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Abstract

How predator—prey mass ratios (PPMR) vary across taxa and body sizes has long-standing, unresolved relevance to ecosystem
structure, function, and modeling. Mid-level fishes, or forage fishes, convey large amounts of trophic energy in coastal marine
ecosystems, but uncertainty in the dependence of their PPMR on predator species and size hampers ecological understanding
and model development. Late-summer (September) data (2000, 2001, and 2003) on three major zooplanktivorous forage
fishes (capelin Mallotus catervarius, eulachon Thaleichthys pacificus, and juvenile walleye pollock Gadus chalcogrammus)
in the western Gulf of Alaska, northeast Pacific Ocean, were used to determine how PPMR varied by species and body size.
Differences in species’ ability to transition across prey taxa were associated with different allometric relationships in prey
size. Transitioning across taxa allowed prey size to increase hyperallometrically resulting in negative size dependence of
PPMR for capelin and juvenile walleye pollock, both marine species. In contrast, eulachon, an anadromous species, consumed
euphausiids almost exclusively and exhibited positive size dependence of PPMR. Our findings suggest that some predator
species differ in transitioning across size-structured taxonomic groups of prey and consequently differ in their size-PPMR
relationship. They also suggest that incorporation of taxon-specific PPMR size dependency into multispecies size-based
ecosystem models will improve model realism partly because the PPMR is linked theoretically to trophic transfer efficiency.
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Introduction

How and why predator—prey mass ratios (PPMR) vary across
taxa and body sizes has long interested trophic and commu-
nity ecologists and is relevant to the development of ecosys-
tem models. Many aquatic communities are size structured
with predator body weight typically greater than prey body
weight (Sheldon et al. 1972; Platt and Denman 1977, 1978),
which is associated with aquatic predators being gape lim-
ited (e.g., Scharf et al. 2000). Long recognized (Lindeman
1942; Hutchinson 1959), this has led to a proliferation of
size-based ecosystem models, which assume that body size
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is linked to organism functional traits (e.g., metabolism,
biomass, growth) and ecosystem functions (e.g., second-
ary production, trophic transfer efficiency, biogeochemical
cycling) (Kremer et al. 2017; Kigrboe et al. 2018). In cur-
rent models, a predator’s selection of particular sized prey is
often parameterized with estimates of the PPMR held con-
stant across species (Andersen 2019) or within functional
predator groups (Reum et al. 2019). A constant PPMR has
practical utility for simplifying trophic interactions in eco-
system models, but assumptions of constancy might reduce
model realism because body size and taxonomic effects can
be significant (Naisbit et al. 2011; Nakazawa et al. 2011).
More information is needed before we can confidently gen-
eralize about size and taxonomic effects on PPMR within
communities and across systems.

The PPMR is known to vary among broad categories
of predators and prey while variation within categories is
less resolved. Significant variation in PPMR has been dem-
onstrated among consumer types, habitat and metabolic
categories (Brose et al. 2006), and among phyla- and class-
level taxonomic groups of predators and prey (Naisbit et al.
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2011). Increases in PPMR with predator size were observed
within a global dataset of mostly marine fish communities
(Barnes et al. 2010). This was re-confirmed more recently
for pelagic marine fishes whose prey size range increased
with predator size (Griffiths 2020). Maximum prey size
commonly increases with predator size in association with
allometric increases in relevant traits such as mouth gape
(e.g., Scharf et al. 2000) that allow easier acquisition of
large, energetically rewarding prey within and across taxa
(e.g., Brodeur 1998; Mazur et al. 2007). Minimum prey size
of pelagic predators, in contrast, changed little as small,
readily accessible prey were consumed by all predator sizes
to presumably help meet the metabolic demand of active
foraging in pelagic habitats (Griffiths 2020). The ready
accessibility of small prey reflects the greater abundance
(Ursin 1973; Hartvig et al. 2011; Tsai et al. 2016) and easier
catchability (e.g., lower handling time) of small organisms
relative to larger organisms (Woodward and Warren 2007).

Ideally, for ecosystem modelling, the PPMR is esti-
mated independent of prey availability (Hartvig et al. 2011;
Andersen 2019). However, unequal availability across body
sizes (i.e., size-structured prey communities), due to the
greater abundance of smaller organisms, cause predators to
consume more small prey than otherwise dictated by prefer-
ence. This unequal-abundance bias in PPMR was addressed
by Ursin (1973) who simulated equal availability by using
biomass instead of count to calculate a weighted mean prey
body size. The simulation has been widely used to estimate
the PPMR (Horbowy 1982; Dekker 1983; Bundgaard and
Sparholt 1992; Lewy and Vinther 2004; Andersen 2019).
More recently, Tsai et al. (2016) proposed another method to
examine PPMR size dependency free of unequal-abundance
bias due to differences in abundance of potential prey sizes.
Essentially, they subtract from PPMR a quantity that accounts
for differences in abundance across potential prey sizes in the
environment. The resulting deviance, they argue, is a proxy
for the PPMR of a predator foraging for prey that are equally
abundant over all sizes. Importantly, Ursin’s method estimates
PPMR (hereafter, Ursin’s PPMR) while Tsai et al.’s method
estimates a PPMR proxy (hereafter, Tsai et al.’s Proxy).

Among marine fishes, prey size and taxonomy are often
related. For example, 18 species of marine fishes consumed
various sizes of small invertebrate taxa (pandalid shrimp,
cancer crabs) and larger vertebrate taxa (fishes) (Scharf et al.
2000), and 3 species of zooplanktivorous fishes consumed
small calanoid copepods and larger Thysanoessa euphausiids
(Brodeur 1998; Wilson et al. 2006, 2009). Here, we investi-
gate variation in prey body weight allometry (i.e., PPMR)
among similar, co-occurring neritic midwater fishes that
share zooplanktonic resources, but that also exhibit niche
partitioning and dietary specialization (Wilson et al. 2006,
2009) potentially affecting specific predator size-PPMR
relationship.
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Small neritic fishes, often referred to as forage fishes,
are important in the transfer of trophic energy within many
coastal ecosystems. In the western Gulf of Alaska (GOA),
forage fishes commonly consume zooplankton (e.g., cope-
pods, euphausiids) and in turn are consumed by piscivo-
rous fishes, sea birds, and marine mammals (Aydin et al.
2007). Three forage-fish species of particular trophic promi-
nence in the GOA are capelin (Mallotus catervarius [=M.
villosus, see Mecklenburg et al. (2018)]), eulachon (Tha-
leichthys pacificus), and juvenile walleye pollock (Gadus
chalcogrammus). Capelin and eulachon are both osmerid
smelts, but eulachon undergo anadromous spawning runs in
winter—spring (Gustafson et al. 2012); pollock are a strictly
marine gadid that grows to a relatively large size (Mecklen-
burg et al. et al. 2002). The trophic energy conveyed by these
species critically supports the piscivore-dominated GOA
ecosystem (Aydin et al. 2007). Aydin et al. (2007) estimate
that 11-39% of the consumption by these species contributes
to their production and that 80-98% of their total production
is lost to mortality by predation, but they note the paucity of
empirical information on prey count and weight.

Although little is known about the comparative prey size
allometry among capelin, eulachon, and juvenile pollock,
observed differences in diet and foraging ecology indicate
the potential for differences in PPMR size dependency.
These are primarily particulate feeders that acquire zoo-
plankton in the neritic midwater (Wilson et al. 2006, 2009),
which is a 3-dimensional environment where PPMR is par-
ticularly relevant to feeding success (Giacomini et al. 2013).
Over similar predator size ranges, the diets of capelin and
juvenile pollock transitioned from small-sized taxa, mostly
copepods, to large-sized taxa, mostly euphausiids, but with
greater taxonomic diversity exhibited by juvenile pollock
in association with a less-streamlined body, implying lower
foraging activity, and nocturnal versus crepuscular foraging
chronology (Wilson et al. 2006); in contrast, eulachon of
all observed sizes fed almost exclusively on euphausiids,
the dietary specialization apparently associated with large
palatine and vomerine caniniform teeth (Wilson et al. 2009).
These predator specific differences in morphology and feed-
ing behavior were associated with differences in the preda-
tor—euphausiid body size relationship (Wilson et al. 2009).
For particulate foragers, predator behavior and morphology
interact with prey conspicuousness and catchability, often
associated with taxonomy, to affect predator selectivity of
prey size and taxa (Lazzaro 1987).

Our goal was to learn how taxonomy, body size, and
quantitative method affect PPMR for 3 prominent forage
fishes in the GOA. Our first objective focused on how counts
and body weights of prey taxa might differently vary among
individual capelin, eulachon, and juvenile walleye pollock.
These prey attributes (count, body weight, and taxonomy)
are typically combined in the PPMR denominator, but we
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wanted to examine them separately to better understand
how each contributes to the variation in PPMR with preda-
tor size. Our first hypothesis was that predator size-related
increases in prey count would be greater for large-sized taxa
than for small-sized taxa because for pelagic predators the
maximum prey size increases more with predator size than
does the minimum prey size (Griffiths 2020). Our second
hypothesis was that predator size-related increases in prey
body weight would be lower within than across prey taxo-
nomic groups due to a positive predator—prey body weight
relationship (Griffiths 2020) and size-structured taxonomic
groups of prey (Brodeur 1998; Wilson et al. 2006, 2009).
The implication being that the degree to which predators
transition across prey taxa could be a mechanism for preda-
tor size—PPMR relationship specificity. Our second objec-
tive focused on the predator size dependency of PPMR esti-
mated for individual predators using Ursin’s PPMR and Tsai
et al.’s Proxy. These methods have not yet been compared;
however, both were designed to address the unequal-abun-
dance bias. Therefore, we expect Ursin’s PPMR and Tsai
et al.’s Proxy to similarly exhibit differences in the predator
size—PPMR relationship among predator species assuming
that previously observed differences in diet and foraging
ecology of co-occurring individuals reflect differences in
prey preference.

Materials and methods

EcoFOCI data

The Ecosystems and Fisheries—Oceanography Coordinated
Investigations Program (EcoFOCI) collects data on nektonic
forage fishes and zooplankton to study fishery relevant eco-
system processes (Kendall et al. 1996; McClatchie et al.
2014). For this study, we selected data from collection sites
situated adjacent to the Alaska Peninsula over the conti-
nental shelf southwest of Kodiak Island between the She-
likof sea valley and the Shumagin Islands (Fig. 1, Table 1).
Sampling occurred during September 2000, 2001, and 2003
across four hydrographic regions subsequently defined by
water temperature, salinity, and model-based estimates of
net current velocity (Wilson 2009; Wilson et al. 2009).
Specific sampling locations (sites) were predetermined and
sited to approximate a grid while allowing for navigational
hazards and representation of bathymetry and topographic
features (e.g., Semidi Islands, sea valleys, banks). Sites were
sampled once or twice by trawling. When sampled twice,
one trawl haul (hereafter haul) was conducted during the
day (1600-0530 h GMT) and another at night (0600—1500 h
GMT) within 24 h. Thus, the sampling design was year
crossed with region, and haul nested within site.

Briefly, depth-integrated fish samples were collected
using a small-mesh midwater trawl (Table 1). Fish collected
in each haul were sorted at sea, enumerated, and samples of
select groups were frozen for subsequent analysis of food
habits. One species, walleye pollock (hereafter, pollock),
exhibited clear delineation of age groups by body size (Bro-
deur and Wilson 1996) and so was sorted at sea into age 0
(<120 mm standard length, SL) and older (hereafter, age 1)
individuals (> 130 mm SL) by nonoverlapping body length
ranges. Based on the abundance in hauls (Wilson 2009), we
selected four groups for analysis: (1) capelin, (2) eulachon,
(3) pollock age 0, and (4) pollock age 1.

Predator stomach contents were examined in the labora-
tory as described by Wilson et al. (2009). Briefly, preda-
tors were thawed, blotted dry and weighed individually to
the nearest 0.001 g. Body weight ranged from 1.3to 17 g
for capelin, 1.2 to 89 g for eulachon, and 0.4 to 164 g for
pollock. Prey from predator stomachs were sorted into ten
coarse taxonomic groups by digestion state, a subjective
assessment of apparent tissue loss, following Wilson et al.
(2009). Lightly digested prey had skeleton intact with low
to no soft tissue damage or loss. Highly digested prey had
incomplete skeleton with high soft tissue damage and loss.
Prey in each taxon-digestion group were collectively blot-
ted dry, counted, and weighed to the nearest 0.01 mg. Mean
individual prey body weight was estimated as the collective
weight divided by count. We used predator data from hauls
that were paired with samples of zooplankton. While the
present study does not focus directly on the zooplankton
data, it was an important consideration in the methods used
to estimate PPMR. Zooplankton samples were collected with
a 1-m? Tucker trawl as described by Wilson et al. (2009).

Data analysis

Prey group-specific ratio estimators (Cochran 1977) were
applied to highly digested prey body weights to reduce
digestion bias. The estimators were calculated by averag-
ing mean individual prey body weight by prey group and
digestion category across all predators, and expressed as the
ratio of lightly:highly digested prey (Table 2). The ratios
were applied if > 1, assuming digestion reduced mean prey
body size, to increase the mean body weight of highly
digested items recovered from each predator stomach. Over-
all, adjusted body weights of 113,044 highly digested prey
were combined with 34,817 lightly digested prey to give
147,861 prey recovered from 3414 predator stomachs. The
overall dataset was used to estimate prey count and mean
body weight for each of the 10 prey taxonomic groups and
for each predator. Based on Table 2, we refer to the 10 prey
taxonomic groups hereafter either by name or by relative
mean individual body weight (e.g., copepods were small-
sized prey, euphausiids were large-sized prey). All statistical
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Fig.1 Map of ocean currents (inset, from Reed and Schumacher
(1986)) and 38 sites across 4 hydrographic regions (thick lines) in
the Gulf of Alaska where sampling was conducted during September

analyses were conducted in the R computing environment
using R version 3.6.1 (R Core Team 2019).

In our analyses, we did not pool the two pollock size
groups due to the size gap between them. Our concern was
that previously observed differences in dietary transition
between them (Wilson et al. 2009) would be obscured if
regressions were forced to fit groups separated by a gap

@ Springer

2000, 2001, and 2003 to collect fish and zooplankton. Regions: north-
east inner shelf, NEin; northeast mid-shelf, NEmid; southwest inner
shelf, SWin; southwest mid-shelf, SWmid

in body size. We acknowledge that by not pooling, the
reduced range in predator body size within each group
limited statistical detection ability. This was, in our opin-
ion, an acceptable compromise in our attempt to resolve as
finely as possible the effect of predator body size on prey
count, size, and PPMR.
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Table 1 Number of {nidV&{ater Sampling design Total no.  Predator body weight means (standard error)
trawl hauls at collection sites
by year and region (Fig. 1) in predators Capelin Eulachon Walleye pollock
the western Gulf of Alaska, and - -
the number and body weight Year Region Sites Hauls Age-0 Age-1
gzlfgf;:gffsrz d”;:giﬂ;f;ge 2000 NEin 6 12 323 404 (051) 4275(5.03) 5.04(0.16) 50.48 (1.47)
predator—prey mass ratios NEmid 6 10 275 6.72 (1.75) 23.50(2.36) 3.52(0.14) 50.25(1.54)
SWin 12 18 309 3.17(0.16) 11.32(5.17) 2.73(0.08) -
SWmid 10 18 370 2.95(0.52) 9.64 (2.15)  1.99 (0.05) 43.18 (2.02)
2001  NEin 5 10 344 4.84(0.43) 41.46(2.21) 5.61(0.16) 67.72(2.76)
NEmid 6 9 164 - 23.19(2.01) 4.93(0.25) 93.96 (3.71)
SWin 13 20 378 3.86(0.26) 20.61 (4.49) 3.66(0.10) 71.25(4.10)
SWmid 12 19 374 490(0.31) 21.17(2.39) 2.59(0.07) 51.56(5.15)
2003 NEin 6 11 297 4.48(0.32) 28.00(3.73) 4.28(0.12) 68.88 (5.83)
NEmid 6 8 107 5.04(0.52) 20.67 (295 2.73(0.10) -
SWin 9 16 242 3.81(0.20) 11.07 (4.96) 3.38(0.10) -
SWmid 8 12 231 440 (0.27) 20.90(2.34) 2.42(0.06) -
Table2 Body weight (mg) Lightly digested Highly digested
ratios and statistics (count,
mean, standard deviation) for Prey Count Mean SD Count Mean SD Ratio
each of 10 taxonomic prey
groups represented in the Appendicularia 3692 0.080 0.138 24,786 0.069 0.097 1.15
contents of 3414 predator Pteropod 3403 0.213 0.239 8085 0.229 0.357 0.93
stomachs Copepod 23,135 0.458 0747 66,170 0.254 0323 1.80
Amphipod 455 2.866 4.611 845 1.606 2.571 1.78
Crab 345 5.443 2.320 889 2.805 2.058 1.94
Chaetognath 44 6.507 2.480 702 2.939 3.097 2.21
Mysid 9 9.021 5.351 7 5.120 6.560 1.76
Euphausiid 3682 26.101 26.569 11,341 10.983 11.474 2.38
Shrimp 42 79.245 126.183 46 25.113 41.436 3.16
Fish 10 1059.194 980.780 173 107.993 249.419 9.81
Ratio =lightly:highly digested prey weight means
Prey count and body weight the intercept. We excluded all c,,,,,= 0 because the under-

For prey count, our expectation was that as predator size
increased the count of large-sized taxa (e.g., euphausiids)
would increase more than counts of small-sized taxa (e.g.,
copepods). This was examined separately for each preda-
tor and prey group using least-squares linear regression (/m
function, stats package) to estimate the functional relation-
ship between prey count and predator body weight:

In (cqmyd) = Py + B, In(m) + p,year + pydiel + p,year : diel + € gmyd>

where ln(cqmyd) denotes the log, count of prey predator™!
for prey group ¢ in predators within the body weight class
with midpoint In m that were collected during year y and
diel period d. Ln body weight class midpoint interval was
0.1. Year, diel period (day, night), and their interaction,
year:diel, were included to account for possible effects on

lying cause might have been insufficient sample size. The
model was fitted separately to each predator—prey group
combination. Regression residuals appeared normally dis-
tributed after In transformation. Terms in the models were
evaluated using Type III sum of squares (Anova function,
car package) and sum-to-zero contrasts (Fox and Weisberg
2019).

For prey body weight, our expectation was that predator
size-related increases in prey body weight would be lower
within groups than across prey groups. This was addressed
by comparing predator—prey body weight relationships
within each predator and prey group to the relationship for
each predator group across all prey groups. Slopes were
expected to be lower within groups than for all groups com-
bined. We used linear mixed-effects models to estimate the
functional relationship between predator and prey body size
(Imer function, ImerTest package):

@ Springer
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In (qush) =py+ B In (m,) + Byyear; + by, + by + €45

where In(w,,;,) denotes In mean body weight of prey group
g in predator i with In body weight m;. Year was included to
account for possible interannual differences in the intercept.
Data groups were defined by the random effects of sample
nested within site (b;,;,) and of site (b,;;). The model was fit-
ted using reduced maximum likelihood estimation. Residual
plots were visually inspected to evaluate homoscedasticity
and normality.

For groups combined, we used a linear mixed-effects
model to examine the predator—prey body weight relation-
ship while accounting for sampling design (Imer function,
ImerTest package). The relationship was allowed to vary
among predator groups, but not among sampling-design
levels due to a paucity of within-level observations:

In(w,g,) =fy + f; In (m,) + p,predGrp;
+ p5In(m;) : predGrp;
+ f,year; + Psregion;

+ Peyear; : region; + by, + by + £,

The response variable, In(w,,,), denotes In mean body
weight (i.e., prey weight / prey count) of prey in predator
i with In body weight m;. The terms In(m;) and predGrp
denote the In body weight and group (capelin, eulachon,
age-0 and age-1 walleye pollock), respectively, of predator i.
The interaction term, In(m;):predGrp, allowed size depend-
ency to vary among predator groups. To account for the sam-
pling design (Table 1), year and region were crossed and
included as fixed effects to allow greater precision in esti-
mating the variance of effects with few levels; data groups
were defined by the random effects of haul nested within
site (b,;,;,) and site (b,;,). Accounting for sample grouping is
similar to the site-by-site analysis of Nakazawa et al. (2011)
except that here it is incorporated into the statistical model.
The model was fitted using reduced maximum likelihood
estimation. Residual plots were visually inspected to evalu-
ate assumptions of homoscedasticity and normality. Model
terms were evaluated statistically using Type III analysis
of variance with Satterthwaite’s method (anova function,
stats package). Predictor estimate significance (p <0.05)
was computed using the Kenward-Roger degrees of freedom
approximation and conditional F tests (tab_model function,
sjPlot package). Hereafter, we refer to this as the taxon-
integrated model.

Predator-prey mass ratio (PPMR)
We used Ursin’s PPMR and Tsai et al.’s Proxy to test our

hypotheses that PPMR would differ among predator groups.
Ursin’s PPMR (Ursin 1973) simulates equal availability by

@ Springer

using prey biomass as a weight when averaging In-trans-
formed PPMR across predators and prey size classes. The
assumption is that prey is equally available in terms of bio-
mass within communities where organism biomass does not
change across body weight classes. We found support for
the assumption from an examination of the abundance—body
weight relationship using estimates of zooplankton and
predator abundance from the Tucker and midwater-trawl
samples, respectively, and body weight estimates from the
predator diet data (Online Resource 1). We therefore applied
Ursin’s method of using a biomass-weighted PPMR to esti-
mate PPMR for each predator:

z (n(3 )W)
xew,

where m; is body weight of the ith predator, and w,; and
W,; are the mean individual body weight and total weight,
respectively, of the gth of Q possible prey groups (i.e., ten)
in predator i.

The second method, from Tsai et al. (2016), was devel-
oped to examine size dependency of the PPMR among
predators. They define the environmental PPMR (PPMRe)
for predator i:

In (PPMR;) =

o
PPMRe; = E —’eqi,
w
q

where m; is the body weight of predator i, w, is the mean
individual body weight of prey group g, and e, is the pro-
portional abundance of prey group g in the environment dur-
ing the year when predator i was collected. They propose
that the size dependency of PPMR is equivalent to the size
dependency of the difference between log,,(PPMRe) and
log,o(PPMR), their equations:

PPMR, = log,, PPMR, — log,, PPMRe,

o o
PPMR; = log,, Z W—ql)qi —logy, Z w_qeqi >
where p,; is proportional abundance of prey group g in
predator i. Importantly, predator body weight, m;, can be

removed by simplification:

2 pqi 2 eqi
PPMR; = log, ZW— —log ZW— .

q q

For predators with equal access to the same prey field,
such as those collected together in the same haul, we can
assume a common PPMRe. Thus, testing for PPMR size
dependency among predators collected in the same haul
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(h) is equivalent to testing the null hypothesis f; = 0 in the
relationship

0
Pgin
log <Z WL> = Py + By logo(myy),

qih

where p,;, and w;, are proportional abundance and mean
individual body weight, respectively, of prey group g in
predator i from haul £, and m;, is the body weight of preda-
tor i from haul 4. For a more direct comparison with Ursin’s
method, we used base e rather than base 10 logarithm. Our
assumption that all predators from haul . had equal access
to the same prey field was compatible with the need for our
statistical model to account for grouping effects imposed by
the sampling design.

The taxon-integrated model described above was used
to test for predator group and body size effects on Ursin’s
PPMR and then on Tsai et al.’s Proxy, which were the
dependent variables. For Ursin’s PPMR, each ith observa-
tion was weighted by the total weight of prey from preda-
tor i. The full model was compared to subsets first without
the predator group-body weight interaction and then also
without predator body weight using Akaike Information
Criterion (AIC) (AIC function, stats package) and analy-
sis of variance (anova function, stats package) to select
the best model. Models were fitted using maximum likeli-
hood estimation. Residual plots were visually inspected to
assess assumptions of homoscedasticity and normality. The
best model was then fitted using reduced maximum likeli-
hood. Model terms were evaluated using Type III analysis
of variance with Satterthwaite’s method (anova function,
stats package). Predictor estimate significance (p <0.05)
was computed using the Kenward—Roger degrees of freedom
approximation and conditional F tests (tab_model function,
sjPlot package). If the interaction term, In(m,):predGrp, was
significant (p <0.05), differences among predator groups
were evaluated using post hoc Tukey’s tests (emmeans func-
tion, emmeans package).

Results
Prey count and body weight

As predator body weight increased, prey count predator™!
tended to decrease for prey groups with small mean body
size and increase for prey taxa with larger body sizes
(Table 2, Fig. 2). The relationship between prey count and
predator size was significant (ANOVA, P <0.05) for 15
predator—prey group combinations (Online Resource 2).
Among these relationships, the prey groups that decreased
in count as predator size increased were appendicularians,
pteropods, and copepods, all relatively small prey (Table 2),

55] @ pollock
Prey groups
35 —~Appendicularia
Pteropod
Copepod
1.5 Amphipod
Crab
Chaetognath
05 ~Mysid
—~-Euphausiid
—~-Shrimp
25 ~Fish
-4.5
55| b capelin
—_ 3.5 .. .
T . .
L
L 15
e
o
@05 :
o U
c 8 *e
-2.5 .
-4.5
55{ C eulachon
35
»
15
'-05 % e
-2.5
4.5

-1 0 1 2 3 4 5
In(predator body wt)

Fig.2 Prey count by predator body weight class and prey group for
walleye pollock (a), capelin (b), and eulachon (c). Lines represent
significant functional relationships (see Online Resource 2 for analy-
sis of variance and regression parameters). Symbol color (purple to
black) indicates low-to-high rank order of mean prey body weight
(Table 2)

and chaetognaths. Prey groups that increased in count with
predator size were amphipods, crabs, euphausiids, and fish,
all relatively mid-size or larger prey (Table 2), and copep-
ods consumed by age-1 pollock. For capelin and juvenile
pollock, the decrease in small-sized prey counts was com-
mensurate with larger-sized prey counts with no apparent
increase in total prey count with predator size (Fig. 2).
Among eulachon, euphausiids was the only prey group
where counts related to predator body size.

Taxon-specific prey body weight increased with preda-
tor body weight for ten predator—prey group combinations
based on 8085 total combinations (Fig. 3). All significant
relationships had positive slopes (Online Resource 3). Most
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relationships involved pteropods, copepods, or euphausi-
ids. Among eulachon, euphausiids was the only prey group
where prey body size related to predator body size.

Given the above taxon-specific patterns, it was not sur-
prising that taxon-integrated prey body weights increased
with predator body weight (Fig. 4). The predator—prey
body weight relationship significantly varied among preda-
tor groups as indicated by significance of the interaction
term, In(m;):predGrp (ANOVA, P <0.001, Table 3). The
model explained 56% (conditional R?) of the variation in
prey body weight after accounting for the random effects of

15{ @ pollock
Prey groups
0.5 ~Appendicularia
Pteropod
-2.5 Copepod
Amphipod
4.5 Crab
Chaetognath
65 ~Mysid
—~-Euphausiid
85 ~-Shrimp
105 —~Fish
-12.5

25

-4.5

6.5

In(prey body wt)

-85

-10.5

-12.5

154 € eulachon
05
25

-4.5

-6.5

-85

-12.5

-1 0 1 2 3 4 5
In(predator body wt)

Fig.3 Body weight of prey and predator by prey group for walleye
pollock (a), capelin (b), and eulachon (c) from the Gulf of Alaska
during September 2000, 2001, and 2003. Thin solid lines repre-
sent significant functional relationships (see Online Resource 3 for
analysis of variance and regression parameters). Symbol color (pur-
ple to black) indicates low-to-high rank order of prey body weight
(Table 2). Thick dashed line represents the taxon-integrated model of
mean prey body weight (Table 4)
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haul:site and site (Table 4). Residuals were reasonably well
distributed (Fig. 4). The predator group effect on regression
slope differed significantly from zero for all but age-1 pol-
lock. Eulachon had the flattest slope (1.089 — 0.759=0.33,
Table 4), which was similar to the euphausiid-only slope due
to the relative paucity of other prey groups. For all predator
groups, prey body weight increased more steeply with preda-
tor size when prey groups were integrated rather than sepa-
rated due to the complementary effect of transitioning across
prey taxa (Fig. 3); however, this was least pronounced for
eulachon because they consumed relatively few prey groups.

Predator-prey mass ratio

Size dependency varied by predator group for Ursin’s PPMR
and for Tsai et al.’s Proxy. For each method, the full model
was deemed best because elimination of either the covariate,
In(m;), its interaction with predator group, In(m,):predGrp;,
or both significantly increased AIC (ANOVA, P <0.001).
For Ursin’s PPMR, size dependency varied by predator
group (Table 3). The greatest disparity in size dependence
was between eulachon and the other predator groups as
indicated by predictor estimates and confidence intervals
(Table 5). Size dependency was strongly positive for eula-
chon, negative for capelin and age-0 pollock, and absent
(i.e., slope not significantly different from 0, Table 5) for
age-1 pollock, respectively (Fig. 5). The absence of size
dependency is equivalent to isometric changes in prey
size. The residual bubble plot shows that the prey weights
used to weight each observation were highest for the larg-
est predators and the lowest PPMR (Fig. 5). Note that the
largest prey weights were indicative of increased piscivory
among larger age-1 pollock. The grouping structure of the
population (random effects) explained 86% of the vari-
ance indicating high similarity among individuals within
hauls (intraclass correlation: haul:site =0.67, site=0.19);
thus, the conditional R?=0.89 was much greater than the
marginal R?=0.23 (Table 5). Post hoc tests detected sig-
nificant pairwise differences (Tukey, P <0.002) between
all pairwise combinations except capelin and age-1 pol-
lock (Tukey, t=—-1.92, df =341.5, P=0.22). Estimated
marginal means at In(w;) =1.65 were 4.1 +0.25 standard
error, df=31; 5.2+0.18, df =31; 5.7+ 0.20, df =42; and
6.2+0.31, df =246, respectively, for eulachon, age-0 pol-
lock, capelin, and age-1 pollock.

The size dependency of Tsai et al.’s Proxy also varied
by predator group; however, the Proxy did not increase
with body weight for any predator group. All predictor esti-
mates except for age-1 pollock were significant (Table 5)
and all slopes were negative (Fig. 5). The grouping struc-
ture of the population explained only 23% of the variance
indicating low similarity among individuals within hauls
(intraclass correlation: haul:site=0.15, site=0.08); thus,
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Fig.4 The relationship between taxon-integrated body weight of prey full data range to aid visibility) and conditional raw residuals (b).
and the body weight of predators by group (age-0 pollock, age-1 pol- Predators were collected in the western Gulf of Alaska, September
lock, capelin, and eulachon) from the linear mixed-effects model (a 2000, 2001, and 2003

lines represent regression parameters by group and extend across the

Table 3 Analysis of variance

. Sum Sq Mean Sq Degrees of Freedom F P

of taxon-integrated prey body -

weight, In(Prey body weight), Num Den

In(Ursin’s predator—prey mass

ratio, PPMR), and Tsai et al.’s In(Prey body weight)

Proxy in relation to predator In(m,) 436.44 436.44 1 3379.7 195.91 <0.001

body weight, In(m;), among four predGrp 316.37 105.46 3 33732 4734 <0.001

f;;‘;ﬁ;f’;ﬁ;iifﬁzgfgdGrp' In(m,):predGrp 221.65 73.88 3 3369.1 33.17 <0.001

pollock, and age-1 pollock) year 6.22 3.11 2 115.9 1.40 0.252

collected in the western Gulf of region 0.48 0.16 3 29.7 0.07 0.974

Alaska during September 2000, year:region 88.43 14.74 6 112.3 6.62 <0.001

2001, and 2003 In(Ursin’s PPMR)
In(m;) 0.63 0.63 1 3375.5 1.86 0.172
predGrp 39.19 13.06 3 3353.2 38.41 <0.001
In(m,):predGrp 59.39 19.80 3 3365.5 58.21 <0.001
year 3.14 1.57 2 96.6 4.61 0.012
region 0.13 0.04 3 19.1 0.13 0.942
year:region 6.16 1.03 6 95.7 3.02 0.010

Tsai et al.’s Proxy

In(m;) 318.86 318.86 1 3390.6 127.14 <0.001
predGrp 394.06 131.35 3 3384.2 52.37 <0.001
In(m;):predGrp 88.56 29.52 3 3381.5 11.77 <0.001
year 1.79 0.89 2 120.8 0.36 0.701
region 2.55 0.85 3 29.3 0.34 0.797
year:region 114.43 19.07 6 116.1 7.60 <0.001

the conditional R>=0.53 and the marginal R*>=0.38 were Discussion

similar (Table 5). Post hoc tests detected significant pairwise

differences (Tukey, P <0.004) between all predator groups  These findings largely support our hypotheses on preda-

except age 0 and age 1 pollock (Tukey, r=—1.17,df=3374,  tor size-related changes in diet and PPMR. First, dietary

P=0.64). transition with increasing predator size was due to greater
increase in counts of large-sized prey (e.g., euphausiids)

@ Springer
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Table 4 Regression estimates, including 95% confidence interval
(CI) and P value, and random effects variance from the fitted, taxon-
integrated model of prey body weight and body weight (In[m;]) of
four groups of predators (capelin, age-O pollock, age-1 pollock, and
eulachon) collected in the western Gulf of Alaska during September
2000, 2001, and 2003

Predictors In(Prey body weight)

Estimate CI P
intercept —-7403 -7927t0-6.879 <0.001
In(m;) 1.089 0.937-1.242 <0.001
capelin -1.019 -1.6181t0—0.420 0.001
pollock age-0 -0.794 —1.2591t0 —-0.329 0.001
pollock age-1 —-0.697 —1.945-0.551 0.273
eulachon 2.510 1.923-3.098 <0.001
In(my):capelin 0.506 0.201-0.812 0.001
In(m;):pollock age-0 0.310 0.132-0.487 0.001
In(my):pollock age-1 —-0.057 —0.380-0.265 0.727
In(m;):eulachon —-0.759 —-0.950t0 —0.567 <0.001
Random effects (variance)

¢’ 2.228
T00 haul:site 0.548
Too site 0.369
Intraclass correlation
haul:site 0.175
site 0.118
Marginal R 0.377
Conditional R? 0.558

For brevity, statistics for year and region predictors are omitted. Num-
ber of observations was 3414 grouped into 163 haul:sites and 38 sites

than small-sized prey, which decreased with predator size
for some taxa (e.g., copepods). Second, prey size increased
with predator size more for prey taxa combined than sepa-
rated indicating that the degree to which predators tran-
sition across prey taxa is relevant to the PPMR. Third,
Ursin’s PPMR and Tsai et al.’s Proxy exhibited similar
relative differences in size dependency among preda-
tor groups with eulachon having the most-positive and
least-negative slope, respectively; however, in contrast
to Ursin’s PPMR, all slopes for Tsai et al.’s Proxy were
negative. Eulachon, regardless of size, fed primarily on
euphausiids and therefore did not exhibit the size-related
increase in relative prey size exhibited by other predators
that transitioned across taxa. Overall, our findings caution
against using PPMR as a community-level parameter and
we also note that the method used to assess PPMR size
dependency warrants careful consideration.

Prey count and body weight

We attribute the observed count-based diet transitions
and changes in prey body weight to predator selectivity

@ Springer

of prey sizes because large-sized prey counts increased
commensurate with decreasing counts of small-sized prey.
Dietary transitions can relate to size-related changes in
behavior, feeding apparati, and morphology (McCormick
1998; Winkler et al. 2017). For age-0 walleye pollock, the
transition to a more euphausiid-dominated diet appears
to coincide approximately with behavioral transition from
diurnal to nocturnal feeding (Merati and Brodeur 1996;
Brodeur 1998; Wilson et al. 2006). Euphausiids may
be more available at night when they ascend from near
the seafloor to higher in the water column (Merati and
Brodeur 1996; Brodeur 1998). Increases in age-0 mouth
gape width appear to be hyperallometric (Sogard and Olla
1994), which could motivate larger pollock to search for
and reside in areas where large, energy-rich euphausiids
are abundant (Wilson 2009; Wilson et al. 2009), subse-
quent maintenance of isometric changes in prey size likely
require greater proportional consumption of euphausiids
and fish. This was supported by the increased incidence of
piscivory among the largest age-1 pollock. In fact, larger
pollock in the GOA consume increasing amounts of fishes
and shrimps, which could support an isometric increase
in prey size; however, euphausiids continue to be a major
dietary item (Aydin et al. 2007; Urban 2012), which might
result in hypoallometric increase in prey size.

The observed difference in prey count and body size
between eulachon and capelin or pollock can be explained
in part by differences in the evolutionary constraint on diet
diversity. Eulachon diets were more dominated by a single
prey taxon (euphausiids) than were those of capelin or pol-
lock (Wilson et al. 2009). This was most apparent at small
predator sizes by the relative dominance of euphausiids
in small eulachon diets, which reflects their effectiveness
in capturing large euphausiids and may be competitively
advantageous by allowing earlier access to the resource
than potential competitors. Early access might be facili-
tated mechanically by a large mouth (Willson et al. 2006)
equipped with large palatine and vomerine caniniform teeth
(Mecklenburg et al. 2002). Acquisition of large, energy-rich
euphausiids (Mazur et al. 2007) during seasonal declines
in availability may be critical in provisioning for spawning
migrations into coastal streams (Gustafson et al. 2012). The
euphausiid-centric diet of eulachon can explain their spa-
tial affiliation with euphausiid abundance (Wilson 2009).
Interestingly, hypoallometric changes in prey size were also
reported for cod (Gadus morhua) (Floeter and Temming
2003), whiting (Merlangius merlangus), and gray gurnard
(Eutrigla gurnadus) (Floeter and Temming 2005); however,
these results might reflect exclusion of all prey groups except
fish. Similarly, body size within prey groups was hypoal-
lometric for capelin and pollock; however, when integrated
across prey groups the relationship was hyperallometric due
to dietary transition across prey groups.
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Table 5 Regression estimates,
including 95% confidence

In(Ursin’s PPMR)

In(Tsai et al.’s Proxy)

intervals (CI) and P values, Predictors Estimate CI P Estimate CI P
and random effects variance
from the fitted, taxon-integrated intercept 5.136 4.656-5.615 <0.001 8.220 7.686-8.754 <0.001
model of Ursin’s (1973) PPMR In(m;) 0.104  —0.042-0.250 0.156 —0.928 —1.089 to —0.766 <0.001
or Tsai et al.’s Proxy for four capelin 0983  0.357-1.609 0.004  0.661 0.028-1.293 0.041
groups of predators (capelin,
age-0 pollock, age-1 pollock, pollock age-0 1.400 1.006-1.794 <0.001 0.580 0.088-1.072 0.021
and eulachon) with predator pollock age-1 0.941 0.260-1.622 0.007 1.845 0.525-3.166 0.006
body yveight, In(my), as the eulachon —3.324 —3.953t0 —2.695 <0.001 —-3.086 —3.709--2.464  <0.001
covariate In(m,):capelin —-0.361 —0.703t0 —0.019 0.039 —0.586 —0.909 to —0.264 <0.001
In(m,):pollock age-0 —0.890 —1.091 to —0.688 <0.001 0.192 0.004-0.380 0.045
In(m,):pollock age-1 —0.006 —0.206-0.194 0954 -0.196 —0.537-0.145 0.260
In(m;):eulachon 1.257 1.045-1.468 <0.001 0.590 0.387-0.793 <0.001
Random effects (variance)
¢’ 0.340 2.508
T00 haul:site 1.649 0.477
Too site 0.484 0.266
Intraclass correlation
haul:site 0.668 0.147
site 0.194 0.082
Marginal R 0.228 0.367
Conditional R 0.894 0.531

For brevity, statistics for year and region predictors are omitted. Data were from 3414 predators collected
in 163 trawl hauls at 38 sites located on the western Gulf of Alaska and sampled during September 2000,

2001, and 2003

Field-based stomach-content data are influenced by
prey traits other than size and abundance, and by environ-
mental effects on the prey field. Prey crypsis, behavior,
and shape (e.g., spines) affect defense against predation
hence availability to predators (Brodie and Brodie 1999).
Once consumed, differences in digestibility among prey
types can affect duration and detection in stomach remains.
Digestion-related bias in prey taxon-specific size and
count is difficult to correct. We attempted to reduce the
digestion-related bias in prey body weight by applying an
empirically derived correction factor. Encouragingly, the
corrected size estimates for euphausiids, the main prey
of these predators (Wilson et al. 2009), were similar to
the size of euphausiids collected directly from the GOA
during late summer (Mazur et al. 2007; Pinchuk and Hop-
croft 2007). Finally, environmental effects on prey avail-
ability can arise from spatial and temporal heterogeneity
in physical and chemical conditions (Wilson 2009) and
motivate behaviorally adaptive movement by predators
(Nathan et al. 2008). Clearly, data collected from hauls
and predator stomachs integrate over space and time, but
additional environmental influence was constrained by our
use of mixed-effects models to account for the spatial and
temporal structure within the data.

Predator-prey mass ratio

Our results were consistent with previous body size and tax-
onomic effects on the PPMR and provide additional detail on
how specific differences arise among closely associated ver-
tebrate ectotherms foraging in marine habitats. For marine
vertebrate ectotherms, Brose et al. (2006) estimated a geo-
metric mean PPMR of 372 (10>%7). This was encompassed
by our estimates of the geometric mean of Ursin’s PPMR
(back-transformed marginal means) for eulachon (e*90=58),
age-0 pollock (189), capelin (296), and age-1 pollock (513).
In absolute terms, prey size commonly increases with preda-
tor size (Barnes et al. 2010; Naisbit et al. 2011; Nakazawa
et al. 2011). However, in relative terms, Brose et al. (2006)
reported that the proportional increase in body size among
prey was generally lower than among predators. A lower
proportional increase in prey body size (slope < 1, hypoal-
lometric) results in a positive PPMR-body size relation-
ship (slope > 0); mathematically, 1 minus the slope of the
PPMR-body size relationship estimates the allometric coef-
ficient for prey size (i.e., the slope of the log—log preda-
tor—prey body weight relationship), and vice versa. Thus, the
positive PPMR-body size relationship reported by Barnes
et al. (2010) is consistent with an overall hypoallometric
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Fig.5 Predator—prey mass ratio (PPMR) size dependency (a, b) and
residuals (¢, d) from models fitted to Ursin’s PPMR (a, ¢) and Tsai
et al.’s Proxy (b, d) with lines representing fitted parameter esti-
mates (Table 5) by predator group: age-0 and age-1 walleye pollock,

change in prey size. However, significant variation in prey
size allometry has been associated with taxonomic (Naisbit
et al. 2011), habitat (Griffiths 2020), and metabolic catego-
ries (Brose et al. 2006). Here, we demonstrated significant
variation among closely associated fishes that can at least
partly be attributed to differences in functional morphology
relevant to prey acquisition.

Field-based estimates of PPMR from stomach-content
data are affected by unequal abundance of potential prey.
Ursin (1973) addressed unequal abundance by assum-
ing constant prey biomass across prey size classes. This
assumption might not have been appropriate over the size
range of prey that we examined. From our predator stom-
ach content data, prey abundance decreased across body
size classes whereas prey biomass increased (Fig. 6). This
could reflect secondary doming structure within size spec-
tra (Rossberg et al. 2019) and size-related changes in zoo-
plankton biomass (Rodriguez and Mullin 1986). Error in the
underlying assumption of prey availability might be more
concerning for absolute estimates of PPMR than for relative
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capelin, and eulachon. Predators were collected in the western Gulf
of Alaska during September 2000, 2001, and 2003. Symbol size of
Ursin’s PPMR residuals is scaled to prey weight

estimates among predators that share a common resource.
If the underlying assumption of availability was incorrect,
it was equally incorrect for all predators. That could explain
why we observed the same specific differences in prey size
allometry for abundance-weighted and for biomass-weighted
mean prey size (e.g., the hypoallometric size of eulachon
prey). We therefore suggest that while our estimates of the
absolute PPMR might be biased, the relative differences
among predators were not an artefact of the prey availabil-
ity assumption.

Two technical aspects of Ursin’s method warrant noting.
First, Ursin (1973) pooled diet data across different size
predators and acknowledged that pooling can cause vari-
ance to be overestimated due to size-related differences in
predator diets. We chose to apply the method to individu-
als to enable examination of differences among predators.
Weighting each observation by prey weight approximated
the estimates based on pooled data. Secondly, we note that
Ursin’s biomass-weighted PPMR will always be less than
the corresponding abundance-weighted PPMR because of



Marine Biology (2022) 169:13

Page130f 15 13

1.E+03

1.E+02 7 °

1.E+01 A

Prey abundance (ind predator?)
°

1.E+00 T T T
1.E-06 1.E-04 1.E-02 1.E+00

1.E+02

1E+01

1.E+00 4 L4

1.E-01 A

1.E-02 4 L]

Prey biomass (g predator?)

1.E-03 A L

1.E-04 T T T T
1.E-06 1.E-04 1.E-02 1.E+00

Size class midpoint (g ind?)

Fig.6 Total prey abundance (a, ind predator™') and biomass (b, g
predator™") across size classes of prey body size (g ind™") in stomachs
of predators (capelin, pollock, and eulachon) collected in the western
Gulf of Alaska during September 2000-2003

the inherent relationship between biomass and abundance
(biomass = abundance * body weight) and for the same sim-
ple mathematical reason that an arithmetic mean is always
greater than the corresponding harmonic mean.

In contrast to Ursin’s PPMR, Tsai et al. (2016) addressed
the problem of unequal prey abundance by accounting for
an environmental PPMR in the calculation of a PPMR
proxy. Their approach differs fundamentally from Ursin’s
(1973) approach and the two metrics are not well related
linearly (Online resource 4). We demonstrated that the nega-
tive size dependency of Tsai et al.’s Proxy can be explained
by the common pattern for prey body weight to increase
with predator body weight rather than any size dependency
of the PPMR. In fact, mathematically, Tsai’s Proxy varies
with prey size only and not predator size implying errone-
ously that different size predators with equivalent prey size

distributions have equivalent PPMR. Thus, the negative size
dependency reported here, and by Tsai et al. (2016) for a
goby (Gymnogobius isaza), reflects the simple fact that abso-
lute prey size increased with predator size.

Despite similarities among capelin, pollock, and eula-
chon, our findings add to the evidence of trophic differ-
ences within the forage fish community that might affect the
realism of ecosystem models. These species are important
mid-level trophic components in the GOA ecosystem (Aydin
et al. 2007). They are similar as small, silvery, schooling
fishes that co-occur in the neritic zone where they feed on
seasonally dwindling stocks of zooplankton during late sum-
mer (Wilson et al. 2009). Many are juveniles so that within
the late-summer time frame, they undergo body size-related
transition in diet from small (e.g., copepods) to larger (e.g.,
euphausiids) prey. There is little evidence of prey limita-
tion (Wilson et al. 2009). However, subtle differences in diet
and feeding chronology (Wilson et al. 2006), and prey size
preferences (this study) hint at competitive interaction. The
species undergo large, apparently unrelated fluctuations in
population size that change the composition of the forage
fish community (Anderson and Piatt 1999). Our estimates of
PPMR ranged from 58 to 513, on average, encompassing the
value (100) currently advocated for use in ecosystem mod-
elling (Hartvig et al. 2011; Andersen et al. 2016; Andersen
2019), but our results also indicate that choosing fixed
PPMR excludes detail that may be important for improving
model realism. Reum et al. (2019) demonstrate the benefit
of including realistic detail. The addition of predator spe-
cies- and size-specific preference for prey taxa significantly
improved the realism of their multi-species size spectrum
model of the eastern Bering Sea by focusing predation on
fish~1-10 g in size, lengthening food chains, and allowing
greater feeding specialization, which underscored the impor-
tance of species composition and size structure as drivers of
ecosystem-level trophic metrics. However, they used a fixed
PPMR schedule including PPMR = 1000 for forage fishes. It
is less clear what effect the use of fixed PPMR had on model
realism. This is relevant because changes in PPMR theoreti-
cally relate to inverse changes in trophic transfer efficiency
(Barnes et al. 2010) and to the top-down per capita impact
predators have on prey populations (Emmerson and Raf-
faelli 2004).

In summary, forage fish PPMR varied with predator spe-
cies and body size due to predator species-specific differ-
ences in transitioning across size-structured prey taxa. This
suggests that innate differences among predator species in
transitioning across size-structured taxonomic groups of
prey is a determinant of specific prey size allometry. We
encourage the incorporation of our findings into multispe-
cies, size-based ecosystem models to explore how changes
in zooplankton and forage-fish community composition
might affect ecosystem-level processes; however, this should
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include careful consideration of current methods to estimate
the PPMR.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-021-04000-z.
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