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Different refuge types dampen exotic invasion and enhance
diversity at the whole ecosystem scale in a heterogeneous
river system
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Abstract Refuges that result from environmental

heterogeneity within ecosystems have an important

yet under-appreciated role in maintaining native

community diversity in face of exotic invasion. The

objective of our study was to determine if different

refuge types constrain invasion impacts on native

biodiversity at the whole ecosystem-scale of the Upper

St. Lawrence River. We focused on the voracious

round goby fish as a sentinel exotic species whose

spatial distribution within this ecosystem is also

representative of the species distributions of several

other Ponto-Caspian invaders. We first explored if

wetlands were acting as unknown refuges in reducing

the local abundance of the round goby fish. We then

tested the relative influence of a known broad-scale

conductivity gradient compared with local wetlands

on structuring the composition, diversity, and abun-

dance of native macroinvertebrate and fish communi-

ties inside and outside each of these refuge types. We

found that the two types of refuges, broad-scale

conductivity gradient and local wetlands, limited

round goby abundances at the whole ecosystem scale,

and structured macroinvertebrate and fish community

diversity. The broad-scale conductivity refuge was

twice stronger than wetlands in limiting round goby

abundance. Although wetlands were effective in

constraining round goby abundance, the direct effect

of wetlands rather than their indirect effects through

limiting round goby abundance, were more powerful

in explaining maintenance of macroinvertebrate and

fish community diversity in invaded high conductivity

waters. Our findings underscore the important role of

environmental heterogeneity in producing different

types of refuges that buffer invasion effects in

freshwater ecosystems, and we advocate the preser-

vation of wetlands as a part of this process.
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Département des sciences biologiques, Université du
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Introduction

Environmental heterogeneity, variation in physical

and ecological landscape characteristics, is well

known for influencing biodiversity (Cardinale et al.

2006; Stein et al. 2014) and ecosystem resilience to

stressors (Oliver et al. 2015; Levine et al. 2016).

Among anthropogenic stressors, biological invasions

are one of the major factors that have contributed to

species endangerment and extinction globally (Wil-

cove et al. 1998; Pejchar and Mooney 2009). Envi-

ronmental heterogeneity has potential to play an

important role in the preservation of native species

diversity and abundances in invaded ecosystems by

providing habitat refuges that by limit the spread of

biological invasions and constrain invasion impacts on

native communities (Melbourne et al. 2007; Ricciardi

et al. 2013; Vander Zanden et al. 2017). In this context,

refuges can be continuous or discrete habitats with a

reduced abundance of invasive species relative to

native species, compared with the surrounding envi-

ronment. Refuges from invasion might be especially

beneficial for native biodiversity when different

refuge types limit invader abundance at the whole

ecosystem level. Yet, we are not aware of empirical

studies that have explicitly considered the effects of

environmental heterogeneity in refuge type especially

within large, continuous ecosystems characterized by

high connectivity and thus high potential for invasive

species spread, in buffering invasion impacts on native

biodiversity.

Environmental heterogeneity can generate refuges

for native species in face of biological invasion by

interacting with ecological tolerances and habitat

preferences of the invasive species (e.g., Kestrup and

Ricciardi 2009; Tamme et al. 2010; Anton et al. 2014).

For example, refuges can occur when environmental

conditions restrict the abundance and impact of

invaders because of limits in their ecological toler-

ances (Kestrup and Ricciardi 2009; Iacarella and

Ricciardi 2015; Latzka et al. 2016). Moreover, when

abiotic heterogeneity limits invasive species survival

(Iacarella and Ricciardi 2015) or competitive ability

(MacDougall et al. 2006), it can contribute to biotic

resistance to invasion (Elton 1977) through enhanced

native species richness (Stein et al. 2014) and native

predation pressure on exotic prey (Meynard et al.

2014; Stein and Kreft 2015; Yang et al. 2015).

Maintaining environmental heterogeneity, by

conserving a variety of habitat types, can also

potentially create refuges for native species in invaded

landscapes, which become important for native

species persistence (Dias, 1996) and biodiversity

preservation (Stein et al. 2014) at the whole-ecosystem

scale. Most of the research on the importance of

environmental heterogeneity in invaded environments

has been done in terrestrial ecosystems; knowledge

about refuges in environmentally heterogeneous

freshwater ecosystems is relatively scarce (exceptions:

Kestrup and Ricciardi 2009; Iacarella and Ricciardi

2015; Latzka et al. 2016), despite that freshwater

environments are among the most invaded ecosystems

in the world (Richardson 2011).

At the same time, refuges can also enhance the

persistence of native species that are adapted to these

environments (Gelbard and Harrison 2003; Gram et al.

2004; Kobza et al. 2004; Derry et al. 2013). For

example, wetlands are structurally complex highly

productive aquatic habitats (Wetzel 1990) and con-

tribute to environmental heterogeneity of shoreline

aquatic habitats (Krieger 1992). Wetlands are known

to promote freshwater diversity in shallow freshwater

environments (Williams 1997; Gee et al. 1997;

Robson and Clay 2005; Scheffer et al. 2006; Cérégh-

ino et al. 2007; Thiere et al. 2009) and seem to

contribute disproportionately to regional biodiversity

than other water-body types (Williams et al. 2004).

Factors that increase biodiversity within wetlands are

linked to the highly individual nature of physico-

chemical characteristics of wetlands compared to

rivers and large streams (Williams et al. 2004). In

particular, structuring effects of vegetation in wetlands

can create environmental conditions suitable for

diverse assemblages of macroinvertebrates (Scheffer

et al. 2006). The periodic flooding of certain wetlands

can enhance biodiversity through the presence of egg

banks that supply different macroinvertebrate species

assemblages under various environmental conditions

(Brendonck and Williams 2000) Furthermore, inun-

dation of wetlands can favor genetic diversity by

increasing dispersal and connectivity of wetland

organisms (Rundle et al. 2002). Wetlands are highly

productive environments because they host high rates

of primary production, which in turn support high

secondary production with rates that can exceed

terrestrial ecosystems (Turner 1977). Moreover, there

is a compelling yet limited number of studies that

suggest that wetlands have unfavorable substrate and
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hydrology for certain key aquatic invaders, including

exotic zebra mussels (Bowers and Szalay 2004) and

round gobies (Cooper et al. 2007, 2009; Young et al.

2010).

The objective of our study was to address if the

effects of different refuge types can reduce invasion

impacts on native freshwater biodiversity. We focused

on the voracious round goby fish (Neogobius melanos-

tomus) as a sentinel exotic species whose spatial

distribution within the Upper St. Lawrence River is

also representative of several other Ponto-Caspian

invaders in this ecosystem (Echinogammarus ischnus

amphipods:, Kestrup and Ricciardi 2009; dreissenid

mussels: Neary and Leach 1992; Jones and Ricciardi

2005). We investigated the effects of environmental

heterogeneity created by a broad-scale conductivity

gradient and local wetlands in providing refuges to

native fish and macroinvertebrate communities in face

of Ponto-Caspian invasion in the Upper St. Lawrence

River. Ponto-Caspian invaders are re-engineering

littoral food webs of the Lower Great Lakes (Campbell

et al. 2009), but invasion impacts on native biodiver-

sity have been reported to be more attenuated in the

Upper St. Lawrence River compared to the Lower

Great Lakes (Kestrup and Ricciardi 2009; Iacarella

and Ricciardi 2015). One mechanism that has been

proposed to explain this difference in invasion impact

is a broad-scale conductivity gradient from the joining

of separate water masses from two major rivers in the

Upper St. Lawrence with different calcium concen-

tration, which has been shown to restrict Ponto-

Caspian invaders (Jones and Ricciardi 2005; Whittier

et al. 2008; Kestrup and Ricciardi 2009; Iacarella and

Ricciardi 2015; Fig. 1). Conductivity is known to be a

strong limiting factor of round goby invasion of

freshwater habitats (Baldwin et al. 2012), likely

because of their evolutionary history in brackish water

and physiological constraints that result in reduced

fitness and performance at low freshwater conductiv-

ity, especially when calcium is limiting (Iacarella and

Ricciardi 2015). However, much less is known about

the role of wetlands in providing refuges for native

macroinvertebrate and fish communities from this

exotic fish (Cooper et al. 2007, 2009; Young et al.

2010). We first explored if wetlands were acting as

unknown refuges to reduce the local abundance of the

round goby fish in invaded, high conductivity water of

the Upper St. Lawrence River. We then tested the

relative influence of the broad-scale conductivity

gradient and wetlands on structuring the composition,

diversity, and abundance of native macroinvertebrate

and fish communities inside and outside of these

refuges. We provide one of the few freshwater studies

to date to address the unexplored yet important role of

environmental heterogeneity in buffering invasion

effects on native biodiversity. More specifically, our

study provides support for the importance of preserv-

ing different refuge types, including wetlands, for their

effects in dampening the negative impacts of exotic

invasion on freshwater biodiversity.

Materials and methods

Study system

At a broad, river-wide scale in the Upper St. Lawrence

River, Canada (Fig. 1), Ponto-Caspian invaders such

as the round goby fish are limited to areas that receive

high conductivity water (30–40 mg/L of calcium)

flowing from the Great Lakes (Kestrup and Ricciardi

2009; Baldwin et al. 2012; Iacarella and Ricciardi

2015). The confluence of the Upper St. Lawrence

River and the Ottawa River at Lake St. Louis

(N45�22012, W73�49012), a lacustrine widening of

the St. Lawrence River, has created a conductivity

gradient in which the north side of Lake St. Louis

receives low conductivity water (10–15 mg/L of

calcium) from the Ottawa River whereas the south

side receives high-conductivity water (30–40 mg/L of

calcium) from the St. Lawrence River (Hudon et al.

2003) (Fig. 1). The Ponto-Caspian invasive exotics

are absent from areas that receive low conductivity

water (10–15 mg/L of calcium) from the Ottawa River

(Kestrup and Ricciardi 2009; Iacarella and Ricciardi

2015). Within these water masses and along the

conductivity gradient in the Upper St. Lawrence

River, wetlands provide productive aquatic habitats

that are structurally complex compared to adjacent

shoreline habitats and contribute to environmental

heterogeneity of shoreline aquatic habitats (Wetzel

1990; Krieger 1992). The environmental heterogene-

ity created by wetlands has the previously unexplored

potential to generate numerous local refuges for native

species in the face of exotic invasion within the high

conductivity water of the Upper St. Lawrence River.

Between spring and fall of 2017 and 2018, we

collected macroinvertebrate and fish community data,
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as well as environmental data, from wetland sites and

from open-water (non-wetland) shore sites in the

Upper St. Lawrence River (Lake St. Francis and

upstream), Ottawa River (Lac des Deux Montagnes),

and in Lake St. Louis in Québec and Ontario, Canada

(Fig. 1). Wetland sites were identified and chosen

using information from Ducks Unlimited Canada

(Powers et al. 2012) and Land Information Ontario

(LIO). A total of 27 sites were sampled for this study: 9

wetland sites and 17 open-water shore sites (Fig. 1).

Of the 27 total sampling sites, eight sites were located

in low conductivity water and 19 sites were in high

conductivity water; the purpose of sampling a greater

number of high conductivity sites was to focus the

effort on the potential yet unknown attenuating effects

of wetlands on biological invasion for native

freshwater biodiversity in invaded areas of the Upper

St. Lawrence River. The importance of low conduc-

tivity water in limiting round goby abundance has

already been established by other previous studies

(Kestrup and Ricciardi 2009; Baldwin et al. 2012;

Iacarella and Ricciardi 2015).

Of the 27 sampling sites, 12 were located in Lake

St. Louis (Fig. 1). Wetlands along each of the north

and south shores of Lake St. Louis were sampled for a

total of 6 wetlands and 6 open-water shore sites. In the

low conductivity water refuge in Lake des Deux

Montagnes, which receives low conductivity water

from the Ottawa River that prevents round goby

invasion (Iacarella and Ricciardi 2015), we sampled 1

wetland site and 1 open-water shore site. In the highly

invaded high conductivity waters of Lake St. Francis,

Fig. 1 Map of the sampled area in the Upper St. Lawrence

River. White background represents land, the light grey color is

high conductivity water from the St. Lawrence River, and the

dark grey color represents low conductivity water from the

Ottawa River. The intermediate grey color represents an area of

mixing of water masses. Note that the water mixing is not

homogeneous in the mixing zone; water near the shore is less

mixed. The solid stars represent open-water shore sampling sites

while open stars represent wetland sampling sites
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we sampled 4 open-water shore sites. In the St.

Lawrence River upstream of Lake St. Francis, we

sampled 3 wetlands and 6 open-water shore sites. The

selection of wetlands for sampling was based on

maximizing the number of accessible wetlands while

keeping a sampling design as balanced as possible.

Community data collection

For macroinvertebrate collection, three transects were

randomly established to collect three samples at each

site. Sampling was performed by the sweep method

(‘‘Kick and Sweep’’) with a 500-lm ‘‘D-net’’ as

recommended by the Ontario Benthos Biomonitoring

Network (OBBN; Ontario. Dorset Environmental

Science Centre, and Jones 2007). The collected

samples were stored in 100% ethanol and brought

back to the laboratory at the Université du Québec à

Montréal (UQAM) for identification. Identification

was done up to the Family level using Moisan (2010).

For each sample, 100 mL sub-sample was taken and

counted until the 100th individual was reached. If the

100th individual was not reached within the initial

100 mL, an additional 100 mLwas counted.When the

100th individual was reached, the remaining part of the

sub-sample was counted, and the total sub-sampled

volume calculated. A ratio was then calculated

between the total sub-sampled volume and the sample

total volume to estimate the taxon-specific abundance

of macroinvertebrates. The abundance in each site was

estimated using the mean abundance of the three

samples collected at every site. All macroinvertebrate

samples were identified using SZX10 stereo micro-

scopes (Olympus) with varying magnification (96.3–

910). For fish collection, each site was seined three

times consecutively for replication, with short (\ 1 h)

intermission periods between seining times. The

dimensions of the seine were 114 cm by 407 cm with

5 mm mesh. After seining, all fish were placed into

bins, sorted by species according to Bernatchez and

Giroux (2000), and counted for species-specific

abundance.

Environmental data collection

Dissolved oxygen (DO; mg L-1), pH, water temper-

ature (�C) and conductivity (lS cm-2) were measured

using a Professional Plus Model YSI multi-parameter

sonde (model 10102030; Yellow Springs Inc.).

Dissolved organic carbon (DOC; mgL-1) and water

calcium (Ca; mg L-1) were measured from water

samples for a subset of the sites around Lake St. Louis

where there are important gradients of DOC and water

Ca. We also collected water samples to quantify total

nitrogen (TN; mg L-1), and total phosphorous (TP: lg
L-1). Detailed analytical methods for measured water

chemistry variables are provided in Appendix 1. We

provide a Principal Component Analysis (PCA) to

visualize how study sites are distributed across the

environmental gradients (Appendix 2; Fig. 6 and 7).

PCA of the all sites had missing values; we imputed

the missing data using an iterative PCA algorithm

(Josse and Husson 2012).

Data analyses

Diversity indices

Diversity indices were calculated using total abun-

dances for the macroinvertebrate and fish community

assemblages separately. We calculated taxon richness,

Shannon diversity (Shannon 1948) and Pielou’s

evenness (Pielou 1969). These diversity indices and

total abundances were included as response variables

in different generalized linear models that tested the

influence of wetlands, conductivity and round goby

abundance together in each model (see section below).

Conductivity and water Ca correlated highly (Regres-

sion Calcium-Conductivity: R2 = 0.87,

P value = 1.364e-06), and conductivity was selected

for the generalized linear models as it had the most

complete dataset across all sampling sites. Local

Contribution to Beta Diversity (LCBD) was computed

from a percentage difference dissimilarity matrix for

each site for both macroinvertebrate and fish in order

to distinguish sites that contributed the most to overall

beta diversity. LCBD represents the degree of unique-

ness of a site in terms of species composition

(Legendre 2014).

Generalized linear models

We investigated the effect of the broad-scale conduc-

tivity gradient and wetland on round goby abundance

The effect of water conductivity, wetlands, and round

goby abundance were tested on diversity indices

(Shannon index, taxon richness and Pielou’s evenness,

and LCBD) as well as on the total abundance for each
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of macroinvertebrate and fish communities. The

different variables included in generalized linear

models required different probability distributions.

Count data such as round goby abundance and total

abundance of macroinvertebrates and fish were first

assigned a Poisson distribution. The equi-dispersion

hypothesis of Poisson models was tested using the

AER package in R 3.6.3 (R Core Team 2018), and this

indicated that all models in which a Poisson distribu-

tion was applied were over-dispersed. We therefore

next applied a zero-inflated Poisson model to inves-

tigate the effect of the broad-scale conductivity

gradient and wetland on round goby abundance

because wetland sites inflated the number of sites

with null round goby abundance (Appendix S2:

Fig. 8). For each of macroinvertebrate and fish

communities, we applied negative binomial distribu-

tions to models to the total abundance data. Zero-

inflated models and negative binomial models all

showed improvement over Poisson distribution mod-

els using Vuong test (Vuong 1989). For Shannon

index, taxon richness and Pielou’s evenness, and

LCBD that are positive continuous variables, we used

Gamma distributions that best fitted the data. For all

generalized linear models, we performed backward

model selection, removing interaction and variables

from a full model in a step-wise manner. We selected

the most parsimonious model using model AIC values

(Aho et al. 2014). Following model selection, model

residuals were investigated for non-linear patterns

(residuals vs fitted values), distribution fit (qqplot),

equal spread (scale location) and outliers (residuals vs

leverage and sites outside 1.5 times the interquartile

range above the upper quartile and bellow the lower

quartile). Model diagnostics detected outliers in round

goby abundances and in macroinvertebrate taxonomic

abundances that influenced model outcomes; these

sites were therefore removed from these models.

Effect size

To compare the relative importance of conductivity

and wetlands on the abundance of invasive fish at each

site, Cohen’s D effect sizes (Cohen 2013) were

computed. The effect size of wetlands on round goby

abundance were computed for the full dataset, for only

high conductivity sites, and for only low conductivity

to determine if the effect of wetland on round goby

abundance was consistent throughout the conductivity

gradient. We used the effsize package in R 3.6.3 (R

Core Team 2018) to compute the different Cohen’s D

effect sizes.

Structural equation modelling

We wanted to determine if the effects of wetlands in

invaded landscape (high-conductivity sites) were

direct or mediated by reduced round goby abundance.

We applied mediation analysis using structural equa-

tion models (SEMs) (Grace 2006; Gunzler et al. 2013)

to test for indirect correlations between wetland

presence and community diversity (Shannon index,

taxon richness, Pielou’s evenness, LCBD and Abun-

dance) mediated by round goby abundance in high-

conductivity sites only. This was done for each of

macroinvertebrates and fish communities diversity

indices on which the effect of wetlands was potentially

mediated by round goby abundance (Fig. 2). We

therefore tested the total, direct and indirect effect of

wetland on community composition and diversity

indices (Fig. 2). The total effect c (Fig. 2a) tests the

effect of wetland without an indirect or mediation path

in the model structure (i.e., the unstandardized slope of

the regression of wetland on community composition

and diversity indices). The direct effect c0 (Fig. 2b)
represents the effect of wetland on community com-

position and diversity indices after controlling for the

proposed mediator variable, here round goby abun-

dance. The effect of wetland on round goby abundance

is represented by the path a (Fig. 2b), and the effect of

round goby abundance on community composition

and diversity indices, controlling for wetland, is

represented by the path b (Fig. 2b). Finally, the

indirect effect is the product of a*b = ab (Fig. 2b).

The indirect effect (ab) is generally equivalent to c–c0,
the difference between the total effect and the direct

effect, but it is easier to test the significance of ab

because these coefficients are drawn from a single

model, whereas c and c0 are from separate models

(Rucker et al. 2011). Each metric was analyzed in

separate models for macroinvertebrates and fish. The

SEM analysis was performed using the Lavaan

package in R (R Core Team 2018).

Redundancy analysis

Redundancy analysis (RDA) is a canonical ordination

procedure that examines relationships among response
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variables and predictor variables in multivariate space

(ter Braak and Verdonschot 1995). The resulting RDA

diagrams summarize the major environmental vari-

ables structuring biological communities while show-

ing the approximate species composition for the

different samples (Blanchet et al. 2014). We used

RDA to evaluate environment-taxon relationships for

macroinvertebrate and fish assemblages. We used

forward selection to determine which environmental

variables were related to response metrics. Forward

selection (Blanchet et al. 2008) of the explanatory

variables was achieved using the ordistep{vegan}

function in R 3.6.3 (R Core Team 2018) (a = 0.05).

Prior to RDA, community data was Hellinger trans-

formed to down-weight the influence of rare species

(Legendre and Gallagher 2001). RDAs were per-

formed on the full broad-scale scale data set of sites in

the Upper St. Lawrence River, as well as on St.

Lawrence River and Ottawa River sites separately to

test if different environmental variables structure the

fish and macroinvertebrate communities with and

without the broad-scale scale refuge. All statistical

analyses were performed in R 3.6.3 (R Core Team

2018).

Results

Broad-scale conductivity gradient and local

wetland refuges reduce invader abundance

We detected broad-scale conductivity and local wet-

land refuges for macroinvertebrate and fish commu-

nities in the face of round goby invasion in the Upper

St. Lawrence River. In accord with other studies in this

system (Kestrup and Ricciardi 2009; Iacarella and

Ricciardi 2015), we found a positive relationship

between round goby abundance and conductivity at a

broad spatial scale in the Upper St. Lawrence River

(Table 1, Line 3, Fig. 3a, generalized linear model).

Wetlands provided local refuges that limited round

goby abundance: round goby abundances were lower

inside wetlands compared to outside wetlands within

invaded high conductivity waters (Table 1, Line 2,

Fig. 3a, generalized linear model). The effect of

Fig. 2 Structural equation models (SEMs) of hypotheses to test

total, direct and indirect effects of wetlands on macroinverte-

brate and fish community diversity and composition: a Model

without an indirect effect mediating wetland influence on

community indices; path c represents the total effect of wetlands

on community diversity and composition. The total effect

includes the direct effect and all possible indirect effects of

wetlands on community diversity and composition. b Model

with an indirect effect of wetlands on community indices via

reduced round goby abundance; path a is the effect of wetland

on the mediator variable (round goby abundance), path b is the

effect of round goby abundance on community diversity and

composition, and path c0 represents the direct effect of wetland
on community diversity and composition; Path ab = a*b is the

product of path a and path b and represents the indirect effect of

wetlands on community diversity and composition via round

goby abundance
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wetlands in dampening round goby abundance was

dependent on water conductivity, and only apparent in

the high conductivity water and absent at low water

conductivity sites (The wetland: conductivity interac-

tion; Table 1, Line 4, generalized linear model;

Fig. 3a). Conductivity and the presence of wetlands

were therefore the two major environmental variables

that structured round goby abundance across the

Upper St. Lawrence River in our study. The effect

size of conductivity on round goby abundance was

approximately twice as large as the effect size of

wetlands, but the effect size of wetland on round goby

abundance was strongly negative in high conductivity

water (Fig. 3b). The effect size of wetlands on round

goby abundance was slightly negative with wide error

bars in low conductivity water (Fig. 3b.).

Table 1 Generalized linear model results for the influence of

the broad-scale conductivity gradient, wetlands, and round

goby abundance as predictors of community diversity indices:

Shannon diversity (Shannon), Pielou Evenness (Evenness),

taxon or species richness (Richness), Local Contribution to

Beta Diversity (LCBD), and total abundance of macroinver-

tebrate and fish communities (Abundance)

Line Response variable Predictor Estimate (s.e.) Df T-value P value

1 Round goby Intercept 1.625 (0.452) 8 3.591 0.0003

2 Wetland 1.619 (0.479) 8 3.379 0.0007

3 Conductivity 0.005 (0.001) 8 3.199 0.001

4 Wet:Cond - 0.004 (0.001) 8 - 2.37 0.0177

5 Shannon Macro Intercept 0.932 (0.082) 25 11.317 2.5e211

6 Conductivity - 0.0007 (0.0002) 25 - 3.227 0.003

7 Evenness Macro Intercept 1.99 (0.177) 25 11.241 2.88e211

8 Conductivity - 0.0013 (0.0005) 25 - 2.708 0.012

9 Richness Macro Intercept 0.085 (0.006) 25 12.912 1.47e212

10 Wetland 0.028 (0.009) 25 3.167 0.004

11 Abundance Macro Intercept 7.287 (0.35) 23 20.809 < 2e216

12 Wetland - 0.567 (0.284) 23 - 1.997 0.045

13 Conductivity - 0.002 (0.001) 23 - 2.901 0.003

14 Shannon Fish Intercept 0.77 (0.079) 25 9.629 6.85e210

15 Wetland - 0.052 (0.095) 25 - 0.551 0.586

16 Evenness Fish Intercept 1.755 (0.183) 25 9.551 8.04e210

17 Conductivity - 0.0007 (0.0005) 25 - 1.33 0.196

18 Richness Fish Intercept 6.002e-02 (2.089e-02) 23 2.874 0.008

19 Wetland 7.994e-02 (2.856e-02) 23 2.782 0.011

20 Conductivity 2.513e-04 (2.856e-02) 23 2.730 0.011

21 Wet:Cond 3.115e-04 (1.084e-04) 23 - 2.873 0.008

22 Abundance Fish Intercept 4.816 (0.289) 25 16.665 4.75e215

23 Wetland 0.355 (0.354) 25 1.004 0.325

24 LCBD Macro Intercept 21.722 (3.193) 25 6.803 3.94e207

25 Wetland 9.013 (4.516) 25 1.996 0.057

26 LCBD Fish Intercept 22.004 (1.423) 25 15.464 2.63e214

27 Wetland 8.454 (1.991) 25 4.246 0.0002

The influence of conductivity and wetland on round goby abundance are reported. In each model, variables and interactions were

selected using AIC values. Both macroinvertebrate and fish diversity indices were included in generalized linear models; these are

referred to as Macro and Fish, respectively. Bold P values are\ 0.05. Interaction between wetland and conductivity is referred to as

Wet:Cond in the table. Significant findings are summarized in Fig. 3 for round goby abundance and Fig. 4 for macroinvertebrate and

fish community diversity indices and composition
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Broad-scale conductivity gradient and local

wetland refuges enhance community diversity

Conductivity and the presence of wetlands were two

major environmental variables that structured the

macroinvertebrate (Fig. 4a–d) and fish (Fig. 4e, f)

diversity in the Upper St. Lawrence River (Table 1,

generalized linear models). High conductivity water,

where exotic round gobies are well established, had a

higher Shannon diversity (Table 1, Line 6, Fig. 4a)

and Pielou’s Evenness (Table 1, Line 8), but lower

total abundance of macroinvertebrate communities

(Table 1, Line 13, Fig. 4c). For the native fishes,

however, conductivity had positive effects on the fish

community species richness (Table 1, Line 20).

Across the conductivity gradient, sites within wetlands

had, relative to sites outside wetlands, higher macroin-

vertebrate taxon richness (Table 1, Line 10, Fig. 4c),

higher macroinvertebrate abundance (Table 1, Line

12, Fig. 4d) and lower fish species richness (Table 1,

Line 26). Local Contribution to Beta Diversity

(LCBD) of fish (Table 1, Line 27, Fig. 4f) was also

higher inside wetlands. We found a significant inter-

action of wetland and conductivity on species richness

of the native fish community: fish species richness was

lower in wetlands within invaded high conductivity

waters compared to in wetlands at low water conduc-

tivity sites (Table 1, wetland x conductivity Line 21,

4e). We found support for the positive effects of

wetlands on taxon richness of macroinvertebrates

(Table 2, Line 8), the negative effects of wetlands on

fish species richness (Table 2, Line 38), and the

positive effect of wetlands on LCBD of the fish

community (Table 2, Line 78) at high water conduc-

tivity sites. Enhanced community diversity, richness,

evenness, and LCBD of macroinvertebrate and fish

communities were directly accounted by the habitat

provisioning of wetlands; while wetlands provided

refuges by limiting round goby abundance, positive

community diversity effects were not explained by

lessened round goby impact in wetlands (Table 2,

SEMs, Fig. 2b).

Broad-scale conductivity gradient and local

wetland refuges structure community composition

There were pronounced effects of conductivity and

wetlands on macroinvertebrate and fish community

composition (Fig. 5a, b, RDAs). The strong clustering

of samples on the conductivity axis in both macroin-

vertebrate and fish communities confirmed that con-

ductivity was the main driver of community

differences between the low-conductivity and high-

conductivity shoreline habitats. To identify structuring

variables of macroinvertebrate and fish communities

at local scales within water types, only sites from

either the Ottawa or St. Lawrence River were used in a

subset of RDAs. Among low-conductivity sites, no

variable was selected by the forward selection proce-

dure. Thus, wetlands influenced macroinvertebrate

and fish community composition only in the high

conductivity, invaded waters of the Upper St.

Lawrence River (Fig. 5c, d, RDAs). Details on

specific macroinvertebrate and fish community taxon

differences across the conductivity and wetland

refuges are provided in Appendix S2. Figures 9–12.

Discussion

Our study supports the presence of different refuge

types that constrain exotic round goby abundance and

promote native freshwater biodiversity at the

Fig. 3 Identification of different refuge types in the Upper St.

Lawrence River, and their relative influences in reducing round

goby abundance. a Linear positive relationship between broad-

scale water conductivity gradient and round goby abundance,

excluding wetland sites (generalized linear model, Table 1, Line

2); b The difference in round goby abundance inside and outside
local wetlands within invaded, high-conductivity water (gener-

alized linear model, Table 1, Line 4); c Cohens’ D effect size of

conductivity and wetlands on round goby abundance: all sites,

only high conductivity wetland sites (H), and only low

conductivity wetland sites (L)
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ecosystem scale in the Upper St. Lawrence River. The

conductivity gradient had a twice as strong effect as

wetlands in excluding round gobies from low con-

ductivity habitats. Wetlands were effective in limiting

round goby abundances in invaded waters. Wetlands,

and not solely ecological interactions through reduced

round goby abundances, increased the diversity of

macroinvertebrate and to a lesser effect, fish, commu-

nities within invaded waters. Our findings suggest that

environmental heterogeneity in producing different

refuge types has an important yet under-appreciated

role in combining to maintain native community

diversity at a whole-ecosystem scale in face of exotic

invasion.

Broad-scale conductivity gradient and local

wetland refuges reduce invader abundance

Our results support the findings of other previous

studies that found that low conductivity waters

exclude round gobies (Baldwin et al. 2012; Iacarella

and Ricciardi 2015), as well as other Ponto-Caspian

exotics (Echinogammarus ischnus amphipods:,

Kestrup and Ricciardi 2009; dreissenid mussels:

Neary and Leach 1992; Jones and Ricciardi 2005),

and thus represent an important refuge in the Upper St.

Lawrence River. However, we also detected previ-

ously underappreciated refuges from round goby

invasion in wetlands along shoreline environments.

The refuge effect from wetlands in reducing round

goby abundance could be the result of substrate

preferences of this benthic fish species. Round gobies

preferentially colonize, and are found in greater

densities, on rock and cobble substrates (Ray and

Corkum 2001; Young et al. 2010). Soft-bottomed

wetlands with high biological productivity appear to

be less hospitable for this invasive fish in the Lower

Great Lakes (Cooper et al. 2007; Coulter et al. 2015),

although their role as a refuge for native aquatic

species has not previously been fully explored. Local

refuges provided by wetlands could be of particular

importance because of their role in locally reducing

Fig. 4 Broad-scale conductivity gradient and local wetland

refuges enhance native community diversity. The top panels

display linear relationships between the conductivity gradient

across the Upper St. Lawrence River and Shannon indices of the

amacroinvertebrate and b fish communities. The middle panels

indicate taxon richness inside and outside wetlands for

cmacroinvertebrate and d fish communities. The bottom panels

show Local Contribution to Beta Diversity (LCBD) scores

inside and outside wetlands for e macroinvertebrate and f fish
communities. For the c, e and f mean and standard error are

represented (dark) over raw data (grey). For all panels, the grey

dots and grey linear regression lines represent open-water shore

sites, while black dots and black linear regression line represent

wetland sites. Statistical results for generalized linear models

associated with each of these panels are summarized in Table 1
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Table 2 Results of mediation analysis using structural equation models (SEMs) to test for total, direct and indirect (mediated by

round goby abundance) effects of wetlands on community diversity and composition for macro (macroinvertebrates) and fish

Line Response variable Path Estimate SE Z Ci lower Ci upper P value

1 Shannon macro a 36.100 13.547 2.665 5.928 59.312 0.008

2 b 0.001 0.002 0.636 - 0.004 0.004 0.525

3 c0 - 0.197 0.238 - 0.828 - 0.726 0.225 0.408

4 ab 0.045 0.071 0.644 - 0.104 0.179 0.520

5 c - 0.152 0.231 - 0.658 - 0.609 0.319 0.511

6 Richness macro a 36.100 13.547 2.665 5.928 59.312 0.008

7 b 0.027 0.015 1.771 0.006 0.064 0.076

8 c0 - 3.909 1.250 - 3.127 - 5.903 - 0.771 0.002

9 ab 0.981 0.546 1.795 0.108 2.314 0.073

10 c - 2.929 1.257 - 2.330 - 5.140 - 0.137 0.020

11 Evenness macro a 36.100 13.547 2.665 6.028 59.312 0.008

12 b 0.000 0.001 - 0.276 - 0.003 0.001 0.783

13 c0 0.023 0.095 0.244 - 0.176 0.202 0.807

14 ab - 0.008 0.026 - 0.308 - 0.081 0.033 0.758

15 c 0.015 0.093 0.166 - 0.159 0.213 0.869

16 Abundance macro a 36.100 13.547 2.665 5.928 59.313 0.008

17 b - 0.482 1.211 - 0.398 - 3.502 0.916 0.690

18 c0 40.010 104.196 0.384 - 289.596 197.290 0.701

19 ab - 17.410 42.727 - 0.407 - 133.529 40.346 0.684

20 c 22.600 96.282 0.235 - 226.425 177.310 0.814

31 LCBD macro a 36.100 13.547 2.665 5.928 59.312 0.008

32 b 0.000 0.000 - 1.324 0.000 0.000 0.186

33 c0 - 0.011 0.010 - 1.129 - 0.035 0.006 0.259

34 ab - 0.005 0.004 - 1.299 - 0.017 0.000 0.194

35 c - 0.016 0.009 - 1.729 - 0.038 0.000 0.084

36 Shannon fish a 36.100 13.547 2.665 6.028 59.312 0.008

37 b - 0.004 0.003 - 1.254 - 0.014 0.000 0.210

38 c0 0.564 0.235 2.403 0.059 0.996 0.016

39 ab - 0.156 0.118 - 1.322 - 0.516 0.003 0.186

40 c 0.408 0.215 1.901 - 0.018 0.861 0.057

41 Richness fish a 36.100 13.547 2.665 6.028 59.312 0.008

42 b - 0.017 0.018 - 0.976 - 0.065 0.008 0.329

43 c0 2.252 1.400 1.609 - 0.927 4.797 0.108

44 ab - 0.624 0.590 - 1.057 - 2.395 0.147 0.291

45 c 1.629 1.276 1.277 - 0.969 4.162 0.202

46 Evenness fish a 36.100 13.547 2.665 5.928 59.312 0.008

47 b - 0.002 0.001 - 1.294 - 0.005 0.000 0.196

48 c0 0.156 0.118 1.323 - 0.092 0.376 0.186

49 ab - 0.057 0.040 - 1.452 - 0.166 - 0.001 0.147

50 c 0.099 0.119 0.832 - 0.129 0.337 0.405

51 Abundance fish a 36.100 13.547 2.665 5.928 59.313 0.008

52 b - 0.482 1.211 - 0.398 - 3.502 0.916 0.690

53 c0 40.010 104.196 0.384 - 289.596 197.290 0.701

54 ab - 17.410 42.727 - 0.407 - 133.529 40.346 0.684
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invasive round goby abundance, especially in the

invaded high conductivity waters of the Upper St.

Lawrence River. Given that dispersal between com-

munities is higher at smaller spatial scales than at

larger spatial scales, local refuges from invasive

species in patchy wetlands could potentially provide

important demographic subsidies of individuals

belonging to native species in surrounding areas

(Melbourne et al. 2007), enhancing native community

resilience in more heavily invaded areas of ecosystems

(Strayer et al. 2006).

Table 2 continued

Line Response variable Path Estimate SE Z Ci lower Ci upper P value

55 c 22.600 96.282 0.235 - 226.425 177.310 0.814

76 LCBD fish a 36.100 13.454 2.683 7.358 59.336 0.008

77 b 0.000 0.000 - 0.315 0.000 0.000 0.753

78 c0 - 0.015 0.005 - 2.654 - 0.026 - 0.006 0.008

79 ab - 0.001 0.003 - 0.364 - 0.007 0.004 0.716

80 c - 0.016 0.005 - 3.232 - 0.023 - 0.003 0.001

The path c is the total effect of wetlands on community diversity and composition. The total effect includes the direct effect and all

possible indirect effects of wetlands on community diversity and composition (Fig. 2a). Path a is the effect of wetland on the

mediator variable (round goby abundance), path b is the effect of round goby abundance on community diversity and composition,

and path c0 represents the direct effect of wetland on community diversity and composition; Path ab = a*b is the product of path a and

path b and represents the indirect effect of wetlands on community diversity and composition via round goby abundance (Fig. 2b).

The transformation used for each community is specified after each response variable in the table. Bold P-values are\ 0.05

Fig. 5 Broad-scale conductivity gradient and local wetland

refuges structure communities: RDA biplots with the full dataset

for a macroinvertebrate and b fish communities and RDA

biplots with a reduced dataset of only St. Lawrence River

sampling sites (high conductivity) for c macroinvertebrate and

d fish communities. In all panels, arrows represent forward

selected environmental variables; numbers represent sampling

sites. The grey solid symbols represent sampling sites in the high

conductivity water and dark solid symbols represent sampling

sites in the low conductivity water. The triangles represent

sampling sites within wetlands and circles represent sampling

sites outside wetlands
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Local wetland refuges enhance community

diversity

Wetlands generally have different substrate, organic

matter load, dissolved oxygen levels, nutrient concen-

trations and environmental complexity from other

surrounding shorelines (Wetzel 1990; Krieger 1992),

which can enhance the diversity of macroinvertebrate

communities (Nelson et al. 2000). These characteris-

tics of wetlands likely contributed to the positive

effects on community diversity that we observed in

wetland macroinvertebrate communities in our study

(Fig. 4). We did not detect indirect benefits of the

wetlands on native macroinvertebrate and fish com-

munity biodiversity through reduced round goby

abundances (Table 2, Fig. 2b). The SEMs and RDAs

(Fig. 5) with only high-conductivity sites also indi-

cated that wetland habitats enhanced macroinverte-

brates taxon richness, fish community Shannon index

and LCBD, as well as structured fish communities.

Our study therefore confirms that wetland habitats can

be of crucial importance for the preservation of aquatic

biodiversity in invaded freshwater landscapes (Bow-

ers and Szalay 2004; Cooper et al. 2007, 2009; Young

et al. 2010).

Wetlands had a direct positive effect in increasing

the diversity of macroinvertebrate communities, but

less so in fish communities (Fig. 4). Wetlands in high

conductivity water hosted lower fish species richness

compared to wetlands in low conductivity water

(Table 1, wetland x conductivity Line 21, 4e). Fol-

lowing their establishment in aquatic ecosystems over

several decades, round gobies have become a key food

source of piscivorous fish species in the Lower Great

Lakes (Crane et al. 2015) and in the St. Lawrence

River (Morissette et al. 2018). The lower abundance of

round gobies inside wetlands may therefore be a

limiting prey resource for piscivorous fish that is more

plentiful at open-water shore sites in high conductivity

waters. The difference in round goby abundance

between wetland and open-water shore sites may

therefore potentially cause certain fish species to favor

open-water shore habitats over wetlands in invaded,

high conductivity water. Further, different fish species

utilize wetlands in various manners: some species are

permanent resident of wetlands (e.g., Ameiurus neb-

ulosus (brown bullhead), Umbra limi (central mud-

minnow) and Lepisosteus osseus (longnose gar)),

while other fish species only spawn in wetlands and

then leave them for open-water areas (e.g., Esox lucius

(northern pike), Cyprinus carpio (common carp), and

Notropis hudsonius (spottail shiner)) (Jude and Pappas

1992). The dynamic nature of fish communities in

wetlands may have limited our ability to properly

estimate their alpha diversity at a given point in time.

Although fish alpha diversity was reduced in high

conductivity water wetlands, fish beta diversity was

increased by wetlands. Therefore, high conductivity

water wetlands in the Upper St. Lawrence River have

relatively species-poor fish communities, yet also host

to unique fish assemblages compared with open-water

shore sites.

Different refuges dampen invasion and enhance

diversity at the whole ecosystem scale

Wetlands presented refuges that both reduced local

round goby abundance, and also directly increased

both alpha and beta diversity of macroinvertebrate and

beta diversity of fish within invaded, high conductivity

waters. Interestingly, wetlands did not have strong

effects on macroinvertebrate and fish community

structure in the low conductivity water of the Ottawa

River when community data from the high-conduc-

tivity water of St. Lawrence River and low-conduc-

tivity water from the Ottawa River were analyzed

separately. The low-conductivity water is a refuge

from invasion, therefore local wetlands seems to be

less important for native species when nested within a

spatially broader refuge. A caveat is that more

wetlands and open-water shore sites were sampled in

high conductivity water than in low conductivity

water, which could have reduced our ability to detect

wetland effects in low conductivity water. However,

taken altogether, local refuge inside wetlands enabled

diverse assemblages of macroinvertebrates and unique

assemblages of fish, making these critical habitats for

aquatic diversity, especially within invaded, high

conductivity waters. The environmental heterogeneity

provided by wetlands had a strong positive effect on

macroinvertebrate community diversity, and also to a

lesser extent for fish communities. Environmental

heterogeneity has been shown to increase species

diversity in many groups (Tews et al. 2004), but it can

also decrease species diversity in some cases (Sullivan

and Sullivan, 2001). The effect of environmental

heterogeneity can vary depending on how the studied
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animal guild perceives this heterogeneity and the

spatial scale of the study (Tews et al. 2004).

Most of research on environmental heterogeneity in

invaded environments to date has been done in

terrestrial ecosystems; our study joins a handful of

papers that have addressed this topic in freshwater

ecosystems (Kestrup and Ricciardi 2009; Iacarella and

Ricciardi 2015; Latzka et al. 2016). Refuges to

invasion at local scales (Holway et al. 2002; Leprieur

et al. 2006; Menke and Holway 2006; Krassoi et al.

2008) and at broad scales (Menke et al. 2007; Kestrup

and Ricciardi 2009; Anton et al. 2014) have been

recognized as important driver of invasive abundance

and native community diversity. Our results confirm

the results of other studies that environmental hetero-

geneity can locally decrease invasion impact in

invaded areas (Melbourne et al. 2007; Ricciardi

et al. 2013; Vander Zanden et al. 2017). Our findings

uniquely highlight that environmental heterogeneity

from different types of refuges can dampen invasion

impact and enhance aquatic community diversity at

the whole ecosystem scale. In our study, broad-scale

environmental heterogeneity, such as the conductivity

gradient across the Upper St. Lawrence River, can

allow native species to be sheltered from invasive

species and create diversity of communities by

structuring composition of organisms. Local scale

heterogeneity, such as the patchy wetlands within the

invaded, high conductivity waters, have the potential

to reduce invasive species abundance and increase

local community diversity. Freshwater ecosystems are

among the most invaded ecosystems in the world

(Richardson 2011), and our findings are reported from

one of the most economically and culturally important

invaded bodies of freshwater in North America, the St.

Lawrence River (Vincent and Dodson 1999; Carignan

and Lorrain 2000; Kavcic 2016).

Caveats

Other previous research has investigated macroinver-

tebrate diversity patterns in the Upper St. Lawrence

River, and this research found contrasting patterns to

what we report in our study (Kipp and Ricciardi 2012;

Kipp et al. 2012). These previous other studies focused

on round goby impacts on macroinvertebrate commu-

nities in relation to invasion history, and in contrast

with our results, found that round goby abundance was

negatively correlated with macroinvertebrate diversity

(Kipp and Ricciardi 2012), especially for molluscs

(Kipp et al. 2012). These other studies used macroin-

vertebrate sampling methods that targeted sessile

organisms such as molluscs, but these methods were

not optimal for sampling the rapidly swimming

invertebrates. Our field sampling methods targeted

swimming macroinvertebrates, such as amphipods

and insect larvae, and we found that macroinvertebrate

community Shannon diversity was higher, not lower,

in high conductivity water where round gobies are

well-established and abundant. This finding can be

explained because the evenness of the overall com-

munity assemblage is negatively affected by conduc-

tivity (P = 0.012, R2 = 0.179, Appendix S2: Fig. 13);

amphipod relative abundance was lower at heavily

invaded sites with higher evenness

(P = 4.42e - 05, R2 = 0.482, Appendix S2:

Fig. 14). Therefore, amphipods dominated in low

conductivity refuges where macroinvertebrate com-

munity evenness and Shannon index were lower. The

lack of detected effects of round goby abundance on

macroinvertebrate diversity could be the result of not

specifically sampling for gastropods in our study. In

lentic habitats, round gobies favor molluscs and

chironomids, but they have very high diet diversity

and are capable of adapting to locally abundant food

sources (Kornis et al. 2012). Our study suggests that

amphipods are likely an important food resource for

round gobies at invaded, high conductivity sites in the

Upper St. Lawrence River, which has been shown to

be an important prey item of round gobies in other

systems (Raby et al. 2010; Tarkan et al. 2019).

A long- term survey (1995 to 2017) of fish

community diversity in the St. Lawrence River, with

areas overlapping with our study (Morissette et al.

2018), found no effects of the round goby on fish

species diversity indices but rather specific local

effects on certain fish species abundances such as the

tessellated darter (Etheostoma olmstedi). We found

that fish community Shannon diversity was reduced at

high round goby abundance. Our study focused on

lentic waters; Morissette et al. (2018) sampled both

lentic and lotic habitats with different sampling gear

over wider a geographic area. Round gobies prefer

warmer water (optimum around 26 �C) (Kornis et al.
2012); they could therefore be more abundant and

have stronger impacts in lentic waters. The results we

show in this manuscript indicate that round goby

continue to have negative effects on fish diversity in
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certain areas of the Upper St. Lawrence River. No

other studies to our knowledge investigated patterns of

fish diversity inside wetlands in the Upper St.

Lawrence River, which we show here to host unique

fish assemblages with high LCBD values (Fig. 4e, f).

None of these other studies of fish and macroinverte-

brates in the St. Lawrence River explored community

patterns across different refuge types that amount to a

net effect of constraining round goby invasion and

enhancing aquatic biodiversity at the whole ecosystem

scale.

Conclusions

We found that different refuge types dampened

invasion impact and favored aquatic biodiversity at a

whole-ecosystem scale in a complex, environmen-

tally-heterogenous river system. Our findings suggest

that conservation efforts will likely have greater effect

if they focus on the maintenance of environmental

heterogeneity outside of large protected areas, by

protecting a wide variety of local patches of habitats

that provide key refuges for the persistence of diverse

native communities. The low conductivity Ottawa

River water provided a strong refuge that excluded

round goby presence, and so the relative importance of

wetlands in structuring native communities was

reduced in these waters. Local heterogeneity created

by habitat patches could therefore be less important in

maintaining native species diversity in face of exotic

invasion when nested inside broader scale refuges.

Within invaded habitats, other studies have shown that

high levels of native diversity at small local spatial

scales can reduce invasive species success because of

biotic resistance (Byers and Noonburg 2003; Davies

et al. 2005; Melbourne et al. 2007). The maintenance

of diverse communities across spatially environmen-

tally heterogeneous habitats also has the added

potential benefit of providing compensatory dynamics

through a diversity of ecological responses that could

further buffer impacts from exotic invasion and other

environmental change (Gonzalez and Loreau 2009).

More empirical work is needed to understand the role

of different refuges in combining to maintain native

population and community diversity, and their impor-

tance in promoting ecological and evolutionary pro-

cesses for native species co-existence with invasive

species at whole ecosystem and landscape-level

scales.
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