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Seasonal shift in the effects of predators on
juvenile Atlantic salmon (Salmo salar) energetics

Darren M. Ward, Keith H. Nislow, and Carol L. Folt

Abstract: Predator effects on prey populations are determined by the number of prey consumed and effects on the traits of
surviving prey. Yet the effects of predators on prey traits are rarely evaluated in field studies. We measured the effects of
predators on energetic traits (consumption and growth rates) of juvenile Atlantic salmon (Salmo salar) in a large-scale field
study. Salmon fry were released at 18 sites that encompassed a wide range of predatory slimy sculpin (Cottus cognatus)
abundance. We sampled salmon after 21 and 140 days to measure salmon growth and estimate consumption using a mass-
balance model of methylmercury accumulation. Salmon population density was reduced fivefold at sites with abundant scul-
pin. Over the early season, salmon consumed less where sculpin were abundant, suggesting that reduced foraging under pre-
dation risk contributed to predator-caused mortality. In contrast, over the late season, salmon grew more where sculpin were
abundant, suggesting that compensatory growth at reduced salmon population density moderated predator-caused mortality.
Predator effects on prey energetics can drive variation in survival and growth, with important consequences for population
dynamics.

Résumé : Les effets des prédateurs sur les populations de proies sont déterminés par le nombre de proies consommées et
les effets sur les traits des proies survivantes. On évalue, néanmoins, rarement les effets des prédateurs sur les traits des
proies dans les études sur le terrain. Nous mesurons les effets des prédateurs sur les traits énergétiques (taux de consomma-
tion et de croissance) de jeunes saumons atlantiques (Salmo salar) dans une étude de terrain a grande échelle. Nous avons
libéré des alevins de saumons dans 18 sites qui couvrent une grande étendue d’abondances de prédateurs, des chabots vis-
queux (Cottus cognatus). Nous avons échantillonné les saumons apres 21 et 140 jours afin de mesurer la croissance des sau-
mons et d’estimer leur consommation a 1’aide d’'un modele de bilan massique d’accumulation de méthylmercure. La densité
des saumons a été réduite par un facteur de cinq aux sites ou les chabots sont abondants. Durant le début de la saison, les
saumons consomment moins la ot les chabots sont nombreux, ce qui laisse croire que la recherche réduite de nourriture a
cause du risque de prédation contribue a la mortalité due aux prédateurs. En revanche, durant la fin de la saison, les sau-
mons croissent plus lorsque les chabots sont abondants, ce qui indique qu’une croissance compensatoire aux densités rédui-
tes de saumons tempere la mortalité due aux prédateurs. Les effets des prédateurs sur 1’énergétique des proies peuvent
expliquer les variations de la survie et de la croissance, qui ont des conséquences importantes sur la dynamique de la popu-
lation.

[Traduit par la Rédaction]

Introduction

Heavy predation on small, juvenile size classes directly re-
duces recruitment of fish cohorts (Hixon and Beets 1993;
Walters and Juanes 1993). In addition to direct losses to
predators, predation can have a strong effect on average be-
havioral and physiological traits of prey cohorts. For exam-
ple, predators can alter the average energetic traits
(consumption and growth rates, activity costs) of a cohort
through at least three distinct processes (Relyea 2002): first,
behavioral responses of prey to predation risk can result in

reduced time spent foraging or elevated energetic costs; sec-
ond, predator-caused mortality may be biased toward a spe-
cific subset of the prey population, such as smaller
individuals or more active foragers; third, there may be re-
duced competition among prey after predators reduce prey
population density. These effects of predators on prey traits
can have important consequences for population dynamics of
prey (Lima 1998; Peckarsky et al. 2008), particularly for spe-
cies like salmonids (trout and salmon), where survival, fe-
cundity, and the pattern of life history expression are
strongly tied to individual consumption and growth rates
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(Metcalfe 1998). Yet the strength and mechanisms of preda-
tor effects on prey traits are rarely evaluated in field studies
of predator effects on prey.

Atlantic salmon (Salmo salar) fry are very vulnerable to
predators during a critical period early in their first growing
season, when they disperse from natal habitat and transition
from dependence on yolk reserves to exogenous feeding
(Henderson and Letcher 2003; Ward et al. 2008a). Survival
during this critical period can largely determine total cohort
recruitment for Atlantic salmon (Milner et al. 2003; Nislow
et al. 2004) and other stream salmonids (Elliott 1989; Lo-
bon-Cervia and Rincén 2004). While direct losses to preda-
tors can be high, short-term (minutes to hours) behavioral
studies show that foraging and activity of juvenile Atlantic
salmon are also strongly affected by predation risk (Gotceitas
and Godin 1991). Under predation risk, salmon reduce forag-
ing and spend more time hiding in the substrate (Leduc et al.
2004). Yet because of the challenges of estimating longer-
term (days to weeks) consumption rates in the field, it is not
clear whether the short-term behavioral response to predators
is associated with reduced foraging over the critical period.
Small-scale studies in field enclosures (Blanchet et al. 2008)
and the laboratory (Orpwood et al. 2006; Blanchet et al.
2007) suggest that behavioral compensation may allow sal-
mon to maintain long-term consumption and growth rates de-
spite short-term predator avoidance behavior. Testing the link
between predation risk and critical period consumption in the
field over larger spatial and temporal scales is crucial because
previous work suggests that suppressed consumption over the
critical period is a key indicator of sites with poor early sur-
vival for Atlantic salmon (Kennedy et al. 2004, 2008).

While the peak vulnerability of newly emerging or newly
stocked Atlantic salmon fry to fish predators only lasts a few
days (Henderson and Letcher 2003; Ward et al. 2008a), the
effects of predators on salmon traits may persist through the
growing season (Ward and Hvidsten 2010). High early preda-
tion losses could suppress mean growth over the season if
early predation mortality is biased towards inherently active
foragers. Alternatively, high early predation losses could lead
to higher mean growth over the growing season owing to re-
duced competition at lower salmon population density. In-
creased mean growth as a response to early predation loss
could be a powerful demographic compensation mechanism
for Atlantic salmon populations (Vincenzi et al. 2008; Horton
et al. 2009) and is consistent with numerous recent observa-
tions of density-dependent growth of juvenile Atlantic sal-
mon (Imre et al. 2005; Ward et al. 2009), yet remains
untested in the field.

The goal of this study was to evaluate the relationship be-
tween predator abundance and survival, growth, and con-
sumption rates of juvenile Atlantic salmon in the field. We
were particularly interested in assessing the energetic effects
of predators and predation risk over longer time scales than
are typically considered in behavioral studies of prey re-
sponses to predation risk. This has long been technically
challenging for field studies owing to the practical difficulty
in measuring time-integrated consumption rates of individual
fish over days and weeks. We addressed this challenge by es-
timating prey consumption using a mass-balance model of
methylmercury accumulation, an approach that yields robust,
time-integrated individual consumption estimates over peri-
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ods of weeks to months (Trudel et al. 2000; Ward et al.
2010a). This approach also allowed us to separate the effects
of predators during the early critical period (~20 days after
stocking) from long-term or delayed effects over the rest of
the growing season (~140 days after stocking) by sampling
fish for growth and consumption estimates at these two sepa-
rate time intervals.

Materials and methods

We conducted the field study at 18 study sites located on
six small (<7 m mean summer width) tributary streams of
the Connecticut River in Grafton and Sullivan counties in
New Hampshire, USA (three sites per stream; general habitat
descriptions in Ward et al. 20085, 2009). All sites on the
same tributary were separated by at least 1 km; all tributaries
were separated by at least 3 km along the main stem of the
Connecticut River or Mascoma River (a larger Connecticut
River tributary). The study streams had predominantly for-
ested watersheds and mostly gravel and cobble substrate.
Fish communities in the study streams consisted of stocked
Atlantic salmon (including an overyearling juvenile cohort
from previous years of stocking), brook trout (Salvelinus fon-
tinalis), slimy sculpin (Cottus cognatus), and minnows (pri-
marily Rhinichthys atratulus and Rhinichthys cataractae).
Our previous work in these streams shows that, of these spe-
cies, only slimy sculpin are an important determinant of first-
summer survival for Atlantic salmon (Ward et al. 2008a,
2008b). Stomach sampling of slimy sculpin revealed that the
negative effect of slimy sculpin on Atlantic salmon survival
was due at least in part to sculpin predation on salmon fry
in the first few days after stocking (Ward et al. 2008a).

On 8-9 May 2007, we released 2000 Atlantic salmon fry
at each study site. Fish stocking was conducted as part of an
ongoing restoration program for Atlantic salmon in New
England (Folt et al. 1998). The salmon were produced at the
White River National Fish Hatchery in Bethel, Vermont, and
were stocked as unfed fry that had not yet transitioned from
yolk resources to independent feeding. We released the fry in
10-15 cm deep water over gravel and small cobble substrate.
Fry were released into a stilling well (plastic bucket with the
bottom removed) placed over the substrate to protect them
from being washed downstream before finding shelter in the
substrate. All fry were released at a single location at each
study site. We collected a subsample of fry at the time of
stocking to measure initial size (0.16 + 0.03 g; mean + SD)
and mercury concentration (24 + 2 ppb dry).

There is no natural Atlantic salmon reproduction in the
study streams, as dams on the main stem of the Connecticut
River prevent adult return. Further, study sites within a
stream were far enough apart that movement of stocked sal-
mon among sites during their first summer was not likely
(Ward et al. 2008b). Therefore, we assumed that the young-
of-the-year salmon we sampled throughout the summer grow-
ing season at each site were from our controlled stocking
events.

Fish sampling was conducted in three bouts over the grow-
ing season by electrofishing (Smith-Root BP-12 electrofisher
at 300-500 V DC) and was conducted under Dartmouth Col-
lege Animal Care and Use Program protocol 06-02-12. We
collected fish from each site for growth and mercury analysis
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on two dates, timing sampling to capture conditions just after
the critical period (29-30 May 2007, ~20 days after stocking)
and at the end of the summer growing season (25-26 Sep-
tember 2007, ~140 days after stocking). These fish were col-
lected in a single electrofishing pass ~20-50 m long at the
stocking site. We could not conduct a full population density
estimate at all sites during these samples and still complete
the time-critical growth and consumption sampling within a
short time window, so we conducted a separate sample bout
to measure the population density of Atlantic salmon, slimy
sculpin, and the rest of the fish community at each site from
3 to 30 August 2007. For population density estimates, we
fished three 30 m sample reaches at each study site, with
30 m between reaches (150 m total stream length in the
sampled area). Each 30 m reach was isolated with block nets
at the upstream and downstream end and fished for two to
four passes of removal sampling. All salmon and a subset of
all other species were measured to the nearest millimetre (to-
tal length). We used a maximum weighted likelihood techni-
que to estimate total abundance of each species in each plot
from removal data (Carle and Strub 1978). We separated
young-of-the-year salmon from overyearlings based on
stream-specific length distributions and estimated density
separately for these age classes. Density estimates for slimy
sculpin include only individuals >55 mm, based on the mini-
mum-sized sculpin that we have found containing salmon fry
in stomach sampling. Atlantic salmon population density in
the sample plots is a function of survival of stocked fish and
emigration from the study area, but spatially extensive sam-
pling upstream and downstream of sites stocked by the same
techniques in previous years showed that population density
within 100 m of the stocking site is a reliable index of total
first-summer survival of point-stocked Atlantic salmon fry
(Ward et al. 2008b).

Mayfly (order Ephemeroptera, family predominantly Baeti-
dae) nymphs were collected for mercury analysis to assess
mercury concentrations in salmon prey. Mayflies were by far
the dominant prey in diets of Atlantic salmon collected in
early-season samples (mean percentage of diet by numbers:
74% + 19% (mean + SD)) and remained a substantial com-
ponent of the diet through the late-season samples (28% =+
22%). Further, mayfly mercury concentrations are representa-
tive of other abundant aquatic insects at our study sites (D.M.
Ward, unpublished data). At each site, we collected three rep-
licate mayfly samples using an electrobugging technique
(Taylor et al. 2001). Each sample consisted of three discrete
subplots (~1 m X 0.3 m) treated with a 10 s sweep with the
electrofisher anode (300-500 V DC); stunned insects drifted
into a 500 um mesh Surber net held downstream. This tech-
nique yielded sufficient biomass of mayflies (2-17 mg dry
mass) for mercury analysis with little detritus. We also used
the mean total biomass of mayflies captured via standardized
electrobugging as an index of prey biomass available at the
study sites.

All biological samples collected for mercury analysis were
stored on ice in acid-cleaned vials or sample bags for trans-
portation. We weighed and measured fish and removed their
stomach contents before freezing them for storage. Stomach
contents were preserved in 70% ethanol and sorted to family
level to estimate diet composition. Mayflies were sorted from
invertebrate samples within 24 h and frozen for storage. Fro-
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zen fish and mayfly samples were freeze-dried, and a 0.1 g
homogenized subsample (fish) or the entire sample mass
(mayflies) was digested for mercury analysis. Following our
established protocols (Chen et al. 2000; Ward et al. 2010b),
all samples were digested in ultraclean nitric acid in sealed,
acid-cleaned Teflon vessels in a microwave reaction accelera-
tor. Total mercury concentrations in the digested solution
were measured by inductively coupled plasma mass spec-
trometry. Quality control was ensured by analysis of certified
reference materials (NIST 2976, mussel tissue; CRC DORM-
2, dogfish muscle), duplicate samples, and digestion blanks
with every processing batch of 20 samples.

We measured total mercury concentrations in all samples,
but methylmercury is the mercury compound that is most
prevalent in fish and most prone to bioaccumulation. Varia-
tion in the proportion of total mercury that is methylmercury
could alter mercury accumulation dynamics and the model
parameters required to estimate consumption from the mass-
balance model (Lepak et al. 2009). To assess potential varia-
tion in methylmercury, we measured a subset of samples for
mercury speciation (one fish and one prey sample from each
site). Mercury speciation samples were measured by isotope
dilution gas chromatography — inductively coupled plasma
mass spectrometry (Taylor et al. 2008). In all fish samples,
nearly all the mercury was methylmercury (97% + 2%
(mean + SD); range 94%—100%), as observed in numerous
other studies (Bloom 1992). In prey samples, the mean pro-
portion of mercury as methylmercury was lower, but there
was no consistent variation across streams (86% + 6%
(mean + SD); range 76%-94%). We assumed that the mean
proportions were consistent across all sites, to use literature
parameters for methylmercury accumulation in our mercury
accumulation model.

Mercury mass-balance model

We used a simple, widely used contaminant accumulation
model (Forseth et al. 1992; Rowan and Rasmussen 1996) to
estimate consumption rates for young-of-the-year Atlantic
salmon. The model, as adapted for stable isotopes and non-
reproductive fish, is described in detail elsewhere (Trudel et
al. 2000; Kennedy et al. 2004). Briefly, as fish accumulate
methylmercury largely from the prey they consume, total
prey consumption (C, g-g~'-day!) can be estimated from ini-
tial methylmercury body burden (B, ng), the final methyl-
mercury body burden (B4 where d is the number of days
in the interval), the methylmercury concentrations in prey (F,
ng-g~1), and literature estimates for assimilation efficiency (a,
proportion) and elimination rate (E, proportion).

For chronically exposed fish, methylmercury elimination
rate depends on both temperature and body size as In(E) =
0.066T — 0.2In(W) — 5.83, where T is temperature (°C) and
W is mass (g) (Trudel and Rasmussen 1997). As temperature
and body size varied over time, we iterated the model on a
daily time step with mean daily temperature for each site
from field data (hourly measurements by temperature loggers
anchored to the stream bed; Onset Optic StowAway, Onset
Computer Corporation, Pocasset, Mass., USA) and individual
daily size estimated by assuming constant instantaneous
growth rate between sampling periods. Growth was calcu-
lated as In(W, ,W:1)-d!, where W, is individual mass at
sampling, and W, is mean mass at stocking (for the early sea-
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son) or site-mean mass in the early sample (for the late sea-
son). Thus, the daily model for mercury body burden was
B,.1 = B, + aCWF — EB,, with B, carried over as B, for
the subsequent day. Measured total mercury concentrations
were converted to methylmercury as described above. We
used an iterative procedure (Hood 2008) to identify the
mean daily consumption rate that produced the observed final
mercury body burden for each individual after the appropri-
ate number of days (21 days for stocking to early season,
119 days for early season to late season).

For the early-season model and growth calculations, we
used the mean size and mercury concentration of fry sampled
prior to stocking as initial conditions. All fry originated from
the same source with uniform initial mean size and mercury
concentration across sites, so this approach does not affect
site comparisons. For the late-season model and growth cal-
culations, we used the mean size and mercury concentration
of fish at the early sampling date as initial conditions. This
approach assumes that the variation in size and mercury con-
centration across sites is very large compared with the varia-
tion among individuals within sites, otherwise site mean
values would not be appropriate as initial conditions for indi-
viduals in the late-season sample. In our early-season sample,
73% of the variation in size and 95% of the variation in mer-
cury concentration was across sites, suggesting that this was
a reasonable approximation.

Data analysis

Our analysis assumes that large differences among sites in
survival during the early critical period generate variation in
salmon population density that persists through the growing
season, as seen for other Atlantic salmon populations (Milner
et al. 2003; Nislow et al. 2004) and other stream salmonids
(Elliott 1989; Lobdén-Cervia and Rincén 2004). Consistent
with this assumption, catch per effort of young-of-the-year
salmon during the early-season sample collection was signifi-
cantly correlated with density from the intensive population
samples later in the season, indicating that the density gra-
dient across sites was established early in the season (r =
0.73, n = 18, P = 0.0005). Therefore, we treat the mean pop-
ulation density of the three sample plots fished at each site in
August as an index of early survival during the critical period
(for survival analyses) as well as a measure of the population
density salmon experience between the early- and late-season
samples (for density—growth analyses).

Our primary analysis focused on the relationship between
predator abundance and mean energetic traits of Atlantic sal-
mon. We first used linear regression to test whether salmon
population density was suppressed at high sculpin density.
For both the early- and late-season data sets, we used linear
regression to determine whether mean salmon prey consump-
tion and growth rates were suppressed at high sculpin den-
sity, as predicted for reduced foraging under predation risk
or trait-biased predation, or whether consumption and growth
were elevated at high sculpin density, as predicted for a com-
pensatory response of salmon to reduced competition. We
also used regression to test the direct relationship between
salmon population density and late-season growth and con-
sumption. For most regressions, fish population densities
were log;-transformed to equalize variance and linearize re-
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lationships (logjo(x+1) for sculpin, which were absent from
some sites).

For the primary analysis, our focus was on evaluating spe-
cific links between energetic traits and predator abundance,
but prey consumption and growth rates can be affected by a
suite of factors that affect energetic demand, including tem-
perature, water chemistry, prey availability, and physical
habitat. To assess the effects of these factors, we conducted
an additional multimodel analysis for early- and late-season
consumption and growth rates. For each response, we fit all
possible regression models with slimy sculpin population
density (logo-transformed) along with stream gradient (as a
percentage, mean of the 30 m sample plots at each site),
water temperature (in °C, seasonal mean of hourly measures
from in-stream probes installed at each site), depth (in cm,
mean of nine transects at each site), mean pH (seasonal
mean of biweekly samples), and prey biomass (log;, mean
mg dry mass of mayflies in electrobugging samples) as po-
tential predictors. Consumption rate was also included as a
predictor for growth rate. We ranked models according to
small sample size corrected Akaike information criterion
(AIC,) and report the model-averaged parameter estimates
and post hoc probability for each predictor with an AIC,
weight cutoff of 0.95 (Burnham and Anderson 2004).

Results

The wide range in sculpin population density (0-60 sculpin
per 100 m?) and other conditions across the 18 study loca-
tions produced a correspondingly wide range in population
density of juvenile Atlantic salmon (range in August: 4-83
salmon per 100 m?). Mean performance as indicated by
mass-balance estimated consumption and mean individual
growth rates also varied widely across sites. Early-season con-
sumption estimates ranged from 0.10 to 0.37 g-g-!-day~! and
growth from 0.02 to 0.08 g-g-!-day~!, producing mean sizes
in May ranging from 0.4 to 1.1 g across sites. Late-season
consumption estimates ranged from 0.08 to 0.19 g-g~!-day~!
and growth from 0.01 to 0.02 g-g-!-day~!, producing mean
sizes in September ranging from 3.1 to 7.6 g across sites.

Population density of salmon fry was much lower at sites
with abundant sculpin (Fig. 1; log;o(salmon per 100 m?) =
1.72 — 0.50(logo(sculpin per 100 m2 + 1)), R?2 = 0.73, root
mean square error (RMSE) = 0.21, Fj 6 = 433, P <
0.0001). Consistent with reduced foraging under sculpin pre-
dation risk, salmon early-season prey consumption was also
suppressed at sites with abundant sculpin (Fig. 2a; consump-
tion (g-g~!-day~!) = 0.25-0.06(log;((sculpin per 100 m? + 1)),
R? = 0.38, RMSE = 0.06, F{; 1 = 9.7, P = 0.007). How-
ever, mean early-season growth of salmon was not related
to sculpin abundance (Fig. 2b; R? = 0.01, RMSE = 0.02,
F[1,16J = 0002, P = 097)

Consistent with a compensatory response of salmon to re-
duced competition, late-season mean individual performance
was elevated at sites with abundant sculpin and low salmon
population density. Mean late-season growth was fastest at
sites with low salmon population density (Fig. 3; growth
(g-g~l-day~1) = 0.022-0.004[log;¢(salmon per 100 m2)], R? =
0.43, RMSE = 0.002, F; 16 = 11.9, P = 0.003), resulting in
a positive relationship between late-season salmon growth
and sculpin density (Fig. 2d; growth (g-g~!-day!) = 0.016+
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Fig. 1. Atlantic salmon summer population density from standar-
dized stocking related to slimy sculpin population density. Each
point is the mean population density from three 30 m sample
reaches at each study site. The line is the regression fit to logjo-
transformed data.
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0.00008(sculpin per 100 m?), R? = 0.36, RMSE = 0.002,
Fii16 = 8.9, P = 0.009). However, mean late-season prey
consumption was not significantly elevated at sites with
abundant sculpin (Fig. 2¢; R? = 0.09, RMSE = 0.027,
F116 = 1.6, P = 0.23). Thus, salmon experiencing low pop-
ulation density grew faster than salmon at high population
density without consuming more prey, suggesting that ener-
getic costs were reduced at low population density. This pat-
tern in late-season growth drove variation in final size of
salmon across sites, such that salmon were larger at the end
of summer at sites with abundant sculpin (log;) mean mass
(g) = 0.67 + 0.004(sculpin per 100 m?), R? = 0.42, RMSE
= 0.08, Fj 16 = 11.5, P = 0.003) and low salmon population
density (log;y mean mass (g) = 0.89-0.17[logo(salmon per
100 m?)], R?> = 0.44, RMSE = 0.08, F[; 16 = 12.6, P =
0.003).

Beyond the effects of predators and population density,
salmon consumption rates were most strongly correlated
with mean prey biomass, with higher consumption rates at
sites with higher prey biomass in both the early and late sea-
son (Table 1). Stream depth and gradient may also explain
some variation in early-season consumption, with consump-
tion greatest at deeper and lower-gradient sites, potentially re-
flecting drivers of profitable foraging habitat. Increased prey
consumption was associated with faster growth in the early
season, but not in the late season, suggesting that variation
in late-season growth was associated with energetic expendi-
tures, not intake (Table 1). Other factors that explained varia-
tion in growth rate include pH, with suppressed growth at
acidic sites in early season and the reverse in the late season,
suggesting a potential compensatory effect. The effect of
sculpin population density on late-season growth reflects the
closely correlated effect of salmon population density dis-
cussed above.

Discussion

Using robust, trace-element derived consumption rates of
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juvenile Atlantic salmon in the field, combined with con-
trolled stocking across spatial and temporal variation in the
biotic and abiotic environment, we were able to elucidate
some of the basic mechanisms underlying variation in growth
and survival of juvenile stream salmonids. In combination
with our earlier work documenting sculpin predation on sal-
mon fry (Ward et al. 2008a, 2008b), these results suggest
that slimy sculpin predation strongly increased salmon mor-
tality, likely compounded by a short-term effect on salmon
traits (early-season consumption) but moderated by a delayed
compensatory effect on salmon traits (late-season growth).
These results are consistent with the idea that predator effects
on prey traits are ubiquitous (Lima 1998) and that these ef-
fects are important for determining the effects of predators
on populations (Werner and Peacor 2003; Peckarsky et al.
2008). Further, our seasonal sampling provides a compelling
example of a temporal reversal of such effects.

Use of contaminant accumulation models to estimate con-
sumption rates of free-living fish in the field is becoming in-
creasingly common (Trudel et al. 2001; Rennie et al. 2008).
These models have been shown to yield consumption esti-
mates similar to those obtained with techniques that rely on
direct measurement of stomach contents (Trudel et al. 2000)
and capture ecologically meaningful differences across loca-
tions (Kennedy et al. 2004, 2008). A primary advantage of
the contaminant mass-balance approach over standard bioen-
ergetics models is the estimation of integrated consumption
rates that are not confounded by problematic assumptions
about the proportion of total energy consumed that is allo-
cated to growth versus activity (Chipps and Wahl 2008) and
so allow for assessment of the relative importance of energy
intake and energy expenditure in driving patterns of growth
(Rennie et al. 2005). For example, the factors that we identi-
fied in the multimodel analysis as important drivers of
growth variation after accounting for variation in consump-
tion may act by mediating energetic costs of maintaining os-
motic balance (e.g., effect of pH in the early season) or
activity costs associated with behavior or habitat use (e.g., ef-
fect of sculpin population density in the late season, reflect-
ing density-dependent growth).

The utility of the contaminant mass-balance model ap-
proach for answering ecological questions about energy ac-
quisition and use is not without limits. Accurate estimates of
consumption require reliable estimates of model parameters.
Of particular importance is adequate representation of con-
taminant concentration in the diet (Kennedy et al. 2004).
Site-level bias in the estimate of contaminant concentrations
in prey will confound site-level estimates of mean consump-
tion rate of fish. Here, we used mercury in mayflies as a sur-
rogate for the salmon diet, as they were a dominant prey
item, they reflect mercury concentrations in other aquatic in-
sect prey for juvenile salmon (Ward et al. 2010a), and con-
taminant accumulation in salmon generally tracks that in
mayflies across sites (Ward et al. 20105, 2010c¢). This ap-
proach is only valid as long as salmon did not disproportion-
ately consume prey with very distinct mercury concentrations
from mayflies at some sites. However, we found no evidence
of a shift in the use of mayflies along the sculpin population
gradient that could explain the pattern of reduced consump-
tion under predation risk that we observed (correlation of
proportion of mayflies in the diet with sculpin population
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Fig. 2. Early-season (a, b) and late-season (c, d) consumption (a, ¢) and growth rates (b, d) of juvenile Atlantic salmon related to slimy
sculpin population density. Each consumption or growth estimate is the mean of four or five salmon sampled at each study site; sculpin po-
pulation density is the mean from three 30 m sample reaches at each study site. Regression lines are shown for significant fits to logio-

transformed (a) or untransformed (d) data.
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density; early season: r = 0.25, P = 0.31; late season: r =
0.05, P = 0.84).

Early season

Our results are particularly relevant to understanding the
functional role of predators during early life history of
stream-dwelling salmonids. This role has been difficult to
elucidate. On one hand, small postemergent fry appear to be
highly vulnerable to predatory fish (Ward et al. 2008a,
2008b), which are the likely major predators of juveniles be-
fore they become large enough to be preyed on by birds or
mammals (Ward and Hvidsten 2010). At the same time,
peak vulnerability may only extend for a brief period after
emergence (Briannids 1995; Henderson and Letcher 2003), po-
tentially limiting the total predation rate. We have observed
in this and previous studies that locations containing preda-
tory sculpins have lower salmon first-summer recruitment
rates than low-sculpin or sculpin-free sites (Ward et al.
2008a, 2008b). Yet when initial densities of salmon fry are
very high, observed sculpin predation rates do not seem able
to explain the magnitude of this decrease in survival (Ward et
al. 2008b). This potential mismatch could be explained if

Fig. 3. Late-season growth rates of juvenile Atlantic salmon related
to salmon population density. Each growth estimate is the mean of
five salmon sampled at each study site, salmon population density is
the mean from three 30 m sample reaches at each study site. The
line is the regression fit to logjo-transformed data.
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Table 1. Model-averaged regression coefficients, standard errors (SE), and the post hoc probability that the coefficient does not equal zero for predictors of seasonal growth

and consumption by Atlantic salmon.

Late growth

Early growth

Late consumption
Coefficient (SE)
0.07 (0.03)

Early consumption
Coefficient (SE)

Coefficient (SE) P#0

-0.002 (0.002)

P#0
0.6
03

Coefficient (SE)

P+£0

P+0

0.6

0.006 (0.006)
—0.0004 (0.0009)

0.2 (0.06)
—-0.008 (0.007)

Prey biomass

0.1

0.00002 (0.0002)

0.1
0

0.0004 (0.003)
—0.00003 (0.0005)

~0.004 (0.005)

0.7

1

0

Stream gradient
Mean depth

0.1

0.000003 (0.00004)

0.00004 (0.0003)

0.001 (0.0006)
—0.002 (0.001)

0.00008 (0.0002)
0.0005 (0.001)

0.009 (0.003)
—0.00005 (0.006)
—0.05 (0.02)

0.3 0.1

0.5

Mean temperature
Sculpin density

pH

0.9
0.9

0.001 (0.002)
0.05 (0.008)
0.04 (0.02)

0.1

-0.0004 (0.003)
—-0.02 (0.02)

1

0.9

0.2

0.005 (0.01)

Early consumption
Late consumption

0.6

Note: Missing coefficients indicate that the predictor was not included in the model. Coefficients in bold are for predictors included in the best model for each response (lowest corrected
Akaike information criterion (AIC,) values: —52.8 for early consumption, —79.1 for late consumption, —115.1 for early growth, —168.2 for late growth); coefficients in italics are for predictors

0.009 (0.01)
included in additional models within 2 AIC, units of the best model (AAIC, values: 1.3 for early consumption, 1.5 for late consumption, 1.0 for early growth, 2.1 for late growth).
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predators had other negative effects in addition to direct pre-
dation, such as the reduced consumption rates that we ob-
served.

Effects of predators on consumption rate during the critical
period are likely to be particularly important for young-of-
the-year Atlantic salmon. Previous research on Atlantic sal-
mon survival through the critical period indicates that in-
creased foraging opportunity (Nislow et al. 1998, 1999) or
consumption rate (Kennedy et al. 2004, 2008) is associated
with increased survival. Somewhat surprisingly, despite sup-
pressed consumption at high predator density, we did not ob-
serve direct effects of predators on growth of juvenile salmon
in the early season. However, increased early-season con-
sumption was associated with rapid growth after accounting
for variation in abiotic factors, particularly pH. Further, the
absence of a simple negative relationship between predation
risk and growth is consistent with the observation in previous
studies that critical-period stressors are manifest by effects on
survival and not individual growth (Einum et al. 2006; Ken-
nedy et al. 2008). Reduced activity costs for fish that seek
shelter to avoid predators might to some extent offset effects
of reduced consumption on growth (Orpwood et al. 2006;
Blanchet et al. 2008). Finally, while we cannot determine
whether the effects of sculpin on mean consumption rates
that we observed are the result of reductions in foraging rate
or selective predation on individuals with higher foraging
rates, the net result is the same — reductions in overall sur-
vival during an early critical period.

Late season

Low salmon population density in streams with abundant
sculpin was associated with high growth rates during the late
season, yielding mean salmon mass up to 50% larger at the
end of summer in streams with abundant sculpin than in
those without sculpin. This finding is concordant with a large
body of work demonstrating strong density dependence of
stream salmonid growth rates (Grant and Imre 2005; Ward et
al. 2009). However, this is the first study to explicitly link
predator-associated early mortality of salmon to increased
later growth of survivors. This late-season, density-dependent
growth has potentially important implications for the effects
of predators on salmon populations. Fast-growing salmon mi-
grate to sea sooner, and males mature earlier than slow
growers (Letcher and Terrick 1998; Horton et al. 2009), sug-
gesting the potential for strong compensation for early preda-
tor losses via increased individual growth (Ward and
Hvidsten 2010).

While density-dependent growth of stream-dwelling salmo-
nids clearly occurs, the precise mechanisms remain contro-
versial (Ward et al. 2007). Our measured consumption rates
indicate that energetic costs play an important role in deter-
mining the effect of changes in population density on growth.
Consumption rates were not elevated at low-density, high-
growth sites, suggesting that reduced energetic costs were
the likely mechanism underlying increased individual growth
at low density. While we cannot eliminate the possibility that
shifts in diet composition or other factors drive the growth
effect, reduced energetic costs are consistent with recent lab-
oratory studies showing that juvenile salmonids respond to
increases in resources or reduction in population density by
reducing energetic expenditures rather than increasing their
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prey intake rates (Orpwood et al. 2006; Kaspersson et al.
2010). Interestingly, our field studies (Ward et al. 2009; cur-
rent study) suggest that, in contrast to reduced competitor
density, increased prey availability is associated with in-
creased growth and prey consumption. This suggests that
fundamentally different mechanisms underlie growth re-
sponses to increased resource availability versus increased
competition for a given level of resources: the relative scope
for compensatory growth is set by reduced energetic costs at
low population density, but the absolute scope is set by re-
source availability and consumption rates. Clearly, further
work is necessary to evaluate these hypotheses in the field.

Taken together, our results support an emerging “general
model” of biotic factors that affect recruitment through the
first summer for Atlantic salmon and similar stream salmo-
nids. Building on earlier work on recruitment of stream sal-
monids (Le Cren 1973; Elliott 1989), this model predicts that
total cohort strength is largely determined during the early
critical period by predation (Ward et al. 2008a, 2008b), lim-
ited suitable habitat (Lobon-Cervia and Rincén 2004; Nislow
et al. 2004), and other factors that reduce foraging success
(Kennedy et al. 2008). Thereafter, compensatory responses,
constrained by habitat and prey availability (Ward et al.
2009), primarily affect mean individual traits (growth, condi-
tion) rather than abundance (Einum et al. 2006; Nislow et al.
2011). By using a tracer approach to estimate time-integrated
consumption, we were able to evaluate for the first time the
energetic mechanisms underlying this transition from the crit-
ical period to subsequent compensatory performance for free-
living fish.
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