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Abstract

The evolutionary effects of harvest on wild fish populations have been documented around the
world; however, sublethal selective pressures can also cause evolutionary changes in phenotypes.
For migratory fishes, passage facilities may represent instances of nonlethal selective pressure.
Our analysis of 6 years of passage data suggests that certain fish passage facilities on the
Penobscot River have been exerting selective pressure against large-bodied, anadromous Atlantic
salmon (Salmo salar). At the second and third dams in the river, a 91-cm salmon was 21%-27%
and 12%-16% less likely to pass than a 45-cm salmon, respectively. Fish size positively influences
egg survival and number and is a heritable trait. Therefore, in a wild-reproducing population,
exclusion of large fish from spawning areas may have population-level impacts. In the Penobscot
River, most returning adults derive from a hatchery program that collects its broodstock after
passing the first dam in the river. Analysis of fork lengths of salmon returning to the Penobscot
River from 1978 to 2012 provided mixed support for evolution of size at maturity in different
age classes in a pattern that may be expected from interactions with conservation hatchery oper-
ations. Additionally, slow-maturing and iteroparous individuals that represent the largest salmon

size classes were essentially lost from the population during that time, and Penobscot River fish
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1 | INTRODUCTION

Fishing exploitation has resulted in well-characterized selection includ-
ing decreases in size at maturation (Kuparinen & Merild, 2007) and
shifts in age structures (Allendorf & Hard, 2009). Other anthropogenic
influences create unnatural selection through sublethal pressure,
including catch and release angling (Cooke, Suski, Ostrand, Wahl, &
Philipp, 2007) and fishways at dams (Haugen, Aass, Stenseth, &
Vgllestad, 2008). Atlantic salmon (Salmo salar) in impounded systems
have lower reproductive success than their conspecifics in natural sys-
tems (Lundqvist, Rivinoja, Leonardsson, & McKinnell, 2008) due to
reduced fecundity from in-river delays (Thorstad, @kland, Aarestrup,
& Heggberget, 2008) and exclusion from spawning grounds (Caudill
et al., 2007). However, the potential for fishways to act as selective
filters against certain classes of fishes has only recently begun to be
explored (Haugen et al., 2008; Mallen-Cooper & Stuart, 2007), and
literature characterizing the evolutionary impacts of fishways is minimal
(Haugen et al., 2008; Waples, Zabel, Scheuerell, & Sanderson, 2008).

have shorter fork lengths at maturity than Atlantic salmon in undammed systems.

Atlantic salmon, evolution, fishway, size selection

Characterizing the impact of fish size on passage success can be
difficult because of the suite of variables involved. Flow, temperature,
season, and fish size can influence passage success. For example, river
flows that are too low may prevent large fish from using fishways, and
flows that are too high may prevent fish from locating fishways (Jensen
& Aass, 1995). High flows may also result in increased migratory costs
through energetic expenditures (Jonsson, Jonsson, & Hansen, 2007).
Water temperature can affect swimming ability of salmonids
(Ojanguren & Brana, 2000; Taylor, Egginton, & Taylor, 1996). For
example, adult Brown Trout (Salmo trutta) experience difficulty ascend-
ing obstacles at temperatures below 5 °C (Jensen & Aass, 1995), and
other salmonids have difficulty navigating fishways below 10 °C
(Rodriguez, Agudo, Mosquera, & Gonzélez, 2006). Thus, there is an
optimal range for passage, with declining passage rates as tempera-
tures depart from that range (Quinn, Hodgson, & Peven, 1997; Salinger
& Anderson, 2006). To add further complexity, river entry and
migratory movements may be more tied to circannual rhythms than
instantaneous environmental variables (Lilja & Romakkaniemi, 2003),
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likely because of photoperiod and physiological changes in adult
migrants (Keefer, Peery, Jepson, & Stuehrenberg, 2004).

There is also great variability in the design of fishways that can
influence passage success and its potential selectivity. Many fishways
are explicitly designed to have hydraulic features optimized for partic-
ular species and sizes of fish, and variability in the configuration of
Denil and vertical slot fishways may thus substantially alter the size
classes of fish that are able to successfully use them (Mallen-Cooper
& Stuart, 2007; Rodriguez et al., 2006). Installation of a fishway on
the River Gulbrandsdalslagen in Norway caused rapid evolution
towards smaller body sizes in Brown Trout (Haugen et al., 2008).
Recently, a short-term tagging study provided evidence that size selec-
tion on adult Atlantic salmon occurs at some fishways on the
Penobscot River, United States (Sigourney, Zydlewski, Hughes, & Cox,
2015). In this study, passage success at upper dams of fish trucked
around the lowest dams in the river was compared with passage suc-
cess of fish that were allowed to volitionally migrate through the entire
system in 2010 and 2011. The average fork length for volitionally
moving fish decreased by 5.9% from release to successful passage at
the upper dams, and that of trucked fish decreased by 1.2%. However,
the limited spatial and temporal scope of data in this study makes it
unclear how general this pattern has been.

These findings illustrate the potential that dams and fishways have
to exert selection on a population of migratory fish, but also that such
selection can vary with respect to species, river conditions, and the
design of fishways themselves. Hence, an evaluation in a given year,
at a given dam, for a given species may not be particularly representa-
tive of the net effects of passage throughout a system with multiple
passage facilities or the long-term consequences of selective passage.
Understanding selection at fishways and its potential evolutionary
consequences is thus best conducted in a holistic fashion that con-
siders the combined effects of multiple fishways in a given river system
and multiple years of potential passage patterns.

Over many generations, even moderate selective pressure against
large fish can accrue population-level effects. Female Atlantic salmon
may invest up to 25% of their body weight into egg production
(Fleming, 1996). Such investments are expressed as increased egg
number or egg size (Fleming & Gross, 1990), which is correlated with
higher survival from egg to alevin and larger fry size (Beacham &
Murray, 1985). Larger fry have higher survival to smoltification and
outmigration (Quinn & Peterson, 1996), and larger smolts have higher
survival to maturity than their smaller conspecifics (Saloniemi,
Jokikokko, Kallio-Nyberg, Jutila, & Pasanen, 2004). Heritability of
length at age (0.0-1.0) is estimated to be up to 0.5 in salmonids
(Carlson & Seamons, 2008). Loss of large, spawning fish has been a
concern for fisheries managers since the early 1900s, with managers
believing it may lead to an increase in the proportion of fish popula-
tions made up of smaller, younger fish (Rutter, 1903), reduce the over-
all adult size (Smith, Darwin, Fisheries & Washington (State). Dept. of
Fisheries 1920), and compromise the recruitment and recovery of
populations by undermining the important fecundity contributions of
large old fish (Begley, 2016). These hypotheses have been born out in
computer simulations (Hard, 2003) with Chinook salmon (Oncorhyncus
tshawytscha), laboratory experiments (Conover, Munch, & Arnott,

2009) with Atlantic silversides (Menidia menidia), and field observations

of Cod (Gadus morhua; Swain, Sinclair, & Mark, 2007) and Plaice
(Pleuronectes platessa; Law, 2007).

Cross-river dams have been present in Maine, for over a century.
Regionally, over that time, runs of Atlantic salmon have declined over
98% (Fay et al., 2006). With extensive multiyear datasets available
for both length at maturity and passage success at dams, the
Penobscot River provides an opportunity to address the following
questions: (a) Do passage structures in the Penobscot River system
impose size selection across multiple years of data? (b) Has the size at
age or age structure of Penobscot salmon changed over time in a

manner consistent with potential responses to size selectivity?

2 | STUDY SITE

The Penobscot River is located entirely within the State of Maine and
contains the last viable run of Atlantic salmon in the United States. The
current run of salmon, numbering only 381 to 2,115 in the last decade, is
more than 95% composed of hatchery-produced fish (USASAC, 2004).
Broodstock for this program are captured following passage through a
fishway at the first dam on the river. In recent years, 50%-100% of
trapped salmon have been taken for broodstock. Remaining fish are
released to the river and must traverse fishways at between three and
six additional dams before reaching spawning habitat (Figure 1).
Historically, when salmon returns were much greater, a larger propor-
tion of returning salmon were released to migrate further up river.
The main stem of the Penobscot River has been fragmented by

dams since the 1800s. Fishways were present on the river for much

Spawning Habitat «--.-——_.__ B

--| Hatchery

3 -6 dams

Ocean

FIGURE1 Schematic showing the influence of hatchery-spawned fish
on the Penobscot River population. Adults from hatchery smolts
account for ~95% of returns to the river. The remaining returns are
“wild” adults, which include fish stocked out as fry or eggs from the
hatchery as well as natural reproduction. In any given year, ~50% of
the returning adults are taken to the hatchery for use as brood stock.
The majority of those taken are MSW fish, and the majority of those
allowed to continue upstream are grilse (1SW males)
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of that time (Everhart & Cutting, 1968). Historic records indicate that
in early years, fishways often were not opened because of threats against
fish wardens (Buck, 1838, January), and even when opened, they may
not have functioned well (Feyler, 1932). The fishways that currently
exist throughout the study area were constructed after 1965. Our
study area included a 100-km stretch of the Penobscot River from
the Veazie Dam (rkm 48) to the Weldon Dam (rkm 148) containing five
dams (Figure 2), three of which were included in the analysis. The
Howland Dam, at the confluence of the Penobscot and Piscataquis
Rivers, was also included (Table 1). Three of the four dams analyzed
had Denil fishways, and the fourth (West Enfield) had a vertical slot
fishway. Denil fishways are rectangular channels with evenly spaced
baffles angled 45° against the flow that allow water to pass through
the center of the channel. The typical slope for this fishway style is
~20% (Katopodis, Rajaratnam, Wu, & Tovell, 1997), but the Denil fish-
ways in the lower Penobscot River all had slopes of 12.5%. Vertical slot
fishways consist of rectangular channels with baffles at 90° to the flow.
Water passes through a vertical slot in the baffle, dissipating energy
while leaving low-flow areas to either side of the slot. The recom-
mended slope for these fishways is between 6% and 10% (Rodriguez

TABLE1 Description of fishways at each dam including distance from
the mouth of the river (rkm), style, year built, length (m), and slope (%)
rkm Style Year built Length (m) Slope (%)
Great Works 59 2 Denils 1968 68.8 12.5
72.5
Milford 61 Denil 1968 69.8 12.5
West Enfield 100 Vertical slot 1988 173.7 6.7
Howland 99 Denil 1965 76.8 12.5

Note. The Great Works Dam had two nearly identical fishways.

et al.,, 2006), and the vertical slot fishway at the West Enfield Dam
has a slope of 6.7%. The Veazie Dam had little data available for pas-
sage, as fish were tagged at the upstream end of its fishway. The
Weldon Dam was the farthest upstream site, and many unmonitored
tributaries with suitable habitat exist between the Weldon Dam and
the next dam downstream, making detection probability inestimable
at that site. The Penobscot River has recently been the focus of a major
restoration effort that included removal of the Veazie and Great Works

Dams (in 2013 and 2012, respectively) and the construction of new
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FIGURE 2 Map of the study reach of the Penobscot River. The Veazie Dam (represented by a pentagon) was the release point for the passage
portion of this study. It was also historically the location of brood stock collection. The Stillwater Branch dams have no upstream passage facilities
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TABLE 2 Range of detection probabilities (p,) at each dam's entrance
and exit antennas over the study period (+1SD)

Dam Antenna Grilse py MSW py
Great Works Entrance 0.758 £ 0.109 0.738 + 0.104
Exit 0.907 £ 0.074 0.921 £ 0.036
Milford Entrance 0.782 £ 0.091 0.902 + 0.047
Exit 0.774 £ 0.124 0.834 + 0.078
West Enfield Entrance 0.821 + 0.189 0.899 + 0.671
Exit* 0.984 + 0.241 0.905 + 0.037
Howland Entrance 0.991 + 0.150 0.992 + 0.014
Exit 0.926 + 0.019 0.962 + 0.075

*This mark indicates a significant difference (p < .05) between the detection
probabilities of grilse and multiseawinter (MSW) fish.

passage facilities (a fish lift and a bypass channel) at the Milford and
Howland Dams (in 2014 and 2016, respectively).

3 | METHODS

From 2002 to 2004 (Gorsky, Trial, Zydlewski, & McCleave, 2009) and
2010 to 2012 (Sigourney et al., 2015), adult Atlantic salmon were col-
lected at the Veazie Dam trap. All fish not kept for broodstock were
measured, marked with Passive Integrated Transponder (PIT) tags,
and released into the headpond. Fish movements were monitored
using PIT antennas located at the entrance and exit of each fishway.
Detection probability was modeled using a Cormack-Jolly-Seber
mark-recapture framework for each antenna, during each year
(Table 2; Cooch & White, 2014). Fish were assumed to be motivated
to move continually upstream through the study area because more
than 80% of spawning habitat in the system exists upriver of the study
area (Fay et al., 2006).

Passage success was modeled as a Bayesian logistic regression of
water temperature (T and T?), discharge (F and F?), fork length (L), and
days at large (D; Table 3). All continuous variables were z-standardized

to make the effect sizes (B values) comparable. The binary variable

TABLE3 Candidate model set divided up into models run at individual
dams and in the all dam set (top) and models run only for the all dam
set (bottom)

Individual dams and all dams
l. Bo + BLL

II. Bo + BLL + BoD
M. Bo + BT + Br°T°

IV. Bo + BeF + B2F?

V. Bo + BrT + Br’T? + BeF + BeF?
VI. Bo + BrT + Br°T> + BpD

VIL. Bo + BrT + Br’T? + BpD + BLL
VIIL. Bo + BrT + Br°T> + BLL + BurlT
All dams

IX. Bo + BuN

X. Bo + BLL + BuN

XI. Bo + BLL + BN + BpD

Note. Variables tested included fork length (L), days at large (a surrogate for
delay, D), water temperature (linear T and quadratic T?), discharge (a surro-
gate for flow, linear F and quadratic F?), number of dams (N), and an inter-
action between water temperature and fork length (LT).

used to represent passage success was informed by combining detec-
tion histories of each fish with detection probabilities at each antenna
(Figure 3). Each fish was only counted once per dam to avoid repeated
measures sampling (i.e., if the fish ever passed, it was counted as a suc-
cess, regardless of the number of attempts taken). We used linear and
quadratic terms for discharge data as a surrogate for flow in our models.
Discharge data was not available from a single, consistent source for
the duration of the study period. Thus, discharge (cubic feet per second)
in the lower river was estimated using a regression (R? = 0.967) based
on data collected at a U.S. Geological Survey gage further upstream
on the Penobscot River from 1980 to 2014 when necessary.
Temperature data was compiled from a variety of sources (including
U.S. Geological Survey gages on the Penobscot River, the St. Croix River
[R? = 0.97], and the Androscoggin River [R? = 0.95]), as no one source
was available for the entire time period of interest. We incorporated
delay in our models through a “days at large” term. This term was simply
the ordinal date minus the date of initial capture at the Veazie Dam.
The models were run in two sets. The first set treated each dam as
an individual entity. The second set was made up of system-wide
models that incorporated the number of dams passed by each fish as

a factor that could influence passage success. In both sets of models,

¢ Fish 1, pUP =1
B Fish 2, pUP = 1-pDetectUp
® Fish3,pUP=0

i

Streamflow

FIGURE 3 Schematic of different detection histories of fish at a
particular passage facility. Fish 1 (¢) was detected at the entrance
and exit of a passage facility and detected again at an upstream facility.
Therefore, it must have passed successfully and is given an upstream
movement probability of 1. Fish 2 (m) was detected at the entrance and
exit of a passage facility but was never detected upstream. Therefore,
it could have passed successfully and evaded detection upstream with
a probability of 1—the probability of detection upstream—or it could
have failed to pass and fallen back to the lower river. Fish 3 (e) was
detected only at the entrance of a fish passage facility. It was next
detected at another facility downstream. Therefore, it was confirmed
to have failed to pass and fallen back into the lower river
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TABLE 4 Changes in measures of dispersion over time

cv Standard deviation
B t36 p B t36 p
Female MSW -0.064 +0.015 -1.282 <.001 -0.048 +0.011 -1.000 <.001
Male MSW -0.067 +0.015 -0.881 <.001 -0.052 +0.012 -0.676 <.001
Grilse -0.058 +0.011 -2.788 <.001 -0.034 +0.006 -1.606 <.001

Note. B values represent the slope of the regression line +o. The value t36 represents the total change over the time series. MSW = multiseawinter.

possible B values were drawn from uninformed prior distributions. We
used JAGS (Just Another Gibbs Sampler) version 3.4.0 (Plummer,
2003) in the R2jags environment (Plummer & Stukalov, 2014) to sam-
ple the parameter distributions using Markov chain Monte Carlo
methods. Each model was run for 3,000 burn-in steps to tune the sam-
pler. Each chain was then run for 50,000 saved steps before assessing
each model's potential scale reduction factor (R) to determine if more
sampling was necessary. Most supported models were identified using
deviance information criterion scores.

In order to assess goodness of fit, the most supported models
were tested against bootstrapped passage data by resampling 1,000
individual passage attempts out of the data set and comparing the
results of those attempts to the simulated results generated from the
models (Clough, 2012). The results of each simulation (1,000 pass-fail
trials) were recorded as the ratio of the number of simulated passage
successes over the number of actual passage successes. These simula-
tions were conducted 1,000 times for each dam, and the proportion of
the 1,000 results above the 1:1 line (Bayesian p value) were recorded.
A value of p = .5 would indicate that the model represents the data well
(Gelman, 2014).

We also used a long-term data set of returning Penobscot salmon
length frequencies from 1978 to 2012 to explore potential patterns in
body size of returning Atlantic salmon. Length-frequency data was
collected from Atlantic salmon captured at the Veazie Dam trap by
the Maine Department of Marine Resources personnel.

In the Penobscot River, salmon may return to spawn at 1SW,
2SW, or 3SW, and some returning fish are iteroparous. We used a
chi-square (x?) test to determine whether the distribution of individuals
between these different life history strategies changed from 1978 to
2012. Additionally, we calculated response to selection on fork length
for multiseawinter (MSW) adults and 1SW grilse, varying generation
time between 4 and 6 years to account for possible differences
between hatchery and wild generation time.

We also calculated rates of evolutionary change in fork length in
haldanes (Equation 1; Hendry & Kinnison, 1999). Using haldanes pro-
vides a metric that is comparable across traits and species because

change is measured in standard deviations per generation.

X2 _ X1

S S
P p 1
' tg ( )

r = evolutionary rate (haldanes)

X1 = the log mean trait value for the parents

X, = the log mean trait value for the offspring

Sp = the pooled standard deviation of the populations

tg = the time between samples (generations)

In addition to calculating rate of evolutionary change, we calcu-
lated standard deviations (o,,) and coefficients of variation (CV = o,/
means,, where means, is the mean fork length for a given sex and year)
for fork lengths over time to test whether length-at-spawning distribu-
tions remained stable (Haugen et al., 2008). Both evolutionary rate and
measures of dispersion were calculated separately for each life history
strategy (Table 4).

Finally, we used linear regressions to explore changes in size at
age over time for all in-migrating adult fish for with ages estimated
from scale samples or visible tags (i.e., Carlin tags and Visible Implant
Elastomer (VIE) tags) affixed prior to stocking. Data to perform this
analysis were provided as a collaborative effort between the Maine
Department of Marine Resources and NOAA. The total number of
fish included in this analysis was 25,141.

4 | RESULTS

The full data set for the passage portion of the study included 3,517
individuals with fork lengths that ranged from 45 to 91 cm. The distri-
bution of L was bimodal, with grilse (1SW) averaging 54.2 cm (o = 2.45)
and MSW adults averaging 73 cm (o = 3.52; Figure 4). The full data set
for the evolutionary portion of the study included 40,069 individuals
with fork lengths that ranged from 40 to 104 cm. Grilse averaged
54.4 cm (o = 3.06) and MSW adults averaged 73.1 cm (o = 4.64).
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FIGURE 4 Length-frequency histograms for fork lengths of Atlantic
salmon used in this study. The dark bars in the back represent all fish
captured at the Veazie trap from 1978 to 2012 and were used for the
evolutionary rates analysis. The light bars in the front represent a
subset of fish captured at the Veazie trap in 2002-2004 and
2010-2012 and were used for the passage selectivity analysis
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4.1 | Great Works Dam

At the Great Works Dam, passage success was best modeled with the
inclusion of L, D, T, and T? (Table 5). Effect sizes of L, T, and T2 were all
significant (had 95% high density intervals that did not include zero).
The variable with the largest effect was L. When T, T2, and D were held
constant at their mean values, a 45-cm salmon was 21%-27% more
likely to pass the dam successfully than a 91-cm salmon (Figure 5).

The model had a Bayesian p value of .489 (~0.5 indicates a good fit).

4.2 | Milford Dam

At the Milford Dam, passage success was best modeled by a combina-
tion of L and D. Both were significant. Again, L had the largest effect,
and when D was held constant at its mean value, a 45-cm salmon
was 11.9%-16.2% more likely to pass the dam successfully than a
91-cm salmon. The model had a good fit (Bayesian p value = .528).

4.3 | West Enfield and Howland Dams

At the West Enfield Dam, passage success was best modeled as a func-
tion of F, F2, and T. There was no evidence of size selection at this dam.
The model had a Bayesian p value of .516. At the Howland Dam, pas-
sage success was best modeled as a function of D, T, and T2, There was
no evidence of size selection at this dam. The model had a Bayesian p
value of .488. A Kruskal-Wallis test comparing size distributions of fish
approaching each dam in this study that shows the distribution of fish
approaching the Howland Dam was significantly different from that
approaching the West Enfield Dam (p = .022), Milford Dam
(p = .013), and Great Works Dam (p < .001), with smaller fish

approaching Howland.

4.4 | Composite model

In the composite model set, the most supported model included L, D, T,

and T2. The factor with the largest effect size was T, closely followed

p(Success)

0.8

0.4 {----

50 60 70 80 90
Fork Length (cm)

FIGURE 5 Probability of successfully using the fishway (y axis)
modeled as a function of fork length (x axis) for the (a) Great Works
Dam and (b) Milford Dam. The dotted lines represent the 95% credible
interval. Associated B values can be found in Table 5

by L. D and T? had effects that were approximately half as large as
the other two factors. The effect size for T was positive, and the effect
size for L was negative (larger fish were less likely to successfully pass).
The model had a Bayesian p value of .492.

4.5 | Evolutionary rates

Overall, average fork length of Atlantic salmon returning to the
Penobscot River did not increase or decrease from 1978 to 2012
(Figure 6). Response to selection showed no consistent direction bias

in short-term responses in length at maturity for grilse or MSW adults

TABLE 5 Best fitting model, scored by DIC value for each dam as well as for the all dam model set and ADIC values for runner up models.

Dam Best Model Factor 95% Cl (B) Mean (B) DIC Runner Up ADIC
Great Works Vil D -0.327 < Bp < 0.264 -0.256 5534 I 7
T -0.315 < By < -0.026 ** -0.098
T2 -0.152 < Br; < -0.024 ** -0.088
L -0.379 < B < -0.055 ** -0.236
Milford I D -0.145 < Bp < -0.025 ** -0.084 5819 VI 3
L -0.25 < B, < -0.028 ** -0.095
West Enfield Y, F -0.928 < Bg < -0.627 *** -0.777 5431 VI 65
F2 0.104 < Bgp < 0.162 *** 0.132
T -0.047 < Br < 0.306 0.129
T2 0.161 < Brp < 0.305 *** 0.233
Howland VI D 0.198 < Bp < 0.687 *** 0.443 2676 Il 5
T 0.079 < By < 0.241 *** 0.159
T2 -0.238 < Brp < -0.011 * -0.125
All Dams VI D 0.073 < Bp < 0.153 *** 0.113 22243 IX 38
L -0.252 < B, < -0.188 *** -0.219
T 0.155 < By < 0.314 *** 0.235
T2 0.072 < Brp < 0.129 *** 0.1
*p < 0.05,
*p < 0.01,

***p < 0.001.
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FIGURE 6 Boxplot showing the distribution of fork lengths (cm) of Atlantic salmon (a) MSW females, (b) MSW males, and (c) grilse returning to the

Penobscot River from 1978 to 2012

o

6 -
§
s o
c 47 °
XS] :
© : B
Q< ; T ’ B —
o 2 : ; B : :
n 5 : : : :
<) ' i s ' :
o , ; :
c 0+
1)
o .
) : :
Q : : : : ; :
e 24 - ; ! e :

5
Generation Time (years)

6

FIGURE 7 Boxplot showing response to selection (Acm) on fork
length (cm) for generations of Atlantic salmon 1SW grilse (white) and
MSW adults (gray) captured at the Veazie trap between 1978 and
2012 using different generation times. SW = seawinter

(Figure 7). Annual evolutionary rates measured in haldanes ranged from
-2.8 to 2.6 for MSW males, -2.3 to 2.4 for MSW females, and -3.0 to
3.1 for 1SW grilse. Dispersion in length at spawning significantly

decreased over time using either measure (Figure 8), indicating
reduced phenotypic variability. Likewise, the x? test revealed that the
numbers of Atlantic salmon in the 1SW, 2SW, 3SW, and iteroparous
groups differed significantly over time (x> = 5002, df = 105,
p < .001), with 3SW and iteroparous fish nearly absent from the run
in recent years (Figure 9). Linear regressions of trait change over
the full period did not indicate consistent changes in size at age for
2SW and 3SW fish. However, there was support for a modest
decrease in size at age for 1SW fish (p < .001; R? = 0.011). The net
evolutionary rate of change in mean size of 1SW fish over the full
period was -0.987 haldanes.

5 | DISCUSSION

51 |

The data demonstrate that fork length is a significant predictor of pas-

Size selection

sage success at several dams in the lower Penobscot River, with larger
fish being less likely to succeed. When dams were modeled together
with a factor to account for the number of dams already passed, tem-
perature and fork length were both significant, and again, the relation-
ship between size and passage success was negative.

In the individual dam model set, the dams that exhibited size selec-

tion (Great Works and Milford Dams) shared two characteristics; both
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dams were in the lower portion of the river (rkm 59 and rkm 61,
respectively) and both had Denil fishways of similar age, dimensions,
and slope. These dams are ~40 rkm downriver of the other two
modeled dams. The average slope of Denil fishways in use around
the world is 14.5 + 1.47%, meaning the fishways on the Penobscot
River have a slightly below average slope. However, this slope is still

relatively high compared to other styles of fishway, and a recent

2002

RPT = repeat spawner >3SW) from 1978 to

2008 2012

review suggests that Denil fishways perform poorly for some size clas-
ses of fishes (both salmonids and nonsalmonids) for this reason
(Noonan, Grant, & Jackson, 2012). The West Enfield Dam has a com-
paratively new vertical slot fishway with a lower slope and longer
length than others in the system. Both decreased slope and increased
length of fishways have been associated with increased fish passage in
other studies (Mallen-Cooper & Stuart, 2007; Noonan et al., 2012).
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There may have also been an issue of design criteria mismatch at
fishways in the lower Penobscot. Denil fishways in use at the Great
Works and Milford Dams fell within the slope and width values recom-
mended for use in the northeastern United States (Marmulla &
Welcomme, 2002). However, these dimensions are designed to be
effective for fish ranging from 250 to 740 mm (Mallen-Cooper &
Stuart, 2007). Multiseawinter Atlantic salmon returning to the
Penobscot River since 1978 average 728 mm (female) and 739 mm
(male), putting them at the upper threshold of fishway design. Thus,
it is not surprising that larger fish had lower chances of success at
these dams. The potential design mismatch between these fishways
and the size of returning Atlantic salmon that they were built for
may be an issue throughout the northeastern United States and
Atlantic Canada, where Denil fishways predominate on dams <3 m
or on smaller streams (Franklin, Haro, Castro-Santos, & Noreika,
2012).

No size selection was detected at the Howland Dam, which had
a Denil fishway with dimensions like those of the Milford and Great
Works Dams. The Howland Dam is located on a tributary rather
than on the main stem Penobscot River. With more flow and histor-
ically greater amounts of spawning habitat available, the main stem
attracts larger fish than the Piscataquis River. This is consistent with
studies from the Pacific Northwest that document larger size salmon
spawning in larger river systems with more flow (Taylor, 1991).
Because only smaller fish approached the dam to begin with, size
selection would be difficult to detect here. Moreover, the opportu-
nity to observe size selection at this fishway would also be
expected to be lower due to the fact that fish reaching this dam
are a subset that already passed selective fishways lower in the

river system.

5.2 | Environmental variables

Aside from the consistent, negative coefficients associated with fork
length, there were no noticeable trends in environmental variables.
Temperature (in both linear and quadratic forms) was a significant pre-
dictor of passage success at the Great Works Dam, Howland Dam, and
in the all dams model. Both the Great Works and Howland Dams had
negative coefficients for quadratic temperature, indicating that pas-
sage was highest in a particular “optimum” range. Linear temperature
had a negative coefficient at Great Works and a positive coefficient
at Howland, indicating that the passage at Great Works likely occurred
at lower temperatures than that at Howland.

The difference in optimum temperature between the Howland
and the Great Works Dams could be explained in two ways. First,
before removal, the Great Works Dam was at rkm 59. The Howland
Dam is 40 km upriver. Thus, fish would arrive at Great Works earlier
in the season, when water temperatures were lower. Second, even
within a river-specific strain of salmon, optimal swimming performance
temperatures exist over a range, with as much as a 10 °C difference
between the minimum and maximum values (Lee et al., 2003). Because
only a subset of our fish that approached Great Works also
approached Howland, it is possible that the mean optimal swimming
performance temperature was higher for the subset approaching

Howland.

River flow was only a significant factor in passage success at the
West Enfield Dam. There, extreme high discharges, were negatively
associated with passage; additionally, the quadratic discharge term
was positive, indicating high likelihood of passage across a range of

values, rather than a particular optimum.

5.3 | Evolutionary trends

We did not detect trends in size at age for MSW adults; both evolu-
tionary rate and response to selection varied through time with no
clear positive or negative responses. We did find modest support for
evolution of reduced size in 1SW fish over the full time period of
monitoring, with a net evolutionary rate of -0.987 haldanes. Although
we did not find evidence for size at age responses in MSW fish, 3SW
(slow maturing) and iteroparous salmon all but disappeared from the
population during this time. This mixed evidence of evolutionary
responses, however, may make sense considering the management
of salmon in this system.

Since the early 1970s, hatchery-raised smolts are estimated to
have accounted for more than 50% of Atlantic salmon returns to the
Gulf of Maine Distinct Population Segment. The long-term average
since then is 81.6% (+7.8%) of returns originating from hatchery
smolts, with the balance made up from a combination of fry stocking
and wild reproduction. Considering both stocking of smolts and fry,
=95% of returns have been hatchery origin in recent years (USASAC,
2004). Importantly, broodstock collection has long occurred at a facil-
ity located above the first fish passage structure in the river, and selec-
tion of broodstock at this facility has consistently favored collection
and spawning of MSW fish of perceived wild origin. Hence, although
all returning fish might be exposed to some size selectivity at the low-
est passage facility, this pattern of management suggests that hatchery
operations may impede responses to selection in size at age of MSW
fish by limiting the number of dams such phenotypes pass and inflating
their future contributions via hatchery production. However, this same
management would be expected to facilitate greater opportunity for
responses to size selection in 1SW fish by exposing much larger pro-
portions of those phenotypes to passage at multiple fishways in a
greater total number and proportion of generations. Our ability to
detect a modest trend in size at age for 1SW fish but not MSW fish
is consistent with these expectations.

Despite only modest evidence of directional changes in average
size at age over time, changes in dispersion of fork length were very
evident in all three age groups of Atlantic salmon (Figure 8), indicating
a population under potentially strong stabilizing or fluctuating selection
(Haugen et al., 2008). To our knowledge, this is only the second paper
to document decreased trait variance that may be attributable (at least
in part) to fish passage facilities. Given the opposing effects of selective
passage disfavoring larger fish and natural and broodstock disfavoring
small fish, loss of size variation might be expected over time. Moreover,
such loss of variation might be apparent in this system given its history.
Supplementation of the Penobscot River Atlantic salmon run has
occurred at some level since the 1870s. Until the 1920s, most eggs
fertilized in the hatcheries came from Penobscot River stock, but from
1920 to 1974, eggs for supplementation often came from out-of-river

sources, such as the Miramachi and Saguenay Rivers in Canada (Fay
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et al., 2006) and the Narraguagas and Machias Rivers in Maine.
Penobscot River eggs once again became the primary source for
supplementation starting in 1974, just before the start of our dataset.
Although genetic analyses suggest that past stockings did not replace
the Penobscot lineage, this supplementation history could have inflated
phenotypic variation in the Penobscot population by the 1970s, after
which selection would have had greater opportunity to reduce it.
Finally, we think it is important to reiterate that changes in size at
age are not necessarily the most probable outcome from size-selective
fish passage. Age at maturity and repeat maturity account for a much
larger proportion of total variation in salmon size than does size
variation within age classes (Jonsson, Hansen, & Jonsson, 1991).
Moreover, age at maturity is under strong genetic control in salmonids
(Barson et al., 2015; Carlson & Seamons, 2008). We observed that the
age structure of the Penobscot population has changed dramatically
over time, such that 3SW and repeat spawning salmon have been
nearly eliminated from the population during a period when hatchery
operations might have been favoring these phenotypes. Although we
cannot exclude other agents of selection, or effects of changing marine
or freshwater conditions on age at maturation, the strong selection
against passage by large fish could certainly contribute to such a trend.

6 | CONCLUSIONS

Our study documents selection against large, run-of-the-river Atlantic
salmon migrating in the Penobscot River caused by Denil fishways at
two dams. Although the Penobscot River Restoration Project effec-
tively removed all Denil fishways from the main stem of the river, there
are still three Denil fishways of similar dimensions and age that fish
must navigate to access spawning habitat in the Piscataquis River,
and one Denil fishway that Atlantic salmon must navigate to access
spawning habitat in the Passadumkeag River. The restoration also
installed a fish elevator at the lower most dam. Although such struc-
tures are presumed to be less size selective, no data have been col-
lected on this facility to verify that assumption.

Additionally, although we found no evidence of a sustained, nega-
tive trend in Atlantic salmon size over the past 34 years, there was
strong evidence of a sustained decrease in size variability within
MSW fish and grilse. Such a decrease in variability is evidence of a
population under stabilizing selection, with different forces driving
the phenotype (in this case, size) towards an optimum. If restoration
of a wild-spawning population of Atlantic salmon to the Penobscot
River system, or other anthropogenically altered systems, is to suc-
ceed, the potential for fishways to exert size-selective pressure and
possibly contemporary evolution in a naturally spawning population
may need to be considered.
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