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1  | INTRODUC TION

Predatory functional responses for single and multiple prey have 
been quantified for many organisms and environments such as 

fishes (Buckel & Stoner, 2000; Moustahfid et al., 2010; Rindorf & 
Gislason, 2005), birds (Bijleveld et al., 2016; Buren, Koen-Alonso, & 
Montevechi, 2012; Smout et al., 2013), terrestrial and marine mam-
mals (Hobbs, Gross, Shipley, Spalinger, & Wunder, 2003; Smout 
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Abstract
Understanding predator–prey interactions is critical for marine fisheries and eco-
system management as they shape community structure, regulate prey populations 
and present energy demands critical for community sustainability. We examined 
multispecies functional responses of 17 fishes (48 predator-size combinations) span-
ning piscivores, planktivores and benthivores for the northeast US continental shelf. 
Similar to previous work, linear relationships between predation and prey density 
(Holling type I response) were not supported, since model estimates of handling time 
were greater than zero for the prey considered. Instead, a clear majority of the preda-
tors sampled were Holling type III feeders (sigmoidal; prey switching or learning). 
For piscivores, nearly all responses were Holling type III with the exception of one 
being Holling type II (hyperbolic; satiation). Planktivores and benthivores exhibited 
a combination of type IV (feeding confusion at high prey density) and Holling type 
III responses. The relationships were predator- and prey-dependent, which is coun-
ter to assumptions that are often made of trophic groups. Decreased predation at 
high prey densities (type IV response) present among planktivores and benthivores 
suggests an overestimation of predation can occur if ignored. This contrasts with 
fish and squid prey which primarily invoked a Holling type III response. Functional 
responses are key to modelling trophic interactions for multispecies and ecosystem 
models. By refining these inputs in a multispecies context with empirical data, we 
can advance our understanding of whole-shelf ecology and improve decision-making 
tools for resource management.
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& Lindstrøm, 2007; Suryawanshi et al., 2017), and even mites 
(Okuyama, 2012). In the marine environment, quantifying piscivory 
by fishes, birds and mammals has received particular interest with 
an aim to understand forage fish predation and make multispecies 
or ecosystem models operational for fisheries management (Fulton, 
Smith, & Johnson, 2003; Steele, Aydin, Gifford, & Hofmann, 2013; 
Yodzis, 1994). Within these modelling frameworks, an understand-
ing of community ecology is possible at the scale of a continental 
shelf (Link, Fulton, & Gamble, 2010), but predator–prey interac-
tions need not be limited to piscivory nor assumed to have similar 
predatory functional responses. Other major trophic groups such 
as planktivores and benthivores are often ignored or assumed less 
critical due to a lack of empirical data or due to specific management 
objectives (e.g. managing commercial piscivores and their prey).

Predator–prey interactions sit at the core of all ecological 
sciences and have a long history of monitoring, modelling and 
theory due to their complexity (e.g. Layman et al., 2015; May, 
Beddington, Clark, Holt, & Laws, 1979; Montoya, Pimm, & Solé, 
2006; Pimm, 1982). One major concern is the relationship between 
prey density and predation rate (e.g. functional feeding response). 
Does a predator choose prey randomly or exhibit switching, pref-
erentially feeding upon prey in highest abundance and effectively 
stabilizing prey population numbers (i.e. no prey is heavily reduced 
or allowed to become overly abundant; Murdoch, 1969)? Receiving 
less interest, particularly in the marine environment, is how prey 
density at the upper end of its range influences predation (e.g. pred-
ator confusion or prey toxicity; Gentleman, Leising, Frost, Strom, & 
Murray, 2003; Koen-Alonso, 2007). Fundamentally, variation in prey 
abundance can influence predatory responses (i.e. adaptive forag-
ing; Abrams, 1992; Beckerman, Petchey, & Morin, 2010; Gremillet 
et al., 2004) and predation functions to regulate prey populations 
(Bax, 1998; Link & Garrison, 2002). Quantifying functional responses 
is a key component of the description of predator and prey dynam-
ics. Relating consumption and prey availability has received atten-
tion, particularly for fisheries management objectives with marine 
piscivores (e.g. Essington & Hansson, 2004; Moustahfid et al., 2010), 
but also for marine planktivores (e.g. Brachvogel, Meskendahl, 
Herrmann, & Temming, 2013; Houde & Schekter, 1980) and ben-
thivores (Alexander, Dick, & O’Connor, 2013). Despite comprehen-
sive reviews of functional response studies (e.g. Jeschke, Kopp, & 
Tollrian, 2004), no studies have quantified multispecies functional 
responses among and within suites of piscivores, planktivores and 
benthivores including long time series of in situ fish diets and respec-
tive fish and invertebrate prey densities.

In global marine environments, specialist feeding has been linked 
to areas of high prey biodiversity and generalist feeding to areas of 
low prey biodiversity (Hayden, Palomares, Smith, & Poelen, 2019). 
Predators and their feeding strategies directly affect community 
structure and function (Dayton, 1971; Paine, 1980), and their feed-
ing habits influence energy flows within ecological communities 
(Smout et al., 2013). Accounting for species interactions is partic-
ularly important for marine communities and their management 
from an ecosystem perspective, since ignoring interactions can 

underestimate removals of prey species and overestimate potential 
system yield (May et al., 1979; Smith, Link, Cadrin, & Palka, 2015; 
Tam et al., 2017). In a community of opportunistic generalist feeders, 
single-prey functional responses are less appropriate compared to 
multispecies functional responses which account for generalists reg-
ularly adapting their diet, resulting in weaker interaction strengths 
within food webs (Link, 2002; McCann, Hastings, & Huxel, 1998; 
Smout, Rindorf, Hammond, Harwood, & Matthiopoulos, 2014). 
The classic single-species responses promoted by Holling (1959b) 
type I linear, type II hyperbolic and type III sigmoidal (e.g. Kroetz & 
Powers, 2015; Moustahfid et al., 2010) and their expansions to con-
sider multiple prey are well documented (e.g. Morozov & Petrovskii, 
2013; Smout et al., 2010; Smout et al., 2013). Additionally, a type 
IV functional response allowing for reduced predation with higher 
prey density, albeit less often considered, includes predator con-
fusion, prey toxicity and stomach capacity constraints as potential 
mechanisms (e.g. Abrams, 1989; Gentleman et al., 2003; Koen-
Alonso, 2007). Thus, the dynamics of opportunistic generalist feed-
ing can be retained by multispecies predatory response modelling 
and the benefits over the single-species approach have been shown 
with contrasting outcomes (Smout et al., 2010).

The objectives of this study were to determine the multispecies 
predatory responses for 17 fishes (48 predator-size combinations) 
and 14 prey of the northwest Atlantic. The predators comprised 
three trophic groups: piscivores, planktivores and benthivores. With 
a Bayesian approach accounting for multiple sources of error, three 
multispecies functional response models were tested, their fits to 
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the data were compared, and response patterns among and within 
trophic groups and predator–size categories were examined.

2  | METHODS

2.1 | Data

The multispecies functional responses of 17 piscivores, plankti-
vores and benthivores were examined with data from the northeast 
US continental shelf: Mid-Atlantic Bight, Southern New England, 
Georges Bank, Gulf of Maine and Scotian Shelf (>290,000 km2; 
Figure 1). Annual means of per capita consumption (g) and prey 
density (number of fish per nm2, number of zooplankton per 100 m3 
and number of benthos per L) for each spring and fall season were 
the base for all functional response models. As detailed below and 
where applicable, prey densities were estimated from stratified ran-
dom samples across the US continental shelf, which is standard input 
into prey stock assessments (e.g. NEFSC, 2018) and is representative 
of the density of prey available to the predator in a given region.

Diet information and prey density were sampled with dedi-
cated bottom trawl, plankton monitoring and benthic macroinver-
tebrate surveys of the National Marine Fisheries Service (NMFS) 
and Northeast Fisheries Science Center (NEFSC; Azarovitz, 1981; 
Kane, 2007; Theroux & Wigley, 1998). Shelf-wide fish diet 

sampling in concert with fish monitoring to estimate trends in 
abundance began in 1973 and is currently available through 2016. 
This has primarily occurred in the spring (March through May) and 
fall (September through November) across the time series. Details 
of the NEFSC fish diet monitoring programme are provided in Link 
and Almeida (2000) and Smith and Link (2010). In brief, the prey 
contents of 17 fish predators consistently sampled throughout the 
time series were examined microscopically and quantified by mass 
(0.01 g; prior to 1981) or examined macroscopically and quantified 
volumetrically (0.1 cm3; since 1981) as part of the NEFSC standard-
ized bottom trawl survey. A volume-to-mass conversion of 1.1:1 
was applied based on linear regression (r2 = .906, p < .0001) by 
Link and Almeida (2000). The fish predators (Table 1) were placed 
into three trophic groups (piscivore, planktivore and benthivore) 
by size category. This was based on the majority of prey eaten by 
per cent of diet by mass (prey grouped as benthic invertebrates, 
fishes, planktonic invertebrates, squids and other; unidentifiable 
animal remains were excluded; Table S1), and used hierarchical 
cluster analysis, Euclidean distance and the “complete” agglomer-
ation method respective of predator size. Diet dissimilarity was 
expressed as a per cent of the maximum Euclidean distance. The 
delineation of three trophic groups was supported by a boot-
strap randomization approach similar to Jaksić and Medel (1990) 
whereby with 90% confidence, the identified groups did not occur 
by chance. A frequency distribution of 148,500 simulated diet 

F I G U R E  1   Map of northeast U.S. 
continental shelf. Grey lines denote 
sampling strata. Regions labelled as 
SCS, Scotian shelf; GOM, Gulf of Maine; 
GB, Georges Bank; SNE, Southern New 
England and MAB, Mid-Atlantic Bight. 
Nova Scotia and Cape Hatteras, North 
Carolina labelled for reference.



894  |     SMITH and SMITH

TA B L E  1   List of fish predators, size categories and their trophic groups.

Predator Species name Size (cm)
Trophic 
group

Atlantic cod Gadus morhua, Gadidae S (≤20) Benthivore

M (21–50) Benthivore

L (51–80) Piscivore

XL (≥80) Piscivore

Atlantic herring Clupea harengus, Clupeidae XS (≤10) Planktivore

S (11–20) Planktivore

M (21–30) Planktivore

L (>80) Planktivore

Atlantic mackerel Scomber scombrus, Scombridae S (11–20) Planktivore

M (21–35) Planktivore

L (>35) Planktivore

Haddock Melanogrammus aeglefinus, Gadidae S (≤20) Benthivore

M (21–50) Benthivore

L (51–80) Benthivore

XL (>80) Piscivore

Goosefish Lophius americanus, Lophiidae S (≤ 30) Piscivore

M (31–60) Piscivore

L (61–90) Piscivore

XL (>90) Piscivore

Little skate Leucoraja erinacea, Rajidae S (≤30) Benthivore

M (31–60) Benthivore

Longhorn sculpin Myoxocephalus octodecemspinosus, Cottidae S (≤25) Benthivore

M (26–50) Benthivore

Ocean pout Zoarces americanus, Zoarcidae S (≤30) Benthivore

M (31–60) Benthivore

L (>60) Benthivore

Pollock Pollachius virens, Gadidae S (≤20) Benthivore

M (21–50) Planktivore

L (51–80) Planktivore

XL (>80) Piscivore

Red hake Urophycis chuss, Gadidae S (≤20) Benthivore

M (21–40) Benthivore

L (>40) Piscivore

Silver hake Merluccius bilinearis, Merlucciidae S (≤20) Planktivore

M (21–40) Piscivore

L (>40) Piscivore

Spiny dogfish Squalus acanthias, Squalidae S (≤ 36) Planktivore

M (36–80) Planktivore

L (>80) Piscivore

White hake Urophycis tenuis, Gadidae S (≤ 20) Benthivore

M (21–40) Planktivore

L (>40) Piscivore

Winter flounder Pseudopleuronectes americanus, 
Pleuronectidae

S (≤20) Benthivore

(Continues)
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dissimilarities was produced by randomizing the predator–prey 
matrix of per cent diet composition by mass (Table S1) 100 times 
while retaining zeros and reproducing matrices of diet dissimilarity 
(55 × 55) among predator–size categories. Groups were considered 
distinct when they clustered above the dissimilarity level which 
included 90% (133,650) of the simulated values.

Annual mean prey densities of fishes and squid were estimated 
by weighting the number of individuals caught in the swept area 
of the tow (0.01 nm2) by the area (nm2) of the stratum where they 
were collected during the standardized fall and spring NEFSC bot-
tom trawl surveys (NEFC, 1988). The stratified random sampling de-
sign of the NEFSC bottom trawl survey allows for random samples 
taken from standardized tows (verified by net performance metrics; 
Politis, Galbraith, Kostovick, & Brown, 2014) to be expanded to the 
area of the strata. This is routinely used in fisheries research and 
stock assessments to produce an unbiased estimate of density (e.g. 
Cochran, 1977). These prey included Atlantic herring (Clupea haren-
gus, Clupeidae), Atlantic mackerel (Scomber scombrus, Scombridae), 
butterfish (Peprilus triacanthus, Stromateidae), loligo squid (Loligo 
spp., Loliginidae), sand lance (Ammodytes spp., Ammodytidae) and 
silver hake (Merluccius bilinearis, Merlucciidae) and represent com-
mon prey of varying importance across the piscivore size catego-
ries (Smith & Link, 2010; Table 1, Table S1). Their annual densities 
spanned 1973 through 2016 for the fall and spring separately.

Zooplankton were sampled seasonally with a 61 cm bongo frame 
fitted with a 333-µm mesh net towed obliquely to a maximum depth 
of 200 or 5 m above the bottom. Distributed uniformly within each 
region of the continental shelf, 30–60 sampling stations were se-
lected randomly either approximately 8–35 km apart or by depth 
strata as part of the NEFSC bottom trawl survey (Figure 1). A me-
chanical flowmeter at the centre of the bongo frame measured the 
volume of water towed. Specimens were preserved in 5% formalin 
and later identified by the Polish Plankton Sorting and Identification 
Center in Szczecin, Poland, with density expressed as abundance per 
100 m3. Mean annual amounts of zooplankton per fall and spring 

season spanned 1977 through 2016, and were grouped into four 
broad categories commonly observed in zooplankton and fish diet 
samples: Copepoda, Euphausiidae, Hyperiidae and Mysida (Smith & 
Link, 2010; Table 1, Table S1).

Benthic macroinvertebrates of the northeast US continental 
shelf were sampled from 1956 to 1965 with a Smith-McIntyre bot-
tom sampler or Campbell grab sampler. Sampling stations were se-
lected non-randomly by grid with at least one sample per 20-min 
area squared. Samples were washed through a 1-mm mesh screen, 
and remaining material was preserved in 5% formalin for labora-
tory processing. The abundance of benthos was standardized by 
the volume of sediment sampled by each benthic sampler and 
presented as abundance per litre. Although this benthic sampling 
pre-dates the other sampling in this study, this is the only shelf-
wide standardized benthic survey that has occurred on the north-
east US continental shelf. The five regions of the shelf were not 
sampled annually; thus, it was assumed benthos abundance was 
time invariant. We felt this assumption was reasonable at this re-
gional scale for two reasons: (a) the use of fish stomachs as benthic 
samplers of marine environments is well documented (e.g. Fahrig, 
Lilly, & Miller, 1993; Frid & Hall, 1999; Lilly & Parsons, 1991) with 
minimal evidence of variability over time for this continental shelf 
(Link, 2004); and (b) the diet variability for several benthivores 
of this region was shown to be influenced by predator size, geo-
graphic region and season, and not influenced by time (e.g. 5-year 
blocks; Byron & Link, 2010). Mean fall and spring amounts of 
benthos by region of the continental shelf (year excluded) were 
available and included the adequately sampled taxa and common 
prey: Amphipoda, Bivalvia, Echinodermata and Isopoda (Smith & 
Link, 2010; Table 1, Table S1).

Per capita consumption was estimated with the evacuation rate 
methods of Eggers (1977) and Elliot and Persson (1978). Daily per 
capita consumption (Cdaily; g) by season was modelled as:

(1)Cdaily =24× Eseason ×Dseason

Predator Species name Size (cm)
Trophic 
group

M (21–40) Benthivore

L (41–70) Benthivore

Winter skate Leucoraja ocellata, Rajidae S (≤30) Benthivore

M (31–60) Benthivore

L (61–80) Benthivore

XL (>80) Piscivore

Witch flounder Glyptocephalus cynoglossus, Pleuronectidae S (≤20) Benthivore

M (21–40) Benthivore

L (41–70) Benthivore

Yellowtail flounder Limanda ferruginea, Pleuronectidae S (≤20) Benthivore

M (21–40) Benthivore

L (41–70) Benthivore

TA B L E  1   (Continued)
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where 24 is the number of hours in a day, E is the seasonal evac-
uation rate, and D is the seasonal mean amount of prey eaten either 
by year (piscivores and planktivores) or geographic region (benthi-
vores; Figure 1). The seasonal mean amount of prey per stomach was 
weighted by the number of a predator collected per 1 cm length bin 
and weighted by the total number of a predator caught per station 
to account for cluster sampling of diet data within the stratified ran-
dom sampling design of the NEFSC bottom trawl survey (similar to 
Latour, Gartland, Bonzek, & Johnson, 2008; Link & Almeida, 2000). 
Season-years and season-geographic regions with <20 stomachs per 
predator were excluded from analyses based on cumulative trophic 
diversity curves (Belleggia et al., 2008; Koen Alonso, Crespo, García, 
& Pedraza, 2002). The seasonal evacuation rate was modelled as:

where α and β are evacuation rate parameters and T is the sea-
sonal bottom temperature. In this study, α is prey-specific when 
available (mainly for fishes and squid; Temming & Herrmann, 2003) 
or assumed to be 0.004 (Durbin, Durbin, Langton, & Bowman, 1983). 
For all zooplankton prey, α was assumed to be similar to euphausiids 
(0.01; Temming & Herrmann, 2003). For all prey, parameter β was 
set to 0.115 (Durbin et al., 1983). T was collected during the NEFSC 
bottom trawl survey each season and year, and was estimated as the 
stratified mean temperature for a given season associated with the 
presence of the predator.

Seasonal per capita consumption was estimated by scaling the 
daily rate (Cdaily) to each season by multiplying by 91.25 (days in a 
quarter-year):

We assumed a uniform consumption rate per season since sam-
pling was continuous throughout each eight- to 10-week sampling 
season and included the variation in consumption that would be ex-
pected each season annually. The time series of seasonal per capita 
consumption varied by fish predator but included most years from 
1973 through 2016 (piscivores and planktivores). Seasonal per cap-
ita consumption for benthivores was by geographic region.

2.2 | Analysis

Functional feeding responses were modelled for 48 out of 55 pos-
sible predator-size combinations spanning the three trophic groups. 
Seven predator-size categories were excluded due to limited sam-
pling by season-year or season-geographic region (e.g. extra-large 
and small size categories; <4 data points). Fish per capita consump-
tion was related to prey density by implementing three hierarchical 
Bayesian models of multispecies functional responses. One advan-
tage of a multispecies approach is the inclusion of other prey of vary-
ing importance when predicting a functional response with notable 
contrasts to single-prey approaches (Smout et al., 2010). Given that 

these data were non-negative and continuous, we adopted gamma 
distributions for the response and explanatory terms, and inverse 
gamma distributions for the error terms. Vague prior distributions 
with shape and rate equal to 0.001 were gamma distributed. The 
joint posterior distributions of the parameters were directly ap-
proximated by MCMC. We applied three multispecies functional 
response models equivalent to Holling types II and III, and a modi-
fied type IV response (Gentleman et al., 2003; Holling, 1959a, 1959b, 
1965; Smout et al., 2013). To allow for all functional response types 
considered, we fit a multispecies form of the single-species equation 
to model per capita consumption (Ci) by a single predator of prey i 
and j:

where all notation is prey-specific with k being the number of 
prey taxa, a is the attack rate, h is handling time, and X is prey den-
sity. The parameters n and m determine the type of a predator's 
functional response and were fixed values. Typically, these param-
eters are allowed to be equal and constitute the classic Holling type 
II (n and m = 1) and Holling type III (n and m = 2) responses, but we 
also included a type IV response (allowing for decreased predation 
at high prey densities; n = 1 and m = 2). Other response types are 
possible (e.g. Abrams, 1982); however to limit the scope of this study, 
the response types common to fisheries were prioritized. Type IV 
responses have been previously documented, discussed, and have 
various forms (see Gentleman et al., 2003; Koen-Alonso, 2007). We 
applied this type IV form for its similarity to the two other func-
tional response types used, and consequently, Equation 4 can easily 
be modified to account for the types II-IV responses as well as col-
lapse to a linear model when hj = 0 and n = 1 or 0 for all prey. The 
parameters n and m were fixed rather than using a more generalized 
form (Baudrot, Perasso, Fritsch, Giraudoux, & Raoul, 2016; Smout 
et al., 2010) to focus on the functional response forms that are con-
ventional to fisheries and marine ecosystem models, and minimize 
ambiguity with response selection (e.g. Moustahfid et al., 2010; 
Rindorf & Gislason, 2005; Zhou & Smith, 2017). Despite varying ac-
tivity times of prey, Equation 4 is reasonable since sampling occurred 
24 hr a day during the spring and fall seasons, the predators included 
are generalists with numerous prey options available, and season 
and year or geographic region were isolated in our analyses.

MCMC was applied with GIBBS updates in R with the rjags and 
coda packages (version 3.3.0; R Core Team, 2016) and JAGS software 
(Plummer, 2017). Plots of each estimated parameter relative to the 
number of iterations suggested 500,000–1,000,000 iterations were 
necessary for convergence. Chain convergence for each parame-
ter value was monitored with a combination of trace plots and the 
potential scale reduction factor indicating low variance within and 
among chains (see Gelman, Carlin, Stern, Dunson, & Rubin, 2013; 
Hobbs & Hooten, 2015). These iterations were preceded by a burn-in 
phase of 100,000 draws which did not contribute to the posterior 
distribution. The Bayesian network used for modelling multispecies 

(2)Eseason = �e�Tseason

(3)Cseason =Cdaily ×91.25

(4)Ci =

aiX
n

i

1+
∑k

j=1
ajhjX

m

j
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functional responses is provided in Figure 2 with variables a, h, X and 
C equivalent to those in Equation 4 and included µi (process model 
or true unobserved per capita consumption), and process (�

2
p) and 

sampling (�
2
s ) errors.

The full conditional equation used to specify how values were 
sampled by MCMC for each unobserved quantity (µi, ai, aj, hj, 

�2
s , �

2
p

) is shown in Equation 5 with N equal to the number of observa-
tions available per predator-size category. The deterministic model 
(Equation 4) is denoted by g() with model arguments inside the 
parentheses.

Multimodel inference has many applications in the life sciences, 
particularly with the use of maximum likelihood methods for param-
eter estimation (e.g. Anderson, 2008; Burnham & Anderson, 2002). 
There are multiple options for model selection regarding Bayesian 
methods (Hobbs & Hooten, 2015). We chose posterior predictive 
loss (PPL) as it is appropriate for many classes of hierarchical models 
and depends directly on the posterior predictive distribution instead 
of likelihood and posterior mean of a parameter or even a count of 
parameters (Hobbs & Hooten, 2015). With PPL, and similar to other 
selection criteria, lower values indicate model support. Additionally, 
goodness of fit was assessed with posterior predictive checks by 
computing the proportion of times the coefficient of variation (CV) 
of simulated data from the model exceeded the CV of the observed 
data. As suggested by Hobbs and Hooten (2015), evidence of ex-
treme proportions indicating poor fit (i.e. <0.1 or >0.9) was not found.

3  | RESULTS

Holling type III was the predominant functional response for the 48 
predator-size categories considered with the lowest PPL values per 

(5)

�
�i , ai , aj , hj , �

2
s
, �2

p
|Ci

�
∝

N�
obs=1

gamma

�
Ci |

�2
i

�2
s

,
�i

�2
s

�

× gamma

⎛⎜⎜⎝
�i |

g
�
Xi ,Xi , ai , aj , hj , n ,m

�2
�2
p

,
g
�
Xi ,Xi , ai , aj , hj , n ,m

�

�2
p

⎞⎟⎟⎠
× gamma

�
ai | 0.001 , 0.001

�
gamma

�
aj | 0.001 , 0.001

�

× gamma ( hj | 0.001 , 0.001 )

× inverse gamma ( �2
s
| 0.001 , 0.001 ) inverse gamma (�2

p
| 0 . 001 , 0.001 )

F I G U R E  2   Bayesian network or directed acyclic graph 
describing the full model (Equation 5). Dashed lines show 
deterministic relationships, and solid lines show stochastic 
relationships. The data: Xi and Xj are prey-specific densities, and 
Ci is the per capita consumption for the initial prey of interest. 
The process: µi is the true unobserved per capita consumption. 
Parameters ai and aj are prey-specific attack rates, and hj is the 
prey-specific handling time. The sigma parameters represent 
process (�

2

p) and sampling (�
2

s ) error.

CiXi, Xj

μi

ai, aj, hj

Data

Process

Parameters

F I G U R E  3   Dendrogram of fish predator-size categories and their trophic groups: benthivores, piscivores and planktivores from 
hierarchical cluster analysis. Size categories defined as XS: extra small, S: small, M: medium, L: large and XL: extra large. The dashed line 
denotes significant per cent dissimilarity with probability = 0.9. Grey predator-size categories indicate insufficient data across time or 
geographic regions.
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predator and size (Figures 4–6; Table S2). For the three response 
types tested, each was present, including the type IV response with 
decreased predation at high prey densities. However, the Holling 

type II response was only detected for one piscivore (extra-large 
pollock; Figure 4), and linear relationships between prey density 
and per capita consumption by predator–size category were not 

FI G U R E 4 Piscivore multispecies functional responses for 12 predator-size categories (columns) and six prey (rows). The letters “S,” “M,” “L” and 
“XL” denote size class. Holling type III response was the best-fit model for all predators (solid blue) except XL Pollock (Holling type II; dot-dashed red). 
Shading denotes 95% confidence interval. Figure appears in colour in the online version. [Colour figure can be viewed at wileyonlinelibrary.com] 

F I G U R E  5   Planktivore multispecies functional responses for 11 predator-size categories (columns) and four prey (rows). The letters “S,” “M” 
and “L” denote size class. Holling type III (solid blue) and type IV (dashed green) responses were the best-fit models for all predators. Shading 
denotes 95% confidence interval. Figure appears in colour in the online version. [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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suggested based on model estimates of parameter values (h > 0; 
Table S3). Across the trophic groups, responses were predator- and 
prey-dependent with small, densely aggregated prey (zooplankton 
[1,000 s–100,000 s of individuals per 100 m3] and benthic inverte-
brates [10 s of individuals/L) eliciting a type IV response for some 
planktivores and benthivores. Larger, less aggregated prey such 
as fishes and squid (10,000 s of individuals per nm2) primarily ex-
pressed a Holling type III response for the piscivores tested. Given 
our multispecies approach, prey within each trophic group varied in 
importance per predator–size category; thus, model fit was largely 

driven by the predominant prey with rarer prey contributing less 
information. Parameter values of the best-fit functional response 
models for all predator–prey combinations are in Table S3.

3.1 | Trophic groups

Placement of fish predator-size categories into trophic groups was 
defined by per cent diet dissimilarity and correspond to values that 
were >78.1 (90 percentile) and were statistically more dissimilar than 

F I G U R E  6   Benthivore multispecies functional responses for 25 predator-size categories (columns) and four prey (rows). The letters “S,” “M” 
and “L” denote size class. Holling type III (solid blue) and type IV (dashed green) responses were the best-fit models for all predators. Shading 
denotes 95% confidence interval. Figure appears in colour in the online version. [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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those expected by random chance. This included 12 piscivores, 11 
planktivores and 25 benthivores (Table 1; Figure 3). Of these mem-
bers, extra-large haddock and extra-large goosefish (piscivores), ex-
tra-small and large Atlantic herring (planktivore), and small pollock, 
small white hake, and small witch flounder (benthivores) were ex-
cluded given their low amount of sampling over time or geographic 
region. Partitioning the predators and their size categories allowed 
the examination of functional response patterns within and among 
trophic groups as well as among the 48 predator-size categories.

3.2 | Piscivores

The piscivores included the largest size categories for cod, goosefish, 
pollock, red hake, silver hake, spiny dogfish, white hake and winter 
skate with most predators following a Holling type III multispe-
cies functional response with the exception of extra-large pollock 
(Holling type II; Figure 4). This implies the primary mode of feeding 
for these predators includes an element of prey switching or learn-
ing (e.g. Murdoch, 1969) with a sigmoidal relationship between prey 
density and per capita consumption. The Holling type III responses 
had the best fit based on PPL with the type IV model having the 
poorest fit most often among predators (Table S2). Since all but one 
of these piscivores on the northeast U.S. continental shelf shared 
a Holling type III response, it is reasonable that this response can 
be generalized across other piscivorous fishes within this region and 
throughout a broader geographic range.

The inclusion of predator-size categories permitted the examina-
tion of functional responses over each predator's life history which 
was indicative of the various feeding groups occupied by these pred-
ators. For these piscivores, their smaller size categories generally 
were less piscivorous and had diets with predominantly benthic or 
planktonic invertebrates and minimal squid. These smaller predators 
had a type IV or Holling type III functional response. When fish and 
squid became a major part of the diet at larger sizes, the responses 
became or remained Holling type III.

3.3 | Planktivores

The planktivores included all size categories for Atlantic herring and 
Atlantic mackerel, and the smaller sized pollock, silver hake, spiny 
dogfish and white hake. Predators demonstrated type IV (primary) 
and Holling type III multispecies functional responses considering 
a subset of prey from the zooplankton community (Figure 5). Here, 
most best-fit models included decreased predation at high prey den-
sities, and this is in contrast to Holling type II and Holling type III 
responses which are asymptotic at the maximum feeding rate. When 
encountered, small, dense aggregations of planktonic invertebrate 
prey (1,000 s–100,000 s individuals per 100 m3) may disorient or 
confuse many of these planktivores, reducing their feeding on zoo-
plankton. For all but one planktivore (small spiny dogfish), the poor-
est fitting model was Holling type II (Table S2).

3.4 | Benthivores

The smaller size categories of Atlantic cod, red hake and winter 
skate, and all sizes of haddock, little skate, longhorn sculpin, ocean 
pout, winter flounder, witch flounder and yellowtail flounder com-
prised the benthivores. They were a mix of Holling type III and 
type IV feeders when examining multispecies functional responses 
(Figure 6). The poorest fitting model was frequently Holling type 
II (Table S2). Although functional responses were variable among 
benthivores, a majority of the predators that were type IV feed-
ers (Atlantic cod, haddock, little skate, red hake, winter skate and 
yellowtail flounder) ate predominantly small benthic invertebrates 
as small or medium sizes, but larger individuals of these species 
were mostly Holling type III piscivores (Figures 4 and 6; Table S2). 
Similarly, the Holling type III benthivores (longhorn sculpin and win-
ter flounder) remained as type III feeders for all sizes. Ocean pout 
was an exception to this pattern, being a type III feeder at small 
and medium sizes, but switching to a type IV response when large. 
We suspect the identified diet of nearly 100% benthic invertebrates 
and 0% fish of these larger-sized individuals may play a role where 
a preference for small invertebrate prey may force a type IV re-
sponse. Interestingly, of the predator-size categories examined with 
0% fish in the diet, all (large ocean pout and large witch flounder) 
ate a high percentage of benthic invertebrates and were type IV 
feeders.

4  | DISCUSSION

With three multispecies functional response models, we examined 
the predator–prey relationships of three major trophic groups of the 
NW Atlantic. Our results support previous conclusions of functional 
responses for NW Atlantic piscivores (Moustahfid et al., 2010), 
which implied Holling type III responses for predators of demersal 
fishes, Holling type II responses for pelagic fishes and very few linear 
relationships (Holling type I). For piscivores, our results advocated 
almost entirely for Holling type III responses when using a multi-
species approach to define functional responses. Handling time (h), 
albeit lowest for planktivorous prey (Table S3), was greater than zero 
for many prey for each predator-size category, suggesting non-linear 
responses were favoured by these trophic groups. These lower han-
dling times for planktonic (filter-fed) prey were not surprising as lin-
ear feeding responses occur with various filter-feeding invertebrates 
(Jeschke et al., 2004).

Examining multispecies functional responses of opportunis-
tic generalist predators requires large amounts of diet and prey 
density data, particularly when considering variability across mul-
tiple trophic groups, and for large prey fields it is thought to be 
impossible (Gentleman et al., 2003). Here, considering the long 
time series of ecosystem data available for the NE US continental 
shelf, our approach had some caveats and limitations. In contrast 
to single-species measures of predatory responses, targeting spe-
cific predator–prey interactions of interest for multispecies and 
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ecosystem modelling (e.g. Moustahfid et al., 2010), our methods 
were applied similarly with the crux that the complete prey field 
did not have adequate sampling, and not one sampler (e.g. trawl 
or plankton net, or grab) could achieve this objective. Most nota-
bly, the absence of annual benthic macroinvertebrate surveys for 
this NW Atlantic region was the greatest limitation. Therefore, we 
targeted recurring prey that were important in the diets as well 
as for the ecosystem such as forage fishes and major zooplank-
ton and benthic taxa, and our results demonstrate major preda-
tory response patterns within and among trophic groups of this 
region. We also note that for some of the predator-size catego-
ries, the prey considered here represented important as well as 
rare items (particularly for the planktivores and some benthivores) 
which could be an artefact of sampling or simply rare predation 
events. Either way, by including prey of varying importance, model 
fit was largely driven by prey with recurring presence in the diet. 
It would be worthwhile to further examine the predator-size cat-
egories which have overlap between trophic groups to address 
varying levels of prey importance. Future work would also benefit 
from including other functional response forms and their multi-
species equivalents in this context as well as exploring within-sea-
son variability of the consumption parameters considered here 
(e.g. evacuation rate). Lastly, corrections for prey catchability by 
the samplers herein (i.e. trawl, plankton and benthos) were not 
included as these values were not available for all of the fauna 
considered. As a scalar, accounting for catchability could improve 
absolute estimates of prey density, but this would have minimal 
effect on the functional response.

4.1 | A prevalent response?

The prevalence of a Holling type III response for piscivores (all 
predator-size categories except extra-large pollock) and across all 
trophic groups (29 of 48 predator-size categories) suggests be-
haviour such as prey switching occurs as these predators learn 
which prey are in higher abundance, functionally stabilizing 
prey populations (Murdoch, 1969). In the context of multi- and 
single-species predatory responses, the type III response was 
also common for other studies examining terrestrial, freshwa-
ter and marine environments (Sarnelle & Wilson, 2008; Smout 
et al., 2010, 2014). Thus, our results support the use of a Holling 
type III over the Holling type II response for many fishes of this 
region. When considering only Holling types II and III responses 
for the 48 predator-size combinations studied here, the better-fit 
response model was indeed the Holling type III for 47 predators 
(Table S2). Prey populations are not static for multiple reasons 
such as predation, harvesting and other drivers of environmen-
tal change (e.g. climate). By choosing a Holling type II instead of 
Holling type III response, multispecies and ecosystem models 
could overestimate predation relative to fishing mortality when 
not accounting for the likelihood of prey switching with changes 
in prey abundance.

4.2 | Generalists

Generalist feeding and the selection of numerous prey types are wide-
spread among many fishes of the NW Atlantic regardless of trophic 
group (Garrison & Link, 2000; Smith & Link, 2010). This feeding trait 
is believed to be the product of specific drivers or a combination 
thereof, most notably, biodiversity of prey field (Hayden et al., 2019) 
and may even be due to community homogenization through anthro-
pogenic pressures (Iacarella et al., 2018). Similarly, prey switching has 
also been observed in response to human influences such as har-
vesting (Link & Garrison, 2002; Smith, Collie, & Lengyel, 2013) and 
invasive species (Smith, Collie, & Lengyel, 2014). Again, our results 
support the argument that generalist feeders tend to diminish vari-
ability in prey populations by removing prey which are most abundant 
(Murdoch, Avery, & Smyth, 1975; Murdoch & Oaten, 1975).

Interestingly, functional responses and predation rates will vary 
as organisms can switch their response types throughout different 
life stages. In terms of environmental influence, drivers of functional 
responses or predation rates include habitat complexity (Alexander 
et al., 2013; Savino & Stein, 1989), light intensity (Townsend & 
Risebrow, 1982) and temperature (Taylor & Collie, 2003). With 
temperature, the potential for increased predation (Holling type II 
vs. Holling type III) of juvenile winter flounder (Pseudopleuronectes 
americanus, Pleuronectidae) at low densities was revealed with in-
creased temperature, suggesting greater challenges for recovering 
fish stocks in the wake of ocean warming (Taylor & Collie, 2003). The 
results of this study indicated 10 predators with such non-stationary 
functional responses: Atlantic cod, Atlantic herring, haddock, little 
skate, ocean pout, pollock, red hake, white hake, winter skate and 
yellowtail flounder. These predators exhibited a type IV response 
when in a small or medium size category (mainly planktivorous or 
benthivorous), but a Holling type III response was shown for large 
or extra-large individuals (mainly piscivorous). With increased size, 
a period of switching or seeking larger prey fishes and squids pro-
moted a Holling type III response; thus, these predators feed until 
satiation with their consumption reaching an asymptote at the maxi-
mum feeding rate. There were exceptions to this for species that re-
mained within their trophic group even with increased size: Atlantic 
herring and Atlantic mackerel (true planktivores) and ocean pout and 
witch flounder (true benthivores) remained type IV feeders even at 
their largest size categories examined. Pollock exhibited a Holling 
type II response for its largest size category when switching to a diet 
with high fish consumption. Interestingly, goosefish (true piscivore) 
remained a Holling type III feeder for all of its size categories with 
fish being at least 90% of their diet by size.

4.3 | Decreased predation

The type IV functional response, as shown here, does play a role in 
the feeding relationships of fishes of the NW Atlantic. Previously 
documented and having multiple forms, the type IV response allows 
for decreased predation at high prey density; a product of predator 
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confusion, prey toxicity, physical deterrents, or nutrient limitations 
(Gentleman et al., 2003; Heuermann, van Langevelde, van Wieren, 
& Prins, 2011; Koen-Alonso, 2007; Mezzalira et al., 2017). We chose 
to include it as it is not often considered in the marine environment, 
and if ignored, one could overestimate predation rates particularly 
when prey are in high abundance. Reported here, a recurring pat-
tern of fishes feeding on small, densely aggregated invertebrate prey 
(zooplankton and benthic macroinvertebrates) exhibited the type IV 
response with a deceleration in feeding as prey reached their maxi-
mum observed densities. We suggest the denser aggregations of 
planktonic and benthic invertebrate prey being smaller in size and 
higher in density relative to fish and squid prey can cause confu-
sion which limits predation for smaller size categories. Additionally, 
our results suggest that this response is more important for the NW 
Atlantic than previously perceived, particularly for planktivores and 
benthivores.

4.4 | Trophic group responses

Multispecies functional responses can vary within and among 
trophic groups of marine fishes as shown here. To our knowledge, 
studies have considered the variability of functional responses 
among species within a specific trophic group (e.g. piscivores; 
Moustahfid et al., 2010), but none have examined multiple species 
comprising several trophic groups such as piscivores, planktivores 
and benthivores. Within trophic groups, predatory responses do 
vary by fish species and size category with a mechanism being 
prey type (e.g. pelagic vs. demersal forage fishes; Moustahfid 
et al., 2010). This has important implications for multispecies and 
ecosystem modelling as proposed data requirements have often 
included predators categorized as trophic groups of similar func-
tion rather than by species and size category (e.g. Link et al., 2010; 
Steele et al., 2013; Steele & Ruzicka, 2011). Although challenging 
to implement functional responses specific to each predator–prey 
interaction, the “lumping” approach could result in inaccurate pre-
dation rates with over- or underestimation of predation relative 
to prey density. In particular, ignoring a type IV response would 
overestimate predation that may not otherwise be occurring. And 
within multispecies stock assessment models, this could lead to 
overestimation of mortality and affect related parameters such 
as recruitment (Hollowed, Ianelli, & Livingston, 2000; Tsou & 
Collie, 2001; Tyrrell, Link, Moustahfid, & Smith, 2007). Aside from 
retaining the generalist nature of predation, a benefit of provid-
ing multispecies functional responses is a predator-specific rather 
than prey-specific response by considering a larger prey field. 
Fortunately in the NW Atlantic, all but one of the piscivores ex-
amined on the NE US continental shelf displayed a Holling type 
III multispecies functional response. Although we advise caution 
with lumping predators by trophic group and applying a single 
functional response per group, for the piscivores examined, this 
approach has less risk given the consistent results shown here. 
Similarly for the planktivores and benthivores preferring small 

invertebrate fauna, they displayed a type IV response, but this was 
mainly limited to smaller size categories or predators preferring 
these prey throughout their life histories. Interestingly, the vari-
ability of predatory responses among trophic groups was driven by 
predator-size category and prey type. For schooling fish and squid 
prey regardless of life history (pelagic or demersal), the piscivores, 
which were mostly demersal groundfishes of large size categories, 
were primarily Holling type III feeders. These results demonstrate 
high variability in functional responses among trophic groups of 
the NW Atlantic.

In a multispecies modelling context, the predatory responses ex-
amined here offer an expanded view of predation relative to prey 
density considering many prey and predator-size categories across 
several trophic groups of the NE US continental shelf. The recurring 
pattern of observing Holling type III feeding responses, presence of 
type IV responses and changes in feeding response with predator 
size herein will improve the accuracy of fisheries models for man-
agement of important forage fishes and the predators that naturally 
remove them (Essington et al., 2015; Pikitch et al., 2014; Warzybok 
et al., 2018). Following the charge to improve our understanding of 
whole-shelf ecology (Link et al., 2010), these results provide insight 
into predation on and by commercial resources that feed through-
out the water column including fishes, zooplankton and benthic 
prey types. With refined predation components such as functional 
responses for multispecies and ecosystem models, a fuller under-
standing of shelf ecology will contribute to improved advice for 
Ecosystem-Based Fisheries Management.
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