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Abstract

Stocking is an important conservation tool to restore fish populations. Yet, assessing restoration success is often limited
by a lack of field-based demographic information at low abundance, particularly for juvenile fish. Using outcomes from cisco
(Coregonus artedi) reintroductions to Keuka Lake, New York, USA, we demonstrate a data-driven approach to assess fish stocking
performance and evaluate the likelihood of achieving conservation goals. Multistage juvenile survival estimates from acoustic
telemetry quantified high post-stocking mortality rates across three distinct stages. Modeled post-stocking stages include im-
mediate release, acclimation, and long-term survival assumed to reflect natural mortality of cisco in Keuka Lake. High juvenile
mortality severely limited the probability that stocked fish will reach reproductive maturity, and population viability analysis
with a Leslie matrix life-stage model indicated that re-establishing a cisco population is unlikely with current stocking prac-
tices and lake conditions. By contrast, using cisco life history parameters extrapolated from other systems would have resulted
in false optimism for restoration success. Our results highlight the importance of utilizing in situ demographic estimates for
designing and implementing conservation stocking efforts.
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Introduction

Conservation stocking to recover imperiled fishes is com-
mon and population assessments are needed to guide and
evaluate restoration outcomes (Cochran-Biederman et al.
2015; Jachowski et al. 2016). Post-stocking evaluation has long
been recognized as a crucial component of fisheries manage-
ment for identifying causes of success or failure of stocking
programs (see Cowx 1994). Management actions, including
hatchery rearing and release practices, stocking abundance,
and stocking duration are important predictors of reintro-
duction success and represent key controls for fishery man-
agers to improve restoration outcomes (Cochran-Biederman
et al. 2015; Fonken et al. 2023). Despite recent integration of
defined success criteria into management objectives, species
reintroductions frequently have high failure rates (Seddon
et al. 2007; Armstrong and Seddon 2008). Adaptive manage-
ment can improve long-term restoration success rates, but

system-specific information on reintroduced populations is
rare and difficult to obtain (Bacon et al. 2015; Jachowski et al.
2016; Lennox et al. 2021).

An important tool for designing fishery recovery programs
is population viability analysis. This approach is well-suited
for fish restoration efforts because it informs adaptive man-
agement by identifying risk factors and quantifying uncer-
tainty of long-term persistence (Boyce 1992; Beissinger 2002;
Ellner and Fieberg 2003). Population viability analysis fea-
tures a population projection model parameterized with vi-
tal rates of the modeled species (e.g., Leslie matrix; Leslie 1948)
whereby recovery or extinction probabilities are calculated
for future population trajectories. Population growth is of-
ten sensitive to specific life history vital rates; therefore pa-
rameterizing the population projection model with accurate
demographic estimates is important for generating realistic
outcomes (Caswell 2001; Beissinger 2002; White et al. 2002).
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This can be problematic when life history data are unavail-
able (Boyce 1992). For example, in fisheries restoration ap-
plications sparse empirical data may limit the capacity of
managers to specify appropriate target stock, hence imped-
ing their ability to accurately quantify restoration success.

Because in situ demographic information on reintroduced
fish populations is costly and difficult to generate, pop-
ulation analyses often apply vital rates from comparable
systems with extant populations of the species of interest
or by borrowing rates from similar species (Jachowski et
al. 2016). While this provides a baseline to design recovery
efforts, this practice could also lead to biases if these bor-
rowed vital rates are not reflective of conditions in the study
system. In addition, when reintroduced, the species may re-
cover slowly or persist at low densities. The population may
therefore go undetected via traditional netting techniques,
limiting inference to vital rates despite active monitoring
efforts (Thompson 2013; Jachowski et al. 2016). Furthermore,
relying on borrowed estimates from other systems to design
stocking programs, without post-stocking monitoring, risks
failure to meet restoration objectives if conditions are un-
suitable for population establishment. Ideally, population
assessments for species restoration efforts would feature
reliable demographic estimates across a species’ life history
using system-specific data. For juvenile fishes, which are of-
ten underrepresented with traditional survey methods, this
information is critical but sparse (Boyce 1992; Munzbergova
and Ehrlen 2005).

Stocked fish can provide valuable data for parameteriza-
tion of population models to inform the design and adaptive
implementation of species reintroductions. Novel technolo-
gies like acoustic telemetry create additional opportunities
to overcome data limitations in demographic estimates like
juvenile survival. Hatchery-raised juvenile fish are commonly
used to recover or reintroduce populations, yet their survival
after stocking is often poorly understood (Brown and Day
2002; Cochran-Biederman et al. 2015). This is because sam-
pling different life stages requires unique fishing gears and
surveying distinct habitats, complicating comparisons across
age groups (Rudstam et al. 1984; Murphy and Willis 1996;
Kubecka et al. 2012). Further, it is difficult to tag and mon-
itor the movement, growth, and survival of small fish with
previously available tracking technologies that are focused
on larger-bodied and adult-stage fish (Mitchell et al. 2019;
McKenna et al. 2021). To address this, recent advances in
miniaturized transmitter technology coupled with spatially
extensive telemetry arrays have provided greater understand-
ing of survival processes of small fish (McMichael et al. 2010;
Koeberle et al. 2023). In addition, spatially extensive arrays
can generate time-to-event data, providing opportunities to
apply multistage survival modeling to improve understand-
ing of mortality rates associated with stocked fish (Sethi et
al. 2024). This approach is useful for managers to evaluate
stocking success by distinguishing post-stocking mortality of
tagged fish from natural mortality of wild fish, providing in
situ survival estimates missing from many population assess-
ments.

We demonstrate a quantitative assessment of fish restora-
tion stocking through an ongoing native cisco (Coregonus

artedi) reintroduction to Keuka Lake, New York, USA con-
ducted by New York State Department of Environmental
Conservation (NYSDEC). Cisco are a pertinent study species
within the Coregonus (Salmonidae: Coregoninae) species com-
plex. Anthropogenic-driven cisco population declines have
occurred from overfishing, water quality and habitat degra-
dation, and non-native species introductions throughout its
native range (Stockwell et al. 2009; Eshenroder et al. 2016;
Bunnell et al. 2024). In North America, efforts to restore
coregonines have intensified with hatchery augmentation
throughout the Great Lakes region. These efforts have in-
cluded basin-wide, international partnerships with State,
Federal, and Tribal organizations to implement an adap-
tive management framework to increase lake ecosystem re-
silience (Zimmerman and Krueger 2009; Bunnell et al. 2023).
Population assessments of cisco restoration are available for
the Great Lakes (Fisch et al. 2019; Rook et al. 2021a, Rook et
al. 2021b; Fielder and McDonnell 2024). Nevertheless, man-
agers lack population projections for cisco reintroduced to
inland lake settings, including Keuka Lake.

Keuka Lake, an inland lake in the Lake Ontario basin, is
a deep, meso-oligotrophic lake with 4688 ha total surface
area, 3 km maximum width, 57 m maximum depth, and
three distinctive arms (West, South, and East) that meet at
the Confluence region (Bloomfield 1978; Fig. 1). Cisco formed
the historical prey fish base in Keuka Lake, located close to
the southern extent of cisco distributions in North America
(Page and Burr 2011). Their population in Keuka Lake de-
clined from the 1970s to the early 1990s, likely from preda-
tion on larval stages by introduced forage fishes alewife (Alosa
pseudoharengus) and rainbow smelt (Osmerus mordax) (Hrabik
et al. 1998; Mrnak et al. 2023). Lake managers considered
cisco extirpated by the mid-1990s. Lake whitefish (Coregonus
clupeaformis) were also present but were no longer observed
after 1988. Since then, Keuka Lake has recently introduced
piscivorous walleye (Sander vitreous) confirmed in 2016 and
several established non-native invertebrate species including
both zebra and quagga mussels (Dreissena spp.; zebra mussels
confirmed in 1994, quagga mussels in 2008). Keuka Lake also
has an abundant native mysid (Mysis diluviana) population, an
important prey source for cisco, and wild-reproducing lake
trout (Salvelinus namaycush) that is the base for a popular sport
fishery. Improved water quality and a steep decline in rain-
bow smelt and alewife populations occurred from the 2000s
to mid-2010s. This observed prey fish crash led managers
to implement cisco reintroductions in 2018 to present and
to cease non-native brown trout (Salmo trutta) and Atlantic
salmon (Salmo salar) hatchery stocking. Cisco restoration is hy-
pothesized to stabilize Keuka Lake’s mid trophic fish assem-
blage and to improve food web resilience to support the recre-
ational Lake Trout fishery. Managers are considering restora-
tion outcomes related to achieving a standing stock target
abundance of adult cisco, and achieving a long-term, self-
sustaining cisco population.

This study applies contemporary technology for observ-
ing released fish, in situ demographic modeling, and system-
specific information to evaluate the probability of reestab-
lishing a fish population. Specifically, we sought to answer
the following questions: (1) Are current stocking efforts and
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Fig. 1. Map of Keuka Lake, New York, USA and photograph of
an acoustic-tagged fall fingerling cisco (Coregonus artedi). The
map uses a latitude-longitude coordinate system with NAD83
datum. Cisco image from M. Chalupnicki, U.S. Geological Sur-
vey.
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practices sufficient to restore the cisco population in Keuka
Lake? (2) Will the reintroduced cisco population be self-
sustaining over the long-term? (3) Is our approach useful for
informing adaptive stocking practices to improve recovery?

We obtained juvenile and adult cisco mortality rates from
Keuka Lake using whole-lake acoustic telemetry and multi-
stage survival modeling for juveniles and using catch curve
analysis from historical (pre-extirpation) survey data for
adults. We then conducted a population viability analysis
with system-specific information. We assessed the likelihood
of achieving the management goals of establishing a mini-
mum adult standing stock and establishing a self-sustained
population over 50 years. We anticipate that our data-driven
approach will prove useful for fisheries conservation where
augmentation efforts focus on stocking juvenile fish to re-
store populations.

Methods

Fish reintroductions

Cisco eggs were collected from adult broodstock captured
in the Great Lakes (see Table S1 for more information) an-
nually in late November or early December (McKenna et al.
2021). Annual stocking occurs the following October at the
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fall fingerling juvenile stage (10 months old from hatching).
From October 2018 through October 2024, over 450 000 total
fall fingerlings have been stocked into Keuka Lake (see Table
S1 for stocking numbers and fish sizes). Additionally, in 2019
and 2020 a smaller number (n < 2000) of older juvenile cisco
were stocked as yearling fish cohorts (18, 19, or 22 months
old from hatching). Hatchery stocking primarily releases fall
fingerlings, except for the yearling cohorts noted above. Cur-
rent hatchery production has capacity for annual releases of
100000 fall fingerlings or 2000 yearlings. All cisco cohorts
were stocked offshore via boat in the northwestern arm of
the lake at ~50 m depths (see Fig. 1).

In situ demographic modeling

We leveraged a whole-lake acoustic telemetry dataset pro-
vided by NYSDEC and described in Koeberle et al. (2023)
to estimate juvenile fish survival for population-level infer-
ences of stocked fish. A subset of stocked cisco were equipped
with small acoustic transmitters (hereafter, tags) and tracked
across a whole-lake acoustic receiver array from years 2019 to
2021 in Keuka Lake (see S1.1 for acoustic telemetry specifica-
tions). The system is assumed to be a closed population (i.e.,
no immigration and emigration), validated by movement re-
sults from the acoustic telemetry experiment (Koeberle et
al. 2023). Previous laboratory experiments indicated that tag
burden did not increase mortality (McKenna et al. 2021), and
all tagged fish were held in the hatchery to monitor their sur-
vival and tag retention two weeks prior to their release into
Keuka Lake (Koeberle et al. 2023). Thus, we assumed that de-
mographic estimates of tagged fish represented the broader
population of stocked fish. All subsequent analyses were con-
ducted in program R version 4.4.1 (R statistical programming,
R Core Team 2024).

To estimate juvenile cisco survival, we applied a multistage
modeling method using time-to-event data analysis proce-
dures from Koeberle et al. (2023) and model procedures by
Sethi et al. (2024). This technique provided an opportunity
to estimate post-stocking mortality partitioned into three se-
quential stages including a “straight-to-death” mortality pe-
riod immediately upon release (stage one), a period of ele-
vated mortality during stocked fish acclimation (stage two),
and finally a longer-term natural mortality regime (stage
three). This is particularly useful for obtaining an estimate
of wild juvenile fish survival rates which can be taken as
the stage three “natural mortality” rate. We conducted multi-
model selection with Deviance Information Criterion by test-
ing covariates on stages and transition times between stages
including size, age-at-release, and condition. See text S1.2 for
multistage modeling specifications.

In situ estimates of adult (age-3+) mortality were calcu-
lated from a historical dataset of cisco catches provided by
NYSDEC. This dataset pre-dates the cisco collapse with lake-
wide gillnet surveys conducted from the 1970s to present
(Table S2). We constructed netted cisco age and length dis-
tributions from each survey from 1979 to 1991 with age
information estimated from scales (Figs. S1 and S2). We then
applied regression-based catch curve analysis with the R
package “FSA” (fishR, R Core Team 2024) to estimate adult
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Fig. 2. Life-cycle graph specifying the population model struc-
ture for reintroduced cisco (Coregonus artedi) stocking and
wild recruitment in Keuka Lake, New York, USA. Nodes 1-3
represent wild stages and nodes 1’ and 2’ represent hatchery
stages. N, refers to the number of hatchery fish released into
Keuka Lake as either fall fingerling (FF) or yearling (Y) stages.
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instantaneous total mortality rates and annual mortality
rates. Historical angler records do not indicate a cisco fishery
in the lake. Therefore, we assume total mortality estimates
from catch curve analysis is equivalent to natural mortality.
Catch data suggest that the last year of cisco reproduction
in Keuka Lake occurred in 1983 with a maximum observed
age of 10 years across survey years (Fig. S1). Finally, we
excluded gillnet surveys from 1971 to 1976 from catch curve
analysis due to a lack of corresponding age data; however,
we observed higher numbers of cisco catches during this
period (Table S2). Because in situ adult mortality rates were
derived from a period when cisco may have been in decline,
we also obtained literature values for adult mortality rates
from cisco populations in comparable lakes.

Population modeling

For this analysis, we specified a standing stock target of N
= 1000 adult spawners (age-3+). We also identified a range
of adult density targets based on other lake systems with ex-
tant cisco populations and considered long-term population
establishment goals over a 50-year time horizon. To quantify
standing stock targets and enable population viability anal-
ysis projections for the cisco population in Keuka Lake, we
developed a stage-based (Lefkovitch 1965) matrix population
projection model based on the life-cycle graph presented in
Fig. 2. We assumed that adult cisco spawning would occur
in November or December at age-3 (Fisch et al. 2019; Gatch
et al. 2023). The life cycle was therefore truncated at age-3
with constant annual mortality rates (e.g., age-3+ is a termi-
nal adult stage). Annual hatchery and wild juvenile survival
rates reported here were expressed as a pre-spawning cen-
sus. For example, stocked fall fingerlings released in October
were treated as juvenile 1-year-old fish at release (hereafter,

age-1 in our life-cycle graph) while yearlings were treated as
juvenile (sub-adult) 2-year-old fish at release (hereafter, age-2)
with annual survival estimates derived accordingly from the
top-ranked multistage model. Discrete-time forward popula-
tion projections are based on the product of the projection
matrix:

nit+1)=A-n(t)

where n(t) is a vector of abundances of each stage at time ¢
and A is the female-based projection matrix.
To account for fixed annual stocking protocols, let R =

[81 82 ... 8 ]T, where §, is the number of released fish within
an age class. We then defined a stocked matrix model A" and
a vector of stocked fish n'(t) such that:

S n(t)
e[

The stocked system becomes
nit+1)=A-n(t)
where the stocked matrix is defined as
, A R
A =
0 1

with a constant annual rate of juvenile fish released as a sin-
gle age class, R:

0

R=1]0

3

such that

0 0 f3+S() 0
|00 0
B 0 So S34 )
0O 0 O 1

where s; is wild juvenile survival from age-1 to age-2, s; is
wild juvenile survival from age-2 to age-3, and sz, is adult
(age-3+) survival. Wild-reproduced age-0 survival, sy, is the
product of adult fertility rates f; . (number of female eggs
per fish) and s, where Sg = Segg - Sy - Ssr- We specified sege as
the probability of egg hatch at t = 0, sy as survival fromt =0
to 6 months, and sir (summer fingerling) as survival from six
months to one year (Fielder and McDonnell 2024). A cohort
of stocked fish, §, enters the population as the product of Ny,
number of hatchery fish released, and §', their post-stocking
annual survival rate. For stocked yearlings in Keuka Lake, the
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stocked vector (column 4 in matrix A’), Ry, is:

0
0
NietS'2
1

Ry =

For stocked fall fingerlings, the stocked vector, Ry, can be
parameterized as:

0
NreiS'1

with hatchery fish that survive and enter the wild popula-
tion as wild age-2 fish. With this formulation, fall fingerlings
first enter the wild population at time t = 1 year (as juvenile
age-2 fish) when projecting from the initial population (see
text $1.3 for more information).

Population scenarios and sensitivity analyses

To evaluate the potential effectiveness of stocking on popu-
lation viability, we used a combination of perturbation analy-
sis and numerical simulation to evaluate efficacy of different
stocking schemes in enhancing the viability of cisco popu-
lations. We conducted prospective perturbation analysis of
our deterministic baseline matrix to identify key life cycle
events that determine population growth rate, A (see text S1.3
for details). Additionally, we derived the minimum vital rates
necessary to maintain a minimum stable trajectory by solv-
ing for the characteristic polynomial for the matrix model
where A was constrained to 1.0 (representing the condition
of zero population growth). We parameterized the baseline
model for Keuka Lake using in situ juvenile survival esti-
mated from the top-ranked multistage time-to-event model
and adult mortality derived from the catch curve analysis.
Remaining vital rates for fecundity and age-0 survival (egg
hatch through year 1 survival) were derived from coregonine
studies in North America and Europe (Table S3).

We also considered stochastic versions of our baseline pop-
ulation models in two ways, both using numerical simula-
tion experiments. First, we simulated vital rate stochasticity
by constructing sets of random matrices to reflect variation
driven by environmental conditions, and projecting the pop-
ulations based on a random selection of a matrix from this
set at each time. Ideally, we would either (1) sample for a mul-
tivariate distribution where the covariances among parame-
ters were specified, or (2) sample for a multivariate distribu-
tion where the parameter covariance structure is implicit in
the annual matrix (Fieberg and Ellner 2001). In the absence of
covariance estimates among parameters, we instead sampled
parameter values from specified statistical distributions to
generate a set of random matrices, over which individual ma-
trices were sampled randomly at each time step. The statis-
tical distributions used were specified for literature-derived
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fecundity and age-0 survival estimates to reflect environmen-
tally driven variation of vital rates (Table S3). We then con-
ducted bootstrapping from this set of matrices to evaluate
the probability of obtaining a representative matrix with a
positive population growth rate where 1 > 1.0.

The preceding approach generated a set of random matri-
ces that implicitly varied around a multivariate mean popu-
lation growth rate, which was assumed to be stationary over
the projections. To account for periodic shifts from this mean
growth rate in our random matrix approach, we also simu-
lated scenarios with episodic high recruitment events typical
of pelagic schooling fishes, including cisco (Cury et al. 2000;
Yule et al. 2006). In coregonines, this “boom-and-bust” re-
cruitment dynamic (hereafter, boom recruitment) is hypoth-
esized to be linked to cold winters with increased ice cover
improving age-0 survival rates (Karjalainen et al. 2015; Myers
et al. 2015; Stewart et al. 2021; Brown et al. 2022; Marjoméki
et al. 2024). Boom recruitment years are observed for ex-
tant cisco populations in the Great Lakes and adjacent lakes
including Lake Simcoe (Brown et al. 2024), Long Term Eco-
logical Network inland lakes in northern Wisconsin (J. Van-
der Zanden pers. comm. 8 November 2024), and for vendace
(Coregonus albula) and whitefish (Coregonus lavaretus) popula-
tions in northern European lakes (Marjoméki 2005; Axenrot
and Degerman 2016; Sarvala et al. 2024). High abundance
but infrequent year classes may improve the probability of
re-establishing a population and are therefore important to
model (Fielder and McDonnell 2024).

We incorporated boom recruitment scenarios by construct-
ing a set of environmental state matrices with vital rates rep-
resentative of boom (increased age-0 survival) and average
(current age-0 survival estimates) recruitment years. Subse-
quently, population simulations randomly draw from state
matrices with probabilities that represent the likelihood of
boom recruitment occurrence. The periodicity of cisco re-
cruitment cycles ranges from 4 to 7 years in the Great Lakes
(Yule et al. 2006; Fisch et al. 2019; Rook et al. 2021b). Lake
managers specified that Keuka Lake historically had cold win-
ters with increased ice extent approximately every 3 years,
so we specify population scenarios for both 3-year (similar
recruitment frequency observed in Lake Ontario and Lake
Simcoe; see Brown et al. 2024) and increased risk of longer
7-year boom cycles. Boom recruitment matrices were pop-
ulated with a +600% magnitude increase in joint survival
across age-0 life stages (Fielder and McDonnell 2024).

Hatchery stocking analysis

To evaluate the success of restoration stocking efforts in
achieving standing stock density targets, we calculated the
minimum stocking density and post-stocking survival rates
necessary to accrue an adult (age-3+) population abundance
of N = 1000 spawners. A scenario-based approach to account
for uncertainty in juvenile fish survival was implemented to
contrast hatchery juvenile survival rates and stocking effort
under current estimates (median value of posterior distribu-
tions from the top-ranked multistage survival model) and op-
timistic estimates (upper 95% credible interval) for fall finger-
ling (S] in the life-cycle graph) and yearling (S;) stocked fish.
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We also explored standing stock target success with scenar-
ios (Table S4) for wild juvenile survival (age-1, S; and age-2,
S»), specified as: (1) Low: current in situ estimates (median
value), (2) Medium: upper 95% credible interval of in situ es-
timates, and (3) High: optimistic (upper 95% credible interval
for S;, equivalent survival S, and adult Sz, ). The High scenario
assumes that wild age-2 juvenile fish have exceeded a size
threshold to escape predation (see length-at-age data; Fig. S2).
Deterministic projections were implemented with 10 years
of juvenile cisco stocking with estimates provided for both
stocking numbers and equivalent lake-wide densities.

Population viability analysis

Because of high uncertainty about the fate of stocked fish
and Keuka Lake ecosystem conditions, managers sought to
compare both pessimistic and optimistic scenarios to inform
decision making. Thus, we explored our set of Low (current),
Medium, and High juvenile survival scenarios to quantify the
likelihood of cisco re-establishment in Keuka Lake. Success
of this restoration effort was specified through management
objectives as: (1) a self-sustaining population characterized by
A > 1.0, (2) proportion > 50% of population trajectories over a
minimum standing stock size of N = 1000 adults, and (3) with
long-term persistence over a 50-year time horizon with pro-
jected adult fish densities reflective of comparable lakes with
wild coregonine populations. Across scenarios, we tested the
management effects of stocking age (fall fingerling or year-
ling) and stocking rate (annual number stocked and duration
10 or 20 years). We also explored the viability of the reintro-
duced cisco population by considering boom recruitment fre-
quency every 3 or 7 years.

Population trajectories specific to the boom recruitment
analysis were simulated with bootstrap sampling from our
set of environmental state matrices and associated probabil-
ities (e.g., 1/3 likelihood for a 3-year boom recruitment cy-
cle or 1/7 likelihood for a 7-year boom recruitment cycle)
over n = 10000 iterations. We also calculated the stochas-
tic growth rate for each scenario. While this approach did
not explicitly simulate a periodic cycle within a single trajec-
tory, we assumed that trajectories across the simulated set
are, on average, representative of the effects of an environ-
mentally driven boom recruitment cycle on the population
growth rate. We also assumed that few stocked cisco have
survived to date in 2024, therefore all simulations were ini-
tialized with no cisco present in Keuka Lake. Next, we quan-
tified the probability of extinction for each scenario, defined
as the proportion of simulations with a terminal abundance
of fewer than 100 adults with replicates (n = 250) to average
out the periodic cycle of boom recruitment years. A popula-
tion trajectory was considered functionally extinct if fewer
than 100 adults persisted. Lastly, we compared our environ-
mental state matrices approach to the set of random matri-
ces approach for stochasticity by conducting sensitivity anal-
yses to evaluate how A responded to variation of early life
history survival (age-0), our wild juvenile survival scenarios,
and in situ versus literature-based adult mortality rates. Since
the cisco population has been reintroduced from extirpation,
we assumed that modeled populations experience density-

independent growth during their recovery and are not sub-
ject to fishing mortality.

Results

In situ demographic estimates

Multistage survival models proved useful for estimating
the handling and release survival of hatchery-stocked juve-
nile fish and distinguishing natural mortality rates repre-
sentative of wild-equivalent juvenile fish (Table 1). Our top-
ranked multistage model indicated that age-at-release was an
important predictor of survival (Fig. 3, see Table S5 for multi-
model selection results). Mortality was particularly high upon
release for fall fingerlings, with only 21% of tagged fish sur-
viving past the “straight-to-death” period after release (stage
one; <1 day). Stocked yearlings had higher initial estimated
survival of 78% (e.g., stage one) and annual cumulative sur-
vival of 2.4% (e.g., joint survival taken as stages one, two, and
three). For fish that survived stage one, estimated stage two
acclimation periods were ~25 days for fall fingerlings and
~61 days for yearlings. Finally, wild equivalent discrete an-
nual survival rates were estimated from the multistage model
as S1 = 0.004 (95% credible interval < 0.001, 0.078) for fall fin-
gerlings and S, = 0.053 (95% credible interval < 0.001, 0.18)
for yearlings. The second-ranked multistage model included
the covariate length with moderate support. Nonetheless, we
inferred that age may be associated with a size threshold to
escape predation and selected the multistage model associ-
ated with age over length.

The historical survey dataset also provided key insight into
adult mortality rates prior to the cisco collapse. Our in situ
catch curve analysis from historical data estimated adult (age-
3+) mortality rates of 48.6% annually from years 1979 to 1991
(Fig. S3; see Table S6 for examples from extant cisco popula-
tions). This was parameterized in our population model as an-
nual survival, S3;. = 0.514. Survey years 1971-1976, though
excluded from catch curves as netted fish were not aged, in-
dicated that cisco were distributed throughout Keuka Lake
pre-extirpation (Fig. S4).

Deterministic population model and vital rate
sensitivities

Our augmented matrix provided a convenient method for
tracking hatchery fish contributions as they enter a wild pop-
ulation and for conducting sensitivity analysis. The popu-
lation growth rate for the deterministic Low scenario (cur-
rent juvenile survival) was A = 0.52. The cisco population
also showed negative population growth for Medium and High
scenarios, with 1 = 0.61 and A = 0.72, respectively. Using
our baseline population projection model, we solved for the
stage-specific survival rates that led to a stable population
(i.e., 2 = 1.0) and results demonstrated that substantial re-
ductions in juvenile mortality rates are necessary to achieve
a self-sustained cisco population in Keuka Lake. Under the
High scenario, wild age-1 juvenile survival would need to in-
crease from S; = 0.004 (95% credible interval < 0.01, 0.078)
to S; = 0.44 in average years, or to S; = 0.064 in boom
recruitment years. Perturbation analysis revealed early life
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0.146, 0.278
0.011, 0.099

95% CI lower, upper
<0.001, 0.009

Cumulative survival
0.205
0.044
<0.001

1.585
0.063

Daily mortality®
0.015

Stage survival
0.205
0.215

Parameter Time (days) after release
N/

Survival stage
L. Straight-to-death

Release age
Fall fingerling

Table 1. In situ stage-specific survival estimates and 95% credible intervals (CI) for juvenile cisco (Coregonus artedi) stocked into Keuka Lake, New York, USA.

Can. J. Fish. Aquat. Sci.

25.4

II. Acclimation

Fall fingerling

0.006

365
365

IIL. Long-term*

Wild annual?
L. Straight-to-death

Fall fingerling

<0.001, 0.078

0.004
0.780
0.279

N/A
0.248
0.017

NJA
0.780

0.358

S1

Fall fingerling

0.697, 0.862

NJA
N/A

Yearling

0.157, 0.487
<0.001, 0.117

60.7

II. Acclimation

Yearling

0.024
0.053

0.008
N/A

0.086

365
365

IIL. Long-term*
Wild annual?

Yearling

<0.001, 0.180

N/A

Sz

Yearling

Note: Survival was estimated from the top-ranked multistage model: 3-stage survival ~ release age with covariate effects on survival in each stage and on transition times.

aEquivalent to discrete annual post-stocking survival cumulative of stages I, II, and III.

PEquivalent to discrete annual survival (stage III), independent of handling and release effects of stages I and II

“Daily instantaneous mortality rate for each stage.
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stage (age-0) survival and adult survival were most influen-
tial in population growth rates (Table S7). For the determinis-
tic Low scenario, wild survival rates were most sensitive with
age-1 survival sensitivity = 0.501 and adult (age-3+) survival
sensitivity = 0.992. Elasticity analysis revealed adult mortal-
ity as the most influential stage driving population growth
(elasticity = 0.988), followed by fertility, F3 , S, rates (elastic-
ity = 0.016). The elasticity of the adult survival parameter de-
creased (elasticity = 0.462) under the High scenario (Table S8).
Finally, perturbation analysis revealed that the number of
hatchery fish stocked, and their post-stocking survival, does
not substantively affect A, which was primarily driven by wild
recruitment and adult mortality rates for stocked juvenile
fish that survived to age-3+ and potential wild-reproduced
fish (Tables S7 and S8).

Hatchery stocking success

Our in situ demographic analysis revealed that accruing
a standing stock target of N = 1000 adult (age-3+) spawn-
ers (lake-wide density 0.21 fish/ha) with current stocking ef-
forts is not attainable for the given rates (Table 2). For the
Low juvenile survival scenario, reaching this standing stock
target, independent of long-term population establishment,
required stocking fall fingerlings at densities >7500 fish/ha,
two orders of magnitude higher than current hatchery pro-
duction capabilities. Alternatively, stocking yearlings at den-
sities > 4.3 fish/ha achieved the standing stock target. For the
High scenario, the standing stock target was achieved with
fall fingerling stocking densities >19 fish/ha annually (Table
2). This result suggests fall fingerling stocking is sufficient
under the High scenario, although this scenario represents
a greater than 30x increase in the survival of these young-
of-year fish (Table 3). When using hatchery costs reported by
NYSDEC (see Table S9), we estimated the annual cost to ac-
crue N = 100 adult spawners per year with current stocking
practices is >$5 million USD for fall fingerlings, compared to
$829 000 USD for yearlings. Given low survival and high costs
to achieve management objectives with stocking fall finger-
lings, we proceeded with population viability analyses using
yearling stocking only.

Viability of the reintroduced population
Population viability analysis featuring simulations of en-
vironmental stochasticity indicated that long-term recovery
of the reintroduced Keuka Lake cisco population is unlikely
at the derived survival rates (Fig. 4). Across stochastic scenar-
ios, the modeled population always fell below an extinction
threshold of N = 100 adults and reached 100% probability of
extinction by the long-term time horizon at 50 years (Fig. 4c).
While boom recruitment frequency is not directly managed,
periodic, strong recruitment events reflect ecological realism
observed in many cisco populations and provided insights
into the potential future trajectories of the reintroduced pop-
ulation in Keuka Lake. The 3-year boom recruitment scenario
had a stochastic growth rate A; = 0.87. An increase in du-
ration between boom recruitment years; however, increased
the risk of population collapse (s = 0.78 for the 7-year re-
cruitment scenario). Boom recruitment scenarios increased
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Fig. 3. Estimated survival curves, S;, of stocked juvenile cisco (Coregonus artedi) for Keuka Lake, New York, USA. Survival es-
timates are derived from the top-ranked multistage model for acoustic-tagged juvenile hatchery fish which includes an age
effect on stage-specific mortalities (solid lines) and transition times (solid points). This model includes a sequential straight-
to-death, acclimation, and natural mortality stages, and estimated transition times between stages. Equivalent wild juvenile
survival (dashed lines) is derived from the third stage mortality rate from the multistage model.

Juvenile multistage survival

1.001
Survival regime
0.751 Fall fingerling (hatchery)
Age-1 (wild)
Yearling (hatchery)
{x 0.501
Age-2 (wild)
0.251
0.001
0 100 200 300

the population growth rate and projected adult fish density
compared to deterministic models, though conditions were
insufficient for long-term recovery.

Population viability analysis also revealed that even un-
der the most optimistic survival and recruitment assump-
tions, the reintroduced cisco population was at risk of col-
lapse soon after current stocking efforts cease (modeled year-
ling release of 2000 fish/year; Fig. 4). Projected populations
under optimistic conditions failed to reach adult densities re-
flective of self-sustaining populations (see Table S10). Under
the most optimistic scenario with a modeled 3-year boom re-
cruitment cycle, the present 10-year stocking strategy yielded
amedian 0.24 adults/ha (Fig. 4b) at year 10. In addition, while
30% of simulated trajectories under the most optimistic sce-
nario exceeded the management target of 0.21 adults/ha at
year 10, no trajectories exceeded this target long-term at
year 50 (Fig. 4a). Doubling the stocking duration to 20 years
increased the probability of successfully accruing an adult
standing stock, yet trajectories still showed long-term de-
cline. Projected adult densities increased to ~1.0 adults/ha
(maximum trajectory values) over a longer time horizon by
year 39, which approached lower density estimates observed
in extant cisco populations (Table S10). Although 53% of tra-
jectories exceeded the standing stock target after 20 years of
stocking, almost all simulated population trajectories still de-
creased at the cessation of stocking, with <0.01% of trajecto-
ries exceeding 0.21 adults/ha at year 50.

Our random matrix approach to simulate environmental
stochasticity of age-0 vital rates provided further insight into
key stages that drive population growth rates (Fig. 5). Sim-

Time (days)

ulations revealed that low wild juvenile survival could be
ameliorated by higher adult survival. For example, lower
adult mortality reflective of literature values (see Table S6)
increased the probability of drawing a matrix with A > 1.0
and increased the average population growth rate (. geomet-
ric mean, Xgeom) across the sampled set of matrices (Xgeom =
0.86 for 70% literature-based survival, compared to igeom =
0.69 for 51.4% in situ survival). Nevertheless, simulation re-
sults indicated that boom recruitment years in the study
system were critical for long-term population viability, de-
spite higher adult survival estimates. Compared to our en-
vironmental matrix approach, the only modeled High sce-
nario with positive population growth occurred with a 3-year
boom likelihood and a literature-based 70% adult survival
rate, where A = 1.04 (Table S11).

Discussion

Conservation stocking is an important management tool
for fisheries restoration, yet the recovery challenges pre-
sented in this study underscore the need to use system-
specific data for accurately assessing population viability.
Our study of cisco reintroductions to Keuka Lake found that
present fish stocking practices are unlikely to achieve man-
agement targets. Further, our results from population via-
bility analysis using in situ juvenile and adult survival rates
highlight that Keuka Lake conditions are likely prohibitive
for the long-term viability of reestablishing a cisco popula-
tion. By contrast, our data-driven approach was successful for
informing adaptive stocking as solely relying on life history
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Table 2. Hatchery stocking effort analysis to identify annual juvenile cisco (Coregonus artedi) stocking densities (fish/ha with
4688 ha total surface area) necessary to accrue a standing stock target of at least 1000 eligible spawners (age-3+ adults), given
10 years of stocking, juvenile survival scenarios, and in situ estimates of adult survival from catch curve analysis (S3. = 0.514).

Equivalent
Model Stocking density number
Release age parameter Wild scenario® Hatchery scenario? target (fish/ha) stocked (No. fish)
Fall fingerling N rel Low Current 7536 353 M
FF
@ Fall fingerling N rel Low Optimistic 218 1.0M
o
% FF
2 Fall fingerling N rel Medium Current 2075 9.7M
o
E FF
é Fall fingerling N rel Medium Optimistic 60 281000
o FF
; Fall fingerling rel High Current 641 3.0M
|_
D FF
o Fall fingerling el High Optimistic 19° 87000
>
=z FF
2 Yearling N Low Current 4.3 20300
- rel
—1
lJZJ Y
(03: Yearling N rel Low Optimistic 0.9 4200
>
Og
>0 Y
g fQ Yearling N Medium Current 4.0 19000
S
8w Y
o5 . ) .
§_8 Yearling N 4 Medium Optimistic 0.8 3900
[0
5 ;
QIE Yearling rel High Current 3.6 16700
c
8 Y
g Yearling rel High Optimistic 0.7 3400
P
'8 Y
g Note: Current hatchery capacity supports annual stocking of 100 000 fall fingerlings ( ~21 fish/ha) or 2000 yearlings ( ~0.4 fish/ha).
< aWild-equivalent juvenile survival: Low (in situ) (S; = 0.004, Sy = 0.053, Medium (upper 95% credible interval) S; = 0.078, S, = 0.18, High (age-2 equivalent to age-
= 3+ survival) S; = 0.078, S, = S3; = 0.514.
8 PHatchery-stocked juvenile multistage survival: Current (in situ) §; = 0.00026, S, = 0.024, and Optimistic (upper 95% credible interval) S| = 0.009, S, = 0.117.
) ‘Indicates scenario with stocking density target achieved.
. Table 3. Hatchery stocking effort analysis to identify management targets for annual post-release survival (target survival) of
= juvenile cisco (Coregonus artedi) released into Keuka Lake, New York, USA.
<
_&- Release age Model parameter Stocking rate (fish/year) Wild Scenario® Target annual survival? Multiplier?
[ Fall fingerling S 100000 Low 0.092 354x
— Fall fingerling S; 100000 Medium 0.026 100x
§ Fall fingerling s 100000 High 0.007 31x
Yearling S, 2000 Low 0.244 10x
Yearling S, 2000 Medium 0.227 9.5x
Yearling S, 2000 High 0.199 8.3x

Note: Target survival represents the minimum survival estimates necessary to achieve a standing stock of at least 1000 eligible spawners (age-3+ adults), given 10 years
of annual stocking and in situ estimates of adult survival derived from catch curve analysis (S3; = 0.514).

2Wild-equivalent juvenile survival: Low (in situ) (S; = 0.004, S, = 0.053, Medium (upper 95% credible interval) S; = 0.078, S, = 0.18, High (age-2 equivalent to age-
3+ survival) S; = 0.078, S, = S3; = 0.514.

bFactor for increasing post-stocking survival from current (in situ) S} = 0.00026 or S, = 0.024.
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Fig. 4. Population viability analysis of the reintroduced cisco (Coregonus artedi) population in Keuka Lake, New York, USA under
the most optimistic juvenile survival scenario with a 3-year boom recruitment cycle (e.g., 1/3 boom recruitment likelihood). This
analysis reveals a low probability of establishing a self-sustained reintroduced cisco population over a 50-year time horizon.
Here, we illustrate the (a) population trajectories (10 000 iterations; random subset 100 iterations shown for visualization), (b)
average population densities, and (c) and the long-term probability of extinction (threshold N = 100 age-3+ adults) for simulated
cisco reintroductions in Keuka Lake. All population trajectories are initiated with Ny = 0 fish and include annual stocking rates
0of 2000 yearlings for 10 or 20 years. While trajectories indicate the population increases above a target spawner density of 0.21
fish/ha (dashed gray lines), all trajectories crash soon after stocking ceases and the extinction probability asymptotes to 100%
by the end of the 50-year management horizon.

a) Population trajectories b) Population median (quartiles) c¢) Quasi-extinction mean (range)
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Fig. 5. Sensitivity analysis of population growth rates to adult (age-3+) cisco (Coregonus artedi) annual mortality rates estimated
as (a) in situ 51.4% survival and (b) literature-based 70% survival. To simulate environmental stochasticity, we constructed
2500 projection matrices from random sampling of probability distributions of fecundity and early life history (age-0) survival
values. We then bootstrap sampled from this set of random matrices (10 000 iterations) to calculate the expected population
growth rate A at each time step. Higher adult survival rates reflective of literature-derived estimates increase the probability
of achieving positive population growth, e.g., P (A > 1.0), in contrast to in situ survival estimates from the study system.

a) 51.4% in situ b) 70% literature

20001 20001
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parameters extrapolated from other systems would have led try technology) points to the need to implement alterna-
to false optimism for restoration success. Despite testing a tive stocking practices, and (2) improved lake conditions
range of juvenile survival estimates and a literature-derived for higher wild juvenile and adult survival rates are needed

adult mortality estimate in our population assessment, pop- to increase the probability of establishing a self-sustaining

ulation recovery remained unlikely, even under the most op-  population.

timistic scenarios. Empirical estimates from Keuka Lake indicated that cur-
Post-stocking survival assessments and population anal-  rent fall fingerling stocking rates fail to result in a long-term

yses highlight two demographic processes that are impor- sustainable population growth rate, and thus stocking ef-
tant for future cisco recovery efforts in Keuka Lake: (1) high forts focused on releasing this younger stage will not achieve
mortality of stocked juvenile fish immediately upon release spawner targets. High immediate mortality of fall fingerlings
(previously difficult to estimate without acoustic teleme- was attributed to a combination of heavy Lake Trout preda-
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tion, avian predation, and physiological stress from release
(Koeberle et al. 2023). While older, larger yearling cisco are
also susceptible to these factors, multistage survival model-
ing revealed that stocking of yearlings increased long-term
survival and the ability to accrue an adult standing stock. For
hatchery managers, a more practical approach identified in
our stocking analysis could combine increased yearling cisco
production from 2000 fishfyear to 3400 fish/year and modi-
fied rearing and release practices to improve their stocking-
related survival ~4x (upper 95% credible interval). High juve-
nile mortality; however, cannot be overcome by increasing
the number of stocked yearlings alone due to current hatch-
ery production constraints. These field-based insights have
facilitated adaptive management of stocking. For example,
in 2025 lake managers plan to hold surplus fall fingerlings
through winter to explore spring yearling stocking (n = 2000)
and potentially stock surplus adults (n = 400) in Keuka Lake
(see Table S1). Managers are also considering modified rear-
ing or release practices for future cohorts of stocked juvenile
cisco.

System-specific adult survival rates estimated from his-
torical (pre-extirpation) cisco catch data combined with our
in situ juvenile survival estimates result in a low probabil-
ity of establishing a self-sustaining population. Under opti-
mistic (High juvenile survival) scenarios, we calculated adult
annual survival would need to improve from in situ 51.4%
to >66% (3-year boom recruitment) or >76% (7-year boom
recruitment) to achieve a stable population. Such rates are
within the range of adult cisco mortality estimates observed
in the Great Lakes basin (see Table S6); however, their appli-
cation to Keuka Lake could lead to false optimism for popu-
lation restoration if current Great Lakes conditions for cisco
may be better than in inland lakes. Although perturbation
analysis revealed adult mortality and recruitment were im-
portant to the projected population, adult mortality cannot
easily be manipulated by managers.

Post-release survival assessments revealed that stocking
enough fish to achieve adult cisco density targets in Keuka
Lake would require numbers beyond current hatchery ca-
pacity. This result is consistent with Rook et al. (2021a) who
found that restoring cisco populations to historic levels in
the Great Lakes required stocking fish at densities two orders
of magnitude higher than present stocking rates. Increased
mortality of hatchery fish compared to wild fish of equiva-
lent age is well-documented in hatchery stocking programs
for salmonids (see Brown and Day 2002; Saloniemi et al. 2004;
Araki et al. 2007; Beamish et al. 2012; Kitada 2020; James et
al. 2023). Extended time in the hatchery increases the risk
of reduced fitness to environmental conditions (Brown and
Day 2002; Jachowski et al. 2016), which in Keuka Lake may
be reflected by stocked yearlings spending more time in the
second acclimatization stage of the multistage model than
stocked fall fingerlings. Studies demonstrate modified rear-
ing practices can effectively reduce stress and improve fitness
of hatchery fish, including in-tank structure, e.g., gravel sub-
strate and overhead covers (Cogliati et al. 2019), periods of
light and dark conditions (Maynard et al. 1995; Brown and
Day 2002), and varying growth rates, diet composition, and
feed particle size (Cogliati et al. 2023). Chemical or physical
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predator cues applied in hatcheries also improve predator
avoidance behavior (Manassa and McCormick 2012; Wilson et
al. 2021). While management strategies in North America pri-
marily stock juvenile cisco, techniques such as translocations
of adults or in situ placement of early life stages (e.g., eggs or
larvae) have also been implemented for coregonine restora-
tion in Europe (Maitland and Lyle 2013; Adams et al. 2014;
Bunnell et al. 2024), and studies for salmonids have called
for reduced times in hatcheries to minimize the lack of natu-
ral selection (Lennox et al. 2021). Studies have also found that
smaller, younger fish acclimated to outdoor ponds before re-
lease survive better than older, larger fish held in hatchery
facilities (Olson et al. 2000). Future coregonine research could
investigate whether alternative rearing and release strategies
impact the survival of stocked fish, and thus their recruit-
ment to an adult standing stock. Such strategies could then
be incorporated into perturbation analyses to evaluate their
costs, benefits, and effects on model parameters in popula-
tion assessments (Nichols and Hines 2002).

The Keuka Lake cisco reintroduction demonstrates that a
combination of acoustic telemetry and time-to-event model-
ing now enables the estimation of juvenile fish life history
parameters in situ, providing managers with empirical de-
mographic information central to the evaluation of stocking
efforts. Combined with multistage survival modeling, we ex-
pect these approaches will prove useful for identifying key
mortality stages for stocked fish. In Keuka Lake, significant
mortality at stocking and through acclimation supports test-
ing modified release practices to increase survival through
these initial stages and to reduce the influence of loading,
transport, and stocking related stress. For example, net pen
acclimation whereby fish are held in nets in situ for several
days to weeks may prevent high initial predation, promote
lake acclimatation, and improve the transition to wild de-
fensive behaviors such as schooling (Brown and Day 2002;
Rillahan et al. 2011). A study using net pens for chinook
salmon (Oncorhynchus tshawytscha) in Lake Ontario found that
smolt-to-lake harvest rates were 1.7-2.3 times higher for pen
acclimated fish than those directly stocked (Connerton et al.
2022). Further, cisco exhibit predator-driven diel migration
(Stockwell et al. 2009). Our findings that ~80% of stocked fall
fingerlings perished within the first several hours of daytime
release into Keuka Lake support testing whether nighttime
stocking could alleviate predation mortality upon stocking
(Roberts et al. 2009).

Population viability analysis was important to evaluate the
risks and uncertainty of restoration scenarios. The failure to
achieve positive population growth across modeled scenarios
indicates that present ecosystem conditions are not suitable
to restore a cisco population to Keuka Lake. Positive popula-
tion growth rates were not achieved, even under scenarios re-
flective of optimistic environmental conditions. If strong year
classes for this species are linked to ice cover, which has de-
creased in recent decades in the Northern Hemisphere, time
between strong recruitment years could increase (Sharma et
al. 2019; Brown et al. 2024; Fielder and McDonnell 2024). This
increased duration resulted in a higher extinction risk in our
models. Population assessment outcomes are also reinforced
by the absence of empirical evidence for long-term survival
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and recruitment from netting surveys. Since the onset of rein-
troductions to date, no larval cisco have been collected in an-
nual spring larval fish surveys. The only evidence of multi-
year survival is one cisco netted in July 2022 during a lake-
wide bottom gill net survey and estimated from otolith and
scale analysis to be 2 years 8 months old (see Fig. S5). This age
coincides with the October 2020 fall fingerling release, with
N =6(95% credible interval < 1, 401) fall fingerlings estimated
to have survived to this time period as age-2+ fish.

The cisco population analysis presented here poses sev-
eral limitations. First, wild-derived survival estimates of ju-
venile cisco in Keuka Lake were estimated from tagged fish.
Any tagging effect could therefore bias hatchery estimates
which in turn are propagated to wild-equivalent estimates.
In addition, the sample size of fish surviving to the third
stage is low. Our simulations also lacked features of demo-
graphic stochasticity and the Allee effect, processes expected
to increase extinction rates (Lande and Orzack 1988). While
decreased predation through schooling has been observed
in cisco (Milne et al. 2005; de Kerckhove and Shuter 2022),
our models lacked depensatory mortality through a school-
ing effect, where survival increases with larger populations
and schooling effectiveness decreases with smaller school
size (Clark 1974; Magurran 1990). Future modeling efforts
could explore how stocking density and fish behavior impact
schooling effectiveness and post-release mortality of cisco in
Keuka Lake and for other stocked schooling pelagic species.
Additionally, although adult mortality was important in our
perturbation analysis, we lack information on how much
adult mortality varies annually and the in situ rates applied
to population modeling were estimated from a time when
the cisco population was in decline. Lastly, our analysis fo-
cused on demographic processes and did not explore lake
ecosystem drivers of cisco establishment. For example, fu-
ture assessments could integrate perturbation analysis with
environmental covariates important for coregonine fishes
such as temperature (Jacobson et al. 2010; Fang et al. 2012;
Stewart et al. 2021), oxythermal habitat and nutrient avail-
ability (Jacobson et al. 2008; Jacobson et al. 2010; Magee et
al. 2019), and ice cover duration and extent (Karjalainen et
al. 2015; Brown et al. 2022) to further identify minimum
conditions required for achieving positive population growth
(Polansky et al. 2024). Understanding these conditions is im-
portant to achieve management objectives as fish reintroduc-
tions are often more successful if the mechanisms causing
decline are identified and addressed (see Mrnak et al. 2025).

Species reintroduction efforts are challenging and adap-
tive stocking practices that apply in situ demography and
population modeling could improve the probability of suc-
cess. We found that an absence of in situ monitoring and
over-reliance on borrowing life history information extrap-
olated across systems could lead to false optimism of ecosys-
tem conditions for Keuka Lake and thus cisco restoration
success. Unsuccessful restoration attempts are underrepre-
sented in peer-reviewed literature yet offer insights into fu-
ture efforts elsewhere (Schaub et al. 2009; Jachowski et al.
2016). Our modeling approach elucidated in situ juvenile sur-
vival processes previously difficult to measure for coregonine
species and wild population dynamics that hinder the abil-

ity to restore a pelagic forage fish species in a temperate
lake.

Acknowledgements

The authors thank multiple collaborating State and Federal
agency partners for their ongoing work on the Keuka Lake
cisco restoration program. We thank NYSDEC: Steve Robb,
Bree Minges, Ariel Thoms, Pete Austerman, Matthew Sander-
son, and Ben Carson, and USGS-Tunison: Jeremy Kraus and
Gregg Mackey. We also thank Andrew Siebert and Lynn John-
son for their helpful feedback on analyses, Taylor Brown,
Beth Holbook, Will French, and Jared Myers for their input
on cisco life history, and Dave Fielder, Kevin McDonnell, and
Ben Rook for their valuable suggestions on population mod-
els. Lastly, we thank two anonymous reviews for providing
critical feedback that greatly improved this manuscript. Any
use of trade, firm, or product names is for descriptive pur-
poses only and does not imply endorsement by the U.S. Gov-
ernment.

Article information

History dates

Received: 12 January 2025

Accepted: 11 April 2025

Accepted manuscript online: 22 April 2025
Version of record online: 20 May 2025

Copyright

©2025 Authors Koeberle, Hammers, Pearsall, Mulhall, Ha-
ley, Grausgruber, Cooch, Rudstam, and Sethi. Permis-
sion for reuse (free in most cases) can be obtained from
copyright.com.

Data availability
All data and code used for this research are publicly available
via Dryad: https://doi.org/10.5061/dryad.pzgmsbcz6.

Author information

Author ORCIDs

Alexander L. Koeberle https://orcid.org/0000-0003-0522-9202
Lars G. Rudstam https://orcid.org/0000-0002-3732-6368
Suresh A. Sethi https://orcid.org/0000-0002-0053-1827

Author contributions

Conceptualization: ALK, BEH, WP, DM, MC, JEM, EGC, LGR,
SAS

Data curation: ALK, BEH, WP, DM, AH, SJG, MC, JEM

Formal analysis: ALK, EGC, LGR, SAS

Methodology: ALK, EGC, LGR, SAS

Supervision: BEH, EGC, LGR, SAS

Visualization: ALK, EGC, LGR, SAS

Writing - original draft: ALK, EGC, LGR, SAS

Writing - review & editing: ALK, BEH, WP, DM, AH, SJG, MC,
JEM, EGC, LGR, SAS

12 Can. J. Fish. Aquat. Sci. 82: 1-15 (2025) | dx.doi.org/10.1139/cjfas-2025-0005



http://dx.doi.org/10.1139/cjfas-2025-0005
https://marketplace.copyright.com/rs-ui-web/mp
https://doi.org/10.5061/dryad.pzgmsbcz6
https://orcid.org/0000-0003-0522-9202
https://orcid.org/0000-0002-3732-6368
https://orcid.org/0000-0002-0053-1827

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by CORNELL UNIVERSITY LIBRARY on 05/20/25
For personal use only.

Competing interests
The authors declare no competing interests.

Funding information

This research was funded by New York State Department
of Environmental Conservation using Federal Aid Sport Fish
Restoration Funds from “Grant F64-R”.

Supplementary material

Supplementary data are available with the article at https:
//doi.org/10.1139/cjfas-2025-0005.

References

Adams, C.E., Lyle, A.A., Dodd, J.A., Bean, C.W., Winfield, L.]., Gowans, A.R.,
et al. 2014. Translocation as a conservation tool: case studies from
rare freshwater fishes in Scotland. Glasgow Nat. 26(1): 17-24.

Araki, H., Ardren, W.R,, Olsen, E., Cooper, B., and Blouin, M.S. 2007.
Reproductive success of captive-bred steelhead trout in the wild:
evaluation of three hatchery programs in the Hood River. Conserv.
Biol. 21(1): 181-190. do0i:10.1111/j.1523-1739.2006.00564.x. PMID:
17298524.

Armstrong, D.P., and Seddon, P.J. 2008. Directions in reintroduction bi-
ology. Trends Ecol. Evol. 23(1): 20-25. Available from https://10.1016/
j-tree.2007.10.003. PMID: 18160175.

Axenrot, T., and Degerman, E. 2016. Year-class strength, physical fitness
and recruitment cycles in vendace (Coregonus albula). Fish. Res. 173:
61-69. doi:10.1016/j.fishres.2015.03.017.

Bacon, P.J., Malcolm, L.A., Fryer, R.]J., Glover, R.S., Millar, C.P., and Young-
son, A.F. 2015. Can conservation stocking enhance juvenile emigrant
production in wild Atlantic salmon? Trans. Am. Fish. Soc. 144(3): 642—
654. doi:10.1080/00028487.2015.1017655.

Beamish, R.]J., Sweeting, R.M., Neville, C.M., Lange, K.L., Beacham, T.D.,
and Preikshot, D. 2012. Wild chinook salmon survive better than
hatchery salmon in a period of poor production. Environ. Biol. Fishes,
94(1): 135-148. d0i:10.1007/s10641-011-9783-5.

Beissinger, S.R. 2002. Population viability analysis: past, present, future.
Population viability analysis. University of Chicago Press, Chicago.
(Ch. 1) pp. 5-17.

Bloomfield, J.A. 1978. Lakes of New York State: Ecology of the Lakes of
Western New York. Vol. 2. Elsevier.

Boyce, M.S. 1992. Population viability analysis. Annu. Rev. Ecol. Syst. 23:
481-506. doi:10.1146/annurev.es.23.110192.002405.

Brown, C., and Day, R.L. 2002. The future of stock enhancements: lessons
for hatchery practice from conservation biology. Fish Fish. 3(2): 79—
94. d0i:10.1046/j.1467-2979.2002.00077 .X.

Brown, T., Rudstam, L., Sethi, S., Ripple, P., Smith, ]J., Treska, T., et al. 2024.
Reconstructing half a century of coregonine recruitment reveals
species-specific dynamics and synchrony across the Laurentian Great
Lakes. ICES J. Mar. Sci. 82(2): fsae160. doi:10.1093/icesjms/fsae160.

Brown, T.A., Sethi, S.A., Rudstam, L.G., Holden, J.P., Connerton, M.J.,
Gorsky, D., et al. 2022. Contemporary spatial extent and environmen-
tal drivers of larval coregonine distributions across Lake Ontario. J.
Great Lakes Res. 48(2): 359-370. doi:10.1016/j.jglr.2021.07.009.

Bunnell, D.B., Ackiss, A.S., Alofs, K.M., Brant, C.O., Bronte, C.R., Clara-
munt, RM,, et al. 2023. A science and management partnership to
restore coregonine diversity to the Laurentian Great Lakes. Environ.
Rev. 31(4): 716-738. doi:10.1139/er-2022-0109.

Bunnell, D.B., Anneville, O., Baer, J., Bean, C.W., Kahilainen, K.K., Sand-
strom, A., et al. 2024. How diverse is the toolbox? A review of man-
agement actions to conserve or restore coregonines. Int. J. Oceanol.
Limnol. 60: 5. doi:10.1051/limn/2024002.

Caswell, H. 2001. Matrix Population models. 2nd ed. Sinauer Associates,
Inc. Publishers, Sunderland, Massachusetts.

Clark, C.W. 1974. Possible effects of schooling on the dynamics of ex-
ploited fish populations. ICES J. Mar. Sci. 36(1): 7-14. doi:10.1093/
icesjms/[36.1.7.

‘Canadian Science Publishing

Cochran-Biederman, J.L., Wyman, K.E., French, W.E., and Loppnow, G.L.
2015. Identifying correlates of success and failure of native freshwa-
ter fish reintroductions. Conserv. Biol. 29(1): 175-186. doi:10.1111/
cobi.12374. PMID: 25115187.

Cogliati, K.M., Herron, C.L., Noakes, D.L., and Schreck, C.B. 2019. Reduced
stress response in juvenile Chinook Salmon reared with structure.
Aquaculture, 504: 96-101. doi:10.1016(j.aquaculture.2019.01.056.

Cogliati, K.M., Noakes, D.L., Khan, F., Sharpe, C.S., and Schreck, C.B. 2023.
Producing wild fish phenotypes in hatchery-reared fish. Environ. Biol.
Fishes, 106(5): 1113-1134. d0i:10.1007/s10641-022-01279-9.

Connerton, M.J., Lantry, J.R., Bronte, C.R., and Lapan, S.R. 2022. Origin,
postrelease survival, and imprinting of pen-acclimated and direct-
stocked Chinook salmon in Lake Ontario. North Am. J. Fish. Manage.
42(3): 713-740. doi:10.1002/nafm.10756.

Cowx, L.G. 1994. Stocking strategies. Fish. Manage. Ecol. 1(1): 15-30.
d0i:10.1111/j.1365-2400.1970.tb00003.x.

Cury, P, Bakun, A., Crawford, R.J., Jarre, A., Quinones, R.A., Shannon, LJ.,
and Verheye, H.M. 2000. Small pelagics in upwelling systems: pat-
terns of interaction and structural changes in “wasp-waist” ecosys-
tems. ICES Journal of Marine Science, 57(3): 603-618.

de Kerckhove, D.T., and Shuter, B.J. 2022. Predation on schooling fish is
shaped by encounters between prey during school formation using
an Ideal Gas Model of animal movement. Ecol. Modell. 470: 110008.
doi:10.1016(j.ecolmodel.2022.110008.

Ellner, S.P., and Fieberg, J. 2003. Using PVA for management de-
spite uncertainty: effects of habitat, hatcheries, and harvest on
salmon. Ecology, 84(6): 1359-1369. doi:10.1890/0012-9658(2003)
084[1359:UPFMDU]|2.0.CO;2.

Eshenroder, R.L., Vecsei, P., Gorman, O.T., Yule, D., Pratt, T.C., Mandrak,
N.E., et al. 2016. Ciscoes (Coregonus, subgenus Leucichthys) of the
Laurentian Great Lakes and Lake Nipigon. Great Lakes Fishery Com-
mission, Ann Arbor, Michigan.

Fang, X., Jiang, L., Jacobson, P.C., Stefan, H.G., Alam, S.R., and Pereira, D.L.
2012. Identifying cisco refuge lakes in Minnesota under future cli-
mate scenarios. Trans. Am. Fish. Soc. 141(6): 1608-1621. doi:10.1080/
00028487.2012.713888.

Fieberg, J., and Ellner, S.P. 2001. Stochastic matrix models for conserva-
tion and management: a comparative review of methods. Ecol. Lett.
4(3): 244-266. d0i:10.1046/j.1461-0248.2001.00202.x.

Fielder, D.G., and McDonnell, K.N. 2024. Evaluation of potential factors
affecting the success of Cisco re-introduction and re-establishment in
Lake Huron. Ecol. Modell. 496: 110817. doi:10.1016/j.ecolmodel.2024.
110817.

Fisch, N.C., Bence, J.R., Myers, J.T., Berglund, E.K., and Yule, D.L. 2019.
A comparison of age- and size-structured assessment models applied
to a stock of cisco in Thunder Bay, Ontario. Fish. Res. 209: 86-100.
d0i:10.1016/j.fishres.2018.09.014.

Fonken, D.R., Conner, M.M., Walsworth, T.E., and Thompson, P.D. 2023.
Benefits of stocking fewer but larger individuals with implications
for native fish recovery. Can. J. Fish. Aquat. Sci. 80(3): 439-450. doi:10.
1139/cjfas-2022-0071.

Gatch, AJ., Gorsky, D., Weidel, B.C., Biesinger, Z.F., Connerton, M.J.,
Davis, C., et al. 2023. Seasonal habitat utilization provides evidence
for site fidelity during both spawn and non-spawning seasons in Lake
Ontario cisco Coregonus artedi. J. Great Lakes Res. 49(5): 1045-1058.
doi:10.1016/j.jg1r.2023.06.008.

Hrabik, T.R., Magnuson, J.J., and McLain, A.S. 1998. Predicting the effects
of rainbow smelt on native fishes in small lakes: evidence from long-
term research on two lakes. Can. J. Fish. Aquat. Sci. 55(6): 1364-1371.
doi:10.1139/f98-032.

D.S. Jachowski, ].J. Millspaugh, P.L. Angermeier and R. Slotow (Editors).
2016. Reintroduction of fish and wildlife populations. Univ of Cali-
fornia Press.

Jacobson, P.C,, Jones, T.S., Rivers, P., and Pereira, D.L. 2008. Field estima-
tion of lethal oxythermal niche boundary for adult ciscoes in Min-
nesota lakes. Trans. Am. Fish. Soc. 137(5): 1464-1474. d0i:10.1577/
T07-148.1.

Jacobson, P.C., Stefan, H.G., and Pereira, D.L. 2010. Coldwater fish
oxythermal habitat in Minnesota lakes: influence of total phospho-
rus, July air temperature, and relative depth. Can. J. Fish. Aquat. Sci.
67(12): 2002-2013. doi:10.1139/F10-115.

James, S.E., Doherty, B., Cox, S.P., Pearsall, .A., and Riddell, B. 2023. Size
and timing of hatchery releases influence juvenile-to-adult survival

Can. J. Fish. Aquat. Sci. 82: 1-15 (2025) | dx.doi.org/10.1139/cjfas-2025-0005 13



http://dx.doi.org/10.1139/cjfas-2025-0005
https://doi.org/10.1139/cjfas-2025-0005
http://dx.doi.org/10.1111/j.1523-1739.2006.00564.x
https://pubmed.ncbi.nlm.nih.gov/17298524
https://10.1016/j.tree.2007.10.003
https://pubmed.ncbi.nlm.nih.gov/18160175
http://dx.doi.org/10.1016/j.fishres.2015.03.017
http://dx.doi.org/10.1080/00028487.2015.1017655
http://dx.doi.org/10.1007/s10641-011-9783-5
http://dx.doi.org/10.1146/annurev.es.23.110192.002405
http://dx.doi.org/10.1046/j.1467-2979.2002.00077.x
http://dx.doi.org/10.1093/icesjms/fsae160
http://dx.doi.org/10.1016/j.jglr.2021.07.009
http://dx.doi.org/10.1139/er-2022-0109
http://dx.doi.org/10.1051/limn/2024002
http://dx.doi.org/10.1093/icesjms/36.1.7
http://dx.doi.org/10.1111/cobi.12374
https://pubmed.ncbi.nlm.nih.gov/25115187
http://dx.doi.org/10.1016/j.aquaculture.2019.01.056
http://dx.doi.org/10.1007/s10641-022-01279-9
http://dx.doi.org/10.1002/nafm.10756
http://dx.doi.org/10.1111/j.1365-2400.1970.tb00003.x
http://dx.doi.org/10.1016/j.ecolmodel.2022.110008
http://dx.doi.org/10.1890/0012-9658(2003)084[1359:UPFMDU]2.0.CO;2
http://dx.doi.org/10.1080/00028487.2012.713888
http://dx.doi.org/10.1046/j.1461-0248.2001.00202.x
http://dx.doi.org/10.1016/j.ecolmodel.2024.110817
http://dx.doi.org/10.1016/j.fishres.2018.09.014
http://dx.doi.org/10.1139/cjfas-2022-0071
http://dx.doi.org/10.1016/j.jglr.2023.06.008
http://dx.doi.org/10.1139/f98-032
http://dx.doi.org/10.1577/T07-148.1
http://dx.doi.org/10.1139/F10-115

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by CORNELL UNIVERSITY LIBRARY on 05/20/25
For personal use only.

‘Canadian Science Publishing

rates of British Columbia Chinook (Oncorhynchus tshawytscha) and coho
(Oncorhynchus kisutch) salmon. Can. J. Fish. Aquat. Sci. 80(4): 700-718.
doi:10.1139/cjfas-2022-0121.

Karjalainen, J., Keskinen, T., Pulkkanen, M., and Marjomaiki, T.J. 2015.
Climate change alters the egg development dynamics in cold-water
adapted coregonids. Environ. Biol. Fishes, 98: 979-991. do0i:10.1007/
$10641-014-0331-y.

Kitada, S. 2020. Lessons from Japan marine stock enhancement and sea
ranching programmes over 100 years. Rev. Aquacult. 12(3): 1944-
1969. doi:10.1111/raq.12418.

Koeberle, A.L., Pearsall, W., Hammers, B.E., Mulhall, D., McKenna, J.E., Jr,
Chalupnicki, M., and Sethi, S.A. 2023. Whole-lake acoustic telemetry
to evaluate survival of stocked juvenile fish. Sci. Rep. 13(1): 18956.
d0i:10.1038/s41598-023-46330-6. PMID: 37919328.

Kubedka, J., Gode, O.R., Hickley, P., Prchalovda, M., Riha, M., Rudstam, L.,
and Welcommee, R. 2012. Fish sampling with active methods. Fish.
Res. 123-124: 1-3. d0i:10.1016/j.fishres.2011.11.013.

Lande, R., and Orzack, S.H. 1988. Extinction dynamics of age-structured
populations in a fluctuating environment. Proc. Natl. Acad. Sci.
85(19): 7418-7421. doi:10.1073/pnas.85.19.7418.

Lefkovitch, L.P. 1965. The study of population growth in organisms
grouped by stages. Biometrics, 21: 1-18. d0i:10.2307/2528348.

Lennox, RJ., Alexandre, C.M., Almeida, P.R., Bailey, K.M., Barlaup, B.T.,
Boe, K., et al. 2021. The quest for successful Atlantic salmon restora-
tion: perspectives, priorities, and maxims. ICES J. Mar. Sci. 78(10):
3479-3497. doi:10.1093/icesjms/fsab201.

Leslie, P.H. 1948. Some further notes on the use of matrices in population
mathematics. Biometrika, 35(3/4): 213-245. doi:10.2307/2332342.
Magee, M.R., McIntyre, P.B., Hanson, P.C., and Wu, C.H. 2019. Drivers
and management implications of long-term Cisco oxythermal habi-
tat decline in Lake Mendota, WI. Environ. Manage. 63(3): 396—407.

d0i:10.1007/s00267-018-01134-7. PMID: 30645675.

Magurran, A.E. 1990. The adaptive significance of schooling as an anti-
predator defence in fish. Ann. Zool. Fenn. 27: 51-66.

Maitland, P.S., and Lyle, A.A. 2013. Ex situ and in situ approaches,
including assisted reproduction, for the conservation of native
species of charr (Salmonidae) and whitefish (Coregonidae) in
Scotland. Int. Zoo Yearb. 47(1): 129-139. doi:10.1111/j.1748-1090.
2012.00192.x.

Manassa, R.P., and McCormick, M.I. 2012. Social learning and acquired
recognition of a predator by a marine fish. Anim. Cogn. 15(4): 559-
565. d0i:10.1007/s10071-012-0484-z. PMID: 22453926.

Marjomaki, T.J. 2005. Evaluation of different harvest strategies for a ven-
dace population with highly variable recruitment: a simulation ap-
proach. Boreal Environ. Res. 10(4): 255.

Marjomaiki, T.J., Auvinen, H., Helminen, H., Huusko, A., Huuskonen,
H., Hyvidrinen, P., et al. 2024. Vendace populations on the life ta-
ble: between-lake variation and the association between early life
and mature survival and growth. Int. J. Oceanol. Limnol. 60(11).
doi:10.1051/limn/2024011.

Maynard, D.J., Flagg, T.A., and Mahnken, C.V. 1995. A review of semi-
natural culture strategies for enhancing the postrelease survival of
anadromous salmonids. Am. Fish. Soc. Symp. 15: 307-314.

McKenna, J.E., Jr, Sethi, S.A., Scholten, G.M., Kraus, J., and Chalupnicki,
M. 2021. Acoustic tag retention and tagging mortality of juvenile
cisco Coregonus artedi. ]. Great Lakes Res. 47(3): 937-942. d0i:10.1016/
j-jglr.2021.03.020.

McMichael, G.A., Eppard, M.B., Carlson, TJ., Carter, J.A., Ebberts,
B.D.,, Brown, R.S., et al. 2010. The juvenile salmon acoustic
telemetry system: a new tool. Fisheries, 35(1): 9-22. do0i:10.1577/
1548-8446-35.1.9.

Milne, S.W.,, Shuter, B.J., and Sprules, W.G. 2005. The schooling and for-
aging ecology of lake herring (Coregonus artedi) in Lake Opeongo, On-
tario, Canada. Can. J. Fish. Aquat.Sci. 62(6): 1210-1218. do0i:10.1139/
f05-030.

Mitchell, L., Newman, K., and Baxter, R. 2019. Estimating the size selec-
tivity of fishing trawls for a short-lived fish species. San Francisco
Estuary Watershed Sci. 17(1). doi:10.15447/sfews.2019v17iss1art5.

Mrnak, J.T., Sikora, L.W., Zanden, M.J.V., and Sass, G.G. 2023. Applying pa-
narchy theory to aquatic invasive species management: a case study
on invasive rainbow smelt Osmerus mordax. Rev. Fish. Sci. Aquacult.
31(1): 66-85. doi:10.1080/23308249.2022.2078951.

Mrnak, J.T., Wilkinson, M.V., Sikora, L.W.,, Feucht, L.M., Mrnak, A.M., Van-
der Zanden, M.J., and Sass, G.G. 2025. Invasive control and native
restoration: directing ecosystem transformation through purposeful
food web manipulations. Fisheries, p.vuae017. doi:10.1093/fshmag/
vuae017.

Miinzbergovd, Z., and Ehrlén, J. 2005. How best to collect demographic
data for population viability analysis models. J. Appl. Ecol. 42(6):
1115-1120. d0i:10.1111/j.1365-2664.2005.01099.x.

B.R. Murphy and D.W. Willis (Editors). 1996. Fisheries techniques. 2nd ed.
American Fisheries Society, Bethesda, Maryland. p. 732.

Myers, ].T., Yule, D.L., Jones, M.L., Ahrenstorff, T.D., Hrabik, T.R., Clara-
munt, R.M,, et al. 2015. Spatial synchrony in cisco recruitment. Fish.
Res. 165: 11-21. d0i:10.1016/j.fishres.2014.12.014.

Nichols, ].D., and Hines, J.E. 2002. Approaches to the direct estimation of
A and demographic contributions to A using capture-recapture data.
J- Appl. Statist. 29(1-4): 539-568. d0i:10.1080/02664760120108809.

Olson, M.H., Brooking, T.E., Green, D.M., VanDeValk, A.]., and Rudstam,
L.G. 2000. Survival and growth of intensively reared large walleye
fingerlings and extensively reared small fingerlings stocked concur-
rently in small lakes. North Am. J. Fish. Manage. 20(2): 337-348.
d0i:10.1577/1548-8675(2000)020%3C0337:SAGOIR%3E2.3.CO;2.

Page, L.M., and Burr, B.M. 2011. A field guide to freshwater fishes of North
America north of Mexico. Houghton Mifflin Harcourt, Boston. 663p.

Polansky, L., Mitchell, L., and Nobriga, M.L. 2024. Identifying minimum
freshwater habitat conditions for an endangered fish using life cycle
analysis. Conserv. Sci. Pract. 6(5): e13124. d0i:10.1111/csp2.13124.

R Core Team. 2024. R: a language and environment for statistical com-
puting. R foundation for statistical computing, Vienna. Available
from https:/fwww.rproject.org.

Rillahan, C., Chambers, M.D., Howell, W.H., and Watson, W.H., III 2011.
The behavior of cod (Gadus morhua) in an offshore aquaculture net
pen. Aquaculture, 310(3-4): 361-368. doi:10.1016/j.aquaculture.2010.
10.038.

Roberts, L.J., Taylor, ]J., Gough, P.J., Forman, D.W., and de Leaniz, C.G.
2009. Night stocking facilitates nocturnal migration of hatchery-
reared Atlantic salmon, Salmo salar, smolts. Fish. Manage. Ecol. 16(1):
10-13. d0i:10.1111/j.1365-2400.2008.00611.x.

Rook, B., Hansen, M.J., and Bronte, C.R. 2021a. How many ciscoes are
needed for stocking in the Laurentian Great Lakes? J. Fish Wildlife
Manage. 13(1): 28-49. d0i:10.3996/JFWM-21-025.

Rook, B.J., Hansen, M.J., Goldsworthy, C.A., Ray, B.A., Gorman, O.T., Yule,
D.L., and Bronte, C.R. 2021b. Was historical cisco Coregonus artedi yield
consistent with contemporary recruitment and abundance in Lake
Superior? Fish. Manage. Ecol. 28(3): 195-210. do0i:10.1111/fme.12474.

Rudstam, L.G., Magnuson, J.J., and Tonn, W.M. 1984. Size selectivity of
passive fishing gear: a correction for encounter probability applied
to gill nets. Can. ]. Fish. Aquat. Sci. 41(8): 1252-1255. d0i:10.1139/
£84-151.

Saloniemi, I., Jokikokko, E., Kallio-Nyberg, I., Jutila, E., and Pasanen, P.
2004. Survival of reared and wild Atlantic salmon smolts: size mat-
ters more in bad years. ICES J. Mar. Sci. 61(5): 782-787. d0i:10.1016/j.
icesjms.2004.03.032.

Sarvala, J., Helminen, H., Karjalainen, J., Marjomdiki, T.J., Forsman, T.,
and Anttila, L. 2024. Long-term decline of whitefish (Coregonus lavare-
tus) population in the boreal lake Pyhdjarvi, southwest Finland, rela-
tive to simultaneous abiotic and biotic changes. Int. ]J. Limnol. 60: 16.
d0i:10.1051/limn/2024009.

Schaub, M., Zink, R., Beissmann, H., Sarrazin, F., and Arlettaz, R. 2009.
When to end releases in reintroduction programmes: demographic
rates and population viability analysis of bearded vultures in the Alps.
J. Appl. Ecol. 46(1): 92-100. d0i:10.1111/j.1365-2664.2008.01585.x.

Seddon, P.J., Armstrong, D.P., and Maloney, R.F. 2007. Developing the sci-
ence of reintroduction biology. Conserv. Biol. 21(2): 303-312. doi:10.
1111/j.1523-1739.2006.00627.x.

Sethi, S.A., Koeberle, A.L.,, Poulton, A.J., Linden, D.W., Diefenbach, D., Bu-
derman, F.E,, et al. 2024. Multistage time-to-event models improve
survival inference by partitioning mortality processes of tracked or-
ganisms. Sci. Rep. 14(1): 14628. d0i:10.1038/s41598-024-64653-w.

Sharma, S., Blagrave, K., Magnuson, J.J., O'Reilly, C.M., Oliver, S., Batt,
R.D., et al. 2019. Widespread loss of lake ice around the Northern
Hemisphere in a warming world. Nat. Clim. Change, 9(3): 227-231.
d0i:10.1038/s41558-018-0393-5.

14 Can. J. Fish. Aquat. Sci. 82: 1-15 (2025) | dx.doi.org/10.1139/cjfas-2025-0005



http://dx.doi.org/10.1139/cjfas-2025-0005
http://dx.doi.org/10.1139/cjfas-2022-0121
http://dx.doi.org/10.1007/s10641-014-0331-y
http://dx.doi.org/10.1111/raq.12418
http://dx.doi.org/10.1038/s41598-023-46330-6
https://pubmed.ncbi.nlm.nih.gov/37919328
http://dx.doi.org/10.1016/j.fishres.2011.11.013
http://dx.doi.org/10.1073/pnas.85.19.7418
http://dx.doi.org/10.2307/2528348
http://dx.doi.org/10.1093/icesjms/fsab201
http://dx.doi.org/10.2307/2332342
http://dx.doi.org/10.1007/s00267-018-01134-7
https://pubmed.ncbi.nlm.nih.gov/30645675
http://dx.doi.org/10.1111/j.1748-1090.2012.00192.x
http://dx.doi.org/10.1007/s10071-012-0484-z
https://pubmed.ncbi.nlm.nih.gov/22453926
http://dx.doi.org/10.1051/limn/2024011
http://dx.doi.org/10.1016/j.jglr.2021.03.020
http://dx.doi.org/10.1577/1548-8446-35.1.9
http://dx.doi.org/10.1139/f05-030
http://dx.doi.org/10.15447/sfews.2019v17iss1art5
http://dx.doi.org/10.1080/23308249.2022.2078951
http://dx.doi.org/10.1093/fshmag/vuae017
http://dx.doi.org/10.1111/j.1365-2664.2005.01099.x
http://dx.doi.org/10.1016/j.fishres.2014.12.014
http://dx.doi.org/10.1080/02664760120108809
http://dx.doi.org/10.1577/1548-8675(2000)020%3C0337:SAGOIR%3E2.3.CO;2
http://dx.doi.org/10.1111/csp2.13124
https://www.rproject.org
http://dx.doi.org/10.1016/j.aquaculture.2010.10.038
http://dx.doi.org/10.1111/j.1365-2400.2008.00611.x
http://dx.doi.org/10.3996/JFWM-21-025
http://dx.doi.org/10.1111/fme.12474
http://dx.doi.org/10.1139/f84-151
http://dx.doi.org/10.1016/j.icesjms.2004.03.032
http://dx.doi.org/10.1051/limn/2024009
http://dx.doi.org/10.1111/j.1365-2664.2008.01585.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00627.x
http://dx.doi.org/10.1038/s41598-024-64653-w
http://dx.doi.org/10.1038/s41558-018-0393-5

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by CORNELL UNIVERSITY LIBRARY on 05/20/25
For personal use only.

Stewart, T.R., Midkinen, M., Goulon, C., Guillard, J., Marjomaki, T.J., Lasne,
E., etal. 2021. Influence of warming temperatures on coregonine em-
bryogenesis within and among species. Hydrobiologia, 848(18): 4363—
4385. d0i:10.1007/s10750-021-04648-0.

Stewart, T.R., Vinson, M.R., and Stockwell, ].D. 2021. Shining a light on
Laurentian Great Lakes cisco (Coregonus artedi): how ice coverage may
impact embryonic development. J. Great Lakes Res. 47(5): 1410-1418.
d0i:10.1016/j.jgIr.2021.07.002.

Stockwell, ].D., Ebener, M.P., Black, J.A., Gorman, O.T., Hrabik, T.R., Kin-
nunen, R.E., et al. 2009. A synthesis of cisco recovery in Lake Su-
perior: implications for native fish rehabilitation in the Laurentian
Great Lakes. North Am. J. Fish. Manage. 29(3): 626-652. d0i:10.1577/
MO08-002.1.

W. Thompson. (Editors). 2013. Sampling rare or elusive species: concepts,
designs, and techniques for estimating population parameters. Island
Press.

‘Canadian Science Publishing

White, G.C., Franklin, A.B., and Shenk, T.M. 2002. Estimating parameters
of PVA models from data on marked animals. Population viability
analysis. University of Chicago Press, Chicago, Illinois, USA. (Ch. 9)pp.
169-190.

Wilson, J.C., White, D.P., Detmer, T.M., and Wahl, D.H. 2021. Behavioral
response of juvenile silver and bighead carp to conspecific and het-
erospecific alarm cues. Biol. Invasions, 23(7): 2233-2248. d0i:10.1007/
$10530-021-02502-X.

Yule, D.L., Stockwell, ].D., Cholwek, G.A., Evrard, L.M., Schram, S., Sei-
der, M., and Symbal, M. 2006. Evaluation of methods to estimate lake
herring spawner abundance in Lake Superior. Trans. Am. Fish. Soc.
135(3): 680-694. d0i:10.1577/T05-203.1.

Zimmerman, M.S., and Krueger, C.C. 2009. An ecosystem perspective
on re-establishing native deepwater fishes in the Laurentian Great
Lakes. North Am. ]. Fish. Manage. 29(5): 1352-1371. d0i:10.1577/
MO08-194.1.

Can. J. Fish. Aquat. Sci. 82: 1-15 (2025) | dx.doi.org/10.1139/cjfas-2025-0005 15



http://dx.doi.org/10.1139/cjfas-2025-0005
http://dx.doi.org/10.1007/s10750-021-04648-0
http://dx.doi.org/10.1016/j.jglr.2021.07.002
http://dx.doi.org/10.1577/M08-002.1
http://dx.doi.org/10.1007/s10530-021-02502-x
http://dx.doi.org/10.1577/T05-203.1
http://dx.doi.org/10.1577/M08-194.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


