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Abstract — Morphological performance of invasive plants can be determined by abiotic factors (e.g. water
temperature) and biotic factors (e.g. herbivory). This study investigates the performance of an exotic plant in
its native and introduced environments. The questions of study are: Is the performance of Egeria densa in
both its native and introduced areas associated with abiotic and/or biotic factors? Is the performance of this
plant better in the native or in the introduced area? In order to answer these questions, E. densa individuals
collected in France (introduced range) were compared with individuals collected in Brazil (native range).
The results demonstrate that E. densa populations sampled in its native areas included a higher percentage of
plants grazed than in the introduced range populations, but they also exhibited a superior performance in
terms of length and dry mass. In both regions, the performance of the plants was associated mainly with
abiotic factors. Whereas the higher temperature in its native area may have promoted greater growth in terms
of length and dry mass, a lower temperature and high levels of ammonium in French waters might have
reduced the development of this plant in its introduced range. The lower performance of E. densa in France
should not be associated with abiotic factors alone, since other factors can also be involved, as limited
resources or low clonal adaptation. Thus, future studies concerning E. densa performance in France should
consider these factors in order to assist in understanding the nature of the plant’s invasiveness in this region.

Keywords: Egeria densa / Brazil / France / growth / herbivory

1 Introduction

Non-native invasive plants are significantly problematic in
many freshwater systems worldwide (Dugdale et al., 2012;
Riis et al., 2012). These plants have a severe impact on the
biodiversity, and the ecological functions of aquatic ecosys-
tems (Clayton and Edwards, 2006), and will probably invade
new areas owing to global changes (Carey et al., 2016;
Maclsaac et al., 2016). Thus, these organisms are appropriate
for testing ecological theories related to species invasion; for
example, the ‘Enemy Release Hypothesis’ (ERH) (Keane and
Crawley, 2002).

A fundamental mechanism determining the success of
invasive plants in novel environments is the interaction between
plants and herbivores. The herbivory in freshwater and marine
ecosystems remove 40%—48% of plant biomass, on average,
which is typically 5-10 times greater than that reported for
terrestrial ecosystems (Bakker ez al., 2016). Some studies have
demonstrated that non-native plant species are less grazed in
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their introduced ranges than in their region of origin (Xiong
et al., 2008), because there are fewer herbivores in their
introduced range (Wolfe, 2002; Mitchell and Power, 2003).
During their adaptation to a new habitat, non-native plants
evolve sophisticated mechanisms to establish a balance between
growth and defense (Walling, 2009). For example, plants might
reduce in response to the effects of herbivores if their relative
growth rate is high enough to sustain the grazing losses in an
annual yield (Grime et al, 1996). Small, thin, nutrient-rich
leaves with a high water content, are features typical of many
submerged aquatic plants, which are readily grazed (Sheldon,
1987; Fraser and Grime, 1999). This demonstrates that despite
the high growth rate of some plants, they are readily consumed
by herbivores due to their nutritional qualities.

The ERH suggests that non-native species often thrive,
because in their new ranges they lack the coevolved enemies
that limit their population growth (Keane and Crawley, 2002;
Mitchell and Power, 2003). However, several examples exist in
which plants and their enemies have both been introduced into
the same region. For example, the insect Megastigmus atedius
Walker was introduced concurrently with its host plant, Picea
sp., in western France (da Ros et al., 1993). In such cases, the
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species may be similarly impacted by herbivores in the
introduced, and the native ranges. Some experimental studies
have compared the damage due to herbivory on plant species in
their introduced range (Agrawal and Kotanen, 2005; Chun et al.,
2010), but not in both the introduced and the native regions.

Although the presence of herbivores may induce morpho-
logical modifications, such as an increase in leaf thickness, the
architecture of macrophytes also depends on abiotic factors.
Bornette and Puijalon (2011) demonstrated that abiotic factors
in aquatic habitats can affect (1) plant performance, such as
recruitment, growth, reproduction, and dispersal; and (2) the
dynamics of plant communities. Temperature and nutrients are
important abiotic factors influencing the growth of macro-
phytes and their productivity (Santamaria and Van Vierssen,
1997; Netten et al., 2010). For example, the seasonal growth
patterns of Elodea canadensis Michaux, and the growth and
rates of photosynthesis of Ranunculus aquatilis L. are strongly
influenced by temperature (Madsen and Brix, 1997).

In this study, the morphological performance of Egeria
densa Planch (Hydrocharitaceae) (E. densa) was explored
in situ, in relation to the chemical composition of the water, and
to the pressure by herbivores in its native range of Brazil, and
its introduced range of France. E. densa is a perennial
dioecious aquatic plant, native to South America's Neotropical
range (Yarrow et al., 2009). This species has become invasive
in several countries, such as Australia, New Zealand, Asia, and
Europe (Gassmann et al., 2006; Yarrow et al., 2009). It was
introduced in France in 1920 as an experimental botanical
material (St John, 1961), and was consequently released into
the wild, where it has subsequently become naturalized, and its
distribution has spread (Feuillade, 1961). Moreover, it is
invasive in the western part of France, in Brittany, and along
the Atlantic Coast (Thiébaut et al., 2016).

Therefore, the questions for this study were: (i) Is the
performance of E. densa, inferred by plant length, number of
shoots, leaf area, and plant biomass, in both its native and
introduced areas associated with abiotic factors, such as water
characteristics, or with biotic factors, such as herbivorous
pressure? Moreover, (ii) is this performance better in its native,
or in its introduced area? In order to answer these questions,
plants collected in France (introduced range) were compared
with plants collected in Brazil (native range), at the beginning
of the growing season in both regions.

2 Methodology

Plants and water samples were collected in spring from
freshwater ecosystems in Brazil and in France. The first
samples were collected in November 2012, from 19
georeferenced sites in south-eastern Brazil (Table S1). In
April and May 2013, apical shoots of E. densa were collected
from 12 georeferenced sites in the Brittany region of western
France (Table S1). In both countries, E. densa forms
monospecific, or pauci-specific, dense mats. Its natural habitat
is the streams and lakes of the Parana-Uruguay basin, and the
Pampean plains (Walsh et al., 2013), and the streams and rivers
of the coastal plain (Camargo ef al., 2006). In its native area, E.
densa is consumed by its specific herbivore, the leafminer fly
(Hydrellia sp.) (Cabrera Walsh et al., 2013). In France, and
specifically in Brittany, the main herbivores found in

freshwater are Potamopyrgus antipodarum Smith (alien),
Pysella acuta Draparnaud (alien), Ephemerella ignita Poda
(native), Oecismus monedula Hagen (native), Nemotaulius
punctatolineatus Retzius (native), Halesus radiates Curtis
(native), and Mystacides azurea L. (native) (Piscart, personal
communication). The natural enemies of E. densa in its
introduced range remain unknown, although the species may
be consumed by the generalist herbivore, Lymnea stagnalis L.
(native), as evidenced in an experimental garden in Brittany
(Thiebaut, unpublished data). In both countries, the plants were
sampled in the littoral zone of the aquatic environment using a
rake with a 4-metre long pipe; the sites were characterized by
high under-water light levels. The exploration extended to four
metres in depth, to the level colonized by the submersed
aquatic plants. At each site, 20 individual mature plants were
collected from the specimens forming a canopy on the water
surface (native range 19 sites =380 individuals, and introduced
range 12 sites =240 individuals). The plants were packaged in
plastic bags, and taken to the laboratory to measure their
morphological traits.

In order to characterize the environmental conditions in
which the E. densa was growing, the water characteristics of
each site were assessed by measuring the water temperature
and conductivity in the field. In addition, nitrate, ammonium,
and phosphate samples were taken to the laboratory within 48 h
following collection, where the levels of these nutrients in the
water were measured.

The performance of each population was tested using a
‘traits approach’ (Thiébaut and Di Nino, 2009). In the
laboratory, the plants were washed to remove invertebrates,
algae, and debris. The following traits were then measured: (1)
plant length; (2) number of lateral shoots; (3) area of a leaf
located at the sixth whorl; (4) number of roots; (5) plant dry
mass (fragment + lateral shoots + roots); (6) percentage of
plants grazed; (7) dry matter content (DMC); and (8) plant
nitrogen (g'DW). The traits (1) to (5) relate to the plant's
performance, whereas the traits 6-8 are indicators of plant
palatability. Generally, there is a positive relationship between
the nitrogen content of the plant's tissue and its consumption by
herbivores (Cebrian and Lartigue, 2004). Submerged plants,
such as FE. densa, require fewer structural components
compared to terrestrial plants, resulting in a higher nitrogen
content, and consequently attract higher rates of herbivory
(Bakker et al., 2016).

In order to estimate the percentage of plants grazed per
site, the presence or absence of herbivory signals in each
individual sample were quantified, and then, to calculate the
percentage of consumed plants (Z) per site, the following
equation was used:

Z = (X/N) 100

where X is the number of plants damaged by herbivores, and N
is the number of plants sampled per site.

The DMC and total nitrogen content are known to
influence consumption rates in plant’s. The DMC is a plant trait
that reflects plant palatability, with higher values of DMC
indicating a low palatability (Elger and Willby, 2003). In order
to assess the DMC, fresh plant apices were weighed, dried
(72h at 60 °C), and then re-weighed. The percentage of DMC
(%) was calculated as the ratio between the fresh mass (FM),
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and the dry mass (DM), of the apices (n=35 for the native
range, and n = 30 for the introduced range), using the equation:

DMC = (DM/FM) x 100

In order to measure nitrogen content of the plant tissues,
the macrophytes were ground to a powder and analyzed for
total nitrogen with a CE Thermoquest Elemental Analyser
model NA 2100 (Carlo Erba Instruments), using gas-liquid
chromatography with EDTA as a standard. For the samples
collected at Brazil, the Kjeldahl method was employed
(Bremner, 1965).

2.1 Statistical analyses

Nonmetric multidimensional scaling was employed to
visualize the differences between the native and the introduced
areas of the E. densa population, in terms of its characteristics
and life history traits. This analysis was implemented using a
Bray-Curtis dissimilarity distance matrix, with the package
‘vegan’ (Oksanen et al., 2016) in the R 3.2.3 environment
(R Core Team, 2016). The differences between the countries
were evaluated using an analysis of a similarity test, employing
a 999 permutation (ANOSIM, Oksanen et al., 2016). This
analysis was conducted on morphological traits, abiotic
variables, and herbivory percentage.

In order to test the possible differences among the
morphological traits related to the plants' performance, such
as plant length, number of shoots, leaf area, plant dry mass, and
number of roots, between the native and introduced ranges, the
Kruskal-Wallis ANOVA was employed. The analysis was
conducted at a p < 0.05 level of significance.

Spearman’s Correlation Coefficients were calculated to
measure the relationship between the percentage of plants
grazed x foliar nitrogen percentage, and the percentage of
plants grazed x DMC. Afterwards, in order to test the
associations between the continuous variables in terms of the
abiotic variables, and the percentage of plants grazed, and the
response variables such as plant length, number of shoots, area
leaf, plant dry mass, and number of roots, the average values
for each site were utilized, and a backward conditional linear
regression analysis was employed, in which all potentially
relevant variables were included in the first step. Only the
variables presenting P values lower than 0.05 persisted in the
next step. In the case of significant collinearity between two
variables, only the more relevant persisted in the subsequent
step. The decision concerning which variables should be
excluded from the analysis at each step was made by the
software. P values lower than 0.05 were considered significant.
All of the data was analysed using STATISTICA software,
Version 10 (StatSoft Inc., 2007).

3 Results

The results demonstrated that, with the exception of PO,
and pH, there was a significant difference between Brazil and
France for all variables (Table 1). Moreover, the French
habitats showed greater values of NO;, NH; and conductivi-
ty, while the Brazilian habitats possessed greater values in
terms of temperature and leaf nitrogen.

Table 1. Comparison of the water abiotic variables and leaf nitrogen
level between Brazil and France (average and standard deviation and
p values).

Response variables Brazil France Z p

NO; 0.14 £ 0.04 1.71 £0.70 —4.62 <0.001
NHI 0.01 = 0.003 135+ 035 —4.62 <0.001
PO; 0.007 £ 0.002 0.01 £ 0.01 0.52 0.590
Conductivity 63.31 £4.08 367.27 +£106.47 —4.32 <0.001
pH 7.71 £0.74 7.82+0.74 —0.85 0.394
Temperature 27.45 +1.69 14.09 = 0.71 4.62 <0.001
Leaf nitrogen 328 £0.21 2.55£0.30 3.85 <0.001

The nonmetric multidimensional scaling (Fig. 1) demon-
strated that the Brazilian and French populations differ, and
this was confirmed by the analysis of similarity (R=0.89,
p-value=0.001). Furthermore, the Brazilian populations of E.
densa were characterized by a higher dry mass, and the fact
that they grow in warmer waters, while the French populations
grow in water with a high concentration of NH; and NOj, and
a higher conductivity (Fig. 1).

The correlation between the percentage of plants grazed
and the nitrogen in plants was significantly positive (R=0.32;
p=0.009), indicating that the herbivory levels increased with
the levels of plant nitrogen. In contrast, the correlation between
the percentage of plants grazed and the DMC was not
significant (R=—0.051; p=0.698).

Significant differences existed between all of the morpho-
logical traits in the native, and the introduced ranges. The
native populations of E. densa showed a significantly higher
plant length (Z=11.09; p < 0.001), number of lateral shoots
(Z=4.73; p<0.001), leaf area (Z=10.83; p<0.001), and
plant dry mass (Z=15.01; p<0.001) than the introduced
populations (Fig. 2a—2d). In contrast, the number of roots was
significantly greater in the plants sampled in the introduced
population, as opposed to the native populations (Z=—-9.23;
p<0.001; Fig. 2e). The native populations also showed a
significantly greater percentage of plants grazed than the
introduced populations (Z=2.34; p < 0.019; Fig. 21).

The Table 2 shows the results of backward stepwise
regression, which demonstrated that different abiotic variables
were selected for each morphological trait. For example, the
plant length and leaf area were negatively related with NO3
and NH; , respectively, while the number of roots and plant dry
mass were positively related with conductivity and tempera-
ture.

4 Discussion

The results of this study indicate that the plant architecture
in terms of the biomass and number of shoots, and the
percentage of plants grazed differed between the native and the
introduced populations. The E. densa populations were more
grazed in Brazilian, compared with French freshwaters.
Moreover, the morphological traits measured in terms of
plant length, number of lateral shoots, leaf area, and plant dry
mass, were significantly higher in its native range than its
introduced range, with the exception of the number of roots.
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Fig. 1. Nonmetric multidimensional scaling (NMDS). The right-hand group of points represent the French plants, while the left-hand group

represent the Brazilian plant’s.

Some authors have demonstrated that the relationship
between growth and percentage of plants grazed depends
significantly on the level of specialist herbivores, or the
pathogen loads that invasive species encounter in a new range
(Willis et al., 1999). For example, the leafminer fly Hydrellia
sp., which can cause heavy defoliation of E. densa in the field,
is specific to E. densa in its native range (Walsh et al., 2013),
but was not recorded at the sampled sites in the introduced
range of France. In its native range, E. densa probably tolerates
a higher degree of leaf damage, and possesses a greater
performance due to its compensatory growth (Strauss and
Agrawal, 1999). Fast growing species, such as E. densa,
allocate less energy for defense against enemies than for
growth (Blumenthal et al, 2009); however, this strategy
differed between the native and introduced populations. The
native population demonstrated low resistance, and was
consequently more grazed, but showed a high development
of all morphological traits, with exception of the number of
roots, whereas in the introduced range, the population
possessed a lower development, but a high herbivore
resistance.

The regrowth capacity in terms of tolerance to herbivory,
and the vigor of E. densa during the growing season in its
native range, as indicated by a higher number of lateral shoots,
dry mass, stem length, and specific leaf area, were likely
associated with higher nutritional quality in terms of high
nitrogen levels. Furthermore, the results demonstrated a
greater percentage of leaf nitrogen in the population sampled in
the native, as opposed to the introduced range, suggesting that
greater herbivory tolerance was a strategy employed by E.

densa in its native range in the form of ‘tolerance-escape
syndrome’ (Agrawal and Fishbein, 2006), whereas the low
nutrient content of E. densa in the introduced area indicated a
‘low nutritional quality syndrome’ (ibid.).

Aquatic plants are potentially exposed to herbivorous
invertebrates throughout most of the year, with the predation
by these organisms particularly high during the onset phase of
plant growth, because detrital or periphytic food sources are
scarcest during this period of initial growth (Elger and Willby,
2003). Moreover, the metabolic rate of grazers is accelerated
by rising water temperatures, a factor that can assist in
explaining the high percentage of plants grazed found in the
plants sampled in Brazil, where the waters are warmer.

Some studies have indicated that the level of damage by
herbivores in aquatic plants is also related to their nutritional
quality (Newman et al., 1996; Bakker et al., 2016), and that the
herbivory level is higher when there is an increase in the
concentration of nitrogen in the macrophyte tissues (Kornijow
et al., 1995; Martinez et al., 2013). The findings of this study
concurred, since there was a positive correlation between the
percentage of plants grazed and the nitrogen in the plant
tissues. Moreover, the higher nitrogen content in the plants in
the native range also assists in explaining the high percentage
of plants grazed in this region.

The DMC is another plant trait that reflects its palatability
(Elger and Willby, 2003). In general, the higher values of this
trait indicate low plant palatability. In this study, there was not
a significant correlation between the percentage of plants
grazed and the DMC, therefore other traits might be involved
in the plant’s defense against herbivores. For example, the
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Fig. 2. Differences in morphological traits and the percentage of plant’s grazed (medians and interquartiles) between the populations of E. densa

in the native (empty bars), and the introduced ranges (grey bars).

Table 2. Results of backward stepwise regression with the best variable selected by analysis for each morphological trait.

Response variable Predictor variable, selected by B Std Error g t p
backward stepwise regressions

Plant length NO3 —0.64 0.14 —4.60 <0.001

Number of shoots pH —0.38 0.16 —-2.29 0.031

Number of roots Conductivity 0.55 0.15 3.60 0.001

Leaf area NH; —0.70 0.13 —5.37 <0.001

Plant dry mass Temperature 0.77 0.11 6.56 <0.001

presence of herbivores can induce physical defenses such as
leaf toughness, and chemical defenses such as phenolics,
terpenoids, and nitrogenated compounds (Bakker et al., 2016).
Although the interactions between plant’s and their herbivores

in freshwater have attracted much attention during recent
decades, few studies have reported on the induced responses to
herbivory in aquatic invasive plant's (Fornoff and Gross, 2014;

Thiébaut et al., 2017).
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Regarding the performance of the plant in terms of plant
length, number of shoots and roots, and plant dry mass, the
results of this study demonstrated that the native populations
exhibited a better performance than the introduced, corrobo-
rating other studies showing that not all invasive plant's has
perform better in introduced ranges (Thébaud and Simberloff,
2001). The environmental features of the freshwater recorded
in the introduced range may limit the growth of E. densa
populations. For example, the presence of toxins and extreme
temperatures constitute stressful conditions that may limit the
metabolism, or the acquisition of resources (Thébaud and
Simberloff, 2001), and consequently restrict the plant's growth.
The results of this study demonstrated that the aquatic
environments in which the plant's were sampled in the
introduced area were characterized by greater ammonium
levels in the water, compared with the sites where E. densa was
sampled in its native range. Moreover, the stepwise regression
demonstrated that the leaf area, primarily, was negatively
related with the water ammonium levels (see, Table 2). Some
authors have demonstrated that high ammonium concentrations
in the water column can inhibit the growth of submerged
macrophytes in eutrophic lakes (Smolders et al., 2003; Xie
et al., 2007). Moreover, in eutrophic ponds, competition for
space and resources may exist between benthic algae and E.
densa, since the eutrophication stimulates the development of
algae. For example, in some eutrophic French ponds,
filamentous algae such as Cladophora sp. are found in
conjunction with submerged aquatic plant’s (unpublished data).
In the native range, E. densa is found with other native and non-
native species of submerged macrophytes that may compete for
space and/or resource use, such as Hydrilla verticillata — non-
native, Egeria najas Planch, Nitella sp., and Chara cf.
guairensis (Ferreira et al., 2011; Thomaz et al, 2012).
Although all traits related to the performance of the plant
possessed lower values in the introduced than in the native
range, the introduced populations of E. densa produced more
roots. This higher root production could be considered a
strategy to overcome stress, and to acquire nutrients efficiently
in the French waterbodies, as shown by the positive correlation
between the number of roots and nitrate. Some authors, such as
Takayanagi et al., (2012) have demonstrated that nitrate can
also be taken up by the roots of E. densa. Moreover, the root
production could also be related to the characteristics of the
sediment, for example the nutrient concentration, or grain size.
Water temperature is another important factor that likely
influenced the growth of the populations in both the native and
the introduced ranges (Boros et al., 2011). In many cases, the
colder temperatures in temperate countries explain why tropical
and subtropical non-native species are not successful. A typical
example is the rooted submerged macrophyte Myriophyllum
aquaticum L., which is common in many aquatic environments
inthe southern United States, and in western France, but is scarce
in the colder regions of North America and France (Thiébaut,
2007). Most species of macrophytes die, or become dormant, at
low temperatures (Lacoul and Freedman, 2006), however E.
densa appears to possess a degree of tolerance to colder waters
(Haramoto and Ikusima, 1988; Thiébaut et al., 2016), although a
large decrease in the water temperature can inhibit the growth of
this species, or even prove lethal (Leslie, 1992). The results of
this study demonstrated a positive relationship between plant dry
mass and temperature, indicating that the plant biomass

increased with the increase in temperature. The French water
was colder than the Brazilian, which may have contributed to the
lower biomass values of E. densa in the introduced area. In
contrast, the higher temperatures found in its native range
stimulated the increase in E. densa biomass.

In summary, despite the fact that this study measured a high
percentage of plant's grazed in the sampled populations, it seems
that herbivorous pressure was not primarily responsible for the
performance of E. densa. The results showed that the
populations of E. densa demonstrated a high percentage of
plant's grazed in its native range, compared to the introduced
range. Moreover, the plant demonstrated a greater performance
in terms of plant length and dry mass in its native range than in
its introduced range, and this performance was mainly
associated with abiotic factors, such as higher water tempera-
ture. Evidence for this was consistent, since despite the Brazilian
populations of E. densa possessing a higher percentage of plant's
grazed, these populations demonstrated greater growth in
relation to the French populations, suggesting that the higher
temperature in the native area is able to compensate for the
greater predation by herbivorous in this region, thereby
supporting better growth in terms of the dry mass of E. densa.
A similar situation was observed in the introduced range, where
the lower development of E. densa was also associated with
abiotic factors, as opposed to herbivorous predation. For
example, it is likely that the high levels of ammonium, and the
low water temperature, in French waters negatively affected the
development of E. densa. Despite these findings, the lower plant
performance in French freshwaters can be also associated with
other factors, such as limited resources, or low clonal adaptation,
in addition to the colder water temperature, and the higher
ammonium levels in the water. Future studies regarding the
effects of habitat characteristics, and the influence of genetic
variability are required in order to achieve a better understand-
ing the success of E. densa in France.
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Table S1. Coordinates of sites sampled in both regions,
Native (Brazil) and introduced (France).

The Supplementary Material is available at https://www.
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