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potential for expansion in Canada, but growth of the freshwater sector has been
slow due to concerns over potential environmental impacts and a lack of information on potential impacts to native fish communities.
2. To provide guidelines and target variables for evaluating aquaculture impacts on
freshwater fish communities, we operated an experimental aquaculture farm as a
whole-lake experiment where 10,000 rainbow trout (Oncorhynchus mykiss) were
raised annually from 2003 to 2007. Impacts were assessed using up to 8 years of
pre-impact and 8–10 years of post-impact data.
3. Prey fish abundance increased dramatically during aquaculture but declined
sharply following the experiment. High abundance of littoral minnows in autumn
was not observed during spring and, combined with size distribution data,
suggests high overwinter mortality of adult minnows. White sucker (Catostomus
commersonii) abundance and body condition declined during and after aquaculture, with evidence of overwinter juvenile recruitment failure in the last 2 years of
operation, although size-at-age increased.
4. The adult abundance of lake trout (Salvelinus namaycush) doubled during aquaculture, due to a combination of (a) increased growth rates of young trout and (b)
earlier age and larger sizes at maturation. Within 2 years following aquaculture,
lake trout abundance declined by nearly 50% to background levels, suggesting a
large increase in lake trout mortality once operations ceased. These changes were
not observed in nearby reference lakes.
5. While aquaculture appeared to benefit some species (slimy sculpin [Cottus cognatus], minnows, lake trout), prolonged declines in white sucker abundance and condition and continued depression of Mysis densities and optimal oxythermal habitat
availability nearly a decade following operations suggest potentially long-term
impacts at this magnitude. Importantly, this experiment highlights important indicator species and life history traits for monitoring of freshwater aquaculture impacts on native fish communities.
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1 | I NTRO D U C TI O N

immediate increase in growth rates (Rennie, 2013) and recruitment
(Mills, Chalanchuk, Findlay, Allan, & McCulloch, 2002), leading to a

Aquaculture is a major and growing industry around the world. In

lagged increase in abundance (Mills et al., 2002). However, impacts

Canada, over 90% of aquaculture production is focused on finfish,

of hypolimnetic nutrient additions on other species, including warm

and the value of the industry has grown in a near-linear fashion since

water taxa such as minnows and white sucker (Catostomus commer-

1986, worth $877 million dollars in 2015 (Government of Canada,

sonii) have not been characterised during these previous ELA exper-

2015). Freshwater aquaculture contributes only 5–10% of this total

iments and are unknown.

value, and freshwater aquaculture production has remained rela-

Both lake trout (Salvelinus namaycush) and the freshwater shrimp

tively stable since 1996, while marine aquaculture has tripled over

Mysis (Mysis diluviana) are sensitive to coldwater oxygen depletion

the same timeframe. Freshwater aquaculture in Canada is primar-

(Evans, 2007; Nero & Davies, 1982) and therefore likely to be af-

ily based on rainbow trout (Oncorhynchus mykiss) production, for

fected by aquaculture-related declines in oxygen availability. In many

which Ontario is the primary Canadian producer (generating 66%

Ontario lakes, nutrient targets are dictated by cold water oxygen re-

of trout production across Canada on average, 1986–2015). Ontario

quirements for lake trout (Nelligan, Jeziorski, Rühland, Paterson, &

trout production is focused mainly in aquaculture facilities in Lake

Smol, 2016; Nicholls, 1997; Young, Winter, & Molot, 2011), which

Huron, which have been generating steady production levels of

are a highly sought after recreational fish species across Canada

4,500 tonnes of fish on average since 1996. Concerns over environ-

and the U.S.A. (Evans, Nicholls, Allen, & McMurtry, 1996; Gunn &

mental impacts have limited the expansion of freshwater aquacul-

Mills, 1998; Gunn, Steedman, & Ryder, 2003). Additionally, Mysis is

ture in Canada (Yan, 2005).

an important prey species to lake trout (France & Steedman, 1996;

Increased nutrient loading is one of the primary environmental

Trippel & Beamish, 1993), and Mysis abundance can greatly influence

concerns surrounding impacts of aquaculture in freshwater ecosys-

lake trout growth and life history dynamics (Devlin et al., 2017; Ellis

tems (Ackefors & Enell, 1994; Bristow, Morin, Hesslein, & Podemski,

et al., 2011; Mills, Chalanchuk, Mohr, & Davies, 1987). Moderate nu-

2008; Enell, 1995). Aquaculture-related nutrient release can be

trient increases can have some positive impacts on the growth and

dramatic and cause significant increases in primary productivity

condition of coldwater fish species (Lienesch, McDonald, Hershey,

in smaller or more enclosed systems (Bristow et al., 2008; Findlay,

O'Brien, & Bettez, 2005; Mills & Chalanchuk, 1987) but potentially

Podemski, & Kasian, 2009), but more muted responses have been

also long-term negative impacts on recruitment (Lienesch et al.,

observed in practice on the Great Lakes (Johnston, Keir, & Power,

2005).

2010; Milne, Marvin, Yerubandi, McCann, & Moccia, 2017). By com-

To date, there have been relatively few evaluations of aqua-

paring the initial results of a whole-lake aquaculture experiment at

culture impacts on freshwater fish communities. There is some

the IISD-E xperimental Lakes Area (IISD-ELA or ELA hereafter, www.

evidence of aquaculture cage sites attracting certain fish species

iisd.org/ela) to previous nutrient addition experiments conducted at

(Charles, Blanchfield, & Gillis, 2017) and of increasing fish abun-

the ELA, Bristow et al. (2008) concluded that aquaculture impacts

dance locally around cage operations (Johnston et al., 2010 and

on total phosphorus, ammonia, and chlorophyll a trends within the

references therein). Studies investigating impacts of aquaculture

water column best reflected hypolimnetic nutrient deposition exper-

wastes on fish communities have been mixed, with studies from

iments (in the North Basin of Lake 302) where most added nutrients

smaller systems reporting significant incorporation of wastes into

underwent sedimentation. Under sustained additions, as might be

the food web (Grey, Waldron, & Hutchinson, 2004; Kullman, Kidd,

observed with aquaculture (to either the epilimnion or hypolimnion),

Podemski, Paterson, & Blanchfield, 2009; Wellman, Kidd, Podemski,

concern exists over the potential for hypolimnetic oxygen depletion

Blanchfield, & Paterson, 2017), while others from larger systems re-

and habitat limitation and/or overwinter mortality for cold water fish

port no significant impact (Johnston et al., 2010). Impacts on large

species (Yan, 2005).

fish species such as white sucker and top predator species such as

Nutrient loading from aquaculture at sufficient levels is ex-

lake trout are also not well known.

pected to affect fish communities. In a well-known nutrient addition

To provide management guidelines and identify target species

experiment at the ELA, productivity of lake whitefish (Coregonus

for monitoring of potential aquaculture impacts in freshwaters, the

clupeaformis, a coldwater benthivore) increased during 7 years of

goal of this study was to evaluate the impacts of an experimental

epilimnetic phosphorus additions, but responded only slightly to

aquaculture operation on the abundance, growth rates and life his-

epilimnetic additions of carbon and nitrogen only (Mills, 1985; Mills

tory strategies of the native fish community, as well as the response

& Chalanchuk, 1987). Where hypolimnetic phosphorus was added

of the fish community to the cessation of aquaculture operations.

to the North Basin of Lake 302, lake whitefish demonstrated an

Previous work from this study has demonstrated increased nutrients
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Lake
Parameter

224

442

373

375

Area (ha)

26.2

16.0

27.4

23.2

Maximum depth (m)

27.3

17.8

21.2

26.5

Volume (m3)

3,066,672

1,440,605

3,107,474

2,658,813

TA B L E 1 Physical limnological
parameters of lakes under study at the
IISD Experimental Lakes Area

Note. Lake 375 was subjected to aquaculture from 2003 to 2007. Lakes 373, 442 and 224 represent
reference lakes to which data from lake 375 were compared to evaluate aquaculture impacts.

(Bristow et al., 2008) and phytoplankton biomass (Findlay et al.,

375 aquaculture cage, measuring 10 m × 10 m × 10 m and anchored

2009) in response to aquaculture, as well as significant uptake of

over water 16 m deep (Bristow et al., 2008). The experiment simu-

aquaculture nutrients in fish (Wellman et al., 2017). In contrast, de-

lated commercial aquaculture operations; fish were fed twice daily

clines in profundal benthos (Rooney & Podemski, 2009) and lasting

(1%–3% of body mass as a daily ration, depending on water tem-

suppression of densities of the opossum shrimp M. diluviana and of

peratures) with Martin Mills Profishent© feed (Blanchfield, Tate, &

oxygenated coldwater habitat were also observed (Kennedy et al., In

Podemski, 2009; Findlay et al., 2009). Fish grew to marketable size

press; Paterson, Podemski, Wesson, & Dupuis, 2011). Lake trout con-

by the end of the growing season (c. 1 kg) and were harvested annu-

dition and early growth rates also increased in this study (Kennedy

ally in autumn. On average, 8,200 kg of rainbow trout biomass was

et al., In press), which raises the possibility of potential top-down

produced from 9,800 kg of feed (Bristow et al., 2008). Aquaculture

influences on food webs influenced by aquaculture. We advance

waste generated approximately 81 kg phosphorus per year on aver-

this body of research by: (1) extending data sets and time series for

age, increasing the total phosphorus load to Lake 375 by 5 times

fish, their habitat, and their prey both pre- and post-manipulation;

background levels (Bristow et al., 2008).

(2) providing the most comprehensive quantitative evaluation of

Monitoring was conducted for various parameters related to fish

fish community responses to aquaculture to date; and (3) describ-

and their habitat. Lakes 375 and 373 are both dimictic and support

ing seasonality for several variables important for understanding

populations of Mysis, minnows (family Cyprinidae), slimy sculpin

fish community responses. Impacts of aquaculture were evaluated

(Cottus cognatus), white sucker and lake trout. The minnow com-

against similar parameters measured in nearby undisturbed refer-

munity in Lake 375 is dominated by fathead minnow (Pimephales

ence lakes. Based on previous work at the ELA on the effects of

promelas, Supporting Information Figure B1) which are absent from

both epilimnetic and hypolimnetic nutrient additions on fishes, we

Lake 373. Two other reference lakes, Lake 442 and Lake 224, were

predicted that individual growth rates of fish might increase, and

included in the study to evaluate changes in fathead minnow size

that abundance of fish might also increase due to increased nutrient

spectra. Lakes 375 and 373 both support Northern Redbelly Dace

loads from aquaculture.

(Chrosomus eos, which dominate the Lake 373 minnow community),
Finescale Dace (Chrosomus neogaeus), and Pearl Dace (Margariscus

2 | M E TH O DS

margarita).

2.1 | Location

2.2 | Temperature, oxygen

Lake 375 was selected for an experimental aquaculture operation

Oxygen (O2) and temperature profiles were taken bi-weekly at the

in 2001 (Table 1). The experiment was scaled to compare phospho-

deepest points of lakes 375 and 373 using a YSI Model 6562 probe;

rus loading from aquaculture to previous whole lake nutrient addi-

prior to 2001, O2 concentrations were measured using Winkler titra-

tion experiments at the ELA (Bristow et al., 2008). This resulted in

tions and temperature was measured using a Flett Research Mark II

a very high ratio of fish biomass to water volume but allowed us to

digital telethermometer (see Paterson et al., 2011 for additional de-

demonstrate clear pathways of effects and provide potential param-

tails). We focused on profiles taken only in late summer (mid-August

eters for evaluating aquaculture impacts in freshwater ecosystems

to mid-September) to capture the maximum extent of oxygen limita-

elsewhere. Previous lake monitoring was intensified to character-

tion for coldwater organisms (Quinlan, Paterson, Smol, Douglas, &

ise background conditions for all ecosystem components. Nearby

Clark, 2005). We estimated optimal habitat volume for coldwater or-

Lake 373 (immediately upstream from Lake 375) was selected as a

ganisms (Mysis, lake trout) as the volume of lake bound by 4 mg/L O2

primary reference system to evaluate changes due to aquaculture

and 15°C (Guzzo & Blanchfield, 2017; Plumb & Blanchfield, 2009).

versus regional influences but additional data from reference lakes
224 and 442 were also utilised (Table 1). Additional details on lakes
373 and 375 can be found in Bristow et al. (2008) and Paterson et al.

2.3 | Mysis collections

(2011). Each year from 2003 to 2007, approximately 10,000 rain-

During 2002–2008, Mysis were collected monthly as described in

bow trout (at a mean stocking size of 127 g) were raised in the Lake

Paterson et al. (2011), and opportunistically during late summer/

|
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autumn from 2009 to 2017. Briefly, Mysis were collected at least 1 hr

During autumn, trap net samples were augmented with short-set

after sunset using vertical hauls from 1.5 m above the lake bottom to

(10–20 min) 38 mm gillnets targeting lake trout on spawning shoals

the surface using a 0.75 m diameter net with 500 μm mesh at 4–11

shortly after sunset. lake trout were typically entangled by their

stations in each lake. Stations were fixed and located along a tran-

teeth and mandibles. Following removal from nets, fish were held in

sect, each station representing each of the 5 m depth strata included

a large (2 m × 1 m × 1 m) mesh pen overnight and were sampled the

in the study (5–10, 10–15, 15–20, >20 m). Average lake-wide densi-

next morning. Handling mortality by either trap netting or gillnetting

ties during autumn were determined as a weighted average using

was negligible.

Mysis densities in each depth zone and the relative contribution of

White sucker >100 mm in fork length were given a dorsal fin

that depth zone to overall lake area (see Paterson et al., 2011 for

nick (batch mark) that corresponded to the capture period, mea-

details).

sured, and weighed. Lake trout were handled similarly, except all
individuals >200 mm were given individual identifiers (either num-

2.4 | Fish collections

bered Carlin-style sew-on tags, visual implant tags, or passive integrated transponder tags). Lake trout were also given a dorsal fin

Fishes were sampled in spring and autumn using various methods.

nick corresponding to the capture period. Dorsal fin nicks (white

To estimate abundance and age distribution, white sucker were

sucker) and tags (lake trout) were the primary data used to facilitate

targeted during spring spawning (May to mid-June) whereas lake

mark–recapture population estimates (see below). In both species,

trout were targeted during autumn spawning (mid-S eptember to

sex determination was evaluated externally by expression of gam-

October). Trap-netting and spring sampling ceased in 2011 in Lake

etes; white sucker sex was determined during spring sampling and

375, whereas sampling targeting lake trout abundance only (no

lake trout during autumn sampling. Fin rays were taken from white

trap-netting, gillnetting on spawning shoals only; see below for de-

sucker (during spring) and lake trout (during autumn) to determine

tails) was conducted during autumn of 2013 and 2016. Otherwise,

age. Typically, the first few pectoral rays on the left or right side of

during both spring and autumn sampling periods, fishes from all

the fish were taken, cut as close to the insertion to the body as pos-

lakes were captured with 2–3 Beamish-s tyle trap nets (Beamish,

sible, and placed in an envelope to dry. Fins were later mounted in

1973) as described in Guzzo, Rennie, and Blanchfield (2014). Trap

epoxy and cross-sectioned using an isomet low-speed saw, mounted

nets were of two types that either contained a central lead set

on slides and read for age determination (Mills & Chalanchuk, 2004).

perpendicular to shore (Beamish, 1973) or without a central lead,

White sucker abundance was determined using a Schnabel cen-

where one wing of the net was tied to shore and set roughly par-

sus based on the numbers of marked and unmarked fish over multi-

allel to the shoreline in order to capture fish travelling in a single

ple capture events within each sampling period in both lakes. Lake

direction. Nets of both designs had holding pots suspended by

trout abundance was estimated using the POPAN Jolly–Seber model

floats and pots and wings were anchored in place. Holding pots

(Schwarz & Arnason, 1996) in Program MARK (White & Burnham,

ranged in volume from 2.2 to 6.1 m2 and were set in c. 3–4 m of

1999) using the RMark() package in R (R Core Team, 2017). Briefly,

water. The length of leads varied depending on the steepness of

the POPAN formulation uses the Jolly-Seber model to estimate

the lake bottom and the distance from shore to c. 3–4 m depth,

abundance, allowing for births and deaths in the population between

as traps were targeting the littoral area (≤3 m depth) of the lakes.

sampling periods. Individual capture histories from tagged lake trout

The height of the pots and leads was 90 cm. Importantly, the same

were used as the basis for estimation of real and derived parameters

nets and locations were fished annually (although sites differed

from the model. Real parameters of interest were interval survival

between spring and autumn to target white sucker and lake trout,

and catchability estimates, and derived estimates of interest were

respectively). This standardisation of gear and locations within a

gross births (Schwarz, Bailey, Irvine, & Dalziel, 1993) and abundance.

season allowed for catches to be meaningfully standardised within

Additional details regarding model estimation and selection proce-

a lake over time. Mesh sizes of trap nets used in all lakes was ap-

dures are outlined in Supporting Information Appendix A.

proximately 3 mm, and the smallest fish retained in nets was approximately 19 mm fork length.
Trap nets were typically set for 4–6 weeks and emptied every
2–5 days depending on water temperatures. All fish captured in

Because sampling targeted mature (spawning) lake trout and
white sucker, we estimated size and age at maturity as the smallest
and youngest 20% of male or female fish captured in each sampling
period (Cruz Font, Shuter, Blanchfield, Minns, & Rennie, In press).

trap nets were enumerated and measured; volumetric subsamples

Body condition of lake trout and white sucker was estimated

to estimate counts and size distributions were performed when

using the relative weight method and expressed as a percentage

catches of small fish (mainly minnows) were high (>1 L in volume).

of the observed weight divided by the estimated standard weight

Minnow counts (fathead minnow and all species combined) were

for the species. The standard weight equation for lake trout was

summed daily and a catch-p er-unit-effort (CUE) from trap nets

from Piccolo, Hubert, and Whaley (1993) and for white sucker

(number of fish per net day, or number of fish divided by the prod-

from Bister et al. (2000). For white sucker, we evaluated condition

uct of the number of nets set and days that nets fished) was esti-

changes in both small (100–150 mm) and large (≥350 mm) individu-

mated for each spring and autumn sampling period. All captured

als seperately. Only lake trout >280 mm were considered for rela-

fish were live-released.

tive weight (Piccolo et al., 1993).
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We evaluated trends in 2002–2009 spring white sucker abundance using linear regression. Changes in white sucker mean size

Statistical analyses were conducted to compare trends over time

(fork length) and body condition were evaluated using linear re-

between aquaculture and reference ecosystems. To evaluate the

gression over the period of aquaculture operation (2003–2007) and

degree to which aquaculture operations have continued to impact

2002–2011, respectively. We also examined length-frequency dis-

coldwater habitat, we examined changes in the 4 mg/L oxycline,

tributions of fathead minnow and white sucker to evaluate poten-

15°C isocline and volume of coldwater habitat in both lakes using

tial overwinter mortality in Lake 375 during aquaculture (due e.g. to

a before-after control-impact (BACI) design ANOVA (Green, 1979;

predation or body size effects sensu Post & Evans, 1989; Supporting

Smokorowski & Randall, 2017). Years were classified as either before

Information Appendices C, D). Trends in lake trout mean size were

aquaculture (prior to 2003) during aquaculture (2003–2007) or after

evaluated using linear regression. Lake trout size at maturity was

aquaculture (2008 and later). A significant interaction term indicated

compared pre-and post-aquaculture using a BACI-design ANOVA as

a difference in direction and/or magnitude of effects between the

described for coldwater habitat (above). Residuals of maturation sizes

lake undergoing aquaculture and reference lake. Due to limited avail-

showed some evidence of heterogeneous variance that could not be

ability of pre-impact data for oxygen and thermal profiles, we used

corrected with log or square-root transformation but statistical con-

all data available to evaluate prior conditions in these lakes (1983–

clusions were consistent with visual presentations of data. Patterns

2002). Oxycline data were log-transformed to normalise residuals.

in lake trout survival, catchability, and gross births across time pe-

We also evaluated the relationship between coldwater habitat vol-

riods (pre-aquaculture, during aquaculture, and post-aquaculture)

ume availability and area-weighted mean densities of Mysis during

were evaluated for both lakes 373 and 375 using ANOVA.

the late summer/autumn period using linear regression. To evaluate
the impact of aquaculture on minnow and sculpin abundance (mean
CUE in either spring or autumn), we used the same BACI ANOVA as
described above. Minnow and sculpin abundance were both square-
root transformed to normalise and homogenise residual distributions. We included pre-impact minnow and sculpin abundance from

3 | R E S U LT S
3.1 | Changes in cold water habitat availability and
invertebrate prey

1989–2002 to provide sufficient sample sizes. Separate ANOVAs

The availability of optimal oxythermal habitat (>4 mg/L O2 and

were conducted for minnows and sculpin in each season (spring and

<15°C) declined significantly in Lake 375 after aquaculture, but not in

autumn). Visual plots and Tukey post hoc tests were used to deter-

Lake 373 (ANOVA, lake by period interaction, F2,37 = 3.3, p = 0.0497;

mine the significance and directionality of reported differences.

Figure 1a; Lake 375 Tukey HSD test pre versus post, p = 0.02; Lake

Fathead minnow and white sucker in the aquaculture and

373 Tukey HSD test pre versus post, p = 0.99). This reduction in

reference lakes were examined using an independent mixture

habitat appeared to be due largely to reductions in the extent of

model—hereafter referred to as mixture model—to estimate mean

hypolimnetic oxygen in Lake 375 (ANOVA, lake by period interac-

young-of-year (YOY) size in these fishes using the mix() function

tion, F2,37 = 2.5, p = 0.09; Lake, F1,37 = 45.4, p < 0.0001; Period,

in the depmixS4 package (Visser & Speekenbrink, 2010) for R. We

F2,37 = 18.4, p < 0.0001; Figure 1b). Lake means of the depth of 4 mg

used a Gaussian distribution to classify groups. Initially, fish were

O2/L were similar before aquaculture (Tukey, p = 0.4) but differed

modelled using either two or three hidden states, but in some

after (Tukey, p < 0.0001). Both lakes showed declines in the depth

cases the underlying distributions represented more than three

of 4 mg O2/L, (Tukey p-values, Lake 373 = 0.03, Lake 375, <0.0001)

states or rarely, a single state (one age group). Once the models

but the decline was greatest in Lake 375 (above 10 m in 2007, 2008;

were created using the mix() function, we used the fit() function

Figure 1b). The depth of the 15°C isotherm was not different over

to optimise the parameters of the mix() model. Models were run

time (ANOVA, interaction F2,37 = 1.6, p = 0.21; Period F2,37 = 1.46,

until convergence, and the best candidate model was determined

p = 0.24) but was consistently shallower in Lake 375 than in Lake

using Akaike's information criteria and Bayes’ information crite-

373 (ANOVA, Lake F1,37 = 34.9, p < 0.0001, Figure 1c).

ria, and then used to identify YOY fishes. In complex cases, we

Following declines in hypolimnetic O2 in Lake 375, there was a

used manual cut-offs for maximum size to help identify peaks as-

dramatic decline in Mysis density, and a shift from most Mysis being

sociated with YOY fish. Preliminary analyses demonstrated that

found in the deepest portion of the lake (>20 m in 2002, the only pre-

in Lake 373, white sucker identified from mixing models as spring

aquaculture year sampled) to a preference for more shallow regions

age 1 were not significantly different in size from those identi-

(Paterson et al., 2011; Figure 2). Mysis continue to be concentrated

fied as autumn YOY in the year immediately previous (paired t

in the shallower depth strata at impaired densities in 2017 compared

test, t5 = 2.2614, p = 0.07). Due to this similarity in size between

with conditions prior to aquaculture (Figure 2). Mysis in Lake 373

spring and autumn periods, and lacking autumn YOY data for cer-

did not show a similar pattern in depth distribution (Paterson et al.,

tain years, we used mixing model results for spring age 1 sizes

2011).

from lake 373 during 2002–2004 as an estimate of autumn YOY

Mysis densities were well predicted by optimal oxythermal hab-

sizes during 2001–2003. Trends in time for YOY size in lakes were

itat (Figure 3). The relationship was significant for Mysis in Lake 375

analysed using linear regression during 2002–2009.

(regression, F1,7 = 15.94, p = 0.005, R2 = 0.69) and for Mysis over

|
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Optimal habitat (m3 X 105)
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875

(a)
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5

0

Depth of 4 mg O2/L (m)

5

(b)
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373
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15
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4

(c)

Depth of 15°C (m)

5
6
7
8
9
10
1980 1985 1990 1995 2000 2005 2010 2015

Year
F I G U R E 1 Shifts in optimal oxythermal habitat over time.
(a) Changes in late summer (c. 1 September) habitat volume
(oxygen ≥ 4 mg O2/L, temperature ≤15°C) in lakes 375 (aquaculture,
circles and solid lines) and 373 (reference lake, squares and dashed
lines). (b) Depth of oxygen ≥ 4 mg O2/L over time in both lakes;
(c) the depth of the 15°C isocline. Grey shading represents the
period of aquaculture in Lake 375 [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 2 Late summer Mysis densities within different
depth strata in Lake 375, 2002–2017. Data for 2002–2008 are
represented by multiple sampling events in June–July, reproduced
with permission from Paterson et al. (2011). Data from 2009
to 2017 are from a single night of sampling in July of each year,
except 2017, when they were collected in September. Aquaculture
operations ran from 2003 to 2007
in Lake 375 during aquaculture, a pattern that was not observed in
Lake 373 (ANOVA, lake by period interaction, F2,32 = 4.8, p = 0.015;
Figure 4a). During aquaculture, autumn minnow abundance in Lake
375 was significantly higher than before (Tukey, p = 0.0004) and
after aquaculture (Tukey, p = 0.04). Minnow abundance in Lake 375
was significantly greater than in Lake 373 during aquaculture (Tukey,
p = 0.005), but not different from 373 before and after aquaculture
(Tukey, p ≫ 0.05). By contrast, there were no significant differences in

both lakes (F1,14 = 15.3, p = 0.002, R2 = 0.52) but not when consider-

minnow abundance between aquaculture and non-aquaculture years

ing Lake 373 alone (F1,5 = 2.4, p = 0.18).

among lakes during spring (ANOVA, F2,32 = 0.3, p = 0.7; Figure 4b),
suggestive of significant overwinter mortality of minnows. Increases

3.2 | Changes in prey fish abundance

in minnow abundance in Lake 375 were almost entirely driven by
an increase in fathead minnow (Supporting Information Appendix

Prey fish abundance varied with aquaculture and by season (Figure 4).

B). Sculpin abundance in Lake 375 was significantly elevated dur-

Minnow abundance (mean seasonal CUE) in autumn increased sharply

ing aquaculture relative to non-aquaculture years in both spring and
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autumn, a pattern not observed in Lake 373 (autumn, F2,31 = 6.7,

right-skewed (more large individuals) rather than left-skewed, a pat-

p = 0.004, Figure 4c; spring, F2,32 = 3.5, p = 0.04, Figure 4d). Autumn

tern which persisted until 2009, returning to a left-skew pattern in

sculpin abundance remained elevated in Lake 375 into 2008, 1 year

2010. The changes in shape and magnitude of Lake 375 spring size

after aquaculture operations ceased (Figure 4c).

distributions during 2005–2009 (closer to normally-distributed and

Changes in fathead minnow size distributions in Lake 375 sug-

less skewed; Supporting Information Appendix C) suggests a loss of

gest that larger fatheads were most susceptible to overwinter mor-

larger minnows over winter in this lake.

tality during aquaculture (Supporting Information Appendix C). Prior

The autumn size of YOY fishes in Lake 375 (i.e. at the end of the

to aquaculture, size distributions of fatheads in Lake 375 were sim-

growing season) declined during and immediately following aqua-

ilar to those observed in reference lakes (Supporting Information

culture (Figure 5). From 2002 to 2009, fathead minnow YOY size

Appendix C), which were typically left-skewed in autumn (dominated

as estimated from mixing models declined significantly (F1,4 = 9.3,

by YOY minnows), and right-skewed in spring (loss of smaller YOY

p = 0.038) as did that of white sucker (F1,5 = 7.03, p = 0.045). No

minnows over winter). During aquaculture operations in 2004–2007,

similar trends were observed in reference lakes for fathead min-

this pattern reversed; autumn minnow size distributions became

now (Lake 442, Lake 224; Figure 5a) or for white sucker (Lake 373;
Figure 5b). YOY average sizes of fathead minnows, but not white
suckers, recovered to pre-aquaculture sizes by 2012 in Lake 375.

Mysis density (/m 2)

100

3.3 | Population changes in white sucker

80

White sucker abundance declined significantly in Lake 375 over the

60

course of the aquaculture experiment, remained low for 2 years

40

manipulation levels in 2010. Mean size of white sucker increased

post-recovery (F1,5 = 13.5, p = 0.014; Figure 6a) and returned to pre-
by over 150 mm during the aquaculture experiment (F1,3 = 58,

20

p = 0.047; Figure 6b), and did not return to pre-manipulation levels
until 2009, 2 years after aquaculture operations ceased. Age at ma-

0.2

0.3

0.4

0.5

turity in male white sucker delayed steadily from age 3 to age 5 dur-

Coldwater habitat (proportion of lake volume)

ing the experiment and recovered to pre-aquaculture levels by 2008
(Figure 6c), whereas female age at maturity did not change in any

F I G U R E 3 Relationships between mean area-weighted Mysis
densities and the proportion of coldwater habitat (as defined in
Figure 1, text) in Lake 375 (circles, solid line) and Lake 373 (squares).
Dashed line represents the relationship including data over both
lakes [Colour figure can be viewed at wileyonlinelibrary.com]
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(a)

500

80

Mean CUE (fish per net days)

400

by nearly 20 cm in both sexes during aquaculture (Figure 6e,f). Body
condition in small white sucker did not change in any predictable
pattern (p = 0.5, Figure 6g), but the condition of large white sucker

375
373

60

300

40

200
100

20

0

0

10

(b)

clear fashion (Figure 6d). Size at maturity of white sucker increased

10

(c)

8

8

6

6

4

4

2

2

0

0
1990
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(d)

1990

Year

2000

2010

F I G U R E 4 Changes in prey fish
communities in lake 375 (aquaculture) and
373 (reference). Symbols as in Figure 1.
Mean relative abundance of all minnow
species (trap net catch per unit effort,
CUE) in autumn (a) and spring (b). Relative
abundance of sculpin in autumn (c) and
spring (d). Note differences in axis scaling
between spring and autumn minnow
abundance (a, b), and between minnows
(a, b) and slimy sculpin abundance (c, d).
Note slight horizontal offset in data points
for each lake. Grey shading represents
the period of aquaculture in Lake 375.
Error bars are ±1 SE [Colour figure can be
viewed at wileyonlinelibrary.com]
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Mean YOY size (mm)

50

877

in age classes 4–6 (Figure 7a). No similar increases were observed in

(a)

375
442
224

45

the reference population (Figure 7b) over a similar age range.

40

3.4 | Population changes in lake trout

35

Abundance of adult lake trout increased during aquaculture; population estimates from spring 2006 to autumn of 2007 (725 adult

30

lake trout) were more than double those during pre-manipulation
(340 adult lake trout; Figure 8a). This increase in abundance was

25

observed despite no difference in catchability estimates between

20

pre-manipulation and aquaculture periods (Supporting Information
Appendix A, Figure A2). Abundance declined sharply after aquacul-

Mean YOY size (mm)

70

ture ceased (Figure 8a), despite an increase in catchability in Lake

(b)

375
373

65

375 (Supporting Information Appendix A). Our reference lake (Lake
373) showed a steady but modest increase over time, very differ-

60

ent from the changes observed in Lake 375 (Figure 8a). The increase

55

been largely a consequence of increased immature growth rates

in population size observed during aquaculture appears to have
combined with advancing age at maturity and increased body con-

50

dition (detailed below). Additional results from POPAN model fits
for lake trout in Lakes 373 and 375 are summarised in Supporting

45

Information Appendix A.

40

Mean size of lake trout increased sharply in 2006 and remained

1996

2000

2004

2008

2012

Year
F I G U R E 5 Size of young-of-year (YOY) fishes captured in trap
nets at the end of their first growing season. (a) Mean size (fork
lengths) of autumn YOY fathead minnow during aquaculture in
Lakes 375 (aquaculture) and reference lakes 224 and 442. (b)
Mean size (fork lengths) of YOY white sucker in Lake 375 during
aquaculture and in reference Lake 373 [Colour figure can be viewed
at wileyonlinelibrary.com]

elevated until 2010 (well past aquaculture ended), not returning to
values close to pre-manipulation levels until 2011; by contrast, mean
size of lake trout in the reference lake declined over time (F1,17 = 14.1,
p = 0.0016).
In the last year of aquaculture operations, age at maturity in both
male and female lake trout was approximately half of historical values. Male age at maturity decreased from 7–8 years pre-aquaculture
to age 4 in the last 2 years of the experiment, increasing steadily
again after the cessation of aquaculture activities (Figure 8c). Female
age at maturity decreased from 9–11 years pre-aquaculture to age

declined over the course of aquaculture and remained depressed

7–6, continuing to decline to age 5 in the year following aquacul-

until 2011, returning to pre-aquaculture levels between 2012 and

ture operations before increasing steadily afterwards (Figure 8d). No

2013 (F1,8 = 63.4, p < 0.0001, Figure 6h). No similar trends in abun-

clear trend was apparent in age at maturity for either sex in reference

dance (p = 0.3), mean size (p = 0.7), maturity or body condition (small,

Lake 373 lake trout. There was a significant interaction between

p = 0.9; large, p = 0.28) were observed in our Lake 373 reference

lake and time period (pre- versus post-aquaculture) for lake trout

population of white sucker (Figure 6a–h).

size at maturity for both males (F2,27 = 21.4, p < 0.0001) and females

Size distributions of white sucker suggest an increase in overwinter mortality in juveniles (Supporting Information Appendix D).

(F2,26 = 20.9, p < 0.0001). Size at maturity in both male and female
lake trout in Lake 375 increased during aquaculture (Figure 8e,f) and

In both lakes 373 and 375, abundant YOY (<70 mm fork length) and

was much higher following aquaculture (402 and 409 mm for males

occasionally yearling white sucker (<100 mm) dominated autumn

and females, respectively) compared to pre-aquaculture (378 and

catches (Supporting Information Appendix D). Throughout the time

387 mm for males and females, respectively), an increase of about

series in Lake 373, there is evidence of some overwinter survival of

20 mm for both sexes. By contrast, size at maturity for male and fe-

these youngest age classes from autumn to the following spring. In

male lake trout in reference Lake 373 decreased by approximately

Lake 375, this was true until 2005, after which the size distribution

20 mm.

of the population became heavily right-skewed in spring catches,

Body condition of lake trout collected in autumn increased

indicating that only the largest individuals survived the winter.

sharply in 2005 during aquaculture and remained well outside the

Overwinter survival of juvenile white sucker was again evident in

envelope of observed variation pre-manipulation or for that of refer-

2008 after the cessation of aquaculture operations.

ence Lake 373 until the end of aquaculture operations in 2007. Body

Size-at-age of Lake 375 white sucker appeared to increase for

condition then declined sharply and was lower than pre-aquaculture

younger age classes during aquaculture, increasing by nearly 100 mm

values in 2009–2010 before returning to pre-manipulation levels in
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F I G U R E 6 Changes in white sucker in lakes 375 (aquaculture) and 373 (reference). (a) Abundance estimated using Schnabel census; (b) mean
size (fork length); (c, d) age at maturity (20% quantile of aged fish captured during spawning) for males and females, respectively; (e, f) size at maturity
(20% quantile of measured fish captured during spawning) for males and females; and body condition (relative weight, Wr) of small (<150 mm, g)
and large (>350 mm, h) white sucker. All metrics except body condition are for spring-collected fish only; body condition combines information
from spring and autumn. Error bars in (a) are 95% confidence intervals, otherwise are ±1 SE [Colour figure can be viewed at wileyonlinelibrary.com]
2011. Body condition in Lake 373 was variable, but followed a similar

Lake trout size-at-age generally increased in Lake 375 during

pattern as observed in Lake 375 except for the period during and

aquaculture operations, particularly in younger age classes (ages

immediately after aquaculture (Figure 8g).

2–4), reaching asymptotic sizes more rapidly (Figure 9a). Following
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F I G U R E 7 Growth (size at age) of
select age classes of spring-caught white
sucker in lake 375 (aquaculture, a) and
373 (reference, b). Data are for male and
female fish combined, and include fish
where sex was undetermined [Colour
figure can be viewed at wileyonlinelibrary.
com]
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the cessation of aquaculture, size-at-age returned to background

density of slimy sculpin into smaller, more shallow areas where they

levels between 2008 and 2011, the recovery being more rapid in

are more susceptible to trap net capture). Nutrient enrichment has

younger age classes. Growth in older age classes of fish (5–12) also

been shown in other small, boreal lakes to increase egg deposition

increased during aquaculture, but much less dramatically, and de-

and hatching, as well as growth rates (larger end of season YOY size)

clined more slowly to background levels (Figure 9a). By contrast,

and abundance of YOY fish in autumn (Grant & Tonn, 2002). In con-

size-at-age of all age classes in reference Lake 373 declined during

trast, we observed smaller YOY size of fathead minnow and white

the period of investigation (Figure 9b).

sucker in autumn, suggesting slower YOY growth rates in response
to aquaculture. If nutrient additions were localised around the cage

4 | D I S CU S S I O N

and were not effectively transported to nearshore environments,
then increased minnow abundance (and therefore increased competition nearshore) may have resulted in reduced rates of growth of

We observed significant and dramatic effects of aquaculture on fish

YOY fishes, which would be more limited to nearshore habitats than

populations, largely consistent with expectations of effects due to

adult minnows. Offshore invertebrates seemed to change more dra-

nutrient additions that are probably associated with added trout

matically than nearshore invertebrates during aquaculture (Wellman

feed and production of waste from cultured fish (Azevedo et al.,

et al., 2017), suggesting that, while incorporation of aquaculture

2011; Bristow et al., 2008; Wellman et al., 2017). In nearly all cases

feed occurred throughout the lake, transport to nearshore environ-

where changes were observed during aquaculture operations in

ments may have been lower compared to offshore environments.

Lake 375, there were no corresponding changes (or changes were

Despite increased autumn catches, spring minnow abundance

in the opposite direction) in our reference lakes. Most increases in

showed no significant changes due to aquaculture, suggesting con-

fish abundance occurred 2–3 years after aquaculture began, which

siderable overwinter mortality. This is further supported by declin-

is consistent with observations from nutrient addition experiments

ing sizes of fall YOY fathead minnow during and immediately after

in other ELA lakes (Mills & Chalanchuk, 1987; Mills et al., 2002).

aquaculture. An examination of size distributions of fathead minnow

Further, given the relative insensitivity of water nutrient parameters

(the dominant minnow species in Lake 375) revealed that large indi-

versus those expected via aquaculture nutrient bioenergetics mod-

viduals were probably also suffering overwinter mortality during the

els (Azevedo et al., 2011), it appears likely from the results of this

last 2 years of aquaculture; large minnows dominated the autumn

study that a large proportion of these nutrients ended up as either

catches 2005–07, whereas they were far less represented in the

increased fish biomass or deposited in the hypolimnion.

following spring. This is opposite to what was seen in other (non-

Optimal oxythermal habitat and Mysis densities declined dra-

aquaculture) years in Lake 375 or in other ELA lakes where small

matically during aquaculture in Lake 375, and both show continued

fathead minnow YOY dominate the autumn catches and are typi-

impairment a decade following the end of the experiment. Indeed,

cally the size class that is less well represented the following spring

Mysis densities were significantly related to the availability of cold-

(Supporting Information Appendix C). In other nutrient enrichment

water habitat both within Lake 375 and across both lakes 373 and

studies, overwinter mortality was mostly concentrated on smaller

375. As such, we may not expect a full recovery of the Mysis popula-

size classes of minnow (Grant & Tonn, 2002) and overwinter mor-

tion in Lake 375 until coldwater habitat availability there improves.

tality was typically highest in small-bodied YOY fish with relatively

Slimy sculpin and minnows (during autumn) showed a significant

lower energy reserves (Post & Evans, 1989). There is some evidence

and positive numeric response to aquaculture. The increased catch

that egg deposition and hatching in fathead minnow may be ex-

of slimy sculpin in spring and autumn may reflect either an increase

tended under nutrient enrichment (Kiesling, 1999). As a species that

in density, or their inability to occupy deeper habitats during these

spawns continuously through the warm water season, this could

time periods due to oxygen limitation (therefore forcing a higher

have negative impacts on the overwinter survival of adult fathead
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F I G U R E 8 Changes in adult lake trout in lakes 375 (aquaculture) and 373 (reference). (a) Abundance estimated using a POPAN model
applied to lake trout mark–recapture data in each lake; (b) mean size (fork length); (c, d) age at maturity (20% quantile of aged fish captured
during spawning) for males and females, respectively; (e, f) size at maturity (20% quantile of measured fish captured during spawning); and
(g) body condition (relative weight, Wr) of lake trout >280 mm total length. Error bars in (a) are 95% confidence intervals, otherwise are ±1 SE
[Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 9 Growth (size at age) of
select age classes of autumn-caught lake
trout in lake 375 (aquaculture, a) and
373 (reference, b). Data are for male and
female fish combined and include fish
where sex was undetermined [Colour
figure can be viewed at wileyonlinelibrary.
com]
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minnow if spawning occurs too late in the year to secure sufficient

growth rates of smaller fish (aged 0–2) may not have benefitted from

somatic energy to permit overwinter survival. Additionally, overwin-

aquaculture operations. It is possible that the high abundance of YOY

ter mortality of small fishes could be due not just to small size and in-

white sucker along with the large increases in minnow abundance in

sufficient somatic provisioning, but also to predation from increased

autumn caused significant competition among small fishes sharing

abundance of adult lake trout; minnows are important prey species

similar habitats (nearshore), preventing growth rates above critical

for lake trout when surface water temperatures facilitate near-

size thresholds to permit overwinter survival. white sucker typically

shore feeding (e.g. during the shoulder seasons and winter; Guzzo &

feed on benthic algae, detritus, zooplankton, and invertebrates (Saint-

Blanchfield, 2017; Guzzo, Blanchfield, & Rennie, 2017).

Jacques, Harvey, & Jackson, 2000; Scott & Crossman, 1998). Benthic

Of all fishes investigated, white sucker were the most nega-

invertebrate densities immediately under and near the cage declined

tively affected by aquaculture. Estimated abundance of white

during operations (Rooney & Podemski, 2009), although white sucker

sucker >100 mm declined from approximately 800 individuals to

were not likely to be using this region for foraging; acoustic telemetry

approximately 500 during the last 3 years of aquaculture opera-

data from Lake 375 suggest that white sucker are typically found at

tions and achieved the lowest observed abundance of 250 individ-

depths 5–10 m and very rarely occupy benthic habitats at depths ob-

uals in 2009, 2 years after operations ceased. Abundance returned

served under the cage (16 m; P. Blanchfield, unpublished data).

to pre-impact levels in 2010. This dramatic decline in abundance

Declines in white sucker abundance and body condition could

probably played a significant role in increased growth rates ob-

plausibly be due to food limitation. Both fathead minnow and white

served in Lake 375 white sucker. Despite increased growth and

sucker can exhibit zooplanktivory in small lakes (Saint-Jacques et al.,

reduced competition, body condition of large white sucker de-

2000; Tallman, Mills, & Rotter, 1984). Although zooplankton bio-

clined throughout aquaculture and for 4 years after operations

mass did not increase with aquaculture (Paterson, Podemski, Findlay,

ceased. Increases in mean size, increased size, and age at maturity

Findlay, & Salki, 2010), increased abundance of fish with potential to

and declines in abundance strongly suggest overwinter mortal-

forage on zooplankton would result in a lower per capita availability

ity and recruitment failure during the later years of aquaculture.

of prey for zooplanktivorous fishes during aquaculture. Additionally,

Although the abundance of small white sucker in autumn was high,

recent work has demonstrated that benthic habitat availability can

YOY white sucker size declined as the experiment progressed and

limit secondary production of invertebrates, either through light

were greatly underrepresented in spring catches in the last 2 years

limitation (Finstad, Helland, Ugedal, Hesthagen, & Hessen, 2014;

of aquaculture operations. Successful recruitment of young white

Karlsson et al., 2009) or oxythermal habitat (Craig, Jones, Weidel,

sucker from 2008 and 2009 year classes (Supporting Information

& Solomon, 2015). In Lake 375, mean secchi depth in the last year

Appendix D) appeared to be largely responsible for increased

of aquaculture was 1–2 m shallower than in 2002 (C. Podemski, un-

abundance estimates in 2010. By contrast, body condition of large

published data). This reduction in light penetration combined with

white sucker remained depressed until 2013.

our observed reduction in well-oxygenated benthic habitat during

The decline in overwinter survival and reduced YOY sizes of both

aquaculture suggests that both processes could be responsible for

minnows and white sucker during nutrient enrichment associated

an overall reduction in benthic algal and invertebrate production

with aquaculture is unexpected and opposite the impacts of eutro-

in the lake (Craig et al., 2015). As white sucker are a primarily zoo-

phication observed elsewhere (Grant & Tonn, 2002; Post & Evans,

benthivorous fish, this reduction in suitable habitat for zoobenthos

1989). Increased nutrients should provide additional resources for

during aquaculture operations could provide a plausible explanation

increased growth rates of YOY fish and permit increased overwin-

for negative impacts of aquaculture on this species, as well as for re-

ter survival for larger bodied fishes. Additionally, size of age 2 white

duced growth in YOY sucker and minnows, which all tend to occupy

sucker was stable throughout the period of study, suggesting that

nearshore benthic environments. Direct predation of lake trout on
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white sucker is also a possibility, but currently lacks direct evidence

Only when Mysis densities became critically low in 2007 was there evi-

(Guzzo, 2018; Kennedy et al., In press).

dence of summer feeding on minnows (Kennedy et al., In press).

Lake trout appeared to respond positively to aquaculture oper-

The differences in patterns between spring and autumn minnow

ations, despite reductions in coldwater habitat availability and re-

CUE observed here (probably due to significant overwinter mortal-

duction in Mysis densities. Abundance of adult lake trout more than

ity) may also help explain observed patterns in lake trout resource

doubled during aquaculture, accompanied by increased growth rates,

use during aquaculture (Kennedy et al., In press). Lake trout isotopic

maturation at earlier ages and larger sizes and improved body con-

signatures in fall suggested reduced use of nearshore/fish prey re-

dition, probably in response to increased prey availability (Kennedy

sources during aquaculture in summer, despite significant increases in

et al., In press) facilitated by increased nutrient loading (Bristow et al.,

mean annual minnow abundance (Kennedy et al., In press). However,

2008). Increased growth rates of lake trout in response to nutrient

we demonstrate here that although minnow abundance in autumn

enrichment has been reported elsewhere (Lienesch et al., 2005).

was greatly enhanced during aquaculture, spring minnow abundance

Recent work demonstrated that increased size at age reported here

was not affected. Recent work demonstrated the importance of

correspond well with back-calculated size at age in Lake 375, which

minnow CUE in spring on lake trout feeding patterns, and that au-

was based on a greater number of observations and arguably better

tumn minnow CUE had little impact on lake trout feeding behaviour

reflect true early growth patterns in the lake (Kennedy et al., In press).

(Guzzo, Blanchfield, & Rennie, 2017). Furthermore, fish often reduce

More rapid growth combined with earlier maturation resulted in larger

their feeding rates in advance of spawning (Fordham & Trippel, 1999;

mean sizes overall and larger sizes at maturity in younger fish. As fish

Hung, Eder, Javidmehr, & Loge, 2014; Krumsick & Rose, 2012), which

matured earlier, this would have resulted in additional (younger) co-

may limit resource use of abundant minnows in autumn by lake trout.

horts arriving on spawning shoals over time. Based on a maturation

Foraging on small fish prey by lake trout (e.g. minnows, juvenile white

age of 9 for female lake trout pre-aquaculture and 6 in the last year

sucker) during winter months may be significant.

of aquaculture operations, three additional cohorts of fish would be

Impacts on many of the metrics reported in this study persisted

using spawning shoals by the end of the experiment compared to be-

for years after aquaculture operations ceased. Autumn minnow and

fore aquaculture. This likely caused the large increase in lake trout

slimy sculpin abundance took 2 years to return to background levels.

abundance estimates, which measures adult population size based on

Many metrics associated with white sucker (abundance, mean size)

fish collected primarily from spawning shoals. Because fecundity is

took 2 years to return to background levels, and body condition took

dependent on body size (Shuter et al., 2005; Trippel, 1993; Wootton &

4–6 years to recover. Lake trout abundance returned to background

Smith, 2014), larger mature lake trout during aquaculture were prob-

levels in 2009, and mean size and body condition was outside pre-

ably also depositing a greater number of eggs on spawning shoals.

aquaculture ranges until 2011. Some metrics, including lake trout

This suggests that future collections of lake trout from Lake 375

size at maturity, Mysis densities and coldwater habitat appear to be

should show 2003–2007 as strong recruitment years. Furthermore,

impaired into our last years of data collection (2016–17), and may

body condition of lake trout improved during aquaculture. Condition

require further monitoring to assess recovery.

increases in young fish would probably also improve survival to ma-

The results of this study reflect aquaculture impacts on a small

turity during aquaculture operations. The simultaneous increase in

boreal lake; on a larger lake (as in Lake Diefenbaker or on the Great

abundance, growth rates, and body condition would suggest that

Lakes, both of which support freshwater aquaculture activities), it

aquaculture operations increased the carrying capacity for lake trout

is unlikely that aquaculture operations would scale similarly to lake

in the ecosystem. The rapid decline in lake trout abundance at the end

size. However, our results provide some guidance as to which spe-

of aquaculture operations in 2008 is likely to be associated with food

cies appear to be most sensitive to aquaculture, and therefore would

limitation; sculpin and minnow abundance declined following opera-

make good indicator species for assessing aquaculture impacts in

tions in 2008 and 2009, Mysis densities were dramatically depressed

larger systems (e.g. lake trout, white sucker, slimy sculpin, minnows,

during 2007–2009, and body condition of lake trout declined dramat-

and Mysis), as well as the importance of the timing of monitoring

ically in 2009 and 2010. Although not significantly different among

(spring versus autumn time periods).

time periods, lake trout annual survival was consistently below 1 and

In conclusion, the results from this experiment indicated sig-

recruitment was consistently low immediately following aquaculture

nificant changes in the fish community during aquaculture, and

(Supporting Information Figure A1). Size at age of smaller age classes

that these changes were largely facilitated by changes in prey

of lake trout (ages 2 and 3) declined sharply after aquaculture ceased.

availability via changes in primary productivity. Fish species that

Increased growth of lake trout may have also been related to an

responded most strongly to aquaculture were lake trout, white

increase in spatial overlap with key prey items (specifically Mysis and

sucker, fathead minnow, and slimy sculpin, consistent with other

slimy sculpin) during the summer when all are thermally limited, as in-

whole-lake manipulations at the ELA (Kidd et al., 2014; Mills,

dicated by an increased reliance on offshore prey during aquaculture

Chalanchuk, & Allan, 2000; Mills, Chalanchuk, Mohr, & Davies,

(Kennedy et al., In press). As such, reductions in Mysis densities during

1987). Metrics associated with growth and maturation schedules,

aquaculture may have been at least partially due to increased predation

body condition, abundance, and overwinter mortality were most

by lake trout as the oxythermal habitat of both species became more

sensitive to aquaculture. The ongoing restriction of deep-water

restricted, resulting in increased encounter rates between the two.

habitat and continued depression of Mysis densities in Lake 375 is
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suggestive of ongoing impacts that have carried over from aquaculture (possibly internal loading), although most species appear to
be in a general state of recovery 9 years after operations ceased.
While it is highly unlikely that aquaculture operations would ever
be licensed or conducted in lakes as small as Lake 375, this study
provides important information on identifying key species and
traits of fishes that are likely to respond to operations in freshwater ecosystems elsewhere that could be used to develop effective
monitoring programmes.
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