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Abstract

Bloater (Coregonus hoyi), extirpated from Lake Ontario in the 1980s, have been stocked annually since 2012 with limited
success in re-establishing a self-sustaining population. In this study, hatchery-raised juvenile bloater were tagged with acoustic
telemetry high-resolution predation tags and stocked over three depths in Lake Ontario (5, 50, and 100 m) in 2022 and 2023
to quantify survival, causes of mortality, and movement. Time-to-event modelling generated a 3-week survival estimate of 38%
(31%-46%; 95% confidence interval) across both years, with lower survival in year 1 (12%; 12%-38%) than year 2 (44%; 33%—
59%). The deepest depth (100 m) yielded the highest survival, with mortality due to predation more common at shallower
depths, while non-predation mortality, potentially from compression barotrauma, was more prevalent in deeper water. Rapid
dispersion following release was observed in both years, with greater distances travelled in 2023. This study revealed low
initial survival for stocked bloater that varied between years and stocking depth and highlighted different potential sources
of mortality associated with depth, while providing new information for consideration of stocking techniques in large lakes.
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Introduction

Fish stocking, the addition of hatchery fish to an ecosys-
tem, is a global practice to supplement declining or low nat-
ural populations, introduce non-native species for recreation
or management, or for re-establishing extirpated species
(Pace et al. 1999). In the Laurentian Great Lakes (here-
after Great Lakes), fish stocking practices have been ongo-
ing since the 1800s. Presently, over 20 million fishes are re-
leased annually into the Great Lakes basin to supplement
valuable commercial and recreational fisheries and to miti-
gate ongoing ecological changes (Zimmerman and Krueger
2009). Despite this long history of fish stocking, the fate of
fish post-release is poorly quantified due to difficulty mon-
itoring them until they survive to an age and size catch-
able by survey gear, limiting the amount of data from the
high-mortality period immediately after release (Brown and
Day 2002). Mark-recapture, hydroacoustic surveys, and net-
ting data are common methods that provide initial infor-
mation on survival and movement but lack the fine scale
tracking, behaviour, and post-release fate of fishes, partic-
ularly for smaller bodied species preyed upon by larger
piscivores.

Acoustic telemetry is a technology well suited to inform im-
mediate post-release mortality and behaviour of small fishes.
Small transmitters can be surgically implanted into small
hatchery-reared fishes such as bloaters (Coregonus hoyi) with
negligible effects on survival and behaviour (Klinard et al.
2018; Gatch et al. 2022). Specialized acoustic transmitters
can identify habitat use (e.g., depth, temperature), behaviour
(e.g., accelerometers), and quantify and differentiate sources
of mortality (Klinard and Matley 2020a; Villegas-Rios et al.
2020). High residence (HR) receivers have made it possible
to release large numbers of acoustically tagged fish in a
small area while maintaining maximal detection efficiency
and avoiding collisions that can occur with non-HR transmit-
ters. HR acoustic receivers operate at 180 kHz (or 307 kHz)
and decode both traditional pulse position modulation (PPM)
and HR transmission coding systems. Traditional PPM trans-
missions require 3-5 s to transmit, followed by a 30 s to 3
min signal delay. HR transmissions require only a few mil-
liseconds to transmit, greatly reducing potential signal colli-
sions while allowing more tags to be released into a study
system. Identifying predation of tagged individuals, partic-
ularly those vulnerable to predation such as small fish, is
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key for properly interpreting acoustic telemetry data. Preda-
tion tags contain a biopolymer that dissolves in the stom-
ach of a predator resulting in a change in transmission ID
that can be subsequently decoded by receivers (Halfyard et al.
2017). Coupling tags with predation sensors with HR-180 kHz
high residence systems permits fine-scale auto-estimation of
predation-related mortality, in turn improving survival esti-
mates of stocked fish, specifically small juveniles. Acoustic
telemetry networks (e.g., Great Lakes Acoustic Telemetry Ob-
servation System, GLATOS) have greatly increased collabo-
ration, making it feasible to study movements and interac-
tions of fish and the influence of the environment at fine
and coarse spatial scales across the Great Lakes (Krueger et
al. 2018). For example, smaller acoustic telemetry tags and
systems (V5D tags; 180 kHz) are used to determine sources of
mortality and quantify behaviour post-release to inform the
restoration potential and assist in broad-scale fishery man-
agement decisions regarding stocking of coregonines in the
Great Lakes (Bunnell et al. 2024).

Bloater, a small bodied coregonid native to the Great Lakes,
is an important prey species that once supported commer-
cial fisheries in Lake Ontario. Their extirpation resulted in
a disruption of the natural trophic interactions and energy
flow within the lake’s food web (Christie 1973). Today, non-
native alewife (Alosa pseudoharengus) are the dominant prey
species of piscivores in Lake Ontario (Mumby et al. 2018). A
re-established population of bloater would provide native top
predators (e.g., lake trout (Salvelinus namaycush) and Atlantic
salmon (Salmo salar)) a prey fish alternative, especially given
alewife have high thiaminase activity, a thiamine-degrading
enzyme linked to reproduction deficiencies in salmonines
(Futia et al. 2019). To address the loss of bloater, Ontario
(Ontario Ministry of Natural Resources) and American (U.S.
Fish and Wildlife Service (USFWS), U.S. Geological Survey, and
New York Department of Environmental Conservation (NYS-
DEC)) natural resource agencies have partnered to restore
self-sustaining populations of bloater through stocking of ju-
veniles, with a goal of increasing prey fish diversity for the
benefit of native predator populations and offering greater
resilience to the negative impacts of invasive species and a
changing climate (Stewart et al. 2017; Weidel et al. 2021).

The initial release of hatchery-raised fish into the wild is
a well-known period of vulnerability, with high mortality,
particularly predation, occurring in the first days after re-
lease (Brown and Day 2002). Offshore stocking practices are
believed to increase survival of stocked fish given the lower
density of predators (Lantry et al. 2011); however, in Lake On-
tario, recent acoustic telemetry studies showed that 61% of
juvenile bloater (size range 50-409 g), across four indepen-
dent stocking events, died within the first 14 days after an
offshore release over 50 m, and 81% of the mortalities were
associated with predation (Klinard et al. 2020b, 2021). Many
bloater were also observed to swim quickly to the bottom
with limited subsequent movement, suggesting a maladapta-
tion to the environment they are released into (Klinard et al.
2020Db). Subsequent experiments with hatchery-raised bloater
using a hyperbaric apparatus showed significant negative im-
pacts of compression barotrauma on bloater behaviour at 0.5
atm (5 m depth) and >20% mortality at 5 atm (50 m depth) (O.

Gorman, U.S. Geological Survey, unpublished data). Stocking
prey fish over deeper waters (i.e., 50 m) highlighted multi-
ple sources of mortality at play in the initial period following
release; thus, the presumed advantages of deep offshore re-
lease of stocked prey fish to minimize predation may be less
effective than thought.

There is a need to better understand and quantify the
sources of mortality in stocked juvenile bloater in the Great
Lakes, specifically in the initial phase following release and
across different depths. To address this, hatchery-reared juve-
nile bloater (relevant stocking-sizes of ~11-30 g) tagged with
high-resolution acoustic predation tags were released over
three bathymetric depths (5, 50, and 100 m) in Lake Ontario
to quantify survival, assess sources of mortality associated
with depth of release, and movement. It was hypothesized
that the shallow depth (5 m) would minimize barotrauma
while maximizing predation (cf Lantry et al. 2011), the mid-
dle depth (50 m) reflected the approximate release depth of
stocked bloater with a mix of predation and barotrauma,
while the deepest depth (100 m) would minimize predation
and maximize barotrauma. Bloater movement was also as-
sessed to provide insights into habitat depth selection. The
presence of acoustic tagged fish predators, of which there is
a significant number in Lake Ontario through other projects,
within the array following stocking was also evaluated with
69 kHz receivers. By addressing stocking depths and preda-
tion, this project directly addressed the key management ac-
tion (i.e., stocking) used to restore extirpated populations and
maintain predator-prey balances, assuming stocked fish sur-
vive to contribute to fisheries and/or survive to support nat-
ural reproduction. These chosen sites are located within the
same area where NYSDEC stocks bloater in Lake Ontario, and
encompasses another study’s stocking depth (50 m, Klinard
et al. 2020b) in the Canadian waters of Lake Ontario, provid-
ing a basis for survival modelling to be applied to untagged
fish stocks.

Methods

Study site and acoustic receiver array

The study was conducted in the southeastern region of
Lake Ontario near the Port of Oswego, New York (43.482863,
—76.582074) (Fig. 1). The study site is a bathymetric zone
that features depth increasing from 5 to 100 m within
10 km of shore, offers habitats that bloater would favour (i.e.,
depths > 40 m), and is a traditional stocking site for pro-
duction bloater and other species in US waters of the lake.
An array of 108 acoustic receiver moorings, each equipped
with both a 180 kHz (either a VR2W-180 (N = 66) or HR2-
180 (N = 42)) and 69 kHz (VR2W-AR (N = 108) receiver (In-
novasea, Bedford, Nova Scotia, Canada)), were deployed for
approximately 5 months in 2022 and 2023 (April to August).
In 2022, receivers formed a large rectangle covering approx-
imately 42 km? that was expanded in 2023 to cover approx-
imately 150 km?. Stocked fish were released in the middle
of the three depths (5, 50, and 100 m; Fig. 1). The array con-
tained 42 HR2 receivers in the center to ensure high certainty
of detecting the initial stocking and movements of bloater
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Fig. 1. Location and distribution of the acoustic receiver array within southeastern Lake Ontario in 2022 (A) and 2023 (B). Red
points indicate the VR2W-180 kHz receivers and yellow the HR2-180 kHz receivers, blue triangles indicate stocking sites. With
the expanded distribution of receivers in the 2023 array, the white box indicates receivers that match the spatial distribution
of receivers in the 2022 array and were included in the Core 2023 analysis. Black lines around the perimeter of the array indicate

the path of the glider at 1 km spacing.

A)

76.8°W 76.7°W 76.6°W 76.5°W

post-release at a fine scale. An additional 66 VR2W receivers
were spaced around the central HR2’s to extend the array to
detect movements into shallower or deeper water. In 2022,
the HR2 receivers were spaced at ~500 m and the VR2W re-
ceivers were spaced at ~750 m apart, but this spacing was
expanded in 2023 to a uniform 1 km spacing based on detec-
tion ranges. This dense array ensured numerous detections
to record fine-scale movements upon initial release as well as
detect predation events as instantaneously as possible.

Bloater tagging and stocking

Bloater were reared in captivity at the USFWS, Northeast
Fishery Center (Lamar, Pennsylvania) from fertilized eggs col-
lected by the USFWS from northern Lake Michigan (Blo-Lm
strain). We selected individuals >11 g to minimize tag ef-
fects following surgery based on studies of tag retention and
mortality in bloater (Gorsky and Sweka, unpublished data).
Bloater tagging took place on 20 and 21 April in 2022 and
24 and 25 April in 2023. A total of 240 juvenile bloater were
chosen from rearing tanks containing ~18 000 age-1 bloater
and tagged in spring 2022 and 2023 (n = 120 for both years).
For tag insertion, tags were activated and confirmed to be
transmitting prior to surgery, and fish were anesthetized in
a buffered solution of tricane methanesulfonate: sodium bi-
carbonate (MS-222:NaHCOs3; 0.4 g/0.8 g) for 90-120 s to reach
stage III anesthesia (Summerfelt and Smith 1990). For each
anesthetized bloater, wet mass was measured to the nearest
1 g, and total length to the nearest 1 mm, and were then
placed into a cradle for surgery with their gills irrigated with
hatchery water. An incision of ~10 mm in length was made
adjacent to the linea alba and a V5D-180 kHz transmitter
(5.8 mm width, 12 mm length, wt. in water = 0.38 g, power
output = 143 dB, nominal delay 5/30 s for HR/PPM, Inno-
vasea, Bedford, NS, Canada) equipped with a predation sen-
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sor was inserted into the coelomic cavity and the incision
was closed with a 2-1-1-1 suture (Sharpoint polydioxanone
monofilament antibacterial suture, size 5-0). In 2022, acoustic
tags were programmed to transmit signals at 180 kHz every
3 s in HR and randomly between 150 and 210 s in PPM, with
a battery life of 31 days. In 2023, the tags were programmed
to transmit signals every 10 s in HR and 150 and 210 s in
PPM to increase battery life for up to 78 days following acti-
vation. Differences in transmission delays between 2022 and
2023 were not considered in the statistical analysis as the fo-
cus of this paper was to address potential sources of mortality
rather than the fine-scale time period in which mortality oc-
curred.

Surgery took <1 min and tagged bloater were then placed
in three quarantined holding tanks (n = 40 per tank) sepa-
rate from untagged juvenile bloater and monitored for signs
of post-surgery stress and mortality. After 14 days (5 May 2022
and 10 May 2023), all bloater had retained their tags, resumed
normal feeding behaviour, and appeared visibly healthy. At
this time fish were anesthetized as above and sutures were re-
moved, as rapidly growing juveniles tend to tear at suture in-
sertion points prior to healing, causing injury, dropped tags,
and additional stress and mortality (Gorsky and Sweka, un-
published data).

Bloater were moved ~364 km from the fish hatchery to Os-
wego, NY, in hatchery transport vehicles equipped with aer-
ation tanks, along with ~18 000 conspecifics. Tagged bloater
were kept separate from conspecifics during transport by a
perforated basket to ensure these fish survived, and all fish
were released together to have similar stocking numbers at
each depth treatment. Bloater were hand-netted off the trans-
port truck into holding tanks on a vessel equipped with aer-
ated tanks and were released mid-day offshore over the three
bathymetric depths on 10 May 2022 and 18 May 2023. At
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each stocking site, bloater were hand-netted for surface re-
lease along with ~6300 untagged conspecifics at each treat-
ment depth. All USFWS Northeast Fishery Center sampling
and handling of fish during research were carried out in ac-
cordance with guidelines for the care and use of fishes by
the American Fisheries Society (http://fisheries.org/docs/wp|G
uidelines-for-Use-of-Fishes.pdf).

Determination of tagged fish fate

All statistical analysis were completed in R version 4.2.2 (R
Core Team 2013), with statistical significance determined at
a < 0.05. Determining fate (i.e., dead or alive) of bloater fol-
lowed approaches used in other acoustic telemetry studies
(Klinard and Matley 2020; Villegas-Rios et al. 2020). If a tagged
bloater’s last detection occurred at the perimeter of the array,
it was recorded as censored (unknown fate, i.e., alive upon
emigration out of the array) and not mortality because indi-
viduals could still be alive but in areas of the lake without
180 kHz receiver coverage. All other tagged bloater were con-
sidered to have died, and date, time, and source of mortality
were assigned as

i) Stress-related defined as the lack of horizontal movement
of individuals between receivers shortly after release
and being continuously detected on a single receiver (or
neighbouring receivers due to proximity and tag range)
at some point and for the entire remaining study du-
ration without detection on additional receivers, consis-
tent with previous acoustic telemetry work with stocked
bloater (Klinard et al. 2020b). A period of 8 h was subjec-
tively selected to assign death as bloater were detected
every 3 s and were not observed to be moving from the
initial detection. Mortality was assigned at date and time
of the start of continuous detections. The primary mech-
anism for stress-related morality was assumed to be com-
pression barotrauma.

ii) Fish predation based on predation tag signalling a preda-
tion event, with mortality assigned based on the date and
time since predation reported by the tag. This is the most
definitive given the telemetry tags used and have been
shown to have a low false positive rate (5%—6%; Halfyard
et al. 2017).

iii) Avian predation based on tags vanishing from the center
of the array without further detection. This fate cannot
be confirmed but is highly plausible as these fish “disap-
peared” from the within the middle of the array shortly
after stocking and many avian predators (ringed-billed,
Larua delawarensis, or herring, L. argentatus, gulls, and cor-
morants, Nannopterum auritum) were observed foraging at
the time and location of stocking (L. Paulic, personal ob-
servation). Mortality was assigned at date and time of last
detection prior to disappearance from the array.

In 2022, a total of 107 fish were included in the data analy-
sis as 12 individuals were removed due to a transmitting error
that reported a false positive predation event before the fish
were released and one individual was removed due to mor-
tality during transport. Of the total 120 fish released in 2023,
117 fish were included as three individuals were never de-

tected, and as their fates were unknown, they were removed
from further analysis.

To search for tags outside the array, a Slocum Glider
equipped with a 180 kHz receiver was piloted along the
perimeter of the array, at distances of 1-4 km from the out-
side edge of the array from before the time of fish stocking
until 3-weeks post-stocking., a total of 42 days in 2022 and
2023 (Fig. 1). As the existing GLATOS receiver arrays (69 kHz)
differ from the tag frequency (180 kHz) used here, tagged
bloater could only be detected outside the array by the glider.
Note, no glider data were used in modelling as it was not a
comprehensive dataset, only used to confirm live fish outside
the array. During each deployment, the glider moved at a ve-
locity of 0.24 m h~! in descending and ascending profiles be-
tween ~5 m below the surface to several m above the bot-
tom, with occasional surfacing’s during ascending profiles
for satellite communications (data uploading and location
identification).

Survival analysis

For all statistical analyses, only detections of individuals
that were considered alive at the time of detection were in-
cluded. The Survival, SurvMiner, and KMsurv packages in R
(version 4.2.2) were used to calculate Kaplan-Meier survivor-
ship functions (Kaplan and Meier 1958; Sweka et al. 2017)
to estimate the survival of bloater over the entire study pe-
riod post-stocking. The Kaplan-Meier survivorship function
calculates the likelihood that an individual will survive for
t units of time after an individual is introduced to the study
and the variance around that estimate. The Kaplan-Meier sur-
vival function allows for censorship of individuals that have
an unknown fate (i.e., emigrated the array), for a staggered
entry design, and does not assume distribution of data (Sweka
et al. 2017).

The survival data of all treatment depths combined was
first analysed using a Kaplan-Meier survival model, and then
by a Cox proportional hazards model to determine whether
the covariates of year, treatment depth, fish size (weight,
11.0-30.0 g), and movement rates influenced survival, with
each covariate tested independently (Cox 1972; Pollock et al.
1989). In 2023, the survival analysis was run two ways: (1) in-
cluding the entirety of the 2023 array (i.e., 2023); and (2) lim-
iting the array coverage to the same area as the 2022 array
(i.e., Core 2023). This allowed for direct comparison of sur-
vival across years for the same array area (the coverage of
the array increased in 2023), regardless of the distribution of
receivers. Combined temporal (year) and spatial (treatment
depth) trends in survival were assessed using a pairwise com-
parison to assess specific interactions.

Movement

A Spearman’s rank-order correlation test (rs) was used to
determine whether bloater size and emigration date were
correlated, with bloater total length and emigration day (i.e.,
hour since stocking) as model variables. Spearman’s rank-
order correlation test was used as the data did not meet as-
sumptions (normality of residuals) for a parametric correla-
tion test (e.g., Pearson’s product moment test).
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The total distance travelled and movement for each fish
was measured for the entire study period post-stocking us-
ing a center of activity (COA) approach (Simpfendorfer et al.
2002). Location was approximated from the acoustic tag de-
tections of each individual using COAs at a 10 min inter-
val (i.e., the “average” position based on all receiver detec-
tions within each 10 min period). After consideration of a
range of COAs based on past research on fish (Simpfendorfer
et al. 2002; Klinard et al. 2020b; Gatch et al. 2022), the 10
min timestep was considered the best, based on generat-
ing total distance travelled and relative movement rates of
bloater compared to other Coregonus spp. (Rudstam et al.
1984; Gjelland et al. 2004). For the 10 min timestep, COAs
were calculated in two ways, utilizing all HR and PPM detec-
tions separately. Due to the greater number of detections for
HR than PPM, COAs were calculated separately to avoid HR de-
tections biasing position estimates as HR receivers were cen-
tralized within the array. The total distance travelled within
a timestep was calculated by summing all distance measure-
ments on receivers (VR2ZW and HR2 separately) within the
determined timestep for an individual bloater. Notably, the
distance travelled is not the distance from the stocking site,
rather the distance between two COAs. Relative movement
rates were calculated based on the COAs by summing the to-
tal distance travelled (km) for each bloater detected in the
array over time (hours) for each individual on both PPM
and HR array and were compared across depths. Direction
of movement following stocking was evaluated by calculat-
ing the proportion of time (based on the COAs) each indi-
vidual spent moving in a specific direction. Directions were
assigned every 45° increments with north determined to be
337.5°-22.5°; north-east as 22.5°-67.5°, east as 67.5°-112.5°,
south-east as 112.5°-157.5°, south as 157.5°-202.5°, south-
west as 202.5°-247.5°, west as 247.5°-292.5°, and north-west
as 292.5°-337.5°.

Predator presence in the acoustic array

Each 180 kHz receivers was paired with a 69 kHz receiver
to detect acoustically tagged predator presence within the ar-
ray. No predators were tagged for this project, but a num-
ber of separate projects have tagged predators of numerous
species in Lake Ontario (e.g., Chinook salmon (Oncorhynchus
tshawytscha), Coho salmon (Oncorhynchus kisutch), Rainbow
trout (Oncorhynchus mykiss), Walleye (Sander vitreus)), infor-
mation on these projects is available through the GLATOS
(glatos.glos.us) database. Unknown predator refers to con-
firmed bloater tags that had predation tags appear with their
predated ID, inferring a predator (of unknown species) con-
sumed them, (i.e., a predator swimming around with the ini-
tially tagged bloater tag in its gut). No statistical analysis was
carried out on these detections, and they were reported to
provide some context of predators present in the array.

Results

Fish size and detection summary
Across both years, total length of the tagged yearling
bloater was 125.5 £+ 0.5 mm (mean + 1 S.E.; range 108-
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155 mm TL), wet mass was 14.7 & 0.5 g, and the tag mass:fish
mass ratio was 2.67% + 0.47 (Table 1). None of these variables
were significantly different between stocking depths across
years (length: x2= 0.96, df = 2, p = 0.62; mass: x2 = 0.20,
df = 2, p = 0.90; and tag:fish ratio: x* = 3.34,df = 2, p = 0.19).
Of the 240 bloater that were released in Lake Ontario, 224
were included in analysis, and produced a total of 568 654 de-
tections (HR and PPM) from 10 May-6 June 2022, and 735 797
from 18 May-1 August 2023 (Table 1).

Survival analysis

For 2022, a total of 50 individuals were censored (left the ar-
ray) and the remaining 57 individuals were considered dead
over the 31-day study period, with both fates varying by depth
and year (Table 1 and Fig. 2a). These 50 censored individuals
did not signal predation and are presumed to have emigrated
from the array alive, although they could have been predated
with insufficient time for the tag to identify the consump-
tion. In 2023, 74 individuals were censored and 43 were in-
terpreted to have died over the 75-day study period (Table 1
and Fig. 2b). The maximum number of bloater at risk of death
occurred at the beginning of each study (i.e., 2022: n = 107;
2023: n = 117), after which the number of bloater included in
the studies declined as fish emigrated or mortality occurred
(Fig. 3).

Data for both years were combined to assess survival dif-
ferences in year across treatment depths, with a 3-week post-
stocking survival rate of 0.38 (0.31-0.46). The Cox propor-
tional hazards model indicated that there was a significant
difference in survival between years and between treatment
depths (Table 2); thus, Kaplan-Meier survivorship functions
were then estimated for year and treatment depth separately.
Survival was higher overall in 2023 compared to 2022, with
the highest estimated survival at the deepest stocking depth
(100 m) and lowest at the 50 m stocking depth (Table 2). Year
and movement rates were the only covariates that signifi-
cantly influenced survival when analyzed separately (Tables
2 and 3).

Sources of mortality differed between years. In 2022, all
three determined sources were consistent across all depths
combined (totals across depths: fish predation n = 19; baro-
trauma n = 20, avian predation n = 18), but in 2023, avian
predation accounted for nearly half of all mortality events (to-
tals across depths: fish predation n = 11; barotrauma n = 11,
avian predation n = 21).

Movement

Following both stocking events, emigration out of the ar-
ray began within the first hour and by 72 h post-stocking 45%
of the bloater (2022: n = 47/107; 2023: n = 53/117) had em-
igrated. Of the 47 bloater that emigrated the array in 2022,
66% (n = 31/47) re-entered and exited the array before the end
of the 31-day study period, the majority of which returned
within the first 48 h following stocking. Similarly in 2023,
56% (n = 30/53) of bloater returned to the array after initial
emigration. There was no correlation between bloater size
and timing of emigration (2022: rs = —0.092, p = 0.342; 2023:
rs = —0.092, p = 0.342). The proportion of time spent trav-
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Table 1. Size, number and fate of bloater acoustically tagged and released into southeastern Lake Ontario over three depth treatments in May 2022 and April 2023.

Total alive

Total alive
detections* (pulse
position modulation)

Avian
predation

Fish
predation

detections*
(high-resolution)

Total length

Censored’

Stress

(mm)

Mass (g)

Depth (m)

Year

19
15
16
50
28
20
26
74
124

10

100488
139828
318624
558 940

2730
2133
4851

128.7 + 1.3

15.2 £ 0.5
14.7 £ 0.4
14.2 £ 0.3
14.7 £ 0.2

35
36
36
107
40

126.7 £ 1.2

50
100
Total

2022

12
20

125.5+ 0.9

18
10

19

9714

126.9 £ 0.7

13345
48709
46 009
108063
667003

4260
44509
10311
59080
68794

123.7 £ 1.3

14.5 £ 0.5
14.7 £ 0.5
15.0 £ 0.5
14.8 £ 0.3
14.7 £ 0.5

123.3+1.3

40

50
100
Total

2023

1248 +1.3

37
117
224

11 21

31

11

123.9 £ 0.7

39

30

125.5 £ 0.5

Combined

Note: Mean =+ 1 SE are shown for mass (g) and total length (mm). 2022: one individual removed from 5 m group due to morality during transport. 12 tags removed for early pred switch. 63 of 66 VR2ZW180s had detections.

All 42 HR2s had detections. 2023: 41 of 42 HR2s VR2W180s had detections. All 66 VR2W180s had detections.

*Total alive detections refers only detections of individuals that were considered alive at the time of detection.

fCensored refers to an individual that is considered alive at the time of emigration from the array.

eling in each direction was not significantly different across
depths (2022: F51) = 1.63e 73, p > 0.9; 2023: Fj5 51) = 1.97e 32,
p > 0.9) with relatively little variation in the directions in
2023, compared to 2022 (Fig. 4).

In 2022, the total distance travelled by bloater following
release varied by individual; however, there were no signif-
icant differences from depth treatment for either the PPM
(x2=0.23,df =1, p = 0.77) or the HR data (x? = 0.51, df =1,
p value = 0.66) (Table 3). Conversely, in 2023, there were sig-
nificant differences in the total distance travelled by depth
for both the HR (x? = 14.7, df = 1, p value < 0.001) and PPM
data (x? = 36.2, df = 1, p value < 0.001).

Predator presence

Tagged predator presence within the array was observed in
both years during the study and included Chinook salmon,
walleye, and lake trout. Fewer tagged predators were present
around the stocking sites in 2022 (5 m: n = 1 (lake trout),
50 m: n =1 (walleye); 100 m: n = 1 (lake trout) than 2023 (5 m:
n =1 (lake trout), 50 m: n = 12 (unknown adult bloater preda-
tors); 100 m: n = 7 (unknown = 5, 1 = lake trout, 1 = chinook
salmon)).

Discussion

The fate of stocked fish, particularly the factors that influ-
ence survival upon release, is a significant unknown in the
Great Lakes and potentially limiting the success of restora-
tion efforts of extirpated or compromised populations. Here,
we quantified the behaviour and fate of individual bloater, a
prey fish, using passive acoustic telemetry at different stock-
ing depth treatments to better understand which factors
most strongly influence survival of hatchery-raised prey fish
in Lake Ontario. Short-term, 3-week post-stocking survival
was 0.38 (0.31-0.46) and was higher in 2023 (0.48) than in
2022 (0.12) despite these fish having experienced the same
tagging and stocking treatments. Survival was highest (0.54)
for fish stocked at the deepest depth (100 m), and lowest (0.23)
for the middle stocking depth (50 m), likely a result of both
stressors at play (i.e., moderate predation and moderate baro-
trauma). Avian predation accounted for the greatest number
of moralities (35%) and was consistent across stocking depths.
Fish predation and stress were responsible for similar num-
ber of deaths (31% and 30%, respectively), with fish predation
decreasing but stress increasing with stocking depth. Follow-
ing both stocking events, nearly half of the tagged bloater
emigrated from the array within 72 h. Directional movement
showed no significant variation across depths, although more
consistent directionality was observed in 2023 compared to
2022. In 2022, there were no significant differences in total
distance travelled among different depths but 2023, travel
distances varied significantly by depth. Relative movement
rates increased in 2023 compared to 2022, but did not signif-
icantly differ across depths in either year. This study found
that post-stocking survival is variable year to year, higher in
the deepest (100 m) stocking site, with fish, bird, and environ-
mental stress as sources of mortality. These results demon-
strate that stocking methods, in this case stocking depth, can
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Fig. 2. Kaplan-Meier survivorship estimates for bloater released across three bathymetric depths in southeastern Lake Ontario
in 2022 and 2023 for the same array coverage. Depth treatments are coded by colour, orange indicates 5 m treatment, blue
indicates 50 m treatment, and green indicates 100 m treatment. The dashed lines represent 95% confidence intervals.
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produce a gradient in the rate and sources of mortality for
stocked prey fish in the Great Lakes.

The higher survival of the hatchery-raised bloater in the
second year of stocking could be related to environmental
conditions. Although reduced survival from handling, trans-
port, and stocking of hatchery-reared fish is well documented
(Brown and Day 2002) and could have contributed to higher
overall mortality of bloater in this study, the procedures used
in transporting and releasing the fish were very consistent
between years. Variations in weather conditions between the
two years may have contributed to the observed differences

in survival. Water temperature was lower in the first year (7
°C) compared to the second year (11 °C), but air temperatures
during the stocking were colder in year two. Year two also had
a mix of sun and cloud compared with sunny conditions in
year one. Overcast weather can reduce temperature fluctua-
tions between the air and water, potentially decreasing the
thermal shock as fish move from transport tanks into the
lake. The cooler, stable conditions may also reduce physio-
logical stress, helping the fish maintain energy reserves criti-
cal for adjusting to their new environment. These conditions
may explain the lower incidence of stress-related mortality
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Fig. 3. Ratio of distribution of mortality (black) or censoring events (grey) over the duration of the study for bloater released
in southeastern Lake Ontario (A) 10 May—6 June 2022 and (B) 18 May-1 August 2023.
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= Table 2. Survival (95% confidence intervals) of stocked bloater combined across years (in 2022 (10 May-6 June) and 2023 (18
§ May-1 August)) and stocking depth in southeastern Lake Ontario.
% Treatment depth Year N of individuals Overall survival Covariate x2 p value
o Year (all) 8.3 0.02
>
g All All 224 0.38 (0.31-0.46) Treatment depth (all) 5.98 0.05
8 = Weight 2.9 0.09
%g Treatment depth (all) 2.99 0.2
= 8 All 2022 107 0.12 (0.03-0.38) Weight 0.46 0.5
-gﬁ PPM Movement rate 20.98 0.0005
c
S8 HR Movement rate 6.63 0.01
o
c g Treatment depth (all) 3.73 0.2
S5 :
S All 2023 116 0.48 (0.37-0.62) Weight 0.85 04
% PPM Movement rate 2.28 0.1
o HR Movement rate 4.2 0.04
c
% Treatment depth (all) 4.39 0.1
D .
- All Core 2023 110 0.44 (0.33-0.59) Weight 1.28 0.3
A PPM Movement rate 2.0 0.2
§ HR Movement rate 0.13 0.7
=) Year (All) 0.06 1.0
)2 5 All 75 0.37 (0.24-0.56) Weight 2.67 01
L PPM Movement rate 0.48 0.5
-
% HR Movement rate 2.63 0.1
O Year (All) 4.77 0.09
50 All 76 0.23 (0.13-0.39) Weight 3.03 0.08
PPM Movement rate 1.71 0.2
HR Movement rate 2.19 0.1
Year (All) 12.07 0.002
100 All 73 0.54 (0.44-0.66) Weight 3.05 0.08
PPM Movement rate 171 0.00004
HR Movement rate 1.48 0.2
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Table 3. Total distance travelled and relative movement rates (both mean + SE) of acoustically tagged bloater on the high
residence (HR) and pulse position modulation (PPM) array released over three depth treatments in Lake Ontario May 2022 and

2023.

Year Array Depth Total distance travelled (km) p value (for total distance travelled) = Movement rates (body lengths/s)

5 6.4+ 144 1.47 +0.13

HR 50 5.4 4124 0.66 1.54 £ 0.13

2022 100 514134 1.14 £ 0.09

5 5.4 4 0.94 1.63 +0.16

PPM 50 5.3+ 0.94 0.77 2.24 4+ 0.22

100 7.7 + 2.94 2.09 +0.19

5 45+1.84 2.25 4+ 0.03

HR 50 5.6 +0.74 <0.0001 2.26 + 0.02

Core 2023 100 8.1+ 16" 2.23 4 0.02

5 17.9 + 8.44 2.17 + 0.07

PPM 50 6.3 + 8.98 <0.0001 2.28 + 0.02

100 11.8 £2.04 2.22 4 0.02

5 53+ 1.94 2.25 4 0.03

HR 50 7.8 +0.84 <0.0001 2.26 4 0.02

Large 2023 100 11.2 +£1.7° 2.23 £ 0.02

5 26.1 + 10.6% 2.17 4+ 0.07

PPM 50 8.9+ 1.48 <0.0001 2.28 £ 0.02

100 19.1 £3.74 2.22 4 0.02

Note: Groups denoted with different letters indicate which groups significantly differed from each other.

202.5°-247.5°, west as 247.5°-292.5°, and north-west as 292.5°-337.5°.
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observed in year two, as bloater stocked under reduced light
levels on overcast days could experience less stress compared
to those released under high light intensity on sunny days,
and the thermal change as fish move from transport tanks
into the lake could be reduced. Clearly, details during the
transport and release of fish, and the conditions experienced
needs additional research.

There are comparable studies within Lake Ontario and the
Great Lakes region that estimate low survival rates of stocked
bloater and other coregonine species, such as cisco (Coregonus
artedi). For example, in the Canadian waters of Lake Ontario,
apparent survival estimates for tagged age-1 juvenile bloater
stocked over 50 m of water were low (<42%), with mortalities
occurring in similar numbers from fish and avian predation
and physiological stress at depth (Klinard et al. 2020b). Sim-
ilarly, whole-lake acoustic telemetry revealed low estimated
survival for stocked age-1 cisco (15% at 6 months) with 30%
of mortalities occurring on the day of release in Keuka Lake
with related sources of mortality (Koeberle et al. 2023).

This low initial survival would likely result in few bloater
recruiting into the population. Bloater recaptured in bottom-
trawl surveys in Lake Ontario revealed that stocked fish use
similar habitats and food resources as historical populations,
but the low number of recaptures (n = 13) over the past
decade (2012-2023) indicates low survival of stocked fish
(Weidel et al. 2022, 2023). Low survival of a stocked prey
species might not be surprising given that over 48 million
predatory individuals were stocked into Lake Ontario over
the same period that one million bloater were stocked (Lake
2018; Klinard et al. 2019; Connerton 2020; Weidel et al. 2022).
These low returns of stocked bloater in surveys and high ini-
tial mortality demonstrate that too few fish are being stocked
to generate sufficient returns. However, the production and
release of more hatchery-raised bloater is not financially or
logistically feasible and thus consideration of different meth-
ods of stocking, such as nighttime stocking, that would in-
crease survival, need to be considered.

The fate of bloater that emigrated beyond the acoustic ar-
ray, and censored for survival analysis, remains largely un-
known aside for few individuals (n = 4 in 2022 and n = 5
in 2023) detected by an autonomous glider operating outside
the array. Expanding the acoustic array to include deeper re-
gions of the lake where bloater are believed to naturally re-
side (typically >40 m; Eshenroder et al. 2016) could improve
the ecological relevance of future studies on stocked bloater
survival. However, implementing such expansions in large
ecosystems like Lake Ontario is both financially and logisti-
cally challenging. The use of a glider equipped with acoustic
receivers provides an efficient alternative for tracking bloater
and other tagged species in near real time over an extended
study area, requiring relatively few resources. However, the
glider is slow moving and can only cover a small area at a
time, the chance of detecting numerous bloater outside the
array was likely low, especially given the detection range
of 180 kHz VR2C-mobile receivers forward mounted on the
glider have a limited estimated detection range (~80 m, T.
Hayden, unpublished data). Regardless, these detections pro-
vide valuable information on bloater fate, supporting the as-
sumption that fish censored upon emigration did indeed sur-

vive beyond the array coverage. It is important to note here
that glider-mounted telemetry receivers are increasingly be-
ing used in the Great Lakes, but work needs to be done to eval-
uate their performance (e.g., detection range and efficiency)
in fish tracking studies (Cypher et al. 2023).

The high mortality upon release of juvenile bloater stem
from three likely sources, avian predation (39%), fish preda-
tion (30%), and physiological stress (i.e., barotrauma, 31%).
The direct observation of gulls feeding on the bloater imme-
diately after stocking strengthens our suspicions that avian
predation is the associated fate of those suspected bloater
deaths.

The stress-related mortality has been observed in ex-
perimental trials by USGS involving a hyperbaric appara-
tus, which demonstrated significant behavioural impairment
from compression barotrauma at pressures as low as 0.5 atm
(5 m depth) and mortality exceeding 20% at 5 atm (50 m
depth) (O. Gorman, U.S. Geological Survey, unpublished data).
The laboratory results are supported by field observations of
bloater rapidly descending upon release and failed to move
again. Stocking depth influenced the survival and sources of
mortality of hatchery-raised bloater, although this varied be-
tween the 2 years. Survival increased from shallow to deep in
both years. Fish predation accounted for 30% of the bloater
mortalities and was greater at shallower depths. This rate is
consistent with an estimate of 22.8% from a similar acoustic
telemetry study in northern Lake Ontario that stocked at a
depth of ~50 m (Klinard et al. 2020b). There are limited stud-
ies on the rate of fish predation on stocked prey fish to put
these results in better context, and few small wild fish prey
predation studies (e.g., Klinard et al. 2020b; Kraus et al. 2024).
Given the size of the juvenile bloater stocked, there are a
number of potential fish predators, including lake trout and
other salmonids (e.g., Chinook salmon), which were present
in the array at the time of stocking. Using machine learn-
ing techniques and retention of predated tags in the stom-
ach of the predator, Klinard et al. (2021) estimated that these
species, along with brown trout (Salmo trutta), coho salmon
(Oncorhynchus kisutch), and rainbow trout (Oncorhynchus mykiss),
consumed stocked bloater. The higher predation at the 5 and
50 m depths is consistent with the depths these species oc-
cupy in May during the stocking events. For example, Raby
et al. (2020) found that Chinook salmon occupy depths of
14.4 £+ 2.5 (mean £ 1 SD) m, while Atlantic salmon were re-
ported occupying depths of 22.0 + 4.6 m during the spring
period (Larocque et al. 2022). Similarly, brown trout tend to
stay nearshore (<2 km) year-round and spend the spring and
summer near the thermocline (14.6 + 6.7 m) at warmer tem-
peratures (13.4 & 3.7 °C; Nettles et al. 1987; Olson et al. 1988).

Avian predators, gulls and cormorants, accounted for the
greatest number of bloater mortalities across both years,
which was consistent across the depths for both years ex-
cept for the 100 m site in 2023. The total number consumed
by birds was consistent between years, whereas fish preda-
tion and stress were lower in year 2 than 1. These mortalities
occurred quickly after stocking, between midday and dusk
hours (12:00-21:00), suggesting that the stocked bloater were
most vulnerable near the surface immediately after stock-
ing. Avian predation was likely less important as the bloater
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acclimated to the lake and descend to depth during the day,
as demonstrated in surviving stocked bloater in the north of
Lake Ontario (Klinard et al. 2020b). Comparably, Jensen et al.
(2009) found up to 12% of the tags from hatchery-reared At-
lantic salmon smolts in the River Eira (Norway) were found
immediately after release in sea gull Larus spp. pellets. Sim-
ilarly, Fielder et al. (2023) assessed the spatial and temporal
extent of predator movements in Lake Huron and found that
double-crested cormorants were the first potential predator
to arrive at a stocking site, outcompeting two top predators,
walleye and lake trout.

A total of 31 bloater died from non-predation causes
within 4-12 h of release, most of these (94%) were from the
50 and 100 m stocking depths. The cause of these deaths
cannot be confirmed and could be related to stress of trans-
port and stocking, the differences in mortality between
depths suggest an additional mechanism was response for
the deaths. For hatchery-reared fish that have not expe-
rienced changes in water pressure prior to release, rapid
compression barotrauma could cause a significant stress.
Current stocking protocols for bloater involve releasing fish
at depths > 50 m, where they descend rapidly immediately
upon release (Klinard et al. 2020b). In hatchery settings,
tanks are typically less than 2 m deep and the bloater’s
innate response when stressed is to dive; however, in the
wild, they are not restricted to a shallow tank. Upon release,
they exhibit similar behavioural responses by descending
rapidly, exposing themselves to one atmosphere of pressure
for every 10 m depth. Such rapid compression could be a
source of stress and physical trauma for fish, which have only
experienced ~0 atm of pressure (relative to sea level) in the
hatchery. Similar behaviour was observed by Klinard et al.
(2020b) where 16 tagged individuals (equipped with acoustic
depth tags) released over depths of c. 50 m were removed
from analysis as their depth data suggested rapid mortality
(<1 h). Laboratory experimentation with hatchery-raised
bloater using a specially designed hyperbaric apparatus to
study the effects of pressure on fish, demonstrated signifi-
cant negative impacts of barotrauma on bloater behaviour
at 0.5 atm (5 m depth) and >20% mortality at 5 atm (50 m
depth) (Owen Gorman, U.S. Geological Service, unpublished
data). Mortality due to suspected compression barotrauma
was minor at the 5 m depth compared to the deeper 50 and
100 m depths. Less stress observed, and presumably baro-
trauma induced mortalities at the 100 m in 2023 could be
due to factors, such as weather conditions, time of stocking,
or water clarity, that might have caused bloater to descend
more gradually. Knowledge of possible effects of barotrauma
on juvenile hatchery-reared fish could refine objectives
for restoration stocking strategies or provide suggestions
for alternative stocking practices (i.e., offshore versus
nearshore).

The distance and direction of movement of bloater follow-
ing release showed variation in dispersal from the three re-
lease sites with no definitive trend in any direction. A large
proportion of individual bloater had COA estimates along the
deeper northeast and northwest edges of the array within
12-24 h following release, particularly those released at the
100 m treatment, suggest a preference to move to deeper

‘Canadian Science Publishing

areas. In year 1, stocked bloater had nondefinitive move-
ment in the first 24 h, then dispersed from the stocking sites
suggesting high stress in the first year. Whereas in the sec-
ond year, stocked bloater moved more definitively immedi-
ately following release indicating lower stress. After dispers-
ing laterally from the 50 and 100 m array bloater returned
periodically throughout the study, specifically in 2023, sug-
gesting a preference for this depth range, consistent with
findings from previous studies that have observed bloater at
depths greater than 35 m (Wells 1968; Gorman et al. 2012;
Klinard et al. 2020b). The 100 m individuals had the short-
est distance to travel to emigrate from the array northward
and were detected by the glider, alive outside the array. In
contrast, a number of individuals released at the 5 m site
in 2023 migrated east, southeast (i.e., towards shallower wa-
ter) and were not detected following initial release; thus, the
5 m COAs for this site were limited in number. The individ-
uals released at the 5 m depth could be under stress from
heavier predator presence and driven out to depth or to-
wards shore faster than individuals released at the deeper
depths.

The average movement rate of bloater across all depths for
the PPM and HR remained consistent throughout the first few
days following stocking, although were higher overall for the
2023 individuals highlighting the variability in post-stocking
behavioural responses. These movement rates are relative es-
timates of movement rates rather than absolute swim speeds
since we are estimating linear distances moved per unit time,
as opposed to more natural meandering paths, although they
are similar to past studies on coregonids. Gjellard et al. (2004)
used hydroacoustics to determine the influence of light on
swim speeds of pelagic whitefish (Coregonus lavaretus) and ven-
dace (Coregonus albula) in subarctic lakes in northern Norway.
They determined average swimming speed was highest in
periods with low incident light or crepuscular light (0.16-
0.18 m/s) and lowest in darkness (0.08-0.10 m/s). Similarly,
Rudstam et al. (1984) reported routine swimming speed for
15 cm bloater swimming at a mean speed of 0.186 m/s in
tanks around 09:00 in June. This is similar to our estimates
for relatively the same size fish in crepuscular or daylight,
with values typically around 0.25 my/s. Although the short-
term tracking of bloater movements in this study may not
be representative of long-term behaviour, there are limited
data for hatchery-reared juvenile bloater of this size class to
compare to within the Great Lakes.

The survival rate of the bloater could have been impacted
by carrying the acoustic telemetry tag, but these tags were not
expected to cause high mortality as studies have shown no
or little negative effects of similar surgical implants (Jepsen
et al. 2008; Klinard et al. 2018). Moore (2000) recommended
that tags be <5% of the fish’s mass to minimise effects on
behaviour and survival of Atlantic salmon post-smolts. Simi-
larly, Darcy et al. (2019) compared a variety of response met-
rics relative to tag burden in juvenile lake trout and rainbow
trout and found no statistically significant effects of tag bur-
den. In the present study, tag burden (2.67% + 0.47; mean + 1
S.D.) was well below both mentioned studies tag effect means.
Further, there was low variability in hatchery bloater size in
our study and there was no statistical difference in tag:fish
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ratios between the fish that were interpreted as dead and
those that were interpreted to have survived, suggesting that
tag weight did not affect survival. Tag failure is an unlikely
explanation for the differences in sources mortality among
groups, as these tags have proven to be extremely reliable
with a fail rate of 5%—6% (Halfyard et al. 2017).

The high mortality upon initial stocking and several days
after release due to predation and stress (i.e., barotrauma)
indicates that there are significant barriers to the survival
of stocked prey fish that results in over half of them dy-
ing within the first month. Modifying stocking practices (i.e.,
nearshore stocking, soft release, day vs. night stocking) to in-
crease the survival of stocked bloater are crucial next steps
to explore. For example, given the diel vertical movement of
bloater and their shallow depth use at night (Klinard et al.
2020b), stocking offshore at night may improve their overall
survival as it would provide reduced light and predator forag-
ing efficiency and provide a longer acclimation period before
descending to depth. Weidel et al. (2022) noted that bloater
restoration in Lake Ontario could benefit from identifying
the environmental conditions that contribute to successful
bloater reproduction in the upper Great Lakes as well as
seeking to improve post-stocking survival through predator
and food acclimation in the hatchery or acclimating stocked
fish in the lake prior to release. Given that salmonids oc-
cupy a large portion of the Lake Ontario water column dur-
ing the spring when stocking occurs (Ivanova et al. 2021,
2022), and avian predators are largely limited to surface wa-
ters, it could be beneficial to expose juvenile hatchery-reared
bloater to predators prior to release in a “soft release” fash-
ion. Since bloater are reared in a hatchery setting, they may
not develop the appropriate predator avoidance cues that
wild conspecifics have. A soft release would hold the fish
in underwater pens for several days to weeks to acclimate
to their new environment and provide the opportunity to
get accustomed to predators without direct exposure, which
could in turn reduce initial predation rates. Brown and Day
(2002) reviewed stocking practices and suggested that preda-
tor and food acclimation as well as soft release procedures
have potential to improve released fish survival. Such prac-
tices have doubled survival rate of stocked salmonines in
Lake Ontario (Connerton 2021); these practices could be ap-
plied to bloater restoration to potentially improve the sur-
vival of bloater. Although such practices may improve indi-
vidual survival, they would also likely limit the total number
of fish that could be produced and stocked. Any gains in sur-
vival will need to be weighed against any decreases in the to-
tal number stocked to maximize the population benefits of
stocking.
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