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ABSTRACT: Invasive aquatic plants have the potential to threaten ecosystem stability and bio-
diversity in non-native ranges; it is therefore necessary to prevent and control such invasions. While
environmental heterogeneity might drive functional trait variation in plant species across different
spatial scales, the drivers of trait variation over a large spatial scale are not well understood for
aquatic invasive plants. Understanding functional trait variation across space and potential environ-
mental drivers might improve our understanding of habitable conditions for predicting where an
invasive plant species might be found. Here, we studied Hydrocotyle vulgaris (Araliaceae) in Zhe-
jiang Province, China, and propose that environmental spatial heterogeneity might drive functional
trait variation of this invasive aquatic plant over a large scale. The investigation was conducted
across 99 plots at 7 sites with H. vulgaris. We found significant variation in functional traits over a
large scale, and these functional traits were significantly different across a variety of environmen-
tal conditions. Specifically, there were significant relationships between environmental factors
(i.e. temperature, precipitation, solar radiation, and water vapor pressure) and functional traits,
including specific leaf area, interval length, and specific interval length, indicating that spatial
environmental heterogeneity might drive the variation in functional traits (especially leaf and
clonal traits) of H. vulgaris, over a large spatial scale. Our study thus provides new insights into
understanding the invasiveness of H. vulgaris.

KEY WORDS: China - Clonality - Environmental heterogeneity - Functional trait - Invasive aquatic
plant

1. INTRODUCTION

Plant invasion has a negative impact on biodiver-
sity and ecosystem function, resulting in large-scale
social and economic effects (Willby 2007, Hershner &
Havens 2008, H. Wang et al. 2016). Rapid global
change has the potential to enhance such impacts at
a large scale (Vitousek et al. 1996, Bradley et al.
2010). Seebens et al. (2015) showed that global trade
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will accelerate invasions by alien plants in emerging
economies under climate change. Invasive aquatic
plants (IAPs) have been imported to non-native
regions for ecological restoration, agricultural pro-
duction, or even as ornamental plants around the
world, and they have the ability to adapt to the envi-
ronmental conditions of the new habitat and spread
widely throughout non-native ranges (Thuiller et al.
2005, Hershner & Havens 2008, Bradley et al. 2010,
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Hussner 2012, P. Wang et al. 2016, C. Wang 2017).
Furthermore, a period of repeated human colonization
in relation to plasticity, establishment, and genetic
adaptation to environmental changes can increase
the probability of invasion by [APs (Delaney et al.
2008, Wilson et al. 2009, Bradley et al. 2010). Once
the invasion of IAPs occurs over a large spatial scale,
there is a high risk that local plant diversity and eco-
system function might be lost (Theoharides & Dukes
2007, Delaney et al. 2008, Hershner & Havens 2008).

Stark et al. (2017) have shown that environmental
heterogeneity can drive functional trait variation,
and such variation might depend on the changes in
plant traits. Environment-trait relationships are re-
lated to ecosystem function (e.g. productivity, decom-
position, and soil carbon) and to ecosystem services
(Lienin & Kleyer 2012). Previous studies have shown
that the invasiveness of alien plants might be related
to the variation in functional traits under variable
environmental conditions (Leishman et al. 2007, PySek
& Richardson 2008, Van Kleunen et al. 2010). Inva-
sive plants have significantly higher plasticity, giving
them an increased ability to adapt functional traits to
new environments, such as physiology, leaf-area
allocation, shoot allocation, growth rate, size, and fit-
ness, compared to non-invasive species, and this might
threaten the ecosystem function due to trait evolution
and shifts in the environmental niche (Pysek &
Richardson 2008, Tecco et al. 2010, Van Kleunen et
al. 2010, C. Wang et al. 2017). The intermediate dis-
turbance hypothesis indicates that alien invasion pat-
terns could be shaped by increased environmental
disturbance levels in human-modified habitats (e.g.
through grazing and climate change; Saatkamp et al.
2010, Tecco et al. 2010, Catford et al. 2012).

Furthermore, experimental and field studies have
identified differences in the traits of invasive plants,
which might be due to spatial environmental hetero-
geneity (Tecco et al. 2010, Van Kleunen et al. 2010).
Thus, ecologists and invasion biologists have pre-
dicted the trait variation of invasive plants under pro-
jected environmental changes, using functional traits
as indicators of invasiveness, for the prevention and
control of plant invasion (Moles et al. 2008, Van Kle-
unen et al. 2010). Therefore, the trait—-environment
relationship might provide appropriate references
for the identification of the invasion mechanism and
the conservation management of IAP species over
large spatial scales (Willby 2007, Kiister et al. 2008,
Moles et al. 2008, Van Kleunen et al. 2010).

To investigate trait-environment relationships
further, we studied the invasion of Hydrocotyle vul-
garis (Araliaceae) over a large spatial scale. H. vul-

garis is an aquatic herb native to Europe and North
Africa that has invaded a wide range of habitats in
Zhejiang Province, China (Miao et al. 2011, H.
Wang et al. 2016). H. vulgaris is capable of expand-
ing naturally in moist non-native areas, and its
clonality contributes to its success as an invader
(Miao et al. 2011, Liu et al. 2016). In addition, H.
vulgaris can quickly establish itself in non-native
areas (Miao et al. 2011, Liu et al. 2016). For exam-
ple, H. vulgaris was introduced into Xixi Wetland
in Zhejiang as an ornamental plant in the 1990s
(Miao et al. 2011). It has since spread widely across
this wetland, damaging the ecological landscape,
and it is difficult to remove the plant due to its strong
reproductive capacity (Miao et al. 2011). Hence, H.
vulgaris is a useful representative species in Zhe-
jiang Province to explore the relationship between
spatial environmental heterogeneity and functional
traits of IAPs over a large spatial scale. Further-
more, understanding of trait-environment relation-
ships could help invasion biologists and government
officials to recognize under which environmental
conditions invasive species can survive and to man-
age the invasion, as well as to prevent and control
further invasions of H. vulgaris both in Zhejiang
Province and in other regions of China.

Here, we propose the hypothesis that environ-
mental spatial heterogeneity might drive functional
trait variation of the IAP H. vulgaris across a large
scale. To test this hypothesis, 6 functional traits,
including petiole length, interval length (a clonal
trait), leaf area, specific interval length (a clonal
trait), specific leaf area, and chlorophyll content,
were used to test the trait-environment relationship
for H. vulgaris across 99 study plots located at 7
field sites in Zhejiang Province and Shanghai City
(the administrative region of Shanghai City was
integrated into Zhejiang Province for this study;
Axmacher & Sang 2013, Liu et al. 2016, Stark et al.
2017, Wu et al. 2017). We explored the environ-
mental drivers of functional trait variation in H.
vulgaris to predict the functional traits across a
large scale. Finally, we make some suggestions for
the prevention and control of H. vulgaris invasion
in Zhejiang Province.

2. MATERIALS AND METHODS
2.1. Site selection

We conducted a reconnaissance field investigation
in July and August 2016 to identify locations with a
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continuous invasion of Hydrocotyle vulgaris in 7 cities
in Zhejiang Province (including Shanghai, which does
not belong to Zhejiang Province). Seven field sites
were selected across these 7 cities (Hangzhou, Jiaxing,
Lishui, Ningbo, Shanghai, Taizhou, and Wenzhou)
along a latitudinal gradient in Zhejiang Province
(Table 1, Fig. 1). We then randomly selected 10-26
field plots (1 x 1 m?, at least 200 m apart) at each site
(Fang et al. 2009, Wu et al. 2017). In total, we estab-
lished 99 plots within these 7 sites. We recorded the
longitude and latitude above sea level for the field sites
using a handheld GPS receiver (Garmin eTrex 20).

2.2. Environment and functional trait
measurements

We used temperature, precipitation, solar radia-
tion, and water vapor pressure as indicators of
spatial environmental heterogeneity for the large-
scale analysis of functional trait variation (Fick &
Hijmans 2017). We compiled the annual mean and
coefficient of variation (CV) data for temperature
and precipitation based on the WorldClim version
2 database (Fick & Hijmans 2017; www.worldclim.
org/). In addition, we downloaded solar radiation
and water vapor pressure data from January to De-
cember from the same WorldClim database, and
computed the mean and standard deviation (SD)
values of solar radiation and water vapor pressure
annually (Fick & Hijmans 2017). We used the SD
as the CVs for solar radiation and water vapor
pressure. These environmental variables are re-
lated to the distribution and physiological per-
formance of invasive plants (Bradley et al. 2010).
The resolution of environmental variables was 5.0
arc-minutes (10 x 10 km? Fick & Hijmans 2017),
and we found significant differences in environ-
mental conditions across the 7 study sites (ANOVA;
p < 0.05).

We used petiole length (PL; cm), interval length be-
tween interconnected ramets (IL; cm), leaf area (LA;
cm?), chlorophyll content (CC; nmol cm™2), specific in-
terval length (SIL; cm g‘l), and specific leaf area (SLA;
cm? g7!) as relevant functional traits, as they are
commonly thought to be linked to the major ecological
strategies of plants, including clonal species (KlimeSova
et al. 2017; http://clopla.butbn.cas.cz/). We selected
the dominant individual of H. vulgaris at each of the 99
plots to measure the 6 mentioned traits. PL and IL were
measured in the field, and collected stems and leaves
were stored in a cooler with ice packs and a damp pa-
per towel. All plant parts were separately oven-dried
at 70°C for at least 48 h and then weighed (Liu et al.
2016). LAs were scanned using an Epson Dual Lene
system prior to drying. The SIL was calculated as the
ratio of IL to dry leaf mass, and SLA was calculated as
the ratio of LA to dry leaf mass (Liu et al. 2016). In ad-
dition, we used a SPAD502 chlorophyll content ana-
lyzer to evaluate CC in the field.

2.3. Data analysis

First, we used an ANOVA to detect significant dif-
ferences in the plant functional traits between the
environmental conditions (i.e. study sites) tested.
Additionally, we ran a 1-way ANOVA with a Fisher
LSD post hoc test for each environmental condition
and study site to determine significant differences in
the functional traits of H. vulgaris.

PCA was then used to determine the functional
trait patterns of H. vulgaris based on the 6 meas-
ured functional traits: PL, IL, LA, SIL, SLA, and
CC. We extracted the first principal components
(PCs) accounting for more than 60 % of the cumula-
tive percentage variance of the functional traits.
Thus, the PCs were used to determine the main
functional trait patterns of H. vulgaris. The correla-
tion matrix for the 6 traits produced by the PCA

Table 1. Mean + SD plant functional traits of Hydrocotyle vulgaris across 7 study sites in China

Site Code Longitude Latitude Petiole Interval Leaf Chlorophyll Specific interval  Specific leaf
(°N) (°E) length length area content length area
(cm) (cm) (cm?) (nmol cm™2) (cm g™ (cm? g™
Ningbo NB 121.559  29.897 13.3+3.5 6.4+2.0 153+ 7.1 31.6+2.1 307.7+167.1 469.5+70.3
Jiaxing JX 120.774  30.699 18.7+9.8 7.5+24 21.5+154 36.7+4.5 161.3+724 331.2 £ 150.7
Lishui LS 119.819  28.386 23.2+6.7 6.8 +2.7 223+139 342+33 1682+ 76.2 316.9 +£ 130.8
Wenzhou W2Z  120.761 29975 289+6.6 6.3+5.6 27.1+287 39.7+31.8 108.3+81.2 309.5 + 233.6
Taizhou TZ 121.427  28.673 164 +6.0 7.0+£23 20+ 11.7 329+4.0 253.4+106.6 465 + 69.7
Shanghai SH 121.442  31.149 17.6+6.3 7.8+3.6 24.1+8.8 41.8+5.1 161.1+1171 298.9 +60.3
Hangzhou HZ 120.39 30.313  15.5+4.8 7.8+23 14.2 £ 6.0 32.1+9.5 2476+ 110.7 403.4 +69.1
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explained variances (R?) for trait-
environment relationships were se-
lected (Wu et al. 2017).

3. RESULTS

3.1. Differences in plant
functional traits

We found significant differences
among the different study sites (i.e.
environmental conditions) for PL, LA,
CC, SIL, and SLA (ANOVA; p < 0.05;
Table 3). Based on the Fisher LSD post
hoc test, the largest differences were
between Wenzhou and Ningbo for PL
and SIL; Hangzhou and Wenzhou for
IL; Hangzhou and Taizhou for LA;
- Shanghai and Taizhou for CC; and
Shanghai and Ningbo for SLA (p < 0.05;
Table S1 in the Supplement at www.
int-res.com/articles/suppl/b028p149

119° E 120° 121°

Fig. 1. Study sites in China, sampled to investigate differences in functional

traits of Hydrocotyle vulgaris

was used to check the autocorrelation of the data.
The autocorrelations were weak for the 6 ftraits
(Table 2).

Finally, we wused linear regression models to
assess the relationship between the functional traits
and environmental variables based on all 99 plots.
The mean and SD of the functional traits were com-
puted based on each investigation site to quantify
functional trait variation (Stark et al. 2017). We
performed linear and quadratic regression models
for the relationship between mean traits, the SD of
traits, and the environmental variables at the 7 main
sites. The best-fitting models with the highest

_supp.pdf). SIL and SLA showed the
greatest differences across a variety of
environmental conditions and study
sites (p < 0.05; Table S1). Hydrocotyle
vulgaris had significantly greater PL in
Wenzhou than in Ningbo, significantly greater IL in
Hangzhou than in Wenzhou, significantly greater CC
in Shanghai than in Taizhou, significantly smaller LA
in Hangzhou than in Taizhou, significantly smaller
SIL in Taizhou than in Ningbo, and significantly
smaller SLA in Shanghai than in Ningbo (Table 1,
and see Table S1).

122°

3.2. Patterns in functional traits

There was a large variation in the means and
SDs of the functional traits of H. vulgaris in Zhe-

Table 2. Correlation matrix for 6 plant functional traits of Hydrocotyle vulgaris across 99 investigation sites in China

Petiole Interval Leaf Chlorophyll  Specific interval ~ Specific leaf

length length area content length area
Petiole length 1.000 0.221 0.636 0.129 —-0.447 —-0.045
Interval length 0.221 1.000 0.361 0.092 -0.053 -0.017
Leaf area 0.636 0.361 1.000 0.167 -0.391 0.219
Chlorophyll content 0.129 0.092 0.167 1.000 -0.125 —-0.355
Specific interval length -0.447 -0.053 -0.391 -0.125 1.000 0.309
Specific leaf area -0.045 -0.017 0.219 -0.355 0.309 1.000
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Table 3. Differences in plant functional traits of Hydrocotyle
vulgaris due to environmental conditions (i.e. associated with
different study sites) using ANOVA

Functional trait F P

Petiole length (cm) 10.382 <0.001
Interval length (cm) 1.026 0.414
Leaf area (cm?) 3.256 0.006
Chlorophyll content (nmol cm™2) 9.106 <0.001
Specific interval length (cm g7t 8.906 <0.001
Specific leaf area (cm? g7!) 5.393 <0.001

jiang Province (Table 1). The mean traits were the
largest in the following locations: the PL (18.7 cm)
in Jiaxing, IL (7.8 c¢m) in Shanghai and Hangzhou,
LA (27.1 cm?) in Wenzhou, CC (41.8; nmol cm™2)
in Shanghai, and SIL (307.7 cm g™') and SLA
(469.5 cm? g7!) in Ningbo (Table 1, Fig. 2). For the
SD of traits, the PL (9.8 cm) in Jiaxing, IL (5.6 cm)
and SLA (233.6 cm? g7!) in Wenzhou, LA (27.1 cm?)
and CC (31.8) in Wenzhou, and SIL (167.1 cm) in
Ningbo were the largest of the 7 study sites
(Table 1). The first 2 PCs explained a cumulative
60.1% of the variance in the functional traits. PC1
explained PL, LA, and SIL (36.5%), and PC2
explained CC and SLA (23.6%; Fig. 2). We found
large functional trait differences between Ningbo
and Wenzhou, Ningbo and Shanghai, Wenzhou
and Hangzhou, and Shanghai and Hangzhou,
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while large overlaps of functional traits existed
between Jiaxing and Lishui, Taizhou and Wenzhou,
Jiaxing and Wenzhou, and Lishui and Wenzhou
(Fig. 2).

3.3. Environmental drivers of functional
trait variation

Significant relationships between functional traits
and environmental variables existed for all 99 plots;
however, the prediction powers of environmental
variables for functional traits might depend on the
type of functional trait and the environmental vari-
ables (Table S2). The CV of temperature had the
strongest power to predict the variation in PL (R? =
0.234; accounting for 23.4 %; p < 0.01). Spatial envi-
ronmental heterogeneity accounted for more than
50% of the observed trait variation (Figs. 3 & 4).
Regarding the mean functional traits, CC was best
predicted by annual precipitation (R?> = 0.932; p <
0.05; accounting for 93.2% of the observed trait
variation; Fig. 3). Regarding the SD of functional
traits, CC was best predicted by the CV of solar
radiation (R? = 0.932; p < 0.01; accounting for 93.2 %
of the observed trait variation; Fig. 4). For clonal
traits, the mean IL was predicted by the annual
mean and the CV for temperature, the mean solar
radiation, and the mean water vapor pressure (p <
0.05; accounting for more than 50 % of the observed
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Fig. 2. PCA illustrating functional trait patterns of Hydrocotyle vulgaris. Codes of the study sites are the same as in Table 1

and Fig. 1. The scope of ranges was a 95 % confidence level of functional traits based on the plots for each site. The overlap of

ellipses indicates the similarity of functional traits among different investigation sites. PC1 explained petiole length, leaf area,
and specific interval length (36.5 %), and PC2 explained chlorophyll content and specific leaf area (23.6 %)
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Fig. 3. Relationships between spatial environmental heterogeneity and mean functional traits of Hydrocotyle vulgaris. PL:
petiole length; IL: interval length; LA: leaf area; SIL: specific interval length; SLA: specific leaf area; CC: chlorophyll content
Only significant relationships are shown

The SD of IL was predicted by the CV of solar radia-
tion and the mean water vapor pressure (p < 0.05;
accounting for more than 85 % of the observed trait

trait variation), and mean SIL was derived from the
mean solar radiation (p < 0.05; accounting for more
than 50% of the observed trait variation; Fig. 3).
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Fig. 4. Relationships between spatial environmental heterogeneity and the standard deviation of the functional traits of
Hydrocotyle vulgaris. Abbreviations as in Fig. 3. Only significant relationships are shown

variation; Fig. 4). Both the mean and SD of the SLA
were predicted by the CV of solar radiation (p <
0.05; accounting for more than 80 % of the observed
trait variation; Figs. 3 & 4). Furthermore, there were
positive linear relationships between environmental
factors (i.e. mean temperature, annual precipitation,
mean solar radiation, and mean water vapor pres-
sure), IL, and SIL (Fig. 3).

4. DISCUSSION

Our results indicated that spatial environmental
heterogeneity (temperature, precipitation, solar radi-
ation, and water vapor pressure) can drive functional

trait variation of Hydrocotyle vulgaris in Zhejiang
Province (Figs. 3 & 4), although the importance of
each environmental factor varied depending on the
trait of interest (Figs. 3 & 4). Hence, the hypothesis
we proposed is partially supported by our findings.
Other studies have also supported the relationship
between trait variation and spatial environmental
heterogeneity (Leishman et al. 2007, PySek & Richard-
son 2008, Van Kleunen et al. 2010, Stark et al. 2017).
For example, Stark et al. (2017) showed that environ-
mental heterogeneity was the driver of functional
trait variation based on a test in montane and alpine
meadows. Our results provide further evidence of the
relationship between environmental factors and
functional traits in an IAP at the population level.
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Over our large study region, we identified vast dif-
ferences in the functional traits of H. vulgaris, which
may depend on the different environmental condi-
tions at the study sites. SIL and SLA could contribute
to the invasiveness of plant species (Van Kleunen et al.
2010); we found that SIL and SLA were the highest in
Ningbo. SIL can be regarded as a clonal trait, and
clonality has been positively related to the invasion
ability of plant species by enhancing their ability to
compete with native plants via clonal integration (Liu
et al. 2006, P. Wang et al. 2016, Yu et al. 2016). Our
results indicated that H. vulgaris had the greatest po-
tential to invade Ningbo. Compared to Ningbo, Wen-
zhou and Shanghai might be less susceptible to inva-
sion by H. vulgaris due to its smaller functional trait
values in these areas (i.e. SIL and SLA). Our study pro-
vides clear evidence of regional differences in the
functional traits of H. vulgaris, which can guide risk
analyses for H. vulgaris invasion in Zhejiang Province.

Spatial environmental heterogeneity made a large
contribution to the observed variation in functional
traits of H. vulgaris (accounting for over 50%). Less
extreme environments, with respect to temperature,
precipitation, solar radiation, and water vapor pres-
sure, should support a broader range of plant strate-
gies and thus higher trait variation (IL, LA, SIL, SLA,
and CC; Figs. 3 & 4). Previous studies have shown
that temperature and precipitation can be used to
predict plant functional traits across a large scale
(Stark et al. 2017, Wu et al. 2017). Furthermore, the
heterogeneity of solar radiation and water vapor
pressure can affect the trait evolution of invasive
plants from experimental and field studies (Leeflang
et al. 1998, Stark et al. 2017). Our study confirms that
the mean and SD of leaf traits, such as LA and CC,
can be predicted by temperature and precipitation.
Annual precipitation and water vapor pressure are
often interpreted as indicators of water availability,
and temperature has a large contribution to the dis-
tribution and physiological performance of invasive
plants from local communities to the global scale
(Treurnicht et al. 2016, Stark et al. 2017, White et al.
2018). Water availability has a high potential to affect
leaf traits along temperature gradients (Leishman et
al. 2007, Messier et al. 2017), and the negative rela-
tionship between LA variation and mean tempera-
ture is consistent with energy balance strategies
(Leishman et al. 2007, Stark et al. 2017). Solar radia-
tion affects light acquisition in plant populations
(Leeflang et al. 1998). Leeflang et al. (1998) showed
that the petiole of H. vulgaris might respond to light
gradients. In addition, we found a significant rela-
tionship between the SD of solar radiation and PL in

our study. For example, SIL. and SLA were the high-
est in Ningbo, and our results indicated that we could
use solar radiation as an indicator of SIL and SLA of
H. vulgaris in Ningbo. Hence, the spatial hetero-
geneity of temperature, precipitation, solar radiation,
and water vapor pressure might be the driver of leaf
trait variation in H. vulgaris, both among and within
populations across a large scale. Species with leaf
traits enabling rapid growth will be successful
invaders when introduced to novel environments
where resources are not limited (Leishman et al.
2007, Messier et al. 2017). Hence, we need to use
environmental variation as an indicator of invasive-
ness based on the functional traits of IAPs. Of all 7
sites, we should pay attention to Ningbo due to the
large values of SIL and SLA.

H. vulgaris can spread quickly by clonal growth in
aquatic environments and is considered highly inva-
sive in Zhejiang Province (Miao et al. 2011, Liu et al.
2016, H. Wang et al. 2016, Wan et al. 2019). Clonality
increases plant invasion success worldwide (Yu et al.
2016). Clonal plants are able to successfully invade
new habitats since they do not necessarily need to
establish a population; they just need a single indi-
vidual to do well enough to produce ramets (Kalusova
et al. 2013, Dalrymple et al. 2015, Klimesova et al.
2017). We found that clonal traits, such as IL and SIL,
were significantly related to changes in precipitation,
solar radiation, and water vapor pressure, indicating
that clonal traits of H. vulgaris could be predicted by
spatial environmental heterogeneity over a large
scale due to the phenotypic variation in these popu-
lations (Klimesova et al. 2017, Wan et al. 2019). These
environmental variables (e.g. precipitation, solar
radiation, and water vapor pressure) are possible
drivers of plasticity in clones (Miao et al. 2011, Y. J.
Wang et al. 2016, Wan et al. 2019). Experimental
studies have shown that a heterogeneous water sup-
ply affects the clonal integration of H. vulgaris,
including the growth and benefits of IL. and SIL (You
et al. 2013, P. Wang et al. 2016). Moreover, the posi-
tive linear relationships between environmental fac-
tors, IL, and SIL are related to plant invasiveness,
indicating that regional environmental gradients
could increase the invasive ability of H. vulgaris (You
et al. 2013, Liu et al. 2016, Y. J. Wang et al. 2016).
H. vulgaris could increase its competitiveness rela-
tive to native species, alter ecosystem function, and
threaten native biodiversity in Zhejiang Province
(Miao et al. 2011). Hence, our study provides the the-
oretical basis for the invasion of H. vulgaris and also
describes how our results can be applied to the pre-
vention and control of invasion by H. vulgaris.
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