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Initiation of migration and movement rates of Atlantic salmon
smolts in fresh water
Daniel S. Stich, Michael T. Kinnison, John F. Kocik, and Joseph D. Zydlewski

Abstract: Timing of ocean entry is critical for marine survival of both hatchery and wild Atlantic salmon (Salmo salar) smolts.
Management practices and barriers to migration such as dams may constrain timing of smolt migrations resulting in suboptimal
performance at saltwater entry. We modeled influences of stocking location, smolt development, and environmental conditions on
(i) initiation of migration by hatchery-reared smolts and (ii) movement rate of hatchery- and wild-reared Atlantic salmon smolts in the
Penobscot River, Maine, USA, from 2005 through 2014 using acoustic telemetry data. We also compared movement rates in free-
flowing reaches with rates in reaches with hydropower dams and head ponds. We compared movement rates before and after
(1) removal of two mainstem dams and (2) construction of new powerhouses. Initiation of movement by hatchery fish was influenced
by smolt development, stocking location, and environmental conditions. Smolts with the greatest gill Na+, K+-ATPase (NKA)
activity initiated migration 24 h sooner than fish with the lowest gill NKA activity. Fish with the greatest cumulative thermal
experience initiated migration 5 days earlier than those with lowest cumulative thermal experience. Smolts released furthest
from the ocean initiated migration earlier than those released downstream, but movement rate increased by fivefold closer to
the ocean, indicating behavioral trade-offs between initiation and movement rate. Dams had a strong effect on movement rate.
Movement rate increased from 2.8 to 5.4 km·h−1 in reaches where dams were removed, but decreased from 2.1 to 0.1 km·h−1 in
reaches where new powerhouses were constructed. Movement rate varied throughout the migratory period and was inversely
related to temperature. Fish moved slower at extreme high or low discharge. Responses in fish movement rates to dam removal
indicate the potential scope of recovery for these activities.

Résumé : Le moment de l’entrée en mer joue un rôle clé dans la survie en mer des saumoneaux de saumon atlantique (Salmo salar) tant
sauvages qu’issus d’écloseries. Les pratiques de gestion et obstacles à la migration, tels que les barrages, peuvent restreindre le
moment de la migration des saumoneaux, entraînant une performance moins qu’optimale à l’entrée en eau salée. Nous avons
modélisé les influences du lieu d’empoissonnement, du développement des saumoneaux et des conditions ambiantes sur (i) le début
de la migration par les saumoneaux élevés en écloseries et (ii) la vitesse des déplacements de saumoneaux élevés en écloseries et à l’état
sauvage dans le fleuve Penobscot (Maine, États-Unis), de 2005 à 2014, à la lumière de données de télémétrie acoustique. Nous avons
également comparé les vitesses de déplacement dans des tronçons non régulés et des tronçons contenant des barrages hy-
droélectriques et des réservoirs de barrage. Nous avons comparé les vitesses de déplacement avant et après (1) le retrait de deux
barrages sur le bras principal et (2) la construction de nouvelles centrales électriques. Le début des déplacements par les poissons issus
d’écloseries était influencé par le développement des saumoneaux, le lieu d’empoissonnement et les conditions ambiantes. Les
saumoneaux présentant la plus forte activité de la Na+, K+-ATPase (NKA) dans les branchies commençaient leur migration 24 heures
plus tôt que les poissons avec la plus faible activité de la NKA dans les branchies. Les poissons caractérisés par la plus importante
expérience thermique cumulative commençaient à migrer 5 jours plus tôt que ceux avec la plus faible expérience thermique
cumulative. Les saumoneaux relâchés le plus loin de l’océan commençaient à migrer plus tôt que ceux relâchés plus en aval, mais la
vitesse de déplacement quintuplait plus près de l’océan, indiquant des compromis comportementaux entre l’initiation et la vitesse des
déplacements. Les barrages exerçaient une forte influence sur la vitesse de déplacement, cette dernière augmentant de 2,8 à 5,4 km·h−1

dans les tronçons dont des barrages ont été retirés, mais diminuant de 2,1 à 0,1 km·h−1 dans les tronçons où de nouvelles centrales
électriques ont été construites. La vitesse de déplacement variait tout au long de la période de migration et était inversement reliée à
la température. Les poissons se déplaçaient plus lentement à débits extrêmes forts ou faibles. Les réactions au retrait de barrages
reflétées dans les vitesses de déplacement des poissons indiquent l’ampleur potentielle du rétablissement associée à ces activités.
[Traduit par la Rédaction]

Introduction
Seaward migration through freshwater and estuarine habitats

to ocean feeding grounds represents a critical transition in the life
history of anadromous fishes (Zydlewski and Wilkie 2013). In At-
lantic salmon (Salmo salar) smolts, migration is associated with
high predation risk (Blackwell et al. 1997; Kocik et al. 2009; Hawkes

et al. 2013), dynamic environments (Thorstad et al. 2012), and new
food sources (Haugland et al. 2006). Seaward migration by smolts
occurs in four primary phases: initiation, downstream migration
(fresh water), estuary passage, and early marine migration (McCormick
2013). A building body of evidence suggests ocean temperatures
play a critical role in the success of early marine migrants
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(Friedland 1998; Friedland et al. 2003, 2014), and sea surface tem-
peratures are predictive of the timing of smolt arrival in estuaries
throughout the world (Otero et al. 2014). Timing of estuary arrival
and ocean entry are important for survival based on match among
physiological development (Stich et al. 2015), environmental con-
ditions (Otero et al. 2014), food availability (Haugland et al. 2006),
and presence or absence of predators (Hawkes et al. 2013) or other
migrants (Svenning et al. 2005). However, the arrival of smolts in
the ocean is determined by the integration of cues experienced far
(sometimes hundreds of kilometres) from the point of ocean entry
(McCormick et al. 1998). As such, these cues play a critical role in
determining when smolts initiate migration and how fast these
fish move.

Smolting in Atlantic salmon involves synchronous changes in
physiology, morphology, and behavior that prepare the salmon
for a life at sea (McCormick et al. 1998). Smolting includes, among
other changes, increased saltwater tolerance and upregulation of
enzymes involved with ion transport (such as gill Na+, K+-ATPase
(NKA) activity). Loss of territoriality, inhibition of positive rheotaxis,
and adoption of schooling behavior also are characteristics of smolt-
ing (McCormick et al. 1998). Environmental cues, particularly photo-
period, control physiological transformation (McCormick et al. 1987)
and onset of migratory behavior (Whalen et al. 1999; Zydlewski et al.
2005; Zydlewski et al. 2014) in hatchery- and wild-reared Atlantic
salmon smolts. These processes are adapted for effectively transi-
tioning to the marine environment. Dams can interrupt migra-
tion of Atlantic salmon smolts through injury (Stier and Kynard
1986; Mathur et al. 2000; Music et al. 2010) or migratory delay
(Holbrook et al. 2011). Delays at dams result in increased risk of
predation (Poe et al. 1991; Blackwell and Juanes 1998) or may result
in mismatch of physiological preparedness for ocean entry and
timing of ocean entry through temperature-related loss of smolt
characteristics (McCormick et al. 1999, 2009; Marschall et al. 2011)
and high mortality during early marine migration (Petrosky and
Schaller 2010). Such an effect has been implicated in substantial
dam-related estuary mortality (Stich et al. 2015). Recent dam re-
movals, such as those in the Kennebec and Penobscot rivers (Day
2006) in Maine, USA, allow examination of how dams, in conjunc-
tion with other influences, affect migration behavior.

Many rivers with Atlantic salmon rely heavily on stocking for
population persistence (United States Atlantic Salmon Assessment
Committee 2014). In light of low marine survival, a primary goal of
management is to maximize the number of smolts leaving coastal
systems (Hansen et al. 2012; Russell et al. 2012). Decisions about
where and when to stock hatchery-reared smolts not only influ-
ence survival in fresh water based on the presence of dams
(Holbrook et al. 2011), but also can influence timing of ocean entry
(Otero et al. 2014). The complex relationships among timing,
stocking location, and environmental conditions with ecology
and survival of smolt migration are poorly characterized. It is
possible that behavioral trade-offs exist in the initiation of migra-
tion and movement rates of smolts with respect to stocking deci-
sions and environmental conditions.

The goal of this study was to investigate influences of dams,
stocking decisions (where and when to stock), and environmental
conditions on movement rates of smolts through fresh water and
determine how those same factors influence initiation of migra-
tion by hatchery-stocked smolts. We had two specific objectives to
this end. First, we used acoustic telemetry data from 2005 through
2014 in the Penobscot River to model how movement rate of
hatchery- and wild-reared smolts was influenced by (i) presence of
dams and head ponds, (ii) distance from the ocean, (iii) environ-
mental conditions (e.g., temperature and discharge), and (iv) char-
acteristics indicative of physiological development. Second, we
used telemetry data to model relationships between initiation of

migration behavior by hatchery-reared smolts and stocking con-
ditions, including (1) stocking location, (2) temporal variability in
environmental conditions at stocking, and (3) spatial variability in
release locations used.

Methods

Study site
The Penobscot River (Fig. 1) is the largest river in Maine, USA,

and drains an area of approximately 22 000 km2. Limited wild
spawning of Atlantic salmon occurs in the system, and this is
extensively supplemented by annual stocking of eggs and fry in
headwater streams (United States Atlantic Salmon Assessment
Committee 2014). Because these life stages are not marked, natu-
rally reared hatchery fish are morphologically indistinguishable
from wild-spawned fish and all are referred to hereinafter simply
as “wild”. Peak migration of wild smolts generally occurs during
late April and early May each year (United States Atlantic Salmon
Assessment Committee 2014).

The remainder of the Penobscot River smolt run is made up
of 18-month-old stocked smolts (hereinafter “hatchery” smolts).
While exact estimates of the proportion of the Penobscot River
smolt run made up by stocked fish is not known, sampling in the
bay suggests that more than 90% of the run results from smolt
stocking (Sheehan et al. 2011). Consequently, most (�83%) of the
spawners that return to the Penobscot River each year result from
the stocking of hatchery-reared smolts (United States Atlantic
Salmon Assessment Committee 2012).

Beginning in 2009, a suite of large-scale conservation activities
were initiated as part of a basin-wide restoration project, the Pe-
nobscot River Restoration Project (PRRP; Day 2006). The goal of
the PRRP was to balance the production of hydropower in the
Penobscot River with the revitalization of 11 species of diadro-
mous fishes in the catchment, including Atlantic salmon. The
PRRP resulted in major changes to the hydro system (i.e., location
and operation of hydropower dams) in the Penobscot River. These
changes included (i) the removal of two mainstem dams in the
lower river (Great Works (river kilometre (rkm) 58, June 2012) and
Veazie (rkm 45, July 2013); Fig. 1) and (ii) decommissioning of a
third dam (rkm 99, Howland; Fig. 1) in the mouth of the Pisca-
taquis River (Federal Energy Regulatory Commission 2009).

Other changes in the Penobscot River have resulted from the
conditions of The Lower Penobscot River Basin Comprehensive
Settlement Accord (“Settlement Accord”; Federal Energy Regulatory
Commission 2004) that governed the re-allocation of hydropower
throughout the river. The Settlement Accord allowed for increased
hydropower generation at six facilities in the river (Federal Energy
Regulatory Commission 2004). Generating capacity was increased
at Milford Dam at rkm 60 in the main stem (Fig. 1) by raising head
pond elevation and increasing the number of turbines in the pow-
erhouse (Federal Energy Regulatory Commission 2009). Concur-
rently, increased head pond elevation at Stillwater Dam (Federal
Energy Regulatory Commission 2005) and the construction of new
powerhouses at Stillwater and Orono dams (spring 2013) doubled
hydropower generation at each dam (Fig. 1).

Acoustic receiver array
From 2005 through 2014, a network of stationary acoustic re-

ceivers was deployed from the headwaters of the Penobscot River
and its primary tributary, the Piscataquis River, downstream to
the Gulf of Maine (Fig. 1). The receiver network was deployed
collaboratively in all years by the United States Geological Sur-
vey (USGS) Maine Cooperative Fish and Wildlife Research Unit, the
University of Maine, and the National Oceanic and Atmospheric
Administration (NOAA) National Marine Fisheries Service North-
east Fisheries Science Center. Depending on year of deployment,
the network included 100–200 VR2 and (or) VR2-W acoustic receiv-
ers (Amirix Vemco Ltd., Halifax, Nova Scotia, Canada) scanning
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continuously at 69 kHz. Receivers in the freshwater reaches and in
the Penobscot Estuary were moored near bottom using reinforced
cement anchors. In the bay, receivers were suspended approxi-
mately 10 m below the surface of the water. Where necessary,
multiple receivers were deployed in a transect across the river to
provide adequate coverage across wider reaches, and detections of
fish at these receivers were pooled as a single location. Detections
of fish at receivers downstream of the head of tide at Veazie Dam
(Fig. 1, dam label F) were pooled as a single, terminal detection for
this study.

Acoustic tagging and releases
From 2005 through 2014, a total of 2056 Atlantic salmon smolts

was acoustically tagged and released in the Penobscot River (Table 1),
of which 1639 (80%) were 18-month-old hatchery smolts from the
US Fish and Wildlife Service (USFWS) Green Lake National Fish
Hatchery (GLNFH) and 417 (20%) were wild smolts. Fish handling
procedures and acoustic tagging methods follow those of Holbrook
et al. (2011) and Stich et al. (2014) and were identical in all years
(2005–2014). Smolts were anaesthetized using a 100 mg·L−1 solution
of MS-222 (buffered with 20 mmol NaHCO3; pH = 7.0), and fork

Fig. 1. Map showing the location of the Penobscot River in Maine, USA (small inset), locations of acoustic receivers, release sites and dams,
and potential migratory routes in the lower river through the Stillwater Branch or the mainstem Penobscot River around a large island. Head
of tide is located immediately downstream of Veazie Dam (F). Dams are shown as black bars across the river; those with grey fill underwent
new powerhouse construction, and those with white fill were removed during the course of this study. River reaches shaded in black in the
Stillwater Branch and reaches shaded dark grey in the main stem are the reaches used to assess effects of powerhouse construction and dam
removal on movement rates of smolts.
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length (LF; mm) and mass (g) were measured. Condition factor (K)
for each fish was calculated as

(1) K �
Mass × 100 000

LF
3

For each fish, a small (1 cm) incision was made slightly offset
from the ventral line and about 1 cm posterior to the pectoral fin
girdle. An acoustic tag was inserted intraperitoneally, and the
incision was closed with two simple, interrupted knots using
4-0 absorbable vicryl sutures (Ethicon, Somerville, New Jersey, USA).
Model V7-2L (Amirix Vemco Ltd., Halifax, Nova Scotia, Canada)
tags were used in 2005 and for wild fish in 2011. In all other years,
we used model V9-6L or V9-6x tags (Amirix Vemco Ltd., Halifax,
Nova Scotia, Canada). Expected battery life of the tags was 80–
82 days in all years, with a randomly assigned nominal delay of
20–40 s (±50%). Numbers of fish and release sites varied among
years (Table 1). Hatchery smolts were released at up to five loca-
tions per year and wild smolts at up to three locations per year
(Fig. 1; Table 1).

Gill NKA activity
A nonlethal gill biopsy (four to six filaments) was taken from

the front, left gill arch of each fish prior to tagging. Individual
biopsies were stored at –80 °C in 100 �L SEI buffer (250 mmol·L–1

sucrose, 10 mmol·L–1 Na2–EDTA, 50 mmol·L–1 imidazole) for later
analysis of gill NKA (enzyme code 3.6.3.9; International Union of
Biochemistry and Molecular Biology 1992) activity (expressed as
�mol ADP·mg protein−1·h−1) 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, and
protein concentration in gill samples was determined using the
bicinchoninic acid method (Smith et al. 1985). Gill samples from
each fish were analyzed in triplicate for gill NKA activity and protein
concentration, and sample values were averaged for each fish.

Environmental data
Mean daily water temperature data for each year were collected

from the USGS gage (USGS gage station 01036390) at West Enfield
Dam (Fig. 1) where available. We used mean daily water tempera-
ture data collected by Maine Department of Marine Resources for
years (2005 and 2006) during which gage data were not available
(Randy Spencer, Maine Department of Marine Resources, unpub-
lished data). Discharge (Q, m3·s−1) data used in all analyses were
mean daily values collected from the USGS West Enfield gage.
Accumulated thermal units (ATU) experienced by wild fish each
year were calculated from river temperature data between 1 January
and capture date of individual fish. We calculated ATU over
the period from 1 January to release date for hatchery smolts using
mean daily temperatures (°C) from outdoor rearing pools at GLNFH
for each year (A. Firmenich, USFWS, unpublished data). Photope-
riod was calculated from ordinal date and latitude for (i) capture
location of wild fish or (ii) GLNFH for hatchery fish using the
“geosphere” package (Hijmans et al. 2010) in R (R Core Team 2014).

Initiation of migratory behavior by hatchery smolts
We assumed that a minimum downstream movement greater

than 5 km by hatchery smolts was indicative of the initiation of
migratory behavior (hereinafter “initiation”) for this study. Initi-
ation by acoustically tagged smolts was indexed as the total
amount of time taken by each tagged smolt to move the first
8–25 km (depending on proximity of receiver locations to release
sites) in a downstream direction. This range was used because of
variability in the first downstream receiver location that could be
used to define initiation for each release site. Given average move-
ment rate, this introduced a potential error of up to 8 h in initia-
tion time based on variability in distance to first location. We
accounted for this directly within models of initiation.

Models of migration initiation
We used general linear models (Montgomery et al. 2006) to

estimate effects of the smolt development (gill NKA activity and

Table 1. Stocking locations with release river kilometre (rkm), number released (n), and mean (SD) of fork
length (LF, mm), mass (g), and gill Na+, K+-ATPase activity (NKA, �mol ADP·mg protein−1·h−1), and release date
(Date) of acoustically tagged wild (W) and hatchery (H) Atlantic salmon smolts released in Penobscot and
Piscataquis rivers, 2005–2014.

Year Release site Origin n LF Mass NKA Date

2005 Howland (rkm 99) H 150 189 (11) 75 (15) 6.6 (2.0) 23 Apr. (4)
Mattawamkeag (rkm 144) H 40 189 (15) 77 (21) 5.2 (1.5) 14 Apr.
Milo (rkm 142) H 85 191 (11) 77 (14) 8.1 (1.9) 24 Apr. (3)
Weldon (rkm 149) W 60 180 (18) 53 (17) 9.1 (1.9) 26 May

2006 Milo (rkm 142) H 72 197 (11) 87 (18) 5.0 (1.2) 24 Apr.
Weldon (rkm 149) H 146 199 (15) 87 (19) 4.7 (1.9) 24 Apr.
Weldon (rkm 149) W 73 189 (8) 63 (8) 4.2 (0.9) 8 May (13)

2009 Milo (rkm 142) H 100 180 (8) 62 (9) 3.3 (1.4) 30 Apr.
Passadumkeag (rkm 92) H 100 180 (9) 63 (10) 3.0 (0.8) 29 Apr.

2010 Abbot (rkm 187) W 75 169 (8) 45 (7) 4.7 (1.1) 2 May (1)
East Branch (rkm 162) W 74 181 (13) 55 (13) 4.7 (0.9) 7 May (3)
Milo (rkm 142) H 100 189 (11) 72 (13) 4.5 (1.0) 24 Apr.
Passadumkeag (92.3) H 100 186 (11) 69 (14) 4.6 (1.1) 24 Apr.

2011 Abbot (rkm 187) W 75 146 (8) 29 (5) 2.6 (1.2) 11 May (1)
East Branch (rkm 162) W 60 168 (21) 46 (18) 3.6 (1.5) 24 May (4)
Milo (rkm 142) H 100 192 (13) 76 (18) 5.0 (1.5) 25 Apr.
Passadumkeag (rkm 92.3) H 100 194 (13) 77 (17) 5.4 (1.5) 27 Apr.

2012 Abbot (rkm 187) H 72 199 (10) 84 (14) 3.3 (1.3) 20 Apr.
East Branch (rkm 162) H 85 200 (11) 85 (14) 3.5 (1.6) 20 Apr.

2013 Abbot (rkm 187) H 75 185 (11) 70 (13) 2.8 (2.0) 16 Apr.
East Branch (rkm 162) H 82 185 (9) 71 (11) 2.7 (2.1) 16 Apr.

2014 Abbot (rkm 187) H 75 190 (11) 70 (13) 5.1 (1.9) 2 May
East Branch (rkm 162) H 82 208 (177) 66 (12) 5.5 (2.8) 2 May
Stillwater (rkm 62) H 75 190 (9) 69 (10) 4.9 (2.0) 2 May

Note: Stocking location is shown in Fig. 1. Standard deviation (SD) of release date is in days. For groups of fish that were all
tagged on the same date, no SD is given for release date.
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ATU), distance of release from the ocean, and environmental con-
ditions (discharge, photoperiod, and temperature) on migration
initiation. The response variable (time to initiation) was loge-
transformed prior to analysis because it was right-skewed, and
because negative predictions of time were not biologically realis-
tic. All results are presented on the real scale of the variable
(hours). We investigated potential support for nonlinear effects of
ATU, discharge, photoperiod, and temperature through the inclu-
sion of a second-order term for these covariates in a subset of
models (by comparing models with and without quadratic terms).
Because the distance used for assigning initiation varied between
release sites (see above), we incorporated the distance between
release and acoustic receivers as an explanatory variable in all
models of initiation.

We considered a covariate to have a statistically significant ef-
fect if the 95% confidence interval for the coefficient did not over-
lap zero. To evaluate the relative support for candidate models we
used Akaike’s information criterion, corrected for sample size
(AICc; Burnham and Anderson 2002). We assumed models with
�AICc < 2.0 to have similar support (Burnham and Anderson
2002). The probability that any given model was the best in the
candidate set was estimated as the AICc weight (wi). Owing to
uncertainty in model selection for initiation, we used model av-
eraging to predict covariate effects on initiation. To asses fit, we
also provide the value of the McFadden’s pseudo-R2 with model
selection statistics (McFadden 1974). Prior to drawing inference on
the model set, we conducted standard regression diagnostics (q–
q plots, Cook’s D, etc.; Montgomery et al. 2006) to validate model
assumptions about normality of residuals.

Movement rate
Detections of wild and hatchery smolts at upstream and down-

stream receivers that delimited reaches were used to calculate
movement rates through each of the reaches. Movement rate was
expressed as kilometres per hour (Rij, km·h−1) and was calculated
as distance traveled in reach j (Dij, km) divided by time elapsed
between first detections at each location (Tij) for each fish (i) using

(2) Rij �
Dij

Tij

We recognize that velocity also is commonly expressed as body
lengths per second (bl·s−1) in other systems (see Thorstad et al.
2012). However, because of the scale of movements (generally
>1 km), the duration of most movements measured (hours or
days), and the fact that we actually were assessing overground
velocity (and not swimming speed relative to water), we chose to
present the results of this study in terms of km·h−1. Based on
potential concerns about the relation of velocity to body length,
we ran models using bl·s−1as the response variable and found no
differences in the results. We present movement rate in km·h−1

for the reasons given above and for simplicity.

Models of movement rate
We used linear mixed-effects models (Zuur et al. 2009) in the

“lme4” package in R (R Core Team 2014) to estimate effects of
covariates on movement rate. We included an individual-based
random effect on the intercept in all models to account for re-
peated and unequal numbers of observations for each fish. Move-
ment rate was a non-negative value and was right skewed.
Therefore, we loge-transformed movement rate prior to analysis
to achieve normality of residuals. Variables used to represent fish
characteristics included rearing history (hatchery or wild), condi-
tion factor (K), gill NKA activity, release rkm, and release date.
Environmental variables included location within the catchment
(rkm) for each reach, photoperiod (i.e., day length) on the first
date of each movement, discharge, temperature, and reach type

(dam, free-flowing, or head pond). These variables were measured
or assigned for each fish in each reach. We only investigated ad-
ditive combinations of variables to reduce the dimensionality of
the questions we asked and minimize the number of models be-
ing considered at any given time. Additionally, we only consid-
ered a single variable representing fish characteristics in a given
model to reduce parameter redundancy. We suspected that move-
ment rate would peak during the year and with cumulative tem-
perature experience (Zydlewski et al. 2005, 2014) and at intermediate
temperatures (Karppinen et al. 2014; Zydlewski et al. 2014) and
discharges (Sykes et al. 2009). Therefore, based on the results of
research in this (Holbrook et al. 2011; Stich et al. 2014, 2015) and
other systems, we tested models with linear terms for discharge,
temperature, photoperiod, and ATU against similar models that
included quadratic effects for these terms.

We assessed mode fit using Nakagawa and Schielzeth’s RGLMM
2

for linear mixed-effects models with random intercepts (Nakagawa
and Schielzeth 2013). Owing to the downstream movement of
individuals, we assessed temporal autocorrelation in the residuals
prior to drawing inference and found that temporal autocorrela-
tion was absent at any reasonable lag (1–11). Thus, we did not
account for temporal autocorrelation in any way other than
through the inclusion of river kilometre in the movement rate
models. Otherwise, model selection and regression diagnostics
were addressed in the manner used for models of initiation
(above). We compared the best model of movement rate with the
same model with an extra term for tag mass to body mass ratio
post hoc to assess whether tagging affected migration behavior.
We found no support for this term in the candidate set (�AICc > 12).

Assessing effects of dams on movement rate
We sought to assess changes in movement rate through the

lower Penobscot River following the removal of Great Works and
Veazie dams in 2012 and 2013 and the addition of a new power-
house at both Stillwater and Orono dams in the Stillwater Branch
in 2013. Because Milford Dam was located about 2 km upstream of
Great Works Dam, and because Veazie Dam formerly was located
near the head of tide in the Penobscot River Estuary, we examined
changes in movement rates through four reaches between the tail
race of Milford Dam and the head of the estuary in the main stem
of the Penobscot River (rkm 44–59) to assess effects of dam re-
moval on movement rate. We examined changes in movement
rate throughout the Stillwater Branch (rkm 51–63). We tested for
shifts in median movement rate through the mainstem Penobscot
River in years before (2005–2013) and after the removal of both
Great Works and Veazie dams (2014) and before (2005–2013) and
after (2014) completion of powerhouse construction at Stillwater
and Orono dams using Wilcoxon ranked sums tests (Zar 1999).

Results

Time to initiation of migratory behavior by hatchery smolts
Initiation of migration by hatchery smolts was related to phys-

iological development, environmental conditions at release, and
the distance from the ocean at which fish were released (Table 2).
Distance to first receiver (distance) appeared to have a negligible
effect on initiation (Table 3), but was retained in all models. Hatch-
ery smolts that were better prepared for saltwater entry (mea-
sured as gill NKA activity) initiated migratory behavior sooner
than fish that had lower gill NKA activity (Fig. 2a; Table 3). Over
the range of gill NKA activity observed in hatchery smolts (0.9–
16.3 �mol ADP·mg protein−1·h−1), time to initiation of migratory
behavior was reduced by about 1 day on average (Fig. 2a).

The ATU experienced by all fish in this study was below theo-
retical thresholds for loss of smolt characteristics (500 ATU;
Handeland et al. 2004) and indicated that most smolts were re-
leased before or near the peak of smolting (300–400 ATU). Hatch-
ery smolts with greater ATU initiated migration sooner after
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stocking than smolts with lower ATU (Fig. 2b; Table 3). Fish with
the greatest ATU (439) initiated migration more than 100 h sooner
after stocking than those fish with the lowest ATU (234; Fig. 2b).
This relationship also was nonlinear, and the reduction in time to
initiate migration was most rapid for fish that experienced 300–
400 ATU (Fig. 2b).

Initiation of migration took longer at intermediate discharges
(�750 m3·s−1), with reduced time to initiation at very low or very
high flows (Fig. 2c; Table 3). Hatchery smolts stocked early in the
year initiated migration sooner after release than those fish re-
leased later in the year (Fig. 2d; Table 3), resulting in an increase of
about 85 h (3.5 days) to time of initiation over the range of release
dates (12 April – 8 May) used in this study (Fig. 2d). Similarly,
initiation of migration took longer with increasing temperatures
(Fig. 2f; Table 3), resulting in a change of about 125 h (5.2 days)
across the range of temperatures (3.9–16.1 °C) observed at release
date (Fig. 2f).

Finally, hatchery smolts released at a greater distance from the
ocean initiated migration sooner after release than did fish re-
leased nearer to the ocean (Fig. 2e; Table 3). Over the range of
release locations used in this study (63–187 km to ocean), the

mean time for smolts to initiate migration was about 60 h
(2.5 days) longer for fish released nearest to the ocean compared
with fish released furthest upstream (Fig. 2e).

Movement rate of wild and hatchery smolts
The best predictors of Atlantic salmon smolt movement rate

were discharge, release site, photoperiod (day length), physiolog-
ical development, rearing history, and temperature (Table 4),
while the random effect of individual actually explained relatively
little variation (Table 4). Mean movement rate of Atlantic salmon
smolts during freshwater migration in the Penobscot River was
faster through free-flowing reaches of the system (2.1 km·h−1) than
through reaches that contained dams (1.9 km·h−1) or head ponds
(1.8 km·h−1; Fig. 3; Table 5). Movement rate did not differ among
reaches that contained dams compared with reaches that con-
tained head ponds (Fig. 3). In general, wild fish tended to migrate
faster than hatchery fish (Table 3).

Discharge (Q) affected movement rate in a complex fashion
(Table 5). Movement rate of smolts was slowest at lowest or high-
est discharges observed (212–1 580 m3·s−1) and fastest at discharges
(�750 m3·s−1) near the middle of this range (Fig. 4). Movement rate
of smolts increased with photoperiod until late in the smolt run,
at which point the nature of the relationship became highly un-
certain owing to low sample sizes (Fig. 4; Table 5). Temperature
was inversely related to movement rate, with slower movement
rates at higher temperatures. Over the range of temperatures ob-
served (4–16 °C), movement rate decreased from 10 to 2 km·h−1

(Fig. 4), although the relationship was uncertain at the highest
temperatures owing to low sample sizes.

Movement rate increased substantially from the most upstream
reaches of the catchment (rkm 180) to the most downstream
(rkm 45) freshwater reaches (Table 5). This resulted in an increase
in movement rate of about 500% during the course of downstream
migration from headwaters to the estuary (Fig. 4). The increase in
movement rate was more gradual in the upstream reaches of the
river than in downstream reaches, and the most rapid increase in
movement rate occurred downstream of rkm 100 (Fig. 4).

Movement rates in the main stem of the Penobscot River in-
creased following the removal of Great Works and Veazie dams
when compared with the previous 7 years (Wilcoxon ranked sum
test, W = 205 124, P < 0.001). Median movement rate was 2.8 km·h−1

through the impacted reaches between Milford Dam and the head
of the estuary during years 2005–2013, but doubled during 2014
(5.5 km·h−1; Fig. 5a). Movement rate slowed through the Stillwater
Branch after the installation of new powerhouses (Wilcoxon
ranked sum test, W = 14 088, P < 0.001). Following installation of
new powerhouses on the Stillwater Branch in 2013, median move-

Table 2. Model-selection statistics for the ten best models used to quantify variation in the number
of days to initiate migration by hatchery Atlantic salmon smolts after release into the Penobscot
River, Maine, USA, 2005–2014.

Model k AICci
�AICci

wi (RMcF
2 )

ATU + ATU2 + NKA + PP + Q + Q2 + release + T 11 1936.6 0.00 0.28 0.28
ATU + ATU2 + NKA + PP + Q + Q2 + release + T + T2 12 1936.7 0.12 0.26 0.28
ATU + ATU2 + LF + PP + Q + Q2 + release + T 11 1938.6 2.00 0.10 0.27
ATU + ATU2 + NKA + PP + PP2 + Q + Q2 + release + T 12 1938.7 2.05 0.10 0.28
ATU + ATU2 + NKA + PP + PP2 + Q + Q2 + release + T + T2 13 1938.8 2.17 0.09 0.28
ATU + ATU2 + LF + PP + Q + Q2 + release + T + T2 12 1939.0 2.36 0.09 0.28
ATU + ATU2 + LF + PP + PP2 + Q + Q2 + release + T 12 1940.7 4.05 0.04 0.27
ATU + ATU2 + LF + PP + PP2 + Q + Q2 + release + T + T2 13 1941.0 4.40 0.03 0.28
ATU + NKA + PP + PP2 + Q + Q2 + release + T + T2 12 1947.1 10.47 0.00 0.27
ATU + LF + PP + PP2 + Q + Q2 + release + T + T2 12 1947.1 10.47 0.00 0.27

Note: Number of parameters estimated in each model is k, AICci
is the Akaike information criterion for each

ith model, �AICci
is the difference between the AICci

of each ith model and the best model in the set, and wi is the
relative probability that each ith model is the best in the candidate set. Model fit was assessed using McFadden’s
pseudo-R2 (RMcF

2 ). Explanatory variables are defined as follows: accumulated thermal units (ATU), discharge (Q),
distance between release and relocation (Distance), fork length (LF), gill NKA activity (NKA), photoperiod (PP), release
rkm from ocean (release), and river temperature (T). Distance was included in all models for the candidate set.

Table 3. Mean and 95% confidence limits (CL) of stan-
dardized, model-averaged regression coefficients from
the top ten models of time to initiation of migration by
hatchery Atlantic salmon smolts after stocking in the
Penobscot River, 2005–2014.

Parameter Estimate SE
Lower
95% CL

Upper
95% CL

Intercept 4.750 0.042 4.668 4.832
Distance −0.065 0.037 −0.137 0.007
ATU −0.478 0.066 −0.607 −0.348
ATU2 −0.151 0.032 −0.214 −0.087
LF 0.004 0.023 −0.041 0.048
NKA −0.037 0.026 −0.088 0.013
PP 0.297 0.070 0.160 0.435
PP2 −0.004 0.058 −0.117 0.110
Q 0.070 0.052 −0.031 0.172
Q2 −0.199 0.026 −0.250 −0.149
Release −0.224 0.032 −0.287 −0.161
T 0.236 0.039 0.160 0.312
T2 −0.021 0.016 −0.052 0.009

Note: Explanatory variables are defined as follows: accumu-
lated thermal units (ATU), distance between release and relo-
cation (Distance), fork length (LF), gill NKA activity (NKA),
photoperiod (PP), discharge (Q), release rkm from ocean (Release),
and river temperature (T).
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ment rate through impacted reaches in 2014 was only 0.1 km·h−1,
more than an order of magnitude slower than the long-term me-
dian of 2.2 km·h−1 during the previous 7 years (Fig. 5b). This result
was despite reductions in smolt movement rate during 2013 due

to ongoing powerhouse construction in the Stillwater Branch
(Fig. 5b). The appearance of a bimodal distribution through these
reaches in 2014 (Fig. 5b) may be related to the concurrent move-
ment of two groups of fish: those stocked several kilometres up-

Fig. 2. Plots of model-averaged covariate effects on time to initiate migratory behavior (in hours) by hatchery Atlantic salmon smolts stocked
throughout the Penobscot River catchment in fresh water, showing effects of (a) gill NKA activity, (b) accumulated thermal units (ATU),
(c) discharge at West Enfield Dam, (d) photoperiod on date of release, (e) distance of release upstream of ocean, and (f) water temperature in
the Penobscot River at release. Distance from ocean is shown on a reversed scale moving from upstream (left) to downstream (right).
Predictions for each covariate were generated by fixing the values of remaining covariates to the mean of the observed value.
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stream in the Stillwater Branch and those using the Stillwater
Branch as run-of-river.

Discussion
A global theme in Atlantic salmon recovery plans is to maxi-

mize the number of smolts entering the marine environment
(Hansen et al. 2012). To do this requires managers to maximize
survival in freshwater rivers and estuaries. For the first time, we
now have a comprehensive picture of smolt migration in a single
river system, before and after dam removal, including informa-
tion about factors affecting freshwater survival (Holbrook et al.
2011; Stich et al. 2014), initiation of freshwater migration and rates
of movement (this study), and how experiences in fresh water

affect smolt physiology and estuary survival (Stich et al. 2015) in a
single river system. Additionally, much of the information (e.g.,
ATU, discharge, photoperiod, and temperature) used to facilitate
annual decision making is available in near real time on the Pe-
nobscot River. The integration of these data into decision frame-
works for recovery has the potential to inform management in a
way that could help maximize the number of smolts leaving the
Penobscot River through strategic stocking.

Initiation
Physiological development and environmental conditions were

important predictors of the time to initiate migratory behavior
after stocking of hatchery Atlantic salmon smolts. These findings

Table 4. Model-selection statistics for the ten best models used to quantify variation in movement rate (km·h−1)
by Atlantic salmon smolts in the Penobscot River, Maine, USA, 2005–2014.

Model k AICci
�AICci

wi (RGLMM
2 )

PP + PP2 + Q + Q2 + reach + rearing + rkm + T + T2 12 73 613.4 0.00 0.94 0.20
Q + Q2 + reach + rearing + rkm 8 73 619.1 5.72 0.05 0.20
Q + Q2 + reach + rearing + rkm + T + T2 10 73 624.2 10.80 0.00 0.20
ATU + ATU2 + Q + Q2 + reach + rearing + rkm 10 73 633.7 20.35 0.00 0.20
ATU + ATU2 + Q + Q2 + rearing + PP + PP2 + reach + rkm 12 73 635.0 21.60 0.00 0.20
ATU + ATU2 + Q + Q2 + PP + PP2 + reach + rkm 11 73 656.8 43.46 0.00 0.19
PP + PP2 + reach + rearing + rkm + T + T2 10 73 661.2 47.83 0.00 0.19
ATU + ATU2 + NKA + Q + Q2 + PP + PP2 + reach + rkm 12 73 664.8 51.36 0.00 0.19
Reach + rearing + rkm + T + T2 8 73 668.4 55.05 0.00 0.17
Reach + rearing + rkm 6 73 670.2 56.79 0.00 0.17

Note: Number of parameters estimated in each model is k, AICci
is the Akaike information criterion for each ith model,

�AICci
is the difference between the AICci

of each ith model and the best model in the candidate set, and wi is the relative
probability that each ith model is the best in the candidate set. Fit was assessed using Nawagaka and Schielzeth’s R2 for linear
mixed-effects models (RGLMM

2 ). Explanatory variables are defined as follows: accumulated thermal units (ATU), discharge (Q),
distance between release and relocation (Distance), gill NKA activity (NKA), kilometres from ocean (rkm), photoperiod (PP),
reach type (dam, free-flowing, or head pond), rearing history (hatchery or wild), and river temperature (T).

Fig. 3. Changes in movement rate of Atlantic salmon smolts in the Penobscot River with respect to reach type and rearing history (hatchery
or wild). Notches in boxes for hatchery (left panel) and wild (right panel) smolts indicate median movement rate within each reach type, box
ends indicate inner quartile range, and whiskers are 95% confidence interval. The light gray polygons are violin plots showing density of
predicted movement rate for each rearing history in each reach type.
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could have important implications for strategic stocking of hatch-
ery smolts in the Penobscot River and elsewhere. Other work has
shown that smolts stocked as much as 3 weeks apart arrive in
estuaries at similar times (McCormick et al. 2014). This suggests a
trade-off in the decision by hatchery fish to migrate based on
development and (or) environmental cues. It is known that phys-
iological development in Atlantic salmon smolts is entrained by
seasonal changes in photoperiod (McCormick et al. 1987) and is
regulated by changes in temperature (McCormick et al. 2002).
Physiological development of Atlantic salmon smolts previously
has been observed to coincide with onset of migratory behavior in
laboratory experiments (Zydlewski et al. 2014) and field studies
(McCormick et al. 2003, 2013). Influences of local environmental
conditions and habitat features also might physically override or
inhibit station-holding behavior in smolts rather than incite an
active “choice” to migrate. Intensity of exposure to environmental
changes (such as in photoperiod, temperature, or discharge) in
upper regions of a watershed might be increased relative to those
in the lower river because of the local characteristics of the river,
such as depth or channel width. The nature of the mechanism
controlling differences among reaches of a river could provide an
interesting line of inquiry for future work.

We found that the time to initiation of downstream migration
decreased when smolts had greater thermal experience (ATU) dur-
ing hatchery rearing. This result previously has been observed in
laboratory studies of Atlantic salmon (Zydlewski et al. 2005, 2014)
and in field studies of Chinook salmon (Oncorhynchus tshawytscha)
(Sykes et al. 2009). It is important to note that the range of ATU
experienced by smolts in the present study was below upper
thresholds that have been observed to inhibit migratory behavior
in Atlantic salmon smolts (Zydlewski et al. 2005, 2014; McCormick
2009). Loss of physiological smolt characteristics occurs at high
temperatures (McCormick et al. 1999), and cessation of migratory
behavior also occurs at high temperatures (Zydlewski et al. 2014).
In the present study, we observed a gradual increase in the
amount of time required for initiation of migratory behavior until
about 10 °C, after which the amount of time for initiation in-
creased rapidly with temperature. Interestingly, this is approxi-
mately the same temperature at which daily counts of migrating
smolts also begin to decline in laboratory studies (Zydlewski et al.
2014). Our results suggest that the ATUs experienced by smolts, in

addition to a threshold temperature, may be important for initi-
ation of migratory behavior.

Movement rate
We used two indicators of smolt development to investigate

behavior of smolts during the freshwater migration in this study:
ATU and gill NKA activity. Previous work has demonstrated that
ATU experienced by smolts is a strong predictor of the initiation
of migratory behavior in hatchery (Zydlewski et al. 2005) and wild
(Sykes et al. 2009) salmon smolts. The freshwater movement rate
of smolts was fastest during the seasonal peak of the run (photo-
period of about 14 h; Fig. 4b). Smolts also moved faster at cool
temperatures than at warm temperatures (Fig. 4), and this rela-
tionship bottomed out after about 12 °C, toward the end of the
smolt run. These results indicate that smolts may move faster
during the period at which their physiological development is
optimal for ocean entry. In fact, loss of smolt characteristics was
previously observed toward the end of the Penobscot River run
(McCormick et al. 1999).

When variability in environmental conditions was accounted
for, we found that movement rate of smolts was slower in reaches
of the Penobscot River that contained head ponds or dams associ-
ated with hydropower projects than it was through free-flowing
reaches of the river. Reduced movement rates previously have
been observed through dams for Atlantic salmon (Holbrook et al.
2011; Norrgård et al. 2013) and for Pacific salmon (Oncorhynchus spp.)
(Ransom et al. 2008). This delay has the potential to result in loss
of physiological smolt characteristics (McCormick et al. 1999;
Handeland et al. 2004) and increased estuary mortality (Stich et al.
2015) as a result of mismatches (sensu Cushing 1969) between
physiological development and timing of arrival in the estuary
caused by dam passage (Marschall et al. 2011). Given that the ef-
fects of dams on movement rates were more pronounced in wild
smolts than in hatchery smolts, estuary mortality resultant from
delays at dams could be greater in wild smolts than in hatchery
smolts.

We documented a 96% increase in movement rate after the
removal of two dams compared with median movement rates in
the same reaches during 7 years prior to dam removal (Fig. 5). We
also found that movement rate decreased markedly through a
migration route in the lower river (the Stillwater Branch) follow-
ing the addition of a second powerhouse at each of the dams
located therein (Fig. 5). Although movement rates through im-
pacted reaches have only been collected for a single year after dam
removal and hydropower re-allocation, the results are, at mini-
mum, deserving of attention. The methods used in this study
provide both a framework for analysis and a baseline of informa-
tion for future assessments.

Our results demonstrate that the removal of mainstem dams
could improve smolt survival during estuary passage by reducing
delay at these facilities, thus decreasing potential for predation
(Blackwell and Juanes 1998) and temperature-related loss of phys-
iological smolt characteristics such as elevated gill NKA activity
(McCormick et al. 1999). Counter to this potential positive change
in the main stem is the decrease in movement rates through the
Stillwater Branch that could potentially result in increased estu-
ary mortality following construction of new powerhouses. This
may be particularly relevant given that survival of smolts in the
Penobscot River Estuary also was recently related to gill NKA ac-
tivity and number of dams passed in fresh water (Stich et al. 2015).
Additionally, previous work has shown that more fish use the
main stem as a migratory route compared with the Stillwater
Branch (Holbrook et al. 2011; Stich et al. 2014), so a net increase in
movement rate through the lower river is expected for smolts
following changes to the hydro-system. These results highlight
the importance of considering effects beyond acute mortality
when assessing the effects of mainstem dam removal on anadro-
mous fish migrations.

Table 5. Mean and 95% confidence limits (CL) of esti-
mated regression coefficients for the best model of the
movement rate of Atlantic salmon smolts in the Penob-
scot River, Maine, USA, 2005–2014.

Parameter Estimate SE
Lower
95% CL

Upper
95% CL

Intercept −0.580 0.034 −0.646 −0.514
PP 0.168 0.037 0.096 0.241
PP2 −0.043 0.015 −0.073 −0.013
Q 0.056 0.031 −0.004 0.116
Q2 −0.137 0.016 −0.168 −0.105
Reach (free-flowing) 0.804 0.022 0.761 0.846
Reach (head pond) 0.694 0.023 0.649 0.739
Rearing (wild) 1.064 0.100 0.868 1.260
rkm −0.884 0.011 −0.906 −0.862
T −0.269 0.044 −0.356 −0.182
T2 0.013 0.013 −0.012 0.039

Random effect Int = 0.63 Res = 1.27

Note: Explanatory variables are defined as follows: dis-
charge (Q), kilometres from ocean (rkm), photoperiod (PP), reach
type (dam, free-flowing, or head pond), rearing history (hatchery
or wild), and river temperature (T). The standard deviations of the
random effect of individuals on the intercept (Int), as well as of
the residuals (Res), are given at the bottom of the table.
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Implications for conservation hatcheries
The results of this study have important implications for two

decisions that are made annually at conservation hatcheries
charged with Atlantic salmon smolt stocking: (i) when to stock
fish each spring and (ii) where to stock those fish. Inherent in
these decisions is the need to minimize residency time in fresh
water and the associated risk of increased predator exposure and
mismatch between physiological development and timing of es-
tuary arrival. In the Penobscot River, there seems to be some
compensatory interplay between the time to initiate migration by
stocked smolts and movement rate throughout the system. For
example, fish that are stocked close to the ocean take longer to
initiate migration than smolts stocked further upstream, but fish
also move faster close to the ocean than further upstream. Similar
trade-offs in behavioral tactics were observed with respect to dis-
charge (late initiation but fast movement at intermediate dis-
charges) and photoperiod (late initiation but fast movement rate
at advanced photoperiods). There is potential that interactions
among these environmental factors could lead to stabilization in
the timing of estuary entrance, and normalizing selection on tim-
ing of estuary arrival has been observed in the Penobscot previ-
ously (Stich et al. 2015). Annual decision making about when and

where to stock fish could be greatly facilitated by incorporating
knowledge about factors that influence how soon fish begin to
migrate and how fast they move.

Information about temperature could be used to balance time
to initiate migratory behavior with movement rate based on when
fish are stocked. Measures of smolt development and environ-
mental conditions were important predictors of when hatchery-
stocked smolts initiated migration (Fig. 2). Given the strong
relationships between time to initiation of migration and (i) ATU
and (ii) temperature, hatcheries potentially could use both ATU
and river temperature as annual indicators for when to stock
smolts. Our results demonstrated that hatchery stocking of
smolts in the Penobscot River has occurred in advance of the
number of accumulated thermal units (about 500 ATU) that can
connote loss of smolt characteristics and thus is predicted to in-
crease the number of hatchery smolts that actually migrate to the
ocean. Knowledge of smolt development could be used to inform
stocking of hatchery smolts as well based on the relationship
between physiological development and initiation. However, the
relation of initiation to both ATU and river temperature provides
a simpler, less expensive planning tool, and these factors were
quantitatively better predictors of initiation than gill NKA activ-

Fig. 4. Plots of relationships between freshwater movement rate of migrating Atlantic salmon smolts and (a) discharge at West Enfield
Dam (m3·s−1), (b) photoperiod (hours), (c) distance from the ocean (km), and (d) water temperature (°C) in the Penobscot River. Distance from
ocean is shown on a reversed scale moving from upstream (left) to downstream (right). Mean predicted movement rate (km·h−1) from each
covariate is shown by the solid black line and 95% confidence interval is indicated by the dashed gray lines. Predictions for each covariate
were generated by fixing the values of remaining covariates to the mean of the observed value.
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ity. Although developmental indices were not related to move-
ment rate, temperature was (Fig. 4). Daily temperature data also
are already collected throughout the catchment and at salmon
hatcheries, so integration of information about temperature
would require little investment beyond the status quo.

Daily discharge in the Penobscot River can be used as another
source of information about when to stock hatchery smolts based
on its relation to initiation of migration and movement rate. It
took fish longer to initiate migration under intermediate flows
(Fig. 4), but once migrating, this was when fish moved most rap-
idly (Fig. 2). Similar to temperature data, information about dis-
charge in the Penobscot River also is collected several times a day
in various locations.

We found two important results that could be used to inform
decisions about where to stock smolts: (i) stocking location and
(ii) locations of dams and head ponds. Stocking location has the
potential to influence movement rate during migration as well as
initiation of migratory behavior. Hatchery smolts moved much
faster through the lower river than through reaches further up-
stream (Fig. 4). Conversely, fish released in the upper watershed
initiated migration sooner after stocking than fish released
nearer to the ocean (Fig. 2). As with the influences of temperature
and discharge, these results suggest an opportunity to balance

stocking location based on differential effects on initiation and
movement rate.

Stocking location also is related to the number of dams fish pass
as well as which dams fish pass in the Penobscot River. Our results
clearly demonstrated that movement rate was reduced through
reaches containing dams or head ponds associated with dams
(Fig. 3). We showed that changes to the hydro system have the
potential to influence movement rate during migration (Fig. 5).
These results underscore the importance of considering the loca-
tions of dams and head ponds with respect to stocking location. It
is important to note that passage of multiple dams will compound
effects on movement rate if only in an additive sense, although
multiplicative effects have been observed (Norrgård et al. 2013).
This is important given that dams also are known sites of ele-
vated mortality of Atlantic salmon smolts (Holbrook et al. 2011;
Norrgård et al. 2013; Stich et al. 2014), and these structures can
have spatially removed effects on migration (Marschall et al. 2011)
and even result in delayed mortality during estuary passage (Stich
et al. 2015). Following the removal of Veazie Dam in 2013, about
20 km of lotic habitat was reclaimed in the lower Penobscot River
between the now lowermost dam (Milford) and the estuary. This
resulted in the stocking of all smolts in the tail race of Milford
Dam in an effort to minimize in-river and estuary mortality in-

Fig. 5. Movement rates of Atlantic salmon smolts during each year of this study through (a) the river reach between Milford Dam and
Penobscot River Estuary, Maine, and (b) the reach from the upstream end of the Stillwater Branch and the first receiver downstream of the
confluence of the Stillwater Branch with the mainstem Penobscot River. The vertical line represents the time after which both Veazie and
Great Works dams were removed and new powerhouses had been installed at Stillwater and Orono dams. Box ends represent the inner
quartile range, whiskers represent 95% confidence interval, and the notches in the boxes represent median movement rate. The shadows
behind boxes are violin plots showing density of observations, and sample size is given above each plot. The slow movement through the
Stillwater Branch in 2013 coincided with drawdown for construction, but was used in the 2005–2013 movement rates for Wilcoxon tests.
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curred through dam passage in the Penobscot River in 2014. There
are clear trade-offs between homing or straying rates and smolt-
to-spawn survival that warrant consideration in such a stocking
strategy. Research suggests that incidence of straying increases
when smolts are released nearer to the ocean, but losses to stray-
ing do not generally offset gains in survival until stocking occurs
at the coast (Gunnerød et al. 1988). Similarly, although release
within the Penobscot River affects homing to natal streams, the
number of fish reaching the lower river (at which point most
returning adults currently are trucked to hatcheries) was unaf-
fected by stocking location in previous research (Gorsky et al.
2009). Thus, stocking below dams in the Penobscot River likely
will increase the number of adults that return for spawning.
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