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Abstract

Diadromous fish populations have incurred precipitous declines across the globe. Among many stressors, these species are
threatened by anthropogenic barriers that impede movement, alter riverine habitat, and augment predator communities. In
this study, we used acoustic transmitters (n = 220) with predation and temperature sensors to characterize Atlantic salmon
(Salmo salar) smolt predation risk in the Penobscot River, Maine, USA. Across two seasons, we documented 79 predation events
through a 170 km migratory pathway, which included three hydropower projects and a large estuary. We detected tagged
smolts that were predated by fish (n = 42), marine mammals (n = 28), and birds (n = 9). Using a multistate mark-recapture
framework, we estimated that 46% of smolts were predated during downstream migration, which accounted for at least 55% of
all mortality. Relative predation risk was greatest through impoundments and the lower estuary, where on average, predation
rates were 4.8-fold and 9.0-fold greater than free-flowing reaches, respectively. These results suggest that predation pressure
on Atlantic salmon smolts is exacerbated by hydropower projects and that predation in the lower estuary may be greater than

expected.
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Introduction

Human-mediated changes to river systems (e.g., climate
change, habitat degradation, and introduction of non-native
species) may alter predator-prey dynamics (Alexander et al.
2015; Thakur et al. 2017; Murphy et al. 2021). Predation pres-
sure that exceeds natural levels often contributes to popu-
lation decline and inhibits population recovery (Swain and
Benoit 2015; Hickerson et al. 2019; Nilsson et al. 2019). The
consequences of increased predation pressure may be severe
for migratory life stages, which is already a period of natu-
rally high mortality due to energetic demands, physiological
costs, and exposure to different predator species (Hinch et al.
2005; Thorstad et al. 2012b; Osterback et al. 2013; Bronmark
et al. 2014). Dams may augment predation risk for migrating
fish by: (1) imposing delays that increase exposure time to
novel predators (Caudill et al. 2007; Mensinger et al. 2021), (2)
supporting large populations and congregations of predators
in impoundments (Pelicice and Agostinho 2009; Murphy et
al. 2019), and (3) creating bottlenecks at dam outflows where
predators may aggregate to prey on injured and disoriented
fish (Koed et al. 2002; Andrews et al. 2019). Given that over
93% of global river volume is expected to be fragmented by
dams and other barriers in the next decade (Grill et al. 2015),

migrating fish will continue to encounter these challenges
into the future. Therefore, a better understanding of the re-
lationship between dams and predation risk may provide crit-
ical information to recover, conserve, and manage migratory
fish populations.

Elevated predation risk is a major concern for diadromous
salmonids given their social and ecological importance (Lewis
et al. 2019; Mortelliti 2023) and population declines (Noakes
etal. 2000; Waldman and Quinn 2022). These fishes are highly
susceptible to predation during smolt migration when they
encounter a suite of novel predator species (Osterback et al.
2013; Gibson et al. 2015; Fldvio et al. 2021). The smolt stage
also represents a final opportunity for direct management
action before fish enter the expansive marine environment
where monitoring is more challenging. As such, smolts have
been the focus of long-term research efforts to characterize
risks associated with this life stage (e.g., McMichael et al.
2010; Stich et al. 2015a; Buchanan et al. 2018). While many
studies assume predators are a major driver of in-river mor-
tality, comparatively few have distinguished predation from
other mortality sources.

Some tagging studies have identified fates of individual
fish by recovering tags at terrestrial kill (Sortland et al. 2023;
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Babey et al. 2020) and rookery sites (Hawkes et al. 2013;
Osterback et al. 2013) or inferring predation from migration
histories (Beland et al. 2001; Gibson et al. 2015). However,
these projects are often limited in their ability to character-
ize predation at large spatial contexts, from multiple taxa,
and across all tagged individuals. The recent development
of acid-sensitive acoustic predation transmitters offers addi-
tional clarity when determining the disposition of tagged fish
(Halfyard et al. 2017; Schultz et al. 2017). These tags trans-
mit a different signal when exposed to an acidic environment
(e.g., stomach acid of a predator), allowing researchers to de-
tect predated individuals in situ (Daniels et al. 2019; Klinard
et al. 2021; Lennox et al. 2021). Here we use acoustic preda-
tion transmitters to characterize Atlantic salmon (Salmo salar)
smolt predation risk through a modified river system to bet-
ter understand how dams augment predation pressure.

The Gulf of Maine Distinct Population Segment of Atlantic
salmon (Salmo salar) is listed as endangered under the U.S. En-
dangered Species Act (USFWS and NOAA 2009). Since their
original listing in 2000, fewer than 1500 adult fish return to
US waters annually, representing <1% of estimated historical
abundance (Saunders et al. 2006; USASAC 2023). More than
80% of these fish return to the Penobscot River, which has
been the focus of considerable research and restoration ef-
forts. Since 1970, over 25 million hatchery-reared smolts have
been released into the watershed to supplement low, natu-
ral reproduction, yet fewer than 0.1% of these smolts return
as adults (USASAC 2023). These low return rates occur in a
system with 14 federally regulated hydropower projects and
dozens of additional, smaller anthropogenic barriers (Hall et
al. 2011; Maine DEP 2014; Stevens et al. 2019). Therefore, the
Penobscot River represents an ideal area to investigate the re-
lationship between predation and dams for juvenile salmon.

In addition to direct and latent influences of dam pas-
sage (Holbrook et al. 2011; Stich et al. 2015b, 2015a; Molina-
Moctezuma et al. 2022), facilitated predation is often dis-
cussed as a potential contributor to Atlantic salmon smolt
mortality in the Penobscot River. In Maine, smolts have been
consumed by double-crested cormorants (Phalacrocorax auri-
tus, Blackwell et al. 1997; Hawkes et al. 2013), striped bass (Mo-
rone saxatilis, Beland et al. 2001), chain pickerel (Esox niger, van
den Ende 1993), and smallmouth bass (Micropterus dolomieu,
Mensinger, unpublished data). Other potential predators in-
clude seals (Pinnipedia sp.), and a suite of piscivorous birds
(e.g., gulls Larus sp., common loon Gavia immer, mergansers
Mergus sp.), all of which prey upon juvenile salmonids in other
systems (Kélds et al. 1993; Osterback et al. 2013; Thomas et al.
2017; Daniels et al. 2018). Despite this perceived predation
risk, there remains relatively little information on the extent
of predation pressure incurred by Atlantic salmon smolts in
the northeast United States. Therefore, by equipping smolts
with acoustic predation transmitters and tracking migration
through the main stem of the Penobscot River, we aim to (i)
identify predator taxa, (ii) quantify and characterize preda-
tion risk in the context of overall survival, and (iii) locate ar-
eas of high mortality due to predation. We hypothesized that
avian and fish predators would impose the highest predation
pressure and that risk would be elevated near dams. Identi-
fying sources of mortality during smolt migration represents
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a critical next step to maximize escapement into the marine
environment and would have major implications for Atlantic
salmon recovery.

Methods

Fish tagging, release, and tracking

All Atlantic salmon smolts used in this study were
hatchery-reared at the U.S. Fish and Wildlife Service (US-
FWS) Green Lake National Fish Hatchery in Ellsworth, Maine.
Smolts were grown from eggs produced from a combi-
nation hatchery and naturally reared adult salmon from
annual Penobscot River returns. Tagging occurred at the
hatchery in late April to align with the natural migratory
window for smolts in the region (Kocik et al. 2009; Frechette
et al. 2022). We selected fish that demonstrated clear visual
signs of smoltification (e.g., silvering, absence of parr marks,
McCormick et al. 1998) and were >45 g such that tag weight
in air (1.7 g) was <4% of smolt body mass. Before surgery,
fish were anesthetized in tricaine methanesulfonate (MS-222
100 mg-L!, buffered with 2.5 mM NaHCO; pH = 7.0). Then
we recorded fork length (mm) and body mass (g) and surgi-
cally implanted each fish with an acoustic predation trans-
mitter (Innovasea, V7DT-2x) through a small incision in the
peritoneal cavity and closed the wound with two braided, ab-
sorbable sutures (Ethicon Inc., VICRYL 4-0). Fish recovered in
a 500 L tank for at least 1 h prior to transport.

Each year, we released all fish simultaneously in the East
Branch of the Penobscot River in Medway, Maine, 165 km up-
stream of the river’s mouth (“rkm” hereafter, ~2 h transport
time post-surgery, Fig. 1A). This site allowed us to monitor
smolt movement through the three main-stem hydropower
projects at Weldon (152rkm), West Enfield (102rkm), and
Milford (62rkm) dams. We tracked fish migration with a
static array of more than 100 acoustic receivers (Innovasea,
VR2W, VR2Tx, and VR2AR) deployed from the release site
through the estuary (-8rkm). Individual receivers were allo-
cated among >50 long-term acoustic monitoring sites (see
Molina-Moctezuma et al. 2022) that are concentrated up-
stream and downstream of hydropower projects. To locate
tags deposited beyond the range of stationary receivers, we
searched for transmitters with a mobile receiver (Innovasea,
VR100). Active tracking started 25 days post-release, which
is beyond the expected migratory period for tagged smolts
in the system (Stich et al. 2015b). Starting 3 km upstream of
the release site, we traversed (by canoe, kayak, motor boat, or
on-foot) likely migratory routes in the study area and stopped
every 0.5-1 km for a minimum of 60s to listen for tags. Ac-
tive tracking in the estuary was conducted within 2 h of high
tide to allow for greater detection ranges within tidal envi-
ronments.

Tag programing and identifying predation

events

Transmitters contained a temperature and predation sen-
sor, each of which emitted a unique combination of 69 kHz
pings to transmit tag identifiers and sensor values. In 2021,
each tag was programmed to emit a 137 dB 69 kHz signal once
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Fig. 1. (A) Overview of the study area in the Penobscot River Watershed, Maine, USA. Lower middle inset represents main stem
of the Penobscot River. The yellow star represents the release site, and numbered green circles represent receiver stations
used in the mark-recapture model. Small, red circles represent individual acoustic receivers. D1-3, Weldon, West Enfield, and
Milford dams, respectively. Map was produced using Geographic Information Systems software (ArcGIS Pro, Esri) with National
Hydrography Dataset and Watershed Boundary Dataset spatial data (Jones et al., 2022; U.S. Geological Survey 2019). Basemap:
Esri, GEBCO, Garmin, NaturalVue. Map projection: NAD 1983 UTM Zone 19 N. (B) Conceptual model of the study area in a
multistate mark-recapture framework. Shapes, stations (i.e., capture occasions) where individual smolts were characterized
as alive, predated, or not detected, and colours represent reach type in the next downstream interval (solid, black lines). Grey
inverted pyramid, release site (R) to Station 2; blue circles, free-flowing river reaches; yellow squares, hydropower projects;
green triangles, estuary; white circle, open-interval (where A represents the product of survival and detection beyond this final
receiver station). p, detection probability at each station; S, survival probability between stations; ¥, the probability that a smolt
is predated between stations. Dam 1-3, Weldon, West Enfield, and Milford dams, respectively. Stillwater, exit and re-entry of
fish migrating through the Stillwater River.
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every 20-40 s over an estimated 56 day tag life. The same se- battery life more than doubles the expected migration dura-
quence was used for the first 25 days in 2022, but then trans- tion, the potential risk of premature tag failure was assumed
mitted a higher powered (141 dB) signal every 60-80 s foran  to be negligible. The predation sensor is designed to trigger
additional 23 days before expiration. This switch in emittance after prolonged contact with stomach acid (usually within 9 h
occurred after migration and was used to maximize the de- of exposure, Halfyard et al. 2017). Once the tag is triggered,
tection of predated fish during active searches. Given the tag the transmitted data from the predation sensor indicates the
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time since triggering (in hours). This also causes the temper-
ature sensor to permanently transmit the temperature (£0.5
°C, range = 0-40 °C) of the environment in which the pre-
dation sensor was triggered (i.e., the digestive system of the
predator species), regardless of when the tag is detected.

We used temperature data to distinguish ectothermic from
endothermic predators.

Because the average internal body temperature of poten-
tial avian predators in the system (e.g., double-crested cor-
morant, common loon) is >39 °C, we assumed sensors that
exceeded this threshold were predated by birds (Enstipp et al.
2006; Kenow et al. 2021). Alternatively, internal temperatures
of mammalian predators in the Penobscot River (e.g., North
American river otter Lontra canadensis, harbor porpoise Pho-
coena phocoena., harbor seal Phoca vitulina, and grey seal Hali-
choerus grypus) fall between 36 and 39 °C (Gaskin et al. 1974;
Boily and Lavigne 1996; Spelman et al. 1997; Hansen and Lav-
igne 1997). Therefore, we assumed that tags <39 °C and >30
°Cwere predated by mammals, and that triggered tags <30 °C
were predated by fish. Overall, we defined predated smolts by
detection of triggered predation sensors or if the temperature
sensor exceeded 30 °C to account for smolts that were con-
sumed by endothermic predators, but with untriggered pre-
dation sensors. Because the internal temperature of smolts
and potential predatory fishes reflect ambient river tempera-
tures, we were unable to identify smolts that were predated
by these species if the sensors failed to trigger.

Estimating predation risk

We used a multistate mark-recapture model to estimate
predation rates through the study system. This framework is
frequently used in analyses of survival, where detection prob-
ability (p) is estimated at each capture occasion and appar-
ent survival (S, “survival” hereafter) and state-change prob-
abilities (V) are estimated for each interval (“reach” here-
after). For migrating fish, ¥ often reflects path choice (e.g.,
Holbrook et al. 2011; Stich et al. 2015a; Buchanan et al. 2018),
but can be used to characterize migration status (Lewandoski
et al. 2018) and movement between environments (Frank et
al. 2012; Mayfield et al. 2019). In this study, we considered
predated fish to have entered a permanent alternative state.

We created capture histories comprising 16 capture occa-
sions (“stations” hereafter) in the study area (Fig. 1). These
stations consisted of a subset of acoustic monitoring sites
and allowed us to characterize predation risk through areas
of interest while also conserving model parameters. We as-
sumed unidirectional, downstream movement, and we used
the last detection at a given station to classify each smolt as
alive (“s”), predated (“d”), or not-detected (0) at each capture
occasion. All fish were alive and appeared healthy upon re-
lease, so we assigned each fish an “s” at Station 1. Smolts
that were detected as predated between stations (e.g., during
active searches or with supplemental receivers) were classi-
fied as predated at the next downstream station. We assumed
that predation locations occurred near the first detection of
a predated tag, unless there was clear evidence of predator-
facilitated transport (e.g., avian predation). In this circum-
stance, we assumed predation occurred near the last living
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(i.e., non-predated) detection. Once a smolt was detected as
predated at a capture occasion, all detections at downstream
stations were assigned a “0.” Additionally, ~15% of surviv-
ing smolts migrate though the Stillwater River and bypass
the Milford Dam hydropower project (Molina-Moctezuma et
al. 2022). Our relatively low sample size and the complex-
ity of the predation parameter prevented us from reliably
modeling an additional state change for these fish. Therefore,
we censored individuals from the capture history when they
were unavailable for detection (i.e., at Stations 10 and 11) un-
til they reentered the Penobscot River just upstream of Sta-
tion 12 (Fig. 1B).

Model parameters and selection

We assessed the goodness-of-fit of the unconstrained global
model by estimating median ¢ in Program MARK (White and
Burnham 1999). This revealed that our model was slightly
over-dispersed (¢ = 1.36, 95% Confidence Interval, CI = 1.29-
1.42), so we used quasi-Akaike information criterion adjusted
for sample size (QAIC,) to evaluate relative support among
models (Burnham and Anderson 2002). Competing hypothe-
ses regarding the structure of detection, survival, and pre-
dation parameters were assessed using the RMark package
(Laake 2013) in Program R (R Core Team 2021).

We first evaluated support for spatially explicit models that
allowed estimates to vary by reach (for S and W) and station
(for p, Fig. 1B). For S, we controlled for variable reach lengths
when creating the design matrix in RMark such that survival
estimates reflected survival per 1 km (S,), and we fixed sur-
vival to zero at all downstream reaches once individuals tran-
sitioned to a predated state. Using this approach, S represents
the probability of surviving a reach given the smolt is not pre-
dated, and 1-S yields the probability of latent mortality. Start-
ing with the most general reach-specific survival structure,
we assessed whether smolts migrating through dammed (S,
S7, S10) and estuarine reaches (S13-Si5) incurred differential
survival relative to free-flowing river reaches. We evaluated
support for models that allowed for either (1) different sur-
vival estimates at each dam (i.e., S4 # S7, # S1p) or (2) simi-
lar estimates across all dams (i.e., S4 = S; = Sy9), while tidal
reaches were treated equally (i.e., S;3 = S14 = S;5). In all con-
strained survival models, we controlled for post-release mor-
tality (Erhardt and Tiffan 2018) by allowing survival to differ
through S;.

Unlike S, we were unable to apply differences in reach
length to W using RMark. This prevented us from modeling
predation risk across a common scale (i.e., ¥-km~!) as a com-
ponent of the model likelihood, which would also compli-
cate evaluating the relative performance of more constrained
models through model selection. Therefore, we only consid-
ered the most general spatial model (i.e., all reaches allowed
independent estimates of W) for this parameter. Because the
transition from a living to predated state (Vs 4, “¥” here-
after) is unidirectional and permanent, we fixed the recip-
rocal transition probability (i.e., W4_ ) to zero. Using this
approach, W represents the probability that a smolt is pre-
dated before entering the next interval, and predated fish
also explicitly do not contribute to estimates of S, W, or p as-
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Table 1. Summary of Atlantic salmon (Salmo salar) smolt predation observations by year.

Year Release date N Fork length (mm) Mass (g) Fish Bird Mammal Unknown
2021 April 28 72 191 (166-220) 74 (46-109) 16 4 12 10
2022 April 26 148 200 (177-220) 81 (57-117) 26 5 16 42

Note: Fork length and Mass represented mean values with ranges in parentheses. N, smolts released each year; Fish, Bird, and Mammal, detected predation events from

each taxon; Unknown, smolts that incurred mortality from unknown sources.

sociated with downstream reaches or receiver stations. This
framework also prevents us from modeling state-specific p,
because we did not have repeated detections for predated
smolts. Therefore, we assumed predated and non-predated
tags had similar recapture probabilities, given that they were
still available for detection. Under this parametrization, p
provides the joint probability of detecting an individual up-
river from (via mobile tracking) or at each receiver station.
Given inherent variability among monitoring stations (e.g.,
discharge, receiver coverage, and river width), we also only
considered the most general spatial model for p (i.e., allow-
ing for different estimates of p at each receiver station).

All spatially explicit combinations of S, p, and ¥ were
first evaluated with and without a group effect (additive
and interactive) of release year. General spatial models were
considered supported if they improved support by >2.00
AQAIC, against the null, and more-constrained survival mod-
els were supported if they improved support against the gen-
eral model using the same criteria. We considered year ef-
fects to be supported if they were included within one of the
best-supported models (i.e., AQAIC, < 2.00) and the 95% con-
fidence interval (CI) of the year effect did not include zero.
The best-supported spatial/year model combination was re-
tained to evaluate the influence of individual-based variables
(i.e., fork length, Fulton’s condition factor, “condition,” here-
after) for S and W. A covariate was supported if the 95% CI of
the effect excluded zero and it was included in a model with
AQAIC, < 2.00. We used estimates from the best-supported
model to derive post-hoc calculations of reach-specific preda-
tion rates (W) using the following formula:

(1) W =1—(1-w)1)

where WV is the reach-specific predation probability and L is
the reach length (km). We used scaled estimates for S and
¥ to estimate cumulative probabilities. Cumulative survival
(c.surv) through the study area is given as follows:

15
(2)  csurv=]](Sx (1-w)

r=2

where W, is the probability of predation through each reach,
r, and S, represents the probability of a smolt surviving each
reach given that it was not predated. We further estimated
cumulative predation (c.pred) through the study area as fol-
lows:

15
(3) cpred=1- (1_[ (1- lI!,))

r=2

Together eq. 2 and eq. 3 allowed us to estimate the propor-
tion of all mortality attributed to predation (also defined as
the probably of predation given mortality) as follows:

c.pred

4 d t) =
() p(predjmort) (1 — c.surv) + c.pred

We excluded S; and ¥, from all cumulative estimates to
control for the potential of increased mortality risk post-
release, and we used the Delta method (Powell 2007) to prop-
agate error for these estimates using the emdbook package
(Bolker 2020).

Results

We released 220 smolts over two seasons in the Penobscot
River and identified 79 individuals that were predated be-
fore passing the most downstream receiver station (Station
16, Table 1). We detected 18 predated tags solely through ac-
tive tracking, while the remaining tags were identified by sta-
tionary receivers (n = 38) or both methods (n = 23). Predatory
fishes posed the greatest predation risk overall (53% of ob-
served predation events) and accounted for 87% of predated
tags detected in the upper river (Table 2, Fig. 2). Mammals
were the predominant predator in the lower section of the
river, where they consumed 88% of tags predated in these
reaches. Of the predation events by endothermic predators
(n = 37), four tags never triggered and smolt fate was deter-
mined only by temperature sensors. On average, this suggests
that ~90% of predation sensors triggered successfully.

We removed one fish from the mark-recapture analysis be-
cause the transmitter did not appear to activate until Station
8. The best-supported parameterization of p allowed for dif-
ferent detection probabilities at each station between years
(Table 2). Detection probabilities varied at individual loca-
tions (range = 0.31-1.00), but averaged 0.88 across all stations
(Table S1). The most-supported survival model indicated that
migrating smolts incurred similar losses through each dam
that were consistently greater than free-flowing reaches. An
additive effect of release year was also included in this model,
which suggested that survival throughout the study area was
lower in 2022 (8 = —0.89, —1.64 to —0.14 95% CI). We did not
find support for an effect of fork length or condition on sur-
vival or predation risk.

The annual predation probability through the study sys-
tem was 0.46 (95% CI: 0.39-0.54, Fig. 3) and was similar be-
tween years. When we allowed predation to contribute to
overall mortality, the cumulative probability of survival was
0.40 (0.30-0.50) in 2021 and 0.26 (0.19-0.34) in 2022. Preda-
tion accounted for 55% (46-64%) of all mortality and a greater
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Table 2. Relative performance of a subset of supported multistate mark-recapture mod-
els to evaluate predation risk during Atlantic salmon (Salmo salar) smolt migration.

S p v K AQAIC,
dams + river + year station x year reach 49 0.00
dams + river station x year reach 48 1.66
dam 1 + dam 2 + dam 3 + river station x year reach 50 11.87
reach station x year reach 60 18.49
reach station + year reach 46 24.92
reach station reach 45 52.34
null station reach 31 66.17
reach station null 31 71.68
null station null 17 74.32
reach null reach 31 219.45
reach null null 17 241.97
null null reach 17 257.49
null null null 3 270.39

S, structure of survival parameter; p, structure of detection of parameter; W, structure of predation parameter;
dams, same estimate across three hydropower projects; dam 1-3, different estimates for each hydropower project,
river, same estimate across undammed reaches; reach, reach-dependent estimates for intervals between stations;
year, release year; null, intercept-only model; station, different estimate for each receiver station; K, number of pa-
rameters estimated in each model; AQAIC,, difference in quasi-Akaike’s information criterion (adjusted for sample
size) from the most supported model.

Fig. 2. Locations of apparent migratory failure binned in 4 km sections. Red, orange, and light blue bars represent the location
where Atlantic salmon (Salmo salar) smolts were detected as predated by birds, fish, and mammals, respectively. Dark blue
bars represent the point of final detection of fish that were not detected as predated or as living smolt downstream of 0 river
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proportion of smolt losses in 2021 (0.64, 0.48-0.76) than 2022 (Fig. 4A). Of the predation events detected near dams, 93%
(0.47, 0.40-0.54) (n = 27) occurred in the headpond (Fig. 2). On average, pre-

Predation risk was greater through hydropower projects dation rates were 4.8-fold greater through dammed (0.0063
and the estuary compared to free-flowing river reaches km™1, 0.0043-0.0092 km™!) than free-flowing river sections
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Fig. 3. Cumulative Atlantic salmon (Salmo salar) smolt mor-
tality by release year. Circles, cumulative probability that
a smolt is predated; diamonds, cumulative probability that
a smolt does not survive. Shaded points assume that aver-
age predation rates through impounded reaches are replaced
with those of free-flowing river sections. Error bars represent
95% confidence limits.
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(0.0013 km~1, 0.0008-0.0022 km ™!, Fig. 4A). The greatest pro-
portional loss occurred through West Enfield Dam where the
predation probability was 0.09 (0.05-0.14) annually. Of the
dammed reaches, the greatest relative risk occurred at Mil-
ford Dam, where the average predation rate (0.0105 km™1,
0.0053-0.0206 km~1!) was 8.0-fold greater than free-flowing
river sections. Across the three hydropower projects, both cu-
mulative and relative predation risk was lowest for smolts
moving through Weldon Dam, where the probability of pre-
dation was 0.02 (0.01-0.05). Overall, we estimated that the
cumulative probability of a smolt being predated while mov-
ing through a hydropower project at 0.16 (0.11-0.23, Fig. 4B).
If the average predation rate through dammed reaches was
equal to free-flowing reaches, we would expect the cumula-
tive predation probability to decrease from 0.46 to 0.38 (0.30-
0.47), which would result in an increase in system-wide sur-
vival from 0.40 to 0.46 (0.35-0.58) in 2021 and from 0.26 to
0.30 (0.24-0.37) in 2022 (Fig. 3).

Of the 120 smolts that survived to the Penobscot River es-
tuary, 27% (n = 32) were detected as predated before leaving
the study area. The results from the mark-recapture model
suggested that a similar proportion (0.27, 0.12-0.38) of sur-
viving smolts were predated in this area. Overall, the estu-
ary represented the greatest proportional loss of any gen-
eral (i.e., release, dammed, estuarine, free-flowing) reach type

(Fig. 4B). Most losses occurred in the lower estuary, where
the estimated predation probability was 0.23 (0.16-0.32) be-
tween Stations 14 and 16. Estuary-wide, the average relative
risk (0.0064 km~!, 0.0045-0.0091 km~!) was 4.9-fold greater
than that of free-flowing river sections, and this difference in-
creased to 9.0-fold in the lower estuary (0.0119 km~!, 0.0081-
0.0177 km~1'). While free-flowing river sections consisted of
50% of the study area, cumulative predation probability was
lowest through these reaches (0.12, 0.07-0.18).

Discussion

We show that migrating Atlantic salmon smolts are pre-
dated by a suite of predator taxa during migration and that
risk is exacerbated near hydropower projects and the lower
Penobscot River estuary. Smolts incurred predation from
avian, fish, and mammalian species during the ~170 km
migration from release to marine entry. Over two field sea-
sons, we identified 79 smolts that were predated before mov-
ing through the study area, which we estimated represented
at least 55% of annual mortality. Collectively, this study is
among the first to characterize and quantify in situ predation
risk throughout a major Atlantic salmon smolt migration cor-
ridor and is one of the most comprehensive assessments of
smolt predation risk conducted in the region.

Predation near dams

Our study demonstrated that predation risk was elevated
near dams, and that predators may consume nearly 9% of mi-
grating smolts at a single hydropower project. Over 80% of
predated tags recovered near dams were detected in the im-
poundment and were attributed to fish predators. Our find-
ings are corroborated by other downstream passage studies
that show Atlantic salmon smolts incur lower survival when
migrating through reservoirs (Jepsen et al. 1998; Havn et al.
2018; Molina-Moctezuma et al. 2022). Though not evaluated
in this study, we assume that elevated predation in these
areas is due to a combination of increased exposure time
from dam-induced migratory delay (Molina-Moctezuma et al.
2022), aggregations of predatory fishes (Jepsen et al. 2000),
and foraging pressure by diving water birds (Modde et al.
1996).

Predation risk varied between the three hydropower
projects. The majority of smolts (18 out of 32) whose fi-
nal detection was upstream of West Enfield or Milford Dam
were detected as predated. While cumulative predation loss
was greatest at West Enfield Damjpe (~9%), relative risk was
greatest through Milford Dam where predation rates were 8-
fold greater than free-flowing river sections. When also ac-
counting for undetected predation events, our results suggest
that predation is a leading source of mortality through these
projects. The Weldon Dam hydropower project is considered
one of the riskiest areas in the Penobscot River for migrating
smolts, where up to 25% of individuals have died in a sin-
gle season (Stich et al. 2015a; Molina-Moctezuma et al. 2022).
Therefore, we expected predation risk to parallel these losses.
While the average mortality through Weldon Dam was rela-
tively high, ranging from ~8% to 16% between years, we es-
timated that only ~2% of smolts were predated in this area.
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Fig. 4. Atlantic salmon (Salmo salar) smolt predation risk by reach type. (A) Relative predation rates through 15 intervals.
Coloured shapes represent release (grey inverted pyramid), free-flowing river (blue circles), dammed (yellow squares), and
estuarine (green triangles) reaches. (B) Cumulative predation probability through each reach type. Error bars represent 95%

confidence limits.
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Therefore, there is a large proportion of unexplained mortal-
ity that occurs through this project (Fig. 2). While the preda-
tion estimates account for some undetected predation events
by modelling detection probabilities, this approach assumes
the tags are still available (i.e., in the river) for detection.

Acoustic tags deposited in close proximity to hydropower
dams are also difficult to detect given increased ambient
noise, tag entrainment in dam structures, and our ability to
safely approach facilities during mobile tracking. Ultimately,
we are unable to disentangle whether the unknown mortal-
ity through Weldon Dam is the result of undetected predation
(discussed later) or lethal injuries sustained during dam pas-
sage (e.g., turbine strikes, spillway falls, impingement, Algera
et al. 2020).

Estuarine predation

We estimated that ~27% of smolts were predated through
the Penobscot River estuary. Most of these events (26 out
of 32) occurred in the lower estuary through a 22 km area
downstream of Station 14. This is congruent with a gradual
decrease in survival observed by previous studies as smolts
progress towards the marine environment (Renkawitz et al.
2012; Stich et al. 2015b). However, the extent of marine mam-
mal predation pressure observed in our study was substantial
and unexpected. Overall, 13% of smolts tagged in this study
were consumed by marine mammals and these events ac-
counted for 88% of detected estuarine predation. Harbor por-
poises are present in the river and may account for some ma-
rine mammal predation events, but there is little empirical
evidence to suggest smolt predation by this species (Gibson
and Atkinson 2003). Alternatively, we assume that the ma-

jority of marine mammal predation is from grey and har-
bor seals, as seals are known predators on juvenile Pacific
salmonids (Clements et al. 2012; Thomas et al. 2017). In this
study, the majority of mammal predation events were ob-
served within 3 km of known seal haulouts at Odom’s Ledge
(n = 8, 1Irkm) and Fort Point Ledge (n = 13, -6rkin, Figs. 1A, 2),
where up to 65 seals have been spotted on a single occasion
(Leach 2020). However, we expected the increased biomass
of adult clupeids (e.g., Alosa sp.) migrating upstream to serve
as a prey buffer for smolts migrating through the estuary
(O’Malley et al. 2017), so were surprised by the degree of seal
predation observed in this study during a time of increased
prey availability. This may be the result of sub-lethal effects
incurred earlier in migration (e.g., during dam passage, Stich
et al. 2015b) or the “dinner-bell” effect, where marine mam-
mals hear and selectively prey on acoustically tagged fish
(Stansbury et al. 2015; Wargo Rub and Sandford 2020). The lat-
ter scenario has yet to be evaluated in the Northeast US, but
if substantiated, may bias predation risk for untagged smolts.

Research beyond the Penobscot River suggests that striped
bass may exert heavy predation pressure during smolt mi-
gration (Beland et al. 2001; Gibson et al. 2015; Daniels et
al. 2018). Although the Penobscot River’s striped bass pop-
ulation has increased following dam-removals (Watson et al.
2018), they were not a major smolt predator in this study.
We only observed three fish predation events in striped bass
habitat (i.e., downstream of Milford Dam) and none of these
transmitter histories displayed movements characteristic of
striped bass foraging patterns (Beland et al. 2001; Gibson et
al. 2015; Daniels et al. 2018). In both years, striped bass were
first encountered at the Milford Dam fish lift in early June
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(MDMR 2021, 2022 unpublished data), after surviving smolts
had moved through the study area. Due to early (mid-April)
stocking efforts, hatchery-reared smolts may be more likely
to avoid striped bass predation relative to wild-reared fish
that migrate later in the season (Frechette et al. 2022).

Cumulative predation risk and unknown fates

We estimated that cumulative predation probability in
our study system averaged 46% annually. This estimate falls
within the range of other smolt studies (30%-59%) that used
predation transmitters (Daniels et al. 2019; Notte et al. 2022;
Hanssen et al. 2022). Unlike these studies, we were unable to
tag naturally emigrating smolts in our study because of low
population densities and an absence of rotary screw trapping
efforts in the Penobscot River watershed during study years.
Research from other systems suggests differential predation
risk between naturally and hatchery-reared salmonids (Fresh
et al. 2003; Fritts et al. 2007), but long-term monitoring in
the Penobscot River suggests similar survival between these
groups (Stich et al. 2015a). Future research in the watershed
may benefit from incorporating smolt origin into predation
risk assessments. Given intense hatchery supplementation ef-
forts for this population, the estimates in this study are rep-
resentative of the vast majority of smolts migrating through
the system and we assume reflect the relative risk for natu-
rally reared smolts.

Notably, neither cumulative survival nor predation esti-
mates include the relatively high mortality (~3.5% annual
average) observed between the release site and the first re-
ceiver station (Fig. 4A). Five smolts were predated in this
reach alone, and three individuals were not detected after
release (Fig. 2). This elevated post-stocking mortality is con-
sistent with other research (Erhardt and Tiffan 2018; Klinard
et al. 2019; Gatch et al. 2022). In our study, we assume this
is caused by opportunistic predation on recovering and ac-
climating smolts and is not reflective of true predation risk
through this river section. Therefore, our results support pre-
vious findings that describe the importance of accounting for
post-release losses to avoid overestimating mortality.

The predation estimates presented in this study account
for imperfect recovery of predated tags that remain available
for detection. There was an 11% difference between tagged
smolts that were detected as predated (35% excluding release
interval) and our cumulative predation estimate (46%). There-
fore, we would expect that ~23 smolts were predated, de-
posited somewhere in river, but were never detected. We as-
sume that most of these undetected predation events were
from predatory fishes, given that these tags likely remain
in the river, and the majority of smolts with unknown fates
were last detected in areas of increased fish predation (Fig.
2). When accounting for both observed and undetected preda-
tion events, we estimate there were ~30 smolts that incurred
mortality from unknown sources. In addition to injuries asso-
ciated with dam passage, tags that are transported to terres-
trial environments by avian and mammalian predators may
account for some additional unexplained mortality. Because
these predation events result in permanent tag removal from
the system, they are analogous to permanent emigration in

a standard capture-mark-recapture study design, and are not
likely to be captured by the detection parameter (Williams
et al. 2002). Predation events preceding terrestrial tag depo-
sition are most likely incorporated into estimates of S rather
than V¥ in our modelling framework, and therefore the appar-
ent cumulative predation estimates presented in this study
may underestimate true predation risk.

In the Penobscot River, predators such as river otters and
water birds represent the most likely mechanism for terres-
trial deposition. Radio telemetry studies show that otters may
predate and deposit tagged fish along riverbanks (Aarestrup
et al. 2005; Babey et al. 2020; Fldvio et al. 2021) which are
then undetectable using acoustic telemetry alone. While we
have yet to find definitive evidence of otter predation in the
Penobscot River, they may help explain some smolt losses in
the upper river (Fig. 2). Ultimately, we assume that diving wa-
ter birds are responsible for most terrestrial tag transport,
and thus may be a substantial source of latent predation. We
recovered nine smolts that were consumed by avian preda-
tors during this study. While these tags were deposited in the
river, research in the Columbia River system suggests that
terrestrial deposition by avian predators are species specific
but range from 15% to 71% (Hostetter et al. 2015). Applying
these rates to our study, anywhere from 2 to 22 smolts could
have been excreted on land, which may account for some
of the unknown fates of fish last detected in impoundments
(Fig. 2).

We assume that double-crested cormorants are responsible
for the majority of avian predation events in this study. Cor-
morants (Phalacrocoracidae sp.) impose substantial predation
pressure on migrating smolts in other systems (Sebring et
al. 2013; Jepsen et al. 2019). Historically, the Penobscot River
has supported a population of more than 1000 double-crested
cormorants and they are frequently observed foraging near
hydropower projects and throughout the estuary. Previous
research on this population suggests they prey opportunis-
tically on Atlantic salmon smolts (Blackwell et al. 1997), and
one of our tags was recovered within 50 m of a cormorant
rookery near Sandy Point (1rkm). Three additional tags were
predated in the estuary near known cormorant foraging lo-
cations (Justin Stevens, Maine Sea Grant, oral communication,
2023), one of which was deposited in the Milford Dam im-
poundment (~40 km upstream). In addition to cormorants,
we frequently observed common loons and common mer-
gansers in reaches between the release site and Weldon Dam.
These species may account for the fate of three bird-predated
tags recovered within a 200 m area between Stations 2 and 3
(161rkm, Fig. 2). When considering recovery of predated tags
and those unavailable for detection, our study suggests that
at least 7% of smolts tagged in this study were consumed by
avian predators, which may increase if we could determine
the fates of all smolts.

In addition to terrestrial deposition, the mechanics of
the acid-sensitive predation transmitters used in this study
may add additional uncertainty to predation estimates. First,
there is a delay between a predation event and when the pre-
dation sensor is triggered. Laboratory trials on similar trans-
mitters suggest the magnitude of this delay is highly variable
(1-78 h) and is temperature dependent (Halfyard et al. 2017;
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Lennox et al. 2021). Absent of clear evidence of predator-
facilitated transport, we assumed that predation events oc-
curred in the same reach where the tag was first detected as
predated. Therefore, lags in trigger time may cause some tags
to be detected in different reaches than they were consumed,
a risk exacerbated by highly mobile predators (e.g., seals,
striped bass). While, this potential location-bias may change
reach-specific predation estimates, we expect system-wide es-
timates to remain unchanged. Second, predation sensors may
fail to trigger after consumption. Although we did not ex-
plicitly evaluate trigger-success, corroboration with tempera-
ture sensor data suggests the predation sensors triggered on
~90% of endothermic predation events, which was similar
to rates reported by Halfyard et al. 2017 (95%). Therefore, a
small proportion of smolts with unknown dispositions may
have been consumed by predatory fishes, but the predation
sensor never triggered. Third, predation sensors may trigger
in the absence of the predation event. This is most likely to
occur soon after dam passage when dead or moribund fish are
susceptible to scavengers (Gadomski and Hall-Griswold 1992;
Tiller et al. 2004; Havn et al. 2018). Despite relatively high de-
tection in these areas (average p = ~80%), we observed com-
paratively few predation events downstream of dams (Fig. 2).
It is also unlikely that predation sensors would be triggered
prior to predation events. This type of false-positive is most
likely to occur after prolonged exposure to warm water tem-
peratures (Halfyard et al. 2017; Slusher et al. 2021). Ambient
water temperatures during this study (10 °C) were lower than
trials that evaluated tag performance (12-24 °C), and there-
fore we expect the prevalence of false-positives to be minimal
in this study.

Cumulative smolt mortality

We estimated that at least 55% of all mortality incurred by
smolts in this study was predation-dependent. When com-
bined with unknown sources of mortality, the average cu-
mulative survival through the study area was 33%. Given
the elevated predation risk near dams, we imagined a sce-
nario in which predation rates through hydropower projects
were reduced to the baseline predation expected through
free-flowing reaches (Fig. 3). Under the conditions associated
with this thought-experiment, cumulative survival through
the study area increased by 6% in 2021 and 4% in 2022. While
this increase may seem trivial, such improvements may sub-
stantially increase the number of smolts entering the marine
environment.

Overall, the average cumulative survival estimated in this
study is less than those reported from fish released at
the same location (46%-62%, Stich et al. 2015a; Molina-
Moctezuma et al. 2022). This may be for the following rea-
sons, both of which our study design prevented us from reli-
ably assessing. First, prior research in the Penobscot River in-
dicated that smolt survival is optimized when river discharge
exceeds 1000m?3.s~! (Stich et al. 2015a; Molina-Moctezuma et
al. 2022). However, migrating smolts in this study did not ex-
perience flows beyond 850 m>.s~! in either year (taken from
the U.S. Geological Survey stream gage site 01034500, U.S. Ge-
ological Survey 2023). Higher flows reduce migration time, es-
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pecially through impoundments, which may limit exposure
to predators. Second, this difference may stem from explic-
itly including disposition in our analysis and reflect preda-
tion bias in past research (Gibson et al. 2015; Daniels et al.
2019). Predation-naive mark-recapture studies may overesti-
mate survival by failing to account for predated individuals
that remain available for detection. Historical bias in this sys-
tem may be most realized in the lower estuary, where pre-
dated smolts are detected as alive at the most downstream
receiver stations (i.e., presenting as living fish). This scenario
may also help explain greater estuarine mortality than pre-
viously reported in the system (Holbrook et al. 2011; Stich et
al. 2015b; Molina-Moctezuma et al. 2022).

Implications for Atlantic salmon conservation

Our results suggest that predation is the leading source of
mortality during Atlantic salmon smolt migration. While this
is often speculated, we quantified predation risk throughout
the main stem of the Penobscot River, the last stronghold
of sea-run Atlantic salmon in the United States. While some
mortality is expected during this life stage, it is important to
understand how much mortality is sustainable. This study of-
fers greater insights to the sources of mortality, which repre-
sents a critical step in developing recovery efforts. Given the
heterogeneity of predation risk during migration, mitigation
efforts may differ across contexts.

Dams facilitate predation and timely passage may be as im-
portant as safe passage. Management actions (e.g., flow ma-
nipulation) that allow smolts to move quickly through im-
poundments and locate safe, downstream passage may help
alleviate predation risk in these areas (Cavallo et al. 2013;
Courter et al. 2016; Frechette et al. 2022). Such actions may
be most effective when paired with predator control mea-
sures that reduce the predator densities encountered by mi-
grating smolts. For predatory fishes, this may include active
predator removal (Cavallo et al. 2013; Michel et al. 2020), in-
creased angling pressure, or reservoir draining (Murphy et al.
2019). Non-lethal harassment of double-crested cormorants
may also minimize risk in these areas (Hawkes et al. 2013).
However, it may be worth considering whether these actions
are sustainable and that compensatory effects from the re-
maining predator communities do not outweigh potential
gains (Beamesderfer 2000).

Increasing survival in the Penobscot River estuary may be
challenging given the legal protections afforded to marine
mammals and spatial extent of predation risk in this area. In
the absence of predator control, actions that allow smolts to
move under naturally decreased predation risk may be effec-
tive. In the Penobscot River, the majority of hatchery-reared
smolts are released in early-April downstream of Milford Dam
(Frechette et al. 2022), allowing them to move unimpeded
into the estuary (13.3 km downstream). Therefore, predation
risk may be mitigated with strategic releases based on diel cy-
cle, (Vollset et al. 2017), water temperature (Karppinen et al.
2014; Nobriga et al. 2021), location (Thorstad et al. 2012a), and
predator densities (Furey et al. 2016). Such synchrony is dis-
turbed for wild-reared smolts that must pass multiple dams
before estuarine arrival, where delays may result in migrat-
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ing under suboptimal environmental conditions (Holbrook
et al. 2011; Stich et al. 2015b; Molina-Moctezuma et al. 2022).
This scenario further emphasizes the importance of efficient
dam passage, which may help alleviate predation risk system
wide. Ultimately, mitigating smolt predation risk that occurs
beyond natural levels may represent a critical hurdle in At-
lantic salmon recovery.
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