand dunes in eastern Inner Mongolia, China. Ecological

Research 7: 183-186.

. Liu Z, Yan Q, Liu B, Ma J, Luo Y (2007) Persistent soil seed bank in

Agriophyllum squarrosum (Chenopodiaceac) in a deep sand profile: Variation
along a transect of an active sand dune. Journal of Arid Environments 71: 236~
242.

Richards CL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M (2006) Jack of all
trades, master of some? On the role of phenotypic plasticity in plant invasions.
Ecology Letters 9: 981-993.

PLOS ONE | www.plosone.org

67.

68.

69.

70.

71.

72.

73.

Phenotypic Plasticity of Four Forbs

Stastny M, Schaffner U, Elle E (2005) Do vigour of introduced populations and
escape from specialist herbivores contribute to invasiveness? Journal of Ecology
93: 27-37.

Weiner J, Campbell LG, Pino J, Echarte L (2009) The allometry of reproduction
within plant populations. Journal of Ecology 97: 1220-1233.

Abrahamson WG, Gadgil MD (1973) Growth form and reproductive effort in
goldenrods (Solidago, Compositae). American Naturalist 107: 651-661.
Scheiner SM (1989) Variable selection along a successional gradient. Evolution
43: 548-562.

van Kleunen M, Fischer M, Schmid B (2001) Effects of intraspecific competition
on size variation and reproductive allocation in a clonal plant. Oikos 94: 515—
524.

Snell TW, Burch DG (1975) The effects of density on resource partitioning in
Chamaesyce hirta (Euphorbiaceae). Ecology Letters 56: 742-746.

Sultan SE (2001) Phenotypic plasticity for fitness components in Polygonum
species of contrasting ecological breadth. Ecology 82: 328-343.

November 2012 | Volume 7 | Issue 11 | e50304



