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Abstract

Reliably quantifying relative abundance or population size of fish species is critical
for conservation and restoration research, particularly in littoral regions of the Great
Lakes. Using photo-quadrats could be a less invasive, more efficient, and better
accessible approach than some conventional methods to census fish populations in
especially complex habitats. However, photo-quadrats may not consistently detect
cryptic fish species, like the invasive round goby Neogobius melanostomus (Pallas,
1814). To better understand the accuracy of photo-quadrats to estimate round goby
abundance, we used experimental mesocosms to compare known densities (5 fish/m’,
10 fish/m®, 15 fish/m?, 25 fish/m?, 50 fish/m?) with counts derived from photo-quadrats.
We assessed the method with and without bait, over both simple (sand) and complex
(cobble) substrate. Photo-quadrat counts were higher in baited treatments than in
unbaited treatments, but substrate did not significantly affect counts, in contrast to
our expectations. Applying our mesocosm results to photo-quadrat counts recorded
in East Grand Traverse Bay resulted in a density estimate of 11.6 + 6.9 fish/m* for
this region of Lake Michigan. Further research into the influence of bait plume,
habitat effects, and interspecific or intraspecific interactions could improve abundance
estimates derived from photo-quadrats. Our results highlight the utility of baited
photo-quadrats to sample round goby populations—especially in complex habitats,
where traditional gear cannot be deployed—and provide a better understanding of
round goby abundance in littoral regions of the Great Lakes.

Key words: fish census, cryptic, littoral, benthic, Great Lakes

Introduction
Importance of accurate fish density measurements

Accurate quantification of fish abundance is important to assess ecosystem
health and to effectively manage populations. However, it is difficult to do
so when a species is mobile, cryptic, or occupies different habitats,
including structurally complex habitats that provide physical concealment
(Priede and Merrett 1996; Stewart and Beukers 2000; Watson et al. 2005;
Schaner et al. 2009; Ward-Paige et al. 2010; Lowry et al. 2012). A variety of
censusing gear and protocols have been developed for various research
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goals (Rundle and Jackson 1996; Jackson and Harvey 1997; Schneider et al.
2000). Each of these contain their own biases (Eggleton et al. 2010;
Clement et al. 2014; Fischer and Quist 2014; Sard et al. 2019), and applying
information for a species gathered from one technique in a particular
habitat (e.g., bottom trawl in profundal zones) to a different habitat (e.g.,
near-shore rocky reefs) may lead to inaccuracies (Willis and Babcock 2000;
Willis et al. 2000; Clapp et al. 2001). Thus, improving sampling efforts and
creating standardized protocols is considered critical for effectively
managing fisheries and conserving aquatic biodiversity.

Evaluating fish census techniques in the Great Lakes is especially
necessary given the diverse habitats found therein. Both relative and
absolute fish abundance are used to evaluate species association with
specific habitats (e.g., Hinch et al. 1991; Taraborelli et al. 2009); predict and
assess the influence of environmental stresses on population size (e.g.,
Jackson and Harvey 1995); and monitor native, endangered or introduced
species (e.g., Clapp et al. 2001; Janssen and Jude 2001; Tsehaye et al. 2015).
Absolute abundance is especially necessary to inform stocking decisions
(e.g., Leonhardt et al. 2020), provide input for ecosystem models (e.g.,
Rundle and Jackson 1996; Rand and Stewart 1998; He et al. 2015), and bio-
indicate ecosystem health (Minns et al. 1994). Therefore, increasing the
accuracy of sampling strategies in the Great Lakes will improve the efficacy
of these efforts.

Understanding nearshore fish distribution in the Great Lakes

The littoral zone hosts a substantial portion of the ecological activity in
the Great Lakes, containing great productivity and taxonomic diversity
(Vadeboncoeur et al. 2011). Assessing fish abundance and assemblages in

this zone has received much attention (Ruetz et al. 2007; Campbell et al.
2009; Vadeboncoeur et al. 2011). Active gears (like seines, electrofishing,
and angling) and passive ones (fyke nets, gillnets, trap netting, minnow
traps, environmental DNA, and underwater observations) have been used
to measure relative and absolute fish abundance (Pierce et al. 1990; Weaver
et al. 1993; Jackson and Harvey 1997; Hubert et al. 2012; Sard et al. 2019).
These methods differ in their effectiveness depending on the sampling goal
and environmental conditions (e.g., habitat complexity, water depth,
temperature, turbidity and velocity, climate seasonality, and number of
species targeted for sampling). In comparative studies, researchers usually
conclude that a combination of methods provides the best outcomes
(Jackson and Harvey 1997; Willis and Babcock 2000; Willis et al. 2000;
Hubert et al. 2012; Clement et al. 2014).

The use of video cameras for underwater observation, in particular, has
become popular because of their ability to obtain less invasive, yet
standardized measurements of fish populations, especially in habitat types
that contain structural obstacles (Bohnsack 1979; Cappo et al. 2006; Schaner
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et al. 2009). Cameras can be diver-operated; however, like underwater
visual censuses, diver avoidance or attraction may influence measurements
of abundance for certain species (Watson et al. 2005; Cappo et al. 2006). To
reduce this bias, remote video techniques have been developed where
cameras are remotely operated and stationary, such as baited remote
underwater videos (BRUVs) (Bohnsack 1979; Harvey et al. 2007; Lowry et
al. 2012).

Photo-quadrats (fixed cameras with a known field of vision) are another
visual censusing method used to assess fish abundance and community
composition in nearshore ecosystems (Bohnsack 1979; Preskitt et al. 2004;
Johnson et al. 2005; Freeman et al. 2011; Sant et al. 2017; Maia et al. 2018;
Robinson et al. 2019; Bravo et al. 2020; Watson et al. 2020). This sampling
method is minimally invasive and ideal in aquatic habitats that are less
accessible to traditional gear (Bohnsack 1979; Preskitt et al. 2004; Sant et al.
2017). Further, photo-quadrat sampling can be inexpensive, requires
minimal training, reduces data-recording time in the field, and creates
permanent records (that can be processed and analyzed at a later time).
However, photo-quadrats (and most video-sampling techniques) have
difficulty detecting cryptic fish populations (Bohnsack 1979; Watson et al.
2005; Cappo et al. 2006; Schaner et al. 2009; Lowry et al. 2012; Bravo et al.
2020) and may not reliably produce accurate estimates of fish populations
in multi-layered, benthic habitats with abundant interstitial refugia like
nearshore, rocky reefs (Sant et al. 2017). To solve this issue, bait attached to
the recording device is used to improve detections and to reduce variability
in sampling (Priede and Merrett 1998; Cappo et al. 2006; Harvey et al.
2007; Robinson et al. 2019). It is unclear, however, whether bait introduces
biases in the censusing efforts by selectively attracting individuals (Lowry
et al. 2012; Taylor et al. 2013). Experimental tests have shown that baited
photo-quadrats count more individuals and/or more species than ones
without bait (Watson et al. 2005; Harvey et al. 2007; Robinson et al. 2019).
However, the degree to which these higher counts reflect true abundance
measures remains unknown, especially for cryptic fishes (Watson et al.
2005; Freeman et al. 2011; Robinson et al. 2019).

Round goby in the Great Lakes

One cryptic fish species in the Great Lakes that exemplifies these nearshore
sampling considerations is the benthic and invasive round goby Neogobius
melanostomus (Pallas, 1814). Round goby were introduced into the Great
Lakes basin in 1990 (Jude et al. 1992) and have since caused severe
ecological harm throughout the lakes and their tributaries, thanks to their
ability to outcompete native forage fish species (Jude et al. 1995; Dubs and
Corkum 1996; French and Jude 2001; Lauer et al. 2004) and predate on
eggs in reef habitats (Chotkowski and Marsden 1999; Steinhart et al. 2004;
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Fitzsimons et al. 2006). For example, the introduction of round goby
drastically reduced mottled sculpin Cottus bairdii (Girard, 1850) populations
in Calumet Harbor (Lake Michigan) by outcompeting them for resources,
shelter, and spawning sites, even resulting in recruitment failure (Janssen
and Jude 2001). Additionally, round goby have altered the feeding ecology
of many Great Lakes predators (e.g., Dietrich et al. 2006). Due to the
immense changes round goby have induced throughout the Great Lakes
and their tributaries, studies have evaluated a variety of techniques to
assess their abundance (Clapp et al. 2001; Gutowsky et al. 2011; Nevers et
al. 2018; Robinson et al. 2019; Andres et al. 2021), generally finding passive
methods, like baited minnow traps, to be more successful and cost-
effective than active ones, like trawls or electrofishing (Johnson et al. 2005;
Diana et al. 2006). Video and photo-recording techniques are sampling
methods that have proved to be especially useful for assessing round goby
populations and to improve our understanding of the ecological impact of
the species (Johnson et al. 2005; Schaner et al. 2009; Taraborelli et al. 2009;
Robinson et al. 2019). These techniques have proven particularly effective
to sample the structurally complex, nearshore, benthic habitat preferred by
the fish (Freeman et al. 2011; Bravo et al. 2020; Watson et al. 2020).
However, no study has yet sought to assess the accuracy of photo-quadrats,
or to ground-truth the method against known densities of round goby.

In the present study, we set up mesocosms (Lawton 1995; Gutowsky et
al. 2011; Stewart et al. 2013) with either simple or complex substrate (sand
or cobble) in which we introduced a known density of round goby (five
different treatment levels) that we then observed using photo-quadrats
with and without bait. This allowed us to compare the known density of
fish in the mesocosms to counts gathered from the photo-quadrats. This
experiment is the first that we are aware of to evaluate abundance estimates
of Great Lakes nearshore fish from photo-quadrats using experimental
mesocosms. We used the mesocosm data to calculate abundance estimates
from field-collected photo-quadrat data. We suggest that application of the
methods described will lead to a more accurate understanding of round
goby abundance in areas where they have established, and ultimately

improve management efforts.

Materials and methods
Overview

To assess the accuracy of photo-quadrats in quantifying round goby
abundance, GoPro® HERO 3+ Silver and HERO 6 Black cameras in waterproof
protective housing (www.gopro.com; photo resolution: 12 megapixels, ISO
= 400, sharpness = high, field of view = wide) attached to steel quadrat
frames were used to record round goby photographs in mesocosms
containing a known number of fish. The camera recorded round goby
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presence / absence in a 1 m” field of view (approximately 21% of the surface
area of the experimental mesocosm). Cameras were programmed to take a
photograph of the quadrat every minute and were mounted to the center
steel rod frame of the quadrat, following the methods of Robinson et al.
(2019). The maximum number of fish observed in the photo-quadrat from
the cameras were compared to the known mesocosm densities. Mesocosm
data were then applied to an abundance index obtained using the same
method in a nearshore habitat of northern Lake Michigan.

Experimental mesocosm set-up

General overview

For the mesocosms, six tanks (2.44 m diameter, 4.7 m* surface area, 0.61 m
height) with PVC standpipes and screening were placed on an outdoor,
concrete platform at the Michigan Department of Natural Resources
(MDNR) Medusa Creek weir in Charlevoix, Michigan. Water was pumped
into the tanks from Medusa Creek. Experimental trials were conducted
from late June to early August each year; mesocosm water temperatures
ranged from 20 °C to 25 °C, consistent with maximum feeding rates for
round goby (Reid and Ricciardi 2022). All tanks were filled at least 12 to 17
hours in advance of experimental trials, to let the substrate settle and to
increase the clarity of the water before adding fish into the mesocosms.
Following the completion of a set of trials, tanks were drained and round
goby counted, to account for potential losses during the trials.

Round goby collection for experiments

To perform the tank trials, round goby were collected using standard
minnow traps (419.5-mm length, 190.5 diameter, 6.4-mm mesh) during
July-—August 2021 and June-August 2022 from East Grand Traverse Bay
(EGTB; 44°48'N, 85°33'W) and from areas near the Charlevoix Fisheries
Station in Charlevoix, Michigan (45°32'N, 85°29'W) at 1-6-m water depth.
After capture, round goby were held in a holding cage in the Medusa Creek
weir until needed in the experiments. Length of fish used, from a subsample
of 186 round goby in 2021 and 642 fish in 2022, ranged from 47 mm-167 mm
(2021) and 42 mm-135 mm (2022). We did not distinguish male vs female
round goby in trials, but the broad size distribution would suggest that
both males and females were included; random selection of round goby for
each trial resulted in a consistent proportion of males:females across all
tests. No spawning behavior or nesting activity was observed during our

mesocosm trials.

Substrate treatment

A 2.5 cm layer of beach sand was spread on the bottom of three tanks after
which a layer of stone was arranged to produce the cobble tanks (Figures 1, 2).
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Figure 1. Overview of experimental mesocosm design. In summer 2021, three replicates were
conducted for three density groups, including the extreme high density (5, 25, and 50 fish/m?),
and in summer 2022, three replicates were performed for the three lowest densities (5, 10, and
15 fish/m?). Most replicates were carried out on the same day, but some were carried out on
separate days within the same week. Round goby were gathered to record total lengths (TL, mm)
of a subset of the fish used (~ 30 fish). Housing and handling of round goby used in tank trials
(as well those sampled in field evaluations) followed Michigan DNR policies (Michigan Department
of Natural Resources 2017) and American Fisheries Society (AFS) care and use protocols
(Jenkins et al. 2014).

The 10-20 cm natural stone was chosen to closely mimic field conditions,
as the same stone type was used by the MDNR and partners in a previous
reef restoration project in Elk Rapids, Michigan. For the sand tanks, a 5.0 cm
layer of sand was spread across the bottom of three other tanks (Figures 1, 2).

Density treatment

Experimental design and order of treatments was determined, in part, by
the limited number of mesocosm tanks available. This led to an unbalanced
design, and data were analyzed accordingly (see “Statistical analysis”). In
summer 2021, we tested the effectiveness of photo-quadrat sampling under
three known densities of round goby (5 fish/m? n = 23 fish/tank; 25 fish/m?,
n = 117 fish/tank; and 50 fish/m? n = 233 fish/tank; Figure 1), covering the
range of densities observed in the Great Lakes (based on literature review;
Charlebois et al. 1997). To improve experimental coverage of intermediate
density conditions, we performed the same experimental procedure under
two additional densities (10 fish/m? n = 48 fish/tank; and 15 fish/m? n =
72 fish/tank; Figure 1) in summer 2022. In summer 2022, we also repeated
one set of experiments performed in 2021 (5 fish/m® n = 23 fish/tank) to
evaluate repeatability. All experiments conducted in 2022 were baited
treatments. In both years, fish were allowed to acclimate for at least one
night (> 17 hours) after being introduced. As it was logistically impossible
to use “naive” fish for each new set of trials, fish for each test were
randomly chosen from a mixed pool of previously tested and naive fish.
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Figure 2. Mesocosm and photo-quadrat set-up. Six circular tanks were placed next to the Medusa
Creek weir in Charlevoix, Michigan (A). After adding substrate to each tank, water was
pumped into the tanks and the desired number of fish were added. Photo-quadrats were placed
into the mesocosm with the camera facing downwards after the acclimation time (B).
Photo by David F. Clapp.

Bait treatment

After round goby acclimated to the sand or cobble tank at the selected
density, the baited (generic beef-based dog food) or without-bait quadrat
frame and camera were added (Figure 1). Trials without bait were only
conducted for replicates performed in 2021. Bait was suspended directly
below the camera in a mesh bag held approximately 15 cm above the tank
substrate. Trials were run for one hour and images were recorded and
analyzed as described below. Three replicates were conducted for each
experimental group, except for the 5 fish/m”> density sand and cobble
treatments with bait, for which six replicates were completed (2021 and
2022 combined) (Figure 1).
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Figure 3. Comparison of mesocosm habitats to field habitat sampled. Sand substrate (A) and cobble substrate (B) was distributed
in experimental mesocosms to mimic simple and complex habitats. The level of habitat complexity shown in the photo-quadrat
from East Grand Traverse Bay (C) contrasts with both mesocosm habitats.

Lake Michigan photo-quadrats

Field photo-quadrats were set at locations in East Grand Traverse Bay
(Lake Michigan) during five days across June, July, and August 2021. Seven
quadrat locations were assessed each of the five days (N = 35 unique
locations, Supplementary material Table S1); the locations had abundant
pebbles, cobble, dreissenid mussels Dreissena spp. (Beneden, 1835), and
shell hash, all of which constitute ideal round goby habitat (Jude et al. 1995;
Charlebois et al. 1997).

Photograph analysis

For both mesocosms and field photo-quadrats, the GoPro® cameras were
programmed to record a still image at 60-second intervals. Cameras were
removed from mesocosm tanks after one hour, and round goby abundance
was quantified for the first 60-minutes of recording (60 images). This was a
conservative approach, as previous work (Robinson et al. 2019; Willis and
Babcock 2000) has observed maximum round goby counts within the first
20 minutes of recording (see figures 4 and 5 in Robinson et al. 2019; mean
= 12.7 minutes of observation to reach maximum count). The number of
round goby in each image was identified by flipping back and forth
between the selected image and the previous and consecutive ones and
digitally circling identified fish (Figure 3; see also Robinson et al. 2019;
Willis and Babcock 2000).

For both mesocosm and field collections, we used the fish count from
the photograph with the maximum number of fish to determine round
goby abundance (Priede and Merrett 1998; Robinson et al. 2019; Willis and
Babcock 2000; Willis et al. 2000). The maximum count was used to ensure
compatibility of our results with currently employed field protocols (see
Robinson et al. 2019), and because maximum counts have been shown to
provide the most accurate estimates of known numbers (Willis et al. 2000).
In the field trials, in addition to completing fish counts, the habitat for each
photo-quadrat was categorized by the most prominent characteristics seen
in the images (cobble, sand, vegetation, shell hash). When more than one

Kindler et al. (2025), Management of Biological Invasions 16(4): 1127—1146, https://doi.org/10.3391/mbi.2025.16.4.13 1134


https://doi.org/10.3391/mbi.2025.16.4.13
https://www.invasivesnet.org

7)

&

INVASIVESHET

Photo-quadrats to estimate round goby densities

substrate type was equally prominent, substrate was characterized accordingly
(e.g., cobble and shell, or cobble, sand, shell).

Statistical analysis

We analyzed mesocosm data using a general linear model that included
photo-quadrat counts as the dependent variable and known (mesocosm)
density, bait status (2021 only), and substrate type as independent variables,
along with all possible interactions (density*bait status, density*substrate
type, bait status*substrate type, density*bait status*substrate type). Known
density was calculated by dividing the number of fish introduced into each
mesocosm by the mesocosm area (4.7 m?).

We conducted an unpaired t-test between 2021 and 2022 baited treatments
at the 5 fish/m’ density to evaluate repeatability between the two years of
experiments. Average photo-quadrat counts for the baited, 5 fish/m* density
treatments differed between 2021 and 2022 for the cobble substrate tests
(2021; M = 1.7, SD = 1.2: 2022; M = 6.3, SD = 0.6: t(2.94) = —-6.26, p =
0.009), but not for the sand substrate tests (2021; M = 2.7, SD = 1.5: 2022;
M =523, 8D = 2.1: t(3.67) = —1.79, p = 0.155). Data from both years were
included in the overall analysis.

Finally, a linear regression model was fit for known density (dependent)
versus photo-quadrat counts (independent) using data from baited mesocosm
experiments, to investigate application of experimental results to field (Lake
Michigan) data collection. Data from baited mesocosm trials were used in
developing the model because bait has typically been used in field applications
of this method. Substrate was left out of this regression analysis because it
was found to not be significant in the mesocosm experiments. Lake Michigan
(East Grand Traverse Bay) field photo-quadrat counts were obtained as
described, and the mesocosm model was applied to field counts to predict
field density of round goby. Predicted field density was compared with
previous, literature-based estimates.

Results

Mesocosm experiments

A total of fifty-four photo-quadrats and 3,221 still images were taken for
analysis. The presence of bait, and experimental density, both influenced
fish detection, while substrate did not. A density x bait interaction was the
only significant two-way effect; the three-way interaction (density x
substrate x bait) was not significant. Baited photo-quadrats resulted in
more round goby observed, on average, when compared to those without
bait (F,,, = 13.26, p < 0.005; 2021 data). Abundance of fish observed in
photo-quadrats from both substrate types and at all densities were higher
in those with bait than those without (Figure 4). Variance of counts from
baited trials was not significantly different than that from trials without
bait (Levene’s test; p = 0.53).
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Figure 4. Detection of round goby did not differ in cobble or sand substrate; baited quadrats
had higher detections, and more fish in the mesocosm generally resulted in more fish observed.
Average (= SE) observed maximum round goby counts from cameras across experimental
treatments. Baited averages are on the top and no-bait averages are on the bottom. Cobble
mesocosm results (c) are shown on the left and sand mesocosms (s) on the right. Reference
densities (fish/m?) are presented in ascending order from left to right. Sample size (replicates)
was equal to 3 for each bar, with the exception of 5 per m” baited (n = 6). Non-baited trials were
not conducted for reference densities of 10 and 15 per m? (2022).

Additionally, average round goby counts differed among experimental
densities (F,,, = 19.24, p < 0.005; 2021 and 2022 data combined), with higher
detection in mesocosms with higher known densities. However, counts of
fish observed in the 10 fish/m* group did not differ from the 15 fish/m’
treatments (p = 0.78) nor from the 25 fish/m’ treatment (p = 0.21). Substrate
had no effect on round goby counts in the mesocosm trials (F, ,, = 0.06, p =
0.82; 2021 and 2022 data combined); the number of fish observed did not
differ whether the mesocosm was prepared with sand or cobble (Figure 4).

Application of mesocosm results to field densities

After parameterizing the general linear regression with our photo-quadrat
data, we obtained the following equation

RGA =1.89"PQC - 1.68 (1)
where RGA represents the real round goby abundance (fish/m?) and PQC
represents the fish count observed in the photo-quadrat (Adjusted R* =
0.54, P < 0.05; Figure 5).

East Grand Traverse Bay photo-quadrats

We set 35 photo-quadrats in East Grand Traverse Bay and took 2,041 still
images for analysis (Table S1). Round goby, smallmouth bass Micropterus
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Figure 5. Linear regression between observed and real round goby densities in experimental
mesocosms. Observed counts (open circles; N = 36) from baited experimental mesocosms (x)
and reference densities (y) were used in a linear regression to assess the relationship between
counts observed with photo-quadrats and the actual density in the mesocosm (Adjusted R* =
0.54, F;3,=41.71, p < 0.05). Counts were pooled for baited sand and cobble trials as counts did
not differ between the two substrate types in mesocosm experiments. Average (= SE) counts for
each density treatment are also plotted (closed circles).

dolomieu (Lacepede, 1802), and crayfish Faxonius spp. (Ortmann, 1905)
were identified in the field photographs (but only round goby were
counted for this study, in the same manner we followed for mesocosm
photo-quadrat images). Average maximum round goby counts for all
photo-quadrats from East Grand Traverse Bay, regardless of the month,
was 7.0 = 3.7 fish. Applying the relationship developed from mesocosm
data (Equation 1) to the observed field counts, predicted real round goby
abundance in nearshore East Grand Traverse Bay is estimated to be 11.6 +
6.9 round goby/m®.

Discussion

Ecologists value experimental mesocosms because of their ability to link
field and laboratory studies by assessing the influence of a controlled
condition(s) (i.e., habitat type, light intensity, carbon dioxide concentrations)
on various outcomes in a natural environment (Lawton 1995). Mesocosms
have been used in the past to assess variables like fish behavior, development,
and health (Gillette 2012; Feniova et al. 2019; Henmi et al. 2020; Huang et
al. 2020; Newman et al. 2020; Dunkle et al. 2021). We are only aware of a
few instances where mesocosms have been used to evaluate fishery
censusing gear and protocols. A handful of studies have used mesocosms
to evaluate the accuracy of population abundance estimates from eDNA
sampling (Nevers et al. 2018; Skinner et al. 2020; Andres et al. 2021).
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Andres et al. (2021) demonstrated the success of eDNA methods in
providing intraspecific nuclear genetic information, by finding that the
absolute abundance of round goby estimated from eDNA methods was
highly correlated with estimates from genotyped tissue samples in
mesocosm experiments. Gutowsky et al. (2011) used mesocosms to evaluate
the efficiency of angling to estimate round goby densities at three different
densities in simple and complex habitats, finding the technique accurate
across all treatments. Our experiment is the first that we are aware of to
evaluate abundance estimates of Great Lakes nearshore fish from photo-
quadrats using experimental mesocosms. Understanding the extent of
organisms unaccounted for or underrepresented in photo-quadrat samples
at different densities is crucial, as round goby abundance varies throughout
the regions they inhabit.

In our mesocosm experiments, we tested two factors that we believed
would influence detection of round goby; substrate type and presence of
bait. Previous quantifications of certain benthic organisms using video-
and photo-monitoring techniques have added bait to the recording device
to increase their accuracy, especially for detecting species with cryptic
behaviors like round goby (Bohnsack 1979; Watson et al. 2005; Cappo et al.
2006; Lowry et al. 2012; Robinson et al. 2019). In our evaluation, baited
photo-quadrats detected a higher portion of the real round goby abundance
in comparison to when no bait was used. The results from baited experiments
suggest that this treatment increases detection, presumably by drawing
round goby from under rocks or sand, or by otherwise drawing fish into
the camera field of view from the periphery of the mesocosm tanks. Our
analysis assumes that the bait plume is equally detected by round goby
throughout the mesocosm tanks, and application of these results to field
collections assumes that round goby in the field will be drawn to baited
photo-quadrats from an area equal in size to the area of the mesocosm that
we used in the experiment. Yet, the size of the bait plume under in situ
conditions is unknown. Factors such as current velocity and habitat type
could affect the size of the bait plume (Priede and Merrett 1998; Cappo et
al. 2006; Harvey et al. 2007; Lowry et al. 2012; Taylor et al. 2013). If round
goby are attracted to baited photo-quadrats in the field from an area larger
than that in mesocosms, then applying the relationship developed from
mesocosm experiments may overestimate in situ round goby abundance.

Substrate did not influence the number of fish observed, despite our
predictions. The fact that substrate was not a significant factor in round
goby counts might be viewed as a positive result for field application; this
result might suggest that equally accurate counts may be obtained in a
variety of habitat types. However, other studies have observed a significant
effect of habitat on round goby density and assessment. Ray and Corkum
(2001) found round goby densities around 0.3 to 3 fish/m* when obtained
from transects visually with SCUBA gear, but when uncovering rocks
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within quadrats, they recorded a density closer to 19 fish/m®. Censuses
made visually with SCUBA transects, like with photo-quadrats, may not
account for all fish hidden in rock crevices or burrowed in sand, and
therefore likely underestimate round goby relative abundance. Multiple
methods may still need to be employed in some situations, depending on
the biology and behavior of the species of interest (Willis et al. 2000).

Our mesocosms also only assessed round goby response across two
substrate types, stacked cobble and sand. However, habitats occupied by
round goby in the Great Lakes vary widely. Round goby prefer complex
habitats in contrast to simpler ones, partly due to the interstitial spaces
provided by cobble or rock, vegetation and other structures (Jude and
DeBoe 1996; Ray and Corkum 2001; Young et al. 2010; Duncan et al. 2011;
Stacy-Dufty et al. 2020). As the cobble mesocosms represent complex
substrate in our study, we expected to observe disparities between round
goby abundances estimated in cobble versus sand substrate treatments;
however, substrate did not affect fish abundance observed. Duncan et al.
(2011) compared habitat preferences and behavior between round goby
and yellow perch Perca flavescens (Mitchill, 1814) in large aquaria with
sand and either live dreissenids or macrophytes. In their laboratory
experiments, round goby preferred and were more active in dreissenid-rich
areas when compared to macrophyte or sand habitats in both intraspecific
and interspecific pairings. As we only compared round goby abundance
detected over pure cobble or sand substrate, future designs could test the
influence of adding live dreissenids, macrophytes and other variables on
the numbers of fish detected, to more closely mimic the range of conditions
round goby experience in the Great Lakes (Jude and DeBoe 1996;
Charlebois et al. 1997; French and Jude 2001; Young et al. 2010). If the
presence of dreissenids increases round goby activity, we might expect to
detect a larger proportion of the round goby present in mesocosms
containing dreissenids.

We applied our results from the experimental mesocosms to abundance
indices (counts) from the field to help better estimate true round goby
abundance. Our results suggest round goby abundance in East Grand
Traverse Bay (estimated to be approximately 12 fish/m?) could be slightly
higher than in some other areas of the Great Lakes with similar habitat. In
areas with habitats similar to the rocky, littoral regions we sampled, literature-
reported round goby densities were measured at 1.4 to 9.1 fish/m*at Good
Harbor Reef (Tarsa 2021), 4.2 fish/m* in Lake Ontario (Karatayev et al.
2022), and 6.9 fish/m? in western Lake Erie (Johnson et al. 2005). However,
these densities were estimated from video transects or video quadrats
without bait and may represent underestimates of round goby densities at
these locations. Our estimate is also based on a visual methodology, but
also one that has been ground-truthed against known densities of round
goby. As such, it may provide a more reliable estimate of true abundance.
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Our mesocosms represent a simplistic biotic community, but intraspecific
and interspecific interactions of round goby in the wild are more complex.
Round goby behavior differs depending on fish size, sex / spawning condition,
the degree of competition, and the presence of any predator or other threat
(French and Jude 2001; Stammler and Corkum 2005; Dopazo et al. 2008;
Bergstrom and Mensinger 2009; Duncan et al. 2011; Kornis et al. 2017; Z4k
et al. 2018; Cartwright et al. 2019; Zuwerink et al. 2019), and these
behavioral differences may influence the densities of fish that photo-
quadrats detect. Zak et al. (2018) found higher encounter rates (catches) of
male vs female round goby in passive traps (because of increased boldness
and associated higher locomotor activity in males compared to females).
However, if guarding a nest, males might be more difficult to detect. It’s
unclear whether a higher ratio of males:females in our tests would have
resulted in higher or lower capture rates in photo-quadrats.

Round goby may also change their typical activity and habitat use
temporally and spatially in response to interspecific competition (Cartwright
et al. 2019). By adding interspecific competition to mesocosms, round goby
may prioritize protecting and defending shelter which could reduce the
number of fish observed with photo-quadrats. As round goby in this study
were only under pressure from intraspecific competition, future research
should assess how other external pressures, such as interspecific competition
or predation, may influence the accuracy of photo-quadrats in quantifying
round goby abundance.

Round goby experience high predation pressure throughout the Great
Lakes (Ruetz et al. 2009; Reyjol et al. 2010; Taraborelli et al. 2010) and
shelter provides important protection for the fish (Belanger and Corkum
2003). Therefore, observed densities of round goby estimated under a
predatory pressure might be smaller than without predators, as a greater
proportion of round goby would likely hide and burrow (Bergstrom and
Mensinger 2009; Zuwerink et al. 2019). However, alternate outcomes are
also possible; Szydlowska et al. (2024) found that round goby did not
exhibit any pronounced threat sensitivity to a chemical stimuli simulating
the presence of a native predator. The full effect of the presence of
predators on estimates of round goby abundance remains to be evaluated.

Conclusions

Knowing the relative abundance of fishes, like round goby, is useful to
understand the general health of an ecosystem or for monitoring species
distribution and diversity. However, accurate estimates of real population
abundance are necessary for understanding population and ecosystem
dynamics and are better suited for a variety of ecological models, including
bioenergetics models or biodiversity index models (Minns et al. 1994;
Rundle and Jackson 1996; Rand and Stewart 1998; He et al. 2015;
Leonhardt et al. 2020). We provide insights that will improve round goby
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abundance estimates from photo-quadrats, which can be a useful tool for
measuring fish population abundance in a less invasive manner and with
less training and cost than other census techniques (Bohnsack 1979;
Preskitt et al. 2004; Johnson et al. 2005; Freeman et al. 2011; Sant et al.
2017; Maia et al. 2018; Robinson et al. 2019; Bravo et al. 2020; Watson et al.
2020). Further, as they allow for standardized, permanent evaluations (in
the form of photographs) in complex habitats that traditional censusing
gear cannot successfully sample (Clapp et al. 2001), photo-quadrats are a
valuable research tool throughout the Great Lakes and other aquatic
ecosystems.
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The following supplementary material is available for this article:
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