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Abstract Ecological impacts of invasive species are

mediated by the environmental characteristics of the

invaded habitats. The invasive round goby Neogobius

melanostomus is a brackish-water adapted invader

with high predatory and competitive impacts on native

communities. We test the hypothesis that both body

mass gain and predation rates of the round goby are

reduced in low-dissolved ion waters in which they can

establish, using calcium (Ca2?) as a focal ion of great

importance to the physiology of aquatic animals.

Round gobies were first acclimated for 36 days on a

diet of shrimp pellets in either high (35 mg L-1) or

low (12 mg L-1) Ca2? concentration [Ca]. We then

assessed the functional response (FR)—the relation-

ship between predation rate and prey supply—of the

round goby from high and low [Ca] on amphipod prey

in either condition. Round gobies in high [Ca]

consumed more pellets during the acclimation period

and gained more mass compared to fish in low-[Ca]

conditions. Functional response experiments revealed

that round gobies at high-[Ca] levels for both

acclimation and FR experiments had the highest

predatory impact, whereas fish in low-[Ca] FR treat-

ments had similarly low predation rates regardless of

acclimation [Ca]. In a second experiment, non-accli-

mated round gobies had a higher FR on mayfly nymph

prey at high [Ca] than fish at low-[Ca] levels. Our

results indicate that the round goby has stronger

ecological impacts in conditions that are more phys-

iologically optimal for the species. Identifying key

physico-chemical factors that mediate impacts of

invaders would help prioritize habitats for manage-

ment attention.

Keywords Context dependence � Environmental

matching � Functional response � Impact � Invasive
species

Introduction

Physico-chemical gradients can dramatically alter the

distribution, abundance and per capita effect (e.g.

individual consumption rate) of invasive species

(Hellmann et al. 2008; Rahel and Olden 2008;Walther

et al. 2009), thereby mediating their impact on native

communities (Parker et al. 1999; Ricciardi et al. 2013).

Invaders have been found to have higher predatory and

competitive impacts when in environmental conditions

for which they are adapted (Dick 1996; MacNeil et al.

2004; Costanzo et al. 2005). For instance, an

J. C. Iacarella � A. Ricciardi (&)

Group for Interuniversity Research in Limnology and

Aquatic Environment, McGill University, Montreal,

QC H3A OC4, Canada

e-mail: tony.ricciardi@mcgill.ca

J. C. Iacarella � A. Ricciardi
Redpath Museum and Department of Biology, McGill

University, 859 Sherbrooke Street West, Montreal,

QC H3A OC4, Canada

123

Biol Invasions (2015) 17:3237–3246

DOI 10.1007/s10530-015-0949-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s10530-015-0949-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10530-015-0949-5&amp;domain=pdf


experimental study of intraguild predation between a

brackish-water adapted invasive amphipod and a

freshwater-adapted native amphipod found that the

invader shifts from being the inferior predator in ion-

poor water to being the superior predator in ion-rich

water (Kestrup and Ricciardi 2009). Similarly, preda-

tion and aggression of the freshwater-adapted invasive

mosquitofish Gambusia affinis have been shown to be

reduced in high salinity (Alcaraz et al. 2008). The

Environmental Matching Hypothesis predicts that the

impacts of an invader—as defined by its per capita

effect and abundance (see Parker et al. 1999)—decline

as habitat conditions move further from its physiolog-

ical optimum (Ricciardi et al. 2013; Iacarella et al.

2015). In support of this hypothesis, a meta-analysis

found that maximal consumptive impacts of invasive

fishes and crustaceans declined as habitat temperatures

moved further from their thermal growth optima

(Iacarella et al. 2015).

Here, we test the Environmental Matching Hypoth-

esis by assessing variation in body mass gain and per

capita effect of an invasive species across contrasting

water chemistries. The round goby Neogobius

melanostomus is a voracious and aggressive Ponto-

Caspian invader with impacts across multiple trophic

levels (reviewed by Kornis et al. 2012). Ponto-Caspian

species are generally euryhaline, owing to their

evolution in a region with a geological history of

extreme salinity fluctuations (Reid and Orlova 2002).

However, round gobies may be unable to establish in

freshwater habitats characterized by calcium (Ca2?)

concentrations (hereafter [Ca])\8 mg L-1 and con-

ductivity\100 lS cm-1 (Baldwin et al. 2012). The

ecological impacts of the round goby may also be

constrained by dissolved ion gradients across its

invaded range.

Analysis of functional response (FR), defined as the

relationship between predation rate and prey supply

(Holling 1959), is an emerging method for explaining

and predicting relative per capita effects of invasive

species (Dick et al. 2014). Functional response

analyses have been used to compare invader impacts

in different abiotic and biotic contexts, such as the

presence of higher-order predators (Barrios-O’Neill

et al. 2014; Paterson et al. 2014), different levels of

habitat complexity (Alexander et al. 2012) and

temperature gradients (Iacarella et al. 2015). Maxi-

mum feeding rate is a physiologically-dependent

parameter of FR (indicated by the asymptote of the

FR curve) and is the inverse of the time required to

handle and digest a prey item (Holling 1959, 1966;

Jeschke et al. 2002). Functional response serves as a

metric of per capita effect that can be used to identify

environmental conditions in which an invader has its

highest potential impact (Dick et al. 2014; Iacarella

et al. 2015).

We assessed the effect of two dissolved ion levels

on body mass gain and per capita predation rates of

round gobies. We focused our study on the round

goby, as it and other Ponto-Caspian invaders have

been shown to be physiologically influenced by [Ca]

gradients; we expect that freshwater-adapted invaders

will not be similarly affected (see ‘‘Discussion’’). As

such, we encourage further tests of the Environmental

Matching Hypothesis on species with different evolu-

tionary histories. In addition, we use [Ca] as our metric

of dissolved ionic strength, given that it is a key

element that can limit growth of freshwater animals

(Hunn 1985; Wheatly 1999) and is well-correlated

with conductivity (Kestrup and Ricciardi 2010). We

first acclimated fish in high and low [Ca] and then

measured their FR in both [Ca] conditions. In a second

set of experiments, we measured the FR of non-

acclimated round gobies to (1) verify responses to high

and low [Ca] using size-matched fish without any

potential effects of acclimation conditions, and (2)

determine the generality of the response to [Ca] on a

different prey item. We predicted a relative match

between greater increases in body mass and higher

predation rates of round gobies (the Environmental

Matching Hypothesis; Ricciardi et al. 2013; Iacarella

et al. 2015), and that both these variables would be

highest in ion-rich waters for which the species is

adapted (Reid and Orlova 2002; Brandner et al. 2013).

Methods

Acclimation and holding period: data collection

Round gobies were collected from Melocheville

(45.3192�N, 73.9278�W) and Chateauguay

(45.3356�N, 73.8183�W) along the St. Lawrence

River in June 2014, and river water was collected

throughout the summer from Chateauguay. Water

conditions in this area represent high-[Ca] conditions,

with [Ca] ranging from 32 to 35 mg L-1, conductivity

from 276 to 294 lS cm-1 and pH from 8.5 to 8.9
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(Kestrup and Ricciardi 2009). Upon collection, we

measured the mass of the fish, but not length, because

mass is more directly related to consumption potential,

and we wished to minimize handling of the fish.

Previous length-weight relationships of round gobies

collected from Chateauguay (unpublished data, J.C.I.)

yielded estimates of initial total lengths of 43–58 mm.

At this size, round gobies feed primarily on macroin-

vertebrates, including amphipods and mayfly nymphs

(French and Jude 2001; Campbell et al. 2009). The

invasion of round gobies in the St. Lawrence River is

correlated with reduced diversity and biomass of

macroinvertebrates, attributed to goby predation

(Kipp and Ricciardi 2012).

Round gobies were acclimated at high- and low-

[Ca] levels for 36 days, and were maintained for an

additional 20 days during and after their use in FR

experiments. During all acclimation and holding

periods, fish were kept in a single row of 70 L opaque,

plastic mesocosms outdoors and were shaded with

high-density polyethylene agricultural shade cloth.

Fish were first held in a 50:50 mix of river and de-

chlorinated tap water for 2 days and were then tagged

for identification with green or orange visible implant

elastomer (VIE; Northwest Marine Technology) in the

caudal peduncle. Fish were held for an additional

2 days to reduce stress, prior to placement in accli-

mation conditions. VIE does not affect fish growth

(Malone et al. 1999; Olsen and Vollestad 2001;

Astorga et al. 2005), and no fish died or appeared

injured after tagging.

Acclimation mesocosms were prepared with the

same 50:50 mix of river and tap water, and each

stocked with five rocks, three PVC tubes (9.5 cm 9

5 cm) and two bunches of eelgrass, replenished

biweekly, for habitat structure and shelter. Mesocosms

were randomly assigned to high- or low-[Ca] levels,

with 23 of each, and on the first day of the acclimation

period, 28 L of water from low-[Ca] mesocosms were

replaced with deionized water to establish low-[Ca]

conditions. The submerged mass of each fish was then

measured (1.6 ± 0.1 g, ±1 SE) and individuals were

randomly assigned to each mesocosm, with 1 each of

orange- and green-tagged fish per mesocosm.

A 30–50 % water change and cleaning of the

mesocosms were conducted weekly, with newly col-

lected river water added biweekly. The same amount of

river water was added to each mesocosm with a

measured amount of de-chlorinated tap water and

deionized water to maintain high- and low-[Ca] condi-

tions, respectively.Calciumconcentrationwasmeasured

at least once a week using a combination ion selective

electrode (Cole Parmer, #RK-27504-06).Dissolved [Ca]

supplement (Aquavitro) was added to high-[Ca] meso-

cosms a total of three times owing to reduced [Ca] from

heavy rainfall. Calcium concentrations throughout the

holding period were 35.1 mg L-1 (±0.6 mg L-1; con-

ductivity: 275.2 ± 5.0 lS cm-1) in high-[Ca] meso-

cosms and 12.0 mg L-1 (±0.1 mg L-1; conductivity:

109.4 ± 1.3 lS cm-1) in low-[Ca] mesocosms.

Other soluble water components, particularly ions,

differed between high and low [Ca] treatments owing

to our dilution design. However, [Ca] is a keymediator

of fish growth and function, and is especially limiting

for brackish-water adapted Ponto-Caspian invaders

(see ‘‘Discussion’’). Another method to assess perfor-

mance across ionic concentrations is to use water

obtained from different locations (e.g. Kestrup and

Ricciardi 2010; Baldwin et al. 2012). We chose to use

a dilution design to keep the proportion of all soluble

water components the same.

Water temperatures of all mesocosms were

recorded on 9 days throughout the holding period; a

preliminary test confirmed that round gobies in high-

and low-[Ca] mesocosms were not differentially

influenced by temperature (linear mixed-effects model

with random effect of mesocosm compared to random

effect only model, analysis of variance (ANOVA) Chi

square test, v2 = 0.03, p[ 0.10). A temperature

logger (Hobo Water Temp Pro V2) was also attached

at mid-water level in a middle mesocosm to record

daily fluctuations in water temperature; temperatures

ranged from 16.2 to 28.7 �C, with an average of

21.3 �C.
The feeding regime was modified throughout the

acclimation period based on the amount eaten by the

fish and waste levels in the mesocosms. Round gobies

were fed sinking shrimp pellets (Nutrafin) daily, with

the exception of 3 days distributed over the acclima-

tion period when they were not fed. For the first

10 days, fish were given only one pellet each to

prevent ammonia build-up. Feeding was then

increased to 2–4 pellets/fish (the same amount always

provided in each mesocosm) for the next 19 days.

During this time, the amount eaten in each mesocosm

was recorded by counting the pellets that were

removed before each subsequent feeding and on

mesocosm maintenance days; partially eaten pellets
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were visually estimated to the nearest half pellet. Fish

were each provided with one pellet daily for the

remainder of the time spent in mesocosms. Fish were

reweighed before FR experiments began (after

36 days of acclimation) and again 10 days after

completion of all FR trials, with 56 days of holding

at high- and low-[Ca] levels. Two fish died after

20 days of acclimation in low-[Ca] mesocosms; the

remaining fish in these two mesocosms were not used

for any analysis.

Functional response experiments I: acclimated

round gobies

The FRs of round gobies in high- and low-[Ca]

acclimation treatments were measured using live

native amphipods (Gammarus fasciatus) as prey in

high- and low-[Ca] conditions. Water was premixed in

98.4 L bins with river water poured over a 63 lm
Nitex mesh filter held between two 1 mm sieves to

exclude debris. Deionized water was then added to

obtain low [Ca] (10.4 ± 0.2 mg L-1); no water was

added for high [Ca] (31.8 ± 1.5 mg L-1). Functional

response experiments were conducted in a climate-

controlled room (16.8 �C) in 18.9 L glass aquaria with

800 cm3 of gravel, one PVC tube and 6 L of aerated

water. Fish were randomly assigned to the [Ca] at

which they would be tested and to a prey density of 2,

3, 5, 10, 20 and 30; amphipods (6.8 ± 0.2 mm) were

collected from Parc René-Lévesque, Lake Saint-

Louis, St. Lawrence River (45.4281�N, 73.6811�W).

Fish were placed individually in experimental aquaria

and starved 24 h prior to the start of the experiment.

Prey were introduced into aquaria at 17:00 and

subsequently removed and counted at 09:00 the

following day. All prey densities were replicated three

times. Controls without fish present were run simul-

taneously at the highest prey density in either high- or

low-[Ca] conditions, with two replicates of each, to

ensure prey survival rates of at least 85 %.

Functional response experiment II: non-

acclimated round gobies

A second set of FR experiments were run on non-

acclimated round gobies to assess their response to

high- and low-[Ca] levels without any potential influ-

ence of acclimation conditions, and to make a compar-

ison between size-matched individuals. In addition, we

tested the generality of this predatory response by using

a different prey item of mayfly nymphs (Stenonema

spp.). Both round gobies (1.4 ± 0.0 g) and mayfly

nymphs (7.5 ± 0.3 mm) were collected from Chateau-

guay. Round gobies were collected 6 days prior to

experiments and held in aquaria (12 L river water, 58 L

dechlorinated tap water) with one shrimp pellet/fish

provided daily. In the FR experiments, fish were

provided with prey densities of 2, 3, 5, 10, 15 and 20,

whereas all other protocol remained the same. During

the experiments, some mayfly nymphs emerged from

the water as sub-imago forms; these were counted as

prey that were not eaten. One control each of high- and

low-[Ca] conditions were run simultaneously, with a

minimum of 90 % of the mayfly nymphs surviving and

remaining in nymph form.

Data analysis

We assessed the amount of shrimp pellets eaten during

acclimation, as well as change in body mass of the

round gobies over the duration of the holding period.

The total amount of pellets eaten out of the amount

provided was compared between high- and low-[Ca]

levels from acclimation days 10–28 using a general-

ized linear model (GLM) with a binomial distribution.

Change in submerged mass of round gobies (final–

initial mass) was compared between fish that had only

been placed in high-[Ca] conditions (i.e. high-[Ca]

acclimation and FR treatments) and fish only from

low-[Ca] conditions using analysis of variance

(ANOVA). Data were normally distributed (Sha-

piro–Wilk test, W = 0.98, N = 36, p[ 0.58).

For the first series of FR experiments, we used a

GLM with a binomial distribution to determine the

effect of acclimation [Ca], FR [Ca] and initial prey

density on the amount of amphipod prey eaten by

round gobies. Tukey’s honest significant difference

tests were used for post hoc analysis to compare the

amount of prey eaten between each acclimation and

FR [Ca] combination. We analyzed the second set of

FR experiments using a GLM to assess the effect of FR

[Ca] level and initial prey density on the amount of

mayfly nymph prey eaten by non-acclimated round

gobies. Interaction terms for both models were

reduced using ANOVA Chi square tests to compare

models.

We determined whether the FR was of Type II or

Type III, following the methods of Alexander et al.
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(2012) and Dick et al. (2013). We derived FR types

using logistic regressions of the proportion of prey

consumed as a function of prey density. Functional

response curves were then modeled using maximum

likelihood estimation (bbmle R package; Bolker 2010)

with Rogers’ random predator equation (Rogers 1972)

for Type II curves with non-replacement of prey

(Juliano 2001). This provided estimates of handling

times ‘h’, which were converted to maximum feeding

rates (1 h-1). Our FR experiments allowed for prey

depletion to minimize disturbance during the exper-

iments. Both prey depletion and replacement designs

provide similar estimates of maximum feeding rates

(Alexander et al. 2012).

Results

During the acclimation period, round gobies in high-

[Ca] mesocosms consumed significantly more shrimp

pellets than they did in low-[Ca] mesocosms (GLM,

z43 = -7.30, p\ 0.001) (Fig. 1a). Prior to beginning

the FR experiments, round gobies from high-[Ca]

acclimation tended to have gained more mass than fish

from low [Ca] (ANOVA, F1,42 = 3.34, p = 0.08).

Upon completion of the holding period, round gobies

in high [Ca] for both the acclimation and FR

experiments increased in weight more than those in

low [Ca] (F1,34 = 5.32 = , p = 0.03) (Fig. 1b).

In the first series of FR experiments, high-[Ca]

acclimated fish (GLM, z71 = -2.47, p = 0.01) and

fish in high-[Ca] FR treatments (z71 = -3.50,

p\ 0.001) consumed more amphipod prey than at

low-[Ca] levels, with a tendency for an interaction

between acclimation and FR [Ca] (z71 = 1.87,

p = 0.06) (Fig. 2). High-[Ca] acclimated round gob-

ies in high-[Ca] FR treatments tended to have a higher

predatory impact compared to low-[Ca] acclimated

fish (Tukey’s tests, z = -2.34, p = 0.09) and to fish

from both acclimation conditions in low-[Ca] FR

treatments (p\ 0.01). Fish had similarly low preda-

tion rates when in low-[Ca] FR treatments, regardless

of acclimation (z = 0.20, p[ 0.10). Round gobies

also consumed more at higher prey densities (GLM,

z71 = -8.79, p\ 0.001).
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(a) (b)Fig. 1 a Round gobies

consumed significantly

more shrimp pellets in the

high-[Ca] acclimation

treatment than fish in the

low-[Ca] treatment

(p\ 0.001). bRound gobies
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amphipod prey in high-[Ca] functional response (FR) treatments

after acclimation in high-[Ca] water. Fish in low-[Ca] FR

treatments consumed the least prey, regardless of acclimation

condition
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Non-acclimated, size-matched, round gobies in the

second set of FR experiments also had a higher

predatory impact on mayfly nymphs when in high-

[Ca] FR treatments than fish in low [Ca] (GLM,

z35 = -2.48, p\ 0.01). Prey consumption increased

with the amount of mayfly nymphs provided

(z35 = -4.13, p\ 0.001).

Logistic regressions returned significantly negative

linear coefficients (GLM, p\ 0.05), indicating that all

FRs were of Type II (Table 1; Fig. 3). Both high-[Ca]

acclimated and non-acclimated round gobies had

higher maximum feeding rates in high-[Ca] FR

treatments, whereas low-[Ca] acclimated fish had a

higher maximum feeding rate in low [Ca] (Table 1).

Discussion

Our results demonstrate that round goby body mass

gain and predation rates are reduced at low-dissolved

ion levels in which they can establish, in support of the

Environmental Matching Hypothesis. The effect of

[Ca] and conductivity on the survival of round gobies

has been used to predict their spread and establishment

(Baldwin et al. 2012), whereas our study explains, in

part, spatial variation in impact levels of round gobies

across invaded habitats of differing water chemistry.

Other invasive species have been found to have higher

impacts in physico-chemical conditions for which

they are adapted (i.e. MacNeil et al. 2004; Costanzo

et al. 2005), and temperature has been shown to

mediate inland water fish and crustacean impacts

(Iacarella et al. 2015). By continuing to identify key

abiotic conditions that affect performance and impacts

of invasive species, environmental matching tools can

be extended from spread and establishment (i.e. niche-

based modeling; Peterson 2003; Bomford et al. 2010;

Britton et al. 2010) to impact risk assessments.

Importance of calcium ions for aquatic animal

physiology and ecology

Calcium is a key element influencing fish osmoregu-

lation, growth and other physiological processes

(Hunn 1985). Low-[Ca] levels increase gill perme-

ability to water, reducing the osmotic regulatory

functioning of the gill (Hunn 1985). Round gobies

held at lethal levels of [Ca] and conductivity

(\2 mg L-1, \42 lS cm-1, respectively) increase

ventilation rates, and ventilate with larger volumes

of water; their survival increases along a dissolved ion

gradient, up to an asymptote near 20 mg L-1 [Ca]

(Baldwin et al. 2012). We believe that our body mass

gain and predation measurements at high [Ca] repre-

sent a threshold response, as has been demonstrated

for round goby survival (Baldwin et al. 2012) and

other Ponto-Caspian invaders mediated by [Ca] (Jones

and Ricciardi 2005; Jokela and Ricciardi 2008).

For some fish species, growth is aided more by

absorption of dissolved calcium ions than by calcium

taken up through feeding (Berg 1970; Hunn 1985; Flik

et al. 1986). Food provided during both acclimation

and FR experiments contained calcium from crus-

taceans. However, round gobies that were acclimated

in low [Ca] appeared to have a weakened condition, as

they ate less and gained less mass throughout the

acclimation period, and they had a reduced response to

high- versus low-[Ca] FR treatments. Though low-

[Ca] acclimated fish tended to eat more overall in

high-[Ca] FR treatments, they had a higher maximum

Table 1 Functional responses (FR) of round gobies in high and low acclimation and FR calcium concentrations ([Ca]), fitted using

logistic regressions and modeled with Roger’s random predator equation for non-replacement of prey

Acclimation [Ca] FR [Ca] First order term, p value 1 h-1 p value

High High -0.07,\0.001 15.7 \0.001

High Low -0.06,\0.001 11.4 \0.001

Low High -0.08,\0.001 7.9 \0.001

Low Low -0.06,\0.001 11.0 \0.001

None High -0.11,\0.001 3.1 \0.001

None Low -0.08,\0.05 1.5 \0.01

Logistic regression first order terms and maximum feeding rates (1 h-1) from the modeled curves are provided with associated

p values
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feeding rate in low [Ca] (indicated by the asymptote at

high prey densities); however, both FR curves showed

a substantive degree of overlap.

Despite the finding that high-[Ca] acclimated fish

tended to be larger at the start of the FR experiments,

predation rates were similarly reduced in low-[Ca] FR

experiments regardless of the acclimation condition. It

appears that low-[Ca] has a relatively immediate

influence on predation rates, but may incur longer

lasting health effects; this is corroborated by the

response of the non-acclimated, size-matched, round

gobies. Both high-[Ca] acclimated and non-accli-

mated round gobies ate more overall and had greater

maximum feeding rates at high-[Ca] than low-[Ca]

levels. The similar response of acclimated and non-

acclimated fish to [Ca] also indicates that the differ-

ence in predatory impact is an effect of water

chemistry and not differences that may have occurred

over time in the mesocosms (i.e. nutrient availability).

Our results show that the predatory impact of round

gobies is reduced at low-dissolved ion levels, in part

owing to the effect of dissolved calcium ions on

osmoregulation.

We also found that three high-[Ca] acclimated fish

contained eggs at the end of the experiments, whereas

none from low-[Ca] had eggs. Females with eggs may

have higher consumption rates, though male round

gobies grow more quickly and thus also have high

energetic demands (Charlebois et al. 1997). We did

not attempt to determine the gender of the fish as this is

unreliable for juveniles less than 50 mm in total length

(Brandner et al. 2013). However, we do not believe

that our results were biased by gender, given the

random assignment of fish to treatments and the

expectation that both females with eggs and males

may have higher predation rates.

Dissolved calcium ions also limit the spread and

establishment of aquatic crustacean and molluscan

invaders, and maymediate their impact across invaded

ranges. As with fish, aquatic crustaceans meet the

Fig. 3 Type II functional

response (FR) curves of

round gobies on (a–
d) amphipod and (e,
f) mayfly nymph prey.

Round gobies were

acclimated in (a, b) high-
[Ca] and (c, d) low-[Ca]
conditions and their FR was

measured in (a, c) high-[Ca]
and (b, d) low-[Ca]
conditions. In separate

experiments, the FR of non-

acclimated round gobies

was measured in e high-[Ca]
and f low-[Ca] conditions
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majority of their calcium requirements through uptake

at the gills (Wheatly 1999). The freshwater invader

Bythotrephes longimanus has very low-[Ca] require-

ments for growth; in lakes that are declining in [Ca], it

may have synergistic negative impacts on native

daphniids with high-[Ca] requirements (Kim et al.

2012). Invasive crayfish display more vigilant and

escape behaviours exposed to predation risk in [Ca]

conditions at the lower end of their tolerance range

(Edwards et al. 2013). The native amphipod prey used

in our FR experiments have similar growth and

survival rates in waters matching our high- and low-

[Ca] treatments (Kestrup and Ricciardi 2010); the

mayfly nymphs used in the second set of FR exper-

iments are also freshwater-adapted and unlikely to

have been affected by our low-[Ca] treatments.

Conversely, in low-conductivity waters of invaded

habitats, the Ponto-Caspian amphipod Echinogam-

marus ischnus has been found to have slower growth

rates (Kestrup and Ricciardi 2010) and is more

vulnerable to intraguild predation by adult native

amphipods (Kestrup and Ricciardi 2009). The distri-

bution and abundance of another group of invasive

Ponto-Caspian animals, the zebra mussel (Dreissena

polymorpha) and the quagga mussel (D. bugensis), are

limited by low-[Ca] (Jones and Ricciardi 2005). Zebra

and quagga mussels are macofouling species that

overgrow any available hard substrate, including the

shells of other molluscs, and can thus severely damage

native mussel (Unionidae) populations (Jokela and

Ricciardi 2008). However, they have substantively

greater [Ca] requirements than native unionid mussels

(McMahon and Bogan 2001), and exert reduced

fouling intensities on native mussels at lower [Ca]

levels (Jokela and Ricciardi 2008); therefore, low-[Ca]

habitats offer a refuge for native unionid mussels

against the impacts of dreissenid mussel invasion.

Filtration rates of dreissenid mussels could also be

affected by varying [Ca] levels, although this has not

been reported to our knowledge. These examples

suggest that calcium concentration is a keymediator of

impacts of Ponto-Caspian species in their invaded

habitats.

Environmental matching to predict impacts

of invasive species

Environmental matching between habitat conditions

and physiological optima can be used to predict per

capita effect and abundance, both components of

impact. Per capita effects of invasive species are often

difficult to assess (Parker et al. 1999), and standard-

ized methods are needed for comparing them in

different environmental contexts (Dick et al. 2014).

Functional response analysis provides relative com-

parisons of predatory efficiency that can be used to

predict impact potential (Dick et al. 2013; Alexander

et al. 2014); furthermore, maximum feeding rates

identify the highest predatory response within the

physiological limitations of the invader (Jeschke et al.

2002). Ecological impacts of invasive species also

increase with abundance (Thomsen et al. 2011),

though the relationship between per capita effect and

abundance is not generally known (Parker et al. 1999)

and likely varies across taxa (Yokomizo et al. 2009).

Performance metrics such as growth rates across

physico-chemical gradients may partially explain

differences in field abundances (Pörtner and Knust

2007). Habitats characterized by physiologically

optimal conditions for an invader may promote both

high per capita effects and abundance levels of the

invader.

Per capita effects of invasive species are not limited

to predatory impacts and, for fishes in particular,

include competition for food and habitat. For instance,

the round goby has displaced many native fishes

through resource competition (Kornis et al. 2012).

Water chemistry conditions have also been found to

mediate aggressive behaviours of invasive fishes (Al-

caraz et al. 2008). We expect that round goby

competitive ability will be reduced in low-[Ca] condi-

tions, given their decline in body mass gain and

consumption in such conditions. The Environmental

Matching Hypothesis generally predicts that all direct

per capita effects of an invader are highest in physio-

logically optimal conditions; however, responses of

different per capita effect measures across physico-

chemical gradients have not yet been assessed.

Measurements of performance of an invasive

species along key environmental gradients can be

assembled to develop a multidimensional niche-space

that delineates the impact potential of the species. This

would enable predictions of relative impact across an

invaded range, or across habitats at-risk for invasion,

based on a suite of environmental characteristics.

Biotic factors that influence impacts, such as the

presence of functionally-similar natives (Ricciardi and

Atkinson 2004; Ricciardi and Ward 2006), could also

3244 J. C. Iacarella, A. Ricciardi
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be incorporated into risk assessment. More precise

predictions may account for potential interacting

effects of abiotic conditions on invader responses

(e.g. Epifanio et al. 1998). Developing such impact

risk assessments would better enable managers to

prioritize invasion threats.
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