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Abstract: We compared the survival, growth and fecundity of the Ponto-Caspian amphipod Echinogammarus isch-
nus and the North American amphipod Gammarus fasciatus across a range of conductivities in a fl uvial lake at the 
confl uence of the St. Lawrence and Ottawa rivers (Quebec, Canada). Previous work has found that water chemistry 
(conductivity) regulates the direction and intensity of intraguild predation between these two species. Because E. 
ischnus evolved in ion-rich waters, we hypothesized that low conductivity has a negative effect on its life history 
traits, whereas G. fasciatus would be more tolerant. Consistent with this hypothesis, E. ischnus is abundant along 
the south shore of the lake in water of high conductivity (300 µS/cm), but rare along the north shore where con-
ductivity is subject to strong fl uctuations (85–230 µS/cm). In laboratory experiments using water with low (108 µS/
cm), high (300 µS/cm) and intermediate (50:50 mix) conductivities, both species showed reduced growth at low 
conductivity, but E. ischnus also suffered higher mortality. E. ischnus collected from both shores did not differ in 
size-specifi c fecundity, size at reproduction, or size of adults. On the north shore, E. ischnus was present in low 
abundance at one site and absent from another site where it had been recorded in previous years. We conclude that 
low conductivity negatively affects the growth rate and mortality of E. ischnus, which is apparently eliminated from 
the north shore during periods of strong infl ux of ion-poor water from the Ottawa River, but re-establishes popula-
tions temporarily when higher conductivity is restored.
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Introduction

Amphipods have successfully invaded fresh- and 
brackish water systems in North America and Europe 
(Jazdzewski 1980, Dermott et al. 1998, bij de Vaate 
et al. 2002), sometimes causing the decline or exclu-
sion of native species (Dick & Platvoet 2000, Kinzler 
& Maier 2003). The invasion success and impacts of 
aquatic invaders vary through space and time, and 
studies have recently begun to relate this variation 
to local physico-chemical conditions (Costanzo et 
al. 2005, Thomsen & D’Antonio 2007, Alcaraz et al. 
2008). Among amphipods, variation in the concentra-

tion of dissolved ions (conductivity) has been shown 
to govern whether species replacement or exclusion 
will occur, by regulating the intensity and direction of 
intraguild predation between native and exotic species 
(Dick & Platvoet 1996, Kinzler & Maier 2003, Mac-
Neil et al. 2003, Kestrup & Ricciardi 2009). However, 
to understand why a particular abiotic factor limits the 
success of an invader, we must examine the effect of 
the factor at different stages of its life history (Berezi-
na & Panov 2004, Alcaraz & Garcia-Berthou 2007) 
and how its response may differ from that of native 
competitors (Kestrup & Ricciardi 2009). Very little is 
known about the infl uence of the abiotic environment 
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on the life history traits of aquatic invaders, although 
dissolved ions (salinity or conductivity) are among the 
most commonly studied factors (Haynes & Cashner 
1995, Work & Gophen 1999, Berezina & Panov 2004, 
Alcaraz & Garcia-Berthou 2007). Furthermore, to 
date, no study has simultaneously examined the infl u-
ence of variation in water chemistry on the life history 
traits of an aquatic invader and the native species with 
which it is interacting.

A concentration of dissolved ions beyond the toler-
ance range of an aquatic organism results in osmotic 
stress (Sutcliffe 1984). Among crustaceans in particu-
lar, calcium is a key element for maintaining an im-
permeable membrane necessary for osmoregulation, 
especially at the time of moult (Zehmer et al. 2002), 
and is essential for growth of the exoskeleton and 
for regulating intracellular processes (Wright 1979). 
When exposed to levels of conductivity or calcium at 
the lower limit of their tolerance range, crustaceans 
may suffer reduced growth, lower reproduction and 
increased mortality (Rukke 2002, Zehmer et al. 2002, 
Jeziorski & Yan 2006, Ashforth & Yan 2008). Identi-
fi cation of such tolerance limits is therefore necessary 
for predicting (i) which environments are susceptible 
to invasion by a crustacean and (ii) the conditions in 
which its performance and fi tness (and thus impact) 
are maximal.

In this study, we examined the life history traits of 
native and exotic amphipods exposed to different con-
centrations of dissolved ions, to determine how two 
competing species differ in their response to local var-
iation in water chemistry. The Ponto-Caspian amphi-
pod Echinogammarus ischnus has replaced the North 
American amphipod Gammarus fasciatus throughout 
much of its invaded range in the North American Great 
Lakes (Dermott et al. 1998), but more than a decade 
after the invasion the two species coexist in Lake St. 
Louis – a fl uvial lake near Montreal, Quebec, with 
strong gradients in the concentration of dissolved ions 
(Palmer & Ricciardi 2004). Although E. ischnus is a 
euryhaline species with a reported upper salinity toler-
ance of 23 ‰ and able to survive short-term exposure 
to highly saline water (30 ‰), its lower ionic tolerance 
is not known (Jazdzewski 1980, Ellis & MacIsaac 
2009). This is of interest as E. ischnus has invaded 
lakes and rivers with salinities of < 0.1 ‰ in Europe 
and North America (Jazdzewski 1980, Dermott et al. 
1998, Palmer & Ricciardi 2004).

Here, we examine the role of low conductivity as a 
factor limiting the invasion success of E. ischnus and 
contrast this species’ performance to that of G. fas-
ciatus. Given that E. ischnus has evolved in ion-rich 

waters (Cristescu & Hebert 2005), while G. fasciatus 
is a freshwater species, we hypothesized that exposure 
to low conductivity would have a negative infl uence 
on the life history traits of the invader, but little or no 
infl uence on the life history traits of the native am-
phipod. Specifi cally, we predict that at low conductiv-
ity the invader would suffer from reduced growth and 
lower survival, and be less fecund (i.e. a lower propor-
tion of adult females would be ovigerous, and oviger-
ous females would carry fewer eggs). However, if the 
individuals on both sides of the river have adapted to 
local water conditions, those in low-conductivity habi-
tats may be more tolerant than individuals from high-
conductivity habitats (Bijlsma & Loeschcke 2005).

Methods

These hypotheses were tested in a combination of laboratory 
experiments and fi eld observations using Lake St Louis as a 
study and collection site. A natural gradient of conductivity ex-
ists in the lake because it receives ion-rich water from the St. 
Lawrence River along its south shore (conductivity 305 µS/cm, 
calcium 36.3 mg/L, salinity 0.15 ‰) and ion-poor water from 
the Ottawa River along its north shore (conductivity 80 µS/cm, 
calcium 8.3 mg/L, salinity 0.04 ‰) (Centre St-Laurent 2003). 
E. ischnus is abundant along the south shore and scarce along 
the north shore, where conductivity fl uctuates greatly depend-
ing on the relative discharge of the two rivers (Å Kestrup, un-
publ. data; Palmer & Ricciardi 2004). We used two study sites 
on the south shore (Chateauguay West, 45˚21.80 N, 73˚47.20 
W and Chateauguay East, 45˚22.52 N, 73˚46.55 W, Fig. 1) and 
two sites on the north shore (Valois Bay, 45˚26.37 N, 73˚46.48 
W and Lachine, 45˚26.01 N, 73˚41.17 W), where both species 
have previously been recorded. The natural fl uctuations of con-
ductivity and calcium concentration in the study system were 
observed by measuring these two parameters biweekly at all 
four sites from mid-May to mid-September 2008 (10 occa-
sions). Water chemistry variables (O2, conductivity, tempera-
ture) were measured with an electronic meter (YSI 85 DO/
Cond/Salinity Meter), while water for calcium measurements 
was collected just above the river bottom in clean plastic bot-
tles, and stored at 4 °C in a refrigerator until analysed < 3 days 
later (LaMotte Model PHT-CM-DR-LT). The relationship be-
tween conductance and calcium concentration at the different 
sites was tested in least squares regressions.

Laboratory experiments

The survival and growth of juveniles of both species in different 
conductivity and calcium levels were tested in a laboratory ex-
periment. Water with high conductivity and calcium concentra-
tion (HC) (conductance: 300 µS/cm, calcium: 37.8 mg/L) was 
collected from Chateauguay East on the south shore, and water 
from the Ottawa River (LC) with low conductivity and calcium 
concentration (conductance: 107.7 µS/cm, calcium: 16.8 mg/L) 
was collected from a site on the north shore at the western end 
of the Island of Montreal (Place St Louis, 45˚25.03 N, 73˚52.68 
W). During late July and early August 2008, ovigerous fe-
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males and precopula pairs of both species were collected from 
Chateaguay West. In Lachine on the north shore, only native 
females were collected, as very few ovigerous E. ischnus fe-
males were encountered. In the laboratory, the precopula pairs 
were allowed to mate and the ovigerous females were placed in 
individual trays (400 mL) of fi ltered water: initially HC water 
for those from the south shore and LC water for those from 
the north shore. All trays were kept in a chamber at constant 
temperature (20 °C) and a light regime of 15:9 hrs light:dark. 
The amphipods were exposed to the following treatments: 1) E. 
ischnus in HC, IC or LC water; 2) G. fasciatus from the south 
shore in HC, IC or LC water; and 3) G. fasciatus from the north 
shore in LC water. The last treatment served to test if survival 
of G. fasciatus individuals from the south and north shore dif-
fer in their tolerance to LC water. To acclimatize the females to 
low conductivity-conditions, two thirds of the females from the 
south shore were placed in a 50:50 mix of low- and high- con-
ductivity water (IC). The following day, half of these females 
were placed in pure LC water. The trays were checked daily 
over a period of 11 days, and hatched juveniles were transferred 
to individual trays (118 mL) with fi ltered water of the same type 
as in the parental tray. The E. ischnus juveniles came from 26 
females, while the G. fasciatus juveniles came from 17 females 
from the south shore and 5 females from the south shore. Ani-
mals were fed ‘catfi sh food pellets’ (a mixture of plant and ani-
mal matter) ad libitum. Five days after hatching, 30 juveniles 
of visibly good condition were chosen for each treatment. The 
head length (i.e. from the tip of the rostrum to the rear edge of 
the head) of each individual was measured using a Wild Heer-
brugg stereo microscope with a micrometer eyepiece. Head 
length was used as a proxy for the total body length (Gonzalez 
& Burkart 2004); we confi rmed this relationship by measuring 
the head length and the total straight body length (tip of the 
rostrum to the tip of the telson) of 80 individuals of both spe-
cies and found a strong positive correlation (linear regression: 
R2 = 0.97 for E. ischnus and R2 = 0.94 for G. fasciatus, both p 
< 0.001). To prevent the amphipods from moving while be-
ing measured, they were placed on a piece of mesh (mesh size 

63 µm or 1 mm, depending on the size of the individual) in a 
Petri dish. The juveniles were grown for 6 weeks. Mortality was 
measured weekly and head length was measured every 2 weeks. 
Following measurement, the amphipod was transferred to a 
container with clean water and fresh food. After 6 weeks, the 
animals were preserved in 70 % alcohol, and both head length 
and total body length were measured immediately after preser-
vation. Differences in growth between treatments (using head 
length) were analyzed in repeated-measures ANOVAs, one per 
species, with water type/origin as the fi xed factor and head size 
as the repeated measure, followed by Tukey’s post-hoc test. 
Differences in the total length at the end of the experiment were 
tested in one-way ANOVAs. The specifi c growth rate (% length 
increase/day) per two-week period was determined and tested 
in a repeated-measures ANOVA with species, water and ori-
gin as fi xed factors, and time as repeated measures. Individuals 
were used as replicates in the analysis. We did not control for 
juveniles coming from the same female. Differences in survival 
among treatments during the 5 days after hatching and during 
the experiment were tested using Chi-square analyses followed 
by the Marascuilo (1966) procedure, which allows comparison 
of all possible pairs of proportions.

Field sampling

To examine growth rate and fecundity in situ, amphipods were 
collected from the two sites on the south shore and the two sites 
on the north shore on July 17–18 and August 7–8, 2008. Am-
phipods were collected using a variety of methods: Plastic trays 
(21 cm width, 34 cm length, 12 cm depth) fi lled to the brim with 
cobble and nylon mesh (1 × 1 m) attached to bricks were de-
ployed at each site at 0.5–1 m depths and left undisturbed for 
3 weeks to be colonized by amphipods. Rocks were also col-
lected from each site on the sampling date in order to collect 
a minimum of 300 individuals per species per site. As all size 
classes of both species were collected using these methods, it is 
unlikely that differences in sampling techniques between sites 
may have affected the results. In the lab, all amphipods were 

Fig. 1. Sites for collection of amphi-
pods and sampling of water chemistry.
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stored in 70 % alcohol and later identifi ed to species. The total 
straight length of each individual (from the tip of the rostrum 
to the base of the telson) of all E. ischnus and subsamples of 
ca. 300 G. fasciatus per site was measured using a stereo mi-
croscope with an eye-piece micrometer. Individuals of lengths 
below 2.4 mm were not included in the study because species 
identifi cation characters were not fully developed (although E. 
ischnus uropods are generally quite distinct, the inner rami on 
newly hatched G. fasciatus are diffi cult to discern). Females 
were identifi ed by the presence of brood plates, and males by 
the presence of genital papillae. G. fasciatus individuals larger 
than 5.3 mm and E. ischnus individuals larger than 4.5 mm were 
classifi ed as adults, based on the size of the smallest ovigerous 
female found in the samples. Females carrying eggs or hatched 
juveniles in their brood pouches were recorded as gravid. The 
number of eggs per female was counted only if all eggs in the 
brood were intact (i.e. none had hatched). Our data on fecundity 
compared with data collected in 1996 at sites in Lake Erie and 
western Lake Ontario (Dermott et al. 1998), where conductivity 
and calcium concentrations are relatively high (conductivity: 
234–290 µS/cm, and calcium 30–38 mg/L; R. Dermott, Great 
Lakes Laboratory for Fisheries, Burlington, Ontario, pers. 
comm.).

Storage in alcohol may cause reductions in the weight and 
size of aquatic invertebrates (Lasenby et al. 1994, Black & 
Dodson 2003, Wetzel et al. 2005), but this is unlikely to have 
biased our length measurements because all of the specimens 
we collected were measured consistently after a time interval of 
approximately 4 weeks since preservation.

The size-specifi c fecundity of females was analyzed in AN-
COVAs with body length as the covariate, site as a fi xed factor 
and the number of eggs per female as the dependent variable. 
Egg numbers were square-root transformed to meet the as-
sumption of homogeneity of variances. Each species was ana-
lyzed separately. Where slopes were heterogenous, the Wilcox 
procedure was used to identify ranges of the covariate for which 
the group means were signifi cantly different (signifi cance lev-
el p < 0.05). The partial fecundity index, defi ned as the mean 
brood size/female size, was also estimated for each species at 
the different sites and compared in one-way ANOVAs followed 
by Tukey’s post-hoc test (Grabowski et al. 2007). Differences in 
the partial fecundity index of the two species at the sites where 
they co-occur were tested in independent samples t-tests with 
Bonferroni correction. The size of males and females at the dif-
ferent sites were also compared in independent samples t-tests 
with Bonferroni correction. Deviation of the sex ratio from 1:1 
was tested in a binomial test. Differences in the proportion of 
ovigerous individuals among adult females at the different sites 
were tested using Chi-square analyses followed by the Maras-
cuilo procedure.

To estimate growth rate in the fi eld, cohorts were followed 
between sampling dates. Cohorts were identifi ed by Bhattach-
arya’s (1967) method, using the software FiSAT II. Differences 
in growth rate between sites were tested in a one-way ANOVA 
(G. fasciatus) or an independent samples t-test (E. ischnus).

Results

Conductivity remained high and fl uctuated less 
throughout the season at the south shore sites (283–
297.5 µS/cm at Chateauguay West and 281.0–298.0 µS/

cm at Chateauguay East) than at the north shore (85–
230.5 µS/cm at Valois Bay and 90.9–202.7 µS/cm at 
Lachine; Fig. 2). The calcium concentration was also 
higher at the south shore, but its fl uctuations were of 
similar magnitude on both shores (28.4–38.8 mg/L 
and 27.2–40.8 mg/L at Chateauguay West and East, 
respectively, and 11.8–24.4 mg/L and 10.4–25.4 mg/L 
at Valois Bay and Lachine, respectively). Temporal 
variation in calcium concentration and conductance 
were positively correlated at the north shore sites (Val-
ois Bay: p = 0.010, R2 = 0.59, F1,9 = 11.43, Lachine: p = 
0.017, R2 = 0.53, F1,9 = 8.99), but negatively correlated 
at Chateauguay West (p = 0.016, R2 = 0.54, F1,9 = 9.30), 
whereas there was no correlation at Chateauguay East 
(NS; Fig. 3).

Laboratory experiment

The eggs of both species hatched successfully to pro-
duce viable offspring in all three types of water. G. 
fasciatus juveniles hatched 8–10 days and E. ischnus 
juveniles hatched after 9–11 days, following fertiliza-
tion. Juvenile E. ischnus suffered higher mortality in 

Fig. 2. Variation in conductivity (A) and calcium concentration 
(B) in Chateauguay West (fi lled circles) and East (open circles) 
on the south shore, and Valois Bay (fi lled triangles) and Lachine 
(open triangles) on the north shore of Lake St. Louis.
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LC water during the acclimatization period (the fi rst 
5 days after hatching), with a survival of only 61 %, 
compared to 83 % and 89 % in the HC and IC treat-
ments, respectively (χ2 = 11.8, df = 2, p = 0.002). By 
contrast, G. fasciatus survival was similar across treat-
ments, 81–92 % (NS). Throughout the experiment, 
the number of dead individuals increased gradually. 
After two weeks, mortality of E. ischnus in LC water 
was higher (> 50 %) than in the other treatments (HC-
10 % and IC-20 %), while mortality of G. fasciatus 
was relatively low (17–30 %) in all treatments. After 6 

weeks, survival differed among treatments for E. isch-
nus (χ2 = 20.40, df = 2, p < 0.0001; Fig. 4a), whereas 
G. fasciatus survival did not differ among treatments 
(χ2 = 2.83, df=3, NS; Fig. 4b). The survival of E. isch-
nus was signifi cantly lower (p < 0.05) at LC (20 %) 
than at IC (60 %) and HC (77 %), while there was no 
signifi cant difference in mortality at IC and HC.

Similarly, the growth (change in head length 
as a function of time) of E. ischnus (Fig. 5a) dif-
fered between treatments (rmANOVA, F2.44 = 13.08, 
p < 0.001), being lower at LC than at IC and HC 
(p< 0.001), although there was no difference be-
tween IC and HC (Tukey’s post-hoc, p = 0.75). The 
growth of G. fasciatus also varied across treatments (p 
< 0.001, F3.65 = 20.77, Fig. 5b); its growth in both LC-
treatments was lower than in HC and IC treatments (p 
≤ 0.001), but there was no signifi cant difference be-
tween the two LC treatments or between IC and HC 
treatments. Using the total length after 6 weeks in a 

Fig. 3. Relationship between calcium concentration and con-
ductivity at the sample sites on the north shore (Valois Bay 
– fi lled triangles and Lachine – open triangles) and the south 
shore (Chateauguay East – open circles and Chateauguay West 
– closed circles) of Lake St. Louis. In Valois Bay (dashed line) 
and Lachine (dotted line) the relationship was positive, while it 
was negative in Chateauguay West (solid line).

Fig. 4. Survival of E. ischnus (a) and G. fasciatus (b) from the north shore (NS) and the south shore (SS) in water of low (LC), 
intermediate (IC) and high conductivity (HC).

Table 1. Specifi c growth rate (% length increase/day) of native 
and exotic amphipods exposed to water with high, intermediate 
and low conductivity in the laboratory.

Specifi c growth rate

Species Treatment 0 – 2 wks 2 – 4 wks 4 – 6 wks

E. ischnus HC 2.1 1.1 0.7
IC 1.2 1.1 1.4
LC 0.8 0.8 0.7

G. fasciatus HC 3.1 2.5 1.9
IC 2.7 2.0 2.3
LC 2.0 2.1 2.0
LC-LC 2.3 1.4 1.7
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one-way ANOVA gave identical results. The specifi c 
growth rate of both species decreased with increas-
ing age (F2,116 = 18, p < 0.001) (as has been observed 
for other amphipods; Piscart et al. 2003), increased 

with conductivity (F2,116 = 14.33, p < 0.001), and was 
higher for G. fasciatus than E. ischnus in all treatments 
(F1,116 = 341.31, p < 0.001; Table 1). There was no ef-
fect of origin (F1,116 = 0.58, NS).

Fig. 5. Growth rate of E. ischnus (a) and G. fasciatus (b) from the north shore (NS) and the south shore (SS) in water of low (LC), 
intermediate (IC) and high conductivity (HC).

Table 2. Analysis of size-specifi c fecundity of E. ischnus and G. fasciatus.

Size-specifi c fecundity

E. ischnus
Linear regression
Site N     F (df)    P R2 Equation
Chateauguay W  46  25.495 (1,45) < 0.001 0.37 y= –1.399 + 0.664 * female length
Chateauguay E  56  37.916 (1.55) < 0.001 0.41 y= –1.203 + 0.637 * female length 
Valois Bay   6 > 0.05
Lower Great Lakes  55  91.069 (1,54) < 0.001 0.63 y= –1.952 + 0.748 * female length 

ANCOVA
Independent variables df     F    P
Site   2   0.273   0.761
female length   1 139.825 < 0.001
Total 157

G. fasciatus
Linear regression
Site N     F (df)    P R2 Equation
Chateauguay W  50  65.617 (1,49) < 0.001 0.58 y= –1.816 + 0.720 * female length
Chateauguay E  50  78.080 (1,49) < 0.001 0.62 y= –2.403 + 0.824 * female length
Valois Bay  53   8.665 (1,52)   0.005 0.15 y= –0.30  + 0.393 * female length
Lachine  49  22.375 (1,48) < 0.001 0.32 y= –2.976 + 0.880 * female length
Lower Great Lakes  42 134.178 (1,41) < 0.001 0.77 y= –0.871 + 0.641 * female length

ANCOVA
Independent variables df     F    P
Site   4   2.336   0.056
female length   1 180.653 < 0.001
Interaction site * fem lgth   4   2.528   0.041
Total 244



255Effect of conductivity on amphipod life history traits

Field sampling

Fecundity

The size-specifi c fecundity of E. ischnus did not differ 
among the HC sites and the lower Great Lakes (Fig. 6a, 
Table 2). Too few gravid females were found in Valois 
Bay to allow a statistical comparison of both sides of 
the river; however, the size-specifi c fecundity of the 
few females found in Valois Bay was within the same 
range as the other samples (Fig. 6a). By contrast, the 
size-specifi c fecundity of G. fasciatus differed among 
sites (i.e. there was an interaction between site and 
female length; Table 2). Large G. fasciatus females 
were less fecund in Valois Bay than at the other four 
sites (Fig. 6b); these differences were signifi cant for 
individuals of length > 7.3 mm at Lachine, > 6.5 mm 
at Chateauguay East, > 6.7 mm at Chateauguay West, 
and > 5.8 mm in the lower Great Lakes. In addition, 
smaller females in the lower Great Lakes were more 
fecund than those in Lachine (< 7.0 mm) and Chateau-
guay West (< 7.3 mm). The highest number of eggs re-

corded in gravid G. fasciatus females at the different 
sites were 17 (Valois Bay), 30 (Lachine), 24 (Chateau-
guay West) and 30 (Chateauguay East). For E. ischnus 
females, the highest number of eggs ranged from 12 at 
Valois Bay to 19 at Chateauguay East.

The partial fecundity index of E. ischnus was not 
signifi cantly different between sites (F3,162 = 0.2, N. S., 
Table 3). The partial fecundity of G. fasciatus differed 
between sites (F4,243 = 11.1, p < 0.001), and was higher 
in the lower Great Lakes than at all sites in Lake St 
Louis (p ≤ 0.001), except for Chateauguay East (NS), 

Fig. 6. Size-specifi c fecundity of E. ischnus (a) and G. fasciatus (b) at the different sampling sites.

Table 3. Partial fecundity index (mean brood size/female size).

Partial fecundity 
index (mean ± SE) G. fasciatus E. ischnus

Lachine 1.41 ± 0.10 N. A.
Valois 1.10 ± 0.07 1.20 ± 0.23
Chateauguay 1.60 ± 0.09 1.16 ± 0.07
Peninsula 1.33 ± 0.06 1.13 ± 0.08
Lower Great Lakes 1.93 ± 0.13 1.21 ± 0.08

Table 4. Size at the onset of reproduction and of the largest females and males found.

Species Site Smallest size at 
female sexual 
maturity (mm)

Largest 
male

Largest 
female

E. ischnus Chateauguay W 4.6 9.6 7.8
Chateauguay E 4.7 10.7 8.1
Valois Bay 5.8 8.3 7.9

G. fasciatus Chateauguay W 5.4 11.9 8.9
Chateauguay E 5.5 17.0 9.2
Valois Bay 5.4 10.9 10.7
Lachine 5.5 10.7 8.9
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and was higher in Chateauguay East than in Valois 
Bay (p = 0.001). The partial fecundity of G. fasciatus 
was higher than that of E. ischnus at only two sites: 
the lower Great Lakes and Chateauguay East (t95 = 5.1, 
p < 0.001 and t104 = 3.8, p < 0.001, respectively). At the 
other sites, the partial fecundity of the two species did 
not differ signifi cantly.

E. ischnus generally began reproducing at a smaller 
size than G. fasciatus (Table 4). In both species, males 
were generally larger than females (t-tests, p < 0.01, 
unequal variances assumed), with the exception of 
E. ischnus at Valois Bay. The larger size classes were 
comprised almost entirely of males.

Table 5. Sex ratio in the adult population tested against a ratio of 1:1.

Proportion Sex ratio
(f/m)

Binomial tests
p (sex ratio)Site N gravid females nongravid females males

G. fasciatus
Chateauguay W 544 0.414 0.112 0.474 1.109 ns
Chateauguay E 385 0.317 0.119 0.564 0.774 0.0072
Valois Bay 480 0.300 0.215 0.485 1.060 ns
Lachine 511 0.358 0.174 0.468 1.138 ns

E. ischnus
Chateauguay W 249 0.289 0.193 0.518 0.930 ns
Chateauguay E 289 0.253 0.197 0.550 0.818 0.0497
Valois Bay 26 0.231 0.231 0.538 0.857 ns

Table 6. Mean cohort length and growth between sampling dates for E. ischnus and G. fasciatus.

South shore G. fasciatus E. ischnus

Site TL (mm) Size increase TL (mm) Size increase

July 18 Aug 8 Absolute 
(mm)

Relative 
(%)

Daily 
(%)

July 18 Aug 8 Absolute 
(mm)

Relative 
(%)

Daily 
(%)

Chateauguay W  2.80  3.85 1.05 38 1.53 3.0
 6.63 3.12 4.84 1.72 55 2.11

 6.38  9.02 2.64 41 1.66 4.91 6.67 1.76 36 1.47
 8.66 6.16

Chateauguay E  3.70  4.62 0.92 25 1.06 2.90
 4.86  6.70 1.84 38 1.54 3.40 5.00 1.60 47 1.85
 6.35  8.99 2.64 42 1.67 4.85 7.21 2.36 49 1.91
 8.19 10.62 2.43 30 1.24 6.55
11.44

North shore G. fasciatus E. ischnus

TL (mm) Size increase TL (mm) Size increase

July 17 Aug 7 Absolute 
(mm)

Relative 
(%)

Daily 
(%)

July 17 Aug 7 Absolute 
(mm)

Relative 
(%)

Daily 
(%)

Valois Bay  2.96
 3.40

 6.07
 6.58  8.18 1.60 24 1.04 3.80 4.80 1.00 26 1.12
 8.35 6.12
10.22

Lachine  3.37
 3.33  4.98 1.65 50 1.93
 4.66  6.73 2.07 44 1.77
 6.27  8.65 2.38 38 1.54
 7.34
 8.78
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Fig. 7. Size distribution of G. fasciatus at the four sampling sites in July and August 2008.
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Sex ratio and proportion of ovigerous females

Populations of both species were dominated by males 
at one site (Chateauguay East), but the sex ratio was 
not signifi cantly different from unity at the other sites 
(Table 5). The proportion of ovigerous individuals 
among adult G. fasciatus females varied across sites 
(χ2 = 27.232, df =3, p < 0.0001), differing between 
Chateauguay West (79 %) and the two sites on the 
north shore (Valois Bay 58 %, and Lachine 67 %), and 
between Chateauguay East (73 %) and Valois Bay. 
There was no signifi cant difference between sites on 

the same shore. By contrast, the proportion of oviger-
ous adult females of E. ischnus did not differ among 
sites (χ2 = 0.678, df = 2, NS), and was 60 % at Cha-
teauguay West, 56 % at Chateauguay East, and 50 % 
at Valois Bay.

Growth rate in the fi eld

There was no difference in growth rate between sites 
(G. fasciatus: F2,8 = 2.28, NS; E. ischnus: t = –0.27, 
NS). The growth rate of E. ischnus appeared lower 
at Valois Bay (1.1 %) than at the two HC sites (1.5–

Fig. 8. Size distribution of E. ischnus at the three sampling sites in 2008
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2.1 %), but the small number of individuals found at 
the site makes the estimate uncertain. For both species, 
it was possible to identify and follow multiple cohorts 
from the fi rst to the second sampling dates (Figs 7 and 
8, Table 6). During this time period, conductivities at 
Valois Bay and Lachine varied from 103–153 µS/cm 
and 112–130 µS/cm (and [Ca2+] was 15–21 mg/L and 
15–17 mg/L), respectively. For G. fasciatus, 2 and 4 
cohorts were followed in Chateauguay West and East 
respectively, 3 cohorts in Lachine, and only one cohort 
in Valois Bay. For E. ischnus, two cohorts were fol-
lowed at each of the HC sites, and one cohort in Valois 
Bay.

Discussion

Growth experiment in the laboratory

Low conductivity appears to be stressful to native and 
exotic amphipods, as it resulted in reduced growth rate 
for both species in our laboratory experiments. How-
ever, it has a stronger negative effect on the invader, 
which suffered higher mortality. The pattern of mortal-
ity is similar to what was observed for Gammarus pseu-
dolimnaeus along a calcium gradient (Zehmer et al. 
2002). In that study, although general osmoregulatory 
failure did not prevent intermoult G. pseudolimnaeus 
from living in water with low Ca-levels, animals died 
quickly as they moulted, resulting in a gradual increase 
in mortality as moulting was not synchronized within 
the population (Zehmer et al. 2002). The loss of the ex-
oskeleton during moulting exacerbates osmotic stress 
as the permeability to water increases, and the infl ux 
of water is higher for animals in a medium with lower 
concentrations of dissolved ions (Lockwood & Inman 
1973). Surprisingly, G. fasciatus individuals from the 
north shore were not more tolerant to low conductivity 
than those from the south shore, suggesting no local 
adaptation of G. fasciatus to low conductivity.

In the laboratory experiment, the specifi c growth 
rate of E. ischnus was lower than that of G. fasciatus in 
all treatments. The specifi c growth rate of G. fasciatus 
was higher than what has been recorded for other spe-
cies of freshwater amphipods at similar temperatures 
and comparable to that recorded for Dikerogammarus 
villosus (1.6–2.6 for males, 1.7–2.3 for females) – an-
other Ponto-Caspian amphipod that has successfully 
invaded European inland waters (Piscart et al. 2003). 
In the laboratory, the growth rate of E. ischnus was as 
high as that of G. fasciatus only among newly hatched 
individuals in favourable conditions (i.e. HC). In the 

fi eld, we found no clear differences in the growth rate 
of G. fasciatus across sites. It was not possible to com-
pare the growth rates of E. ischnus at both shores of 
the lake as it was found in very low abundances at one 
site on the north shore, and absent from another site 
where it had been recorded previously (Palmer & Ric-
ciardi 2004). However, our laboratory results indicate 
that the growth rate of the native amphipod is higher 
than that of the exotic amphipod, contrary to the popu-
lar assumption that invasive species exhibit more rapid 
growth than closely-related native species (Piscart et 
al. 2003).

Sex ratio and fecundity in the fi eld

The sex ratios of both species were in accordance with 
previous records from other regions. Previous studies 
found the sex ratio to be dominated by males (e.g. G. 
fasciatus in Lake Erie; Clemens 1950) or to fl uctu-
ate in dominance between genders (e.g. E. ischnus in 
Lichenskie Lake, Poland; Konopacka & Jesionowska 
1995). E. ischnus females started reproducing at a 
smaller size than G. fasciatus, regardless of the water 
chemistry. The size-specifi c fecundity of G. fascia-
tus was more variable across sites than of E. ischnus, 
and was lower at Valois Bay than in the lower Great 
Lakes. E. ischnus size-specifi c fecundity did not dif-
fer between the sites with high conductivity and the 
lower Great Lakes. The smallest maximal brood size 
of both species was recorded at Valois Bay. The varia-
tion in fecundity across sites appears not to depend on 
conductivity, as the sites on the north shore followed 
different patterns.

Few studies have examined the relationship be-
tween water chemistry and brood size. Arnér & 
Koivisto (1993) observed that the size-specifi c fecun-
dity of the cladoceran Daphnia magna peaked at 4 ‰, 
whereas Glazier et al. (1992) found no relationship in 
a study of Gammarus minus across a wide range of 
calcium and conductivity (5–72 mg/L and 36–424 µS/
cm). Alcaraz and Garcia-Berthou (2007) measured an 
increase in reproductive investment of the mosquitofi sh 
(Gambusia holbrooki) in more stressful environments. 
In our study, the partial fecundity of E. ischnus did 
not differ between sites and, unexpectedly, was much 
lower in our study system (1.13–1.21) than in central 
Europe (2.21; Grabowski et al. 2007). Our results thus 
contrast the observed European pattern of exotic am-
phipods having a higher partial fecundity than native 
amphipods (Grabowski et al. 2007, Pöckl 2007).

The majority of the females of both species were 
gravid, the exception being E. ischnus in Valois Bay, 
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where only 50 % of the females carried eggs. The pro-
portion of G. fasciatus females carrying eggs was also 
lowest in Valois Bay. Thus, Valois Bay may be more 
stressful for G. fasciatus than the other sites for rea-
sons unrelated to conductivity. The lack of relation-
ship between water chemistry and the percentage of 
ovigerous females of gammarid amphipods is consist-
ent with other studies (Glazier et al. 1992).

Infl uence of conductivity on life history of 
amphipods

There is very limited published information on the 
conductivity and calcium requirements of G. fascia-
tus and E. ischnus, even though the tolerance of G. 
fasciatus to other abiotic factors such as tempera-
ture and oxygen has been examined (e.g. Sprague 
1963, Thibault & Couture 1982). Creaser (1935) re-
corded the presence of G. fasciatus in a West Virginia 
stream at a calcium concentration of 10.8 mg/L and 
its absence downstream at a calcium concentration of 
4 mg/L. The recorded levels of calcium along the north 
shore in our survey (minimum [Ca2+] = 10.4 mg/L) are 
therefore within the known tolerance range of G. fas-
ciatus. Moreover, this species was found at all sites on 
both shores in this study as well as in a previous survey 
(Palmer & Ricciardi 2004). While our lab experiment 
suggests that a conductivity and calcium concentra-
tion of 108 µS/cm and 17 mg/L, respectively, result 
in high mortality of juvenile E. ischnus, the species 
was present at low abundance at Valois Bay when con-
ductivity was 102.7 µS/cm. This species may tolerate 
short exposure to low conductivity, but is weakened in 
this environment. Previously, we found that E. ischnus 
survived well with conspecifi cs in enclosures in situ 
at conductivities of 169–177 µS/cm and calcium levels 
of 21–27 mg/L, but was vulnerable to intraguild preda-
tion from G. fasciatus (Kestrup & Ricciardi 2009).

The populations of E. ischnus along the north shore 
of Lake St. Louis are not persistent (this study; Palmer 
& Ricciardi 2004); individuals are found there only 
occasionally and at low abundances. The presence of 
juveniles and ovigerous females in our study and in 
archived samples (Palmer & Ricciardi 2004) suggests 
that either E. ischnus establishes reproducing popula-
tions infrequently along the north shore, or these are 
sink populations of individuals dispersed from sites 
upstream where E. ischnus are abundant (e.g. Point-
du Moulin on Ile Perrot). Its intolerance to low con-
ductivity is the most probable reason why E. ischnus 
has not established permanent self-sustaining popu-
lations along the north shore. Conductivity regularly 

fl uctuates to levels near 100 µS/cm, which results in 
increased mortality among juveniles, whereas adult 
individuals generally are more tolerant to unfavour-
able conditions (Berezina & Panov 2004, Bravo et 
al. 2007, Roche et al. 2009). E. ischnus may be able 
to survive exposure to low conductivity water during 
intermoult periods, but suffers higher mortality when 
moulting (Zehmer et al. 2002). In addition to mortality 
caused by osmotic stress, crustaceans are also more 
vulnerable to predation during this period (Bailey et 
al. 2006). Our study covered only a 5-month period 
during the summer, and it is possible that it omitted 
periods in which the lowest values of conductivity 
and calcium occurred. While there are no long-term 
data series of these parameters in Lake St Louis, daily 
measurements throughout 2007 of the conductivity 
in the Ottawa River at Carillon show fl uctuations be-
tween 69–152 µS/cm, with the periods with the lowest 
values occurring in February–March (69 µS/cm) and 
June-July (65 µS/cm). If these periods coincide with 
periods of high infl ux into Lake St Louis, it is possible 
that the conductivity along the north shore can be even 
lower than 100 µS/cm (Myriam Rondeau, Environ-
ment Canada, unpubl. data).

The physiological tolerance of an invader is a ma-
jor determinant of the potential range it can invade, 
as shown for amphipods (Wijnhoven et al. 2003, Be-
rezina & Panov 2004), cladocerans (Work & Gophen 
1999) and mosquitofi sh (Haynes & Cashner 1995, 
Alcaraz & Garcia-Berthou 2007). However, in order 
to properly assess the tolerance of a species, it is im-
portant to consider multiple life history stages, which 
may respond in a different way to different levels of 
the same factor. An example is a study of the Baika-
lian amphipod Gmeniloides fasciatus in the Gulf of 
Finland, which revealed strong differences in salinity 
tolerance among adults, juveniles and embryos that 
limit the amphipod’s occurrence in brackish waters 
(Berezina & Panov 2004). Thus, despite a broader tol-
erance of many invaders to abiotic factors, some eury-
haline species are less tolerant than native freshwater 
species to low conductivity and salinity (Wijnhoven et 
al. 2003, Jokela & Ricciardi 2008). Ion-poor environ-
ments may therefore constrain the spread and impact 
of these euryhaline invaders.

Conclusions

Conductivity infl uences the growth and survival of 
amphipods, but has no strong infl uence on their size-
specifi c fecundity and size at reproduction. Although 
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its tolerance to a wide range of salinities has allowed 
E. ischnus to successfully invade new environments in 
Europe and North America, its survival is diminished 
in areas of low conductivity, which provides an advan-
tage or refuge for native competitors such as G. fascia-
tus in Lake St. Louis.

Human activities (e.g. organic pollution) have 
facilitated some invasions (Jazdzewski et al. 2004, 
MacNeil et al. 2004, Piscart et al. 2005), but declin-
ing calcium levels in northern lakes resulting from 
acidifi cation (Jeziorski et al. 2008) may ultimately ex-
clude invaders with high calcium requirements, such 
as Ponto-Caspian crustaceans. High biotic potential 
(i.e. a strategy for rapid colonization, involving early 
maturation, high number of generations per year and 
high fecundity) is a trait often shared by invaders 
(Devin & Beisel 2007, Grabowski et al. 2007). How-
ever, as pointed out by other authors (Devin & Beisel 
2007, Dick 2008), high biotic potential alone does not 
guarantee successful establishment or dominance fol-
lowing establishment. Indeed, our results show that 
the success and dominance of E. ischnus in the lower 
Great Lakes (Dermott et al. 1998) cannot be attributed 
to greater reproductive ability. Devin & Beisel (2007) 
claim that invasive species exhibit a particular ecologi-
cal profi le (traits related to tolerance to abiotic con-
ditions) rather than a biological one (e.g. life history 
traits such as body size, life span and reproduction). 
However, we believe that a better predictor of the inva-
sion success and relative dominance of amphipods is a 
broad tolerance to the abiotic environment combined 
with being a stronger intraguild predator.
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