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INTRODUCTION

Energy content distribution among marine prey
species is highly non-uniform, with forage fish values
typically exceeding those for other fish and inverte-
brates in both the North Atlantic (Spitz et al. 2010)
and North Pacific (Anthony et al. 2000, Vollenweider
et al. 2011). Spitz & Jouma’a (2013) placed Northeast
Atlantic forage fish in the upper two of 3 prey quality
categories (low, moderate and high) based on energy
content. Marine mammal energetic demands in crease
with their metabolic cost of living (Spitz et al. 2012),
inducing highly active predators such as porpoises

(Wisniewska et al. 2016), as well as some humpback
whale populations (Moran et al. in press, Straley et
al. in press), to feed largely on energy-rich forage
fish. Many seabirds also preferentially target such
high-energy prey to meet the steep metabolic de -
mands of thermoregulation, flight and reproduction
(e.g. Litzow et al. 2004). A preference for energy-rich
prey (spawning Pacific salmon Oncorhynchus spp.)
individuals has also been observed in a terrestrial
omnivore (brown bear Ursus arctos) when hunting in
easily accessible environments (Gende et al. 2004).

Energy content differences among prey species
and the naturally fluctuating availability of high-
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energy prey may, according to the ‘junk food hypo -
thesis’ (Alverson 1992, Anderson & Piatt 1999, Öster -
blom et al. 2008), profoundly impact marine predator
health at both individual and population levels. Ob -
servations supporting this claim include a marked
decline in Steller sea lion Eumetopias jubatus abun-
dance in western Alaska since the 1970s (Rosen &
Trites 2000, Trites & Donnelly 2003), a concurrent
drop in breeding success at pigeon guillemot Cep-
phus columba and black guillemot C. grylle colonies
in the western Gulf of Alaska (Litzow et al. 2002) and
western Beaufort Sea (Divoky et al. 2015), respec-
tively, and mass starvation of California sea lion
Zalophus californianus pups in the southern Cali -
fornia Current since 2004 (McClatchie et al. 2016a,
Banuet-Martínez et al. 2017). In these and other sim-
ilar cases, predator populations appear to have been
adversely affected by reduced availability of energy-
rich forage fish caused by oceanographic fluctuations
or regime shifts (Anderson & Piatt 1999, Österblom et
al. 2008, McClatchie et al. 2016b). There are also at
least 4 known, persistent shifts in dominance of mar-
ine ecosystems (Bering Sea, Gulf of Alaska, North
Sea and Benguela Current) from lipid- and energy-
rich forage fish to lipid- and energy-poor fish species.
In all 4 cases, endothermic predator (marine mammal
and/or seabird) population declines were associated
with reduced availability of energy-rich prey (Litzow
et al. 2006, Roux et al. 2013). In two of these ecosys-
tems (Bering Sea and Benguela Current), forage fish
de clines were followed by increased jellyfish abun-
dance (Brodeur et al. 2002, Brotz et al. 2012), sug-
gesting even stronger shifts in food web structure.
Reduced breeding success and abundance of blue-
footed boobies Sula nebouxii in the Galápagos Islands,
an equatorial upwelling system, has been linked to a
decline in energy-rich Pacific sardine Sardinops
sagax and a lack of alternative high-energy prey
(Anchundia et al. 2014). This indicates a widespread
reliance of endothermic marine predators on high-
energy prey from arctic to equatorial waters.

Recent revisions to the oscillating control hypothe-
sis on recruitment dynamics of Bering Sea walleye
pollock Gadus chalcogrammus (Hunt et al. 2011),
along with investigations in a British Columbia (BC)
fjord ecosystem (Tommasi et al. 2013), have high-
lighted the importance of trophic control mecha-
nisms in the NE Pacific. These mechanisms, originat-
ing in algal bloom phenology, trigger seasonal and
interannual shifts in zooplankton community domi-
nance between energy-rich and energy-poor species
(Hunt et al. 2011, Tommasi et al. 2013). In turn,
altered timing of such shifts affects juvenile fish

energy content and recruitment directly, via tem -
poral and spatial mismatches with energy-rich zoo-
plankton blooms, and indirectly, via resultant prey
switching by omnivorous larger fish (Cooney et al.
2001, Heintz et al. 2013, Siddon et al. 2013). In the
California Current, the 2015−2016 intrusion of a
large, anomalously warm water mass and associated
energy-poor zooplankton appears to have adversely
affected many species at higher trophic levels (Di
Lorenzo & Mantua 2016, McClatchie et al. 2016b). In -
creased abundance of energy-poor subtropical cope -
pods (e.g. Paracalanus parvus, Ctenocalanus vanus,
Mesocalanus tenuicornis) and a simultaneous de -
cline in energy-rich subarctic species (e.g. Calanus
marshallae, Pseudocalanus minimus, Acartia longi -
remis) off northern BC from 1990 to 2006 may also
have affected fish nutrition (Cummins & Haigh 2010),
and will likely be strengthened by future climate
change. These studies underscore the importance of
ecosystem control mechanisms acting through re -
duced availability of high-energy prey and spanning
at least 3 trophic levels, with potentially noticeable
repercussions for entire food webs, including preda-
tors and fisheries.

Pacific herring Clupea pallasii is a relatively large,
long-lived forage fish inhabiting coastal waters from
Korea to California (Hay et al. 2008). Throughout its
range, this species forms a conduit for energy flow
from zooplankton to higher predators (Schweigert et
al. 2010, Pikitch et al. 2012a,b, Brodeur et al. 2014,
Kumar et al. 2016), particularly during the spawning
season (Willson & Womble 2006). Predators reliant
on Pacific herring include charismatic and protected
marine mammals (Womble & Sigler 2006, Moran et
al. in press) and seabirds (Bishop et al. 2015, Syde-
man et al. 2017), as well as numerous commercial
fish (Brodeur et al. 2014, Osgood et al. 2016). Further-
more, the trophic role of Pacific herring is likely sub-
stantially enhanced by its high annual average
energy content. Among NE Pacific coastal fish (An -
thony et al. 2000, Vollenweider et al. 2011), adult her-
ring is only exceeded in this respect by eulachon
Thaleichthys pacificus, a depleted smelt species
 subject to bycatch in the shrimp trawl fishery (Moody
& Pitcher 2010). Energy content values for 2 smaller
local forage fish, Pacific sandlance Ammodytes hexa-
pterus and capelin Mallotus villosus, overlap with
those of Pacific herring but are typically lower
(Anthony et al. 2000, Vollenweider et al. 2011). Values
reported for adult Pacific herring (Vollenweider et
al. 2011) consistently place these fish among high-
quality prey sensu Spitz & Jouma’a (2013). When
energy content is accounted for, Pacific herring are
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among the most important prey of Steller sea lions
in SE Alaska (Vollenweider et al. 2006, Womble &
Sigler 2006) and humpback whales Megaptera novae -
angliae in Prince William Sound and Lynn Canal
(Moran et al. in press). Furthermore, Alaskan hump-
back whales feed most heavily on adult herring when
its energy content reaches its annual peak of ~10 kJ
g−1 (Moran et al. in press), while Steller sea lion dis-
tribution in SE Alaska is correlated with both local
herring biomass (Womble & Sigler 2006) and aggre-
gation persistence (Gende & Sigler 2006, Sigler et al.
2017).

Therefore, NE Pacific ecosystem models may need
to more explicitly account for prey energy content to
fully represent the trophic roles of Pacific herring and
other forage fish. Given the recent poor status of
many herring stocks in BC (DFO 2015) and Alaska
(NMFS 2014), ongoing recovery of whale popula-
tions feeding on herring and other forage fish (Surma
& Pitcher 2015), the current importance of herring as
prey to BC coho (Oncorhynchus kisutch) and chinook
(O. tschawytsha) salmon (Osgood et al. 2016, Kumar
et al. 2016), and increasing calls for precautionary,
ecosystem-based forage fish management worldwide
(Pikitch et al. 2012a,b), there is a clear need to re -
examine the importance of energy-rich forage fish,
especially herring, in NE Pacific food webs.

Ecosystem models can be constructed using several
different currencies or types of units, including bio-
mass, number of individuals or nutrient mass (Pla -
gányi 2007). However, energy remains a rarely used
model currency, even though ecosystem structure
and function are fundamentally based on thermody-
namic processes, i.e. highly inefficient energy trans-
fer to higher trophic levels (Pauly & Christensen
1995). Plagányi & Butterworth (2004) noted the lack
of representation of energy content differences among
prey and their effects on predators as a major short-
coming of Ecopath with Ecosim (EwE) (Christensen &
Walters 2004), one of the most prevalent ecosystem
modelling frameworks (Coll et al. 2015). While EwE
includes energy as a model currency option (Chris-
tensen & Walters 2004) the latter remains rarely used,
and was only introduced to Ecosim (dynamic food
web simulation) in EwE 6.

Size spectra (i.e. distributions of log-transformed
biomass or abundance versus log-transformed indi-
vidual size) are often used to characterize and predict
ecosystem structure and status (Blanchard et al. 2017).
A biomass size spectrum slope of zero is nearly uni-
versal across marine, freshwater and even terrestrial
ecosystems (Blanchard et al. 2017), although minor
deviations from this pattern have been occasionally

observed (e.g. Jennings & Mackinson 2003). Based
on the first and second laws of thermodynamics and
the correlations between size, metabolic rate and
trophic level in consumers (Blanchard et al. 2017),
biomass and energy size spectrum slopes (i.e. distri-
butions of biomass and energy versus size) should be
similar for the same state of a marine ecosystem.

The aim of this paper is to investigate the influence
of energy content on the trophic role of forage fish,
particularly herring, off northern BC and SE Alaska,
and to test the viability and utility of energy-based
ecosystem models for the examination of similar ques-
tions in the future. The present study endeavours to
bridge the ecosystem and bioenergetic modelling ap-
proaches to yield an integrated view of NE Pacific
ecosystems grounded in the laws of thermodynamics
and basic ecological theory. To this end, it employs
published energy content data to convert a  mass-
balanced NE Pacific ecosystem model to a set of en-
ergy-balanced models. The present study then com-
pares the role of herring and other forage fish in
predator diets, gross ecosystem structure, and the ef-
fects of increased herring consumption by re covering
whale populations across mass-balanced and energy-
balanced models. These analyses are informed by the
hypotheses that elevated energy content raises the
importance of prey such as herring to at least some
predators and that biomass and energy dynamics sim-
ilarly represent thermodynamically de termined eco-
system structure. Hence, increased  herring consump-
tion by whales can be hypothesized to affect mass and
energy balance for other herring predators, with par-
ticularly strong energetic effects on active, endothermic
groups such as small marine mammals and seabirds.

METHODS

Model structure and parameters

A mass-balanced Ecopath food web model of north-
ern BC and southern SE Alaska (Kumar et al. 2016;
most recent model version) was used to generate a set
of energy-balanced models. All models contain 80
functional groups spanning the size spectrum from
phytoplankton to whales (Table S1 in the Supplement
at www.int-res.com/articles/suppl/ m588 p147 _  supp.
pdf). These include 4 local herring stocks (Haida
Gwaii, Haida Gwaii Area 2 West, Prince Rupert Dis-
trict and Central Coast), each split into 3 age classes
(0−1, 1−3 and 3+ yr) in the multi-stanza approach
(Kumar et al. 2016). Two other large forage fish, eula-
chon and Pacific saury Cololabis saira, are also repre-
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sented separately, while smaller energy-rich school-
ing fish (resident smelts, capelin, and sandlance and
occasionally present Pacific sardine) form a single
‘forage fish’ group. All models also include 4 primary
producer groups and one detritus group.

Functional group biomass densities (B, t km−2) from
the mass-balanced model (Table S1) were converted
to energy densities (E, J m−2) for the energy-balanced
models using published higher and lower energy
content (ei, kJ g−1) values (Table S2). Wherever possi-
ble (i.e. for most groups), these were based on bomb
calorimetry (or extrapolations from proximate com-
position) of whole specimens from the Gulf of Alaska
Large Marine Ecosystem (containing the study area)
or neighbouring NE Pacific Large Marine Ecosys-
tems (Bering Sea–Aleutian Islands, and California
Current). When ei values were unavailable for local
species (e.g. Pacific dogfish Squalus suckleyi and
spotted ratfish Hydrolagus colliei), values for the
most closely related species represented in the litera-
ture (e.g. the Atlantic Squalus acanthias and Chi-
maera monstrosa) or widely distributed higher taxa
(e.g. Decapoda) were used. Annual averages were
employed to account for seasonal changes in energy
content (e.g. Vollenweider et al. 2011). Pairs of mean
ei values were utilized where higher and lower
 values were derived from separate sources (e.g. for
chinook salmon). Elsewhere (e.g. for coho salmon),
standard deviations or interquartile ranges from a
single source were employed to set higher and lower
values. For 9 functional groups, only one ei value was
found in the literature. In the absence of published
data, ei values for detritus and ‘import’ (food con-
sumed outside model area) were set to biomass-
weighted averages of all other group ei values and
average ei values for all prey of a given predator
weighted by their proportional contributions to the
predator diet, respectively.

Densities (t km−2) of biomass, landings and discards
for all functional groups in the mass-balanced model
were multiplied by the higher and lower ei values (kJ
g−1), yielding 2 sets of energy pool sizes (Tables S3 &
S4) and landing and discard matrices (J m−2). Bio-
mass accumulation and net migration were zero
across all models. Original production per biomass
(P/B, yr−1) or total mortality (Z, yr−1) values were
retained as input for all groups, as the definition of
these equivalent parameters (Christensen & Walters
2004) is independent of model currency. Consump-
tion per biomass (Q/B, yr−1) values from the  mass-
balanced model were used to calculate new diet
compositions and Q/B for all consumers to account
for differences in ei among functional groups com-

prising consumer diets and avoid errors derived from
transferring biomass-based parameters from the orig-
inal model.

New diet composition matrices for the  energy-
balanced models were obtained by calculating the
proportion of each functional group i in the diet of
each consumer j (DCij) as:

(1)

where Qij = Bj (Q/B)jDCij(mass) (t km−2) is the consump-
tion of group i by consumer j, Bj (t km−2) is the bio-
mass density of consumer j, (Q/B)j (yr−1) is the con-
sumption per biomass of consumer j, and n is the
number of groups i in the diet of consumer j.
DCij (mass) is the proportion of group i in the diet of
consumer j in the original mass-balanced model. This
calculation is based on the observation that many
predators preferentially target energy-rich prey
(Österblom et al. 2008, Litzow et al. 2004).

New Q/B values accounting for energy content dif-
ferences were calculated as:

(2)

where (Q/B)mass is the original Q/B from the mass-
balanced model, DCij is the new proportion of group
i in the diet of consumer j and ej is the energy content
of j. The numerator of the scaling term on the right
side of the equation represents the average energy
content of the biomass intake of consumer j consisting
of n functional groups, weighted by the proportions
DCij of each group i in the diet of j (Σn

i=1DCij = 1).
The new models (hereafter high-energy and low-

energy) based on high and low ei sets were balanced
using the standard Ecopath approach (Christensen
& Walters 2004), yielding the parameters shown in
Tables S3 & S4. Selected predator diet compositions
from the mass-balanced, high-energy and low-
energy models appear in Tables S5−S10. In addition,
a separate set of models was constructed based on
independent random resampling of integers, with
replacement, from uniform distributions bounded
by the higher and lower ei values for all functional
groups (Table S11). This resampling yielded 5 energy-
balanced ‘randomization’ models whose parameters
appear in Tables S12−S16, while ratios of balanced to
input group energy pool sizes appear in Table S17.
These models were parameterized and balanced
using the same methods described above for the
high-energy and low-energy models.
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Model analyses and simulations

Based on their ei values, all fish and invertebrate
functional groups were placed in one of the 3 prey
quality categories (low <4 kJ g−1, moderate 4−6 kJ
g−1, high >6 kJ g−1) established by Spitz & Jouma’a
(2013). The relative contribution of each category to
total ecosystem biomass was calculated by dividing
the total biomass of all groups in each category by
that of all groups in the mass-balanced model.

In order to compare the size spectra suggested for
northern BC by the mass- and energy-balanced mod-
els, log-transformed biomass and energy densities
from all Ecopath models were tested for correlation
with log-transformed average individual mass (kg)
for each functional group. Where correlations were
significant (p < 0.05), ANCOVA was used to test for
differences among spectrum slopes and for depar-
tures from a slope of zero, the value expected based
on its regular presence in models and empirical
observations of marine ecosystems (Blanchard et al.
2017). In the absence of any evidence to the contrary,
we hypothesized that energy and biomass spectrum
slopes would not differ significantly from each other
or from zero.

In order to further compare the ecosystem struc-
tures indicated by the mass- and energy-balanced
models, the proportional contributions of 7 large
functional categories (producers, benthos, zooplank-
ton, forage fish, other fish, mammals and others) to
the total ecosystem biomass or energy pools were
compared across all models by dividing the total bio-
mass or energy densities of the groups comprising
each category (Table S1) by the ecosystem totals
summed over all model groups. The forage fish cate-
gory included herring, eulachon and Pacific saury.

In order to compare the functioning of dynamic
simulations in the mass- and energy-balanced mod-
els, we reassessed the effects of depleted whale
 population recovery on the local food web (Surma &
Pitcher 2015) using the same Ecosim scenario in all
models. Predicted recovery of humpback, blue (Bal-
aenoptera musculus), fin (B. physalus), sei (B. bore-
alis) and sperm (Physeter macrocephalus) whale
populations was simulated by time series forcing of
biomass and energy densities in the mass- and
energy-balanced models, respectively. These time
series were derived from the species-specific surplus
production models presented in Surma & Pitcher
(2015) and based on whaling catch data (Nichol &
Heise 1992), but reflected improved local whale
abundance estimates which have been incorporated
into the mass-balanced model (Kumar et al. 2016).

Whale biomass density (t.km−2) time series values
were separately converted to energy densities (J m−2)
using the ei values applied in each energy-balanced
model. Ecosim runs lasted the 500 simulation years
required for full recovery of all whale populations,
whereupon percentage changes in other functional
group biomass and energy densities in response to
whale recovery were compared across all models.
The goal of this analysis was to investigate the effects
of prey energy content differences on simulated whale
recovery impacts on prey (particularly herring), other
predators and the food web at large. We examined
effects on all herring stocks together as well on each
separately.

RESULTS

Based on both sets of energy content (ei) values
(lower and higher), low-quality prey groups com-
prised most (>50%) of the total ecosystem biomass,
followed by moderate- (<20%) and high- quality
(<10%) prey (Fig. 1).

The contributions of herring (summed over all
stocks and age classes) to 8 marine mammal, seabird
and commercial fish diets were ~20−110% higher in
the high- and low-energy models than in the mass-
balanced model (Fig. 2A). In the randomization mod-
els, these proportions consistently exceeded those in
the mass-balanced model and exhibited a wider
range than among the high- and low-energy models
(Fig. 2B). While in the mass-balanced model no
 predator diet included ≥20% herring, 8 predators
exceeded this threshold in at least one  energy-
balanced model. The greatest increases in the con -
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Fig. 1. Distribution of fish and invertebrate biomass in the
ecosystem across 3 prey quality categories, based on high
and low estimates of functional group energy content (kJ
g−1). Prey quality categories were as follows: low: <4 kJ g−1;
moderate: 4−6 kJ g−1; and high: >6 kJ g−1 (established by 

Spitz & Jouma’a 2013)
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tribution of herring relative to the mass-balanced
model occurred in humpback whale, Pacific hake
Merluccius productus, lingcod Ophiodon elongatus
and inshore rockfish Sebastes spp. diets.

Significant correlations (Spearman’s rank correla-
tion, p < 0.0001) between log(individual mass, kg) and
log(biomass or energy density, t km−2 or J m−2) were
detected for all models (Table S18). All spectrum
slopes (Fig. 3) differed significantly from the expected
value of zero (ANCOVA; df = 8, F = 3.06, p = 0.022) but
did not differ among models (ANCOVA; df = 7, F =
0.13, p = 0.996). Balancing the high-energy model re-
quired a no ticeable but non-significant increase in
size spectrum slope relative to the original  mass-
balanced model (Fig. 3A). This change resulted from
the strong (over 10-fold) increases in energy densities
for 10 functional groups (primarily at mid-to-low
trophic levels) necessary for energy balance (Fig. 4A).

The total ecosystem energy pool in
the high-energy mo del therefore be-
came over 3-fold larger than its  low-
energy counterpart. Balancing the
low-energy and randomization mod-
els required much smaller  in creases
in energy densities (Fig. 4B, Table S17)
and no noticeable changes in spec-
trum slope (Fig. 3), although energy
densities had to in crease over 10-fold
for 5 groups occupying low trophic
levels in the low-energy model.
No increases of this magnitude were
necessary in any randomization mo -
del (Table S17), and differences in
spectrum slope among these models
were negligible (Fig. 3B). Among
functional groups with biomasses de-
rived from stock as sess ments, only
Pacific Ocean perch Sebastes alutus,
a benthopelagic rock  fish surveyed ex-
clusively in a small region south of
the model area, required energy den-
sity to increase over 2-fold in the low-
energy model (Fig. 4B). The total her-
ring energy density increased only
modestly across the energy-balanced
models (by 36% in the high-energy
model, 32% in the low-energy model
and 28−11% in the randomization
models).

Conversion of biomass to energy
densities for all energy-based mod-
els predicted reduced proportions
of benthos and producers, an in -

creased proportion of fish and a nearly constant
zooplankton proportion in the total ecosystem bio-
mass and energy pools (Fig. 5). However, upon
achieving energy balance, the proportional reduc-
tion in benthos and producers was reversed in
some models, the increase in fish persisted only for
forage fish, and the proportion of zooplankton in -
creased strongly in all but the high-energy model
(Fig. 6). These changes resulted from the increases
in several group pool sizes at mid-to-low trophic
levels (Fig. 4, Table S17).

In the Ecosim whale recovery scenario, a slight ma-
jority (~53%) of functional groups (with all herring
stocks and age classes considered together) showed
changes of ≥5% to their biomass or energy densities
(Figs. 7 & 8, Fig. S1). A larger majority (~64%) of
these groups (including herring) demonstrated such
changes in both the biomass- and energy-balanced
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Fig. 2. Proportion of herring in the diet of various predators in the mass-balanced
model versus (a) high-energy and low-energy models and (b) randomized
 energy-balanced models. These proportions are in terms of biomass in the mass-

balanced model and in terms of energy in the energy-balanced models
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models, but only ~44% showed changes of ≥5%
across all energy-balanced models. For slightly less
than half (~47%) of groups with changes of ≥5%, in-
cluding 3 whale prey groups  (herring, large squid
and planktivorous rockfish), 95% confidence inter-
vals around the mean changes across all energy-bal-
anced models overlapped with mass-balanced model
outputs. These confidence intervals overlapped with
zero for only 3 groups. The sign of the whale
recovery re sponse differed be tween mass- and en-
ergy-balanced models for 5 groups, including 2 im-
portant herring predators (small odontocetes and
 piscivorous seabirds). In all models, as in Surma &

Pitcher (2015), increased whale preda-
tion substantially impacted herring as
well as piscivorous and planktivorous
rockfish (Sebastes and Sebastolobus
spp.). Herring responses to whale re -
covery varied considerably but were
consistently and strongly negative
across all stocks (Fig. S2).

In all models, the decrease in herring
due to increased humpback and fin
whale predation precipitated notice-
able declines in minke whales (Bal-
aenoptera acutorostrata), inshore rock-
fish, coho salmon and lingcod. It also
had cascading positive effects on am -
phipods and macrozooplankton, result-
ing in small gelatinous zooplankton
and euphausiid declines due to in -
creased predation. This trophic cas-
cade was somewhat damped in the
energy-balanced models. Increasing
whale predation also contributed to the
euphausiid decline, as did the release
of forage fish from herring competition.
The latter precipitated an increase in
seals and their main predators (tran-
sient orcas), leading to a gray whale
decline and exacerbating the effects of
the herring decrease on minke whales.
The decrease in euphausiids combined
with increased whale predation to
adversely impact Pacific hake, walleye
pollock and Pacific saury (this last
effect was absent in some  energy-
balanced models). The coho salmon
decline adversely affected apex preda-
tors (resident orcas, salmon and blue
sharks), releasing seabirds from shark
predation pressure. Finally, increased
predation from recovering sperm whales

precipitated substantial declines in planktivorous and
piscivorous rockfish, dogfish, sablefish and large
demersal sharks, leading to mesopredator release for
small demersal elasmobranchs, ratfish, arrowtooth
flounder, octopus and seals.

DISCUSSION

The findings of the present study highlight the
importance of energy-rich prey at low and intermedi-
ate trophic levels in supporting the entire food web.
The rescaled diet composition matrices used in the
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Fig. 3. Biomass- and energy-based size spectra of (a) the mass-balanced
(black), high-energy (blue) and low-energy (red) models and (b) the random-
ized energy-balanced models (data points omitted for clarity). The  dependent
variable is log biomass density for the mass-balanced model and log energy 

density for the energy-balanced models
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energy-balanced models suggest that, as
hypothesized above, biomass-based diet
compositions may underestimate the impor-
tance of Pacific herring as prey to many sea-
birds, mammals and fish (Fig. 2). When
energy content differences between func-
tional groups are ac counted for, herring
emerges as an important item in the diets of
small odontocetes (dolphins and porpoises),
humpback and minke whales, seals and sea
lions, piscivorous seabirds (including many
cormorants, alcids and gulls), inshore rock-
fish, lingcod and Pacific hake. This is so de -
spite the greater biomass and energy densi-
ties of the aggregated forage fish group
across all models. These findings are in
agreement with those of Vollenweider et al.
(2006) on the enhanced dietary importance of
herring to Steller sea lions in SE Alaska when
prey energy content is considered.

While low-quality prey (sensu Spitz &
Jouma’a 2013) dominate the total ecosystem
biomass (Fig. 1), high-quality prey (e.g. adult
herring) may be more important to many
predators than prey biomasses would suggest
(Fig. 2). Furthermore, recent attempts to char-
acterize interannual food web dynamics in 2
Northwest Pacific epipelagic communities
 indicate that food web structure, complexity
and, ultimately, overall productivity (includ-
ing fisheries yield) depend strongly on the
changing identity of dominant mid-size nek-
tonic consumers (Naydenko & Khoruzhiy
2017). These findings indicate that while the
integrity of such communities may be robust
to various climatic regime scenarios, their
overall productivity is likely enhanced when
high-energy forage fish species dominate.

The size spectrum slope seen across all
models (~−0.20) differs slightly but signifi-
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Fig. 4. Ratios (log scale) of functional group energy
pool sizes before and after energy balance in (a)
the high-energy model and (b) the low-energy
model. Only groups increasing by a factor of ≥2 are 

shown

Fig. 5. Proportion of several large ecological cate-
gories in the total ecosystem biomass and energy
pools (energy models not balanced), comparing (a)
the high- and low-energy models and (b) the ran-
domization models to the mass-balanced model
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cantly from the zero value predicted by an empirical
relationship nearly universal across diverse ecosys-
tems (Blanchard et al. 2017). However, the slope
found in the present study is nearly identical to that
reported from the North Sea by Jennings & Mackin-
son (2003), although the latter was based on sam-
pling of size classes from zooplankton to medium-
sized fish only. This deviation from the expected zero
slope may result from increasing predator−prey mass
ratio with individual mass (e.g. baleen whales versus
zooplankton) or from under estimation of abundance
in the largest size classes. The size spectrum slope of
the high-energy model is noticeably but not sig -
nificantly steeper than in other models (Fig. 3A), re -
flecting increases in some functional group energy
densi ties required for energy balance (Fig. 4A).
The shallower spectrum slopes of the low-energy
(Fig. 3A) and randomization (Fig. 3B) models likely

derive from the reduced energetic demands
of top predators (particularly marine mam-
mals) compared to the high-energy model
due to lower ei values (Tables S2 & S11).
Nevertheless, the lack of significant differ-
ences in spectrum slope across all models
supports our hypothesis that energy and
biomass follow the same general distribu-
tion pattern across size classes based on
fundamental trophodynamic principles.

The energy density increases needed for
energy balance, especially in the high-
energy model with its noticeably steeper
size spectrum slope (Fig. 3), may reflect
underestimates in published ei and/or bio-
mass density values for these groups (e.g.
forage fish, euphausiids, copepods, phyto-
plankton). This is particularly likely given
that planktonic group ei values are often
based on data for several constituent spe-
cies only (e.g. Whyte 1987, Harvey et al.
2012) or for large, diverse taxonomic groups
(Cauffopé & Heymans 2005). For phyto-
plankton (Whyte 1987), such values could
only be found for North Atlantic species.
Furthermore, prey ei varies on seasonal and
interannual scales as well as through onto -
geny (e.g. Vollenweider et al. 2011, Siddon
et al. 2013). Some juvenile planktivorous
fish (e.g. Bering Sea walleye pollock) re -
spond with decreased energy content to
 climatically driven seasonal and interan-
nual shifts in zooplankton community com-
position towards energy-poor species (Hunt
et al. 2011, Heintz et al. 2013, Siddon et

al. 2013). Furthermore, biomass densities of many
plank tonic and forage fish groups in the original
model (Kumar et al. 2016) were not based on system-
atic surveys but rather on extrapolations from incom-
plete field data (e.g. phytoplankton) or Ecopath
mass-balance equation solutions (e.g. Pacific saury).
Finally, ei over estimates for upper-level predators
(mammals and sharks) may cause Ecopath to impose
excessively high demands on prey energy pools,
necessitating increases in energy densities to main-
tain energy balance, and predator energetic de -
mands vary with age and breeding status. Energy
density increases in the low-energy model may be
considered approximately realistic once likely errors
in biomass and ei estimates are accounted for. This is
not true, however, of the high-energy model, whose
total ecosystem energy pool size exceeds that of its
low-energy counterpart 3-fold. Outputs of the low-

155

Fig. 6. Proportion of several large ecological categories in the total eco-
system biomass and energy pools (energy models balanced), comparing
(a) the high- and low-energy models and (b) the randomization models 

to the mass-balanced model
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energy model are therefore more trustworthy than
those of its high-energy sibling. Randomization
model outputs inspire still greater confidence, as it is
doubtful whether consistent patterns in ei (high or
low) can persist in a real food web for any meaningful
length of time.

The proportional contributions of several large
functional categories to total ecosystem energy pools
(Fig. 5), even considering adjustments necessary for
energy balance (Fig. 6), suggest that the mass-bal-
anced model may underestimate the importance of
forage fish (e.g. herring), zooplankton and perhaps
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Fig. 7. Percentage change to functional group biomass and energy densities in response to simulated recovery of (a) baleen
whales and (b) sperm whales. Error bars indicate 95% confidence intervals around mean changes (green squares) across all 

energy-balanced models
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producers, and overestimate that of benthos, in
 ecosystem structure. These results indicate that the
pe lagic realm may retain a greater proportion of the
total ecosystem pool for energy than for biomass, a
conclusion supported by the findings of Litzow et al.
(2006).

Ecosim simulation results from energy-balanced
models (Figs. 7 & 8) suggest that herring declines
could impact active, endothermic predators (small
odontocetes and seabirds) more strongly than mass-
balanced models predict. This inference agrees with

the findings of Spitz et al. (2012) and Wisniewska et
al. (2016) on the high metabolic demands of small
odontocetes and their resulting preferences for high-
energy prey. It also accords well with the findings of
Litzow et al. (2004) on similar energetic drivers of
seabird ecology, as well as with our original hypo -
thesis. However, this picture may be complicated by
the fact that while many active, endothermic mar-
ine predators preferentially target energy-rich prey
 (Litzow et al. 2004, Spitz et al. 2012, Wisniewska et
al. 2016), such predators (e.g. small penguins) may
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Fig. 8. Selected functional group trends relative to Ecopath baseline biomass densities (mass-balanced model, black) and
 energy densities (energy-balanced models, colour). The humpback whale trend (upper left) is an identical driver across all 

models, while other group trends are variable responses
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supplement their high-energy diets with low-energy
taxa (e.g. scyphozoan jellyfish and ctenophores) even
when higher-energy prey are available (Thiebot
et al. 2017). Furthermore, while herring is the most
energy-rich prey for NE Pacific seabirds (Vermeer &
Devito 1986), negative correlations between seabird
breeding success and the proportion of herring in
diet have been observed at colonies in the California
Current (Gladics et al. 2015) and at Triangle Island
off NW Vancouver Island, BC (Hedd et al. 2006).
These correlations may derive from a more offshore
distribution of herring relative to smelts and sand-
lance (Gladics et al. 2015), reducing herring provi-
sioning rates for nestlings (Hedd et al. 2006), or to the
incompatibility of large herring with the small gapes
of young chicks (Hedd et al. 2006). Spatial mismatch
may likewise explain negative correlations between
black rockfish (S. melanops) growth increments
and herring abundance in the California and Alaska
Coastal Currents (von Biela et al. 2016). Neverthe-
less, such correlations are far from universal (e.g.
they do not occur at the Seabird Rocks colony off
SW Vancouver Island; Bertram et al. 2002), and are
unlikely to hold for seabird colonies across the entire
study area. This is not at all surprising as depth, local
density and persistence of prey patches also notice-
ably influence seabird and marine mammal foraging
strategies (Sigler et al. 2017, Sydeman et al. 2017,
Benoit-Bird et al. 2013). Unfortunately, such fine-
scale factors are presently quite difficult to represent
even in spatially explicit ecosystem models.

While NE Pacific pinniped populations have also
repeatedly suffered from reduced availability of
high-energy forage fish (Trites & Donnelly 2003,
McClatchie et al. 2016a), deleterious effects of her-
ring decline on seals (Figs. 7 & 8) or sea lions were
not observed here. This may be due to highly diverse
pinniped diets (Tables S5−S10) in our study area
(Gregr 2004, Vollenweider et al. 2006), which include
high proportions of small but energy-rich forage fish
(capelin, smelts and sandlance) released by whale
recovery from competition with herring (Figs. 7 & 8).
The relatively high energy content of all forage fish,
combined with dynamic Ecosim diet compositions
(the Ecopath diet composition matrix serves as a
 simulation starting point only), also explains the
agreement across all models in the Ecosim responses
of most herring predators to whale recovery (Figs. 7
& 8). This pattern accords with our hypothesis that as
conserved quantities, mass and energy should simi-
larly represent underlying ecosystem dynamics and
thus frequently predict at least qualitatively similar
scenario outcomes.

The present study reinforces the importance of
 herring as a notable node in NE Pacific food webs
and a vital prey species for numerous predators, par-
ticularly many small endotherms, as well as the more
general importance of forage fish as an energy con-
duit linking zooplankton to higher predators. The
findings presented above indicate that demand of
these predators for herring and other energy-rich for-
age fish should be included in a comprehensive view
of pelagic ecology and a precautionary, ecosystem-
based approach to forage fisheries management (Pi -
kitch et al. 2012a,b). Furthermore, given the demon-
strated potential for climatically driven seasonal and
interannual shifts in energy-rich zooplankton abun-
dance to reduce NE Pacific fish energy content and
recruitment (Cummins & Haigh 2010, Hunt et al.
2011, Heintz et al. 2013, Siddon et al. 2013), these
concerns gain additional urgency from global climate
change and recent oceanographic anomalies (Di
Lorenzo & Mantua 2016, McClatchie et al. 2016b).

The set of energy-balanced EwE models presented
in this study is a proof of concept, and the underlying
parameterization framework requires further re search
and development to resolve several issues. Firstly,
energy content of fish such as herring varies widely
on seasonal and interannual scales (Vollenweider et
al. 2011). Representing such changes and their con-
sequences in ecosystem models would necessitate
intensive and frequent field sampling and laboratory
analyses, posing a serious challenge to all but the
most developed ecosystem monitoring programs. In
many cases, replacement of bomb calorimetry with
rapid assays of lipid levels, combined with empirical
relationships between lipid and energy content, would
be required to streamline monitoring efforts, par -
ticularly as these techniques yield equivalent results
(Vollenweider et al. 2011). This could create an itera-
tive feedback loop between monitoring and model-
ling, improving the quality of both. Secondly, current
energy-balanced models cannot distinguish between
effects of changes in biomass and energy content,
both of which affect a single parameter (energy den-
sity). This issue could perhaps be resolved by intro-
ducing energy content into EwE as an independent
input parameter and automating the calculation of
energy densities, as well as energy-based Q/B and
diet compositions, within the program. This would
allow monitoring-derived prey energy content and
biomass time series to be simultaneously entered into
Ecosim and jointly affect predator energy density.
Thirdly, the current models also cannot distinguish
between climatically driven (e.g. Siddon et al. 2013)
and density-dependent (e.g. Casini et al. 2006)
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energy content changes. An Ecosim setting forcing
energy content to decrease as biomass increases
could simulate density-dependent energy content
trends. Fourthly, techniques for rescaling Ecopath
assimilation efficiencies and Ecosim predator−prey
interaction parameters based on prey energy content
have yet to be researched and developed. Finally, the
current energy-balanced models were based on an
existing mass-balanced model, in a sense predeter-
mining their food web structure and functional group
assortment. While this need not apply to all future
energy-balanced models, structural differences be -
tween representations of the same ecosystem in
alternative currencies would impair the comparabil-
ity of their outputs.

Nevertheless, the results of the present study indi-
cate that energy-balanced models, particularly those
based on randomized energy content values, both
validate and complement the original mass-balanced
model. The similarity of spectrum slopes and most
Ecosim scenario results based on mass and energy
balance generally supports the qualitative predic-
tions of the original model. However, the noticeable
differences between mass- and energy-balanced
models in predator diet compositions, proportional
representation of pelagic and benthic groups, and
some Ecosim scenario outputs suggest that energy-
balanced models could help examine uncertainty in
mass-balanced model predictions and account for
elements of ecosystem structure and function implicit
in the latter. In accounting for prey energy content
differences, and explicitly representing the thermo-
dynamic basis of trophic interactions and ecosystem
structure, an expanded and improved energy-bal-
ance approach could enhance both the realism and
predictive capacity of food web models.

Acknowledgements. We thank the EwE Research and
Development Consortium for their support of our modelling
work, as well as Dr. Andrew Trites (Marine Mammal Re -
search Unit, Institute for the Oceans and Fisheries, UBC),
whose pioneering research on nutritional stress and popula-
tion decline in Alaskan pinnipeds inspired the inception of
this project. We also acknowledge the funding provided for
this research by the Natural Sciences and Engineering
Research Council of Canada (NSERC).

LITERATURE CITED

Alverson DL (1992) A review of commercial fisheries and the
Steller sea lion (Eumetopias jubatus):  the conflict arena.
Rev Aquat Sci 6: 203−256

Anchundia D, Huyvaert KP, Anderson DJ (2014) Chronic
lack of breeding by Galápagos blue-footed boobies and
associated population decline. Avian Conserv Ecol 9: 6

Anderson PJ, Piatt JF (1999) Trophic reorganization in the
Gulf of Alaska following ocean climate regime shift. Mar
Ecol Prog Ser 189: 117−123

Anthony JA, Roby DD, Turco KR (2000) Lipid content and
energy density of forage fishes from the northern Gulf of
Alaska. J Exp Mar Biol Ecol 248: 53−78

Banuet-Martínez M, Espinosa-de Aquino W,  Elorriaga-
Verplancken FR, Flores-Morán A, García OP, Camacho
M, Acevedo-Whitehouse K (2017) Climatic anomaly affects
the immune competence of California sea lions. PLOS
ONE 12: e0179359

Benoit-Bird KJ, Battaile BC, Heppell SA, Hoover B, and oth-
ers (2013) Prey patch patterns predict habitat use by top
marine predators with diverse foraging strategies. PLOS
ONE 8: e53348

Bertram DF, Golumbia T, Davoren GK, Harfenist A, and
 others (2002) Short visits reveal consistent patterns of
interyear and intercolony variation in seabird nestling
diet and performance. Can J Zool 80: 2190−2199

Bishop MA, Watson JT, Kuletz K, Morgan T (2015) Pacific
herring (Clupea pallasii) consumption by marine birds
during winter in Prince William Sound, Alaska. Fish
Oceanogr 24: 1−13

Blanchard JL, Heneghan RF, Everett JD, Trebilco R, and
others (2017) From bacteria to whales:  using functional
size spectra to model marine ecosystems. Trends Ecol
Evol 32: 174−186

Brodeur RD, Sugisaki H, Hunt GL Jr (2002) Increases in
 jellyfish biomass in the Bering Sea:  implications for the
ecosystem. Mar Ecol Prog Ser 233: 89−103

Brodeur RD, Buchanan JC, Emmett RL (2014) Pelagic and
demersal fish predators on juvenile and adult forage
fishes in the northern California Current:  spatial and
temporal variations. CCOFI Rep 55: 96−117

Brotz L, Cheung WWL, Kleisner K, Pakhomov E, and others
(2012) Increasing jellyfish populations:  trends in Large
Marine Ecosystems. Hydrobiologia 690: 3−20

Casini M, Cardinale M, Hjelm J (2006) Inter-annual varia-
tion in herring, Clupea harengus, and sprat, Sprattus
sprattus, condition in the central Baltic Sea:  What gives
the tune? Oikos 112: 638−650

Cauffopé G, Heymans SJJ (2005) Energy contents and con-
version factors for sea lion’s prey. In:  Guénette S, Chris-
tensen V (eds) Food web models and data for studying
fisheries and environmental impacts on Eastern Pacific
ecosystems. UBC Fish Centre Res Rep 13: 225−237, UBC
Fisheries Centre, Vancouver, BC

Christensen V, Walters CJ (2004) Ecopath with Ecosim: 
methods, capabilities and limitations. Ecol Modell 172: 
109−139

Coll M, Akoglu E, Arreguín-Sánchez F, Fulton EA, and
 others (2015) Modelling dynamic ecosystems:  venturing
beyond boundaries with the Ecopath approach. Rev Fish
Biol Fish 25: 413−424

Cooney RT, Allen JR, Bishop MA, Eslinger DL, and others
(2001) Ecosystem controls of juvenile pink salmon (Onco-
rhynchus gorbuscha) and Pacific herring (Clupea pallasi)
populations in Prince William Sound, Alaska. Fish
Oceanogr 10(Suppl 1): 1−13

Cummins P, Haigh R (2010) Ecosystem status and trends
report for North Coast and Hecate Strait ecozone. DFO
Can Sci Advis Sec Res Doc, 2010/046. Fisheries and
Oceans Canada, Ottawa 

DFO (2015) Stock assessment and management advice for
BC Pacific herring:  2015 status and 2016 forecast. DFO

159

https://doi.org/10.5751/ACE-00650-090106
https://doi.org/10.3354/meps189117
https://doi.org/10.1016/S0022-0981(00)00159-3
https://doi.org/10.1371/journal.pone.0179359
https://doi.org/10.1371/journal.pone.0053348
https://doi.org/10.1139/z02-211
https://doi.org/10.1111/fog.12073
https://doi.org/10.1016/j.tree.2016.12.003
https://doi.org/10.3354/meps233089
https://doi.org/10.1007/s10750-012-1039-7
https://doi.org/10.1111/j.0030-1299.2006.13860.x
https://doi.org/10.1016/j.ecolmodel.2003.09.003
https://doi.org/10.1007/s11160-015-9386-x
https://doi.org/10.1046/j.1054-6006.2001.00039.x


Mar Ecol Prog Ser 588: 147–161, 2018

Can Sci Advis Sec Sci Resp 2015/038. Fisheries and
Oceans Canada, Ottawa 

Di Lorenzo E, Mantua N (2016) Multi-year persistence of the
2014/15 North Pacific marine heatwave. Nat Clim Chang
6: 1042−1047

Divoky GJ, Lukacs PM, Druckenmiller ML (2015) Effects of
recent decreases in arctic sea ice on an ice-associated
marine bird. Prog Oceanogr 136: 151−161

Gende SM, Sigler MF (2006) Persistence of forage fish ‘hot
spots’ and its association with foraging Steller sea lions
(Eumetopias jubatus) in southeast Alaska. Deep Sea Res
II 53: 432−441

Gende SM, Quinn TP, Hilborn R, Hendry AP, and others
(2004) Brown bears selectively kill salmon with higher
energy content but only in habitats that facilitate choice.
Oikos 104: 518−528

Gladics AJ, Suryan RM, Parrish JK, Horton CA, and others
(2015) Environmental drivers and reproductive conse-
quences of variation in the diet of a marine predator.
J Mar Syst 146: 72−81

Gregr EJ (2004) Marine mammals in the Hecate Strait Eco-
system. Can Tech Rep Fish Aquat Sci 2503. Fisheries and
Oceans Canada, Nanaimo, BC 

Harvey HR, Pleuthner RL, Lessard EJ, Bernhardt MJ and
others (2012) Physical and biochemical properties of the
euphausiids Thysanoessa inermis, Thysanoessa raschii,
and Thysanoessa longipes in the eastern Bering Sea.
Deep-Sea Res II 65-70: 173−183

Hay DE, Rose KA, Schweigert J, Megrey BA (2008) Geo-
graphic variation in North Pacific herring populations: 
Pan-Pacific comparisons and implications for climate
change impacts. Prog Oceanogr 77: 233−240

Hedd A, Bertram DF, Ryder JL, Jones IL (2006) Effects of
interdecadal climate variability on marine trophic inter-
actions:  rhinoceros auklets and their fish prey. Mar Ecol
Prog Ser 309: 263−278

Heintz RA, Siddon EC, Farley EV, Napp JM (2013) Correla-
tion between recruitment and fall condition of age-0 pol-
lock (Theragra chalcogramma) from the eastern Bering
Sea under varying climate conditions. Deep Sea Res II
94: 150−156

Hunt GL Jr, Coyle KO, Eisner LB, Farley EV, and others
(2011) Climate impacts on eastern Bering Sea foodwebs: 
a synthesis of new data and an assessment of the oscillat-
ing control hypothesis. ICES J Mar Sci 68: 1230−1243

Jennings S, Mackinson S (2003) Abundance−body mass rela-
tionships in size-structured food webs. Ecol Lett 6: 971−974

Kumar R, Surma S, Pitcher TJ, Varkey D, and others (2016)
An ecosystem model of the ocean around Haida Gwaii,
northern British Columbia:  Ecopath, Ecosim and Eco-
space. UBC Fish Centre Res Rep 24, UBC Institute for the
Oceans and Fisheries, Vancouver, BC

Litzow MA, Piatt JF, Prichard AK, Roby DD (2002) Response
of pigeon guillemots to variable abundance of high-lipid
and low-lipid prey. Oecologia 132: 286−295

Litzow MA, Piatt JF, Abookire AA, Robards MD (2004)
Energy density and variability in abundance of pigeon
guillemot prey: support for the quality-variability trade-
off hypothesis. J Anim Ecol 73: 1149–1156

Litzow MA, Bailey KM, Prahl FG, Heintz R (2006) Climate
regime shifts and reorganization of fish communities:  the
essential fatty acid limitation hypothesis. Mar Ecol Prog
Ser 315: 1−11

McClatchie S, Field J, Thompson AR, Gerrodette T, and
 others (2016a) Food limitation of sea lion pups and the

decline of forage off central and southern California. R
Soc Open Sci 3: 150628

McClatchie S, Goericke R, Leising A, Auth TD, and others
(2016b) State of the California Current 2015-16:  Com -
parisons with the 1997-98 El Niño. CCOFI Rep 57: 1−57

Moody MF, Pitcher TJ (2010) Eulachon (Thaleichthys pacifi-
cus) past and present. UBC Fish Centre Res Rep 18, UBC
Fisheries Centre, Vancouver, BC

Moran JR, Heintz RA, Straley JR, Vollenweider JJ (in press)
(2017) Regional variation in the intensity of humpback
whale predation on Pacific herring in the Gulf of Alaska.
Deep-Sea Res II doi: 10.1016/j.dsr2.2017.07.010

Naydenko S, Khoruzhiy A (2017) Trophodynamics of nekton
communities in the epipelagic layer of the North-West
Pacific in summer and winter seasons. Izv TINRO 188: 
181−203 (In Russian)

Nichol L, Heise K (1992) The historical occurrence of large
whales off the Queen Charlotte Islands. Gwaii Haanas
National Park Reserve, Queen Charlotte, BC  

NMFS (2014) Status review of Southeast Alaska herring
(Clupea pallasi), threats evaluation and extinction risk
analysis. NMFS Office of Protected Resources, Silver
Spring, MD

Osgood GJ, Kennedy LA, Holden JJ, Hertz E, and others
(2016) Historical diets of forage fish and juvenile Pacific
salmon in the Strait of Georgia, 1966−1968. Mar Coast
Fish 8: 580−594

Österblom H, Olsson O, Blenckner T, Furness RW (2008)
Junk-food in marine ecosystems. Oikos 117: 967−977

Pauly D, Christensen V (1995) Primary production required
to sustain global fisheries. Nature 374: 255−257

Pikitch EK, Rountos KJ, Essington TE, Santora C, and others
(2012a) The global contribution of forage fish to marine
fisheries and ecosystems. Fish Fish 15: 43−64

Pikitch E, Boersma PD, Boyd IL, Conover DO, and others
(2012b) Little fish, big impact:  managing a crucial link in
ocean food webs. Lenfest Ocean Program, Washington,
DC  

Plagányi ÉE (2007) Models for an ecosystem approach to
fisheries. FAO Fish Tech Pap 477 FAO, Rome

Plagányi ÉE, Butterworth DS (2004) A critical look at the
potential of Ecopath with Ecosim to assist in practical
fisheries management. Afr J Mar Sci 26: 261−287

Rosen DA, Trites AW (2000) Pollock and the decline of
Steller sea lions:  testing the junk-food hypothesis. Can J
Zool 78: 1243−1250

Roux JP, van der Lingen CD, Gibbons MJ, Moroff NE, and
others (2013) Jellyfication of marine ecosystems as a
likely consequence of overfishing small pelagic fishes:
lessons from the Benguela. Bull Mar Sci 89: 249–284

Schweigert JF, Boldt JL, Flostrand L, Cleary JS (2010) A
review of factors limiting recovery of Pacific herring
stocks in Canada. ICES J Mar Sci 67: 1903−1913

Siddon EC, Kristiansen T, Mueter FJ, Holsman KK, and oth-
ers (2013) Spatial match-mismatch between juvenile fish
and prey provides a mechanism for recruitment variabil-
ity across contrasting climate conditions in the eastern
Bering Sea. PLOS ONE 8: e84526

Sigler MF, Gende SM, Csepp DJ (2017) Association of forag-
ing Steller sea lions with persistent prey hot spots in
southeast Alaska. Mar Ecol Prog Ser 571: 233−243

Spitz J, Jouma’a J (2013) Variability in energy density of for-
age fishes from the Bay of Biscay (north-east Atlantic
Ocean):  reliability of functional grouping based on prey
quality. J Fish Biol 82: 2147−2152

160

https://doi.org/10.1038/nclimate3082
https://doi.org/10.1016/j.pocean.2015.05.010
https://doi.org/10.1016/j.dsr2.2006.01.005
https://doi.org/10.1111/j.0030-1299.2004.12762.x
https://doi.org/10.1016/j.jmarsys.2014.06.015
https://doi.org/10.1016/j.dsr2.2012.02.007
https://doi.org/10.1016/j.pocean.2008.03.015
https://doi.org/10.3354/meps309263
https://doi.org/10.1016/j.dsr2.2013.04.006
https://doi.org/10.1093/icesjms/fsr036
https://doi.org/10.1046/j.1461-0248.2003.00529.x
https://doi.org/10.1007/s00442-002-0945-1
https://doi.org/10.1111/j.0021-8790.2004.00890.x
https://doi.org/10.3354/meps315001
https://doi.org/10.1098/rsos.150628
https://doi.org/10.1016/j.dsr2.2017.07.010
https://doi.org/10.1080/19425120.2016.1223231
https://doi.org/10.1111/j.0030-1299.2008.16501.x
https://doi.org/10.1038/374255a0
https://doi.org/10.1111/faf.12004
https://doi.org/10.2989/18142320409504061
https://doi.org/10.1139/z00-060
https://doi.org/10.5343/bms.2011.1145
https://doi.org/10.1093/icesjms/fsq134
https://doi.org/10.1371/journal.pone.0084526
https://doi.org/10.3354/meps12145
https://doi.org/10.1111/jfb.12142


Surma et al.: Energy-based ecosystem modeling of Pacific herring

Spitz J, Mourocq E, Schoen V, Ridoux V (2010) Proximate
composition and energy content of forage species from
the Bay of Biscay:  high- or low-quality food? ICES J Mar
Sci 67: 909−915

Spitz J, Trites AW, Becquet V, Brind’Amour A, Cherel Y, Ga -
lois R, Ridoux V (2012) Cost of living dictates what whales,
dolphins and porpoises eat:  the importance of prey quality
on predator foraging strategies. PLOS ONE 7: e50096

Straley JM, Moran JR, Boswell KM, Vollenweider JJ and
others (in press) (2017) Seasonal presence and potential
influence of humpback whales on wintering Pacific her-
ring populations in the Gulf of Alaska. Deep-Sea Res II
doi: 10.1016/j.dsr2.2017.08.008

Surma S, Pitcher TJ (2015) Predicting the effects of whale
population recovery on Northeast Pacific food webs
and fisheries:  an ecosystem modelling approach. Fish
Oceanogr 24: 291−305

Sydeman WJ, Piatt JF, Thompson SA, García-Reyes M, and
others (2017) Puffins reveal contrasting relationships
between forage fish and ocean climate in the North
Pacific. Fish Oceanogr 26: 379−395

Thiebot JB, Arnould JPY, Gómez-Laich A, Ito K, and others
(2017) Jellyfish and other gelata as food for four penguin
species — insights from predator-borne videos. Front
Ecol Environ 15:437–441

Tommasi D, Hunt BPV, Pakhomov EA, Mackas DL (2013)
Mesozooplankton community seasonal succession and
its drivers:  insights from a British Columbia, Canada,
fjord. J Mar Syst 115-116: 10−32

Trites AW, Donnelly CP (2003) The decline of Steller sea
lions Eumetopias jubatus in Alaska:  a review of the nutri-
tional stress hypothesis. Mammal Rev 33: 3−28

Vermeer K, Devito K (1986) Size, caloric content and asso -
ciation of prey fishes in meals of nestling rhinoceros
 auklets. The Murrelet 67: 1−9

Vollenweider J, Womble J, Heintz R (2006) Estimation of
seasonal energy content of Steller sea lion (Eumetopias
jubatus) diet. In Trites AW, Atkinson SK, DeMaster DP,
Fritz LW, Gelatt TS and others (eds) Proc Symp Sea Lions
of the World:  Conservation and Research in the 21st
 Century. Alaska Sea Grant College Program, Fairbanks,
AK, p 155−176

Vollenweider JJ, Heintz RA, Schaufler L, Bradshaw R (2011)
Seasonal cycles in whole-body proximate composition
and energy content of forage fish vary with water depth.
Mar Biol 158: 413−427

von Biela VR, Zimmerman CE, Kruse GH, Mueter FJ, and
others (2016) Influence of basin- and local-scale environ-
mental conditions on nearshore production in the North-
east Pacific Ocean. Mar Coast Fish 8: 502−521

Whyte JNC (1987) Biochemical composition and energy
content of six species of phytoplankton used in maricul-
ture of bivalves. Aquaculture 60: 231−241

Willson MF, Womble JN (2006) Vertebrate exploitation of
pulsed marine prey:  a review and the example of spawn-
ing herring. Rev Fish Biol Fish 16: 183−200

Wisniewska DM, Johnson M, Teilmann J, Rojano-Doñate L,
and others (2016) Ultra-high foraging rates of harbor por-
poises make them vulnerable to anthropogenic distur-
bance. Curr Biol 26: 1441−1446

Womble JN, Sigler MF (2006) Seasonal availability of abun-
dant, energy-rich prey influences the abundance and
diet of a marine predator, the Steller sea lion Eumetopias
jubatus. Mar Ecol Prog Ser 325: 281−293

161

Editorial responsibility: Kenneth Sherman, 
Narragansett, Rhode Island, USA 

Submitted: May 29, 2017; Accepted: November 21, 2017
Proofs received from author(s): January 23, 2018

https://doi.org/10.1093/icesjms/fsq008
https://doi.org/10.1371/journal.pone.0050096
https://doi.org/10.1016/j.dsr2.2017.08.008
https://doi.org/10.1111/fog.12109
https://doi.org/10.1111/fog.12204
https://doi.org/10.1002/fee.1529
https://doi.org/10.1016/j.jmarsys.2013.01.005
https://doi.org/10.1046/j.1365-2907.2003.00009.x
https://doi.org/10.2307/3535529
https://doi.org/10.1007/s00227-010-1569-3
https://doi.org/10.1080/19425120.2016.1194919
https://doi.org/10.1016/0044-8486(87)90290-0
https://doi.org/10.1007/s11160-006-9009-7
https://doi.org/10.1016/j.cub.2016.03.069
https://doi.org/10.3354/meps325281



