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a  b  s  t  r  a  c  t

While  much  is  known  about  the  relationship  between  Clark’s  nutcracker  and  whitebark  pine,  information
on  nutcracker  energetic  behavioural  strategies  −  the  driving  factors  behind  nutcracker  emigration  − and
the impact  of nutcracker  behaviour  on  whitebark  pine  communities  remain  uncertain.  To  investigate
nutcracker  energetic  behaviour,  we  developed  a spatially  explicit  agent-based  model  (ABM)  to  simu-
late the  underlying  behavioural  mechanisms  nutcrackers  are most  likely  to  employ  during  foraging  in
the South  Cascades  near  Mt. Rainier,  Washington.  The  ABM  is comprised  of  cognitive  nutcracker  agents
possessing  memory  and  decision-making  heuristics  that  act to optimize  energy  acquisition  and  loss.
Environmental  data  layers  for  elevation  and  basal  area  of  tree  species  were  used  to  represent  the  land-
scape  in  terms  of habitat  and  energy  resources.  We  employed  the  evaludation  approach  for  an  organized
sequence  of  model  development  and  analysis,  including:  data  evaluation,  conceptual  model  evaluation,
implementation,  verification,  model  output  verification  (calibration  consisting  of comparison  of  parame-
ters  informed  by  nutcracker  ecology  to real-world  empirical  values;  pattern-oriented  modeling  −  POM),
model  analysis  (sensitivity  of model  to changes  in  parameters  and  processes),  and  model  output  corrob-
oration  (use  of  POM  to compare  model  output  to  real-world  patterns  from  empirical  investigations  of
nutcracker  ecology,  independent  of  calibration).  Simulations  were  conducted  on  alternative  nutcracker
behavioural-energetic  mechanism  strategies  by  assigning  different  fitness-maximizing  goals  to  agents.
We  found  that  an integrated  energetic  requirement  (IER)  mechanism,  which  includes  both  the  short-
term  and  long-term  energetic  needs  of  nutcracker  agents  to  be  the  best-fit  scenario.  Our results  affirm
previous  research  that  nutcrackers  are  responsive  to  changes  in  their  energetic  environment,  and  that
they  are  capable  of  projecting  energy  budgets  well  into  the  future.  The  development  of  this  ABM  provides
a  basis  for  future  research,  such  as  a means  to assess  the  driving  conditions  necessary  for  nutcrackers
when  choosing  between  a resident  and emigrant  strategy  and as a  planning  tool  to model  nutcracker
responses  to potential  landscape  changes,  which  may  facilitate  long-term  WBP  conservation.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The Clark’s nutcracker (Nucifraga columbiana, Corvidae), which
has a year-round diet of fresh and stored conifer seeds, is the pri-
mary agent for seed dispersal in whitebark pine (Pinus albicaulis;
WBP). As a result, WBP  is regarded as an obligate mutualist of the
nutcracker (Tomback and Linhart, 1990). Although regeneration in
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WBP  depends on seed-caching by the bird, the nutcracker is con-
sidered a facultative mutualist of WBP. Nutcrackers have the ability
to assess local WBP  cone abundance and adjust foraging strategies
to accommodate other food sources, including other Pinus species
(Tomback and Linhart, 1990; Tomback, 1998). Nutcrackers forage
on WBP  seeds during the summer and autumn seasons in most
years, beginning prior to cone maturation and continuing until well
after seeds have ripened, which generally occurs from mid-August
to late September (Tomback, 1978a; Hutchins and Lanner, 1982).
Several empirical investigations pertaining to nutcracker ecology
have taken place. However knowledge gaps still remain, partic-
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ularly regarding nutcracker energetic behavioural strategies, the
driving factors behind nutcracker emigration, and the manner in
which nutcracker behaviour will be impacted by future changes in
WBP communities. We  define nutcracker emigration as the leaving
of previous breeding grounds at irregular intervals to over-winter
in other regions.

A promising strategy for investigating the behavioural pro-
cesses of nutcrackers is through the examination of energetics:
more specifically, how nutcrackers evaluate their current energetic
state and prioritize short- and long-term energetic returns from
food resources within their environment. Substantial evidence
that nutcrackers make informed decisions regarding the ener-
getic returns of food resources exists. For example, both Tomback
(1978b) and Vander Wall (1988) found that nutcrackers modi-
fied their foraging behaviour by increasing foraging intensity after
seeds ripened and can be extracted more easily. These same stud-
ies reported nutcrackers switching from one pine seed resource
to another in a manner that optimized foraging gains or the ener-
getic value of seeds stored. Further, McKinney et al. (2009) found
that the frequency of occurrence of nutcrackers in WBP  commu-
nities was strongly associated with annual WBP  cone production,
which had a positive linear relationship with live WBP  basal area
and thus a negative association with WBP  tree mortality and rust
infection. Barringer et al. (2012) also found a positive relationship
between the frequency of nutcracker visitation and the magnitude
of WBP  cone production, although they note there is some prob-
ability of nutcracker visitation even in WBP  stands that contain
few cones. Nutcrackers are also capable of assessing potential long-
term energetic deficiencies, such as those associated with breeding
or the loss of seeds to predators, and mitigating these deficien-
cies by storing caches of seeds for future use (Tomback, 1978a,
1982). Given sufficient cone production, nutcrackers will cache up
to five times their energetic requirement in WBP  seeds (Tomback,
1982), highlighting the complexity of how nutcrackers forecast
their own energetic needs, and revealing how the birds may  bal-
ance their energetic requirements with those of potential offspring.
Together, these findings suggest that nutcrackers are capable of
assessing the energetic resources available on the landscape, and
subsequently making informed foraging decisions regarding the
optimization of energy consumption. However, what is not known
about nutcracker foraging ecology is what low-level behavioural
decision-making processes are most likely undertaken while dis-
playing this flexible behaviour. In other words, how do nutcracker
prioritize energetic requirements while foraging prior to caching?
Is daily energetic requirement (DER) their priority? Do they balance
their DER with their long-term energetic requirement (LTER) for an
integrated energetic requirement (IER) approach? Can a random
movement algorithm along with an LTER assessment character-
ize their foraging behaviour just as well as alternatives? While it
would seem most probable that an IER approach would be the most
robust and realistic based on what we know about nutcracker forag-
ing ecology, thoroughly investigating behavioural decision-making
processes used by nutcrackers are an essential step, since they will
have a profound impact on their habitat selection, cache-site loca-
tion and movement on the landscape.

Studies of the ecological linkages between bird species and
habitat have traditionally been the domain of behavioural ecol-
ogy, which uses models and empirical investigations that address
the decision-making processes of individual birds in a relatively
straightforward manner (Railsback and Johnson, 2011). For exam-
ple, Cruz-Angón et al. (2008) studied habitat selection by Common
Bush-Tanager (Chlorospingus ophthalmicus) and Golden-crowned
Warbler (Basileuterus culicivorus)  in a Mexican shade coffee plan-
tation using a multi-state capture-recapture model, whereby
individual birds were captured and re-sighted probabilities calcu-
lated for monthly survival, movement, and recapture. In contrast,

in this research we  attempt to integrate the behavioral and ecolog-
ical complexity confronted by individual nutcrackers in terms of
prioritizing energetic returns. We  do so by investigating the basis
for their decisions, including energetic trade-offs and interactions.
The patterns that emerge are integral to comprehensively address-
ing how nutcrackers prioritize their energetic needs, understanding
how these decisions are mediated by their environment, and pro-
jecting how these decisions might impact WBP  persistence. To
this end, we used an approach in the tradition of individual-based
ecology called agent-based models (ABMs) (Grimm and Railsback,
2005), wherein agents make decisions and compete for resources
in a complex, dynamic, and stochastic environment. Several inves-
tigations have examined bird foraging using an individual-based
ecological approach. For example, Amano et al. (2006) investi-
gated decision-making and group-foraging benefits in geese (Anser
albifrons) populations using a spatially explicit ABM that tracked
the spatial distribution and dynamics of fat deposition by each
individual. As another example, Railsback and Johnson (2011) uti-
lized a spatially-explicit ABM to understand and predict how the
relative area and spatial arrangement of several common habi-
tat types affect local bird densities and the reduction of coffee
berry borer (Hypothenemus hampei) infestation rates by birds. These
studies highlight the utility of ABMs for modeling bird foraging
behaviour and provide a backdrop against which we can build a
model that incorporates the behavioural and ecological complexity
of nutcracker energetics and space use.

We developed a spatially-explicit ABM to simulate summer
nutcracker decision-making in the South Cascades, Washington, for
the purpose of investigating their behavioural-energetic prioritiza-
tion. The model was  used to run simulations designed to provide
insight into individual nutcracker decisions, and is designed to pro-
vide a logical behavioural mechanism platform that is rooted in
state-based individual nutcracker energetics. Our objective is to
determine which energetic behavioural strategy mechanism, i.e.,
Daily Energetic Requirement (Mechanism 1), Integrated Energetic
Requirement (Mechanism 2), or Random (Mechanism 3) takes pri-
ority when it comes to nutcracker decision-making prior to caching.
Using an ABM for this study is advantageous, since it allows us to
capture the actions and interactions of individuals and their deci-
sions in a realistic, dynamic environment, investigate hypothetical
scenarios that bolster our understanding of the interplay in the
ecosystem, and test the system to establish its level of robustness
and sensitivity (Grimm and Railsback, 2005).

2. The model

The model was  constructed using Netlogo v. 5.0.4 (Wilensky,
1999). We  selected Netlogo for a number of reasons, including its
ability to incorporate mobile agents acting concurrently across a
grid space with behaviour dominated by local interactions over
short time periods, its powerful programming language and exten-
sive documentation, and its open-source software and large user
community (Railsback et al., 2006). The overview, design concepts,
and details (ODD) protocol was utilized here to standardize the
descriptions of our model and make it more understandable and
complete, as suggested by Grimm et al. (2010).

2.1. Purpose

The model simulates the movement and behaviour of Clark’s
nutcrackers in an energetic landscape representing the South Cas-
cades, Washington, with the purpose of creating stochastic agents
that reflect the behaviour and life-history of individual nutcrackers
in a real-world context, informed by real-world landscape and eval-
uated with empirical data. Our detailed ABM design facilitates the
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