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An Algorithm for Discovery

s academic physicians, we are expericncing the rush to restructure medical services
and have participated in the development of algorithms for the evaluation and treat-
ment of patients. It has been argued that such algorithms are a critical tool for evi-
dence-based medicine, for improving patient management, and for raising the commu-
i B nity standard of clinical care.

One day, during a particularly lengthy commute in our carpool, we began to wonder whether the
process of creating new knowledge—asking the right question, pursuing the unknown, ntaking dis-
coveries—might also benefit from such an algorithmic approach. Surely a formula for boosting the
rate and magnitude of discoveries would be most welcome. OF course, there are many great teeatis-
es on discovery in science, but we were thinking of something more compact for everyday use, a
kind of flow chart that could be carried on a faminated card, Many carpools later, we came up with
the salution shown on the right.

Aftter rigorous computer simutations of this algorithm’s performance over a broad range of pa-
rameters, we unexpectedly discovered that its properties could be reduced to five simple principles,

. Slow down to explore, Discovery is facilitated by an unhurried attitude. We favor a relaxed
yet atientive and prepared state of mind that is free of the checklists, deadlines, and other exigencies
of the workday schedule. Resist the temptation to setile for guick closure
and instead actively search for deviations, inconsistencics, and peculiari-
tics that don’t quite fit. Oflen hidden among these anomalics are the clues
that might chailenge prevailing thinking and conventional explanations.

2, Read, but not toe much. It is important to master what others have
already written. Published works arc the forum for scientific discourse and
embody the accumulated experience of the research commumity. But the
influence of experts can be powerful and might quash a nascent idea be-
fore it can take rool. Fledgling ideas nieed nuriuring unlil their viabifity can
be lested without bias. $o think again before abandoning an investigation
mercly because someone clse says it can’t be done or is unimportant.

3. Pursue quality for its own sake. Time speat refining methods and de-
sign is almost always rewarded. Rigorous attention to such details helps to
avert the premalore rejection or acceptance of hypolheses. Sometimes, in the
process of perfecting one’s approach, unexpected discoveries can be made. An
example of this is the background radiation attributed to the Big Bany, which
was identified by Penzias and Witson while they were pursuing the source of a
noisy signal from a radio telescope. Meticulous testing is a key to generating
the kind of reliable information that can lead to new breakthroughs.

4. Look at the raw data, There is no substitute for viewing the data at
first hand. Take a seat at the bedside and interview the patient yourself;
watch the oscilloscope trace; inspect the gel while still wet. Of course,
there is no question thal fusther processing of data is essentiat for their
management, analysis, and presentation. The problem is that mest of us don't really understand
how automated packaging tools work. Looking st the raw data provides a check against the auto-
mated averaging of unusual, subtle, or contradictory phenomena.

5. Cultivate smart friends, Sharing with a buddy can sharpen critical thinking and spark new
insights. Finding the right colleague is in itsell a process of discovery and requires some luck.
Sheer intelligence is not enough; seek a pat whose attributes are also complementary to your own,
and you may be rewarded with a new pesspective on your work. Being this kind of friend to another
is the secrel to winning this kind of friendship in seturn.

Although most of us already know these five precepts in one form or another, we have noticed
some difficolty in putting them into practice. Many obligations appear to crode time for discovery.
We hope that this essay can scrve as an inspiralion for reclaiming the process of discovery and
making it a part of the daily rowtine. in 1936, in Physics and Reality, Einstein wrote, *The whole of
science is nothing more than a refinement of everyday thinking" Peacticing this art does not re-
quire ¢laborate instrumentation, generous funding, or prolonged sabbaticals. What it does require is
a commitment to exercising one’s creative spirit—for curiosity’s sake.

Davld Paydarfar and William ). Schwartz

David Paydarfar and William ). Schwartz are In the Department of Neurology, University of Massachusetts Medicat
School, 55 Lake Avenue North, Worcester, MA 01655. This paper was adapted from lectures given at the University of
Norih Carolina, Chapel Hill, and the University of California, San Francisco, Schools of Medicine.
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Increasing Fidelity to Nature

Per-period reproduction

Anthropogenic mortality
Visiting multiple patches before returning home

Needing to forage for multiple nutrients (e.g. sources of
carbohydrate, sources of protein — like that mosquito which
experienced a mortality event duting lecture on 3 April 2013)

Disease (both 3 > 0 and disease causes o or 3 to increase or A to
decline)

Patch depletion

Age structure (affecting foraging ability, and perhaps predator
avoidance)

Dependent young

Learning

Schooling behavior

Spatial structure and networks of patches
Games against conspecifics

Predator-prey games
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Factors influencing route choice by avian migrants: A dynamic
programming model of Pacific brant migration

Jessica Purcell!, Anders Brodin*

Department of Theoretical Ecology, Ecology Building, Limd University, §-223 62 Lund, Sweden

Received 1 June 2007; reccived in revised form 23 August 2007; accepted 23 August 2007
Availabte online 4 September 2007

Abstract

We used stochastic dynamic programming to investigate a spectacular migration strategy in the black brant Branta bernicla nigricans, s
species of goose. Black brant migration is well suited for theorelical analysis since there are a number of existing strategics that easily can
be compared. In early autumn, almost the entire population of the black brant gathérs at Izembek Lagoon on the Alaska Peninsula to
stage and refuet before the southward migration. There are at least three distinct strategies, with most geese making a spectacular direct
migration more than 3000 km across the Gulf of Alaska to their wintering grounds in southern Baja California or mainland Mexico, This
is a potentiaily dangerous strategy since foraging is not possible during the overseas passage. Some individuals instead use shorter flights
to make a detour along the coast, a tonger route that all individuals use for northwards migration in spring. Since flight costs accelerate
with increasing body mass, migration by short flights is energetically cheaper than long-distance flights. A small but increasing part of the
population has recently begun to winter at Tzembek. We investigated this migration under two different suppositions using a dynamic
state variable model. First, il the geese are free to make a strategic choice, under what assumptions should they prefer direct migration
and under what assumptions should they prefer delour migrationfwinter residency? Second, provided that the dominating direct
migration strategy is optimat, what conditions will force the geese to go for detour migration/winter residency? In the second case the
geese may try to follow an optimal direct migration strategy, but stochastic events may force them to choose a suboptimal policy. We
also simulated possible effects of global warming. The model suggests that the fuel level at arrival in Tzembek and Tuel gain rates are key
factors and that tail winds must have been reliable in the past, otherwise direct migration could not have evolved. Tt also suggests that a
change to milder winters may promote an unexpectedly abrupt change from long-distance to short-distance migration or winter
residency. Finaily, it produced a number of predictions that might be testable in the field.
© 2007 Blsevier Ltd. Al rights reserved.

Keywords: Avian migration; Branta bernicla nigricans; Dynamic programming; Brant; Migration strategy

1. Infroduction for optimal strategies is strong. Stochastic dynamic
progranuming is especially well svited to model behaviour
for which theoretical analysis requires inclusion of many

factors to become meaningful. With this technique many

1.1. Bird migration

Bird migration is a complex behaviour where the optimal
strategy depends on many interacting factors, both
internal and external. In most cases migration is risky
and energetically demanding, making it likely that selection

*Corresponding author. Tel.: +46462224143; fax: +4646 2224716,
E-mail address: Anders, Brodin@leorekoluse (A. Brodin).
ACureent address: Department of Zoology, Universilty of British
Columbia, Biological Sciences Building, 6270 University Boulevard,
Vancouver, BC, Canada V6T 174,

0022-5193($ -see front matier © 2007 Efsevier Ltd. All rights reserved.
doi: 10.1046/.tbi.2007.08.628

factors can be included after which they can be manipu-
lated one at a time.

Migrating birds face a wide variety of environmental
conditions and scenarios that may affect decisions about
when, where, and how to migrate. For example, weather,
bird condition, and geography are important (Alerstam
et al,, 2003). The effect of wind is a key factor that should
influence the timing and energetics of migration in most
bird species {Richardson, 1978; Hedenstrém et al., 2002;
Green and Piersma, 2003).
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Active adaptive conservation of threatened species
in the face of uncertainty
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YCentre for Applied Environmental Decision Analysis, School of Biological Sciences,
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*Sehool of Zoology, University of Tasmania, Hobart, Tasmania 7004 Australia
Department of Primary Indusiries and Water, Hobart, Tasmmiia 7001 Australia
YCenire for Applied Environmental Decision Analysis, School of Botany,
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Abstract.  Adaptive management has a long history in the natural resource management
literature, but despite this, few practitioners have developed adaptive strategies to conserve
threatened species. Aclive adaptive management provides a framework for valuing learning by
measuring the degree to which it improves long-run management outcomes. The challenge of
an aclive adaptive appronch is to find the correct balance between gaining knowledge to
improve management in the fulure and achieving the best short-term outcome based on
current knowledge. We develop and analyze a framework for active adaplive management of a
threatened species. Our case study concerns a novel facial tumor disease affecting the
Australian threatened species Sarcophitus harrisii: the Tasmanian devil. We use stochastic
dynamic programming with Bayesian updating to identify the management strategy that
maximizes the Tasmanian devil population growth rate, taking into account improvements to
management through learning to better understand discase latency and the relative
effectiveness of three competing management options. Exacily which managemeni action
we choose each year is driven by the credibility of competing hypotheses about disease latency
and by the population growth rate predicted by each hypothesis under the competing
managemetit actions. We discover that the optimal combination of management actions
depends on the number of sites available and the time remaining to implement management.
Our approach to aclive adaplive management provides u framework to identify the optimal

Survey, Patuxent Wildlife Research Center, 12100 Beech Forest Road, Laurel, MD 20708 USA

amount of effort to invest in learning to achieve long-run conservation objectives.

Key words: active adaptive managenient; Bayesian updating; decision theory; learning; Markov decision
pracess; Sarcophilus hardsii; stechustic dynamic programming; Tasimania, Austrafia; Tasmanian devil facial

tmor disease.

INTRODUCTION

Conservation management faces the challenge of
making good decisions despite uncertainty about both
the ecology of the system to be managed and impact of
the management options on that system (Burgman et al.
2005). Uncertainty can manifest itself in a number of
aspects of knowledge (Regan et ai, 2002). There may be
uncertainty around parameter estimates which lead us to
question the ouiput of models (Caswell 2001). Managers
may also be uncertain about the model they have chosen

Manuscript received 15 April 2009; revised 2 Qctober 2009;
accepted 19 October 2009, Corresponding Editor: I. 1.
Mitlspaugh.

® Present address: CSIRO Sustainable Fcosystems, 306
Carmody Road, St Lucia, Queenstand 4067 Australia,
E-maii: eve.mcdonatd-madden@csiro.au

to represent the system (Chatfield 1995, Regan et al.
2002}, Because models provide valuable tools with
which to investigaic the response of systems to different
management scenarios and are commonly used to nake
conservation decisions (e.g., Possingham et al. 1993,
Punt and Smith 1999), a number of techniques have
been propesed that quanlify model uncertainty
(Burnham and Anderson 2002, Wintle ¢t al. 2003) and
facilitate decisions that are coherent in the face of modet
uncertainty (Burgman et al. 1993, Drechsler et al. 1998,
Shea and Possingham 2000, Yokomizo el al. 2003,
Regan et al. 2005, 2006).

Some uncertainty is effectively irreducible (c.g.,
natural variation/stochasticity), while other forms of
uncertainty may be reduced through learning. What is
not captured within most uncertainty analyses is our
ability to learn about o system while we are managing

1476




Letter from a Birmingham Jall [King, ir.} 4f16/13 5:50 PM

AFRICAN STUDIES CENTER - UNIVERSITY OF PENNSYLVANIA \"l :}

"Letter from a Birmingham Jail [King, Jr.]"

16 April 1963 N l\ \lg ] \C\LS

My Dear Fellow Clergymen:

While confined here in the Birmingham city jail, T came across your recent statement calling my present
activities "unwise and untimely." Seldom do I pause to answer criticism of my work and ideas. If I sought to
answer all the criticisms that cross my desk, my secretaries would have little time for anything other than
such correspondence in the course of the day, and I would have no time for constructive work. But since I
feel that you are men of genuine good will and that your criticisms are sincerely set forth, I want to try to
answer your statement in what I hope will be patient and reasonable terms.

I think I should indicate why I am here in Birmingham, since you have been influenced by the view which
argues against "outsiders coming in." I have the honor of serving as president of the Southern Christian
Leadership Conference, an organization operating in every southern state, with headquarters in Atlanta,
Georgia. We have some eighty five affiliated organizations across the South, and one of them is the Alabama
Christian Movement for Human Rights. Frequently we share staff, educational and financial resources with
our affiliates. Several months ago the affiliate here in Birmingham asked us to be on call to engage in a
nonviolent direct action program if such were deemed necessary. We readily consented, and when the hour
came we lived up to our promise. So I, along with several members of my staff, am here because T was
invited here. I am here because I have organizational ties here.

But more basically, I am in Birmingham because injustice is here. Just as the prophets of the eighth century
B.C. left their villages and carried their "thus saith the Lord" far beyond the boundaries of their home towns,
and just as the Apostle Paul left his village of Tarsus and carried the gospel of Jesus Christ to the far corners
of the Greco Roman world, so am I compelled to carry the gospel of freedom beyond my own home town.
Like Paul, I must constantly respond to the Macedonian call for aid,

Moreover, [ am cognizant of the interrelatedness of all communities and states. I cannot sit idly by in Atlanta
and not be concerned about what happens in Birmingham, Injustice anywhere is a threat to justice
everywhere. We are caught in an inescapable network of mutuality, tied in a single garment of destiny.
Whatever affects one directly, affects all indirectly, Never again can we afford to live with the Narrow,
provincial "outside agitator" idea. Anyone who lives inside the United States can never be considered an
outsider anywhere within its bounds.

You deplore the demonstrations taking place in Birmingham, But your statement, I am sorry to say, fails to
express a similar concern for the conditions that brought about the demonstrations. I am sure that none of you
would want to rest content with the superficial kind of social analysis that deals merely with effects and does
not grapple with underlying causes. It is unfortunate that demonstrations are taking place in Birmingham, but
it is even more unfortunate that the city's white power structure left the Negro community with no alternative.

In any nonviolent campaign there are four basic steps: collection of the facts to determine whether injustices
exist; negotiation; self purification; and direct action, We have gone through all these steps in Birmingham,
There can be no gainsaying the fact that racial injustice engulfs this community, Birmingham is probably the
most thoroughly segregated city in the United States. Its ugly record of brutality is widely known. Negroes

hup:/fwww.afrlca.upenn.edufArticles_Gen/Letter_Birmingham.html Page 1 of 10
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Figure 4.1  Single host fithess Increments computed by Charnov and
Skinner (1984). (a) Fitness increments for the wasp Trichogramma
on three diffarent host types. (b) Fitness Increments for the wasp
Nasonia for four hosts of different volumes. (Redrawn from Florlda
Entomologist Vol 67, 1984.)
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AMS 215: Important Dates and Deadlines

April 22 (midnight): Problems 3, 4, 5 due

April 24: No class (coding day)

April 26 (noon): Paper you like #2 in dropbox folder, report to Marc

May 3 (noon): Paper you like #3 in dropbox folder, report to Marc

May 6 (midnight): Problems 6, 7 due

May 10 (noon): Paper you like #4 in dropbox folder, report to Marc

May 13: In class discussion of your project\skd\%ze%?noderator).

May 15: No class (coding day); description of your project to Marc (midnight)

May 22: No class (coding day)

June 13 (midnight): Project reports/problems due
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State-dependent habitat selection games between
predators and prey: the importance of behavioural
interactions and expected lifetime reproductive success

Suzanne H. Alonzo* % 3‘3

Departinent of Envirommental Studies and Institute of Marine Sciences,
University of California Santa Cruz, 1156 High Street, Santa Cruz, CA 95064, USA

ABSTRACT

The fitness of both prey and predators will be affected by the behaviour of conspecifics and
other (predator or prey) species. However, little theory has considered the case where predators
and prey respond to one another simultanecusly, I present a framework that examines
the impact of the predator-prey behavioural interactions (within and between species) in
a state-dependent life-history context. I use multiple linked dynamic state variable game
equations to predict the patch selection of prey and predators as a function of their energy
reserves, When prey are expecied to maximize their probability of survival, the individual
predators and prey that are not at risk of starvation are predicled to be uniforily disiributed
among patches independent of the difference in resource input rates among sites. However,
individuals near starvation cause more prey and predators to be found in high resource sites. In
contrast, when predators and prey both maximize reproduction, predators and prey are pre-
dicted to show imperfect resource matching. The proportion of individuals at risk of starvation
causes deviations from the perfect resource matching predicied by previous predator-prey
games. The predicted patterns cleasly illustrate the importance of recognizing that predators
and prey will both respond concurrently to one another’s distributions, However, the models
also illustrate that an organism’s state, competition among conspecifics and the life-history
pattern of both predators and prey are key to understanding their distribution and behaviour.
We can increase our understanding of these interactions and the distribution of predators and
prey in space and time by combining the consideration of interactions within and between the
species with knowledge of how foraging relates to lifetime expected reproductive success of
both predators and prey.

Keywords: dynamic state variable model, game theory, habitat selection, life history, predator—
prey interactions,

INTRODUCTION

Interactions between species are at the heart of many important ecological and evolution-
ary processes. Predator—prey dynamics are a classic and relatively well-studied example of

* e-mail: shalonzo@cats.ucsc.edu
Consult the copyright statement on the inside front cover for non-commercial copying policies.

© 2002 Suzanne H. Alonzo
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Use of patch selection models as a decision support tool to evaluate
ries of human-wildlife conflict
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Human-dominated Jandscapes effer spatially concentrated and reliable food resources that attract wild-
life and lead to human-wildlife conflicts, Conflict management is often directed at humans {e.g., educa-
tion} to reduce attractants, or foraging benefits to wildlife, or at wiidlife (e.g., hazing) to increase foraging
costs; but strategies can be expensive and ineffective. Because a key driver of conflict is the pursuit of
food by wildlile, we used patch selection models, a dynamic, state-dependent modeling approach based
on foraging theory, fo assess how benefit reduction and cost increase resulting from conflict mitigation

ifny::crad:n:black bear affect wildlife foraging decisions, We applied the patch selection meodets to a system in which American
Aversive conditioning treatments black bears {Ursus americanus) forage in urban and urban-interface patches and conflicts are common, We
Foraging theory used survival as a fitness currency and body fat reserves as a state variable. We incrementally reduced
Urban ecology availability of anthropogenic foods (benefit reduction) and increased energetic costs of movement in

response to aversive conditioning treatments (cost increase} to search for thresholds resulting in avoid-
ance of human-dominated patches. Benefit reduction 3 55% in urban patches and >70% in urban-inter-
face patches resulted in avoidance by bears of almost all states. Cost increases achieving similar results
exceeded 1100% and 400% in urban and urban-interface patches respectively, and are likely unrealistic to
implement, Given modeling results and that control strategies targeting wildlife are unpopular with con-
stituencies, we suggest allocating management resources to strategies that reduce availability of anthro-
pogenic food.

Ursus americanus

© 2013 Elsevier Ltd. AH rights reserved,

1. Introduction Twe major management strategies aimed at humans and wild-
life are commoniy employed to resolve conflicts. Human-dimen-
sions tools are implemented In conflict communities to change
human behavior to reduce the avaitability of attractants, or forag-
ing benefits, to wildlife. For example, improving husbandry
through education reduced livestock depredation by snow teop-
ards (Panthera uncia) in India (Jackson and Wangchuk, 2004), and

Human-witdlife interactions, and subsequently conflicts, are
increasing worldwide (Concver, 2001; Woodroffe et al,, 2005), Hu-
man-dominated landscapes offer spatially concentrated, predic-
able, and reliable food sources, e.g., livestock, crops, or refuse,
which can serve as major attractants to wildlife and lead to hu-

man-wildlife conflict {Shochat, 2004; Baker et al., 2008). Whether
the resultant conflict occurs due to depredation of livestock in
South America {e.g. Michalski et al., 2006), raiding of agyiculturai
corps in Europe {e.g., Geisser and Reyer, 2004), or use of refuse in
urban centers in North Ametica {e.g., Beckmann and -Berger,
2003), a key driver of conflict is the pursuit of food resources by
wildlife, Thus, understanding how to best mitigate human-wildlife
conflict requires an understanding of how management affects
wildlife foraging decisions.

* Corresponding author at: The Nature Conservancy, Fort Collins, CO 80524,
United States, Tel.: +1 970 484 9598; fax: +1 970 498 0225.
E-nall address: sbaruch-mordo@tnc.org (5. Baruch-Mordo).

006-3207(8 - see front matter & 2013 Elsevier LAd. All rights reserved.
http:/fdx.dot.crg/t0.1016/{ blocon.2013,02.002

proactively enforcing refuse disposal laws reduced availability of
garbage to American black bears {Ursus americanus) in Colorado,
USA (Baruch-Mordo et al,, 2011). Wildlife management tools are
also implemented to either eliminate {iethal control) or deter
{non-lethal control) wildlife from attractant sites {Falf and Jackson,
2002; Treves and Karanth, 2003). Lethal control can be unpoputar
with wildlife managers (e.g, Falf and Jackson, 2002; Baker et al.,
2005; Spencer et al,, 2007), often motivated by the unpopularity
of such management actions by the general public {Manfredo,
2008; Messmer, 2009). Therefore, wildlife agencies are increas-
ingly using non-lethal aversive conditioning treatments, including
hazing, and chemical or physical deterrents, with the goal of mod-
ifying the long-term behavior of wildlife due to the learning
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Dear Marc,

Thank you very much for your feedback about the paper! It was fun to
learn about the models (I thank Colleen Webb of Colorado State University
for her excellent teaching), and apply them to a management question in
my study area. And I'm thrilled that your students found it interesting and
potentially helpful to their research! Definitely rewarding!

Thanks again!
Sharon

Sharon Baruch-Mordo

Spatial Scientist

The Nature Conservancy
sharuch-mordo@tnc.org
http://warnercnr.colostate.edu/~sharonbm/
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A STATE-DEPENDENT MODEL FOR THE OPTIMAL MANAGEMENT

¢ Ecological Society of America

OF AN INVASIVE METAPOPL]

Abstract.  Management of invasive species involves choosing between different manage-
ment strategy options, but often the best strategy for a particular scenario is not obvious. We
illustrate the use of optimization methods to determine the most efficient management strategy
using one of the most devastating invasive forest pests in North America, the gypsy moth
(Lymantria dispar), as a case study. The oplimization approach involves the application of
stochastic dynamic programming (SDP) to a metapopulation framework with different
infestation patch sizes, with the goal of minimizing infestation spread. We use a novel “moving
window” approach as a way to address a spatially explicit problem without being explicitly
spatial. We examine results for two cases in order to develop general rules of thumb for
managemeni. We explore a model with limited parameter information and then assess how
strategies change with specific parameterization for the gypsy moth, The model results in a
complex but stable, state-dependent management strategy for a multivear management
program that is robust even under situations of uncertainty. The general rule of thumb for the
basic model consists of three strategics: eradicating medium-density infestations, reducing
large-density infostations, and reducing the colonization rate from the main infestation,
depending on the state of the system. With specific gypsy moth parameterization, reducing
colonization decreases in importance relative (o the other two strategies. The application of
this model to gypsy moth managemeni emphasizes the importance of managing based on the
state of the system, and if applied to a specific geopraphic area, has the potential to
substantially improve the efficiency and cost-effecliveness of current gypsy moth eradication
programs, helping to slow the spread of this pest. Additionally, the approach used for this
particular invasive species can be extended to the optimization of management programs for
the spread of other invasive and problem species exhibiting metapopulation dynamics.

Key words: decision theary; gypsy moth; invasive species manugement; Lymantria dispar; mainland-
island metapopulation; optimization; stochastic dynamic programniing (SDP).

INTRODUCTION

Biological invasions of pest species pose a threat to
the stability of ecosystems, both natural and managed
(Liebbold ¢t al. 1995). Iavasive species can alfer
habitats, through both direct and indirect competitive
effects on other species, and can completely restructure a
wide range of ecosystems (Mack et al. 2000). Addition-
ally, invasive species are a threat to economies, societies,
and ccosystems across the pglobe, cosling countries
billions of U.8. dollars per year in direct management
costs in addition to the indirect costs of environmental
damage, trade disruption, and disease risk (Global
Invasive Species Programme 2005, Lodge et al. 2006).
Because of the significance in both cost and ecological
impact of invasive species, we are interested in deter-
mining the optimal management sirategy for invasive
species through the use of quantitative methods.

Manusecript received 20 April 2007; revised 30 August 2007;
accepted 22 October 2007, Corresponding Editor: 1. A. Powell,
3 E-mail: Ub2d@cam.ac.uk
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Mathematical models, particularly optimization mod-
els, in conjunction with experimental research, can
conlribute to a more cost-efficient and practical ap-
proach to investigating and recommending management
decisions for invasive species. Setting the stage, Moody
and Mack (1988) developed a simple, one-time control
mode] and found, for invasions radiating out of a few
large, isolated infestations, it is best to control the
smaller, satellite populations than the larger foci,
conirary to typical management practice ai the time.
Their rule of thumb, to continuaily remove the small, new
infestations, has been revisited by several recent studies
(Taylor and Hastings 2004, Grevstad 2005, Hastings ot
al. 2006, Whittle et at. 2007). Most recently, Whittle et ai,
(2007) updated the original model and found a new
optimal decision to focus on both the larger and satellite
infestations, where the relative fecus depends on the cost
of managing vs. doing nothing. Using different quanti-
tative methods, other studies have found modified
optimal solutions including eradicating low-density
(faster growing) subpopulations first, depending on the
available budget (Taylor and Hastings 2004), attacking
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Temperature Increase can affect physiological and behavlourat constraints, Here, we use a stochastic
dynamic medelling approach to predict changes in physlological adaptations and behaviour in response
te temperature increase of pro-ovigenic parasitoids (ie., parasitolds that mature all of their eggs before
emergence). Adults of most species of parasitoids, are not capable of de novo tipogenesis, The allocation
of llpids accumulated during the layval stage determines adult lifespan and fecundity. In females, lipids
can be allocated either to egg production or to adult lIpid reserves leading to a trade-off between

Keyiwords: fecundity and lifespan.

Parasitolds Our results show that selection by an increase in ambient terperature, favours a smalter initial egg
g;’r;:;lg:giﬁlge load and a larger amount of lipids for maintenance, The cost of habitat exploitation increases with
Eog load temperature because the rate of lipld consumption increases. Hence, lifetime reproductive success

decreases. When the optimal activity rate shifts to match the higher ambient temperature, these effects

Stochastic dynamic programming
become less pronounced,

© 2012 Elsevier Ltd, All rights reserved.

1. Introduction

Levitus et al. {2001) estimate that the global mean temperature
has risen by 0.6 + 0.2 °C over the past century. in the near future,
this increase in temperature is expecied to accelerate, Some models
predict that in the next decade global mean temperature will
increase from 0.3 to 1.3 °C and temperate regions will probably
experience a greater increase in temperature than tvopical ones
(Knutti et al, 2002; Stott and Kettleborough, 2002).

it is difficutt to predict how animal populations might adapt to
a warmer climate because an increase in temperature could lead
to a shift in distribution pattern {Pearson, 2006; Peterson et al.,
2002), to changes in phenology (reviewed in Visser and Both,
2005), and in adaptation of morphology, physiology and beha-
viour {Root et al, 2003; Walther, 2002; Hance et al, 2007;
Gienapp et al, 2008), The evolutionary response of a species to
a warmer climate will most likely include all of these, and
investigation of each of these possible responses is needed for
integrative predictions about the ability of animals to adapt to
changes in climate,

Several studies have investigated the physiological and beha-
vioural responses that Individual organisms use to cope with an
increase in temperature, Temperature increase may affect metabolic

* Corresponding author,
E-mail address: joan.van-baaren@univ-rennesi.fr (Joan van Baaren),

0022-5193]% - see front matter ® 2012 Elsevier Ltd. All rights reserved.
hiip:fjdx.dolorgf/10.1016/5,jtb1.2012.06.005

and development rates {Huey and Kingsolver, 1989; Logan et al,,
1976) or induce migration behaviour {Pearson, 2006; Peterson et al.,
2002). Insect parasitoids are a useful biological model for invest-
gating the effects of climate change on fitness, because their
physiological and behavioural responses can easily be measured
under {aboratory conditions, and because there is a direct link
between foraging behaviour and fitness, Moreover, adults of most
parasitoid species, are incapable of de nove lipogenesis, and the
allocation of lipids accumulated during the larval stage determines
the budget for longevity and fecundity (Casas et al, 2005; Visser and
Elfers, 2008; Visser et al., 2010). In fernales, lipids can be allocated to
either egg production or stored as reserves leading to a trade-off
between fecundity and longevity (Fllers and van Alphen, 1997,
Pexton and Mayhew, 2002}, Pro-ovigenic parasitoids, because they
mature all their eggs during pre-adult development, are a suitable
model to explore the effect of temperature on this trade off.

In response to an increase in average temperature, parasitoids
could shift the trade-off between fecundity and longevity and
adapt their rate of activity. The observation that ectotherms from
temperate and tropical areas differ in thermal tolerance can be
taken as evidence that natural selection has shaped activity
patterns in relation to ambient temperature (Addo-Bediako
et al, 2000; Deutsch et al, 2008). Like other ectotherms, para-
sitoids can adjust their activity rate as a function of temperature
{Hance et al,, 2007). As yet, no theory has been developed to
predict how sefection by a warmer climate would affect physiol-
ogy and behaviour of parasitoids. Predicting such effects is not
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Stochastic dynamic programming (SDP) models are widely used to predict optimal behavioural and life
history strategies. We discuss a diversity of ways to test SDP models empirically, taking as our main
illustration a model of the daily slnging routine of birds. One approach to verification Is to quantify
model parameters, but most SDP models are schematic. Because predictions are therefore qualitative,
testing several predictions Is desirable. How state determines behaviour (the policy) is a central prediction
that should be examined directly if both state and behaviour are measurable. Complementary predictions
concern hiow behavlour and state change through time, but information iIs discarded by considering
behaviour rather than state, by looking only at average state rather than its distribution, and by not
following individuals. We identity the various circumstances in which an individual’s state/behaviour at
one time is correlated with its state/behaviour at a later time. When there are several state variables the
relationships between them may be informative. Qften model parameters represent environmental
conditions that can also be viewed as state varlables, Experimental manipulation of the environment has
several advantages as a test, but a problem is uncertainty over how much the organism's policy will
adjust. As an example we allow birds to use different assumptions about how well past weather predicts
future weather. We advocate mirroring planned empirical investigations on the computer to lnvestigate

which manipulations and predictions will best test a model.

tochastic dynamic programming {(SDP) is a compu-

tational technique that finds optimum sequences of
actlons. Since its promotion in behavioural ecology by
McNamara & Houston (1986) and Mangel & Clark
{1986), SDP medelling has been applied to a wide varlety
of phenomena, for instance: foraging {(McNamara &
Houston 1992); food caching (Lucas & Walter 1991);
antipredation behavlour (Houston et al. 1993); intra-
specific fighting and other games (Enquist & Lelmar
1987; Houston & McNamara 1988); movement and
migration (Weber et al. 1998; Hutchinson 1999); mating
tactics (Lucas & Howard 1995; Galvant & Johnstone
1998); and life history declstons about growth, reproduc-
tion and sex change (Iwasa 1991; McNamara & Houston
1996; Hutchinson et al. 1997). Mangel & Clark (1988)
and Houstonn & McNamara (1999) provide further
examples. One strength of SDP models is that they can be
quite complex, yet computationally tractable.

Comrespondence: J. M. C. Hulchinson, School of Blological Scietices,
Universily of Bristol, Woodland Road, Bristol BS8 1UG, UK. (einail:
Jolm.hukchinson@bristol.ac.uk).
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The philosophy and alms of optimality modeliing in
behaviouratl ecology have been discussed elsewhere (e.g.
Stearns & Schmid-Hempel 1987; Parker & Maynard Smith
1990), The purpose of some SPP models has been only to
prove the logical coherence of verbal arguments. But
often we want to test whether models fit observed bio-
logical phenomena. In this paper we aim to show that in
this last respect SDP has not been used to its full poten-
tial. SDP can provide a variety of predictions that, if tested
in combination, would yleld more compelling evidence
of whether a model is realistic,

SDP models have stimilated empirlcal experiments
designed to test thelr predictions (e.g. Ekman & Hake
1990; Lucas & Walter 1991; Witter et al. 1995; Reinhardt
& Healey 1999; Thomas 1999%a, b). However, the number
of parameters in some more realistic models can make
them daunting to apply. Fortunately it is often unneces-
sary to know every parameter value accurately. Complex
SDP models can produce simple predictions that are
robust to a wide range of parameter values.

We start this paper with a nontechnical explanation of
SDP models, including the definition of some standard

© 2000 The Assoclation for the Study of Animal Behavionr
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Effects of age- and statendependent allocation
offsprmg size and number
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ABSTRACT

Backgroumd: Empirical ¢vidence from a range of taxa suggest age and condition can affect
offspring size and number, but supporting theory is limited,

Question; How do age and condition influence offspring size and number?

Method: Dynamic state-dependent optimization,

Key assumptions: We model a capital-breeding life history where an individual matures with
all reserves available for reproduction.,

Results: We {ind that mortality risk and density-dependent offspring survival favour variation
in allocation patterns. We predict that in species with sibling competition, females will reduce
clutch size, but can compensate for fewer numbers of offspring with plasticity in offspring
size and by reproducing several times over their life. In habitats with low moriality risk and
some sibling competition, we predict an increased optimal offspring size in larger and older
fernales.

Keywords, density dependence, inter-generational transfers, life-history plasticity, maternal age,
maternal effect, state dependence,

INTRODUCTION

Theory aimed at predicting maternal allocation of resources to clutch size and offspring size
has historically considered these traits independently. As a result, life-history predictions
generally follow from two well-developed lines of thinking about alfocation to reproductive
traits, The first, the dynamics of offspring nusnber, is the study of how limited resources of
fixed size (eggs or larvae) are predicted to be distributed over time in response to ecological
and physiological conditions, The formal study of the dynamics of offspring number

Correspondence: H.K. Kindsvater, Department of Ecology and Evolutionary Biclogy, Yale University,
PO Box 203106, New Haven, CT 06520, USA. e-mail: holly kindsvater@yale.edu
Consult the copyright statement on the inside front cover for non-commercial copying policies.

© 2010 Holly K. Kindsvater
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Learning to be different: acquired skills, social learning,
frequency dependence, and environmental variation
can cause behaviourally mediated
foraging specializations

. Tim Tinker', Marc Mangel? and James A. Estes'”

'S Geols Western Ecological Research Center, Long Marine Laboratorsy,
Santa Cruz, California, *Cenfer for Stock Assessment Research,
Department of Applied Mathematics and Statistics, University of California at Santa Cruz,
Santa Cruz, California and’Depariment of Ecology and Evolutionary Biology,

University of California, Center for Ocean Health, Santa Cruz, Cafifornia, US4

ABSTRACT

Question: How does the ability to improve foraging skills by learning, and to transfer that
learned knowledge, affect the development of intra-population foraging specializations?

Features of the model: We use both a state-dependent Life-history model implemented by
stochastic dynamic programming (SDPM) and an individual-based model (IBM) to capture the
dynamic nature of behavioural preferences in feeding, Variables in the SDPM include energy
reserves, skill levels, energy and handling time per single prey item, metabolic rate, the rates at
which skills are learned and forgotten, the effect of skills on handling time, and the relationship
between energy reserves and fitness. Additional variables in the IBM include the probability of
successful weaning, the logistic dynamics of the prey species with stochastic recruitment, the
intensity of top-down control of prey by predators, the mean and variance in skill levels of new
recruits, and the extent to which learned information can be transmitted via mairilineal social
fearning,

Key range of variables: We explore the effects of approaching the time horizon in the SDPM,
changing the extent to which skills can improve with experience, increasing the rates of learning
or forgetting of skills, changing whether the fearning curve is constant, accelerating (‘I’-shaped)
or decelerating (‘r’-shaped), changing both mean and maximum possible energy reserves,
changing metabolic costs of foraging, and changing the rate of encounter with prey.

Conclusions: The model results show that the following factors increase the degree of prey
specialization observed in a predator population: (1) Experience handling a prey type can
substantially improve foraging skills for that prey. (2) There is fimited ability to refain complex
learned skills for multipte prey types. (3) The learning curve for acquiring new foraging skills is
accelerating, or I-shaped. (4) The metabolic costs of foraging are high relative to available
energy reserves. (5} Offspring can learn foraging skills from their mothers (matrilineat social

Correspondence: M.T. Tinker, US Geological Survey, Western Fcological Research Center, Long Marine
Laboratory, 160 Shaffter Road, Santa Cruz, CA 95060, USA. e-mail: tinker@biology.ucsc.edu
Consult the copyright statement on the inside froni cover for non-commercial copying policies.
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Increasing Fidelity to Nature

Visiting multiple patches before returning home

Disease (both $;> 0 and disease causes o, or [} to increase or A to
decline)

Age structure (affecting foraging ability, and perhaps predator
avoidance)

Dependent young

Learning

Patch depletion

Schooling behavior

Spatial structure and networks of patches
Games against conspecifics

Predator-prey games
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egg complement-time boundary for super-parasitism and then explore how that boundary
changes as you vary one of the parameters. Does the result correspond to your intuition.

Limit yourself to 5 pages. Due 6 May

Problem 7 Code the model for the univoltine, gregarious, pro-ovigenic parasitoid that
we developed in class, assuming three host types. You can begin with the equation, but
should explain your choices for the various parameters that go into the model. Once
you have coded the backward part, write a forward simulation mimic the experiments of
Rosenheim and Rosen. Limit yourself to 5 pages. Due 6 May
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