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Abstract Round Goby Neogobius melanostomus

invasion of the Grand River (Ontario, Canada)

presents an opportunity to assess the role of abiotic

gradients in mediating the establishment and impact of

nonnative benthic fishes in rivers. In this system,

sequential low-head dams delineate uninvaded and

invaded river reaches and create upstream gradients of

increasing water velocity. We hypothesized that flow

refugia created by impounded reservoirs above low-

head dams enhance local Round Goby abundance.

Round Goby influence on the native fish community

was determined by variance partitioning, and we used

generalized additive models to identify small-bodied

benthic fish species most likely to be impacted by

Round Goby invasion. Round Goby abundance

declined as the degree of reservoir effect decreased

upstream. The distributions of four species (including

the endangered Eastern Sand Darter Ammocrypta

pellucida) in invaded reaches were best explained by

inclusion of both reservoir-associated abiotic variables

and Round Goby abundance as model terms. To

determine establishment potential of the uninvaded

reach immediately upstream, four environmental

habitat characteristics were used in discriminant

function analysis (DFA) to predict three potential

outcomes of introduction: non-invaded and either

lower or higher Round Goby abundance (low and high

invasion status, respectively) than the median number

of Round Goby at invaded sites. Our DFA function

correctly classified non-invaded and high-abundance

invasion status sites[ 85% of the time, with lower

(73%) success in classifying low-abundance invasion

status sites, and the spatial pattern of our results

suggest that likelihood of establishment is greatest in

impounded habitat.

Keywords Establishment � Impact � Laurentian
Great Lakes � Tributary impoundment

Introduction

More than 180 aquatic nonindigenous species are

established in the Laurentian Great Lakes basin

(GLB), and some of these species have caused

substantial ecological and economic impacts (Mills

et al. 1993; Ricciardi 2006). The GLB is a model

system for studying how introduced species invade

new environments, yet most attention has focused on
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the establishment of invaders in the lakes themselves,

rather than their tributaries. Physical attributes of

tributaries (e.g., water velocity, temperature) may

initially inhibit establishment by aquatic invasive

species, such as dreissenid (zebra and quagga) mussels

and Eurasian Ruffe Gymnocephalus cernua, which

have been slow to colonize flowing waters (Bauer

et al. 2007). Round Goby Neogobius melanostomus, a

small non-indigenous benthic fish of Eurasian origin,

has recently expanded its range into tributaries after

colonizing all five Great Lakes (Bronnenhuber et al.

2011; Poos et al. 2010) and was the fastest spreading

vertebrate in the GLB in the years immediately

following its introduction (Dopazo et al. 2008). Round

Goby has become the most abundant benthic fish in

some nearshore Great Lakes habitats (Kornis et al.

2012) and has been linked to local declines or

extirpations of native fishes, including Logperch

Percina caprodes and Mottled Sculpin Cottus bairdii

(Balshine et al. 2005; Janssen and Jude 2001; Leino

and Mensinger 2016). Documented impacts of Round

Goby on native fish communities in tributaries appear

not to have been as severe as in the Great Lakes proper

(Kornis et al. 2013; Poos et al. 2010), but a broader

suite of species may be affected. Fish communities in

southwestern Ontario tributaries are the most speciose

in Canada, with a number of nationally listed at-risk

fishes confined to small ranges within this region

(Staton and Mandrak 2005). For example, Northern

Madtom Noturus stigmosus and Eastern Sand Darter

Ammocrypta pellucida are two at-risk native benthic

fishes found in tributaries colonized by Round Goby

(Poos et al. 2010), and the conservation implications

of these invasions is uncertain.

Tributaries in the GLB have frequently been

hydrologically altered for navigation, flow manage-

ment, hydroelectricity, and preventing the spawning

migration of invasive Sea Lamprey Petromyzon

marinus (Harford and McLaughlin 2007; Noakes

et al. 2000; Porto et al. 1999). The majority of these

dams are low-head barriers (\ 4 m in height), which

have less pronounced fragmentation, hydrologic, and

water chemistry effects than large dams (Cumming

2004; Nilsson et al. 2005). Nonetheless, low-head

dams restrict fish movement (Noakes et al. 2000; Porto

et al. 1999) and share similarities with large dams by

affecting river processes and biota at local and

landscape scales (Dodd et al. 2003; Harford and

McLaughlin 2007; Santucci et al. 2005). Reservoirs

can facilitate invasions within a watershed by acting as

‘stepping-stones’ for spread and by supporting

increased propagule pressure, altering hydrologic

conditions, and altering native assemblages (Havel

et al. 2005; Johnson et al. 2008). For example, low-

head dams are believed to enhance downstream

recruitment of dreissenid mussels in an inland river-

reservoir system, by supporting high mussel abun-

dance in the lentic sections above dams (Smith et al.

2015). On some GLB tributaries, low-head dams may

impede Round Goby range expansion (Poos et al.

2010). Yet, on the Grand River in southern Ontario,

Round Goby has been detected above dams that are

naturally impassable to them, suggesting human-

facilitated transport in sufficient numbers to overcome

demographic barriers to establishment (Bronnenhuber

et al. 2011). The slower water velocity of the

impounded reservoir immediately upstream of the

dam may provide a flow refuge for Round Goby,

which cannot hold a fixed position in water velocities

above 0.35 m s-1 and cannot sustain swimming

speeds over 1.25 m s-1 (Tierney et al. 2011). There-

fore, high water velocities could form an effective

barrier to the upstream movement of Round Goby in

hydrologically unmodified tributaries and in areas

beyond the reservoir on modified tributaries. Reser-

voir sections affect more than just water velocity, with

consequences for substrate size and embeddedness,

channel width, and depth (Alexandre and Almeida

2010; Gillette et al. 2005; Santucci et al. 2005). We

describe this suite of highly collinear variables acting

in concert as the ‘reservoir effect’.

Compared to unmodified rivers, fish communities

in dammed rivers may be more vulnerable to the

effects of fish invasions, and there is considerable

evidence that the reservoir effect tends to favour

invaders (Alexandre and Almeida 2010; Falke and

Gido 2006; Moyle and Marchetti 2006). The majority

of research examining Round Goby invasion of GLB

tributaries has not extended upstream of the first

barrier (e.g., Abbett et al. 2013; Campbell and Tiegs

2012; Kornis et al. 2013; Krakowiak and Pennuto

2008) and has typically focused on relatively slow-

moving stream reaches near lake inlets (Pennuto et al.

2010). Round Goby behaviour in slow-moving and

reservoir habitat likely plays a role in the decline of

native benthic fishes; aggression and competitive

superiority has been observed experimentally where

food and shelter are limiting (Balshine et al. 2005;
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Dubs and Corkum 1996; Janssen and Jude 2001;

Kornis et al. 2012). Presence of Round Goby at low

densities was experimentally shown to negatively

affect the growth of a native darter in a slow-moving

GLB tributary (average water velocity\ 10 m s-1),

which was attributed to interspecific competition

(Kornis et al. 2014); however, the trend was not

evident at high invader abundance, potentially a result

of complex inter- and intraspecific interactions that

were responsible for increased mortality. Where

access to free-flowing riverine habitat is limited by

impoundment and the creation of a reservoir effect,

Round Goby are the likely winners of competition;

when the reservoir effect is minimal, lotic-adapted

species are likely to persist.

We surveyed the Grand River as a model system to

examine the role of abiotic gradients in mediating the

colonization and impact of Round Goby. We hypoth-

esized that impoundments above low-head dams

create a reservoir effect that promote establishment

of Round Goby, while negatively affecting the abun-

dance of native small-bodied benthic fishes. Further,

we predicted that Round Goby itself would negatively

affect abundance of native benthic fishes where these

species co-occur. Finally, we used invaded reaches to

predict establishment risk to an uninvaded reach if

Round Goby are introduced, a plausible scenario given

strong angling activity in the region (Drake and

Mandrak 2014).

Methods

Study area

The Grand River (43�080N, 80�170W) is a species-rich

tributary of Lake Erie and a species-at-risk hotspot

(Poos et al. 2010). It is highly fragmented, with over

130 dams throughout the * 6500 km2 watershed

(Reid et al. 2008). Three reaches of the middle and

lower Grand River, bounded at their downstream and

upstream limits by dams, were sampled between 2010

and 2014 (Fig. 1). Moving downstream in the water-

shed, the three reaches measure 15 km (reach 1; R01),

43 km (reach 2; R02), and 53 km (reach 3; R03),

respectively. Stream gradient is highest in R01

Fig. 1 Location of the study area within the lower Grand River

watershed, sampled from 2010 to 2014. Detail view: Study sites

(circles) on three river reaches (R01–R03). Dams are indicated

by numbered arrows: 1. Dunnville Dam, Dunnville, Ontario; 2.

Caledonia Dam, Caledonia, Ontario; 3. Wilkes Dam, Paris,

Ontario; 4. Paris Dam, Paris, Ontario
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(1.07 m km-1), followed by R02 (0.33 m km-1), and

R03 (0.19 m km-1; Google Earth 2017). Low-head

(\ 4 m) dams have caused a detectable reservoir: an

upstream impoundment of water with slower velocity

and greater depth than the historical riffle-pool mor-

phology of the river (Dextrase 2013). The Dunnville

Dam, at Dunnville, Ontario, separates R03 from Lake

Erie and is the first barrier to fish movement on the

Grand River (Fig. 1). In all reaches the reservoir

extends upstream of each dam until a transition to the

riffle-pool morphology that we refer to as mainstem

habitat. Round Goby is present in Lake Erie and has

been present above lowhead dams in R02 and R03

since at least 2007 (Poos et al. 2010), likely introduced

through human-mediated transfer (Bronnenhuber

et al. 2011). Initial site selection was done with a

stratified-random approach along each reach, provided

that each potential site met the minimum depth criteria

for the sampling gear (Fig. 1). Reaches R02 and R03

were sampled over 3 years to examine temporal

changes in the invasion front, and R01 (upstream of

the Round Goby invasion) was sampled once in 2014.

R02 and R03 sites were established in 2010 and were

revisited in 2011 and 2013; however, this was done

with low precision as a result of inter-annual changes

to trawling hazards (e.g., sunken timber) with up to

400 m separating sampling sites.

Habitat sampling

To delineate sites a linear transect of 100 m was

marked, and global positioning system (GPS) coordi-

nates of the upstream (top) and downstream (bottom)

points of the fish sampling transect were taken.

Transects were established through relatively homo-

geneous habitat, confirmed visually at the surface and

using bottom scanning sonar. Stream depth and water

velocity were measured at the top, midpoint, and

bottom of 100 m transects, and a single mean value

was computed for each transect. Depth was measured

by a Humminbird sidescan unit and velocity was

measured using a Swoffer Model 2100 current veloc-

ity meter held at 1 m depth, or when total depth

was\ 2 m, at total depth/2. Sediment composition

was visually estimated as percent contribution of 11

dominant substrate types from a single Ponar grab

sample at the midpoint of the transect and average

sediment size was calculated by converting percentage

values to the Phi scale (Inman 1952), which provides a

measure of sediment fineness. Stream width was

determined to the nearest meter using a laser

rangefinder in the field or satellite imagery in Google

Earth Pro v. 7.1.5. Distance of sites upstream from the

nearest downstream dam was calculated in the GIS

program GRASS (GRASS Development Team 2012).

Fish sampling

Benthic trawling was used to sample the fish commu-

nity during a one- to two-week period, between June

and August of 2010, 2011, 2013, and 2014. On arrival

at each site transects were trawled in rapid succession

by three passes of an Innovative Net Systems 2.44 m

mini-Missouri trawl with 3.18 mm mesh. The mini-

Missouri trawl targets benthic fishes (e.g., darter spp.)

within 50 cm of the substrate and is useful in rivers

where clarity, depth, and velocity exclude other

techniques (Herzog et al. 2009). All captured fishes

were enumerated, and maximum and minimum length

recorded for each species. Voucher specimens were

collected in the field and used to verify species

identities in the lab. Fish data from the three trawl

passes were pooled for each site to gain a relative

measure of species abundances among sites.

Analytical approach

Analyses were focused on identifying the dominant

abiotic gradients associated with low-head dams on

the Grand River, relating these gradients to native

benthic species and Round Goby abundance on

invaded reaches and applying information from

invaded reaches, to predict establishment likelihood

upstream of a low-head dam in an uninvaded reach.

All analyses were conducted in R (R Core Develop-

ment Team 2015).

Environmental data

Nine physical and chemical variables representing the

environmental conditions at study sites were selected

for inclusion in analyses (Table 1). Six of the nine

environmental variables had at least one missing

value. Multivariate analyses can be sensitive to

missing values, thus, these were imputed by multiple

imputation using the missMDA function in the

FactoMineR package in R (Husson et al. 2013), which

uses a PCA model to impute multiple missing values
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in continuous data sets (Josse and Husson 2012).

Habitat variables were tested for normality using the

Shapiro–Wilk test statistic. Variables that did not meet

normality (p\ 0.01) were transformed by ln(x ? 1)

or, in the case of proportional data, by the ArcsinHx

function. When data transformations were found to

improve normality, transformed data were used in

further analyses. Sediment fineness was not further

normalized after its calculation as a Phi-scale value.

Strong velocity and depth gradients in the riverine

environment are likely to cause collinearity of certain

physical habitat variables among study sites. To

address collinearity and reduce dimensionality in

habitat variables, we used principal components

analysis (PCA) on scaled and centered physical habitat

variables. The optimal number of principal compo-

nents was determined by visual examination of scree

plots. PCA was conducted on pooled 2010, 2011, and

2013 data. PC scores were used in further analyses as a

composite metric to describe the physical gradient

caused by low-head dams on the Grand River. Water-

column measurements (conductivity, temperature,

dissolved oxygen, turbidity) were excluded from

characterizing the reservoir effect due to the instan-

taneous nature of their collection during site visits, and

relatively low variability among sites within a sam-

pling year due to short residence time in shallow, well-

mixed mainstem, and impounded sections.

Fish community and species distributions

Fish abundance data were highly right-skewed (Pois-

son distributed) and overdispersed due to an excess

number of zeros. Species abundances were ln(x ? 1)

transformed to improve normality if included as

explanatory variables in models. To determine if there

were differences in the benthic fish community among

reaches and years, we conducted a two-factor permu-

tational multivariate analysis of variance (PERMA-

NOVA, Anderson 2001) on Chord-transformed site-

species matrices (Legendre and Gallagher 2001), with

significance based on 9999 iterations using the Vegan

package (Oksanen et al. 2011). To account for

physical habitat gradients within reaches, a PCA-

derived site score was included as a covariate in

PERMANOVA analyses. Non-metric multidimen-

sional scaling (NMS) was used to visualize commu-

nity similarity among reaches, and abiotic variables

were fitted to the NMS plot as vector overlays when

significant (p\ 0.01) based on 9999 iterations.

Round Goby establishment and impact

To examine native benthic species associations along

environmental gradients while accounting for the

influence of Round Goby invasion, we focused on

the two reaches, R02 and R03, where the invasive fish

is established. We first conducted transformation-

based redundancy analysis (tb-RDA) in the Vegan

package (Oksanen et al. 2011); the site-species matrix

was transformed to Chord distance (Legendre and

Gallagher 2001) and then RDA was performed on the

transformed matrix, constrained by environmental

variables. RDA can allow for the influence of certain

environmental variables known to have strong gradi-

ents across sites to be controlled for in order to focus

on variation across other relatively weak environmen-

tal gradients (Legendre and Legendre 2012). We

identified three variable categories hypothesized to

affect species community composition in the dammed

river: physical variables associated with river mor-

phology (PC1 from PCA analyses); water chemistry

(WC); and, Round Goby abundance (RG). By con-

ducting partial tb-RDA and selectively conditioning

out all but one category at a time, we were able isolate

the proportion of community variance explained by

variable categories and shared variance that could not

be attributed solely to one variable category. Signif-

icance of variance parts was tested using randomiza-

tion with 9999 iterations. We show tb-RDA results in a

Venn diagram to demonstrate total, shared, and

category-explained variance.

Given strong gradients in abiotic conditions mov-

ing upstream from the reservoir sections of river

reaches and the likelihood for species-specific

responses to this gradient, this abiotic reservoir effect

must be taken into account when isolating the

influence of invasive species on the receiving com-

munity. To evaluate the response of individual benthic

fish species across dominant abiotic gradients and

Round Goby abundance, we used generalized additive

mixed models (GAMM). Generalized additive models

are useful to describe species distributions along

habitat gradients, particularly in situations where there

exist non-linear relationships between species abun-

dances and predictors (e.g., Reid et al. 2008). Our full

GAMMs predicted individual species abundance
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using the dominant abiotic gradients summarized

along PC1, log-transformed Round Goby abundance,

and we included year and reach as random effects.

Less-complex models were selected when there was

no significant increase in explained deviance with the

addition of terms beyond PC1 alone. As we were

interested in the effect of Round Goby presence on the

native fish community, and Round Goby had not yet

established at R01, this reach was excluded from our

analyses.

Establishment risk

Given the history of, and future likelihood for, human-

mediated introductions in the Grand River watershed,

we sought to develop a discriminant function that

could determine post-arrival Round Goby establish-

ment and abundance at yet uninvaded sites. We used

local abiotic data in discriminant function analysis

(DFA) based on the following steps: (1) selection of

variables that best explain Round Goby abundance;

(2) classification of Round Goby invasion status on

invaded reaches; (3) computation of discriminant

function; (4) evaluation of discriminant function

performance; and, (5) assessment of uninvaded reach

for establishment outcomes. Forward step-wise vari-

able selection identified which of the physical habitat

variables best described Round Goby abundance in the

invaded reaches, and the selected variables were then

used to compute a discriminant function using the

MASS package (Ripley et al. 2015). Round Goby

invasion status on invaded reaches was determined

statistically, in the absence of obvious breakpoints in

the data or ecological rationale; median number of

Round Goby across all sites on invaded reaches was

chosen as the break point between low- and high-

abundance invasion classes. Discriminant function

performance was evaluated for the whole data set by

leave-one-out cross-validation, to produce a percent-

age value for correct classifications. To estimate

outcomes of establishment if Round Goby arrive

upstream of the barrier between R01 and R02, the

DFA used physical properties of the uninvaded reach

to classify sites into non-, low-, and high-abundance

invasion classes. To visualize outcomes of the DFA,

we mapped observed and predicted invasion status for

R02 and R03 based on 2013 data, as well as predicted

invasion status for R01.

Results

Physical reservoir gradient

Of the nine measured habitat variables, five physical

variables were used in PCA to characterize abiotic

gradients in the Grand River study reaches (Table 1).

The first two principal component (PC) axes together

explained 71% of the total variance; PC1 was char-

acterized by sediment fineness, water depth, and water

velocity, all variables understood to be directly

affected by low-head dams, while PC2 was charac-

terized by bank slope and channel width, typically

related to surficial geology (Table 2). As river distance

upstream of dams (normalized by reach as a propor-

tion of total distance upstream of dams) increased,

PC1 decreased on all reaches (Fig. 2). R01 had a

considerably less proportion of reservoir habitat than

R02 and R03, each of which had at least 50% of total

reach length affected by dams. Stream gradient varied

across our three study reaches and R01, located in the

higher-gradient middle Grand River, was character-

ized by overall higher average water velocity, shal-

lower bank slope, and coarser sediment (Table 1).

Fish community and species distribution patterns

Benthic trawling surveys on R01, R02, and R03

between 2011 and 2014 captured 38 718 individuals,

representing 47 fish species, including nine small-

bodied benthic species (Table 3). Of these nine

species, only Round Goby was considered invasive

to the Grand River.

The benthic fish community differed significantly

among years and between reaches for all sites sampled

between 2010 and 2013 on R02 and R03 (PERMA-

NOVA; n = 97). The majority of explained variation

in the benthic fish community could be attributed to

the covariate PC1 (20.6%, F1,94 = 28.24, p\ 0.001),

which describes the physical habitat gradient on each

reach caused by dams. Lesser variation was described

by reach identity (9.8%, F1,94 = 13.45, p\ 0.001)

and sampling year (4.0%, F2,94 = 2.72, p = 0.014).

To further examine differences among reaches while

minimizing temporal spread, we compared 2014

survey data from R01 to 2013 survey data from R02

and R03. Fish community composition differed

among reaches (PERMANOVA; n = 68). The major-

ity of explainable variation in the fish community
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could be attributed to reach identity (36.4%,

F2,64 = 20.57, p\ 0.001), whereas, the PC1 covari-

ate has less of a structuring effect at this scale (9.6%,

F1,64 = 10.84, p\ 0.001). When the analysis was run

without Round Goby (which has not colonized the

upstream reach), there was no change in the result.

To visualize community differences across years

and reaches, we first plotted NMS axes 1 and 2 for sites

on reaches R02 and R03 sampled 2010–2013 (Fig. 3,

n = 97, final stress = 0.191 after 6 iterations). While

inter-annual variation in the fish community may have

been significant by PERMANOVA, the pattern in this

variation was not apparent in the NMS biplot.

However, there was evident separation of R02 and

R03 across NMS axis 2; R02 sites were evenly spread

across NMS axis 1 and placed high on NMS axis 2.

Benthic species Rainbow Darter Etheostoma caer-

uleum, Greenside Darter Etheostoma blennioides, and

Stonecat Noturus flavus were associated with high

water-velocity sites on R02, whereas, benthic species

Eastern Sand Darter, Brindled Madtom Noturus

miurus, Blackside Darter Percina maculata, and

Johnny Darter Etheostoma nigrum were found at

deeper, lower velocity sites with fine sediment. R03

sites were found low on NMS axis 2, characterized by

communities containing Round Goby and Logperch.

To examine fish community variation across the

entire study area (R01-R03), we plotted the first two

NMS axes of 2013 and 2014 data (Fig. 4; n = 68, final

stress = 0.133 after 13 iterations). There was a clear

separation of the fish community in R01 from R02 and

R03, likely driven by higher captures of Rainbow

Darter, Greenside Darter, and Stonecat in R01, and

higher abundances of Logperch, Eastern Sand Darter,

and Round Goby in R02 and R03. Habitat vectors

indicate Rainbow Darter and Greenside Darter inhab-

ited faster flowing, shallower water with coarser

sediment than sites at which Eastern Sand Darter,

Blackside Darter, Logperch, or Round Goby was

found. Logperch was associated with Round Goby at

Table 2 Principal component results and loadings of habitat metrics measured for reaches R01, R02 and R03, showing eigenvalues

and percent variance explained by each component axis

PC1 PC2 PC3 PC4 PC5

PC results Standard deviation 1.58 1.02 0.85 0.71 0.49

Eigenvalue 2.51 1.04 0.71 0.51 0.24

Proportion of variance 0.50 0.21 0.14 0.10 0.048

Cumulative proportion variance 0.50 0.71 0.85 0.95 1.00

PC loadings Channel width 0.33 0.71 -0.47 -0.11 0.39

Water depth 0.48 -0.17 0.47 -0.67 0.27

Water velocity -0.57 -0.12 0.09 0.00 0.81

Bank slope 0.30 -0.67 -0.65 -0.01 0.19

Sediment fineness 0.50 -0.05 0.36 0.73 0.30

Negative values of PC loadings indicate variables had a negative correlation with the PC axis

Bold loadings[ |0.4| on PC axes 1 and 2

Fig. 2 Reservoir scores across reaches. Values represent site

scores for principal components axis 1 (PC1), characterized by

sediment fineness, water depth, and water velocity. PC1

explained 50% of the total variance in physical habitat variables.

Sites from reaches 1 through 3 (R01–R03) are plotted at

proportional location upstream of dams to normalize relative

positions among reaches of different lengths. Points correspond

to sites following: R01, 2014 = asterisk; R02 = black fill

shapes; R03 = open shapes (2010 = triangle; 2011 = circle;

2013 = square)
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deeper, reservoir-affected sites. Water conductivity

and water temperature habitat vector overlays clearly

separate R01 from R02 and R03.

Round Goby establishment and impact

The greatest explainable variation in the native benthic

fish community was attributable to the reservoir (27%,

p\ 0.001), followed by Round Goby abundance

(10%, p\ 0.001), and water quality (5%,

p = 0.002; Fig. 5). Considerable variation was shared

among categories and variance partitioning revealed a

small, but significant, amount of explainable variation

attributed to Round Goby abundance alone (1%,

p = 0.045).

Significant predictors of abundance in GAM or

GAMMmodels varied by species across R02 and R03

(Table 4). No significant predictors were identified for

Stonecat, and this species was excluded from further

analyses and visualization. Round Goby abundance

showed an exponential increase along PC1, as the

degree of reservoir effect increased (Fig. 6). PC1 and

Round Goby abundance was a significant predictor of

Eastern Sand Darter, Greenside Darter, Johnny Darter,

and Logperch abundances, whereas, Blackside Darter

and Rainbow Darter abundances were best described

only by PC1 (Table 4). Species showed idiosyncratic

responses to PC1, supporting the concept of niche

Fig. 3 Benthic fish community-habitat associations visualized

by NMS on Round Goby-invaded reaches of the Grand River

(R02–R03) sampled from 2010 to 2013 (n = 97, final

stress = 0.191 after 6 iterations). Points represent discrete

sampling events; positions of points are relative to Bray–Curtis

dissimilarity matrix and positions of species are weighted mean

scores. Abiotic habitat variables were fitted to the NMS plot as

vector overlays when significant (p\ 0.01) based on 9999

iterations. Points correspond to sites following: R02 = black fill

shapes; R03 = open shapes (2010 = triangle; 2011 = circle;

2013 = square). Habitat variable codes follow Table 1. Fish

species codes follow Table 3

Fig. 4 Benthic fish community-habitat associations visualized

by NMS on three study reaches of the Grand River (R01–R03)

sampled in 2013 and 2014 (n = 68, final stress = 0.133 after 13

iterations). Points represent discrete sampling events; positions

of points are relative to Bray–Curtis dissimilarity matrix and

positions of species are weighted mean scores. Abiotic habitat

variables were fitted to the NMS plot as vector overlays when

significant (p\ 0.01) based on 9999 iterations. Points corre-

spond to sites following: R01, 2014 = asterisk; R02,

2013 = black square; R03, 2013 = open square. Habitat

variable codes follow Table 1. Fish species codes follow

Table 3

Fig. 5 Multivariate variance partitioning of the native benthic

fish community on three reaches of the Grand River by tb-RDA.

Variance is partitioned among three suites of variables:

Reservoir, Water Quality, and Round Goby abundance. Total

explained variance = 0.31 (n = 135). Asterisk indicates sig-

nificance of variance part at p\ 0.05
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partitioning driven by water velocity. As the reservoir

effect increased along PC1, fishes such as Greenside

Darter, Rainbow Darter and, to some degree, Log-

perch showed decreasing abundance, whereas Eastern

Sand Darter, Johnny Darter, Blackside Darter, and

Brindled Madtom increased in abundance. Logperch

abundance did not show a negative relationship with

Round Goby abundance when the latter was a

significant predictor in the model. Year was significant

as a random effect in all but the Blackside Darter

model.

Establishment risk

The variables selected for DFA were water velocity,

sediment fineness, water depth, and channel width.

The median number of Round Goby at sites on

invaded reaches was 7 (R02 range 0–840; R03 range

0–520), and this represented the chosen breakpoint

between low- and high-abundance invasion classes;

sites with 1–7 Round Goby detected were considered

low-abundance invasion status. The discriminant

function reclassified invasion status on invaded

reaches R02 and R03 with a high degree of fidelity,

indicating good model performance. We correctly

predicted absence (n = 30) in 86.5% of cases, low

abundance (n = 30) in 72.7% of cases, and high

abundance (n = 38) in 85.7% of cases (Table 5).

Spatially, there was little change to upstream invasion

edge between observations and predictions, and the

principal differences were in assignment of the

farthest downstream sites on R03 to high invasion

status, when the observed status was either low, or

non-invaded (Fig. 7). When applied to habitat data

from uninvaded R01 to forecast invasion risk, the

discriminant function identified 25 sites where Round

Goby is not likely to establish, eight sites that could

support low abundance, and five sites that could

support high abundance. All sites that would reach

high Round Goby abundance (high invasion status)

were \ 1 km upstream of the low-head dam at the

downstream end of the reach (Fig. 7).

Discussion

Round Goby invasion appears to be facilitated by the

presence of low-head dams on the lower Grand River.

Impounded sections above low-head barriers have

contributed to the maintenance of wider channels,

slow-moving deep water, and fine substrate. The

water-velocity gradient appears to promote Round

Goby establishment upstream of dams and, at the same

time, negatively affects the abundances of certain

native benthic fishes. Introduction of Round Goby in

the study reaches above low-head dams is suspected to

be of human origin (Bronnenhuber et al. 2011). Given

that such transport is all but inevitable (Drake and

Mandrak 2014), we must accurately characterize the

receiving environment to estimate risk of establish-

ment. Previous studies that have focused primarily on

lower reaches of rivers below the first upstream barrier

(e.g., Abbett et al. 2013; Campbell and Tiegs 2012;

Kornis et al. 2013; Krakowiak and Pennuto 2008) do

not address the majority of tributary habitat currently

at risk of invasion by human-mediated introductions.

Physical reservoir gradient

Low-head dams on the Grand River effectively

interrupt the river continuum, creating a repeating

pattern of lentic-to-lotic transition seen elsewhere in

rivers with successive low-head barriers (Alexandre

and Almeida 2010; Gillette et al. 2005). Although

lacking the conspicuous lacustrine reservoirs of large

dams, small in-line low-head dams may nonetheless

alter flow and depth along upstream reaches (Alexan-

dre and Almeida 2010; Dodd et al. 2003). The widely

observed ‘lentification’ (the slowing, deepening, and

fine sediment deposition) of stream sections immedi-

ately upstream of small natural or anthropogenic

barriers (e.g., Alexandre and Almeida 2010; Cumming

2004; Gillette et al. 2005; Tiemann et al. 2004; Wang

et al. 2011) is, along with loss of habitat connectivity

(Nilsson et al. 2005; Rahel et al. 2009), frequently

cited as a principal mechanism by which small barriers

structure the native fish community. Our results

indicate that the physical stream environment on the

Grand River is highly modified by the presence of

bFig. 6 GAM-generated smoothing functions or linear regres-

sions (black lines) and 95% confidence bands (shaded areas)

showing the relationship between abundances of eight benthic

fish species from the Grand River, Ontario, and either one or two

significant predictors—reservoir gradient (PC1) and Round

Goby abundance (RG). Model results are provided in Table 4.

Straight regression lines indicate a linear model provided a

better fit for the data than a smoothing function
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dams. Habitat variables that loaded on principal

component axis PC1 were those we understood to be

the reservoir effect of low-head dams (water velocity,

water depth, and sediment size) that diminished with

distance upstream of the low-head structures. This

repeated gradient of river morphology, in which

higher quality habitat is characterized by larger

sediment size and a greater magnitude of flow, has

been noted in previous work examining low-head

dams on the Grand River (Reid et al. 2008) and

elsewhere (Alexandre and Almeida 2010; Gillette

et al. 2005). A large rainfall event occurred in 2014

during the sampling period for R01 and we suspect this

event was responsible for lower average water tem-

perature, lower water conductivity, and higher dis-

solved oxygen on R01 versus R02 and R03, which

were sampled in previous summers. This event

highlights the importance of selecting variables that

are relatively unaffected by such instantaneous

physicochemical measurements of river condition

when describing reservoir effects in shallow dam-

affected tributaries (Alexandre and Almeida 2010).

Water velocity, which was on average higher in R01,

was also likely affected by the rainfall event; however,

this is confounded by the fact that R01 had a higher

stream gradient than R02 and R03.

Fish species distribution patterns

The benthic fish community within invaded reaches

was clearly structured by abiotic habitat variables,

with reservoir-associated variables explaining the

majority of variance. Low-head dams affect fish

assemblages by altering the physical environment

and the context of their interactions (Alexandre and

Almeida 2010; Gillette et al. 2005; Porto et al. 1999);

thus, the reservoir effect was a useful predictor across

which to examine individual species abundances, as

the complex interaction of habitat variables in parti-

tioning riverine niches warrants a multivariate

approach (Pratt and Lauer 2013; Stauffer et al.

1996). In general, intact, small-bodied benthic fish

communities should conform to assembly rules with

respect to microhabitat partitioning (Paine et al. 1982;

Pratt and Lauer 2013; Stauffer et al. 1996; Thompson

and Stallsmith 2016), which is consistent with what we

have found across our study reaches.

Contrary to our predictions, however, native ben-

thic fishes demonstrated a variety of responses to the

reservoir gradient, evident both in the multivariate

plots of site-species associations and the individual

species models across the reservoir gradient and

Round Goby abundance. Greenside Darter, Rainbow

Darter, and Stonecat occurred in faster flowing water;

with the exception of Stonecat, their abundances

decreased as the degree of reservoir effect increased,

suggesting that the dam legacy limited their habitat on

the Grand River prior to the introduction of Round

Goby. The high-flow large-substrate association of

Rainbow Darter and Greenside Darter was consistent

with research examining habitat partitioning in non-

invaded rivers (Paine et al. 1982; Pratt and Lauer

2013). Eastern Sand Darter, Johnny Darter, Brindled

Madtom, and Blackside Darter exhibited higher

abundance with a higher degree of reservoir effect

and were relatively closely clustered in multivariate

species space. Endangered Eastern Sand Darter may

present a special case as it selects sandy substrate

typical of slightly lower water velocities (Drake et al.

2008). Logperch abundance varied non-linearly across

the reservoir gradient of our study reaches, declining

sharply past a threshold in the degree of reservoir

effect, which may represent avoidance of habitat with

more embedded and finer substrate, as well as areas

with high Round Goby abundance. Logperch is often

associated with gravelly and rocky shorelines in lakes

and large rivers (Balshine et al. 2005; Ray and Corkum

2001). In smaller lotic systems, it selects riffle- and

pool-edge habitats (Aadland 1993) where its preferred

substrate is maintained by higher water velocities.

Round Goby was more often found in dam-

modified deeper, slower-flowing habitat than small-

bodied native benthic fishes on the Grand River. For

shelter and reproduction, Round Goby requires inter-

stitial spaces typically provided by hard substrate such

Table 5 Discriminant function contingency table of predicted

versus observed invasion status for all Grand River sites

(n = 98)

Predicted invasion status

Non Low High Total

Observed invasion 
status

Non 24 2 2 28

Low 5 24 4 33

High 1 4 32 37

Total 30 30 38
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as cobble (Kornis et al. 2012); yet impounded sections

were characterized by fine sediment. Reproduction

was clearly occurring in each invaded reach, with

young-of-year gobies (\ 15 mm total length) captured

in all years. In Michigan GLB tributaries, it was

hypothesized that Round Goby may migrate season-

ally out of areas with fine substrate to find suit-

able spawning locations (Campbell and Tiegs 2012;

Pennuto et al. 2010) and, in the St. Clair River, Round

Goby was suspected to utilize riprapped banks as

spawning habitat in reaches of otherwise unsuitably

fine substrate (Campbell and Tiegs 2012). Such

movement and alternate habitat use within the Grand

River is plausible, and may create temporal variation

in the distribution of Round Goby.

Logperch and Round Goby grouped closely in

species space (Fig. 3); such overlap in habitat use has

been similarly reported in many GLB tributaries

(Campbell and Tiegs 2012; Kornis et al. 2013; Phillips

et al. 2003) and may promote competitive interactions

between the two species. The outcomes of this

competition were tested in situ in Duluth-Superior

Harbour (Leino and Mensinger 2017), where habitat

would be similar to that of impounded sections of the

Grand River. Logperch were out-competed by Round

Goby on soft-bottomed substrate but the larger

physical area of this substrate type compared to

preferred rocky habitat was hypothesized to promote

coexistence in the harbor (Leino andMensinger 2017).

This may be the situation in the Grand River and

explain the trends we see in the Logperch GAM and

NMS visualizations.

Invasion impacts on native fishes

Round Goby abundance explained changes to native

benthic-fish community composition and reduced

abundances of at least three species beyond what

could be attributed to the physical reservoir gradient.

Abundances of Greenside Darter, Johnny Darter, and

Eastern Sand Darter showed significant inverse cor-

relations with Round Goby abundance. Elsewhere,

Johnny Darter and Rainbow Darter are only found in

New York tributaries of the St. Lawrence River that

lacked Round Goby (Abbett et al. 2013), but we

suspect that the Grand River low-head dams may

mediate this impact by: (1) maintaining large substrate

size preferred by Rainbow Darter in high flow areas

immediately downstream of dams; and, (2) creating

barriers to Round Goby upstream movement, thus

protecting uninvaded pool habitat preferred by Johnny

Darter. Although small-bodied native benthic fishes

are adapted to variable flow and water levels of

tributaries, Round Goby may be better able to tolerate

hydrologically modified conditions in an impounded

tributary.

Round Goby presence and assumed competitive

superiority have been implicated in the precipitous

decline or extirpation of Logperch from New York

Fig. 7 Invasion status and risk on the lower Grand River. Points

correspond to sites following: non-invaded = open triangle;

low-invasion status = grey inverted triangle; high-invasion

status = black triangle. Continuous black line with grey

shading represents river thalweg; flow direction is from top left

to bottom right. Black arrows indicate dam locations (see Fig. 1

for dam identities). a Discriminant function-predicted invasion

status on invaded reaches R02 and R03 based on 2013 habitat

measurements. b Current invasion status on invaded reaches

R02 and R03 from 2013 benthic trawl surveys. c Discriminant

function-predicted invasion status on R01 based on 2014 habitat

measurements
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tributaries to Lake Erie (Krakowiak and Pennuto

2008), Hamilton Harbour (Balshine et al. 2005),

Duluth-Superior Harbour (Lynch and Mensinger

2012), and inner Long Point Bay, Lake Erie (Reid

and Mandrak 2008). On the Grand River, however,

there was little evidence to suggest Logperch is in

decline because of Round Goby; the complex riverine

environment may be acting to allow coexistence not

observed in lentic systems. We hypothesize that a

number of factors explain the nonlinear bimodal

response of Logperch to increasing Round Goby

abundance, including differences in population size

structure of Round Goby and native species, which

could mediate competitive interactions. Round Goby

has multiple spawning events per year (Corkum et al.

2004; Kornis et al. 2012), resulting in a relatively

continuous size structure (Brandner et al. 2013;

MacInnis and Corkum 2000; Taraborelli et al. 2010),

in contrast to species that spawn once per year and

mature in distinct cohorts, such as Roanoke Logperch

Percina rex (Rosenberger and Angermeier 2002). The

continuous size structure of Round Goby relative to

Logperch may allow more efficient resource use along

habitat continua (e.g., PC1) and Round Goby impacts

could vary across the reservoir gradient depending on

where particular size classes of each species overlap. It

is also possible that, at the highest densities of Round

Goby in the impounded sections, interspecific com-

petition drops, reflected in the secondary increase in

Logperch abundance as invader abundance reaches its

highest levels. Indeed, experimental work on Round

Goby and native fishes in tributaries to Lake Michigan

supports a shift from inter- to intra-specific competi-

tion at highest invader abundances, which may release

native fishes from competition with the invader;

however, low recapture of native fishes the highest

invader abundances may have been due to increased

mortality in this treatment, thus confounding results

(Kornis et al. 2014).

The synergistic interaction of habitat modification

and species invasions can severely impact native

aquatic species (e.g., Clavero et al. 2013; Didham et al.

2007; Hermoso et al. 2011; Marchetti et al. 2004;

Marks et al. 2010), and there is considerable uncer-

tainty as to the magnitude of effect Round Goby

invasion of impounded tributaries will have on

riverine small-bodied fishes (Poos et al. 2010). The

role of lentic refugia in mediating coexistence among

native and invasive benthic fishes in tributaries

remains an important research focus.

Low-head dams: barriers or beachheads?

Small riverine impoundments on the Grand River

appear to be acting beachheads for Round Goby

establishment—an effect of low-head dams that has

largely been overlooked in the GLB, where research

has primarily focused on their isolating effect (Dodd

et al. 2003; McLaughlin et al. 2003). Using informa-

tion from invaded reaches of the Grand River, we

predicted that Round Goby are likely to establish if

introduced in the yet uninvaded impoundment on R01.

However, despite good performance overall, our

model failed most often to correctly separate low-

abundance sites from non-invaded and high-abun-

dance sites. This may be an artifact of our necessarily

arbitrary invasion status assignment criteria, due to the

structure of the data and paucity of biological rationale

in the literature. Post-invasion dynamics may also

affect model discrimination between low and high

abundance sites. Modeling Round Goby invasion

dynamics over the first decade following introduction

in Hamilton Harbour, Ontario, demonstrated a sharp

population decline as Round Goby reached its peak

density, likely due to high competition and predation

(Vélez-Espino et al. 2010). If the sampling period used

to develop our model was early in the population

expansion phase, or followed a population decline,

this could introduce uncertainty in calculating inva-

sion outcomes for uninvaded habitat. While Round

Goby was consistently the most abundant species in

R02 and R03, there was a peak in 2011, with fewer

individuals captured in 2010 and 2013. Whether this

represented cyclic fluctuation, or a true population

peak, was unknown. Nevertheless, accounting for this

variation is necessary for generating realistic estimates

of uncertainty when assessing the performance of a

predictive model. Prediction is integral to risk assess-

ment by facilitating early detection and intervention in

the event of species invasions, and our work provides a

basis for evaluating establishment risk as Round Goby

continues to spread in tributaries.

Completion of the Welland Canal and the subse-

quent invasion by Sea Lamprey into the upper GLB

has required intensive management to mitigate its

impact on native fishes (Lavis et al. 2003; Smith and

Tibbles 1980), including the maintenance or
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installation of low-head barriers to lamprey spawning

habitat, which have affected habitat connectivity and

fish community structure (Dodd et al. 2003). The

potential establishment of Asian carps (which require

a minimum length of free-flowing river to complete

their breeding cycle) in the GLB has renewed attention

on low-head dams as potentially important interrup-

tions in otherwise free-flowing river sections (Kocov-

sky et al. 2012; Murphy and Jackson 2013). On the

other hand, impoundments are popular locations for

angling and can act as hubs for the movement of

invasive species in a way similar to shipping ports

(Floerl et al. 2009). Human-mediated movement

upstream of barriers has already been suspected in

the dispersal of Greenside Darter in the Grand River, a

species not found in the watershed until 1990

(Beneteau et al. 2009). This mode of inland dispersal

is similarly suspected for Round Goby (Bronnenhuber

et al. 2011), as beachheads become stepping-stones in

the invasion process.

Dam removal is an increasingly common focus of

river restoration efforts (Bednarek 2001) and can have

unpredictable outcomes in the short term (Orr et al.

2008). The physical environment mediates interac-

tions among native and invasive species, rendering

ecological impacts of invasion highly context depen-

dent (Byers 2002; Didham et al. 2007; Kestrup and

Ricciardi 2009; McLaughlin et al. 2013). When

assessing trade-offs in dam removal and fish-passage

restoration, it is critical to account for the interaction

of the abiotic environment and life history of invading

organisms to develop management strategies (Fausch

et al. 2009). Small hydrologic modifications, such as

low-head dams, change fish assemblages (Alexandre

and Almeida 2010; Gillette et al. 2005; Porto et al.

1999), and the alteration of hydrologic regimes

increase local susceptibility to the establishment of

aquatic invasive species (Moyle and Marchetti 2006;

Rahel 2002; Scott et al. 2016). Many dams remain in

place only as legacies from past use, although their

ecological effects may evolve as the threat of anthro-

pogenic species introduction moves inland. Our study

adds to an emerging body of literature that challenges

the idea that dam removal represents a straightforward

tradeoff between habitat connectivity and invasive

species containment.
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