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Abstract: Most studies of the consequences of nonnative fish introductions address only direct effects rather
than cascading effects on lower trophic levels or other ecosystem compartments. These trophic cascades have
not been studied in comparison to the effects of a functionally similar native species nor with consideration of
bottom-up forces (e.g., nutrient supply). The Round Goby (Neogobius melanostomus) is an invasive benthic
predator that can deplete local populations of grazers, potentially generating substantive increases in benthic
algal biomass. Here, we tested, with a factorial experimental design, the influence of Round Gobies on the
relative strength of top-down and bottom-up forces in benthic communities by manipulating consumer type
(Round Goby or native Logperch (Percina caprodes), snails only, or controls where snails and fish were absent),
nutrient addition, and the presence of an invasive suspension feeder (Quagga Mussel [Dreissena bugensis]) in
freshwater mesocosms. We also investigated how these perturbations affect phytoplankton and zooplankton
communities. We observed stronger top-down forces in the presence of Round Gobies vs native Logperch, and
these forces resulted in reduced grazer abundance and a concomitant increase in benthic algal abundance.
However, when Quagga Mussels were present, bottom-up forces dominated. Round Gobies had a significantly
greater positive effect on phytoplankton than did native Logperch. Our results highlight the importance of
measuring top-down and bottom-up forces in comparison with a trophically similar native species to elucidate
the ramifying effects of a nonnative predator on food webs.
Key words: invasive species, food webs, top-down control, bottom-up control, benthic–pelagic coupling, Round
Goby, impacts

Although research on biological invasions is focused dis-
proportionately on terrestrial ecosystems (see Puth and
Post 2005, Lowry et al. 2012), the need to understand the
effects of freshwater invasions is underscored by high
invasion rates (Ricciardi 2006, Jackson and Grey 2013)
and a disproportionate sensitivity to anthropogenic stress-
ors in lakes and rivers (Ricciardi and Rasmussen 1999, Ric-
ciardi and MacIsaac 2011). The ecological consequences
of nonnative freshwater fish introductions have been well
documented (see reviews by Moyle and Light 1996, Si-
mon and Townsend 2003, Gozlan et al. 2010, Cucherous-
set and Olden 2011). However, most studies of the effects
of nonnative fishes address solely direct effects rather
than indirect interactions, such as cascading effects on
other ecosystem compartments, that can alter ecosystem
functioning in unpredictable ways. For example, Baxter
et al. (2004) found that Rainbow Trout (Oncorhynchus

mykiss) introduced to a Japanese stream decreased insect
larvae abundances to a point at which insect emergence
declined, which led to a 65% reduction in the density of
riparian forest spiders that relied on adult aquatic insects
as a prey base. Such complex effects of a nonnative spe-
cies would remain unobserved if researchers limited their
investigation to the ecosystem compartment in which the
nonnative species resides.

A trophic cascade occurs when an apex predator’s in-
fluence extends down a food web to affect the abun-
dance of primary producers (Carpenter et al. 1985). Tro-
phic cascades that have been documented for biological
invasions have involved stronger indirect effects of non-
native species than similar natives (Flecker and Town-
send 1994, Baxter et al. 2004). For example, Flecker and
Townsend (1994) compared the effect on a New Zealand
stream community of introduced Brown Trout (Salmo
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trutta) with a native galaxiid fish. They showed that Brown
Trout reduced the biomass of grazing insects such that
algal biomass was greater in the presence of trout than
the native fish. In addition to these top-down forces,
primary producers may be controlled via growth-limiting
resources (e.g., nutrients), termed bottom-up forces. The
relative importance of bottom-up vs top-down forces on
community-level and trophic-level biomass within and
across ecosystem types is a longstanding issue in ecology
(Elton 1927, Hairston et al. 1960, Sih et al. 1985, Polis and
Strong 1996, Polis 1999), but recent research highlights
the interdependence of resource and consumer effects on
patterns of primary production (Borer et al. 2006, Burke-
pile and Hay 2006, Hillebrand et al. 2007).

The effects of nonnative fishes can cascade beyond
conventionally defined habitat boundaries and have sig-
nificant consequences for foodweb dynamics (Winemiller
1990, Polis and Strong 1996, Polis et al. 1997). However,
such ramifying effects often are overlooked because re-
searchers typically limit the scope of their studies to one
system or even a single system component (e.g., Vilà
et al. 2011). In lakes and rivers, benthic and planktonic
habitats are physically connected, thereby generating the
potential for several modes of interaction via resource
use (Blumenshine et al. 1997, Vadeboncoeur et al. 2002).
Benthic and pelagic primary productivity are inversely cor-
related at broad scales because of competing resource
needs (Sand-Jensen and Borum 1991, Hansson 1992, Va-
deboncoeur et al. 2001). Some evidence has been found
of similar compensatory interactions between benthic and
pelagic invertebrates (Strayer et al. 1999). Despite the fact
that manipulations of resources often have rapid direct
effects on both benthic and pelagic communities, such com-
munities typically are studied as though their spatial seg-
regation renders them functionally independent (Boero
et al. 1996, Marcus et al. 1998). In a review of 305 stud-
ies of benthic primary and secondary production in lake
food webs, Vadeboncoeur et al. (2002) found that <6%
of studies quantified productivity in both the benthic
and pelagic habitats in a lake. Misleading conclusions
regarding the ecosystem-level effects of nonnative spe-
cies may arise when the pelagic or benthic habitat is ex-
amined in isolation.

A nonnative fish species that has shown potential to
exert cascading effects is the Round Goby (Neogobius me-
lanostomus), an invasive benthic predator and the most
abundant nonnative vertebrate in the Laurentian Great
Lakes–St Lawrence River basin (Dopazo et al. 2008). It
has caused the local displacement of native benthic fishes,
such as Logperch (Percina caprodes), through competi-
tion for resources and predation on juveniles (French and
Jude 2001, Vanderploeg et al. 2002, Kornis et al. 2012).
The rapid spread and voracious appetite of the Round Goby
have raised concerns about its long-term effects on native
fish populations and ecosystem functioning (Kornis et al.

2012). In addition to causing reductions in the prey base
of benthic fishes, Round Gobies can alter the structure of
invertebrate communities and thereby indirectly affect
benthic algal production (Kuhns and Berg 1999, Lederer
et al. 2008). The magnitude of such effects can vary sub-
stantially across sites even within a water body (Kipp and
Ricciardi 2012). However, previous studies of the ability
of Round Gobies to generate trophic cascades were con-
ducted without consideration of bottom-up forces.

In addition, Round Gobies in the Great Lakes–St Law-
rence River system rely heavily on mollusks as prey (Kipp
et al. 2012, Kornis et al. 2012). Dreissenid mussels are
efficient suspension feeders that can reduce phytoplank-
ton abundance and increase water clarity. The continu-
ous conversion of phytoplankton into feces and pseudo-
feces by mussel filtration activities amplifies the flux of
organic matter from the pelagic zone to the benthos (Van-
derploeg et al. 2002). The mussels also provide attach-
ment surfaces and biodeposits that support benthic algal
growth (Malkin et al. 2008, Ward and Ricciardi 2010).
Thus, by reducing the mussel population locally and by
recycling nutrients through their feeding activities, Round
Gobies may have indirect effects on planktonic communi-
ties. No previous researcher has investigated the effects of
Round Gobies on phytoplankton or zooplankton.

Here, we factorially manipulated consumer type (ei-
ther native Logperch or nonnative Round Goby), nutri-
ent addition (N and P), and the presence of Quagga Mus-
sels (Dreissena bugensis) in freshwater mesocosms to test
the effect of the Round Goby on the relative strength of
top-down and bottom-up forces in benthic communities.
We also investigated how these perturbations affect plank-
tonic communities. Given that the most damaging invad-
ers often are characterized by an ability to consume and
deplete resources rapidly (e.g., Funk and Vitousek 2007,
Johnson et al 2008, Morrison and Hay 2011), we hypoth-
esized that the Round Goby would deplete grazer abun-
dances to a greater extent than would Logperch. We pre-
dicted that by depleting benthic grazer densities (e.g.,
gastropods, amphipods; Kipp and Ricciardi 2012), the
Round Goby would elicit a positive response in benthic
algal abundances via a trophic cascade, whereas Logperch
would not affect benthic algal abundance (see Table 1 for
detailed hypothesized effects of each factor on each re-
sponse variable).

METHODS
Experimental design

We factorially manipulated consumer type, nutrient
addition, and the presence of Quagga Mussels in outdoor
freshwater mesocosms (114-L plastic containers, 81 ×
51.4 × 44.5 cm) at McGill University’s Macdonald Cam-
pus in Ste-Anne-de-Bellevue, Quebec. Mesocosms were
beige and rectangular. We added 5 L of sandbox-grade
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sand to each mesocosm as sediment to foster natural
biogeochemical cycling processes. Both Round Gobies
(Ray and Corkum 2001) and Logperch (Smith 1985) pre-
fer cobble substrates, but we chose sand as the substrate
for these experiments for logistic reasons. On 6 July 2012,
we filled mesocosms with 60 L of dechlorinated tap water
mixed with 5 L of water collected from St Lawrence River
to inoculate the experimental system with phytoplankton
and zooplankton. We covered the mesocosms with 2-mm2

vinyl mesh to reduce colonization by macroinvertebrates
and to provide shade (mesh reduced light by 20%; KSP,
unpublished data). We kept the water level constant by
adding dechlorinated tap water as needed throughout the
experimental period.

We conducted a 4 × 2 × 2 factorial experiment, in
which we manipulated 3 factors: consumer type (control,
snails [Physella spp.], snails and Logperch, snails and
Round Goby); nutrient addition (no nutrients added, N
and P added); and Quagga Mussels (present, absent). We
replicated each treatment combination 3× for a total of
48 mesocosms. We arranged mesocosms adjacent to each
other in a 6 × 8 mosaic plot in which treatments were
distributed randomly.

Starting 17 August 2012, we added nutrients as mix-
tures of ammonium nitrate and potassium phosphate at

weekly intervals to obtain concentrations of 200 μg N/L
and 30 μg P/L, levels similar to those used in eutrophica-
tion experiments (Rosemond et al. 1993, Kratina et al.
2012). We collected all organisms from the St Lawrence
River near Montreal, Quebec. We added 16–25 Quagga
Mussels (mean length ± 1 SD: 12.34 ± 2.46 mm, range:
5.73–17.44 mm) and 58–80 physid snails (6.54 ± 1.70 mm,
3.22–10.92 mm) collected on 15 August 2012 to their ap-
propriate mesocosms within 24 h of collection. We col-
lected Logperch (90.5 ± 3.6 mm, 86.0–98.9 mm) and
Round Gobies (80.4 ± 3.0 mm, 76.3–86.2 mm) with a
seine and added them to the mesocosms on 17 August
2012, which we considered the 1st day of the experiment.

Sampling
We sampled benthic algal biomass, phytoplankton bio-

mass, and total zooplankton density each week for 4 wk
(24 August, 31 August, 7 September, 14 September 2012).
We sampled benthic algal biomass by scraping mesocosm
walls with a 7-cm diameter Whatman GF/F filter affixed to
a sponge that sampled an area of 38.5 cm2. We collected
benthic algal samples from the equivalent quadrat on the
equivalent wall of each mesocosm to reduce directionality
effects. We stored filters in plastic bags at −20°C pending

Table 1. Hypotheses regarding the effects of the 3 fixed factors manipulated in this experiment and of time on response variables.

Factor Consumer type Nutrients Quagga Mussels Time

Benthic algal
biomass

Increase with Round Goby: trophic
cascade via consumption of snails;
Kuhns and Berg 1999, Kipp and
Ricciardi 2012

Increase with
nutrients

Increase with Quagga Mussels:
nutrients and attachment
surfaces; Vanderploeg et al.
2002

All effects increase
over time

Alternative: boom–
bust cycles lead to
oscillations over
time

Phytoplankton
biomass

Increase with Round Goby:
predation relief via consumption
of Quagga Mussels; resuspension
of settled algal cells by fish;
Roozen et al. 2007

Alternative: decrease from increased
competition following increase in
benthic algae resource needs;
Vadeboncoeur et al. 2001

Increase with
nutrients

Decrease with Quagga Mussels:
consumption; Gergs et al. 2009

Zooplankton
density

Increase with Round Goby:
increased food supply

Alternative: decrease if phyto-
plankton decline from compe-
tition with benthic algae

Increase with
nutrients

Decrease with Quagga Mussels:
zooplankton consumption and
food depletion; Mills et al.
1993, Thorp and Casper 2002

Zooplankton
diversity

Increase with Round Goby:
predation relief via consumption
of mollusks

Increase with nu-
trients: more nu-
trients support
greater diversity

Alternative: decreases
as better competi-
tors for nutrients
dominate

Decrease with Quagga Mussels:
small, pelagic forms consumed;
Thorp and Casper 2002
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analysis. From 9–16 November 2012, we extracted chlo-
rophyll a from the filters and analyzed before and after
acidification based on standard spectrophotometric meth-
ods (Aminot and Rey 2002).

We sampled phytoplankton community biomass by
measuring the concentration of chlorophyll a in a 30-mL
water sample collected from the water column with a
syringe. We measured phytoplankton biomass with fluo-
rometry (FluoroProbe, bbe-Moldaenke, Kiel, Germany).
We used chlorophyll a concentration as a proxy measure
of benthic algal and phytoplankton biomass.

We sampled zooplankton abundance and diversity
each week of the experiment by collecting 5 L of water
from mesocosms and passing it through a 65-μm-mesh
sieve. We rinsed organisms into Falcon tubes and pre-
served them in 75% ethanol. Zooplankton were counted
and identified later to family level. We used Shannon’s
diversity index (H′ ) to calculate zooplankton diversity for
each mesocosm on each sampling occasion.

On the last day of the experiment (14 September
2012), we collected 50-mL water samples from each meso-
cosm and submitted them to the Université du Québec à
Montréal for analyses of total P (TP) and total N (TN).
When emptying mesocosms of water, we filtered the sub-
strate through a sieve to collect all remaining snails and
Quagga Mussels. We measured the total dry mass of
snails and mussels remaining at the end of the experi-
ment to estimate change in mass of each group in each
mesocosm.

Top-down vs bottom-up control
To compare the relative strengths of top-down and

bottom-up effects on benthic algal abundance, we used a
top-down index (TDI) adapted from Rosemond et al.
(1993) and calculated it separately for native and nonna-
tive fishes:

TDI ¼ ðfish; nonutrients; noquaggasÞ−ðsnails; nonutrients; noquaggasÞ
ðsnails; nutrients; noquaggasÞ−ðsnails; nonutrients; noquaggasÞ ;

ðEq: 1Þ

where values in parentheses are the treatment means for
the Logperch or Round Goby fish treatments. We re-
peated the calculations for treatments containing Quagga
Mussels to assess how their inclusion affected the rela-
tive strength of top-down and bottom-up effects. This
index is the ratio of the response in the presence of a
fish predator without the addition of nutrients to the re-
sponse in the absence of a fish predator with nutrients
added. This equation measures only single-factor effects
and not interactive effects. A value of 1 indicates that
top-down and bottom-up effects were equivalent, whereas

values >1 or between 0 and 1 indicate that top-down or
bottom-up forces were stronger, respectively.

Given that the TDI compares only the direct effects of
top-down to bottom-up factors, we also computed the
interaction coefficient (IC), an index of the importance
of interaction effects on benthic algal abundance, again
adapted from Rosemond et al. (1993):

IC ¼ 1−

"
ðfish; nonutrients; noquaggasÞ−ðsnails; nonutrients; noquaggasÞ
þðsnails; nutrients; noquaggasÞ−ðsnails; nonutrients; noquaggasÞ

#( )

½ðfish; nonutrients; noquaggasÞ−ðsnails; nonutrients; noquaggasÞ� ;

ðEq: 2Þ

where the values in parentheses are treatment means
and were repeated for both fish species and with Quagga
Mussels added. If the direct effects of fish and nutrients
collectively explained the total response in benthic algal
biomass, then IC = 0. The IC increases as the impor-
tance of the interaction between fish and nutrients in-
creases and approaches 1, at which point the interaction
effects account for the entire response. TDI and IC were
calculated on ln(x)-transformed data.

Statistical analyses
We used a 3-way analysis of variance (ANOVA) to

test the effects of consumer type (control, snails, snails
and Logperch, snails and Round Goby), nutrient addition
(no nutrients added, N and P added) and Quagga Mus-
sels (presence vs absence) on the change in snail biomass
(final snail mass – initial snail mass) that occurred over
the course of the experiment. We used a 2-way ANOVA
to test the effects of consumer type and nutrient addition
on change in Quagga Mussel biomass.

We examined the effects of consumer type, nutrient
addition, and the presence of Quagga Mussels on all 4
response variables (benthic algal biomass, phytoplankton
biomass, total zooplankton density, and zooplankton diver-
sity) across the experimental period by means of repeated-
measures multivariate ANOVA (MANOVA) with a general
linear model. We used Wilks’ λ to determine statistical
significance. When significant treatment effects were de-
tected, we assessed individual treatment differences with
Tukey’s Honestly Significant Difference (HSD) multiple-
comparison test. Nutrient addition had no significant ef-
fects on any response variable and, therefore, was excluded
from the final models.

We used 3-way ANOVAs to test the effects of con-
sumer type, nutrient addition, and the presence of Quagga
Mussels on N and P measured at the end of the experi-
ment. To achieve normality of residuals and improve ho-
moscedasticity of variances, we ln(x)-transformed benthic
algal biomass, phytoplankton biomass, and total zooplank-
ton density prior to analyses. We used SPSS (version 21;
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IBM Statistics, Armonk, New York) for all statistical tests
(α = 0.05) and SigmaPlot (version 12.5, Systat Software,
Chicago, Illinois) to construct figures.

RESULTS
Ability of the Round Goby to generate a trophic cascade

Change in snail biomass was significantly affected by
consumer type (3-way ANOVA, F3,36 = 8.78, p = 0.001),
but it declined over time across all treatments. Snail bio-
mass declined significantly more in the presence of Round
Gobies (mean ± SE, −2.28 ± 0.26) than in the presence
of Logperch (−1.50 ± 0.25; Tukey’s HSD, p = 0.034) or in
mesocosms containing snails alone (−1.08 ± 0.08; Tukey’s
HSD, p = 0.001; Fig. 1). The abundance of Quagga Mus-
sels at the end of the experiment was not affected by con-
sumer type (2-way ANOVA, F3,24 = 0.486, p = 0.697) or nu-
trient addition (2-way ANOVA, F1,24 = 0.068, p = 0.797).
Quagga Mussels, in turn, did not affect snail biomass (3-way
ANOVA, F1,36 = 1.20, p = 0.285).

Benthic algal biomass, phytoplankton biomass, zooplank-
ton density, and zooplankton diversity were measured across
4 levels of consumer type in the presence and absence of
Quagga Mussels at 4 time points. Significant multivariate
effects were detected for predator type (repeated measures
MANOVA, Wilks’ λ = 0.235, F15,94 = 4.341, p < 0.001),
Quagga Mussel presence (Wilks’ λ = 0.511, F5,34 = 6.498,
p < 0.001), and treatment week (Wilks’ λ = 0.325, F15,24 =
3.317, p = 0.004; Table 2).

Benthic algal biomass was significantly affected by con-
sumer type (univariate between-group analyses, F3,38 = 5.348,

p = 0.004; Fig. 2) and time (F3,38 = 16.445, p < 0.001). In
the absence of Quagga Mussels, the addition of a Round
Goby resulted in significantly higher benthic algal biomass
than in the snails-only (Tukey’s HSD, p = 0.026) or Log-
perch treatment (Tukey’s HSD, p = 0.013) but did not dif-
fer significantly from the control treatment (Tukey’s HSD,
p = 0.986; Fig. 2). Benthic algal biomass was not affected by
the presence of Quagga Mussels (F1,38 = 3.000, p = 0.091).
Overall, benthic algal biomass increased significantly over
time (univariate within-group analyses, F3,38 = 16.445, p <
0.001).

Consumer type significantly affected phytoplankton bio-
mass (F3,38 = 9.552, p < 0.001). Phytoplankton biomass was
significantly higher in the presence of Logperch (Tukey’s
HSD, p = 0.007) and Round Gobies (Tukey’s HSD, p <
0.001) than in the control treatments (Fig. 3). Phytoplank-
ton biomass was highest in the Round Goby treatments,
but this abundance was not significantly higher than in
Logperch treatments in the absence of Quagga Mussels
(Tukey’s HSD, p = 0.214). Phytoplankton biomass was sig-
nificantly reduced by the presence of Quagga Mussels across
all consumer treatments (F1,38 = 28.81, p < 0.001). Con-
sumer type, Quagga Mussel presence, or time did not af-
fect zooplankton density or diversity.

Top-down vs bottom-up control
The TDI for treatments varied from 0.59 to 11.24

(Table 3). The TDI for Round Gobies (11.24) was nearly
an order of magnitude higher than that for Logperch
(1.25) in the absence of Quagga Mussels, results that indi-
cate much stronger top-down effects for Round Gobies
than the native fish. However, in the presence of Quagga
Mussels, bottom-up forces were stronger than top-down
forces for both fish treatments (Table 3). The IC varied
from 0.26 to 0.82 (Table 3), which indicates that 26–82%
of the total effects on benthic algal abundance was ex-
plained by the interaction between top-down and bottom-
up effects rather than their independent effects alone. The
IC was lowest for the Round Goby treatment without
Quagga Mussels, which combined with a TDI = 11.24 sug-
gests that benthic algal abundance in Round Goby treat-
ments was primarily subject to top-down control.

Change to nutrient availability
We observed significant effects of consumer treatment

on TN at the end of the experiment (3-way ANOVA,
F3,48 = 5.98, p = 0.002; Fig. 4A, B). However, this result
was driven by the Logperch treatment with nutrients
added and no Quagga Mussels (Fig. 4B), in which the TN
concentration was significantly higher than in all treat-
ments in which the nutrient was not added (Fig. 4A). TN
levels were higher in the presence of fish than in the con-
trols, but the snail, Logperch, and Round Goby treat-
ments were not significantly different (Fig. 4A, B). The

Figure 1. Box plot showing the change in snail mass from
the beginning to the end of the experiment for each consumer
type. Lines in boxes show medians, box ends show quartiles,
whiskers show 10th and 90th percentiles, and circles show ex-
treme data points. Boxes with the same letter are not signifi-
cantly different (Tukey’s Honestly Significant Difference, α =
0.05).
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presence of Quagga Mussels had no significant effect on
TN (3-way ANOVA, F1,48 = 3.54, p = 0.069). The addition
of nutrients had no overall significant effect on TN level
measured at the end of the experiment (3-way ANOVA,
F1,48 = 0.53, p = 0.471; Fig. 4A, B).

Consumer type significantly affected TP (3-way ANOVA,
F3,48 = 6.32, p = 0.002; Fig. 5A, B). This effect was driven
by the Logperch treatment with nutrients added and no
Quagga Mussels (Fig. 5B), where TP was significantly higher
than in all treatments in which P was not added (Fig. 5A).
In the absence of added nutrients, TP did not differ among
consumer treatments (Fig. 5A). Addition of nutrients led
to higher TP concentration (3-way ANOVA, F1,48 = 4.53,
p = 0.041; Fig. 5A, B), but this result was driven by the
Logperch treatment in which nutrients were added and
Quagga Mussels were absent. Quagga Mussel presence had
no effect on TP levels (3-way ANOVA, F1,48 = 4.02, p =
0.054; Fig. 5A, B).

DISCUSSION
Ability of the Round Goby to generate a trophic cascade

We have shown that the Round Goby can deplete
grazers to a greater magnitude than an intraguild native
species (Logperch), thereby triggering a trophic cascade. A
trophic cascade might not have occurred had the Round
Gobies preferentially consumed dreissenid mussels, which

become increasingly important in Round Goby diets as
the fish grows larger (Jude et al. 1995, Ray and Corkum
1997, French and Jude 2001). However, Quagga Mussel
survival did not differ between consumer treatments over
the course of the experiment, suggesting that neither fish
species consumed them. The sizes of Round Gobies and
mussels used in our experiments were conducive to mus-
sel predation by gobies (cf. Ray and Corkum 1997), but
the presence of alternative prey in the form of smaller
thin-shelled mollusks (snails) could have deflected preda-
tion from Quagga Mussels (Diggins et al. 2002).

In the absence of Quagga Mussels, snails rapidly re-
duced benthic algal biomass in mesocosms. The addition
of Logperch also resulted in lower benthic algal biomass
compared with controls, probably because Logperch did
not consume snails at a rate sufficient to allow algal re-
covery within the experimental period. In contrast, the
addition of Round Gobies produced a large increase in
benthic algal biomass, eventually resembling algal abun-
dances found in the control mesocosms (which contained
neither snails nor fish). In an exclosure experiment, chlo-
rophyll a concentrations were 50% greater in the pres-
ence vs absence of Round Gobies (Kuhns and Berg 1999).
In addition to reducing herbivore densities, Round Gobies
probably have positive effects on benthic algae by increas-
ing nutrients in the benthos through excretion of waste
products.

Table 2. Results of multivariate analysis of variance (Wilks’ λ) and individual analyses of variance (MS) for effects of consumer type
(consumer), Quagga Mussel presence (Quagga), and time on benthic algal abundance, zooplankton density and diversity, and phyto-
plankton abundance. Only statistically significant main factors were included.

Analysis/variable Source of variation df Wilks’ λ or MS F P

Multivariate analysis Consumer 15,94 0.24 4.34 <0.001

Quagga 5,34 0.51 6.50 <0.001

Time 15,24 0.33 3.32 0.004

Univariate analyses

Benthic algal abundance Consumer 3 4.83 5.35 0.004

Quagga 1 2.71 3.00 0.091

Time 3 2.49 16.45 <0.001

Error 38 0.90

Zooplankton density Consumer 3 0.97 1.47 0.238

Quagga 1 0.28 0.43 0.516

Time 3 0.75 1.11 0.346

Error 38 0.66

Zooplankton diversity Consumer 3 0.19 1.47 0.239

Quagga 1 0.03 0.24 0.629

Time 3 0.05 1.14 0.335

Error 38 0.13

Phytoplankton density Consumer 3 57.00 9.55 <0.001

Quagga 1 171.90 28.81 <0.001

Time 3 0.64 0.55 0.464

Error 38 5.97
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Top-down vs bottom-up control
Top-down control implies that predators regulate prey

abundance, thereby releasing primary producers, whereas
bottom-up control involves primarily abiotic interactions
that cause limitation of producers by available resources,
such as nutrients or water (Hunter and Price 1992, Power
1992, Meserve et al. 2003). Our experiment indicates that
the benthic algal community was under dual control from
bottom-up (nutrient limitation) and top-down effects (her-
bivory constrained by molluscivores). The relative strength
of top-down and bottom-up forces was largely governed
by consumer type and Quagga Mussel presence. In the ab-
sence of Quagga Mussels, the TDIs (see Table 3) indicate
that Round Gobies elicited stronger trophic cascades than
did Logperch. In contrast, bottom-up forces prevailed for
both fish treatments in the presence of Quagga Mussels,
which channeled nutrients from the water column to the
benthos. These results highlight an increased capacity for
Round Gobies to trigger trophic cascades compared with
their native counterpart and emphasize the context depen-
dency of top-down and bottom-up control. The TCI in-
dex cannot be tested statistically, but these results are sup-
ported by results of the repeated-measures MANOVA.
Together, they provide strong evidence that Round Gobies
are capable of triggering stronger top-down control than a
functionally similar native fish.

We observed strong interactive effects between bottom-
up and top-down forces in the Logperch treatment with-
out Quagga Mussels, moderate interactive effects for both

fish species in the presence of Quagga Mussels, and weak
interactive effects for the Round Goby treatment without
Quagga Mussels. These observations suggest that top-down
and bottom-up effects alone were less important than
their combined effects. In other empirical studies where
top-down and bottom-up effects have been tested to-
gether, both were found to be significant (Stewart 1987,
Power 1990, Steinman 1992, Rosemond et al. 1993, Car-
penter et al. 2012). A meta-analysis by Hillebrand (2002) re-
vealed generally strong interactive effects of bottom-up and
top-down forces, underscoring the importance of consider-
ing both forces when designing an experiment to test tro-
phic cascades.

Cascading effects on phytoplankton
Both the native and nonnative fishes had positive ef-

fects on phytoplankton, but the addition of Round Goby
generated significantly higher phytoplankton biomass in
the presence of Quagga Mussels. In shallow-lake systems,
benthivorous fish can stimulate phytoplankton growth by
resuspending settled algal cells (Roozen et al. 2007) and by in-
creasing nutrients through excretion (Shormann and Cotner
1997). The quantity and quality of nutrients available in
the water column determine phytoplankton demographics,
and these effects continue upward through subsequent
trophic levels (Wahl et al. 2011). Round Gobies consumed
more snails than did Logperch, and this heightened feed-
ing activity may have caused the observed change in phy-
toplankton by resuspending more nutrients. This result is

Figure 3. Box plot showing phytoplankton biomass (as chlo-
rophyll a) for each consumer type when Quagga Mussels were
absent or present. Controls lacked consumers (fish and snails).
See Fig. 1 for explanation of plot.

Figure 2. Box plot showing benthic algal biomass (as chloro-
phyll a) for each consumer type when Quagga Mussels were
absent or present. Controls lacked consumers (fish and snails).
See Fig. 1 for explanation of plot.
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the first evidence published suggesting that Round Gobies
can significantly affect phytoplankton abundance.

Quagga Mussels reduced phytoplankton abundances to
similar levels across consumer treatments. This result is
consistent with field observations of substantive reduc-
tions in phytoplankton caused by the high filtration ca-
pacity of dreissenid populations (Vanderploeg et al. 2002,
Gergs et al. 2009). Phytoplankton biomass also may have
been negatively affected by the lower nutrient concentra-
tions that occurred in the presence of Quagga Mussels.

Application of results from a mesocosm experiment
across broad spatial scales

A major goal of ecology is to elucidate the mecha-
nisms driving patterns and processes observed in nature.
Experiments carried out at the ecosystem scale may be
most realistic (Carpenter et al. 1995, Pace et al. 2004), but
such experiments often suffer from low replication and
limited experimental control (Hurlbert 1984). Therefore,
many researchers use mesocosms designed to mimic nat-
ural systemswhile allowing formoderate experimental con-
trol, even though such mesocosm experiments have been
criticized as being unrealistic simplifications with limited
relevance to natural ecosystems (Carpenter 1996, Schin-
dler 1998). In a mesocosm experiment conducted at volu-
metric scales spanning 5 orders of magnitude, Spivak et al.
(2011) showed that algal response to nutrient enrichment
did not vary with mesocosm volume or shape, suggesting
that results from small-scale experiments examining the
direct response of algae to nutrient enrichment may shed
light on changes observed in larger, more natural aquatic
systems.

Conclusions
Our results demonstrate the ability of a nonnative fish

to reduce prey significantly more than a trophically anal-
ogous native species, which may be a general pattern for
invasive animals (e.g., Dick et al. 2002, 2013, Bollache et al.
2008, Barrios-O’Neill et al. 2014). The most disruptive
nonnative species appear to be characterized by their abil-
ity to consume and deplete key resources rapidly (Funk
and Vitousek 2007, Johnson et al. 2008, Morrison and Hay
2011). We observed stronger top-down forces in the pres-
ence of Round Gobies, which resulted in reduced herbi-

vore abundance and a subsequent increase in benthic algal
biomass that was not observed with the native Logperch.
The presence of another nonnative species, the Quagga
Mussel, modified this effect such that bottom-up forces
dominated. Several investigators have studied the cascad-

Table 3. Mean benthic algal abundance (measured as chlorophyll a [μg/cm2]) across the sampling period for snail, Logperch, and
Round Goby treatments, when nutrients and Quagga Mussels were added or not. Benthic algal abundance data are ln(x)-transformed.
TDI = top-down index, IC = interaction coefficient.

Quagga Mussels

Snail Logperch Round Goby

No nutrients Nutrients No nutrients Nutrients TDI IC No nutrients Nutrients TDI IC

No 0.87 0.94 0.96 0.96 1.25 0.82 1.74 1.27 11.24 0.26

Yes 1.06 1.40 1.27 1.35 0.62 0.58 1.26 1.71 0.59 0.68

Figure 4. Box plot showing total N (TN) concentration mea-
sured at the end of the experiment for each consumer type,
when Quagga Mussels were absent or present, and when nutri-
ents were not added (A) or were added (B). Controls lacked con-
sumers (fish and snails). See Fig. 1 for explanation of plot.
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ing effects of large-bodied predators, including cichlids (Fi-
gueredo and Giani 2005, Menezes et al. 2012) and salmo-
nids (Flecker and Townsend 1994, McIntosh and Town-
send 1996, Parker et al. 2001, Baxter et al. 2004), on lower
trophic levels, but our study demonstrates the ability of a
small-bodied fish to elicit trophic cascades (see also Pres-
ton et al. 2012). The effects of Round Gobies extend be-
yond the benthos. Round Gobies had significantly greater
positive effects than Logperch on phytoplankton biomass.
The effects of both predators were altered by the presence
of Quagga Mussels. Our results demonstrate the impor-
tance of measuring both top-down and bottom-up forces,
and making comparisons with effects of a trophically anal-
ogous native species, when studying the effects of a nonna-
tive predator on food webs.
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