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Abstract
System-wide survival of hatchery-reared Atlantic salmon (Salmo salar) smolts was evaluated (2017–2019) in the Penobscot River

and compared to survival estimates from previous years that spanned major changes (2005–2016). This system was transformed
through two dam removals in 2012 and construction of a nature-like passage structure at a third. The main stem had three
dams (five prior to 2012), while the main tributary had four dams (one with the new nature-like passage). We estimated survival
using acoustic telemetry mark–recapture (n = 1482) from 2017 to 2019. Six release sites and two release dates were included to
assess system-wide survival. Survival from 2017 to 2019 was higher than previous years, with total cumulative survival > 0.75,
independently of year and release sites, compared to survival < 0.5 in previous years. These years coincided with exceptional
high flows not seen previously. We found an effect of delays on survival, longer delays associated with lower survival. Overall,
survival in these years increased in all reaches relative to previous years except for one dam, Weldon Dam, which was a site
of sustained high mortality.
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Résumé
La survie à l’échelle du réseau de smolts de saumon atlantique (Salmo salar) élevés en écloserie a été évaluée (2017–2019) dans

le fleuve Penobscot et comparée à des estimations de la survie pour des années antérieures marquées par des changements
majeurs (2005–2016). Ce système a été transformé par le retrait de deux barrages en 2012 et la construction d’une passe d’aspect
naturel à un troisième barrage. Le cours principal comptait trois barrages (cinq avant 2012), alors que l’affluent principal en
comptait quatre (dont un doté de la nouvelle passe d’aspect naturel). Nous avons estimé la survie sur la base d’étiquettes de
télémétrie acoustique récupérées (n = 1482) de 2017 à 2019. Six lieux de lâcher et deux dates de lâcher ont été inclus pour
évaluer la survie à l’échelle du réseau. La survie de 2017 à 2019 était plus élevée que durant les années précédentes, soit une
survie cumulative totale de >0,75, indépendamment de l’année et du lieu du lâcher, comparativement à une survie de <0,5
les années précédentes. Ces années coïncidaient avec des débits exceptionnellement forts non observés antérieurement. Nous
avons relevé un effet des retards sur la survie, les retards plus longs étant associés à une survie moindre. Dans l’ensemble,
la survie durant ces années a augmenté dans tous les tronçons par rapport aux années précédentes, sauf pour un barrage, le
barrage Weldon, qui était le site d’une mortalité élevée soutenue. [Traduit par la Rédaction]

Mots-clés : survie, barrages, migration, saumon, déplacement du poisson

Introduction
The downstream migration of Atlantic salmon (Salmo salar)

juveniles is a critical stage in their life cycle. During this
stage, individuals undergo a series of morphological, physi-
ological, and behavioral changes that prepare them for mi-
gration and life at sea (McCormick et al. 1998; Klemetsen et
al. 2003). These changes include a transition toward a slim-
mer morphometry, which allows fish to be more hydrody-

namic (Taylor and McPhail 1985), as well as a silvery color
providing camouflage that aids in avoiding predators (Evans
et al. 2014). Physiological changes include upregulation of
hypo-osmoregulatory mechanisms, including an increase in
activity of the gill sodium–potassium ATPase (NKA) enzyme
(McCormick et al. 2013), which facilitates transition from
fresh to salt water. Despite the developmental changes that
prepare individuals for their migration and life at sea, this
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Fig. 1. Current map projection of the Penobscot River, Maine, USA, depicting locations of dams, acoustic receiver stations,
and release sites for acoustically tagged Atlantic salmon smolts. Red lines represent dams. Gray circles represent the acoustic
receiver stations, and the stars and numbers represent the release sites. The three dams not labeled in the Stillwater Branch
(upstream to downstream) are Gillman Falls, Stillwater Dam, and Orono Dam. Map projection: NAD83.

migration is a period of high mortality. Both wild and
hatchery-reared smolts face a series of new challenging con-
ditions such as novel predators, and the physiological chal-
lenge of increased salinity (Poe et al. 1991; Parrish et al. 1998;
Aas et al. 2011). Smolts also face anthropogenic challenges,
such as dams, that have been demonstrated to increase their
mortality (National Research Council (U.S.) 2004; Keefer et al.
2012; Norrgård et al. 2013).

The Penobscot River is the largest river in Maine, USA,
and hosts the largest population of the endangered Atlantic
salmon (Salmo salar) in the USA. However, total adult returns
in this river remain low (National Research Council (U.S.)
2004; Saunders et al. 2006; United States Atlantic Salmon
Assessment Committee 2019). Limited wild spawning of At-
lantic salmon occurs, but there is extensive stocking of eggs,
fry, and smolts in the system. Therefore, most of the juve-
niles in the system are hatchery sourced, even when wild-
reared (i.e., egg or fry stocked). Peak seaward migration of
wild and wild-reared smolts generally occurs during late April
and early May each year, as does the release of hatchery-
reared smolts. Survival of these juveniles in the Penobscot
River has been studied since 2005 using acoustic telemetry,
and several dams have been identified as areas of high risk
(Holbrook et al. 2011; Stich et al. 2014, 2015a).

The Penobscot River has changed significantly over the
last decade. In 2004, the Penobscot River Restoration Project
(PRRP) was initiated, with the goal of balancing restored ac-

cess to spawning habitat for diadromous fishes with con-
tinued hydropower production. Efforts from this project in-
cluded decommissioning three dams in 2012 and upgrading
fish passage at four dams, while increasing power generation
at three remaining dams (in 2013). As part of this system-
wide effort, a nature-like fish bypass for upstream and down-
stream movement of fish was also built during 2015 at the
confluence of the Piscataquis River with the Penobscot River
(Fig. 1; Opperman et al. 2011). As a result, survival of migrat-
ing smolts in this tributary has increased (Molina-Moctezuma
et al. 2021). The project involved removing two dams in the
mainstem of the river (in 2012 and 2013; previously the two
downstream-most dams). Downstream passage was upgraded
with a nature-like fish bypass at Howland Dam, right at the
confluence of the Piscataquis River (the main tributary of
the Penobscot) and the Penobscot River. Power production
was increased at the dams in the Stillwater Branch, a branch
that constitutes an alternative route around the downstream-
most dam and that has relative low use (∼10% of individu-
als use this route; Stich et al. 2015a). Despite the changes in
the Penobscot River, smolt mortality has remained high at
dams, in particular, Weldon Dam, Howland Dam, and Milford
Dam (Holbrook et al. 2011; Stich et al. 2014, 2015a; Molina-
Moctezuma et al. 2021; Fig. 1).

Several individual and environmental factors have been
identified to affect survival of migrating smolts multiple river
systems, including origin (Hvidsten and Lund 1988; Stich
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et al. 2015a), length and condition (Armstrong et al. 2018)
and physiological development (using gill NKA activity; Stich
et al. 2015a), flow or discharge (Jensen and Johnsen 1999),
and dam-caused delays, defined as a significant slower rate in
movement in sections of river with a dam, compared to free-
flowing sections of the river; (Lawrence et al. 2016; Molina-
Moctezuma et al. 2021). Increased fish mortality at dams may
be caused by higher exposure to predators (Poe et al. 1991;
Caudill et al. 2007; Keefer et al. 2012) fish that are delayed
at dams, but ultimately “successfully” pass the dams also ex-
hibit higher mortality rates during the rest of their migra-
tions (Molina-Moctezuma et al. 2021). Multiple reasons may
cause decreased probability of survival for fish that got de-
layed at dams, smolts may be injured or otherwise compro-
mised at dams, slowing their migration or causing delayed
(latent) mortality in reaches downstream of a dam (Music et
al. 2010; Nieland et al. 2015) and even later, when moving
through the estuary (Stich et al. 2015c). Passage delays can
cause important energetic impacts (Rubenstein 2021), which
may in turn result in lower survival later on. In general,
the mechanism of dam-related mortalities after passage re-
mains an often unaccounted for and poorly understood phe-
nomenon. There is a lack of studies across systems, with mul-
tiple releases sites that can account for both (1) dam-induced
mortality and (2) delay-induced mortality. Furthermore, there
is a lack of understanding on whether any dam-caused delay
may increase latent mortality, or if specifics dam in a system
can cause higher mortality than others.

Dam-caused delays are affected by factors that can vary by
individual (e.g., fish length), by dam, and by environmen-
tal factors, in particular discharge, with low discharge ex-
acerbating delay-induced mortality. Low discharge is gener-
ally associated with low survival at dams (Stich et al. 2014,
2015a); thus, in years with reduced discharge, out-migrating
smolts tend to have lower overall (or system-wide) survival
probability. Moreover, low discharge has a clear and direct ef-
fect in slowing downstream migration. Fish that approach a
dam under low discharge conditions experience considerably
longer delays (i.e., time spent upstream of a dam before suc-
cessfully passing it; Molina-Moctezuma et al. 2021). So, low
discharge causes an increase in both mortality at dams and
higher delay-induced mortality.

As reported in Molina-Moctezuma et al. (2021), from 2005
through 2015, flow conditions in the Penobscot River only
had modest variation among years. During this time, cumu-
lative survival of smolts in the Penobscot River was consis-
tently low, remaining a critical impediment to restoration.
Mean cumulative survival is only 0.25 for individuals released
into the upper Penobscot River. Factors other than discharge
also shape the probability of successful ocean entry. The goal
of this study was to conduct a system-wide assessment of
Atlantic salmon smolt survival in the Penobscot River af-
ter multiple changes associated with the PRRP were imple-
mented in the system and compare them to the survival in
previous years. To do this, we used acoustic telemetry data
from 1482 fish tagged 2016–2019 to estimate apparent sur-
vival while accounting for imperfect detection using mark–
recapture methods. In particular, we were able to have mul-
tiple release sites, and release times in 2017, 2018, and 2019,

thus allowing us to obtain system-wide survival for these
years, and to explore the effects that delays and dams have
on survival throughout the system. By chance, in 2017, 2018,
and 2019, the spring discharge in the Penobscot River was
highly favorable for migrating smolts, which causes high sur-
vival. Given the observed flow conditions, we were able to es-
timate system-wide survival, and the effects of dam-induced
delays on survival of Atlantic salmon smolts during high-flow,
high-survival years (i.e., during yeas with ideal environmental
conditions). We compared our results with results produced
in previous studies in this system.

Methods

Study site
The Penobscot River (Fig. 1) changed dramatically from the

inception of the PRRP in 2004, through 2016, when it was
completed. Specifically, Great Works, river kilometre (rkm)
59, and Veazie (rkm 48) dams were removed in 2012 and 2013,
respectively (they were the two downstream-most dams, re-
sults are not presented for these dams, and these dams are
not shown in any figures). Downstream passage was upgraded
at Howland, Stillwater, and Orono Dams during those years
(Fig. 1). A nature-like fish bypass channel was completed in
fall 2015 at Howland Dam. Howland Dam has ceased power
production but will remain in place to allow for continued
access to the Howland boat launch.

Despite the changes in the system, multiple dams that in-
fluence the downstream migration of smolts are still present.
Depending on where fish are stocked, they may encounter up
to seven dams in the system. The dams in the system include
four dams in the Piscataquis River: Guilford Dam, Dover Dam,
Browns Mill Dam, and Howland Dam (rkms 179.5, 165.3,
164.5, and 99.5), and three dams in the Penobscot River:
Weldon Dam, West Enfield Dam, and Milford Dam (rkms
147, 99.9, and 61). All the dams, except for Howland Dam,
were operational. The confluence of the Piscataquis River and
the Penobscot River occurs at rkm 99 (Fig. 1). The Stillwater
Branch diverges from the mainstem Penobscot River at rkm
63, and the two converge again at rkm 51. Smolts using this
path must pass the three dams: Gillman Falls, Stillwater, and
Orono present in the 12 km Stillwater Branch.

Acoustic telemetry array
Each year from 2016 to 2019, an acoustic telemetry ar-

ray consisting of up to 150 Vemco acoustic receivers (VR2W;
Innovasea; innovasea.com) was deployed in the Penobscot
River after ice-out, generally early April. Each receiver con-
tained an omnidirectional hydrophone scanning continu-
ously at 69 kHz. In some cases, multiple receivers were de-
ployed across the river to increase detection probability. De-
tections from these receivers were pooled and treated as a sin-
gle station. Receiver stations were deployed throughout the
river, and the maximum distance between receiver stations
was 15 rkms. Receivers were deployed upstream and down-
stream of each of the dams studied (within rkm 1), thereby
conferring information regarding dam approach and passage
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Table 1. Number of acoustically tagged Atlantic salmon smolts released at each of six sites 2016–2019 in the
Piscataquis and Penobscot rivers, Maine, USA.

Piscataquis Penobscot

Year 1. Abbot 2. Browns Mill 3. Weldon 4. Mattawamkeag 5. Confluence 6. Stillwater Total

2016 75 75 —— —— —— —— 150

2017 80 80 80 80 80 50 450

2018 80 80 80 80 80 50 450

2019 77 77 78 75 75 50 432

Table 2. Mean data for all release groups from 2016 to 2019.

Year Release Gill NKA FL (mm) FL range (mm) Mass (g) Mass range (g)

2016 Early 4.04 (1.73) 192.2 (10.6) 162–216 76.6 (12.7) 45.8–114.2

2017 Early 3.03 (1.67) 185.3 (9.2) 165–217 67.2 (10.7) 46.3–104

Late 3.61 (2.02) 189.7 (10.4) 160–214 69.1 (11.8) 46.5–109

2018 Early 3.83 (2.13) 190.2 (9.8) 169–220 76.8 (12.8) 52.3–119.2

Late 4.67 (2.67) 190.1 (9.2) 169–225 74.3 (12.7) 52.9–129.9

2019 Early 3.95 (1.49) 180.1 (10.2) 160–209 61.4 (12.7) 42.0–98.8

Note: Data include mean gill sodium-potassium ATPase (NKA) enzyme, mean fork length (FL, mm), FL range (mm), mean mass (g), and mass range (g).
Numbers in parentheses represent standard deviations.

(Fig. 1). In 2016, the array did not include any receivers up-
stream of West Enfield Dam.

Tagging and releases
Atlantic salmon smolts (natural and wild reared) have been

tagged and released in the Penobscot River for survival anal-
ysis since 2005. From 2005 to 2015, releases were described
in Holbrook et al. (2011) and Stich et al. (2015c). To com-
pare survival estimates from these studies with survival un-
der the new conditions (2016–2019), hatchery-reared Atlantic
salmon smolts (n = 1482) were acoustically tagged and re-
leased into the Penobscot River (Fig. 1). The number of fish
tagged and released varied among years and sites (Table 1).
There were only two release sites in 2016, both in the Pis-
cataquis River: (1) Abbot (upstream of all four dams in the Pis-
cataquis River) and (2) Browns Mill (downstream of Brown’s
Mill Dam, and upstream of Howland Dam). From 2017 to
2019, there were six release sites: two in the Piscataquis River,
three in the main stem Penobscot River, and one in the Still-
water Branch, which allowed us to estimate system-wide sur-
vival these years. The Piscataquis River release sites were the
same as previously described: (1) Abbot and (2) Browns Mill;
and the Penobscot releases were (3) Weldon (upstream of Wel-
don Dam), (4) Mattawamkeag (downstream of Weldon Dam
and upstream of West Enfield Dam), (5) Confluence (at the
confluence of the Penobscot and Stillwater Rivers), and the (6)
Stillwater Branch (immediately downstream of Gillman Falls;
Fig. 1).

All fish were hatched and reared at the U.S. Fish and
Wildlife Service, Green Lake National Fish Hatchery. Smolts
were anesthetized using a 100 mg·L−1 solution of MS-222
(buffered with 20 mmol·L–1NaHCO3; pH = 7.0), and fork
length (mm) and mass (g) were measured (Table 2). All fish
had a fork length higher than 160 mm and a mass higher
than 42.0 g. A nonlethal gill biopsy (4–6 filaments) was

taken from the front, left gill arch of each fish prior to
tagging for gill NKA activity measurement. Gill biopsies
were quick frozen using dry ice, and the individual biopsies
were stored at −80 ◦C in 100 μL SEI buffer (250 mmol·L–1

sucrose, 10 mmol·L–1 Na2-EDTA, and 50 m·molL–1 imidazole).
A small (1 cm) incision was made offset from the ventral line
approximately 1 cm posterior to the pectoral-fin girdle. An
acoustic tag (Vemco V9-6 L) was inserted intraperitoneally,
and the incision was closed with two simple, interrupted
knots using absorbable vicryl sutures (Ethicon 4–0 RB-1;
www.ethicon.com). The tags were 21 mm long, 1.6 g in
water, 2.9 g in air, and were programmed with a nominal
delay of 30 s for 33 days, and then a nominal delay of 80
seconds for the rest of the battery life. After surgery, fish
were transferred to a recovery tank. Fish recovered for at
least 3 h and were then checked for full recovery. Following
full recovery, fish were transported to their release site using
isolated transport tank, with density lower than one fish per
two gallons. Fish were released immediately after arrival,
river and hatchery temperature were similar, and only the
tagged fish cohort was released (no untagged fish). Transport
time to the release site varied between 1 and 2 h. These meth-
ods have yielded high postsurgery and postrelease survival
(over 99%) in previous years (Holbrook et al. 2011; Stich et al.
2015a).

Discharge data
Discharge was obtained for years 2010–2019 using from the

West Enfield Gage 01034500 (USGS 2019). A subset of the dis-
charge data was obtained to include dates from 24 April to
15 May each year (the smolt migration “window”; McCormick
1994). This time interval spanned all releases and the estuary
entry (passing the last dam, Milford Dam) by at least 90% of
the individuals in all years.
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Gill NKA assay
Gill NKA (enzyme code 3.6.3.9; IUBM 1992) activity (ex-

pressed as μmol ADP·(mg protein)−1·h−1) was analyzed using
the method of McCormick (1993). Concentration of NADH
at 25 ◦C and 340 nm was used to measure kinetic rate of
ouabain-inhibitable ATP hydrolysis. Protein concentration in
gill samples was determined using the bicinchoninic acid
method (Smith et al. 1985) with a protein quantitative assay
(Pierce 23 225; thermofisher.com). Gill samples from each fish
were analyzed in triplicate for gill NKA activity and protein
concentration.

Survival and path choice
Spatially explicit capture histories were developed for

each tagged individual using detections at the acoustic re-
ceivers during the fish downstream migration. Each acoustic
receiver station (detections from a single receiver or pooled
from multiple co-located receivers) were interpreted as a
“recapture occasion” during the smolt migration. Receiver
locations depended on river access and they were not evenly
spaced; however, for each dam, receivers were placed within
rkm 1 upstream of a dam and within rkm 1 downstream of
a dam Distance between receivers varied from rkms 2 to 15
(Fig. 1). To account for different potential path choices during
downstream, different “states” were defined. Detections in
the mainstem Penobscot River were defined as occurring in
state “A”, detections in the Piscataquis River defined as state
“B”, and detections in the Stillwater Branch were defined as
state “C”. This allowed us to independently estimate survival
at in each branch, as well as estimate the probability of
individuals migrating through either the Stillwater Branch
or through the Penobscot River (i.e., the probability that
an individual will go from “A” to “C”, represented, by ψAC).
All other transitions were either fixed to 0, as they were
impossible under the assumption of unidirectional down-
stream migration (e.g., probability of transitioning from the
Stillwater Branch to the Piscataquis River) or fixed to 1 if only
one outcome is possible (e.g., probability of transition from
the Piscataquis River to the Penobscot River; Fig. 2). Survival
was estimated using multistate mark–recapture models
(Lebreton et al. 1992). While states are generally presented
as “stratums” or “states” in MS models, we present them as
“river”, as they represent different “rivers” of the system.

Model selection and estimation of survival
As Atlantic salmon smolts must migrate to the ocean to

complete their life cycle, the migration was assumed to
be one-dimensional (river) and unidirectional (i.e., fish only
move downstream). Therefore, we used models and meth-
ods that were normally used for survival through time and
and were used to estimate survival through space. Therefore,
instead of using “time” as a parameter, we used “reach”, as
we estimated survival through reaches. Models were devel-
oped in program MARK (White and Burnham 1999), through
the package RMark (Laake 2013) in program R (R Core Team
2019). Models were then compared using corrected Akaike
information criterion (AICc; White and Burnham 1999), and
using the best performing model, we estimated survival (S),

Fig. 2. Diagram of model states within the Penobscot River,
Maine, USA, with the three transitional areas (ψ ) in the spa-
tially explicit multistate mark–recapture model used to esti-
mate apparent survival of acoustically tagged Atlantic salmon
smolts 2016–2019. Probability of transitioning to the Penob-
scot River (A) from the Piscataquis River (B) and Stillwater
Branch were fixed during estimation (ψBA and ψBA = 1.00).
Probability of using the Stillwater Branch was estimated as
the state transition probability ψAC.

detection probability (p), and probability of using the Stillwa-
ter Branch (ψAC) using maximum likelihood estimation, and
the logit-link function (Lebreton et al. 1992).

As the reaches had different lengths, reach length was ex-
plicitly entered in all models, so that an estimate of S repre-
sents apparent survival per rkm (Srkm), rather than apparent
survival per reach (Sreach). An information-theoretic approach
to model selection, based on AICc (Burnham and Anderson
2002) was used to compare different models with different co-
variates to assess relative support for each competing model.
Each model can be interpreted as a biological hypotheses. To
develop the models, we used a combination of group and in-
dividual covariates, different spatial effects on survival, and
different effects of previous experience on survival.

Individual and group covariates
The group covariates incorporated in the models included

(1) year (i.e., differences in survival per year), (2) release date
(early or late release), (3) river (generally called stratum or
state in multistate models; differences in survival among the
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Piscataquis, the Stillwater Branch, and the mainstem Penob-
scot River, this covariate needed to be included in every
model), and (4) “cohort”: in mark–recapture models, cohort
represents the capture occasion in which an individual was
captured, tagged, and released (e.g., if an individual was cap-
tured during the third capture/recapture occasion, then it
would be part of the third cohort, and the fourth occasion
would represent the first time said individual could be re-
captured). In this case, as receiver stations represented recap-
tured occasions, an individual released upstream of the sev-
enth receiver set was modeled as having been released on the
sixth occasion (and thus, first recapture occasion would have
been seventh). As both, fish released in the Piscataquis and
fish released in the Penobscot shared cohorts, these did not
fully represent release locations, but an interactive model,
including both river and cohort, represents all different re-
leases (as river was present in every model, all models, in-
cluding reach, represented all different releases). Individual
covariates included in the model were (1) fish length, (2) mass,
and (3) gill NKA activity.

Spatial and prior-experience effects
Four different spatial effects on survival were included

in the models. These spatial effects on survival included
(1) S(.): constant survival, in which survival is constant among
all reaches, and single parameter estimated, in which there is
no difference in Srkm among reaches, (2) Sdam: survival (Srkm)
is different between free flowing reaches, and reaches con-
taining dams (two parameters), (3) Sdams: survival (Srkm) is dif-
ferent between free flowing reaches, and among reaches con-
taining dams (this model estimates one Srkm for free flowing
reaches, and an Srkm for each of the 10 reaches containing a
dam; 11 parameters), and finally (4) Sdiffreach (this model es-
timates Srkm for each reach, estimates survival is different
for each dam). When present, this effect (Sdiffreach) has many
parameters to obtain survival of each of the 40 independent
reaches.

Finally, we included the effects of previous dam passage on
the probability of surviving when passing another dam fur-
ther downstream. These effects were incorporated as space-
varying covariates, and they were only included to models
in which survival was hypothesized to be different among
all reaches (Sdiffreach) or among dams (Sdams) so that a covari-
ate could be included for each specific dam reach. Stillwa-
ter dams were excluded from these effects (low number of
individuals using the Stillwater Branch). These effects were
applied only to the three most downstream dams, Howland
Dam, West Enfield Dam, and Milford Dam. We explored this
model in these three dams, as there were multiple releases
upstream of them, and fish with multiple experiences ap-
proached them. In these models, we tested potential effects
of prior experience on the probability of survival passing a
reach containing one of these three dams. We tested mul-
tiple effects that represent different hypotheses; all effects
were individual. (1) Number of dams: probability of surviv-
ing through specific dam is driven by the number of dams
that an individual has already passed during the study (po-

tentially one, three, or four dams depending on route and
dam). (2) Specific dams: this effect represents the hypothesis
that survival was linked to the specific dam(s) passed, rather
than the number of dams, and it allows for latent effects of
dams to be different among them. (3) Delays: this effect rep-
resented the hypothesis that mortality was not caused by the
number of dams passed, but by the delay incurred during
passage of each dam. Delay was calculated for each smolt at
each dam as the time difference between first detection up-
stream, and first detection downstream of a dam (i.e., pas-
sage time). This was a spatially dynamic covariate, were all
incurred prior to arrival to a dam would be added. This co-
variate was z-value standardized to deal with potential over-
parameterization.

We tested all possible combinations of group and individ-
ual covariates, different spatial effects on survival, and dif-
ferent effects of previous experience on survival; we also esti-
mated detection probability and probability of transition (use
of Stillwater Branch) from the best model. For detection prob-
ability, our models looked at (1) differences among all reaches
(reach × river) and (2) differences among reaches and years
(reach × river × year; 120 parameters, as one value is esti-
mated for each reach each year). Finally, for the probability
of transition (ψAC), we tested for differences in year, and re-
lease date. Finally, we also had a constant model. We used
AICc in program MARK and in RMark for all model selection
and survival estimates (Lebreton et al. 1992; White and Burn-
ham 1999; Laake 2013).

Goodness of fit
To confirm that our models comply with model fit assump-

tions, we assessed goodness of fit of the model with the most
parameters, we estimated the over-dispersion parameter ĉ,
which is a variance inflation factor (Burnham 1987). We used
the median ĉ method to estimate ĉ of the saturated model
(Fletcher 2012). The ĉ estimate for the fully parameterized
model was minimal (ĉ = 1.25), and thus, adjusting to QAIC
would have minimal consequences; therefore, the AICc in-
formation approach was used for model comparison (AICc;
Burnham and Anderson 2002). This was used to determine
the best fitting model (Table 3). We obtained a �AICc value
for each model, which represents the difference between the
AICc of each model with the best fitting model. Models for
which �AICc < 2.0 were considered competitive. Estimates of
Srkm and p were obtained for the best fitting model. In cases
when the best-fitting model included a continuous covariate,
coefficients were used to describe the relationship between
apparent survival and the covariate.

Cumulative survival
From rkm survival estimates, we were able to estimate sur-

vival for a whole reach using the formula: Sreach = Sreachlength
rkm .

Confidence intervals were obtained using the delta method.
Cumulative survival was estimated for each reach with the
following equation:

Scummulative =
∏n

i
Sreach
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Table 3. Model results for the Capture–Mark–Recapture Multi-State models ran.

S P ψ npar AICc �AICc W Deviance

Sdiffreach + river + year + delays + NKA Reach × year year 93 380 957 0 0.865 380 770

Sdiffreach + river + year + delays Reach × year year 92 380 961 3.89 0.122 380 776

Sdiffreach + river + cohort + delays + NKA Reach × year year 95 380 965 7.88 0.006 380 778

Sdiffreach + river + cohort + delays Reach × year year 94 380 967 10.17 0.004 379 054

Sdiffreach + river + release + delays + NKA Reach × year year 91 380 970 27.74 0.001 380 790

Note: Only the top five models are shown. “npar” represents number of parameters. Sdiffreach represents a model in which Srkm is different among all reaches, river
represents the three branches or rivers (Piscataquis, Penobscot and Stillwater), delays represent the accumulated effect of transient time through dams, and NKA
represents the activity of the gill NKA sodium-potassium ATPase enzyme. Cohort represents the rkm where fish were released (i.e., “cohort” in a mark–recapture setting,
not in a biological sense). Release represents whether it was an early or late release. Reach represents each particular reach in the system (analogous to “time” in
traditional mark–recapture models). Bolded rows represent models with an �AICc lower than 2. AICc, corrected Akaike information criterion.

Previous studies
We compared the movement, delays, and survival results

obtained from this study (2016–2019) to results from previ-
ous studies with a similar methodology. We obtained mean
reach survival and mean movement rate from 2005 to 2016
(Holbrook et al. 2011; Stich et al. 2014). We estimated cumu-
lative survival and cumulative delays for the historic data and
compared our results to previous results.

Results

Discharge data and delays
The spring discharge observed in the Penobscot River was

high during 2017, 2018, and 2019, coincident with the up-
per river smolt migration window. Each of these three years,
ranked in the top five observed discharges during the 1991–
2019 period. There was also no other sequence of years dur-
ing which discharge was consistently high for three consec-
utive years. When comparing the time series of discharge
observed during the smolt migration window for the previ-
ous 10 years, it is evident that the magnitude of discharge
observed for 2017, 2018, and 2019 were considerably higher
than historical averages. This is especially true for the early
part of the migration from 25 April through 1 May. For the
5–12 May time period, the values were still high but were
comparable to what has been observed in previous years
(Fig. 3).

Delays in Atlantic salmon smolt migration were higher at
dams in the Piscataquis River than in the Penobscot River.
Delays at dams had great annual and individual variation,
with passage times varying from 2 hours to up 10 days at
certain dams (e.g., Brownsmill Dam and Guilford Dam). Cu-
mulative delays (sum of mean time spent in upstream sec-
tions of the river) were higher at the Piscataquis River than
the Penobscot River. The two dams that caused the highest
delays were in the Piscataquis; thus, fish released upstream
of Guilford Dam had the longest accumulated delays, up to
18 total days spent upstream of dams before getting to the
lower Penobscot (Fig. 4). Fish released in the Penobscot had
less than 72 hours of accumulated delays total. Milford Dam
caused minimum delays (median delays less than 8 hours)
and thus did not have an important effect on cumulative
delays.

Fig. 3. Comparison of mean daily discharge (m3·s−1) during
the smolt migration window 2010–2019 (10 years) at USGS
gage 01034500 in the Penobscot River, Maine, USA. Discharge
for 2017, 2018, and 2019 are represented by the solid lines,
while discharges for the other 7 years are represented by the
gray dashed lines.

Survival
Apparent survival per kilometre (Srkm) of Atlantic salmon

smolts varied between 0.85 and 1.00 depending on year,
river reach, and cumulative delays experienced by individual
fish. The best supported model included Sriverreach (differences
in survival among all reaches), river (differences in survival
among the three rivers: Piscataquis (A), Penobscot (B), Still-
water (C)), and year (differences among years), as categorical
explanatory variables (groups), and an effect of delays at dams
(time-varying individual covariate) as well as NKA as an indi-
vidual covariate (Table 3). With the lowest survival (0.85) seen
at Weldon Dam during 2018, and the highest survival seen at
most free flowing reaches as well as some reaches containing
dams.

Individual and group covariates
Survival was generally lower at dams than in undammed

river reaches in all years, and reductions in survival varied
among dams and river strata (Fig. 5). In the Piscataquis River,
Srkm at the first dam (Guilford Dam) was between 0.98 and
0.99 depending on the year, while survival through each of
the next two dams (Dover Dam and Browns Mill Dam) was
between 0.99 and 1. The lowest survival in the Piscataquis
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Fig. 4. Accumulated delays (minutes) approaching dams for acoustically tagged Atlantic salmon released upstream of Guilford
(Piscataquis River) or upstream of Weldon (Penobscot River). Bold line represents median, and polygons represent the 0.05,
0.25, 0.75, and 0.95 percentiles. The left panel represents Piscataquis River releases (n = 617 fish), and the right panel represents
upper Penobscot River releases (n = 475 fish). Values before dams represent the accumulated delays of individuals approaching
the dam, and the values following dams are the accumulated delays after passing the dam.

Fig. 5. Survival observed for (A) the Piscataquis River reaches and (B) the Penobscot River reaches. The reach is represented
by the x-axis (starting with the first encountered reach), while apparent per river kilometre (rkm) survival is presented in the
y-axis. Free represents a free-flowing section of river, and Browns represents Brownsmill Dam.

River was at Howland Dam, with Srkm consistently below 0.98
(Table S1).

In the Penobscot River, the lowest Srkm was observed for
the reach containing the most-upstream dam (Weldon Dam)
in all available years. Smolt survival through the reach in-

cluding the dam was under 0.95 per kilometre, the lowest
survival through any reach in the system. Smolts also experi-
enced reduced survival during passage through West-Enfield
and Milford dams, with Srkm varying between 0.96 and 0.97
for each of these. Survival in the lower river was greater than
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Fig. 6. Effects of cumulative delays (hours) on per river kilo-
metre (rkm) survival (S) of acoustically tagged Atlantic salmon
smolts during downstream passage through Howland Dam
at the confluence of the Piscataquis and Penobscot rivers,
Maine, USA. Delays longer than 400 h were extremely rare.

0.99 in all reaches except during 2016, where survival was
reduced to 0.985 between rkm 20 and 17 in the Penobscot
River estuary. Detection probability changed among reaches
and years, with a mean of 0.82 (Table S1).

Effects of prior experience on survival
The best supported model included an effect of delays. The

models that included these effects consistently ranked bet-
ter than the models that included an effect of (1) numbers of
dams passed or (2) specific dams passed. This means that the
probability of survival at each dam is potentially affected by
the individual experience during migration. Specifically, in-
dividuals that experienced longer delays at dams had lower
survival probabilities when passing future dams. Individu-
als that passed dams but did not experience delays had sur-
vival probabilities comparable to those of individuals that
had not passed dams before. This was best illustrated at How-
land Dam, where apparent survival estimates for the entire
2.7 rkm reach varied from 0.98 for individuals experiencing
short or no delays (less than 15 hours total) to 0.95 for in-
dividuals experiencing long delays (individuals experiencing
multiday delays of at least 48 hours; Fig. 6).

Models that included the effect of delays consistently
ranked better than models that included release site, or mod-
els that included an interaction of both Models that included
gill NKA also ranked best, in which the β (slope parameter)
was positive (higher gill NKA was related to higher survival).

Movement and survival through the Stillwater
Branch

There were differences in path choices and survival or
Atlantic salmon smolts through the Stillwater Branch and
main-stem Penobscot River among years. The mean and (and
95% CI) probability of using the Stillwater Branch for migra-
tion (ψAC) was 0.076 (0.014–0.098) in 2016 when discharge
was within the typical range observed historically (1996–
2015). In 2017, the mean probability of using the Stillwa-
ter Branch increased to 0.221 (0.175–0.27) and remained el-
evated in 2018 (0.141, 0.105–0.188), and 2019 (0.166, 0.13–

0.212) when discharge was in the 95th percentile of those re-
ported for 1996–2019. These values are relatively high when
compared with previous observations, in which probability
of choosing the Stillwater averaged 0.12 (Holbrook et al. 2011;
Stich et al. 2014, 2015a). However, our estimates follow an-
ticipated trends relative to discharge that were documented
previously in this system (Stich et al. 2014).

Cumulative Survival through the Stillwater Branch from
2017 to 2019 varied between 0.987 and 0.99 and was simi-
lar among years. Although survival in 2016 was lower (0.980),
this year had a lower number of individuals released in
the system (150 individuals release, compared to ∼450 re-
leased in the other years), had lower survival through the
Piscataquis River (0.55 cumulative survival to the Stillwater
Branch), and had the lowest percentage of fish choosing the
Stillwater Branch (less than 10%). Cumulatively, these circum-
stances resulted in a low number of individuals in the Still-
water Branch available for estimating survival. This makes
obtaining a reliable estimate impossible although these re-
sults likewise follow expected patterns (lower survival and
lower probability of using Stillwater Branch) based on lower
discharge observed in 2016 and the results of previous studies
(Stich et al. 2015a).

Cumulative survival
Cumulative survival of Atlantic salmon smolts from re-

lease sites to the ocean (Fig. 7) was higher in all years 2016–
2019 compared to the observed averages obtained from pre-
vious studies from 2005 to 2015 (Stich et al. 2015a). How-
ever, smolt survival was also considerably higher 2017–2019
than in 2016. These three years represent the highest cumula-
tive survival observed during any time period in this system,
with a mean cumulative survival greater than 0.5 for all years
2017–2019, independent of where fish were released, consid-
erably higher than the averages observed in previous studies
(Fig. 7). Fish released in the Stillwater Branch had the highest
cumulative survival (between 0.84 and 0.92 depending on the
year), while fish released upstream of Weldon Dam had the
lowest cumulative survivals, varying between 0.50 and 0.62
(Fig. 8).

Discussion
System-wide survival estimates of Atlantic salmon smolts

migrating downstream through the Penobscot River water-
shed in 2017, 2018, and 2019 were the highest that have been
observed in the system regardless of release day and release
site (Fig. 5). These results are likely due to a combination
of river restoration (specifically dam removal) activities and
favorable discharge. Depending on the release site, cumula-
tive out-migrant survival ranged from 0.6 for individuals that
were released in the upper Piscataquis (individuals that had
to pass at least five dams) to 0.9 for individuals released in the
Stillwater Branch. This is an extraordinarily high survival es-
timate in the Penobscot River, even compared with fish pre-
viously tagged and released into the Stillwater Branch (Stich
et al. 2015a). In total, more than 80% of all released individ-
uals in these yeas successfully completed their migration to
the Penobscot Bay. These 3 years with record high survival
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Fig. 7. Apparent survival per river kilometre (rkm; Srkm) of acoustically tagged Atlantic salmon smolts in the Penobscot River,
Maine, USA for years 2005–2015 (A) and years 2016–2019 (B). Each bubble represents 1 rkm. Data for left panel were obtained
from previously published data (Stich et al. 2015c).

Fig. 8. Cumulative survival of acoustically tagged Atlantic salmon smolts released in the Piscataquis (A) and Penobscot (B) rivers
during 2016–2017 (left) and 2018–2019 (right) by river kilometre (rkm). Vertical lines indicate locations of dams. The bold line
represents mean cumulative survival for each migration route during 2005–2015.
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correlated with the 3 years with the highest flows from 2015
to 2019. While, historically, mortality in the Penobscot River
has occurred in dams, during these years survival increased
in both dams, and free-flowing reaches. Unfortunately, as
the flows were consistently high in the whole system during
these years, we do not have specific data on the relationship
between flow and survival.

The smolt-to-adult return ratio in North American Atlantic
salmon is low, and much of this is due to high mortality in-
curred during the freshwater and early marine migrations
(Moring et al. 1995; United States Atlantic Salmon Assessment
Committee 2019). However, a two-fold increase in survival in
the freshwater segment of the migration (total system-wide
survival increasing from under 0.4 to over 0.8) could clearly
contribute to higher returns. While marine mortality is high,
it has been observed in North American Atlantic salmon
than freshwater and estuarine mortality can be higher than
coastal mortality (Kocik et al. 2009; Hawkes et al. 2019).

The Penobscot River has one of the lowest return rates for
hatchery-reared Atlantic salmon compared to other North
American Rivers (Chaput 2012) and also one of the highest
cumulative mortality rates for smolts during a decade of pre-
vious study (Holbrook et al. 2011; Stich et al. 2014, Stich et al.
2015a). The most recent years of study (2016–2019) represent
a consistent departure from the generally low survival of the
previous decade and thus represent an excellent opportunity
to explore the effects of smolt survival on adult returns. In
the Maine Department of Marine Resources “Historical Trap
Counts” documents (with data regarding salmon returns),
2019 and 2020 also represent the years with the highest adult
returns since 2011. While simulations have been used to ex-
plore the effects of smolt survival on adult returns (Nieland
et al. 2015; Pardo and Hutchings 2020), there has been no
empirical comparison of system-wide survival of smolts and
adult returns in the Penobscot River.

The Penobscot River has changed dramatically during the
last decade, and the potential and realized effects of these
changes on Atlantic salmon alone have been explored exten-
sively (Holbrook et al. 2009; Nieland et al. 2015; Stich et al.
2015a, 2015b, 2015c; Izzo et al. 2016; Molina-Moctezuma et
al. 2021). In 2016, a new nature-like fish bypass was built
and completed at Howland Dam, at the confluence of the
Piscataquis River in 2016 downstream of which fish must
still pass 1–3 additional dams depending on migration route
(Stillwater Branch or Penobscot River). While the data show
increased survival at this dam during the last years, this in-
creased survival was coincident with a system-wide increase
linked to favorable flow conditions for passage. A 3-year win-
dow might be suboptimal, particularly if the conditions are
similar among years. Therefore, any conclusions as to the ef-
fects of passage improvements are confounded by environ-
mental conditions, warranting a cautious interpretation.

We confirmed an effect of delays at upstream dams on
smolt survival through Howland Dam. It is reasonable to ex-
pect that in years when conditions cause increased delays up-
stream, decreased survival at Howland Dam may occur. Fu-
ture survival assessments for this dam could explore survival
across a range of conditions and incorporate potential effects
of delays into study design. While the effects of these de-

lays on estuary survival have been convincingly documented
(Stich et al. 2015c), the manifestation of this effect may be
related to increased temperatures, and a mismatch in seawa-
ter entry timing with physiological preparedness (Marschall
et al. 2011; Stich et al. 2016). We have documented that the
observed delays (∼48 hours at an upstream dam) also corre-
late with lower survival at subsequent dams, earlier in the mi-
gration. Further exploration of the physiological mechanisms
behind this finding and validation through experimentation
would be beneficial to the management of this species. Dams
in other systems have been seen to potentially delay individu-
als for up to 9 days (Aarestrup and Koed 2003), and in certain
cases (Croze and Larinier 1999) up to 12 days. Meaning that
mortality in those systems can be severely affected by the ob-
served effects of delays on latent mortality.

It is notable that survival at Weldon Dam was lower in our
study than was observed in previous years (2005–2015) de-
spite a system-wide increase in survival for this period. Re-
call that in these years, there was a system-wide increase in
survival observed in all other reaches——including those with
dams. Thus, while cumulative survival for fish released up-
stream of Weldon Dam in these high discharge years was
higher than for past releases, conditions did not alleviate
mortality at the Weldon project. Survival at Weldon Dam was
consistently low independent of year, release date, or dis-
charge conditions. In fact, survival estimates for the 2016–
2019 years were the lowest observed. It is possible that con-
ditions that caused high survival in other reaches of the river
might have increased mortality in the Weldon Dam reaches,
but that would be unusual. This suggests that the main source
of mortality due to this dam may fundamentally differ from
other impoundments (Kennedy et al. 2018; Newton et al.
2019; Karppinen et al. 2021). The high survival through the
other dams may be a result of lower delays, lower predation
in the head-pond of the dam, or higher spill (higher spill may
result in higher survival; Fjeldstad et al. 2012). However, all
these dams had systems that differed in fish passage, spill,
and dimensions, and thus, it’s impossible to speculate which
specific characteristics aided in the increased survival. How-
ever, understanding the drivers of the increased mortality in
Weldon Dam may allow us to understand why all other dams
had higher survival.

Weldon Dam consists of a head pond that’s about 5 rkm
long, with high mortality occurring both in the head pond
and when passing the dam. Total mortality through the en-
tire 6 km reach, including the Weldon Dam, and head pond
was between 0.20 and 0.25 in our study, meaning that about a
quarter of the fish released upstream of the dam were lost. It
may be telling to note that the pattern of highest mortality re-
versed from the head pond to the dam itself under high flow
conditions. Although survival through the dam decreased in
2017–2019 compared to previous years, survival in the head
pond increased. As a result, the survival through the entire
project was comparable among years.

Importantly, the mortality rate for the Weldon section
represents the single most significant risk that smolts face
through their entire migration. The loss for this short reach
was as great in magnitude as the cumulative risk through
the remaining 150 km journey (even with two dams that are
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known to be high mortality risks for smolts). Therefore, the
causes of the high mortality observed at Weldon Dam and
head pond represent critical unknown sources of mortality
for the species.

Delays and gill NKA influenced survival, while models that
incorporated length or mass did not rank among the top
models. The association of elevated gill NKA activity with in-
creased survival is consistent with the observations of Stich et
al. (2015a) and represents important confirmation of the role
of developmental preparedness in migratory success. Simi-
larly, low levels of gill NKA activity have has been linked to
delays in seawater entry (Strand et al. 2011) implying a fitness
benefit to the synchrony between physiological development
and migratory behavior (McCormick et al. 1998). While high
overall survival during our study is of obvious benefit to the
conservation of this species, the lack of mortality provided lit-
tle opportunity to detect this influence. Because estuary sur-
vival was high overall, there was very little variation among
years, release groups, or reaches. As a result, exploring the
effects of these individual covariates or delay on estuary sur-
vival was impossible during the years of this study.

Because Atlantic salmon have complex life cycles that in-
clude migration to the sea, and an eventual return as adults
to spawn (McCormick et al. 2013; Armstrong et al. 2018) that
makes them difficult to manage at regional and global scales.
In such a complex life cycle, with discrete stages, understand-
ing how survival during migration influences overall fitness
and adult returns is fundamental for the conservation and re-
covery of the species. In 2019, the largest number of return-
ing adults since 2011 was observed (1076). This was up from
772 in 2018, and up from an all-time low of fewer than 300 in
2016 and 2014. In 2020, a total of 1426 adult Atlantic salmon
returned to the Penobscot River. While these returns remain
disappointing fractions of the historic presence of the species
in the Penobscot River, an increase in returns that correspond
to high smolt survival serves as further evidence of the im-
portance of smolt survival for adult returns. Importantly, it
means that actions taken in fresh water can move the needle
on recovery.
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