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ABSTRACT

BIG FISH START SMALL

Individuals of the same species often participate in substantially different predator-prey in-

teractions. In many species, these differences are driven by individual size and the ontogenetic

niche shifts that occur as an individual grows. This intraspecific size-structure can have profound

consequences for our understanding of food web structure and community dynamics. These con-

sequences are particularly important in exploited marine ecosystems where fisheries often target

the largest individuals and size-structured feedbacks have been implicated in preventing collapsed

fisheries from recovering. In this dissertation, we explored the consequences of this size-structure

for the Scotian Shelf and Gulf of Alaska ecosystems. To understand how the collapse of the cod

stock on the Scotian Shelf may have fed back on the demographic landscape of cod, we developed

a model to estimate how the length-dependent growth and survival of cod changed before and after

the collapse. We found that forage fish, released from top-down control, likely played an impor-

tant role in limiting cod access to food, with consequences for cod survival and the potential for

long term recovery. To better understand the community context of these changes, we developed

a multivariate autoregressive model to capture how shifts in species’ size distributions may have

driven changes in the interspecific interaction landscape on the Scotian Shelf. This study found

further evidence for the role of forage fish in preventing cod recovery, and linked the correspond-

ing changes in interaction structure to an increase in the overall instability of the system. Lastly, we

explored the community structure of ontogenetic niche shifts in the Gulf of Alaska by developing

a model to identify trophic groups – collections of individuals with similar interaction patterns – in

an individual-level food web assembled from stomach contents data. The identified trophic groups

revealed substantial overlap in the ontogenetic trajectories of Gulf of Alaska predator species and

the low-dimensional structure of the individual-level food web. This work represents a step toward
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incorporating individual-level processes into modeling frameworks that can be used to both inform

existing theory with data and to inform fisheries management. Specifically, this research highlights

the different trophic roles that individuals of a species occupy as they grow, and the importance

of growth in moving individuals up the food web and maintaining community structure and sta-

bility. Our findings suggest that disruptions to this flow and the resulting loss of large individuals

can generate a cascade of effects through the system, leading to fundamental reorganization and

increased instability.
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Chapter 1

Introduction

Predator-prey interactions fundamentally take place at the level of the individual (Hartvig et

al. 2011). Variation among individuals in their traits and states means that there can be substantial

variability in individual resource use (Bolnick et al. 2003) and in the interactions in which indi-

viduals of the same species participate. This variation may be driven by individual differences in

preference or foraging traits (e.g., in sea otters (Tinker et al. 2012)), or by complex life histories

and individual ontogeny (Werner and Gilliam 1984). Such ontogenetic niche shifts, changes in an

individual’s resource use as it grows or ages, are widespread in nature, with particularly dramatic

examples in amphibians, aquatic insects, and fish (Werner and Gilliam 1984). In fish communi-

ties in particular, life history and trophic ecology are both critically linked to size (Andersen et

al. 2016). In these systems individual size can grow over several orders of magnitude (Hartvig et

al. 2011). For large predator species, individuals thus traverse nearly the entire food web as they

grow.

These tremendous changes in trophic position over an individual’s life history mean that predator-

prey interactions cannot be viewed as occurring among species with single, fixed trophic roles

(Polis 1984). Instead, each species is a continuous size-spectrum of individuals, each of whom

may occupy a different trophic position. This perspective allows us to recognize, for instance, that

juveniles of a large-bodied predator species may occupy a similar trophic position as adults of a

small-bodied prey species. Thus food web and predator-prey theory based on individual life history

may differ from theory developed at the species-level (de Roos and Persson 2002). Size-spectrum

(Hartvig et al. 2011) and physiologically structured (de Roos and Persson 2001) population models

have been developed to explore the consequences of this disaggregation of predator-prey relation-

ships. These frameworks capture ontogenetic structure by modeling the flow of individuals through

time and along a size axis, accounting for changes in an individual’s prey (which determine growth

rate) and predators (which determine mortality) as it moves along that axis. Size-structured mod-
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els thus provide a bridge between the individual and the population (Botsford 1981), and critically,

between the individual and the community.

The large body of theory that has developed based on these frameworks highlights the un-

expected indirect effects that can emerge in size-structured predator prey systems (de Roos and

Persson 2002, van Kooten et al. 2005, van Leeuwen et al. 2008, 2013, 2014, Hartvig and An-

dersen 2013). These indirect effects emerge in large part from the ability of predators and prey to

shape each other’s growth environment and to create or relax growth bottlenecks at various points

in their life history. Thus predators may release their favored sizes of prey from competition,

thereby enhancing their growth and shifting the size structure of the prey population (de Roos and

Persson 2002, van Leeuwen et al. 2008), or prey may compete for resources with, and impose a

competitive bottleneck on, juveniles of their predator (Walters and Kitchell 2001).

This work has suggested that indirect effects may be particularly important in mediating system

response to, and recovery from, fishing. In particular, resolving the full life history of the species in

a community reveals that removal of large individuals can induce trophic cascades that ripple across

both the system’s mortality and growth regimes, causing alternating patterns of food limitation and

competitive release (Andersen and Pedersen 2010). Moreover, the top-down control exerted by

predators on the size-distribution of their prey can generate a catastrophic collapse of the predator

as fishing mortality is increased (de Roos and Persson 2002), or prevent the recovery of a predator

from low levels (van Kooten et al. 2005, van Leeuwen et al. 2008).

Despite the insights generated by this theoretical work, and the hypothesized importance of

size-structured mechanisms in driving the dynamics of marine communities, the mechanistic com-

plexity of size-structured models has made it difficult to make data-driven inference in real systems

(Andersen et al. 2016, Spence et al. 2016). This difficulty has led both to limited opportunities to

test and expand this theory for real systems, and a gap between theoretical ecology and its appli-

cation in fisheries management (Collie et al. 2016). Addressing this disconnect, and learning from

real systems, requires developing tools that allow us to confront these mechanistic theories with

data. However, confronting mechanistic models with data is often challenging (Girolami 2008,
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Wikle and Hooten 2010, Calderhead and Girolami 2011) and requires developing approaches that

balance mechanistic fidelity with the statistical flexibility required to learn from data. Moreover,

developing models that can be applied in fisheries management requires finding the ‘sweet spot’

that balances including additional ecosystem components with the added uncertainty those com-

ponents may introduce (Collie et al. 2016).

In this dissertation, I seek this balance by recognizing that drawing complex mechanistic in-

sights from noisy data often requires incorporating greater statistical flexibility in the process com-

ponent of the model. Tailoring this flexibility, and aligning its application with the underlying

biological motivation allows us to capture critical components of size-structured predator-prey re-

lationships, while remaining tractable enough to fit to data. Each of the three chapters that follow

deal with the role of size and ontogeny in determining the structure and dynamics of marine fish

communities, but each chapter takes a different approach to navigating the above complexity-

uncertainty trade-off. More specifically, in each chapter, I collapse some dimension of the full

species-by-size interaction milieu (McGill et al. 2006) while retaining others to gain insight into

two exploited marine ecosystems. Chapters 2 and 3 both focus on the dynamics of the Scotian

Shelf community, where the cod fishery provides one of the classic examples of fisheries collapse.

Chapter 4 focuses on the structure of the Gulf of Alaska ecosystem, which, together with the Bering

Sea, supports the largest commercial fishery by volume in the United States (Gaichas et al. 2015).

Chapter 2 focuses on the dynamics of the Scotian Shelf cod population, and the processes that

have prevented its recovery following its collapse and the closure of the fishery in 1993. In particu-

lar, I explore how the demographic landscape faced by individual cod changed from 1983 to 2003,

trying to capture the feedbacks that may have been generated by its collapse and the subsequent

trophic cascade (Frank et al. 2005). In this framework, by focusing on just the cod population, I

subsume the full interaction milieu into its effect on cod length-specific growth and survival rates.

This allows us to to capture cod life-history and the dynamics of its length-distribution in detail,

which in turn allows us to identify bottlenecks that may be preventing cod’s recovery from low
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abundance. I then explore whether the identified demographic landscape is consistent with the

hypotheses generated by the theory discussed above.

Chapter 3 provides greater community-context for the insights generated by Chapter 2. In

particular, I expand the scope beyond just cod to include haddock, the other dominant large-bodied

predator, the forage fish herring and sandlance, and their interactions. To accommodate this larger

species diversity, I simplify our representation of the size-structure within each species. I model the

dynamics of each species’ total abundance as a function of interspecific interactions that depend on

species average lengths and how they change through time (e.g., as large-bodied individuals are lost

from harvesting). This approach allows us to take advantage of the theory and methods that have

been developed for modeling community dynamics, while also capturing the role that changing

length-distributions may play in governing the net effect of one species on another. Modeling the

cod-forage fish interactions also allows us to further investigate the role that forage fish may play

in preventing cod recovery, and to connect the demographic changes identified in Chapter 2 to the

broader community. The multi-species model developed in Chapter 2 also enables us to connect

changes in interaction structure (driven by changes in species length-distribution) to changes in

system stability.

While Chapters 2 and 3 focus on the role of size-structure in driving population and commu-

nity dynamics, Chapter 4 focuses on food web structure and identifying how species in a size-

structured community partition ontogenetic niches. In this chapter, I handle the full variability

of size-structured predator prey interactions by developing methods to describe the system with a

lower-dimensional set of trophic groups containing individuals with similar interaction patterns.

This allows me to describe the key features of an ontogenetically resolved food web without need-

ing to a priori aggregate over either species or size. The resulting dimension-reduced description

of the food web then highlights patterns of niche overlap in the community, and the different routes

through which energy flows.

In summary, Chapter 2 collapses the community context surrounding Scotian Shelf cod while

maintaining detailed demographic resolution within cod. Chapter 3 complements this work by of-
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fering greater resolution on the community dynamics and interactions on the Scotian Shelf, while

collapsing intraspecific structure to total abundance and average length. Together, these two chap-

ters investigate changes to both the demographic and interaction landscape of Scotian Shelf cod

and evaluate the predictions of theory about the recovery prospects of a large-bodied predator in

a real system. Lastly, Chapter 4 develops a data-driven approach to reduce the dimension of an

individual-level food web and describe the shared ontogenetic backbone of a marine community.

Taken together, this research further advances the effort to better understand community ecology

from an individual-level perspective (Bolnick et al. 2003), while recognizing that incorporating

that perspective into models of real systems is likely to require careful choices about model struc-

ture and complexity.
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Chapter 2

The changing demographic landscape of Scotian

Shelf cod

2.1 Introduction

Identifying the demographic factors contributing to or limiting population growth is critical for

understanding the potential for depleted populations to recover (Caughley 1994, Benton and Grant

1999). Understanding the factors that may limit recovery is particularly important in fisheries

ecology and management, where many collapsed fish stocks have remained at low abundance

despite reductions in fishing pressure (Hutchings 2000, Neubauer et al. 2013). In fact, reduction of

fishing broadly seems to be insufficient for recovery, suggesting that other processes or feedbacks

may be responsible for limiting population growth (Hutchings 2001). In particular, a population’s

ability to recover following a collapse is likely to be mediated by the rest of the community and

the cascade of feedbacks and responses generated by its decline.

In particular, the release of forage fish prey from top-down control can play a crucial role in

controlling the growth and mortality environment experienced by large-bodied predators following

collapse (Gårdmark et al. 2015). The feedbacks generated from this loss of top-down control can

create emergent Allee effects and alternative stable states through either cultivation/depensation or

overcompensation processes (Gårdmark et al. 2015). In the cultivation/depensation hypothesis,

Walters and Kitchell (2001) suggest that juvenile predators and forage fish prey compete for sim-

ilar zooplankton resources, and that forage fish may even prey on predator eggs and larvae. Thus,

by cropping down the forage fish population, adult predators “cultivate” a favorable environment

for their juveniles. The collapse of the predator population, however, releases forage fish from

control, generating predator-prey role reversal and/or a competitive bottleneck for juveniles of the

once-dominant predator (Walters and Kitchell 2001). The overcompensation hypotheses posits
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that top-down control from an abundant predator releases the surviving individuals of the forage

fish population from competition, enabling better growth conditions and higher recruitment, all

of which serves to generate more or higher-quality prey for large predators (de Roos and Persson

2002, van Kooten et al. 2005, van Leeuwen et al. 2008). In this scenario, the loss of top-down con-

trol creates a competitive bottleneck in the forage fish population, leading to reduced reproduction

and little suitable prey for large predators, despite the large total abundance of forage fish. These

two processes – cultivation/depensation and overcompensation – either alone or in concert, may

serve to create poor conditions for a collapsed predator and prevent population growth from low

levels (Gårdmark et al. 2015).

These bottom-up, emergent Allee effects have been proposed as potential explanations for the

slow recovery of the collapsed Scotian Shelf cod (Gadus morhua) stock, despite the closure of

the fishery in 1993 (Bundy 2005). The collapse of the cod population in the early 1990s initi-

ated an apparent trophic cascade (Frank et al. 2005) and a shift from a community dominated

by large-bodied bottom fish to a community dominated by small pelagic forage fish and benthic

invertebrates (Bundy 2005, Frank et al. 2005). Despite the closure of the cod fishery, this state

has persisted, with only recent signs of recovery and emergence from a prolonged transient (Frank

et al. 2011). The apparent release of forage fish from top-down control suggests a potential role

for cultivation/depensation and overcompensation. However, several studies have suggested that

the interaction between cod and forage fish has played a relatively small role in driving changes

in community structure and suppressing cod (O’Boyle and Sinclair 2012, Swain and Mohn 2012,

Sinclair et al. 2015). Instead, these studies suggest that cod recovery may be suppressed by pre-

dation mortality exerted by the rapidly growing grey seal (Halichoerus grypus) population on the

Scotian Shelf (O’Boyle and Sinclair 2012). Such mortality on a population already at low abun-

dance could also generate an emergent Allee effect and prevent recovery (Kuparinen and Hutchings

2014, Neuenhoff et al. 2018).

Evaluating the contribution of these bottom-up and top-down processes to the continued low

abundance of Scotian Shelf cod requires a detailed understanding of how cod demographic pro-
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cesses have changed following the collapse, and how those changes have influenced the potential

for population growth. Many anomalies have been identified in cod population processes (e.g.,

high mortality of mature cod Sinclair et al. (2015)), but have not been demonstrated as a limit-

ing factor for population growth, nor have the relative strengths of different limiting factors been

compared. Moreover, many of the existing analyses of the Scotian Shelf cod population have been

correlative, or have relied on models with restrictive assumptions (e.g., equilibrium) or coarse res-

olution of cod life history (e.g., juveniles and adults). Given the nature of the hypotheses for the

slow recovery of cod, there is a need for more realistic, flexible models of cod population dynam-

ics (Fu et al. 2001) that account for size-based demographic processes and the close relationship

between mortality and growth in regulating population size (Werner and Gilliam 1984).

In this chapter, we developed a size-structured model of cod population dynamics to estimate

fluctuations in cod growth and mortality processes across both time and length. We used these

estimates to identify changes in the growth and mortality landscape of cod following its collapse

and identify possible bottlenecks that may be responsible for limiting recovery. Specifically, we

evaluated whether the estimated demographic changes are consistent with cultivation/depensation,

overcompensation, and/or seal predation.

2.2 Methods

Modeling cod population dynamics involves uncertainty across multiple levels – the data level

involving noisy survey observations, the process level capturing length-structured demographic

processes, and the parameter level – thus, we embedded our model in a Bayesian hierarchical

framework (Berliner 1996). This framework involves a joint likelihood that combines two sources

of survey data, both linked to an underlying length-structured population model. This population

model is governed by time- and length-varying growth and survival processes that we then used

for long-term simulations and sensitivity analyses to parse the factors limiting cod recovery.
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2.2.1 Data model

Growth and mortality processes are tightly linked drivers of population dynamics and size-

structure (Werner and Gilliam 1984, Hartvig et al. 2011). In particular, growth has a direct effect

on abundance by controlling how long an individual is exposed to different mortality pressures at

different lengths (Parma and Deriso 1990, Byström et al. 1998). Moreover, mortality can have a

large effect on how the length distribution of a given cohort evolves (e.g., if the largest individuals

of a cohort face higher mortality, Parma and Deriso 1990, Gudmundsson 2005). To simultaneously

estimate both length-specific growth and mortality, we made use of two data sets, both collected

by the Department of Fisheries and Oceans Canada from fisheries-independent bottom-trawl sur-

veys of the Eastern Scotian Shelf (region 4VsW) in July/August each year from 1983 to 2003.

The first data set consists of estimates of the mean length of cod as a function of age, providing

information on how the average length of a cohort changes as it ages (due to both growth and

length-specific mortality). The second data set consists of average catch per tow (i.e., bottom trawl

sample), binned in 48 3cm length bins ranging from 4 to 142cm, providing estimates of how the

cod length distribution (i.e., cod abundance as a function of length) changes through time (due to

both growth and mortality). Together, these two data sets capture two different dimensions of cod

population structure (the age-length dimension and the abundance-length dimension) and allowed

us to simultaneously estimate the rates at which individuals move along the length axis and the

rates at which they are lost from the population.

Let zat be the average length of cod at age a and time t, and yit be the average number of fish

caught per tow in length bin i, bounded by (li, li+1), in year t. We modeled the length-at-age data

with a log-normal likelihood:

zat ∼ LogNormal(µat, σ
2

z)

where

µat = log(x̄at)− σ2

z/2
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such that E[zat] = x̄at, the latent true average length of age a fish in year t (potentially averag-

ing over multiple cohorts within that age class). Because the catch-at-length data are an average

abundance index, the yit are continuous, with zeros reported for length-bins in which no fish were

observed. To match this support, we specified a truncated normal likelihood where the standard

deviation scales linearly with the mean (enabling similar flexibility to a log-normal distribution,

but with mass at zero):

yit ∼ TN(qiλit, (σyqiλit)
2)

where λit is the latent abundance in length bin i in year t, σy scales the standard deviation relative

to the mean, and qi is the catchability of fish in length bin i. To account for the fact that small

fish are less available to the survey gear, we modeled catchability as a logistic function of length

(Harley et al. 2001):

qi = qmax

exp (b0 + b1li)

1 + exp (b0 + b1li)

where qmax is the maximum catchability, and b0 and b1 control the shape of the logistic function.

We obtained the true abundance in length bin i, λit by integrating over the latent continuous-

length abundance spectrum, λ(l, t) at time t:

λit =

∫ li+1

li

λ(l, t)dl.

2.2.2 Chew-chew train process model

Size-structured population models (e.g., Hartvig et al. 2011) link the size spectrum to growth

and mortality through the McKendrick-von Foerster partial differential equation:

∂λ(l, t)

∂t
= −

∂

∂l
(g(l, t)λ(l, t))− µ(l, t)λ(l, t)

where g(l, t) and µ(l, t) are the growth and mortality rates of length l fish at time t.

Rather than solve this PDE directly, we adopted a discrete-time version of the “escalator boxcar

train” (de Roos et al. 1992) method in which we approximated the above length spectrum by
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breaking the population into discrete cohorts characterized by their abundance and average length.

We then smoothed these cohorts into the continuous length spectrum with a process convolution

(Higdon 2002, Hefley et al. 2017):

λt(l) =
∑

j

njtK(xjt − l)

where K(·) is a squared exponential kernel with length scale σKl, and njt and xjt are the abundance

and average length of fish of cohort j at time t. Smoothing the discrete cohorts into a continuous

length spectrum allowed us to convert the cohort abundances into the expected abundances in the

length bins of the data.

Changes in the length spectrum through time are induced by changes in the abundance and

average length of the underlying cohorts due to growth and mortality processes. We modeled this

cohort evolution as:

nj+1,t+1 = njtϕ(xjt, t)

xj+1,t+1 = xjt + (x∞ − xjt)g(xjt, t),

where ϕ(x, t) is the survival of length x fish from t to t + ∆t, x∞ is the asymptotic length, and

g(x, t) is the proportion of the remaining available length grown by a length x fish from t to t+∆t.

Bounding ϕ(x, t) and g(x, t) between zero and one ensures that the abundance of a cohort declines

as it ages, while the average length of a cohort increases and approaches (but does not exceed) its

asymptotic length. We modeled these survival and growth processes using a process convolution

framework (Higdon 2002), in which continuous surfaces over time and length were obtained by

smoothing i.i.d normal random variables positioned on a fixed grid over length and time:

logit(ϕ(x, t)) = ϕ0 +
∑

k

ξkKx(x− uk)Kt(t− τk)

logit(g(x, t)) = g0 +
∑

k

ϵkKx(x− uk)Kt(t− τk)

ξk ∼ Normal(0, σ2

ξ )

ϵk ∼ Normal(0, σ2

ϵ )
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where ϕ0 and g0 control the overall mean survival and growth, respectively, ξk and ϵk are the

random variables associated with the kth grid point, located at length uk and time τk, and Kx(·) and

Kt(·) and are independent squared exponential smoothing kernels parameterized by characteristic

length scales σKx and σKt, respectively. The process convolution framework generates smooth

survival and growth surfaces over length and time that characterize the changes in the demographic

landscape of cod. The smoothness of these surfaces, which captures the assumption that fish of a

similar length should experience similar growth and survival conditions, also allowed us to pool

information across time and length, helping alleviate issues with data sparsity or quality.

2.2.3 Parameterization and priors

The boundary conditions were defined by the initial conditions (n·0 and x·0) and the abundance

and length of the new cohort that recruits to the population at every time step (n1· and x1·). To

constrain the dimension of the initial conditions, we assumed that the sizes of the initial cohorts,

xj0, follow the commonly used von Bertalanffy growth curve:

xj0 = x∞ − (x∞ − x0) exp(−κj∆t)

where κ is the von Bertalanffy growth constant and x0 is the length at age 0, and j∆t gives the age

of cohort j. We modeled the abundances of the initial cohorts with a flexible process convolution

over the length axis:

log(ni0) =
∑

k

ηkKx(xi0 − uk)

ηk ∼ Normal(0, σ2

η).

We modeled the abundance of new recruits using a Ricker stock-recruitment relationship, as in

Swain and Mohn (2012):

n1t = νSt exp(−δSt)

where ν and δ control the linear and density dependent components, respectively, and St is spawn-

ing stock biomass in year t. This was computed as:
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St =
∑

j

[

1 +

(

xjt

x∗

)

−10
]

−1

njtαx
β
jt

where the first term is a function that transitions smoothly from 0 to 1 around the length-at-maturity,

x∗, and α and β convert length (cm) to weight (g). We held the size at recruitment constant, such

that x1t = x11 for all t.

Lastly, we placed priors on the boundary condition parameters, κ, x0, ν, and δ, the mean

survival, ϕ0, and growth, g0, and the measurement dispersion parameters, σy and σz. See the

appendix for full model specification and priors. The remaining constants, including cod size-at-

maturity and asymptotic length, and the process convolution grid and standard deviations were

fixed at values given in Table 1.

Table 2.1: Model parameters, their description, and their values.

Parameter Description Value Citation

x∗ Length at maturity 40 cm (Hall and

Collie 2006)

x∞ Maximum length 148 cm (Hall and

Collie 2006)

qmax Maximum catchability 0.95 (Harley et al.

2001)

b0 Catchability coefficient -5.0 (Harley et al.

2001)

b1 Catchability coefficient 0.14 (Harley et al.

2001)

α Length-weight prefactor 0.007

β Length-weight exponent 3

σKl Length scale of Kl 3.0 cm

σKx Length scale of Kx 10 cm
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Parameter Description Value Citation

σKt Length scale of Kt 3.0 years

u Grid locations on length

axis for ϵ and ξ

0, 10, . . . , 140

τ Grid locations on time axis

for ϵ and ξ

1980, 1983, . . . , 2004

2.2.4 Implementation and sampling

We implemented our discrete-time escalator boxcar train in the Julia language (Bezanson et al.

2017). We used a step size (∆t) of six months, providing two cohorts a year to roughly correspond

with the spring and fall spawning components of the cod stock (Frank et al. 1994). We fixed

the maximum age at 15 years, producing a population with 30 cohorts (i.e., j = 1, . . . , 30), with

two cohorts belonging to every integer age class and contributing to every x̄at. Samples from the

posterior distribution of all parameters were obtained using a Hamiltonian Monte Carlo algorithm,

using the DynamicHMC package (Papp and Piibeleht 2019). Multiple chains were run for 1000

iterations after warm-up and burn-in and checked for convergence.

2.2.5 Evaluating long-term population growth and sensitivity

To parse the consequences of fluctuations in growth and survival, for each year, t, we froze

the growth and survival regime for that year (i.e., we collapsed growth and survival to a fixed

function of length, such that g(x) = g(x, t), and ϕ(x) = ϕ(x, t)) and projected the population 20

years forward from that time. We used the predicted spawning stock biomass 20 years ahead to

evaluate whether a given set of demographic conditions lead to population growth (i.e., favorable

conditions) or decline (i.e., poor conditions). We also computed the sensitivity of the spawning

stock biomass at the end of each of those 20 year simulations to changes in each of the process-

convolution parameters (the ϵk and ξk) that governed the growth and survival regimes used in the

simulation. Let Q be the spawning stock biomass at the end of 20 years, and let θt be the process
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convolution parameters from a given sample from the posterior, fixed at their values in year t. Then

we computed the sensitivities as the partial derivative ∂Q(θt)/∂θt, using the ForwardDiff library

in Julia (Revels et al. 2016). These estimated sensitivities provide information on how small

changes in growth and survival at a particular size (i.e., a particular uk) are predicted to affect the

long term spawning stock biomass.

Our yearly estimates of growth and survival taken together give a range of biologically realistic

growth and survival rates. To further evaluate the relative contribution of different growth and

survival regimes to cod population growth, we performed an additional set of simulations in which

we projected the dynamics of the cod population forward from 2003 using every combination of

growth and survival regime estimated over the course of the time series. More specifically, we

simulated 20 years of dynamics forward from 2003 holding the survival regime as a function of

length fixed at its values in year t, (i.e., ϕ(x) = ϕ(x, t)) and holding the growth regime fixed at

its values in year t′ (i.e., g(x) = g(x, t′)), for all pairs of t and t′. This allowed us to separate the

effects of the paired growth and survival regimes explored in the simulations and better isolate the

effects of variation in both growth and survival.

2.3 Results

The model successfully captured the overall decrease in the slope of the length-at-age curves

over time (Fig. 2.1). The model also captured the the long-term decline in abundance in the

observed catch-at-length data (Fig. 2.2). However, the agreement between the observed catch-at-

length distributions and the model predictions varied by year. In particular, due to the smoothness

constraints of the process-convolution, we were unable to characterize abrupt changes in the size

distribution (e.g., the sudden drop in abundance from 1985 to 1986).

Growth and survival conditions fluctuated through time for all sizes of cod (Figure 2.3). For

juvenile cod (less than 40cm), growth conditions declined throughout the 1980s, bottoming out

around 1990 before recovering slightly in the late 1990s and declining again (Figure 2.3). At the

same time, juvenile cod experienced favorable survival conditions in the late 1980s that deterio-
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rated around the time of the fishery closure and again rebounded slightly in the late 1990s before

declining. The growth conditions for large cod (greater than 50cm) followed roughly the opposite

trend as the juveniles. The growth rates of large cod increased from 1983 through the early 1990s,

then broadly declined thereafter (Figure 2.3). While growth rates improved throughout the 1980s,

survival of large cod declined, reaching a minimum in the early 1990s and recovering slightly

following the fishery closure (Figure 2.3). Due to how infrequently they were observed in either

data set, the estimates of growth and survival of the largest cod (greater than 80 cm) were not well

informed by the data.

Simulating the long-term dynamics generated by the demographic conditions in each year indi-

cates that there were large fluctuations in the potential for cod population growth and maintenance

(Figure 2.4). In particular, our simulations suggest that the demographic conditions around the

time of the fishery closure were very poor, and were predicted to lead to local extinction of the

cod population in the long term (Figure 2.4). By 1998, conditions had (briefly) improved, with our

simulations predicting long-term maintenance and slight recovery (Figure 2.4). These conditions

were short-lived, however, and our simulations predicted that the conditions in 2003 would again

lead to local extinction if held constant.

To better separate the contributions of the growth and survival regimes to the potential for cod

recovery from its 2003 levels, we performed further simulations in which we varied the growth and

mortality separately, exploring all possible combinations of estimated annual regimes. These sim-

ulations suggest that the long-term dynamics respond much more strongly to the historical range

of mortality conditions than to growth conditions (Figure 2.5). In particular, we identified three

survival regimes – 1983-1984 (potentially an artifact of the initial conditions), 1992-1995, and

2002-2003 – in which cod were predicted to go locally extinct, regardless of the growth regime.

Variation in the growth regime only had an effect on the long-term spawning stock biomass when

paired with survival regimes that supported long-term persistence. Further, although poor growth

conditions (as in the early 2000s, for example) could reduce the long-term spawning stock biomass
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relative to better regimes, there were no growth regimes that were predicted to lead to local extinc-

tion.

We further found that the long-term spawning stock biomass, simulated ahead from 2003, was

most sensitive to the process convolution parameters corresponding to the growth of 40cm cod and

the survival of 30 cm cod. High sensitivity to these parameters was remarkably constant over all

of the demographic regimes (results not shown).

2.4 Discussion

There have been a number of studies of Scotian Shelf cod that estimate temporally-varying age

or stage (e.g., juvenile and adult) specific mortality, but relatively few have coupled those mortality

estimates with growth to account for the joint effect of growth and survival on population dynamics.

The model that we developed here allowed us to estimate fluctuations in cod growth and survival

conditions across both length and time and to evaluate the consequences of those fluctuations for

cod productivity. Consistent with the collapse of the cod population and the subsequent apparent

reorganization of the Scotian Shelf community (Bundy 2005, Frank et al. 2005), we observed

substantial variation in the demographic landscape of the cod population over the 20 years studied

(Figure 2.3). Moreover, we found that demographic variation generated considerable variation

in the long-term productivity potential for cod, with several periods of very poor demographic

conditions that were predicted to lead to population decline.

In particular, our simulations of long-term cod population dynamics suggest that the growth

and survival regimes present in 2003, if held constant, would likely lead to local extinction of cod

(Figure 2.4). By repeating this simulation with different combinations of historical growth and

survival regimes, we found that the poor survival regime present in 2003 was the primary driver

of the predicted long-term decline. Thus, consistent with other analyses of Scotian Shelf cod, we

found that poor survival conditions were ultimately the limiting factor in cod recovery, as of 2003

(Fu et al. 2001, Bundy and Fanning 2005, Swain and Mohn 2012, Sinclair et al. 2015). However,

our simulations also revealed that survival conditions were not consistently poor following the
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Figure 2.1: Length-at-age data and model predictions. The points represent the observed average length as
a function of age, and the gray ribbon represents the posterior 95% credible interval of the wat.
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Figure 2.2: Catch-at-length data and model predictions. The points represent the observed average abun-
dance per trawlable unit in 3cm length bins, and the gray ribbon represents the posterior 95% credible
interval of the catchability-scaled λit.
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Figure 2.3: Estimated growth and survival trajectories for different sizes of cod through time. The panels
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Figure 2.4: Projected spawning stock biomass 20 years ahead as a function of the initial year of the simula-
tion, where growth and survival regimes were held constant at that year’s values. The black points indicate
the posterior median, while the gray lines indicate the 95% credible interval.

collapse. Instead, we found that favorable survival conditions emerged in 1998 and 1999, most

noticeably for 20 to 40 cm cod (Figure 2.3), and that these conditions would have facilitated a

modest recovery had they remained in place (Figure 2.4, Figure 2.5). Several other studies also

estimated a brief increase in cod survival around 1998 (O’Boyle and Sinclair 2012, Swain and

Mohn 2012), but none actually linked that increase to a potential window for recovery.

The identification of this post-collapse fluctuation in survival regime suggests a possible diag-

nostic with which to evaluate hypotheses for the drivers of low survival in 2003. Predation mortal-

ity from seals, for example, appears to be inconsistent with this fluctuation. Though O’Boyle and

Sinclair (2012) found that predation by seals could account for a large proportion of cod natural

mortality throughout the 1990s, seal populations have been growing steadily for decades. A corre-

sponding steady increase in predation pressure would thus not be consistent with the cod survival

trends estimated here. Thus a more convincing link between cod survival and seal predation may

require additional mechanisms (e.g., prey switching by seals) that generate the observed relaxation

in mortality following collapse.
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local extinction.
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Figure 2.6: The scaled sensitivity of the projected spawning stock biomass 20 years ahead from 2003
to the growth (left) and survival (right) process convolution parameters located at the given size (i.e.,
∂SSB2023/∂ϵk, scaled by SSB2023, where ϵk is located at length uk) The points give the posterior median,
while the lines give the posterior 95% credible intervals.

Growth processes, as mediated by the forage fish complex, provide an alternative hypothesis

for the lack of cod recovery. Although growth does not appear to be limiting by itself, fluctuations

in the growth regime may nonetheless reveal processes contributing to the survival bottleneck.

Our estimates of the growth rates across length and time reveal a substantial decline in the growth

conditions of large (60 - 80cm) cod throughout the 1990s, despite the large abundance of forage

fish prey in the late 1990s. This disconnect between the growth conditions of large, piscivorous

cod and the abundance of their forage fish prey supports the hypothesis that after release from

top-down control, increased competition in the forage fish complex may be limiting their growth

and their availability or benefit to cod (Gårdmark et al. 2015). Declines in forage fish condition

beginning in the early 1990s provide support for the hypothesis that forage fish growth has been

reduced in the face of intense competition (Frank et al. 2011). As such, though abundant, the

forage fish prey available to large cod may be of such poor condition that they represent ‘junk

food,’ on which large cod may not be able to persist (Gårdmark et al. 2015). This is consistent

with the predictions of ‘overcompensatory’ dynamics in forage fish, and the resulting feedbacks
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between predation pressure and the growth environments of both predators and prey (de Roos and

Persson 2002, van Kooten et al. 2005, van Leeuwen et al. 2008).

At the same time, we found that growth conditions of juvenile cod were also relatively poor

in the late 1990s, consistent with the timing of the forage fish boom. Bundy and Fanning (2005)

identified a large overlap in the diet of small cod and forage fish, and predicted intense competition

between the abundant forage fish and juvenile cod in the post-collapse period. Our estimates of de-

peressed growth in juvenile cod suggest the presence of a competition-induced growth bottleneck

and provide empirical support for the cultivation-depensation hypothesis (Walters and Kitchell

2001).

The decline in the growth conditions of cod in the late 1990s and early 2000s – coincident

with the beginning of steady, high abundance of forage fish (Frank et al. 2011) – suggests that

forage fish may play a key role in regulating the growth environment of cod in the post-collapse

period. However, as our simulation experiments have shown, poor growth conditions alone are

not sufficient to suppress cod recovery (Figure 2.5). Thus, for growth to limit the population

dynamics of cod, it must have carry-over effects on survival and reproduction. Bundy and Fanning

(2005) hypothesized that the poor growth of cod juveniles may lead to poor condition and increased

mortality later in life. Further, Dutil and Lambert (2000) identified a link between poor condition,

starvation mortality, and reduced cod productivity in the Gulf of St. Lawrence in the early 1990s.

Moreover, this possible link between poor growth and poor survival appears in the long-term

oscillations that we estimate in the growth and survival of juvenile cod. Specifically, we identify

poor survival conditions in the early 1980s and early 1990s, as well as in the early 2000s. Though

the estimated conditions in the early 1980s are likely closely tied to the initial conditions, the

declines in survival in the early 1990s and 2000s lag roughly two years behind declines in the

growth regime (Figure 5.1). Though this trend should be interpreted with some caution, it is

nevertheless consistent with the prediction that starvation mortality should lag behind poor growth

conditions, as individuals are able to persist temporarily in the absence of resources by burning

their energy reserves (Goulden and Hornig 1980).

24



While juvenile survival appears to be driven by growth, juvenile growth appears to be driven

by changes in temperature, with better growth conditions corresponding to warmer temperatures

in the early 1980s and 1990s and poor growth conditions corresponding to colder temperatures

in the late 1980s (Figure 5.1). This points to a potential role for long-term climate forcing of ju-

venile growth rate (Swain et al. 2003), and a lagged carry-over effect on juvenile survival. The

temperature-growth-survival sequence of forcing relationships also suggests an explanation for

the late 1990s recovery window and the delayed onset of the poor survival regime in the early

2000s. Specifically, warm temperatures in the mid-1990s may have driven the initial improvement

in growth and survival conditions following the collapse, before forage-fish induced food limita-

tion took over as the primary driver of growth conditions. Though these patterns are compelling,

the relationships between temperature forcing, growth, and mortality need to be further explored,

potentially with a more detailed energetic model that explicitly accounts for energy reserves and

the starvation mortality induced when they run out (e.g., de Roos and Persson 2001).

Simulating from their historical pattern of variability suggests broadly that poor survival regimes,

potentially linked to poor growth regimes, are to blame for limiting cod population growth. Sen-

sitivity analysis allows us to further diagnose at which sizes changes to the growth and survival

regimes are likely to have the largest impact. These analyses suggest that increases in the survival

of 30cm cod and the growth of 40cm cod are likely to make the largest impact on future biomass

of the cod stock. The sensitivity of the long-term biomass to these parameters is relatively constant

across different growth and mortality regimes, regardless of whether or not those regimes support

long-term population growth. Though capturing the potentially disproportionate (relative to body

mass) contribution of large individuals to recruitment (Barneche et al. 2018) could shift this sensi-

tivity toward larger individuals, these results nevertheless highlight the importance of pre-breeding

individuals (Reid et al. 2004), and the need to simply transition more fish across the maturity

threshold (40 cm) and into the spawning stock.
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2.4.1 Feedbacks

The presence of long-term oscillatory patterns in demographic conditions begs the question of

whether the latest, unfavorable regime is permanent, or whether it too is the result of temporary

fluctuations. The theory and modeling work behind the overcompensation (van Leeuwen et al.

2008), cultivation-depensation (Walters and Kitchell 2001), and seal-predation (Kuparinen and

Hutchings 2014) hypotheses suggests that these mechanisms induce Allee effects and alternative

stable states from which cod cannot recover. On the other hand, Frank et al. (2011) suggested that

the prolonged period of low abundance is a long transient and that competition within the forage

complex will damp out their oscillations in the long run and allow cod recovery. Our model is

unable to distinguish between these hypotheses. However, we do predict that the demographic

conditions faced by cod in 2003 would lead to local extinction. The continued persistence of cod

on the Scotian Shelf suggests that more recent changes in the demographic conditions faced by cod

(e.g., driven by the environment or feedbacks within the forage fish complex) may have averted

that fate.

The long-term simulations that we carried out here assumed a fixed growth and survival land-

scape and thus did not account for the potential for these long-term changes or feedbacks. Better

differentiating between a long transient and an alternative stable state driven by overcompensa-

tion or cultivation-depensation would require also understanding the growth environment of the

forage fish complex, and the ability of cod to shape that growth environment prior to its collapse

(Gårdmark et al. 2015). As such, future work should focus on closing this feedback loop by ex-

plicitly including forage fish, their interactions with cod, and their effects on a shared resource in

the modeling framework (e.g., using the framework of Hartvig and Andersen 2013).

Further, we did not include density-dependent feedbacks on the growth and survival processes

in the model. Instead, density dependence was captured through a Ricker stock-recuitment rela-

tionship (Swain and Mohn 2012). This prevents run-away population growth in our long-term

simulations, but does not capture how resource depletion or cannibalism may induce density-

dependent bottlenecks at other stages of life history (Andersen et al. 2016). Incorporating these
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more flexible, mechanistic sources of density dependence into the modeling framework (e.g.,

by explicitly modeling a resource) may provide additional insights about bottlenecks that might

emerge in our long-term simulations. However, we do not expect that the emergence of these bot-

tlenecks would qualitatively change our predictions of which historical demographic conditions

facilitate population growth and which do not.

2.4.2 Conclusions

To summarize, we found that cod recovery from its state in 2003 was limited by poor survival

conditions. However, those survival conditions only emerged after 1998, prior to which conditions

were briefly favorable for recovery. We argue that these fluctuations in survival may be driven

by degradation of the growth environment resulting from both overcompensation and cultivation-

depensation processes in the forage-fish complex. More broadly, for juvenile cod, temperature-

driven fluctuations in growth rate may be responsible for long-term fluctuations in survival. Lastly,

we predict that improving the growth and survival conditions of sub-adult (i.e., 30 - 40 cm) cod

will have the largest effect on the population’s long-term growth prospects. In size-structured

populations like the Scotian Shelf cod, population growth emerges from the joint effects of growth,

survival, and reproduction and their (co-) variation across across cod life history. By accounting

for these joint effects and their variation through time, while also remaining flexible enough to fit

to and learn from survey data, the chew chew train was able to offer a more detailed and nuanced

picture of the drivers of cod population dynamics and the potential for recovery.
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Chapter 3

The changing interaction landscape of the Scotian

Shelf fish community

3.1 Introduction

Community stability is a function of both species diversity and interaction structure (May 1972,

Ives et al. 2003). In many communities, ontogenetic niche shifts within species (e.g., changes in

habitat or resource use with an individual’s size or age) create rich and complex interaction patterns

among species (Werner and Gilliam 1984). The presence of these ontogenetic niche shifts means

that different sized individuals of the same species occupy different functional roles within the

community (Werner and Gilliam 1984, Garrison and Link 2000). As a result, changes in a species’

size- or age-distribution, and the loss or reduction of particular components of that distribution, can

alter the net sign and strength of its interactions with the rest of the community (Miller and Rudolf

2011, Rudolf and Rasmussen 2013), with corresponding consequences for community dynamics

and stability.

The potential for ontogeny to induce changes in a system’s interaction structure and stability is

particularly important in marine fish communities, where ontogenetic niche shifts are common, as

are size-selective fisheries that target particular functional components of a population. In fact, both

theoretical (Andersen and Pedersen 2010) and empirical studies (Shackell et al. 2010) have demon-

strated that selective fishing can induce trophic cascades through the removal of large-bodied indi-

viduals, even without the complete removal of any predators. Moreover, in size-structured marine

communities, the net effect of one species on another emerges from a mix of both competitive

and predator-prey relationships spread out over each species’ life history (Hartvig and Andersen

2013). Thus, changes to species size distributions may induce changes in the relative strength of

these mixed relationships. Addressing the growing need to incorporate species interactions into
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fisheries management (Travis et al. 2014), and to account for the feedbacks and sudden shifts

they can generate, thus requires understanding how the interaction structure of a community might

change with shifting size structure.

Such changes in size-structure have been well documented on the Scotian Shelf, where the

average aggregate body size of the fish community has declined substantially over recent decades,

eroding macroecological patterns that have historically structured the region (Fisher et al. 2010a).

These changes were driven by the collapse of cod and other large-bodied species, the subsequent

trophic cascade (Frank et al. 2005), and widespread intraspecific shifts in species’ size distributions

(Fisher et al. 2010a). The loss of large-bodied individuals and the functional roles they occupied

has likely restructured the interaction patterns of the Scotian Shelf fish community. Specifically, the

loss of large individuals may have eroded the functional position of formerly dominant predators

like cod, and changed their relationship with their forage fish prey. These changes in the interaction

structure on the Scotian Shelf may serve to reduce the system’s stability (Fisher et al. 2010a), and

potentially slow cod recovery despite the moratorium on fishing declared in 1993 (Frank et al.

2005, 2011).

Understanding the dynamics of the Scotian Shelf fish community thus requires understanding

underlying changes in its interaction structure. Multivariate autoregressive (MAR, or frequently

vector autogressive) models provide an accessible way to infer the drivers and structure of com-

munity dynamics (Hampton et al. 2013). As shown by Ives et al. (2003), the MAR model can be

viewed as a first-order linear approximation to a more complex non-linear community model and

thus offers insights into system stability. Further, MAR models fit the need for “models of man-

ageable complexity” required for ecosystem based fisheries management (Lindegren et al. 2009).

As such, these models have been used to explore the dynamics (Lindegren et al. 2009, Mac Nally

et al. 2010, Francis et al. 2014) and dimensionality (Zhou et al. 2016, Thorson et al. 2017) of

aquatic communities and to evaluate the effect of different management regimes (Lindegren et al.

2009).
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In this study, we employed the MAR framework to model changes in the net sign and strength

of interspecific interactions and expanded the framework to quantify those interactions as a func-

tion of the average lengths of the species involved. This approach provides a method for capturing

the consequences of changing size structure (e.g., due to the loss of large individuals or changes

to the underlying growth regime) for the interaction structure and stability of a system. We were

particularly interested in identifying how the interactions between cod and the forage species have

changed as both cod population and average length declined. We further explored the implications

of the changing interaction structure for both cod recovery and system stability.

3.2 Methods

3.2.1 Data

We made use of data from annual July-August fisheries-independent bottom-trawl surveys con-

ducted by the Department of Fisheries and Oceans Canada from 1970 to 2003 (Frank et al. 2005,

2011). These data provide average catch per tow (i.e., abundance per sampling unit) in either 3

cm length bins (predator species) or 1 cm length bins (forage species) for the two dominant large-

bodied predator species (Atlantic cod Gadus morhua, and haddock Melanogrammus aeglefinus),

and two forage species (herring Clupea harengus, and northern sand lance Ammodytes dubius).

Although changes were observed across the Scotian Shelf community over this period, these four

species represent the key players in the trophic cascade and subsequent system reorganization. We

used the catch at length data to compute time series for the total catch per tow for each species,

capturing each species’ overall population dynamics, and time series of the average length of each

species, capturing changes in each species’ length distribution and functional make-up.

Cod and haddock were both commercially exploited, until a moratorium was declared on di-

rected fishing in 1993, while exploitation of the forage fish was low (herring), or zero (sand lance)

(Frank et al. 2011). As noted above, there was a widespread decline in the abundance of many

of the predator species over the time period, and a dramatic collapse of cod in the late 1980s and

early 1990s (Figure 3.1). Consistent with a trophic cascade (Frank et al. 2005), observed forage
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fish abundance increased substantially after 1993, with very low, frequently zero, observed abun-

dance prior to that (Figure 3.1). At the same time, the average length of all species broadly declined

over the course of the time series.

3.2.2 Data model

Let yit be the total average catch per tow for species i in year t. These observations are positive,

continuous, and include zeros during years in which a species goes completely unobserved in the

survey. To account for these features and maintain the proper support for the data, we employed a

tobit link function (Clark et al. 2017, Taylor-Rodriguez et al. 2017):

yit =















0 if vit ≤ 0

vit if vit > 0

which allowed us to model the relationships among species on the natural (rather than log) scale,

and account for zeros in the data by censoring negative latent abundance measures (Clark et al.

2017).

3.2.3 MAR del mar

Following the general framework of Hampton et al. (2013), we modeled the dynamics of the

unconstrained vit as:

vt = a+Btvt−1 +Cut + ϵt

where Bt gives the interaction matrix associated with year t, ut is a vector of external covariates,

here bottom temperature anomalies, C is an S by 1 vector of species coefficients mapping those

covariates to species responses, and lastly system noise is modeled as

ϵit ∼ Normal(0, σ2

i ).
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3.2.4 Gaussian process regression for interaction matrices

We assumed that the coefficient for each species’ effect on itself (i.e., the diagonal elements of

the Bt, often interpreted as a measure of density dependence) was constant, while we allowed the

off-diagonal elements to vary through time:

Bijt =















βijt if i ̸= j

ηi if i = j

We hypothesized that the net strength of a given interspecific interaction is a function of the average

lengths of the two species involved in the interaction (i.e., βijt = f(xit, xjt), where xit is the

average length of species i in year t). This function defines an interaction landscape, or surface,

for the system. The average lengths of any pair of species, a “source” species and a “target” species,

define a point on this surface that determines the effect of the source species on the target species.

Thus, as species’ average lengths change, the locations of their interactions on this surface change,

and the overall interaction structure of the system changes.

We modeled this surface using Gaussian process regression, in which all of the βijt were spec-

ified jointly as multivariate normal:

vec(β) ∼ MVN(0,Σ),

where the vector on the left-hand side stacks all of the T ∗ S ∗ (S − 1) annual interspecific in-

teraction coefficients and Σ is the covariance matrix. Thus every element k of vec(β) represents

the interaction coefficient between two species in a particular year, with corresponding vector xk

containing the smoothed average lengths of those two species in that year. The covariance between

interaction coefficients vec(β)k and vec(β)l, Σkl, is defined as a function of the distance between

xk and xl:

Σkl = σ2

B exp

(

−
1

2ρ2
||xk − xl||

2

)

+ δklτ
2,
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where σ2
B defines the overall variance, ρ defines the length scale, δkl is a delta function that is 1 if

k = l and 0 otherwise, and τ 2 is a fixed noise term that ensures Σ is positive definite. The squared

exponential covariance function produces an interaction surface where the interaction coefficient

between any two species changes smoothly as a function of those species’ average lengths.

3.2.5 Implementation

We embedded the MAR process model and the Gaussian process regression in a Bayesian

hierarchical framework to carry out inference. We completed the specification of this model by

assigning priors to a, C, σ, η, ρ, and σB, descriptions of which are given in the Appendix. We

implemented this model in the Stan programming language (Carpenter et al. 2016), and used the

‘rstan’ package for R (R Core Team 2018, Stan Development Team 2019) to sample from the

posterior distribution of the model parameters. We ran 3 chains with different starting values for

2,000 iterations each, discarding the first 1,000 as burn-in. Effective sample size, convergence

diagnostics, and mixing were evaluated using the shinystan package (Gabry 2018). For every

sample from the posterior distribution, we also simulated the one-step-ahead model predictions

with Bt held constant at its value in 1986, the year in which cod average length peaked, to explore

how the predicted dynamics would have differed if species interactions had remained constant.

3.2.6 Stability analysis

Following (Ives et al. 2003), we computed stability quantities of the posterior mean Bt to ex-

plore the consequences of the changing interaction structure for the stability of the system. The

dynamics of a given system are stable (i.e., a long-term stationary distribution exists) if the magni-

tude of the dominant eigenvalue of Bt, max(λBt
), is less than one. Given that the system is stable,

the magnitude of the dominant eigenvalue provides a measure of the return time of the system

to the stationary distribution following a disturbance, with larger values indicating systems with

longer return times. Lastly, we compute the maximum system reactivity, given by max(λB
⊺

tBt
)−1,

as a measure of the short-term tendency of the system to amplify a perturbation.
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3.3 Results

The MAR model was broadly able to describe the dynamics of these four species, though it

was unable to fully capture some of the largest jumps in species abundance (e.g., the peak in cod

in the early 1980s, and the relatively sudden jump in haddock, herring, and sand lance in the mid

1990s, Figure 3.1). Cod, haddock, and herring all exhibited very weak density dependence, with

fairly large, positive estimates of η, while sand lance exhibited strong density dependence with an

estimate of η near zero (Figure 3.4, the diagonal panels).

The Gaussian process regression framework allowed us to estimate an interaction surface defin-

ing the interaction strength between each pair of species in each year as a function of those species’

average lengths in that year (Figure 3.2). The smoothness of this surface, i.e., how quickly the pre-

dicted interaction strength changes with changes in species’ average lengths, is controlled by the

effective length scale, ρ. Very small values of ρ would indicate that interactions are more inde-

pendent, leading to a noisier, more rapidly fluctuating interaction surface. The posterior mean

estimate of ρ was approximately 7 cm, indicating relatively low frequency fluctuations in interac-

tion strength with the lengths of the interacting species (Figure 3.2).

Each interaction between each pair of species traced out a trajectory on this surface as the

average lengths of each species changed. The arrows in Figure 3.2 provide an example of a portion

of the trajectories traced by the cod-sand lance interactions. These arrows show that the effect of

sand lance on cod was positive in 1986, but declined to negative by 2002. Conversely, the effect

of cod on sand lance was negative in the 1980s, but shifted to a very weak positive interaction by

2002 (Figure 3.2, solid arrow).

Snapshots of the full interaction structure in 1986 and 2002 (corresponding to the years of the

maximum and minimum cod average length) highlight the overall compression of the interspecific

length distribution and the resulting changes in structure (Figure 4.7, with full time series given

in Figure 3.4). In addition to the reversal in the interaction between cod and sand lance discussed

above, we see that the initially positive effect of herring on cod disappeared by 2002. The effect of

haddock on the other species was initially weak, but shifted to a strong positive effect on herring
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and sand lance and a weak negative effect on cod. Herring had a weak effect on haddock for most

of the time period, but shifted to a positive effect in the late 1990s and early 2000s. Lastly, the

effect of cod on haddock and herring, the effect of herring on sand lance, and the effect of sand

lance on haddock and herring all remained relatively constant through time (Figure 3.4).

Holding this interaction structure constant from 1986, when cod was at its largest average

length, the effect of herring and sand lance on cod was positive, and the effect of cod on sand lance

was negative, we predicted cod abundances much higher than their observed or fitted values from

the late 1990s through the early 2000s (Figure 3.1, dashed line). In this scenario, we further pre-

dicted much lower abundances of sand lance in the early 2000s, and moderately lower abundances

of herring and haddock (Figure 3.1, dashed line). It is important to note that these are one-step-

ahead predictions. Thus, B1986 predicts that cod abundance would increase, even starting from the

low values observed after the collapse.

The magnitude of the dominant eigenvalue of the posterior mean of each Bt fluctuated through

time but was low through much of the 1980s, then increased in the early 1990s before dipping and

increasing more dramatically in the late 1990s (Figure 3.5). The system’s maximum reactivity also

fluctuated through the first 20 years of the time series, but remained low through the early 1990s

before increasing substantially beginning around 1995 (Figure 3.5).

3.4 Discussion

3.4.1 Summary

We found substantial variation in the interaction structure of the Scotian Shelf from 1970 to

2003. Further, the Gaussian Proccess regression framework that we developed allowed us to map

this variation to changes in each species’ average length. Notably, we found evidence of a switch

in the signs of the cod-sand lance interaction from the expected +/- of a predator-prey interaction

to a 0/- interaction as the average length of cod declined. These changes in interaction structure

led to decreased system stability, and contributed to the explosion of forage fish abundance and the

continued suppression of cod compared to simulations with a constant interaction structure based
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Figure 3.1: Abundance and average length trajectories for cod, haddock, herring, and sand lance. Left: the
points indicate observed abundance (the yit), the solid black line indicates the posterior median predicted
abundance, and the gray ribbon indicates the 90% posterior credible interval. The dashed line represents the
posterior median predictions holding B constant at its value in 1986, when average cod length was largest.
Right: the points indicate the observed average length and the black line indicates the a priori smoothed
estimate (used to populate x).
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Figure 3.2: The posterior mean interaction surface as a function of the average length of the two species
involved. The x-axis gives the average length of the source species (i.e., the species doing the influencing),
and the y-axis gives the average length of the target species (i.e., the species being influenced). The arrows
demonstrate the shift of the cod-sand lance interactions from 1986, the year of maximum average cod length,
to 2002, the year of minimum average cod length. The solid line represents the effect of cod on sand lance,
while the dashed line represents the effect of sand lance on cod.
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Figure 3.3: Snapshots of the interaction structure in 1986 (the year of maximum cod average length), and
2002 (the year of minimum cod average length). The position of each node on the y-axis indicates its
average length in that year, arrows point from the source species to the target species and the color gives the
posterior mean interaction strength. For clarity, interactions with an absolute magnitude less than 0.05 are
not shown.
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dominant eigenvalue, correspond to longer return times following a perturbation. Larger values of reactivity
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on the year of greatest average length for cod. Together, these results suggest that changes to the

size-structure of these species were a major driver of the dynamics and stability of the Scotian

Shelf ecosystem, extending beyond the changes apparent from shifts in abundance to shifts in the

underlying interaction strengths that are fundamental to community organization.

3.4.2 Trophic cascade and loss of top-down control

The substantial changes in the interaction structure among cod, haddock, herring, and sand

lance align with the observation that, following the collapse of the cod stock, the Scotian Shelf

system shifted to a fundamentally different state (Bundy 2005, Frank et al. 2005). In addition to

the changes in relative abundance resulting from the apparent trophic cascade (Frank et al. 2005),

this new state was characterized in part by the loss of a top-down effect of cod on sand lance

(Figure 3.4, indicated by the shift from a negative effect of cod on sand lance to a weakly positive

effect). Modeling interaction strength as a function of species’ lengths further revealed that this

loss of control may be driven not just by the collapse of cod abundance, but also by its shrinking

and shifting size structure.

Similar effects of declining size were observed on the Western Scotian Shelf, where, despite the

relatively stable biomass of the predator complex, declines in predator body size were sufficient to

initiate a trophic cascade and an increase in prey biomass (Shackell et al. 2010). The importance

of the size distribution in determining the strength of predator-prey relationships may be driven

in part by the fact that smaller individuals are simply less effective and efficient predators, due

potentially to reduced burst swimming speed (Shackell et al. 2010). Moreover, the presence of

ontogenetic niche shifts toward increased piscivory late in life-history mean that removal of large

individuals may produce a disproportionate release in the predation pressure on a given forage fish

species (Selden et al. 2018).

Thus, the presence of size-structure in a predator population means that a trophic cascade need

not begin with a decline in predator abundance. However, when both size and abundance decline,

the resulting trophic cascade is likely to be even stronger (Shackell et al. 2010). We see this
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in our model’s prediction that the forage fish boom would have been smaller had the community

retained its size and interaction structure from the late 1980s, even given actual abundances (Figure

3.1). Even though cod persist in the system, our findings suggest that its size distribution has been

truncated to the point that it is unable to occupy its former functional role relative to the forage fish

in the community.

3.4.3 System stability

In addition to possibly initiating a new regime characterized by few cod and abundant forage

fish, the estimated changes in interaction structure also initiated a shift in the stability regime of

the Scotian Shelf (Figure 3.5). Both the dominant eigenvalues and reactivities marked an increase

in instability from roughly 1995 on, suggesting a shift to a system with both slower return times

following a perturbation and a tendency to amplify perturbations (Ives et al. 2003). These shifts in

stability are consistent with the predictions of Fisher et al. (2010a) that the broad decline of body

size in the Northwest Atlantic is likely to erode stability and generate a mismatch between the

community size structure and the environment. Moreover, the link between the decline in average

length and the increase in instability on the Scotian Shelf fits with findings from the California

Current system linking fisheries-induced age (or size) truncation of a population to demographic

changes that amplify nonlinear dynamics and variability (Anderson et al. 2008). Britten et al.

(2014) similarly found a long-term decline in stability of the Ligurian Sea system concurrent with

erosion of the top predator species and replacement with lower-trophic level species with faster life

histories. These results, along with our own, highlight the important role that size structure can

play in stabilizing both population and community dynamics and the risks posed by eroding that

structure (Emmerson and Raffaelli 2004).

Though both measures of stability increased in the late 1990s, they followed different trajec-

tories from 1990 to 1995, during which time the cod population was declining, but the forage fish

had not yet responded. Specifically, the return time began to increase in 1990, while the reactiv-

ity remained relatively low, suggesting that return time began to react to the collapse and system
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reorganization sooner than reactivity. Thus during this time period, the system response to pertur-

bations was characterized by long asymptotic return times, but relatively rapid initial movement

back toward equilibrium. The low reactivity during the early 1990s suggests that the collapse of the

cod population may have strongly constrained system dynamics and limited the ability of stochas-

tic perturbations to pull the system off its trajectory. This echoes results from measles modeling

demonstrating a strong pull of stochastic perturbations back toward the attractor on the downswing

of an epidemic (Grenfell et al. 2002). Thus the Scotian Shelf system provides an example of how

a perturbation (i.e., the collapse of cod), and the loss of particular components of a community

(i.e., large fish) can generate different responses in otherwise broadly similar measures of stability

(Donohue et al. 2013).

Changes in the stability regime of the Scotian Shelf and the collapse of cod also highlight

the increased risk of stochastic extinction, due both to the increased instability and fluctuations

generated by the dominance of the forage fish population and to the low abundance of cod. This

simultaneous increase in these two components of stochastic stability, termed σ-instability (i.e.,

instability due to large fluctuations) and µ-instability (i.e., instability due to low abundance) by

Gellner et al. (2016), further highlights the multidimensional nature of stability. Frank et al. (2011)

argue that the fluctuations in forage fish may be damping out due to competition, thus suggesting a

potential decline in σ-instability in recent years. However, there has been relatively little indication

of relief from the µ-instability due to low cod abundance.

Consistent with the characterization of µ-instability, multiple hypotheses for the continued low

abundance of cod suggest that the system may be in an alternative stable state due to emergent

Allee effects generated by the interactions between cod and the now dominant forage fish complex

(Gårdmark et al. 2015). Modeling of so-called overcompensatory dynamics in forage fish suggests

that, without sufficient predation by large cod, strong competition among forage fish can lead

to reduced growth, poor condition, and weaker reproduction, leaving relatively few and/or poor

quality prey available for cod predators (de Roos and Persson 2002, van Leeuwen et al. 2008).

Our estimated decline in the positive effect of herring on cod provides support for this hypothesis,
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suggesting that cod were unable to take advantage of the abundant herring prey. Moreover, by

mapping species interactions onto their average lengths, our results further link overcompensatory

dynamics to the length structure of herring and cod. The loss of the positive effect of herring on

cod occurs along with a decline in average herring length, suggesting a decline in condition and

quality of food available to cod (Frank et al. 2011). The average length of cod also declines over

this time, suggesting that the largest cod were the ones most responsible for turning herring prey

into more cod.

Closely related to the overcompensation hypothesis, the cultivation-depensation hypothesis

suggests that competition between juvenile cod and now abundant forage fish, as well as potential

predation by forage fish on cod eggs and larvae, may induce a bottleneck in the growth and survival

of juvenile cod (Walters and Kitchell 2001, Bundy and Fanning 2005). Again, our estimates of the

changing interaction structure on the Scotian Shelf provide empirical support for this hypothesis.

Specifically, we identified a shift in the effect of sand lance on cod from positive to negative (Figure

3.4). Thus, with abundant forage fish, and a lack of large cod able to control those forage fish, cod

abundance may remain at low levels, maintaining persistently high stochastic extinction risk.

3.4.4 Cod recovery and management

Our model is unable to fully distinguish between an alternative stable state or a prolonged

transient, but our results do suggest that the potential for population recovery is bound up with

recovery of the former length distributions. Fisher et al. (2010a) suggested that recovery of this

historic size-structure may be hindered by intensified competition for resources among both forage

fish and diminished predators. Our results suggest that a relaxation of this competition – and a

restoration of the former interaction patterns – could help push the system toward recovery. It is

possible that, as processes within the forage fish complex damp out their large fluctuations, this

intensified competition will also damp out (Frank et al. 2011). Alternatively, management actions

could be taken to reduce forage fish abundance. Counter-intuitive as it may be to try to boost

cod by reducing their prey base, removing forage fish could reduce both inter- and intraspecific
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competition and allow the size-structure of the forage fish populations to tilt more favorably for

cod (de Roos and Persson 2002, van Kooten et al. 2005, van Leeuwen et al. 2008). If these

changes restored the net interaction landscape to its historical structure, our results suggest that

cod may be able to better take advantage of and control the forage fish complex and recover from

low abundance (Figure 3.1, dashed line).

However, the late 1990s increase in the abundance of haddock suggests a possible reorganiza-

tion of dominance in the predator complex, even in recovery (Frank et al. 2011). Haddock has

more variable recruitment than cod, which possibly enabled it to capitalize on a chance good re-

cruitment class in 2000 (Fogarty et al. 2001). Moreover, the emergence of stronger interactions

between haddock and the rest of the system, including a negative effect of haddock on cod and

a positive effect of herring on haddock, suggest that even if cod recovers, it may have forfeit its

position as the dominant predator species.

3.4.5 Future work

The Gaussian process regression framework we developed allowed us to flexibly connect

changes in species interactions to observed changes in species average lengths and to estimate

the underlying interaction landscape on which species moved. This framework revealed that the

prospects for cod recovery are closely linked to length-structure. Thus, better understanding the

potential for recovery may require better understanding the feedbacks between population dynam-

ics and length dynamics. For instance, we might expect that a lack of suitable forage fish prey,

or competition between juvenile cod and sand lance might work to suppress cod growth and the

recovery of large individuals. Moreover, identifying the top-down effects of cod on the length

structure of forage fish prey could be particularly important for further evaluating the cultivation-

depensation hypothesis (de Roos and Persson 2002, van Leeuwen et al. 2008). Including species

average length as a dynamic state variable along with species abundances in the MAR framework

might offer a tractable way forward, without needing to fully resolve size-structured community

dynamics (e.g., Hartvig et al. 2011).
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Our focus was on just four species: the two dominant large-bodied predators, and the two for-

age species for which relatively consistent data are available. These species represent the dominant

species before and after the collapse (Frank et al. 2011), and thus likely account for a dispropor-

tionate amount of the dynamics. Moreover, the use of more tractable modules to gain insight into

the structure and stability of broader food webs is well established (Bascompte and Melián 2005,

Bascompte 2009). However, including additional components of the Scotian Shelf community

may help to better parse the observed system changes. In particular, the model could be extended

to include additional trophic levels, for example zooplankton (whose abundance may drive compe-

tition among forage fish; Frank et al. 2011) or grey seals (who may exert top-down control over the

cod population; O’Boyle and Sinclair 2012). Further, including benthic macroinvertebrates may

be particularly interesting due to their simultaneous release from predation along with forage fish

(Bundy 2005) and the potential stability consequences of the balance between benthic and pelagic

energy channels (Rooney et al. 2008).

3.4.6 Conclusions

Our findings highlight that the dimensions of system stability often evolve dynamically along

with species abundance (Ushio et al. 2018), and that the relationships among species in a com-

munity can change, even if species richness does not (McConkey and O’Farrill 2015). In partic-

ular, the presence of distinct functional components – with distinct interaction patterns – within a

species’ life history means that interspecific interactions and community stability are closely tied

to the size-structure of the constituent species. The loss of large individuals can have especially

profound consequences that can ripple through the growth and mortality regimes of the community

and alter the resulting landscape of interspecific interactions. The success of efforts to maintain

and restore exploited ecosystems thus hinges on the ability of management actions to maintain and

restore the community’s size-distributions, and the full functional diversity they contain (Fisher et

al. 2010b).
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Chapter 4

Food web structure of ontogenetic niche shifts

4.1 Introduction

Food webs provide ecologists with a map of the routes through which energy flows in a com-

munity (de Ruiter et al. 1998, Cohen et al. 2003, Rooney et al. 2008). However, these maps

are often complex and and their essential features difficult to identify. Understanding food web

structure is further complicated by the presence of intraspecific variability in both resource use

(Bolnick et al. 2003) and enemies. For many species (e.g., amphibians, aquatic insects, and fish)

this variability in predators and prey is structured by ontogenetic development (Werner and Gilliam

1984). The presence of these ontogenetic niche shifts mean that individuals of a species frequently

do not occupy a single fixed role in the food web, but rather move through a landscape of roles as

they grow (Werner and Gilliam 1984, Muñoz and Ojeda 1998, Garrison and Link 2000).

The particular structure of ontogenetic niche shifts in a community can have substantial con-

sequences for the community’s dynamics and stability. Ontogenetically structured models suggest

that the outcome of predator-prey interactions (e.g., top-down control, or exclusion of either the

predator or prey) depends on both the number of niche shifts in the predator’s life history (van

Leeuwen et al. 2013), and whether those niche shifts are complete or nested (i.e., whether the

niche shift represents the addition of new prey types or a complete shift in prey; Hin et al. 2011,

van Leeuwen et al. (2014)). Further, the presence of ontogenetic niche shifts means that species

that appear as generalists may in fact be ontogenetic specialists, with each stage specializing on a

particular resource (Rudolf and Lafferty 2011). The reliance of particular stages of predator life

history on relatively specialized sets of resources means that food webs may be considerably less

robust to species loss than indicated by studying aggregate resource use at the species level (Rudolf

and Lafferty 2011). Thus the extent of specialization of the ontogenetic niches that make up a food

web can can have important consequences for our understanding of community stability.
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The importance of understanding the structure of ontogenetic niche shifts, both within a species

and across the food web, highlights the need for more individual-based perspectives on food web

structure. At the same time, considering all the interactions among all the distinct stages of every

species (Polis 1984) risks substantially increasing the dimension of the predator-prey arena with-

out clearly distinguishing the different roles that individuals might occupy. Thus, describing the

ontogenetic structure of a food web requires both an individual-level perspective and a method for

reducing the dimension of the resulting trophic complexity by identifying patterns of trophic simi-

larity among the constituents of the community (Yodzis and Winemiller 1999). Along these lines,

Allesina and Pascual (2009) suggest that food web structure can be best modeled by partitioning

species into trophic groups: collections of species that have similar predator-prey relationships

with other groups. When applied to a well-resolved food web of the Serengeti, Baskerville et al.

(2011) found that the trophic groups model provided a reduced-dimension description of the food

web that revealed spatial partitioning and multiple channels of energy flow.

Applied to an invidiual-level, or ontogenetically resolved, food web, trophic groups offer a way

to identify the trophic roles that partition a species, and the community, into its distinct ontoge-

netic niches. However, the trophic group models of Allesina and Pascual (2009) and Baskerville

et al. (2011) lack a mechanism for informing the identification of trophic groups with additional

biological information beyond just the food web. Given the information contained in the inher-

ently hierarchical structure of ontogeny (individuals belong to a species and a position along an

ontogenetic axis), and the role that structure may play in determining the trophic position of an

individual, richer models are required to understand the ontogenetic signal in trophic groups.

Understanding how the distinct trophic niches of a community are partitioned is especially

important in marine fisheries systems where individual trophic level is strongly correlated with

size (Jennings et al. 2002, Marsh et al. 2015), fishing is often size-selective (Zhou et al. 2010), and

food web frameworks are needed to inform ecosystem based fisheries management (Travis et al.

2014). At the same time, fisheries agencies, such as the Alaska Fisheries Science Center (AFSC) of

NOAA, frequently collect well-resolved datasets of predator stomach contents that offer a unique
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opportunity to examine food web structure at the level of individual predators and prey. The Gulf

of Alaska represents a particularly interesting system in which to explore the ontogenetic structure

of the food web due to its dominance by a core collection of apparently generalist predators with

large size ranges (Gaichas and Francis 2008, Gaichas et al. 2015) and the importance of walleye

pollock as both predator and prey (Gaichas et al. 2015).

In this study, we developed a framework for incorporating additional biological information,

for example, the states or traits of the nodes in the food web, into a trophic groups model. By

modeling these additional features alongside the foodweb, this framework offers insights into the

patterns of trophic group partitioning across those added dimensions. In particular, this framework

reveals the extent to which trophic groups – collections of nodes with that are homogeneous in

their interaction patterns – are also homogeneous across the added biological dimensions. We

applied this framework to an ontogenetically resolved food web for the Gulf of Alaska, where we

added species identity and size as the additional factors that we expected to covary with trophic

group membership. This allowed us to better describe the core features of the Gulf of Alaska food

web, the unique (or not) roles played by different components of different species, and the major

avenues through which energy flows in the community.

4.2 Methods

4.2.1 Stomach contents data

The AFSC stomach contents database (Livingston et al. 2017) contains 17,089 predator-prey

records from 5,943 predator stomachs collected from the Gulf of Alaska between 1981 and 2009.

Each of these records provides both predator and prey species (where prey were identifiable), as

well as predator and prey length (when prey were intact enough to measure). Predator length is

measured to the nearest 1cm, while prey length is measured to the nearest 1mm.

The database contains records for 38 species of predator and 108 species of prey. However,

sampling is highly skewed toward a core set of predators of ecological and commercial interest.

As such, we restricted our analysis to include the five most sampled predator species (arrowtooth
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flounder Atheresthes stomias, Pacific halibut Hippoglossus stenolepis, Pacific cod Gadus macro-

cephalus, walleye pollock Theragra chalcogramma, and sablefish Anoplopoma fimbria), and the

five most frequently observed prey species (walleye pollock Theragra chalcogramma, capelin Mal-

lotus villosus, Tanner crab Chionoecetes bairdi, sand lance Ammodytes hexapterus, and pygmy

cancer crab Cancer oregonensis). Interactions among these nine species represent 85% of the ob-

served records. We assembled the food web by binning each species into 2 cm size bins (to smooth

over heterogeneity in sampling effort), defining each of these bins as a node, and counting the

number of times each prey was observed in the stomach of each predator.

4.2.2 Bento box process model

The model developed here can be applied generally to any food web with additional biological

information on node attributes. However, given the central role of the Gulf of Alaska system in

our motivation and development, we name this model the “Bento box process,” given its goal of

apportioning slices of fish to different compartments. In the trophic groups framework (Allesina

and Pascual 2009, Baskerville et al. 2011), or equivalently in a stochastic block model (Nowicki

and Snijders 2001), we assume that interactions can be described by partitioning the food web’s

nodes into K groups such that the interaction probability among any two nodes is determined

by their group membership. Let yij indicate the number of stomachs collected from predators of

species si and log-length xi that contained prey of species sj and log-length xj . Then,

yij ∼ Binomial(Ji, ϕzizj)

where Ji is the number of stomachs collected from predator i, zi gives the group membership of

node i, and ϕ is a K by K matrix of pairwise interaction probabilities between groups. Other

formats for food web data (e.g., binary observations) can be easily accommodated by swapping

out the binomial model above for the appropriate measurement model (e.g., Bernoulli).

We expected trophic groups to be defined not just by the interaction patterns they generate,

but also by the size distribution and species composition of the constituent nodes. Following the

50



spatial clustering model of Reich and Bondell (2011), we incorporated this additional information

by modeling the length and species identity of each node jointly with the interaction structure as a

function of its latent group membership:

xi ∼ Normal(µzi , σ
2

zi
),

and

si ∼ Categorical(θzi),

where µk and σ2
k define the length distribution of group k and θk defines the species composition

of group k. Modeling species and length jointly with the trophic groups allowed us to account

for additional node-level information and forces the model to balance partitioning the interactions

with creating groups of homogeneous length and species identity.

Rather than choose the number of groups K a priori, we modeled the group assignments

with an infinite mixture model (Reich and Bondell 2011, Johnson et al. 2013, Brost et al. 2017,

Johnson and Sinclair 2017). This allowed the data to select the appropriate number of groups. In

this framework, the group membership of node i is determined by:

zi ∼ Categorical(q).

The qj (i.e., the group membership probabilities) were modeled with a stick-breaking prior, such

that

q1 = U1

qj = Uj

j−1
∏

k=1

(1− Uk)

Uk ∼ Beta(1, β)

where β controls the sparsity of the prior (i.e., the number of groups in which the membership

probability accumulates). The group membership probabilities must sum to one, so moving in
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order, each qj is defined as the fraction of the remaining probability space that it claims (i.e., Uj

gives the fraction of the remaining stick that is broken off and assigned to qj).

4.2.3 Priors

We specified hierarchical priors on the parameters of the mixture components, such that:

ϕjk ∼ Beta(aϕ, bϕ)

µk ∼ Normal(µ0, σ
2

0)

σ2

k ∼ InverseGamma(aσ, bσ)

θk ∼ Dirichlet(γ).

We used uninformative priors for the ϕ and µ, but informative priors for the σ2 and θ, to allow

groups with large species diversities or size ranges only when well-supported by the stomach con-

tents data.

We modeled the concentration parameter of the infinite mixture with a gamma prior:

β ∼ Gamma(aβ, bβ),

with aβ and bβ chosen to favor relatively few groups, based on the tests of Reich and Bondell

(2011).

4.2.4 Implementation

To facilitate sampling, we truncated the infinite mixture model at a finite number of compo-

nents, in this case, 30 (Reich and Bondell 2011). We used Markov Chain Monte Carlo to draw

samples of all model parameters from their posterior distributions. Though the zi can be sam-

pled sequentially from their conditional distributions using Gibbs updates, to improve mixing, we

implemented the split-merge sampler of (Jain and Neal 2007) that can generate large changes in

group assignments and prevents the sampler from getting stuck in local modes. We paired this
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with Gibbs updates of all model parameters, taking advantage of conditional conjugacy to draw

samples from closed-form conditional distributions.

Each draw from the posterior distribution represents a potentially different partition, with po-

tentially different labels, i.e., a different z, making summarizing the features of the groups difficult.

To aid in this, we identified a single ‘consensus partition’ that best represented the posterior distri-

bution (Dahl 2006, Reich and Bondell 2011). For every pair of nodes, we computed the posterior

probability that they occupied the same group, such that Dij gives the proportion of MCMC it-

erations in which zi = zj . Then we identified the consensus partition by identifying the MCMC

iteration with the adjacency matrix (Aij = I(zi = zj)) that was closest to the matrix, D. Essen-

tially, we found the single posterior sample that had the group partition that most closely matched

the overall posterior probabilities that any two nodes occupy the same group (Dahl 2006, Reich

and Bondell 2011).

4.3 Results

The interactions between every pair of predator and prey species can be summarized by an

interaction surface over the plane defined by each species’ length range, with each point giving the

probability that a prey of a given length appears in the stomach of a predator of a given length. Our

model assigns these probabilities by assigning to each length-class of each species a latent group

membership that indexes the appropriate ϕ. The resulting block-structure is clearly visible in the

surface of the mean posterior interaction probabilities between arrowtooth flounder predators and

pollock prey (Figure 4.1, see Appendix for all pairwise plots). The posterior interaction surface

clearly partitions the length classes of arrowtooth flounder and pollock into areas of relatively high

interaction intensity (e.g., 60 to 80 cm arrowtooth founder feeding on 30 to 50 cm pollock) from

those of relatively low (e.g., 20 to 60 cm arrowtooth flounder feeding on those same pollock).

Overall, our inferred partitioning of each of these predator-prey surfaces successfully captured the

observed prey counts, with the mean posterior predicted y explaining 83% of the variation in the

observed yij (Figure 4.2).
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Though the model was able to partition the food web into groups of nodes that were relatively

homogeneous in their interaction patterns, the partitions generally contained a heterogeneous mix-

ture of both species and lengths (Figure 4.3). If every group was uniquely associated with a single

length class, the posterior estimates of the µzi would closely match the observed xi. On the other

hand, if groups were partitioned randomly with respect to length, the µzi would capture very little

of the observed xi. We found that the Gulf of Alaska system falls between these two extremes,

indicating clear separation of groups by size, but broad size ranges within those groups (Figure

4.3). Similarly, if the identified groups completely separated by species identity, the model would

predict species labels very accurately (i.e., the posterior estimates of θzi,si would be near one). On

the other hand, if groups were not distinguished by species at all (i.e., if species identity offered no

information on group membership), the posterior estimates of the θzi,si would be small (i.e., around

the inverse of the number of species). Again, we found that the Gulf of Alaska falls between these

two extremes, indicating that most groups are shared by multiple species (with the exception of

some groups unique to pollock, Figure 4.3).

The posterior distribution of the number of realized groups suggests that the food web assem-

bled from the Gulf of Alaska stomach contents data could be partitioned into roughly 16 to 18

trophic groups (Figure 4.4). This is more groups than the number of species, but substantially

fewer groups than the number of nodes. Examining the consensus partition, we found substantial

overlap among the four top predator species, with sablefish and arrowtooth flounder occupying the

same sequence of two groups, cod and halibut occupying the same sequence of three groups, and

the largest size classes of all four of species occupying the same trophic group (Figure 4.5). This

group of large predators (group 17) was distinguished primarily by being the only group to prey

on 30 - 50 cm pollock (group 15, Figure 4.6, Figure 4.7).

The distinction between the cod/halibut and sablefish/arrowtooth flounder groups can be seen

in Figure 4.7 and Figure 4.6. Small sablefish and small arrowtooth flounder (group 14) were

characterized by feeding primarily on small forage fish (groups 8 - 10, 12), while the two groups

occupied by cod and halibut (groups 13 and 16) had a diet of both crabs (primarily groups 2 and 4)
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and forage fish, with the larger of the two groups (group 16) exploiting larger size classes of those

prey types. Connecting the identified trophic groups that are linked by ontogenetic niche shifts

highlights the role of growth in generating energy flow from otherwise top-predator groups (13,

14, and 16) to the largest individuals in group 17 (Figure 4.7).

The size classes of all the prey species were also split into multiple different groups (Figure

4.5). In many cases, these partitions reflected differences in the predators of different size classes

of prey (e.g., the large size classes of Tanner crab were consumed by larger size classes of cod and

halibut). Other partitions of the prey species reflected differences in overall interaction intensity or

availability (e.g., groups 6 and 11 contain some of the smallest and/or largest size classes of prey

species that are poorly represented in the data and thus have weak interaction probabilities, Figure

4.6).

Pollock, which is represented in the data as both predator and prey, was separated into the most

trophic groups, overlapping with both the other prey species at its smallest sizes, and with sablefish

and arrowtooth flounder at its largest sizes (Figure 4.5). Pollock between 30 and 50cm occupied

a unique middle trophic level that was preyed upon by large predators and was itself a predator of

several forage fish groups (Figure 4.7, group 15). The ontogenetic trajectory of pollock (beginning

in group 3 and ending in group 14) demonstrates how much of the food web an individual traverses

over the course of its ontogeny (Figure 4.7). Lastly, as a caveat, group 12 corresponds to the small

pollock, for which relatively few stomachs were collected. As such, the model overestimates the

generality of its diet (i.e., no crab were observed in the diet of small pollock, but there were not

enough stomach samples to rule them out, Figure 4.7, Figure 4.6).

4.4 Discussion

4.4.1 Summary

The bento box model identified a low-dimensional description of the ontogenetically resolved

Gulf of Alaska food web. This dimension reduction allowed us to more easily trace the ontogenetic

trajectories followed by individuals in the system, and the routes by which those trajectories carry
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Figure 4.1: Posterior predicted interaction surface between pollock prey and arrowtooth flounder predators.
The red shading indicates the mean posterior interaction probability (ϕ) between every length of predator
(x-axis) and prey (y-axis). The points indicate the observation of a prey item in the stomach of a predator,
with the size of the point indicating y, the number of predator stomachs in which that prey was observed. A
full plot of all predator and prey species is available in the appendix.
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Figure 4.2: The observed counts of prey in predator stomachs (the yij) plotted against the mean posterior
expected counts (ϕijJi). The line indicates the 1:1 line.
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Figure 4.3: Model fits to node length (the xi) and species identity (the si). The top panel plots the observed
length of each node against its mean posterior predicted length (i.e., µzi). The line indicates the 1:1 line.
The bottom panel plots the mean posterior probability of each node’s species label (i.e., θzi,si).
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Figure 4.4: Posterior distribution of the number of trophic groups.

energy up the food web. In addition, modeling the partitioning of the food web jointly with a

partitioning of node species and length revealed that group assignment generally mapped to broad

distributions of both species and length. These findings reveal the shared ontogenetic backbone

that ties the Gulf of Alaska community together and the mix of both ontogenetic development and

predator-prey relationships that govern energy flow in the system.

4.4.2 The structure of the ontogenetic niche space

Following an individual across its ontogeny, the transitions from one trophic group to the next

were driven largely by expansion of the diet, rather than a distinct shift in diet. We see this most

clearly in the ontogenetic shifts of cod and halibut, across which most the previous prey were

retained, with new items added (e.g., the addition of intermediate pollock in the shift from group 15

to group 17, Figure 4.7). This is consistent with other studies identifying an increase in diet breadth

with size (Garrison and Link 2000, Scharf et al. 2000, Petchey et al. 2008, Williams et al. 2010)

and the fact that predator diets tend to be nested, with an individual generally consuming a subset

of the prey consumed by larger individuals (Woodward and Hildrew 2002). The identification

of broad trophic groups, with relatively broad, nested diets suggests that these species are not
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Figure 4.5: Group membership of every node in the food web, taken from the consensus partition (i.e., the
posterior sample whose group assignments z produce the group adjacency matrix that is closest to the full
posterior affinity matrix). The groups are ordered by their average size µk.
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Figure 4.6: Group-wise interaction probabilities (the ϕij) corresponding to the consensus partition. The
shading of each cell represents the probability that a prey item in that column appears in the stomach of a
predator in that row. The rows for groups containing only prey nodes were omitted.

generally ontogenetic specialists, and thus even the ontogenetically resolved food web may be

relatively robust to species loss (Rudolf and Lafferty 2011).

In addition to overlap in the diets of the different trophic groups traversed by an individual, we

also identified substantial overlap among the ontogenetic trajectories of Gulf of Alaska predators.

Although previous studies have identified the same general trends of increasing piscivory (Yang

et al. 2006) and trophic level (Marsh et al. 2015) with size, our analysis revealed that there is

relatively little variety across species in how those shifts are structured, leading to relatively few

functional components at the top of the Gulf of Alaska food web. In particular, among the four

top predators, we identified only two distinct ontogenetic trajectories, and even those converge on

the same trophic group at their largest sizes (Figure 4.5). Thus our model revealed novel insights

into the relatively narrow niche space available to Gulf of Alaska predators as they grow. This

narrow niche space may be driven by the physical and physiological constraints imposed by size

on strategies for energy acquisition. In fact, recent theory suggests that size drives the trophic

strategies of much of ocean life (Andersen et al. 2016).
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Figure 4.7: The dimension-reduced food web. Each node corresponds to a group in the consensus partition,
with labels matching Figure 4.5. The position of each node on the y-axis corresponds to its average length
(i.e., µk). The black arrows point from prey to predator, with darker arrows corresponding to larger interac-
tion probabilities (given in Figure 4.6). Interactions with a strength less than 0.03 were omitted for clarity.
The red arrows indicate groups that are connected by ontogenetic niche shifts in the four top predators and
pollock (the ontogenetic niche shifts of the basal species were omitted for clarity).
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Although competition cannot be inferred based on group membership alone (Simberloff and

Dayan 1991, Muñoz and Ojeda 1998), the overlap among the ontogenies of these four dominant

predators nevertheless knits these species together to form a major structural backbone of the al-

ready “top-heavy” Gulf of Alaska food web (Gaichas et al. 2015). However, within that backbone,

we found a distinction between trophic groups that prey on both crab and forage fish (containing

cod and halibut) and trophic groups that are strictly piscivorous (containing pollock, sablefish, and

arrowtooth flounder). van Leeuwen et al. (2013) suggest that the presence of a benthivorous stage

in the middle of ontogeny, between planktivorous and piscivorous stages, can induce a bottleneck

in predator growth and limit the ability of the piscivorous stage to control forage fish prey. Thus the

two distinct ontogenies identified by our model may correspond to differences in the roles of these

two groups in regulating the Gulf of Alaska ecosystem, with arrowtooth flounder and sablefish

potentially more important in exerting top-down control over pollock and the forage fish complex.

These two distinct ontogenies, and the relatively limited overlap between the trophic groups

occupied by crab and forage fish (limited to groups that primarily collect weakly connected prey),

reveal two distinct channels of energy flow in the Gulf of Alaska ecosystem. Rooney et al. (2008)

suggest that the coupling of these energy channels by large, mobile predators may play an im-

portant role in governing food web stability, as the slow (benthic) energy channel helps to buffer

fluctuations in the fast (pelagic) energy channel. This coupling may occur through direct predator-

prey interactions (as is the case for groups 13 and 16 that feed on both crab and forage fish), but

our analysis reveals that the energy channels may also be coupled through growth. Mapping the

trajectory of individuals through different trophic roles highlights the fact that growth itself rep-

resents an important route of energy flow in a size-structured system. The individuals that arrive

in the top trophic group get there by accumulating energy from benthic (in the case of cod and

halibut) and pelagic (in the case of sablefish and arrowtooth flounder) sources, potentially helping

to stabilize the top of the food web. In addition, the reliance of this top predator group on interme-

diate pollock, itself a predator of smaller forage fish, highlights the unique role that pollock may

play in transferring energy up the food web (Gaichas et al. 2015).
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The concentration of energy in fewer and fewer trophic groups as it moves higher up the food

chain is further highlighted by the fact that the observed prey groups are generally more tightly

constrained, containing relatively fewer species and size classes. Part of this may simply result

from the fact that prey species have fewer size classes and thus generate smaller size ranges. How-

ever, each prey species was nevertheless partitioned into multiple groups, based on their predators

and/or their availability to predators (Figure 4.5). This reflects that fact that although the predator

groups are broad, they are distinguished by a relatively fine partition of their prey. This may reflect

a broader asymmetry in the strength of partitioning of traits that determine diet (i.e., foraging traits)

and traits that determine availability to predators (i.e., vulnerability traits; Naisbit et al. 2012).

4.4.3 Extensions and future work

The bento box model developed here, combining the trophic groups framework of Allesina

and Pascual (2009) and Baskerville et al. (2011) with the infinite mixture model of Reich and

Bondell (2011), offers a flexible framework with which to explore and identify the biological

signal underlying the trophic groups that structure a food web. Modeling additional node attributes

jointly with the predator-prey observations codes the hypothesis that organisms that occupy similar

trophic positions should also possess similar attributes or traits. The application of this model in

other systems might focus for example on habitat type (e.g., grassland vs. woodland in the the

Serengeti food web of Baskerville et al. 2011), foraging mode (Klecka and Boukal 2013), or

phylogeny (Naisbit et al. 2012). Though the stomach contents data used to assemble this food

web module were aggregated over space (the Gulf of Alaska survey area) and time (from 1981

- 2009), our framework could also accommodate spatio-temporally referenced data (Reich and

Bondell 2011) to identify spatially or temporally distinct trophic components.

Beyond these node attributes, both empirical sampling processes and the abundance and avail-

ability of prey may also play an important role in governing the observed predator-prey interactions

in a system. Both of these processes could potentially be incorporated through the development of

a more sophisticated data model. In particular, the data model could be expanded to better sepa-
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rate the observational processes from the structural processes (e.g., with a zero-inflated occupancy

model to account for the detectability of prey), or to separate trophic structure resulting from traits

or preferences from the neutral effects of prey availability (Pianka 1980, Bartomeus et al. 2016).

As we have shown, identifying a reduced-dimension description of an onteogenetically re-

solved food web can offer important insights into the structure of a particular community. We also

envision a role for this approach in facilitating comparisons across systems by reducing them to

their core features (Allesina and Pascual 2009). In particular, applying this method to ontogeneti-

cally resolved food webs may offer insights into the role of size-structure in driving the differences

between systems with fisheries collapses and those without (Fisher et al. 2010b). In addition to

facilitating comparison across systems, the dimension reduction provided by the bento box model

offers an opportunity to inform theory, suggesting ways to construct smaller food web models that

retain the types of ontogenetic structures observed in nature, while remaining tractable for analysis

(e.g., Nilsson et al. 2018).

4.4.4 Conclusions

In this chapter, we developed a novel framework for using additional biological information to

inform the identification of trophic groups in a food web. We applied this framework to an ontoge-

netically resolved food web for the Gulf of Alaska in which each node represented a length class

of a species. In this application, length and species identity were both factors that we expected

to covary with trophic groups and evaluating the model’s ability to capture these additional data

allowed us to explore the structure of ontogenetic partitioning in the Gulf of Alaska food web.

In particular, this framework revealed that most ontogenetic niches, especially at larger sizes and

higher trophic levels, encompassed more than one species and covered a relatively large length

range. The shared ontogenetic landscape generated by this overlap likely emerges from a balance

between the diversifying effects of intraspecific competition (Polis 1984) and the constraints im-

posed by both interspecific competition (Bolnick et al. 2003) and size-structured foraging (Petchey

et al. 2008). The intraspecific niche partitioning and interspecific overlap generated by these forces
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create a complex interaction milieu (McGill et al. 2006) that governs how energy flows through

the system and highlights the important role that growth may play in mediating that energy flow

and connecting the distinct trophic components of the community.
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Chapter 5

Conclusion

In this dissertation, I have explored how individual-level predator-prey interactions scale up

to influence the dynamics and structure of marine communities. The goal of this dissertation was

to bridge not only between individual and community-level processes, but also to bridge between

precise mechanistic models from theory and the data and insights available from real communities.

As such, we have tried to capture critical components of the size-structured literature – food-

dependent growth, changes in predators and prey with size, and the unique role that particular

components of life history may play – in models that are tractable and flexible enough to fit to

available surveillance data from exploited systems.

In Chapter 2, the chew-chew train, we identified the critical role that survival regime plays in

determining the long-term population growth of Scotian Shelf cod. I found that growth was un-

likely to limit population growth on its own, but detailed estimates of length- and time-varying de-

mographic rates suggested a link between poor growth conditions and the poor survival conditions

that were limiting recovery. Moreover, we found emprical support for both the overcompensation

and cultivation-depensation hypotheses, suggesting an important role for forage fish in preventing

cod recovery.

In Chapter 3, MAR del mar, we further corroborated the results of Chapter 2 by identifying

changes in the interactions between cod and both sand lance and herring that suggested an inability

of cod to take advantage of the abundant forage fish prey post-collapse, and a potentially negative

competitive interaction with sand lance. In addition to offering further support for the role of for-

age fish in preventing cod from recovering, these estimated changes in interspecific interactions

mapped to changes in species’ average lengths, suggesting that the loss of large cod in particu-

lar may have been responsible for the restructuring of cod-forage fish interactions. By building a

species-level model, driven by a summary of intraspecific length structure, we were able to take

advantage of the existing framework for analyzing the stability of multivariate autoregressive mod-
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els, which revealed that the changes in interaction structure decreased the stability of the 4 species

community module we explored.

Lastly, in Chapter 4, the Bento box, we developed a flexible approach to reduce the dimension

of an ontogenetically structured food web. We found substantial overlap in the ontogenetic niches

of Gulf of Alaska predators, with the largest sizes of all species sharing the same trophic role. This

overlap suggested that individual-level food webs may remain relatively low-dimensional, with the

trophic roles available to individuals limited by the physical constraints of size.

Constructing a food web in which the size classes of a species are spread across multiple

distinct trophic positions highlights the fact that growth of individuals is an avenue through which

energy flows to higher trophic levels. Thus, growth or mortality bottlenecks (Chapter 2) can disrupt

this flow of energy to the largest individuals at the highest trophic levels. This can then lead to a

loss of large individuals, a decline in average size, and the loss of a species’ former functional role

in the community (Chapter 3). The findings of these three chapters further emphasize the fact that

individuals within a species may play different functional roles depending on their size, and the

loss of one of those roles can have cascading effects through the system, even without changing

species richness (Shackell et al. 2010, McConkey and O’Farrill 2015).

The risk of these trophic cascades, and the feedbacks and system shifts they can generate

and maintain, highlight the need to incorporate community-context and species-interactions into

fisheries management (Travis et al. 2014). Throughout this dissertation, I argue that those species-

interactions are best considered from the individual level. As discussed in Chapter 1, however,

capturing individual-level processes in a model that can learn from data often requires making

careful choices about how to balance mechanistic realism and model size. In the approaches de-

veloped here, I have balanced and reduced the dimension of the interaction milieu to a tractable

level that offers insight into particular, core components of both the Scotian Shelf and Gulf of

Alaska ecosystems. However, these approaches also required choices limiting the scope of the

space I was exploring (e.g., limiting the number of species included or the detail of those species’
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size-structure). Thus, there is still room for additional work to expand that scope, and better capture

the full structure of a community.

Future work will extend the methods developed here further toward a true community context;

to take the demographic flexibility of the chew-chew train and extend it to model multiple species

(and hence earn the multiple “chews”); to take the length-based interaction model of the MAR del

mar and extend it to a broader community (i.e., a larger portion of el mar) to better understand how

well the dynamics of a larger collection of species map to a low-dimensional interaction surface;

and to broaden the application of the Bento box to include more species and/or axes of partitioning.

The challenges of accounting for both species richness and intraspecific detail also highlights the

potential role for replacing species complexity with more mechanistically motivated traits (McGill

et al. 2006, Webb et al. 2010). Trait-based size-spectrum models (Andersen et al. 2016) offer a

promising avenue for future development, although embedding them in a framework for statistical

inference still requires substantial work.

Lastly, the insights offered by the models I developed create an opportunity to inform the de-

velopment of theory. In particular, the combined effects of both overcompensation and cultivation-

depensation – explored only separately in the theory literature – warrant further investigation. Do

their effects compound, creating even stronger Allee effects for the predator, or do they produce

more nuanced outcomes? Additionally, what are the consequences of the ontogenetic overlap and

redundancy identified by the Bento box for a collapsed system like the Scotian Shelf? The methods

developed here, and the inference they offer about different core components of the community –

size-structured demographic and interaction landscapes and shared ontogenetic trajectories – can

be used to explore and compare size-structured processes across systems, offering deeper insight

into the structure and stability of marine communities.
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Appendix

Chapter 2 supplemental material

Full model

zat ∼ LogNormal(µat, σ
2

z)

µat = log(x̄at)− σ2

z/2

yit ∼ TN(qiλit, (σyqiλit)
2)

λit =

∫ li+1

li

∑

j

njtK(xjt − l)dl

qi = qmax

exp (b0 + b1li)

1 + exp (b0 + b1li)

nj+1,t+1 = njtϕ(xjt, t)

xj+1,t+1 = xjt + (x∞ − xjt)g(xjt, t)

logit(ϕ(x, t)) = ϕ0 +
∑

k

ξkKx(x− uk)Kt(t− τk)

logit(g(x, t)) = g0 +
∑

k

ϵkKx(x− uk)Kt(t− τk)

ξk ∼ Normal(0, 0.32)

ϵk ∼ Normal(0, 0.22)

ϕ0 ∼ Normal(0, 1.0)

g0 ∼ Normal(−1.8, 0.12)
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xj0 = x∞ − (x∞ − x0) exp(−κj∆t)

κ ∼ LogNormal(0.15, 0.5)

x0 ∼ LogNormal(1, 0.5)

log(nj0) =
∑

k

ηkKx(xi0 − uk)

ηk ∼ Normal(0, 4.02)

x1t = x10

log(n1t) = ν + log(St) + δSt

St =
∑

j

[

1 +

(

xjt

x∗

)

−10
]

−1

njtαx
β
jt

ν = 0.003 exp(ν ′)

ν ′ ∼ Normal(0, 2.02)

δ = −2.5 ∗ 10−5 exp(δ′)

δ′ ∼ Normal(0, 2.02)

σy ∼ TN(0, 0.12)

σw ∼ TN(0, 0.12)

Calculation of λit

We can write the integral as a weighted sum of the njt:

λit =
∑

j

αijtnjt

where αijt represents the contribution of fish of age j to abundance in length bin i, at time t and is

calculated as:
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αijt = Φ(li+1|xjt, σKl)− Φ(li|xjt, σKl)

where Φ(·|µ, σ) is the normal CDF with mean µ and standard deviation σ.
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Figure 5.1: Lagged fluctuations in growth and survival. The top panel shows the posterior mean growth
(dashed line), and posterior mean survival (solid line) for three sizes of juvenile cod. Each trajectory has
been centered and scaled to have a mean of zero and standard deviation of one. The bottom panel gives the
3 year running average bottom temperature anomaly.
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Chapter 3 supplemental material

Full model

yit =















0 if vit ≤ 0

vit if vit > 0

vt = a+Btvt−1 +Cut + ϵt

ϵit ∼ Normal(0, σ2

i )

σi ∼ HalfNormal(0, 0.252)

ai ∼ Normal(0, 0.52)

Cij ∼ Normal(0, 0.52)

Bijt =















βijt if i ̸= j

ηi if i = j

ηi ∼ Normal(0, 0.52)

vec(β) ∼ MVN(0,Σ + 0.0001I)

Σij = σ2

B exp

(

−
1

2ρ2

2
∑

d=1

(xid − xjd)
2

)

ρ ∼ InverseGamma(6, 50)

σB ∼ HalfNormal(0, 0.252)
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Chapter 4 supplemental material

Full model

yij ∼ Binomial(Ji, ϕzizj)

xi ∼ Normal(µzi , σ
2

zi
)

si ∼ Categorical(θzi)

zi ∼ Categorical(q)

q ∼ Stick(β)

β ∼ Gamma(1.0, 1.0)

ϕjk ∼ Beta(1.0, 1.0)

µk ∼ Normal(3.0, 1.0)

σ2

k ∼ InvGamma(2.0, 0.01)

θk ∼ Dirichlet(0.01)
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Figure 5.2: Posterior predicted interaction surface between all pairs of prey and predators. The red shading
indicates the mean posterior interaction probability (ϕ) between every length of predator (x-axis) and prey
(y-axis). The points indicate observations of a prey item in the stomach of a predator.
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