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Abstract

The growing demand for hydropower has influenced the connectivity of freshwater ecosystems. Entrainment through turbines
has been identified as one factor which can potentially affect fish populations within and downstream of reservoirs and, in
some cases, large numbers of entrained fish are recorded. There is a need to understand and assess species-specific population-
level effects of entrainment by considering population growth rate, maturation age, and fecundity. Here, we used field-derived
data, life stage-structured population models and Monte Carlo simulations to estimate the influence of the entrainment rate
on adfluvial kokanee (Oncorhynchus nerka) and bull trout (Salvelinus confluentus) populations. Sensitivity and elasticity
analyses suggested that entrainment of early life stages have a relatively large effect on long-term population growth. Popula-
tions downstream of hydropower facilities may have a relatively high growth rate if fish entrained from upstream survive and
downstream habitats are conductive to supporting population growth. Given the same entrainment rates on early life stages,
kokanee generally had a lower probability of population decline than bull trout. However, the risk of population decline
for kokanee increased more rapidly than bull trout with increasing entrainment rate. Our study provides a framework and
assessment tool that could help identifying species-specific critical life stages that require further investigation and manage-
ment attention to mitigate the negative effect of entrainment on fish population. The relationship between entrainment rate
and the probability of population decline could be used to inform threshold setting for acceptable entrainment rate based on
management goals. Importantly, field surveys and long-term monitoring will be important to verify model assumptions and
reduce the uncertainties in modeling outcomes because of the stage/age-, population-, and reservoir-specific entrainment-
related parameters and different facility designs and sizes.
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1 Introduction

There is growing demand for hydropower dams because
of the increase in human population and economic activi-
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a result of creating barriers blocking wildlife and nutrient
movement that turn lotic systems into lentic systems (i.e.,
reservoirs), and modify flow and thermal regimes (Reid et al.
2019; Wu et al. 2019). In tropical and temperate areas, dams
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have also significantly reduced the richness and diversity of
fish species, and increased the number of non-native species
(Turgeon et al. 2019).

Previous biological studies of dam impacts have focused
on the negative effects of dams on migratory and fluvial fish
species and associated socio-economic activities like fisher-
ies (Barbarossa et al. 2020; Harrison et al. 2019; Liermann
et al. 2012; Wu et al. 2019). However, transitioning from
lotic to lentic systems through reservoir creation provides
an opportunity for species capable of adapting to the new
habitat, such as generalists, large-bodied piscivores, and
adfluvial fish (i.e., fish that spawn and hatch in tributaries
but feed and mature in lakes) (Arostegui and Quinn 2019;
Turgeon et al. 2019). Despite the adaptive potential of some
species to remain productive in regulated systems, the opera-
tion of reservoirs may predispose some species to elevated
risks at certain life stages, in particular when they occupy
habitats within the direct operational influence of the dam.
For example, fish with life stages utilizing littoral habitats
are vulnerable to habitat loss and stranding due to changing
reservoir water level, while fish that occupy pelagic forebay
areas are susceptible to entrainment, i.e., fish are displaced
from reservoirs to downstream reaches through hydropower
turbine intakes during hydropower generation, which may
cause injury or mortality (Harrison et al. 2019; Hirsch et al.
2017; Martins et al. 2014; Nagrodski et al. 2012). Therefore,
it is important to understand the key components of facility
design and seasonal operations that affect the persistence of
fish populations in upstream reservoirs and reaches down-
stream of dams.

For resident or adfluvial fishes that utilize reservoirs,
dams without fish passage create unidirectional (down-
stream) passage that fragments habitat and directly removes
individuals from the upstream population through entrain-
ment (Ardren and Bernall 2017; Harrison et al. 2019). For
example, entrainment through hydropower dams has relo-
cated upstream paddlefish (Polyodon spathula), tubenose
goby (Proterorhinus semilunaris), kokanee (landlocked
sockeye salmon, Oncorhynchus nerka), and other species
to downstream areas (Dawson and Parkinson 2013; Janac
et al. 2013; Pracheil et al. 2015). While entrainment can
contribute to the recruitment of downstream populations and
population dispersal if some entrained fish survive (Har-
rison et al. 2019; Janac et al. 2013), it typically results in
an overall loss to the population due to passage mortality
(Harrison et al. 2019; Pracheil et al. 2016). Both lab- and
field-based studies have been conducted to estimate the
entrainment rate (i.e., percentage of population that is lost
as a result of passage through turbines and/or spillways)
and associated mortality across different species, locations,
dam structures and operations (Algera et al. 2020; Harrison
et al. 2019; Pracheil et al. 2016). Knowledge of the entrain-
ment and mortality rates alone, however, are not sufficient
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to understand population-level responses because population
dynamics are also influenced by other vital rates such as
growth, maturation rates and fecundity (Power 2007). For
example, fish/populations with early maturation and high
fecundity may be less vulnerable to entrainment losses (Cada
and Schweizer 2012; Harrison et al. 2016). Therefore, long-
term monitoring or modeling fish population dynamics and
age/size structure changes are needed to appropriately exam-
ine the population-level effect of entrainment on fish popu-
lations in addition to estimating entrainment and mortality
rates (e.g., Underwood and Cramer 2007).

Kokanee and bull trout (Salvelinus confluentus) are eco-
nomically and ecologically important species throughout
the Western Cordillera region of North America, and their
distributions overlap with areas of hydropower develop-
ment (Hagen and Decker 2011; Pracheil et al. 2016). The
US populations of bull trout have been listed as Threatened
under the US Endangered Species Act and several Canadian
populations are listed as Threatened or of Special Concern
under the Canadian Species At Risk Act (COSEWIC 2012).
Although many populations of kokanee are relatively sta-
ble and have been stocked in US and Canadian reservoirs
to boost local recreational fisheries, entrainment through
hydropower plants has the potential to significantly reduce
the abundance of kokanee populations in some reservoirs
(Baldwin and Polacek 2002; Dawson and Parkinson 2013).
Studies have been conducted to estimate entrainment rates
for young-of-year kokanee (e.g., 30% in Harrison et al.
(2019)) or adult bull trout (e.g., 0.5-3.4% in Harrison
et al. (2020) and Martins et al. (2013)). Nevertheless, there
remains a lack of understanding regarding the immediate
mortality and delayed mortality for these two species. Fur-
thermore, the population-level effects of entrainment in a
dam cascade system have rarely been studied as most studies
focus on either the population upstream or downstream of
a dam, see Pate et al. (2014), Parkinson and Arndt (2014),
and Underwood and Cramer (2007).

The primary objective of this study was to examine the
population-level effects of entrainment and its associated
mortality on kokanee and bull trout populations separated
by barriers that only permit downstream passage (e.g.,
hydropower plants without upstream fish passage pro-
visions). We explored how intrinsic rates of population
growth varied across a range of demographic parameters,
entrainment rates, and entrainment mortality scenarios.
While most demographic parameters were collected from
previous studies, entrainment parameters were defined by
authors (and informed by previous studies) to explore the
potential consequences of different entrainment scenarios
due to limited empirical data for most hydropower facili-
ties. Testing a range of parameters allows us to address
parameter uncertainty, improve the applicability of our
results to different reservoir systems, and yields better
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information to determine the necessity for entrainment
mitigation. Specifically, we (1) developed a stage-struc-
tured population model for each species, (2) identified the
life stages having greatest influence on population growth
(“critical life stages” hereafter) by examining the sensi-
tivity and elasticity of population growth rate to change
in underlying demographic parameters, (3) assessed the
effect of entrainment rate and entrainment mortality on
population growth rates, and (4) investigated the prob-
ability of population abundance decline under varying
entrainment rate scenarios.

Fig.1 Stage-structured popula- (a) Kokanee

2 Materials and methods

We simulated a system with two reservoir habitats and two
downstream only pass barriers, each at the most downstream
point of each reservoir (Fig. 1), representing a dam cascade
system like the Williston Lake-W.A.C. Bennett Dam-Dino-
saur Lake-Peace Canyon Dam cascade on the Peace River in
northern British Columbia (BC), Canada; nevertheless, the
results of our model is not specific for a certain hydropower
facility but exploring various possible scenarios, and similar
system (i.e., a series of dams along one river) could be found
around the world (Barbarossa et al. 2020).

tion models for a kokanee and

b bull trout, in which Gﬁ is the
transition probability from stage
i to stage j, F; is the number of
age-1 fish produced per spawner
at stage i, P; is the probability of
remaining in stage 7, and D;; is
the proportion of upstream fish
joining downstream popula-
tion, a result of entrainment

rate and associated mortality
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2.1 Model structures

Stage-structured population models (Caswell 2001; Kendall
et al. 2019) were developed for kokanee (Fig. 1a) and bull
trout (Fig. 1b) and both models included two populations
separated by barrier which allowed for only downstream pas-
sage. The kokanee model included five stages reflective of
the age-class distribution for kokanee, in which fish became
mature between their third and fifth years depending on
body length as observed in most BC lakes (Parkinson and
Arndt 2014; Plate et al. 2012; Sebastian et al. 2009). The
bull trout model included six stages, in which the first four
stages were represented as ages 1 to 4 (i.e., no individu-
als remained in those stages for more than one year) and
the last two stages, subadult and adult, had a probability of
remaining in the same stage depending on the age at matura-
tion and maximum age (see details in the next section). The
model structure for bull trout was based on other bull trout
models (Bowerman 2013; Caskenette et al. 2016), in which
the separated early life stages allow us to use age-specific
entrainment rates influenced by ontogenetic migration from

tributaries to reservoirs (i.e., higher probability of entrain-
ment for fish living in the reservoir than in tributaries). In
contrast, subadult and adult stages were used because the
entrainment rates for these stages are relatively low and there
is no significant difference in the entrainment vulnerabil-
ity among adult sized bull trout over a wide range of body
length (Harrison et al. 2020; Martins et al. 2013; Underwood
and Cramer 2007). As a semelparous species, all kokanee
die after spawning while iteroparous bull trout may spawn
multiple times in their lifetime but not necessarily every year
(Arostegui and Quinn 2019; Benjamin et al. 2020).

2.2 Demographic variables

The values of demographic variables including stage-specific
survival rates (s;;, both species), stage-specific length (/;, both
species), annual probability of mature fish spawning (SP, bull
trout), asymptotic length (..., bull trout), growth parameter (k,
bull trout), and hypothetical age at length zero (¢, bull trout)
were extracted from peer-reviewed studies and grey literature
(Table 1 and Supplementary File) through Web of Science,

Table 1 Demographic variables extracted from literature, their ranges, and sources used in stage-structured population models

Variable Range Sources

Kokanee model
Survival rate from egg to stage 1, s, 0.05-0.5 Kootenay Lake, BC (Bell 2009, 2006; Kurota et al. 2011; Neufeld 2018, 2016,
Survival rate from stage 1 to 2, 5, 0.14-0.56 2013); Arrow Lakes, BC (Andrusak 2006; Manson 2005); Okanagan Lake,
Survival rate from stage 2 to 3. s 0.60-0.69 BC (Webster 2016; Wilson and Andrusak 2005); Kinbasket Lake, BC (Bray

] g > 032 ! ' et al. 2018); Revelstoke Lake, BC (Bray et al. 2018); Alouette Lake, BC

Survival rate from stage 3 to 4, 53 0.74-0.80 (Andrusak 2013); Williston Lake, BC (E Parkinson, Pers. Comm. 2020)
Survival rate from stage 4 to 5, 554 0.74-0.80

Length at stage 3

177-275 mm Kootenay Lake, BC (Andrusak and Andrusak 2015; Peck et al. 2019); Arrow
Lakes, BC (Sebastian et al. 2002a, b); Kinbasket Lake, BC (Bray et al.
2018); Revelstoke Lake, BC (Bray et al. 2018); Alouette Lake, BC (Andru-
sak 2013); Williston Lake, BC (Plate et al. 2012; Sebastian et al. 2009);

Skaha Lake, BC (Northcote et al. 1972); Lake Sutherland, WA (Hansen et al.
2016); 10 lakes, ID (Rieman and Myers 1992)

Length at stage 4 207-318 mm

Length at stage 5 260-278 mm
Bull trout model

Survival rate from egg to stage 1, s, 0.19-0.91

Survival rate from stage 1 to 2, s,, 0.01-0.14

Survival rate from stage 2 to 3, 53, 0.16-0.52

Survival rate from stage 3 to 4, 5,3 0.28-0.67

Survival rate from stage 4 to subadult, s, 0.38-0.74

Survival rate from subadult to adult or remain ~ 0.45-0.77
as subadult, s

Survival rate during adult stage, s 0.50-0.85

Asymptotic length, /..
0.12-0.14
0.17-0.32

Annual probability of mature fish spawning, SP  0.5-1

Growth parameter, k
Hypothetical age at length zero, #,

Kootenay Lake, BC (Andrusak and Thorley 2013); Chowade River, BC
(Baxter 1996); Metolius River, OR (Bowerman et al. 2014); Estimated stage-
specific survival rates from studies in multiple waterbodies in AB, MT, OR,
and WA (Caskenette et al. 2016)

768-844 mm Estimates from von Bertalanffy curves using length-at-age data from water-
bodies in AB, BC, ID, MT, NWT, OR, and WA (Caskenette et al. 2016)

Andrusak and Thorley (2013) and Caskenette et al. (2016)

For the kokanee model, stages are equal to ages. For bull trout model, stages 1 to 4 represent ages 1 to 4 while the probability of subadults enter-

ing the adult stage depends on age at maturation and maximum age

AB Alberta, BC British Columbia, ID Idaho, MT Montana, NWT Northwest Territories, OR Oregon, WA Washington
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Google Scholar, and The Ecological Reports Catalogue (Eco-
Cat, http://a100.gov.bc.ca/pub/acat/public/welcome.do), a cat-
alogue of reports archived by the British Columbia Ministry of
the Environment. In addition to publicly available studies and
reports, we also obtained stage-specific survival and length
values from an unpublished government database for kokanee
(Eric Parkinson, personal communication, 2020). We focused
on collecting estimates from studies and reports conducted
within the species’ native range (BC in Canada, and Wash-
ington, Oregon, and Idaho in the US for kokanee; Alberta,
BC, and Northwest Territories in Canada, and Washington,
Oregon, Idaho, and Montana in the US for bull trout; Table 1).
Mean values were calculated for studies with multiyear data
to represent the value for populations in those studies. The
range of each variable was either the minimum and maxi-
mum of recorded values from multiple studies or the lower
and upper bounds of 95% confidence intervals from sum-
marized data. While most values could be directly recorded
from literature, Web Plot Digitizer (https://automeris.io/WebPl
otDigitizer) was used when only figures were available (e.g.,
Fig. 4 in Hansen et al. (2016)). More than 20 studies were
used to obtain demographic variables for kokanee while most
estimates for bull trout have been summarized in Caskenette
et al. (2016). When possible, we used parameters specific for
adfluvial bull trout. These variables were then used to calcu-
late the variables in the transitional matrix of stage-structured
population models (arrows within each population in Fig. 1).

Overall, variables directly used in the population models
included the transition probability of surviving stage i and
moving to the next stage j (G;;), number of age-1 fish produced
per spawner at stage i (F;), and the stage-specific annual prob-
ability of surviving and remaining in stage i (P;). Here we used
the same set of demographic variables and entrainment-related
variables for fish in both upstream and downstream reservoirs.
Nevertheless, we acknowledge that biotic and abiotic condi-
tions for cascade reservoirs likely differ and may lead to dif-
ferent demographic variables between populations.

For the kokanee model, stage-specific transition probabil-
ity G;; was calculated as
Gy = (1= m;) x5; x (1 - Ey), M
in which m; is the maturation probability at stage i, s;; is the
survival rate from stage i to j, and Eji is the entrainment rate
from stage i to j. There is no m, and m, because no kokanee
became mature at the first two stages (i.e., first 2 years), and
ms was 1 because all individuals became mature at stage 5
(see “Model structures” section). The maturation probability
in stage 3 and 4 (m5 and m,) was calculated as

m; =17/ (1 + 150;°), @

where /; is fish length at stage i and L50; is the length at
which 50% of a cohort of stage i fish matures. L50; is 280

and 200 mm for stage 2 and 3 kokanee, respectively (Par-
kinson and Arndt 2014).

The F; for kokanee was calculated based on sex ratio,
maturation probability, fecundity, and early survivorship and
entrainment, as in following equation,

F; = 0.5 X m; X Fecundity; X s,, X (1 —Ele), 3)

in which sex ratio is set as 1:1 [i.e., 50% are females, see Bell
(2009) and Webster (2016)], s, is the survival rate from egg
to stage 1, and E|, is the entrainment rate from egg to stage
1. Fecundity at stage i was calculated using equations from
McGurk (2000) that depend on fish length and latitude.
For bull trout, stage-specific transition probabilities G,
were calculated based on stage-specific survival rates (s;,),
entrainment rates (E;), and the probability of moving for-

ward to the next stage (r;).

Gi=s;x(1-E;)xr. )
r;is set to 1 for the initial four stages (stage 1, new recruit,
to stage 4, juvenile), which equate to ages 1 to 4 (Caskenette
et al. 2016). For subadult and adult stages r; can be com-
puted assuming the population is stationary as:

_ (sji)T - (Sj,')T_l

T 1 , [ = s (subadult) or A (adult), 5)
i/

T

where s;; is survival rate between stage i and j and T is the
duration of the stage in years (Caskenette et al. 2016; Cas-
well 2001; Lefkovitch 1965). For subadult (r,), T is the dura-
tion between entering the subadult stage and age at maturity
(tmay) and for adult (r,), T is the duration between ¢, and
the maximum age of the population (¢,,,,,). The use of r, for
adults represents survival adjusted by maximum age (¢,,,,)
as in Caskenette et al. (2016). Age at maturity was calcu-
lated as:

log(l - l“—“‘)
, Lnax +1, (6)

mat — 2

where [, is length at maturity, [, is asymptotic length,
k is the growth parameter from the von Bertalanffy model,
and ¢, is hypothetical age at length zero, and maximum age
was calculated as:

_ ,(0.5498+0.95710og(ta))
tmax - e( &l ’ (7)

(Caskenette et al. 2016; Froese and Binohlan 2000).
Number of age-1 fish produced per mature adult bull trout
(F,) was calculated from the three equations below,

Fecundity,, = 0.0001 x (1,)*"** ®

and
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F; = 0.5 x SP x Fecundity, X s, X (1 — Ey,). )

The first equation was estimated from empirical length
and fecundity data from Fig. 4 in Caskenette et al. (2016)
and /, was the length of adult bull trout. The second equa-
tion then integrated fecundity, annual probability of mature
fish spawning (SP), survival rate from egg to stage 1 (s,.),
and entrainment rate from egg to stage 1 (£,,) into the num-
ber of age-1 fish produced. Sex ratio was set as 1:1 (i.e., 50%
females) based on previous observation (Hagen and Weber
2019). Because the adult stage of bull trout includes several
age classes and a range of lengths, the length of adult fish
was randomly selected from a uniform distribution between
length at maturity and maximum length with Monte Carlo
simulation for 10,000 times. Length at maturity was calcu-
lated from

Imax
_ 10Xe(0.8979><10g< s )—().0782)’ (10)

l

mat

in which [, is the asymptotic length (Caskenette et al.
2016; Froese and Binohlan 2000).

Finally, the annual probability of surviving and remaining
as subadult (P,) or adult (P,) bull trout was calculated as

Pi=s;x(1—r,)x(1-E;), i=s (subadult)orA (adult),

1D
in which s;; is the survival probability, r; is the probability
of moving forward to the next stage (see Eqs. 6-8), and E;
is the entrainment rate.

We used two stage-specific variables to represent the
effect of entrainment, the entrainment rate (E;;) and entrain-
ment survival (p;;). Therefore, the proportion of upstream
fish joining downstream population was calculated as

Dy = E;; X pji, (12)

in which the passage mortality included both short-term and
delayed mortality (Harrison et al. 2019) and these two values
(E;; and p;;) were set as described below.

2.3 Identifying critical life stages (sensitivity
analyses)

To identify those life stages critical to population growth,
we first ran the models with no entrainment rate and exam-
ined the sensitivity and elasticity of population growth rate
(4) to the demographic variables (all variables in Table 1)
for each life stage of each species (see Fig. 1). The initial
population of kokanee consisted of 80% stage 1, 15% stage
2, 3% stage 3, 2% stage 4, and < 1% stage 5 (Supplementary
file), based on the observation in Williston and lakes across
BC (Sebastian et al., 2009). Same initial stage structure with
similar composition (Supplementary File) was used for bull
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trout for the sake of simplicity because there is a lack of
stage/age structure data for adfluvial bull trout (Hagen and
Weber 2019; Plate et al. 2012; Sebastian et al. 2009). We
used Monte Carlo simulations to capture the variations
and uncertainties in variables, in which model input were
randomly drawn from the range of each variable shown on
Table 1 (Morris and Doak 2002). For each species, 10,000
matrices with variable values randomly drawn from uni-
form distributions within their ranges were used to project
population dynamics for 50 years. Then, we calculated the
population growth rate A of each projection to examine the
potential range of population growth rate. The 4 examined
in this study was the finite annual rate of increase between
the first and last simulated time (i.e., geometric mean of 4
over 50 years, 1, hereafter). Overall, 10,000 estimates of 1
were produced per species and the distributions of 4 were
examined. We also ran simulations with the same set of vari-
ables and variable ranges for 50,000 and 100,000 times and
found identical distributions of A. Thus, we only present the
results of 10,000 repeated simulations here and for following
scenario analyses.

Multiple regression was used to examine the influence of
absolute change (i.e., sensitivity) and proportional change
(i.e., elasticity) in each demographic variable on 4, in which
population growth (i.e., 10,000 different 1) was the depend-
ent variable and modeled by an additive linear function of
different variable inputs (Meehan et al. 2018). Variables
were centered on the mean and the original scales were
maintained for sensitivity analyses. In contrast, to exam-
ine the elasticity, variables were centered and scaled by the
standard deviation as standardization across variables. We
defined critical life stages as the stages that have variables
with highest sensitivity and elasticity values (i.e., coeffi-
cients) because this indicates that disturbances (e.g., entrain-
ment) occurring on these life stages may have a relatively
large influence on population growth rate. Two critical life
stages were identified for each species.

2.4 Examining the effects of entrainment
and passage mortality

We developed four scenarios to compare the effect of
entrainment rate and mortality on kokanee and bull trout
populations. Stage-specific entrainment rate and mortality
derived from literature and assumptions were used to build
the baseline scenario (Table 2). In general, earlier life stages
are more likely to be entrained but with higher survival rates,
while adults may entrain at lower rates but suffer higher
entrainment mortality (Harrison et al. 2019). We used 30%
as the entrainment rate for the two earliest life stages of
kokanee for the baseline scenario, which is the value esti-
mated for age 1 kokanee through Mica Dam (BC, Canada,
Harrison et al. 2019). An additional modifier (1/3) was
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Table 2 The value of life stage-specific entrainment variables used in baseline scenarios for kokanee and bull trout

Variable Value Justification and assumption
Kokanee
Entrainment rate from egg to stage 1, E |, 0.30x1/3 (1) 0.3 entrainment rate for young-of-year kokanee (Harrison
Entrainment rate from stage 1 to 2, E,, 0.30 et al. 2019); an additional modifier was added for larval stage
Entrainment rate from stage 2 to 3. E 025 to represent a lower entrainment risk of this stage because part
) g 1R ’ of this stage is attached to substrate and some stream-spawn-
Entrainment rate from stage 3 to 4, Ey; 0.20 ing kokanee spend most of this stage in tributaries; (2) The age
Entrainment rate from stage 4 to 5, Es, 0.20 composition of entrained kokanee (Arndt 2009) was compara-
ble to the age composition of kokanee in reservoirs (Sebastian
et al. 2009); (3) Generally, larva and juveniles might be more
susceptible to entrainment (Harrison et al. 2019) and adults
will leave reservoirs during spawning season
Passage survival from egg to stage 1, P, 0.469 The short-term mortality was calculated from an empirical
Passage survival from stage 1 to 2, P,, 0.438 relationship between mortality and fish length: mortality
Passace survival from stace 2 {0 3. P 0411 (%)=0.0772 x length (mm)+ 1.7715 (Parkinson and Arndt
g g TR ’ 2014). An assumed moderate delayed mortality 50% was
Passage survival from stage 3 to 4, Py, 0.396 added
Passage survival from stage 4 to 5, Ps, 0.387
Bull trout
Entrainment rate from egg to stage 1, E,, 0.30x0 (1) 0.015 entrainment rate for adult (average of numbers from
Entrainment rate from stage 1 to 2, E,, 0.30%0.1 three studies Harrison et al. 2020; Martins et al. 2013; Under-
. ) wood and Cramer 2007)); (2) around trebling for subadult
Entrainment rate from stage 2 to 3, Ex, 025X0.5 ¢ om adult (Underwood and Cramer 2007): (3) assumed the
Entrainment rate from stage 3 to 4, Ey; 0.20x0.9  same entrainment rate for the early life stages of kokanee and
Entrainment rate from stage 4 to subadult, £, 0.10 bull trout; however, additional modifiers were added for bull
Entrainment rate from subadult to adult or remain as subadult, ~ 0.045 trout to represent the fact that most (80%) bull trout enter
E,, reservoirs at age 2 and 3 (Arostegui and Quinn 2019; Downs
. . et al. 2006); (4) Generally, larva and juveniles might be more
Entrainment rate during adult stage, Exx 0.015 susceptible to entrainment (Harrison et al. 2019) and adults
will leave reservoirs during spawning season
Passage survival from egg to stage 1, P, 0.467 From larva to subadults: The short-term mortality was calcu-
Passage survival from stage 1 t0 2, P,, 0.426 lated from an empirical relationship between mortality and
. fish length: mortality (%)=0.0772 X length (mm)+1.7715
Passage survival from stage 2 {0 3, Py 0.368 (Parkinson and Arndt 2014). An assumed moderate delayed
Passage survival from stage 3 to 4, Py; 0.335 mortality 50% was added
Passage survival from stage 4 to subadult, P, 0.305 For adult stage: The short-term mortality was set as 0.56, which
Passage survival from subadult to adult or remain as subadult, ~ 0.220 is the average of (1) the mortality calculated from the above
P, empirical relationship based on fish length at age 6 to 13, (2)
Passage survival during adult stage, P, , 0.220 0.57 for Salvelinus sp. (Pracheil et al. 2016), and (3) 0.5625

for adult salmonids (Pracheil et al. 2016). An assumed moder-
ate delayed mortality 50% was added

Key assumptions and calculations used for variables are described for both species

added to the first stage (egg to age 1) to represent a lower
entrainment risk of this stage (than the next stage) because
part of this stage is attached or living close to substrate and
some kokanee (i.e., stream-spawners) spend most of this
stage in the tributary. Entrainment rates for later life stages
were assumed to be similar but slightly lower than 30% (i.e.,
25% for stage 2 and 20% for stages 3 and 4) because (1)
generally, younger fish are more susceptible to entrainment
(Harrison et al. 2019), (2) adfluvial mature kokanee will
leave reservoirs and enter tributaries to spawn, and (3) the
age composition of young (ages 1 and 2) entrained kokanee
collected in downstream areas in one study (Arndt 2009)
is similar to the age composition of kokanee in reservoirs
(Sebastian et al. 2009) but with fewer old fish.

In contrast, a few studies estimate the entrainment rates
of adult bull trout while no values are available for young-
of-year bull trout. Therefore, the average of entrainment
rates (1.5%) from three different studies were used for adult
bull trout for the baseline scenario (Harrison et al. 2020;
Martins et al. 2013; Underwood and Cramer 2007). Based
on the same assumption for kokanee and other fish, higher
entrainment rates were applied on earlier life stages (but see
additional modifiers below). Entrainment rate was slightly
higher for subadult (4.5%) similar to Underwood and Cramer
(2007). We used the same entrainment rates (30%, 25%, and
20%) for kokanee and bull trout in their early life stages
for simplicity’s sake because of the unavailability of data
for young bull trout. However, additional modifiers (0, 0.1,

@ Springer



Environment Systems and Decisions

0.5, 0.9) were added on the first four stages of bull trout
to simulate 0% of the fish before age 1, 10% before age 2,
50% before age 3, and 90% before age 4 leaving their natal
tributaries and entering reservoirs. Based on literature,
most (80%) bull trout enter reservoirs and become exposed
to entrainment at age 2 and 3 (Arostegui and Quinn 2019;
Downs et al. 2006). Combining stage-specific entrainment
rate and addition modifiers, 0% entrainment rate was given
to egg to stage 1 bull trout, 3% to stage 1 to 2, 12.5% to stage
2 to 3, and 18% to stage 3 to 4, which were much lower than
kokanee.

In the absence of stage/age-specific entrainment mortality
data for kokanee and young-of-year bull trout, the empiri-
cal relationship between mortality and fish length (mortality
(%)=0.0772 x body length (mm) + 1.7715) provided by Par-
kinson and Arndt (2014) was used. We further compared the
values calculated from the above equation with (1) estimates
using equations in Gloss and Wahl (1983) and (2) 61 field-
based mortality rates for salmonids (mostly Oncorhynchus
spp.) recorded in a systematic review (Algera et al. 2020)
and found similar survivorship values especially for early
stages (Supplementary File). Generally, the short-term mor-
tality rates are higher for larger fish because the probabil-
ity of blade contact is positively correlated with fish length
(Table 2; Cada 1991). Scenarios (see next paragraph) were
then used to cover differences among mortality estimates.
Because the adult stage of bull trout covered a relatively
wide range of body length, we compared the estimated
mortality calculated from the above empirical relationship
using body lengths at age 6 to age 13 (average: 55.4%) with
two values recorded in the literature [S7% for Salvelinus sp.
and 56.25% for adult salmonids, Pracheil et al. (2016)]. The
average of these three comparable values was used as the
short-term mortality for adult bull trout. We incorporated
an assumed 50% delayed mortality for all entrained fish to
represent a moderate risk of delayed effects as in Harrison
et al. (2019) but acknowledged that there is no currently
available data for delayed mortality.

After developing the baseline scenario, we varied
entrainment rate and passage survival to explore the
potential outcomes if these two variables used in base-
line scenario were underestimated (i.e., populations may
experience higher entrainment rates and/or lower passage
survival than we thought). First, we doubled the entrain-
ment rate or reduced the passage survival to half to create
one high entrainment and one high entrainment mortality
scenario, respectively. A worse-case scenario was devel-
oped for both species, where we both doubled the entrain-
ment rate and reduced the passage survival to half. As
shown on Fig. 1, entrained fish from the upstream popu-
lation may survive and join the downstream population
while entrained fish from downstream population would
leave the system. Similar to the previous step, we ran the
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simulations 10,000 times using uniform distributions of
variables (ranges see Table 1) and fixed entrainment rate
and entrainment mortality (but different combination) for
each scenario to examine the distribution of the geometric
mean of 4, lg.

2.5 Investigating the probability of declining
populations

Lastly, we investigated the probability of declining popula-
tions across a range of entrainment rates, which could be
used to identify acceptable/threshold entrainment rate for
managers. A declining population was defined as a popula-
tion with a geometric mean of the population growth rate
smaller than 1 (4,<1) and the probability of population
decline was taken as the proportion of 1, <1 among the
10,000 simulations of each scenario. To better inform future
studies and guide management alternatives, we focused on
changing the entrainment rate of the two critical life stages
that we identified in the previous section. Specifically,
entrainment rates varied for (1) the life stage with the high-
est sensitivity and elasticity, (2) the stage with the second
highest sensitivity and elasticity, and (3) both life stages.
First, we varied one quarter of the baseline entrainment rates
(baseline values see Table 2) each time cumulatively (i.e.,
relative change of entrainment rate; 1st: baseline minus 25%,
2nd: baseline, 3rd: baseline plus 25%, 4th: 3rd plus 25% of
3rd, 5th: 4th plus 25% of 4th, 6th: 5th plus 25% of 5th) and
recorded 4,. Then, we examined changes in 4, given a range
of entrainment rates (0.05, 0.15, 0.30, 0.45, 0.60, 0.75) on
both critical life stages for both species (i.e., absolute change
of entrainment rate) and the results were compiled for both
upstream and downstream populations. All calculations were
conducted in R 3.6.3 (R Core Team 2020) and population
models were projected using the Popbio package (Stubben
and Milligan 2007).

3 Results
3.1 Critical life stages

Critical life stages identified for both species were the earli-
est life stages, with entrainment-related changes in the num-
bers of individuals occurring at early life stages having a
large influence on long-term population growth rate relative
to changes occurring at later life stages (Table 3). For koka-
nee, variables having the highest sensitivity and elasticity
values were survival rates from egg to stage 1 and from stage
1 to 2. The critical life stages for bull trout were from stage
1 to 2 and stage 2 to 3.
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Table 3 Sensitivity and elasticity (i.e., coefficients in regression mod-
els) of kokanee and bull trout population growth rate in relation to
variables in population models

Variable Sensitivity  Elasticity

Kokanee model

Survival rate from egg to stage 1, s, 1.773 0.230
Survival rate from stage 1 to 2, s, 1.233 0.148
Survival rate from stage 2 to 3, 53, 0.614 0.016
Survival rate from stage 3 to 4, 5,3 0.417 0.007
Survival rate from stage 4 to 5, 554 0.061 0.001
Length at stage 3 0.002 0.053
Length at stage 4 0.004 0.117
Length at stage 5 0.0004 0.002
Bull trout model
Survival rate from egg to stage 1, s, 0.351 0.073
Survival rate from stage 1 to 2, s, 2.446 0.092
Survival rate from stage 2 to 3, s3, 0.488 0.051
Survival rate from stage 3 to 4, 543 0.349 0.039
Survival rate from stage 4 to subadult, s, 0.303 0.031
Survival rate from subadult to adult or 0.450 0.041
remain as subadult, s,
Survival rate during adult stage, s, 5 0.129 0.013
Asymptotic length, [, 0.001 0.016
Growth parameter, k 5.272 0.030
Hypothetical age at length zero, #, —0.081 —0.004
Annual probability of mature fish spawn- 0.236 0.034

ing, SP

Significant sensitivity or elasticity values are bolded (all p
value <0.00001). Rows with bold italic represented critical life stages
we identified for kokanee (from egg to stage 1, and 1 to 2) and bull
trout (from stage 1 to 2, and 2 to 3), and all sensitivity and elasticity
values for critical life stages are significant

3.2 Entrainment and entrainment mortality

For both species, doubling entrainment rate shifted the dis-
tribution of A towards the left, which indicated that there
will be a higher probability of reduced population growth
(4, <1; Figs. 2 and 3). For example, for the upstream koka-
nee population, the 4, at 50% quantile reduced from 1.20
to 0.77 (Fig. 2a baseline scenario and 2b high entrainment
scenario). Nevertheless, the effects of reducing downstream
passage survival rate to half on downstream population
growth rate were negligible (between baseline and high
entrainment mortality scenario, or between high entrain-
ment and worse-case scenario in Figs. 2 and 3). While the
effects of increasing entrainment rate were similar to both
upstream and downstream populations (between (a) and
(b) scenario, or between (c) and (d) in Figs. 2 and 3), the
probability of 4, <1 was lower for downstream population
(e.g., 20% for upstream and 13% for downstream popula-
tions under baseline scenario in Fig. 2a; 56% for upstream

and 27% for downstream populations under worse-case sce-
nario in Fig. 3d). Under the baseline scenario, kokanee had a
lower probability of 4, <1 than bull trout (20% in Fig. 2a and
32% in Fig. 3a); nevertheless, doubling entrainment rates
had a relatively large effect on kokanee (e.g., 20 to 95% for
upstream kokanee and 32 to 55% for upstream bull trout).

3.3 Probability of declining populations

Similar to the results in previous section, the population
growth rates of kokanee populations (both upstream and
downstream) varied with changing entrainment rates more
than bull trout populations (relative change of entrain-
ment rate, Fig. 4), even when the same set of entrainment
rate were applied on the two critical life stages (absolute
change of entrainment rate, Fig. 5). However, given the same
entrainment rate on critical life stages (Fig. 5), bull trout
experienced higher probability of population decline than
kokanee, except under high entrainment rate (0.75, Fig. 5).

4 Discussion

Using stage-structured population models, we identified crit-
ical life stages (same as ages in these cases) and examined
the effects of entrainment rate and mortality on upstream
and downstream populations for kokanee and bull trout con-
sidering the variations within each demographic variable.
For both species, early life stages were identified as critical
stages that could have relatively large influences on long-
term population growth. Compared to the baseline scenario,
doubling entrainment rates reduced the population growth
rates for upstream and downstream populations while the
effect of halving passage survival on downstream population
growth rates were negligible. Lastly, varying entrainment
rates on critical stages had a relatively large effect on the
population growth rate of kokanee; nevertheless, given the
same entrainment rates, the probability of population decline
was generally higher for bull trout, except under very high
entrainment rates. The results of this assessment tool could
provide information for hydropower facility management,
such as identifying focal life stages for assessing entrainment
impacts, helping regulators and hydropower operators to set
quantitative objectives to mitigate the effect of entrainment
on fish populations, and developing species-specific mitiga-
tion options where entrainment effects can’t be resolved. For
example, if a goal is to keep the risk of population decline
for kokanee within a reservoir lower than 25%, mitigation
actions may be required to reduce entrainment rates if the
estimated rates for critical life stages are over 0.3 (Fig. 5).
Similar to previous modeling (e.g., Bowerman 2013;
Carim et al. 2017; Caskenette et al. 2016; Caskenette and
Koops 2018; Cox et al. 2013; Ng et al. 2016) and field-based
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(a) Baseline scenario
2.5% 25% 50% 75% 97.5%
0.83 1.10 1.28 1.46 1.76

(b) High entrainment scenario
2.5% 25% 50% 75% 97.5%
0.59 0.79 0.92 1.04 1.26

(c) High entrain mortality scenario
2.5% 25% 50% 75% 97.5%
0.83 1.10 1.27 1.45 1.76

(d) Worse-case scenario
2.5% 25% 50% 75% 97.5%
0.59 0.79 0.91 1.04 1.25
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Fig.2 The probability distribution of kokanee population growth (1)
in upstream (1st row) and downstream (2nd row) under baseline (a),
high entrainment (b), high passage mortality (c), and worse-case sce-
narios (d). The percentages (2.5, 25, 50, 75, and 97.5%) and numbers

(a) Baseline scenario (b) High entrainment scenario
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below represented the quantiles and corresponding A for each distri-
bution. The vertical line represents a stable population (A=1). The
percentages beside bars are the proportion of 4,<1 among 10,000
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(c) High entrain mortality scenario  (d) Worse-case scenario
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Fig.3 The probability distribution of bull trout population growth (1)
in upstream (1st row) and downstream (2nd row) under baseline (a),
high entrainment (b), high entrainment mortality (c), and worse-case
scenarios (d). The percentages (2.5, 25, 50, 75, and 97.5%) and num-

studies (e.g., Bassar et al. 2016; Hilborn et al. 2003) on sal-
monids, our results indicated that changing the numbers of
individuals in early life stages could have relatively large

@ Springer

bers below represented the quantiles and corresponding 4 for each
distribution. The vertical line represents a stable population (A=1).
The percentages beside bars are the proportion of 1,<1 among
10,000 simulations

effects on population dynamics. Indeed, studies have found
large amount of young-of-year and juvenile fish being
entrained through hydropower turbines at rates that may
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Fig.4 The probability of
declining population (4,<1)
with decreasing or increasing
entrainment rates 25% at a time
from baseline cumulatively

on critical stages. Three lines
represented that changing the
entrainment rate on the life
stage with the highest sensitiv-
ity and elasticity (1st only: egg
to stage 1 for kokanee and stage
1 to 2 for bull trout), with the
second highest sensitivity and
elasticity (2nd only: stage 1 to
2 for kokanee and stage 2 to 3
for bull trout), or both stages
(both). Two additional x-axes
on the top of each plot represent
the actual values of entrainment
rate for the 1st (Act E 1st) and
2nd (Act E 2nd) inputted in

the model. The curved arrows
below plots represent the cumu-
lative changes

Fig. 5 The probability of declin-
ing population (4, < 1) with low
to high (0.05, 0.15, 0.30, 0.45,
0.60, 0.75) entrainment rates on
both critical stages

affect upstream populations (reviewed in Harrison et al.
2019) and our results suggested that the probability of popu-
lation decline in upstream reservoirs could be higher than
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The entrainment rates on two critical life stages

50% when the entrainment rates on two critical life stages
were over 0.5 (Fig. 5). While species with high reproductive
output might be less susceptible to the removal of young
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individuals (e.g., burbot, see Harrison et al. 2016; koka-
nee comparing to bull trout in this study), the relationship
between entrainment rate and the probability of population
decline could be an exponential-like curve (Fig. 5). Because
site-specific entrainment rates are expected depending on
facility characteristics (e.g., size, turbine type, operation tim-
ing/season, flow rates, head height, intake velocities, and
amount spillage), habitat characteristics, and fish traits and
the numbers of juvenile fish entrained vary across facilities
(e.g., from 80,000 to 4.47 million per year; Harrison et al.
2019), it is important to assess and mitigate entrainment
rates at facility-specific level (detailed discussion see Har-
rison et al. 2019). This is even more critical for facilities that
may have species-specific effects during early life stages, as
efforts to maintain a stable or increasing upstream fish popu-
lation will be most sensitive to entrainment rates early in life.

Downstream dispersal is important for many potadro-
mous fish species especially during their early life stages
(O’Hanley et al. 2013; Wolter and Sukhodolov 2008). Fish
that survive entrainment could play a significant role on
maintaining downstream population when the recruitment
of downstream population is weak, such as reservoirs with
limited numbers of suitable spawning or nursery tributaries
(e.g., in Arrow Lakes, Parkinson and Arndt 2014 and Dino-
saur Lake, Pattenden and Ash 1993, BC, Canada). The effect
of entrainment mortality on downstream population growth
rate was negligible in this study, which may be because we
did not assign different carrying capacity values for upstream
and downstream populations, and both upstream and down-
stream reservoirs were able to sustain a growing fish popula-
tion if there is no entrainment (making the situation different
from Arrow Lakes and Dinosaur Lake). In addition, while
we used the same set of entrainment rates for both upstream
and downstream barriers for simplicity’s sake, upstream and
downstream barriers may have different entrainment rates
based on reservoir characteristics, dam structure, and turbine
operating regimes. When applying this modeling framework
to a specific case, reservoir-specific carrying capacity and
facility-specific entrainment rate for the target species should
be incorporated when data is available.

The seasonal or diel movement and ontogenetic migration
of fish could influence the potential risk of being entrained
and consequently, the probability of population decline.
The relative high risk of population decline for kokanee in
high entrainment scenarios might be because of the different
early life histories between kokanee and bull trout. Com-
pared to adfluvial bull trout that usually spend their first 2
to 3 years in natal tributaries, kokanee spend most of their
early life stages in the lake/reservoir either with an adfluvial
(stream-spawning) or lake resident (lake-spawning) life his-
tory (Arostegui and Quinn 2019). Therefore, most stages
and especially critical early life stages of lake-spawning
kokanee could be susceptible to entrainment. Presumably
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the population will start to decline when reproductive output
could not compensate the loss under high entrainment rates.
However, the proportion of lake-spawning kokanee varies
across lakes (from 20 to 95%, see Chang et al. 2021; Lemay
and Russello 2015; Ward et al. 2019) and this life history
diversity may influence the overall susceptibility of kokanee
populations in a given lake/reservoir to entrainment. Our
study indicated the importance of using fish life history traits
and behavior to compare the relative risk of entrainment
among species (as in Cada and Schweizer 2012). In addi-
tion to the residence time in reservoirs, the spatio-temporal
pattern of fish utilizing areas close to turbine intake after
entering reservoirs and the pattern of turbine operation could
provide more direct information (Harrison et al. 2019; Mar-
tins et al. 2014).

The main uncertainties in this study may come from (1)
variables used in stage-structured population models and
(2) entrainment-related parameters. Monte Carlo simula-
tions were used to incorporate the effect of uncertainties
in variables for stage-structured models as in previous
studies (Meehan et al. 2018; Smart et al. 2017; Wong and
Dowd 2016). While this method enabled us to explore the
range of all possible outcomes (i.e., 1), the relatively broad
ranges (e.g., kokanee, Fig. 2, comparing to bull trout,
Fig. 3) might be less informative and less specific for local
reservoir managers. Using other types of distribution (e.g.,
beta, Poisson, or normal distribution) informed by data
from local surveys (e.g., survival rate directly estimated
from the focal reservoir) rather than using uniform dis-
tributions for life history variables may reduce the range
of uncertainties (see DuFour et al. 2020; Meehan et al.
2018). In contrast, there was less information available
for entrainment-related parameters. These data were either
unknown (e.g., the entrainment rate for large kokanee and
young-of-year bull trout, and species- and stage-specific
entrainment mortality) or required to be derived from low
number of studies (e.g., the entrainment rate for young-of-
year kokanee). The use of parameters from other species or
a low number of studies (Table 2) can introduce uncertain-
ties to the modeling outputs, especially when variations
among populations are observed (Hernandez-Camacho
et al. 2015). Beside fish length, other factors such as
turbine characteristics, bar rack spacing, flow rates, and
barotrauma could also influence fish entrainment and asso-
ciated mortality (Pracheil et al. 2015). However, Algera
et al. (2020) indicates that except two major turbine types
(Francis and Kaplan), there is insufficient data to quantify
the effect of other facility and hydrological characteristics
on entrainment injury and mortality. While direct research
on entrainment at large hydropower facilities can be chal-
lenging, estimates from the field could be used as input
to make the results of our model more accurate for spe-
cific facility and to quantify the relationship between fish
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stage-specific entrainment rate and mortality with different
facility and hydrological characteristics.

In order to resolve or mitigate impacts associated with
fish entrainment, there is a demonstrated need to estimate the
potential population consequences from entrainment through
hydropower operations for new or existing facilities (Harrison
et al. 2019). However, a lack of species-specific entrainment-
related estimates and variations among ages, populations,
and reservoirs hinder the development of effective mitiga-
tion strategies. Using stage-structured population models
and Monte Carlo simulations, we projected the potential
population-level effects across a range of demographic vari-
ables and entrainment-related parameters for kokanee and bull
trout in North America. Using assumed entrainment param-
eters derived from different studies might make our results
more generalized for scenario exploration than specialized for
specific hydropower facility. Nevertheless, using entrainment
estimates directly measured from a specific facility as input
could make the results more specialized to a local condition.
Our results suggested that for both species, entrainment of
early life stages has a larger effect on long-term population
growth that when entrainment principally affects older life
stages. While bull trout generally had a higher probability of
population decline than kokanee under baseline scenario and
associated parameters, the long-term growth rate of bull trout
was less influenced by changing entrainment rates because
they have a later lake/reservoir entry. These findings are of
direct relevance to regulators and hydropower operators as
they may help inform operational alternatives to mitigating life
stage-specific entrainment or highlight compensation efforts
(e.g., habitat enhancement) that benefit life stages most likely
to be impacted. Importantly, knowledge gaps such as species-,
age-, population-, and reservoir-specific entrainment-related
parameters should be addressed to improve the accuracy and
applicability of the model results.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10669-022-09858-y.
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