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Size-dependent prey availability affects diet and performance
of predatory fish at sea: a case study of Atlantic salmon
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Abstract. Identifying factors determining the performance of individuals is an essential part of resolving
what drives population dynamics. For species undergoing ontogenetic shifts in resource and habitat use,
this entails assessing individual performance in all habitats used. Whereas survival and growth of anadro-
mous Atlantic salmon, Salmo salar L., in its juvenile, river habitat are known to depend on size-dependent
foraging and food availability, individual performance of salmon in the growth habitat out at sea is com-
monly explained only by abiotic factors. Still, individuals undergo this habitat shift to grow large, suggest-
ing performance should be food-dependent also in the growth habitat. Because fish communities are
highly size-structured, the link between predators and their prey may depend on their respective body
sizes. Here, we study whether the performance of Baltic Sea salmon in its growth habitat is food- and size-
dependent, by combining extensive diet and body size data of Baltic salmon with spatially resolved moni-
toring data on abundance and size distribution of their main prey, herring, Clupea harengus L., and sprat,
Sprattus sprattus L. We found that both the species and size composition of prey in the diet varied with sal-
mon body size. By accounting for this size-dependent predation and the spatially varying size distribution
of prey species, we could explain the variation in salmon diet composition among salmon individuals in
different Baltic Sea basins and of different length. The proportion of sprat in diet of salmon was better
explained by size-specific prey availability (SSP) than total prey biomass, especially for small salmon. Fur-
ther, salmon body condition increased with SSP, whereas total prey biomass could not explain variation in
the condition of salmon. These findings demonstrate that food- and size-dependent processes indeed can
influence the performance of anadromous fish also in large marine systems. Thus, we argue that considera-
tion of these processes, stretching across habitats, is important for understanding performance and dynam-
ics of predatory fish in open aquatic systems, as well as for successful management of species such as
Atlantic salmon.
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INTRODUCTION et al. 2005, de Roos and Persson 2013). Especially
in aquatic systems, predator—prey interactions

Body size is a key trait governing species inter- have been shown to be highly size-dependent
actions in ecological communities (Woodward (Mittelbach and Persson 1998, Scharf et al. 2000),
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and accounting for size- and food-dependent body
growth is important to understand how popula-
tions and communities respond to environmental
change and human exploitation (Ohlberger et al.
2011, Huss et al. 2012). A consequence of food-
dependent body growth and size-dependent
trophic interactions is that species shift resource
and habitat use over ontogeny (Wilbur 1980, Wer-
ner and Gilliam 1984, Huss et al. 2013). Conse-
quently, individuals will affect, and be affected by,
different local environments during ontogeny
(Miller and Rudolf 2011), which in turn can affect
population and community structure (van de
Wolfshaar et al. 2011, Reichstein et al. 2015). Thus,
accounting for stage- and habitat-specific resource
use in species characterized by ontogenetic niche
shifts is essential to understand their population
dynamics and regulation.

One striking example of ontogenetic niche
shifts is anadromy, the movement from freshwa-
ter to marine systems and back, which occurs in
several fish species including Atlantic salmon,
Salmo salar L. (Gross et al. 1988, Klemetsen et al.
2003). Anadromous Atlantic salmon develop as
juveniles in their birth river and migrate to marine
areas where they undergo most of their body
growth (hereafter referred to as the growth habi-
tat). After one to several years feeding on fish,
squids, and crustaceans in the growth habitat, sal-
mon return, mature, and reproduce in the birth
river (Karlsson et al. 1999, Klemetsen et al. 2003,
Dixon et al. 2017). This habitat shift in general
increases individual fitness, as the reproductive
success due to the increased body size associated
with the shift to the productive growth habitat is
greater than the costs of migration (Gross 1987,
Fleming 1996). As individual performance, for
example, body growth, condition, and survival, in
the growth habitat affects both the number of
returning spawners and their reproductive suc-
cess (Fleming 1996, Vladi¢ and Petersson 2015),
identifying factors affecting individual perfor-
mance in the growth habitat is important for
understanding salmon population dynamics and
their responses to environmental change.

Size-dependent foraging and food-dependent
habitat shifts are known to affect growth and sur-
vival of juvenile Atlantic salmon (Wankowski
1979, McCormick et al. 1998, Aas et al. 2011). Indi-
vidual performance of salmon in the growth habi-
tat is instead commonly explained by abiotic
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factors (e.g., sea surface temperature [SST] and
hydroclimatic indices such as the North Atlantic
Oscillation; Friedland et al. 2000, 2005, Todd et al.
2008), ignoring potential biotic effects. Recently,
biotic factors have been included in studies about
the survival and performance of salmon in marine
environments, for example, by correlating variation
in phyto- and zooplankton abundance and size at
maturation in fish prey with catches and abun-
dance estimates of salmon (Beaugrand and Reid
2012, Mills et al. 2013) and by assessing how
changes in prey quality could affect salmon energy
intake (Renkawitz et al. 2015). However, because
fish feeding is size-dependent, size-dependent
predator—prey interactions likely affect salmon
performance in the growth habitat. For example,
variation in prey size structure (Davoren and Mon-
tevecchi 2003, Golet et al. 2015) and size-specific
prey availability (SSP; Gardmark et al. 2015) has
been shown to be important for the performance
of other predators in open systems, but how it
affects individual salmon performance has to the
best of our knowledge not yet been addressed.

In this study, we ask whether performance of
Baltic Sea salmon in its growth habitat is food-
and size-dependent, by combining extensive diet
and body size data of Baltic salmon (Karlsson
et al. 1999, Hansson et al. 2001) with spatially
resolved data on prey fish abundance and size
distribution (ICES 2016a). Baltic salmon are
strictly piscivorous at body sizes >30 cm and feed
almost exclusively on three prey species: sprat,
Sprattus sprattus L.; herring, Clupea harengus L.;
and three-spined stickleback, Gasterosteus aculea-
tus L. (Karlsson et al. 1999, Salminen et al. 2001,
Vuorinen et al. 2014). Here, we ask whether Baltic
salmon diet composition at sea depends not only
on prey taxonomy but also on prey body size, as
common in piscivorous fish, and whether SSP at
sea affects salmon condition. We therefore re-
examine the diet biomass composition of Baltic
salmon and found minimum and maximum con-
sumable sizes of prey (i.e., a predation window)
to depend on salmon body size. Using this preda-
tion window, we estimate the prey availability for
differently sized salmon in each basin of their
main feeding grounds in the Baltic Sea. Finally,
we show that our spatially resolved estimate of
SSP can be used to explain the diet composition
and to understand resource limitation of individ-
ual body condition of salmon out at sea.
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METHODS

Salmon diet, performance, and prey
availability data

We retrieved individual morphometric mea-
surements and stomach content information
from 4801 salmon. These were caught all year
around in 1994-1997 in commercial longlines
and drift nets in different areas of the Baltic Sea
(corresponding to the International Council of
the Exploration of the Sea (ICES) subdivisions,
hereafter “SDs”; Fig. 1), from an existing data
set. Fishing vessels operating in SDs 25, 26, and
28 were equipped with smaller mesh-sized drift
nets to also enable sampling of salmon <60 cm
(Karlsson et al. 1999, Hansson et al. 2001). Each
salmon stomach was examined individually, and
all prey items were determined to species level,
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Fig. 1. Map of the Baltic Sea and its surrounding
countries showing the International Council for the
Exploration of the Sea subdivisions (SDs) 20-32. SDs
24-29 constitute the Baltic Proper and SDs 30-31 the
Bothnian Sea and Bothnian Bay, respectively.
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counted, weighed, and measured. We only used
maximum length measurements of intact prey in
this study. We refer to Karlsson et al. (1999) for
more details on data collection and stomach con-
tent analysis. We used annual and SD-specific
length-weight estimates from sprat and herring
caught in the annual Baltic International Acous-
tic Survey (BIAS), for the same time period as the
diet data (1994-1997), to convert the number of
consumed whole prey into consumed prey bio-
mass (ICES 2016a). When estimates were lacking
for a specific SD, we used estimates from the
closest SD. We obtained the annual SD-specific
biomass and length distributions of salmon prey,
that is, sprat and herring, with a size resolution
of 0.5 cm, from the BIAS for the same years as
the salmon diet data, as well as for the whole sur-
vey period 1984-2015 (ICES 2016a). The BIAS is
conducted annually in September—October. For
three-spined stickleback, we derived the length—
weight relationship from Bergstrom et al. (2015).
To visualize the SD-specific prey biomass compo-
sition, we calculated the consumed biomass pro-
portions of sprat, herring, and three-spined
stickleback for each of four length classes of sal-
mon: 30.0-59.9, 60.0-89.9, 90.0-120.0, and 30.0—
120.0 cm (i.e., for the whole size spectrum of
sampled salmon).

Salmon predation window

To assess the size-dependency of the interac-
tion between salmon and its prey, we estimated
the minimum, mean, and maximum prey:preda-
tor size ratio from the stomach data. We esti-
mated the prey:predator size ratios by fitting
linear regression relationships (with intercept 0)
to the minimum, mean, and maximum total prey
lengths consumed by salmon in 10-cm length
classes, for the size range 30-120 cm. We used
linear regression because prey size increases lin-
early with predator size for members of the sub-
family Salmoninae, including Atlantic salmon
(Mittelbach and Persson 1998, Keeley and Grant
2001). We excluded the maximum prey size of
the two largest length classes of salmon, length
class 100-110 and 110-120 cm, when fitting the
regressions as they were smaller than observed
in smaller salmon length classes. The latter can
be explained by the fact that sprat never and her-
ring rarely reach lengths over 27 cm, meaning
almost all prey fish stay within the consumable
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size range of a > 100-cm salmon (Appendix S2:
Fig. S2). Also, we do not expect such a decrease
in maximum prey size to be due to any morpho-
logical constrains of Baltic salmon, as the gape
size most likely does not decrease after reaching
a body length >100 cm.

Size-specific relative attack rate of salmon

The attack rate, that is, the number of success-
ful attempts to capture a prey during a given
time, depends on the predator’s ability to localize
and capture a prey which in turn depends on the
size of both the predator and the prey (Claessen
et al. 2002). To calculate the size-specific relative
potential attack rate of Baltic salmon, we used
the tent-function equation by Claessen et al.
(2002) and applied this on the prey:predator size
ratios estimated from the salmon stomach data,
that is, the predation window:

AR if Sl < 1, < ol
AR(Ip,1s) = Alg‘% if ols < I < el
0 : otherwise

)
in which AR is the potential attack rate of a sal-
mon with length (/) on a prey with length (I,), A
is the maximum attack rate on an optimal-sized
prey, o is the allometric exponent of maximum
attack rate, & is the minimum size ratio below
which the prey fish is too small, ¢ is the mean
size ratio, and ¢ is the maximum ratio of prey to
salmon body length above which the prey for a
specific salmon body length is too large (Fig. 3a).
We set the maximum attack rate A and the allo-
metric exponent o to 1.6 and 0.6, respectively,
following Claessen et al. (2000) and van Leeuwen
et al. (2013), as these are the only estimates of
size-specific piscivorous attack rate currently avail-
able. The maximum attack rate A has, however, no
influence on our results as we converted the attack
rate into a relative scale with the potential attack-
rate estimate of a 105-cm salmon set to 1. The
allometric scaling exponent, o, which governs the
relative differences in attack rate between differ-
ently sized predators on identically sized prey, is
based on attack-rate experiments using piscivorous
perch, Perca fluviatilis L. As 0.6 is the only published
value of o based on piscivory, we used it in our
analysis to enable comparisons between differently
sized piscivorous salmon. To test the robustness of
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our results, we performed a sensitivity analysis
using lower and higher o values, from a range
based on Englund et al. (2011; Appendix S5). We
calculated the relative potential attack rate of
salmon ranging from 0 to 120 cm on prey lengths
of 0-50 cm with a length interval of 0.5 cm.

Basin- and size-specific prey availability for
salmon

We calculated the SSP for Baltic salmon for
each of SDs 25-29 as these are the SDs we have
prey data from, collected in the BIAS. We derived
the SSP of prey of length I, for differently sized
(Is) salmon using the following equation:

SSP(lp,1s) = Y (AR(Ip, L) x W(ly))  (2)

in which AR is the potential attack rate of a sal-
mon of a specific length () from Eq. 1 and W is
the biomass (in grams) of prey in length class (I,).
To enable comparisons of the SSP for differently
sized salmon, we converted SSP into a relative
scale, varying from —1 to +1, where +1 corre-
sponds to the highest amount of suitable-sized
prey observed in the time period 1984-2015 across
salmon size classes and SDs and —1 corresponds
to the lowest amount of suitable-sized prey.

Explaining salmon diet

We tested whether the total prey biomass or
the SSP could best explain the observed diet of
salmon caught in SDs 25, 26, and 28, when mea-
sured as the observed proportion of sprat bio-
mass in the stomachs relative the total amount of
prey biomass (sprat and herring combined). We
restricted the analysis to SDs 25, 26, and 28
because these were the three SDs in which the
whole size spectrum (30-120 ¢cm) of salmon was
caught in sufficient numbers. We used the pro-
portion of sprat in the stomachs as it was the
most common prey of Baltic salmon in these SDs
during this time period (Fig. 2). We calculated the
proportion of sprat in salmon stomachs using
the mean of the annual mean sprat proportion in
the diet of Baltic salmon at 10-cm length intervals
for the time period 1995-1997, for each of SDs 25,
26, and 28 (Appendix S2: Table S1). We excluded
year 1994 from the analysis due to a lack of sal-
mon diet data from SD 25 for this particular year.
We also excluded length classes with <5 salmon
individuals from the analysis (Appendix S2:
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Fig. 2. Diet biomass composition of Baltic salmon (Salmo salar L.) during the years 1994-1997, within each of the
International Council for the Exploration of the Sea subdivisions (SDs) 24-32, for three different salmon length
classes: (a) 30-60 cm, (b) 60-90 cm, and (c) 90-120 cm; and (d) all salmon combined. White indicates herring (Clupea
harengus L.) biomass, gray indicates sprat (Sprattus sprattus L.) biomass, and black indicates three-spined stickleback
(Gasterosteus aculeatus L.) biomass. Numbers within each subdivision denote the sample size of salmon stomachs.

Table S1). To calculate the SD-specific proportion mean size-specific sprat availability proportion
of the total sprat biomass at sea, we used the in each SD, we used the annual proportion of
mean of the annual total sprat biomass propor- suitable-sized sprat biomass derived from Eq. 2.
tion at sea for the same years. To calculate the We calculated the proportions of sprat biomass
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at sea and the size-specific sprat availability for sal-
mon lengths of 30-120 cm, at 0.5-cm intervals. To
test what best explained the observed proportion
of sprat biomass in the salmon diet, we used multi-
variate linear regression models containing salmon
length, feeding area (either SD 25, 26, or 28), and
either the total sprat biomass at sea or the size-
specific sprat availability proportion estimates.

Effects of prey availability on salmon
body condition

To get an estimate of the individual body con-
dition of salmon, we used Fulton’s condition fac-
tor, K =100 x (ws/ls3), in which w, is salmon
total weight (g) and [; is its total length (mm). To
investigate whether body condition (K) varied
with SSP, we used SSP as the predictor in a piece-
wise linear regression analysis (Crawley 2012).
This allowed us to identify potential threshold
values in the effects of prey availability on sal-
mon condition, as their condition could be
affected by prey availability at low resource
levels but not at high. We first identified the low-
est mean squared error of the relationship
between K and the SSP (Appendix S3: Fig. S1).
Then, we conducted two separate linear regres-
sion analyses on the relationship between K and
SSP, one on the data points below and another
above the identified threshold value (Casini et al.
2009). We also evaluated the effect of body
length, SD (25, 26, 28, and 29), and either the SSP
or the total prey biomass on salmon body condi-
tion using multivariate linear regression analysis
both below and above the threshold to determine
the strongest explanatory variables. Since there
was no recorded weight information for salmon
caught in SD 27, we could not calculate K for any
salmon caught in this area, which is why we
excluded SD 27 from the analysis.

Statistical analysis

We conducted all calculations and statistical
analyses using the software R, version 3.2.5 (R
Core Team 2016). We assessed model assump-
tions of homoscedasticity and normally dis-
tributed errors visually using Q-Q plots and
residual variation vs. fitted values and leverage.
We conducted model selection based on the
Akaike Information Criterion (AIC), of which the
model(s) with the lowest AIC value (£ 2 units)
were selected.
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REsuLTs

Size-specific diet and potential attack rate
of salmon

The biomass composition of the Baltic salmon
diet varied spatially, with sprat being the domi-
nant prey in the southern parts (SDs 24-28) and
herring in the northern parts (SDs 29-32) of the
Baltic Sea (Figs. 1, 2a—d). Moreover, prey compo-
sition varied with salmon size (Fig. 2). In the
northern parts (SDs 29-32), herring dominated
the diet of all salmon size classes, whereas in the
south (SDs 25-28), sprat was the most common
prey in the smallest size class of salmon
(3060 cm; Fig. 2a), but became less common
with increasing salmon length (Fig. 2b—c). The
minimum, mean, and maximum prey size
increased with salmon body size (minimum:
slope = 0.04, F;g=20.92, R*=0.69, P=0.002;
mean: slope = 0.12, Fy 13381 = 1.32 x 10°, R* =
0.91, P <0.001; maximum: slope = 0.35, Fy¢ =
755.20, R*=0.99, P <0.001; Fig. 3a). Conse-
quently, the relative potential attack rate varied
with salmon body size, and smaller salmon had
a narrower range of prey body sizes that they
can consume than larger salmon (Fig. 3b).

Size-specific prey availability explains salmon diet
The most parsimonious model explaining sal-
mon diet (i.e.,, the proportion of sprat biomass in
the stomach) included SSP estimates and ICES
subdivision (SD; SSP; P < 0.001, SD; P < 0.001,
SSP x SD; P < 0.001; Table 1). All models contain-
ing the SSP estimates explained a large part of the
variation in diet of salmon. In contrast, only two of
the models including total prey biomass did (mod-
els including also salmon length and the interac-
tion between salmon length and SD; Table 1).
Although both predictors (total prey biomass and
SSP) vary spatially, only SSP differs among salmon
size classes; especially for the smallest salmon,
there was a great difference between total prey
biomass and SSP (Appendix S1: Fig. S1). The SSP
estimates were generally better in explaining the
diet of small salmon than large, as the residual
deviation from the observed sprat proportion
increased with increased salmon size (App-
endix S2: Fig. S1). As the proportion of sprat bio-
mass at sea is not affected by salmon size, the
predicted diet composition based on total sprat
biomass at sea is identical for all salmon size

January 2018 #* Volume 9(1) %* Article e02081



404 a)
- --Minimum prey size 4

P <0.01R*=0.69 .
—Mean prey size ‘

P <0.001 R*=0.91 ‘
30 7---Maximum prey size g °
P<0.001 R?=0.99

Prey length (cm)

0 30 60 90 120
Salmon length (cm)

JACOBSON ET AL.

1.007 b)
Salmon length
-©-45cm
=75 cm
0.75 -

—+105cm

0.50

0.25

Relative attack rate on prey fish

0.00-

Prey length (cm)

Fig. 3. The size-dependency of Baltic salmon predation on its fish prey: (a) the minimum, mean, and maxi-
mum prey:predator size ratio, and (b) the relative attack rate of a 45-, 75-, and 105-cm salmon on differently sized
prey fish. Note the relative scale on the y-axis, where 1 equals the maximum attack rate for a 105-cm salmon.

classes, but differed among SDs 25, 26, and 28
(0.53 £ 0.02, 0.79 £ 0.03, 0.81 £ 0.03, mean + 1
SD, respectively; Fig. 4, gray line). In contrast, the
proportion of sprat in the diet predicted using the
SSP decreased with salmon size in all SDs as
expected, with the largest decrease in SD 25
(Fig. 4, black line, cf. Fig. 2a—c).

Size-specific prey availability affects salmon
body condition

Salmon body condition increased with SSP, and
more so at low (y = 0.250x + 1.119, F; 705 = 70.18,

R? = 0.089, P < 0.001) than at high (y = 0.105x +
1.018, F;, 1408 = 40.98, R* = 0.028, P < 0.001) rela-
tive SSP (Fig. 5). Also without the threshold, body
condition increased with SSP (y = 0.084x + 1.028,
Fy, o118 = 71.15, R* = 0.032, P < 0.001). Total prey
biomass did not explain salmon body condition,
as it had either a counterintuitive effect (i.e.,
decreasing) or no effect (Appendix S4). The mod-
els which explained most of the variation in body
condition below and above the observed thresh-
old both included SSP, SD, and salmon length
(Table 2).

Table 1. Variables, coefficients, and the corresponding AIC of the linear regression models of observed sprat bio-
mass proportions in the diet of Baltic salmon collected during 1995-1997 in ICES subdivisions (SDs) 25, 26,

and 28.
Model parameters AIC F (df) R? P
SSP —49.935 9.575 (1,21) 0.281 <0.01
SSP x salmon length —65.248 15.02 (3,19) 0.657 <0.001
SSP x SD —69.429 19.28 (3,19) 0.714 <0.001
SSP + SD —56.176 10.83 (2,20) 0.472 <0.001
SSP x salmon length x SD —64.965 7.96 (7,15) 0.689 <0.001
TBS —42.078 0.73 (1,21) —-0.013 0.403
TBS x salmon length —60.569 11.09 (3,19) 0.579 <0.001
TBS x SD —40.926 0.74 (2,20) —0.025 0.492
TBS x salmon length x SD —66.710 11.14 (5,17) 0.697 <0.001

Notes: The model with the lowest AIC value is highlighted in bold. AIC, Akaike Information Criterion; SSP, size-specific
prey availability; SD, ICES subdivision; TBS, total prey biomass at sea.
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line) or the size-specific prey availability (SSP) at sea (black line) in International Council for the Exploration of
the Sea subdivisions 25 (a), 26 (b), and 28 (c). The total prey biomass and the SSP are estimated for salmon sizes
of 30-120 cm, with 0.5-cm intervals.

1807 pP<0001R*=0089,| P<0.001R>=0.028
2
_(D
§ 1.35 -
=
L
S 0904
3
O
[
O
£ 0451
c
o
O
0.00 -

-1.0 -0.5 0.0 0.5 1.0
Relative size-specific prey availability

Fig. 5. The relationship between Baltic salmon body condition (Fulton’s K) and the relative size-specific avail-

ability of herring and sprat biomass combined. Regression lines were estimated using piecewise linear regression

with dashed lines representing the upper and lower 95% confidence interval limits. The vertical line equals the
threshold value, identified using the lowest mean squared error.
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Table 2. Variables, coefficients, and the corresponding AIC of the piecewise linear regression models of body
condition (Fulton’s K) of Baltic salmon in ICES subdivisions (SDs) 25, 26, 28, and 29 collected during 1994-1997.

Below threshold Above threshold
Model parameters AIC F (df) R? P AIC F (df) R? P
sSSP —573.755 70.2 (1,708) 0.089 <0.001 —1972.566  40.98 (1,1408)  0.028  <0.001
SSP x salmon length —621.847  43.02(3,706) 0.151 <0.001 —2017.617  30.72 (3,1406) 0.06 <0.001
SSP x SD —587.558  29.89(3,706) 0.109 <0.001 —1983.364 18.73(3,1406) 0.036  <0.001
SSP x SD x salmon length  —641.802 23.1(7,702) 0.180  <0.001 —2049.883  19.31(7,1402) 0.083  <0.001

Notes: The model with the lowest AIC value is highlighted in bold. AIC, Akaike Information Criterion; SSP, size-specific

prey availability; SD, ICES subdivision.

DiscussioN

We show, using extensive data on Atlantic sal-
mon diet composition, body size, and SSP, that
the interaction between salmon and its prey in
the Baltic Sea is highly size-dependent. By
accounting for this size-dependency, we can
explain the variation in salmon diet composition
among salmon individuals in different Baltic Sea
basins and of different lengths. The proportion of
sprat in the diet decreased with salmon length in
all Baltic Sea basins and was better explained by
the proportion of sprat in the total amount of
suitably-sized prey (which decreases for larger
salmon) than by the total proportion of sprat in
each basin. Furthermore, we show that the body
condition of salmon individuals increased with
SSP but was unaffected by an increase in total
prey biomass.

Despite the fact that fish body condition varies
greatly among individuals and can be affected by
multiple factors, such as temperature (Todd et al.
2008), migration duration (Vuorinen et al. 2014),
parasites (Krkosek et al. 2013), or selective exploita-
tion (Vainikka et al. 2009), we found a positive
effect of SSP on the condition of individual salmon.
Salmon condition increased with SSP at both low
and high resource levels, with the highest increase
at low resource levels. This clearly shows that the
performance of individual salmon at sea can be
resource-limited. Still, we found no prey depen-
dence of salmon condition when prey size struc-
ture was ignored (i.e., when using the total amount
of prey biomass), which shows that the resource
limitation is size-dependent. As experiments on
size-dependent fish feeding of large salmon are
lacking, we show that this result of salmon condi-
tion being limited by SSP holds for a range of pub-
lished values for the size-dependence of fish attack
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rates (0.4-0.8; Englund et al. 2011). In all cases, the
large variation in body condition of salmon at sea
observed was only partially explained by the SSP,
salmon length, and feeding area. This is to be
expected, given the many factors that influence an
individual’s body condition. Previous studies have
related salmon performance to other biotic factors,
for example, prey quality (Renkawitz et al. 2015)
and parasites (Krkosek et al. 2013), as well as abi-
otic factors, for example, SST (Friedland et al. 2000,
Todd et al. 2008). Still, the link between salmon
condition and SSP, which we found despite the
large variation in body condition among individu-
als, suggests that this size-dependency between
salmon and its prey is also important for under-
standing salmon performance.

Similar predator—prey relationships have been
shown for other piscivorous predators, with
changes in prey quality, abundance, or size distri-
butions affecting their performance (Osterblom
et al. 2006, Qigard et al. 2013, Golet et al. 2015).
Given that energy intake affects body growth,
energy storage, and reproductive success, the link
between size-dependent food availability and the
performance of salmon in its growth habitat may
be of great importance for understanding varia-
tion in survival and spawning success of individ-
ual salmon, and therefore also for population-
level performance. As salmon cease feeding upon
reaching their birth river, individuals are entirely
dependent on their stored energy reserves accu-
mulated during feeding at sea to survive the ener-
getically costly river ascent and spawning (Kadri
et al. 1995, Jonsson et al. 1997, Vuorinen et al.
2014), and individuals in poor condition are there-
fore less likely to survive (Todd et al. 2008). Also,
recent studies have demonstrated how accounting
for individual-level food- and size-dependent
processes is essential to understand fish
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population- and community dynamics and popu-
lation responses to changes in productivity and
mortality (Ohlberger et al. 2011, Huss et al. 2012,
de Roos and Persson 2013). The same may be
especially relevant for species characterized by
ontogenetic niche shifts that utilize different habi-
tats during the life cycle (van de Wolfshaar et al.
2011, Reichstein et al. 2015), such as salmon.
However, such studies are rare and are either
purely theoretical or based on small-scale experi-
ments. Our results demonstrate that food- and
size-dependent processes indeed can influence the
performance of anadromous fish in large marine
systems.

The link between individual-level performance
and size-dependent foraging has been established
for juvenile salmon when still in their river habitat
(Wankowski 1979, Wankowski and Thorpe 1979,
Keeley and Grant 1997). Our results show that the
diet of salmon at sea was better explained by SSP
than total prey biomass, especially for small sal-
mon. The proportion of sprat in the diet decreased
with increased salmon size, while the variation of
sprat in the diet increased among individuals.
This could be due to a wider consumable size
range of prey with increased salmon size, increas-
ing the potential for salmon to consume both her-
ring and sprat. Also, as the deviation between
total sprat biomass and the observed proportion
of sprat decreased with salmon size, our results
indicate that the diet composition of small salmon
is more determined by gape size limitation than
of large salmon feeding in the Baltic Sea. Gener-
ally, this size-dependency has not been incorpo-
rated in studies focusing on the interaction
between salmon and its prey at sea. While this is
fundamental in order to resolve population and
community dynamics (de Roos and Persson
2013), it can also be important for understanding
transfer, accumulation, and deficiency of com-
pounds in food webs. Notably, size-dependent
predation has commonly not been considered in
studies on the importance of prey selection for
bioaccumulation of toxic substances in Baltic sal-
mon (Nfon and Cousins 2007) and of thiamine
deficiency, which causes high juvenile mortality
in salmon offspring (i.e., the M74 disease; Mikko-
nen et al. 2011, Keinanen et al. 2012).

One potential caveat of our study is the tempo-
ral resolution of the prey community. While the
salmon diet and performance data as well as the
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prey data cover the same areas and years, the sal-
mon are caught throughout these years whereas
the prey survey was only conducted in the
autumn each year. Previous studies have shown
that Baltic salmon diet differs across seasons
(Karlsson et al. 1999, Hansson et al. 2001), as the
proportion of herring increases toward the end of
the year. Such within-year diet variation could be
due to migration of the prey populations or
because individual salmon might feed in different
SDs depending on the time of year. However, as
we do not have data on actual migrations of the
salmon individuals in this study, we could not
account for seasonal variation in salmon feeding
areas or prey distribution patterns. Still, despite
the coarse temporal resolution in prey availability,
we successfully link the diet composition of Baltic
salmon in different basins as well as the condition
of individuals to SSP. Ideally, updated diet data
on differently sized salmon feeding in the Baltic
Sea would aid quantification of the extent of how
changes in both salmon abundance (which has
increased 10-fold since 1994-1997 in the Baltic
Sea; ICES 2016b) and prey community abundance
and size distribution (Casini et al. 2010, Ostman
et al. 2014, Bergstrom et al. 2015) have affected
salmon diet composition and performance in
more recent years.

In conclusion, we show how consideration of
size- and food-dependent processes is key for
understanding large-scale patterns in diet compo-
sition and individual-level performance of preda-
tory fish in open aquatic systems. We argue that
the size- and food-dependency of Atlantic salmon
performance should be included, together with
influential environmental factors, in future studies
aiming to resolve Atlantic salmon population
dynamics. Given the link between food availabil-
ity, diet composition, individual performance
(which has consequences for salmon survival and
spawning success), and therefore likely overall
population dynamics, we argue that an ecosystem
approach including prey species and stretching
across river and open sea habitats is needed for
successful management of anadromous predatory
fish such as salmon.
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