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ABSTRACT

FACTORS AFFECTING THE ABUNDANCE OF A DECLINING GRASSLAND BIRD:
IMPLICATIONS FOR RECOVERY STRATEGY PLANNING AND
IMPLEMENTATION

Danielle M. Ethier Advisors: Dr. Thomas Nudds
University of Guelph, 2016 Dr. Steve Crawford

Uncertainty is pervasive in all consenost decisionsthe systematic treatmentwhich is
necessary wheavaluating the causes of species endangerment and deciding on appropriate
actions tdbetter ensurpersistenceln Canadaa guiding principal oEndangered species
legislationfor reducinguncertainty isadaptive managemeritowever, adaptive management
not explicitin the development and application of most recovery stratelgieset thecontext for
adaptive maagement recovernygrogrammingor atrisk species in Ontarig;anadal

syntheszed existing knowledge, articulate and testical uncertainties as hypothesandoegin
model development tpredictexpected outcomes of managemaigrnative, usingthe gee
politically defined population dBobolink (Dolichonyx oryzivorusin Ontarioas a case study.
Specifically,in Chapter 11 combine evidence from empirical studies and expert judgement to
model causal mechanisms driving Bobolatkundancelynamicsand characterize the structural
complexity of the management systdmChapter 21 spatially resolvd Bobolink abundance
trends tadetermine whiclareas of the province are ¢ohuting most substantially toverall
abundancelecline, and whiclpresentlysatisfyrecovery targets. In Chapterl®xaminel spatic
temporal vability in landscape pattern and proass® determine by which mechanism(s), and
to what extent, changes in quantity and quality of agricultural grassland habitatontributed
to regionalchanges in abundandénally, in Chapter 41 develogdregionally scaled habitat

suitability index(HSI) modelsto facilitatedevelopment opredictivepopulation viability



models HSI modelswere used to evaluate what extent loweorderproxies forprocesses of

habitat selectiomfluence patterns in abdanceregionally My research highlights how a
sciencebased approach to recovery strategy planning can more effectively identify and address
uncertainties in knowledge, and be used as an avenue to set the foundation of an adaptive

managemenprogram.
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Prologue

Uncertainty is pervasive in all consereatidecisions, manifestintp numerous waygRegan et
al. 2005) from the current state and dynamics of a system under consideration to the potential
effects of alternative management opti@Bargman et al. 2005, Conroy et al. 2008)
Endangered and threaterszkcies capxacerbat@ncertainty due to their often specialized,
narrowly dispersed, newly clafisd and/or secretive characterist{€¢ather and Sieg 200.7As
a result, the status of these species may not be well known, incinftingation about
population size, spatial extemanddemographic rate@ear et al. 1995, Runge 201 Eurther,
speciesat-risk legislation often creates situations where decisions are made tp satigfated
timelines, irrespective of the data available, increasing the reliance on expert judgement to deal
with uncertainty during the decisianaking process.

Of the species identifieds Threatened omidangered on the U.S. Endangered Species
Act list between 1988991, nearly half of the reported total population sizes (44%, n=79) were
founded on guesses or best approximations ratheettiansivecensus or survey dat@ear et
al. 1995) Similarly, the Committee of the Status of Endangered Wildlife in Canada (COSEWIC)
uses qualitative data and expert opinion tearglowndesignate species from what would be
expected based on quantitative data alngkey and Crawford 2009, Trout 2018xpert
judgement, educated guesses or tentative assumptions aexassarilyroblens in and of
themselvesbutthis type of evidence can become ingrained as fact rather than treated as untested
hypothesegMcAbee et al. 2013)eading to conservation practices that are basezhecdote
rather than systematic appraisal of evidefhacnab 1983)As a resultmanagement
alternatives that might be sihep, more coseffective, or produce better outcomes for the

species in question may be overlook8dtherland et al. 2004)



In recent yeargnteresthasgrownin the systematic treatment of uncertaittygvaluae
the causes ddpecies endangerment and deadeppropriate courses attionto ensure
persistencéSchemske et al994) Decision support and analysis tools are increasingly applied
as a means to identify, incorporate, and analyze uncertainty, while making transparent how
different assumptions can affect the predicted behavior of a s{gtam and Kuikka 1999,
Marcot et al. 2001)Further, these tools enable the organized elicitation of stakelogitéons,
facilitating communication, consensus building, @noimoteco-learning, which can improve the
acceptancef conservation progran{8iggs et al. 2011, Bernacchi et al. 201Gpupled with a
focus on improving knowledg@rough hypothesis testing and experimentation, adaptive
management forms an integral part of the structured decision making process, enabling the
reduction of uncertainty through scientific inquiry and the application of new knowledge to
recurrentmanagerantdecisiongHolling 1978, Walters 1986)

In Canada, endangered species legislgirofesses toseadaptive manageant as a
guiding principle for decisiomaking(Government of Canada 2014erhaps the most obvious
application of adaptive management for endangered species conservation is in the
implementation of recovery actiopsescribed in recovery strategies (see Backgrpbeldw).
These actions adviserohe-ground management, which, if implemented as experiments, could
provideam avenue for 01l e torediceugcenmintied aad infbamsabgeaquent 6
decisiongMacnab 1983)Vital to an adaptvena nage ment program i s car ef
| e a r,nvhiah gt the outset, requires thamthesis of existing knowledge, articulation of
critical uncertainties as hypothesis, and forecasting expected outcomes of management
interventions. Modelsplagn i mpor t ant r ol e sinecetheyhélppiomni ng f or

formalize uncertainty, illustta competing views, and can make testable predictions about the



likely impacts of proposed management actigu@hozMonfort et al. 2014)For example,

through the articulation of critical uncertainties in the form of competing predictive population
models alternative hypothesecan be tested through-tre-ground management. Learning

occurs when predicted outcomes are compared to those observed through targeted monitoring
(LahozMonfort et al. 2014) Recovery strategiesrethereforean intuitive avenue for adaptive
management planning for specegsisk.

In Ontario,speciesatrisk managemenequires that acovery strategpe prepared for
eachspecies listed asndangered orfAreatened (see BackgroyreSA 2007. The recovery
strategyidentifiesfactors affectingpeciedor populatiorpersistencéi.e., threats)population
recoveryobjective, and actions required to reatfjectives The content ofherecovey strategy
is evidencebased, relying on both scientific findimgnd expert judgment. However,
uncertainties inherent ihis evidenceare not explicitly identifiednor is using predictive models
to forecast the likely outcomes of management altermagcessarily a component ofecovery
strategy As a result, assumptions about ecological patterns and processes are more likely to be
accepted as conventional wisdom rather than testable hypotheses, management alssmative
not necessarily linkedtomont or i ng, and opportuni tmaghke for 01 ¢

missed.

ThesisGoal

The goal of my thesisistns e aspects of decision analysis (I
thecontext for an adaptive managemhescovery strategipr agecpolitically defined

population of BobolinkDolichonyx oryzivorusthroughout its currerireedingrange in

Ontario, Canadéigure 1) To achieve thigoal | formalized uncertainty aboudrivers of



populationabundancehangeto treat them as competing, though not necessarily mutually
exclusivehypothess, andtherebyset the foundation for developing predictive models to

facl i t at e O p | a n rspeaifigallyf, io Chadtee 1a Ircombitheyidence from empirical
studies and expert judgement to visually model causal mechanisms driving Bobolink population
dynamics(hereafter, population dynamigseans variation in population sjaenless otherwise
noted) through the annual cycle. In doing $a@haracterizé the structural complexity of the
management system in a stakeholder arena to ideinifgrs of population dynamics
hypothess to be tested in subsequent chapters. In Chapitepatially resolvd Bobolink
abundancé¢rendsto deternine whichareas of the provincentributedmost substantially to
variation in population siz@.e., the provincial trend used for risk assessment), and \ahects
currently exceedecovery targetéor abundancélentified in the recoverytategy (see
Background below). In Chapter 3l examinel spatictemporal variability in landscape pattern
and processsto determine by which mechanism(s), and to what extent, changes in quantity and
quality of agricultural grassland habitats contributed to regicmahges in Bobolink abundance
| identified important predictors of spatial patterningaidpundancérends which can be used to
inform regionally tailored management strategiesChapter 4, tdacilitate the development of
regionally scaled populationability models, which require spatiglexplicit information |
develomdregionally scaled habitat suitability index mod@&gecifically, | determined whether
knowledge of local mechanisof habitat selection predict regional patterns in abundaimce.
the Epiloguel discuss how these findings will be used to develop landgeaged population
viability models to predict the effects of@lhative management scenarios tauiitate an

adaptivemanagemenprogram.



Background

Agricultural Grasslands

Nor t h A nativedgrasstaddsistorically covered the largest area of any ecosystem on the
continent(Ricketts et al. 1999)With the advent of agriculture and urbanization by early
European settlers, native grasslands were signitig modified. For example, Canadian prairie
declined by 6199% due to cropland conversion and the interruption of natural disturbance
cycles, such as beaver activity and fires, which maintained-sactyessional habitafSampson
and Knopf 1994)Although natural grasslands were extensively modified or destroyed, land
clearing by settlers cread surrogate grasslands (e.g., hayfields and pastures) where they
previously did not occur, particularly in the foreiminated eagtAskins 2000) These
infrequently disturbed surrogate grasslands were used by a variety of obligate grassland species,
sincethese grasslands typssucturally and functionally mimic their native counterparts
(Herkert 1991a, Askins 200esultingin range expansions eastward by several obligate
grassland speci€¥ickery & Dunwiddie 1997; Vickery & Herkert 1999)

In the past half century, surrogate grasslands substantially declined. For example, in some
regions 95% ohayfields and pastures have been lost due to natural succession, urbanization,
replacement by monoculture and a slowing dairy indysuiin et al. 1996)increased use of
pesticides, chemical fertilizers, earlier planting and harvesting, and loss of traditional crop
rotationsarealso implicated in negatively affecting the quality of surroggésslands for

wildlife (Bollinger and Gavin 1992, Knopf 1994, Jobin et al. 1996, Chamberlain et al. 2000)



Grasslad Birds

As a group, the guild of grasslahitds requires prairie, savanmeampas, steppe or similar open
habitat types all year round. As such, they are vulnerable wherever loss and degradation of
grasslands occurs throughout the annual aqjdECracken 2005)Due to the widespread
conversion of natural grassland to agriculture, grassland fmnsidargely rely on surrogate
grasslandsin North America and elsewhere (e.g., Great Britain and western E{ig»eton
2004a) abundanceleclinesin grassland birds paralltiat of habitat loss and degradat{@auer

et al. 2005)

Bobolink (Dolichonyx oryzivorus

Bobolink are an obligatory grassland songbird related to blackbirds and dfeotaty:
Icteridae) Breeding males are mostly black with a white rump and scapula, and astoaned
patch on the crown. Females and #weeding males have similar plumage, whehuffy
brown, streaked with dark brown @he back and flags, bold brown stripes on the crowand
un-streaked on the napf the neckThe Cornell Lab of Ornithology 2015)

Bobolink make one of the longest migrations of any North American songbird,lirgvel
20,000 km to and from South Amerigéhere they overwintgiRenfrew and Saavedra 2007)
Individuals from different breeding areas arriy@chronouby at the norbreeding grounds
where theyform largeforagingflocks (Renfrew et al. 2013Mixing of Bobolink from different
breeding areaguring the norbreeding periodalso called weak connectivitguggesthat the
strength of natural selection during the dmeeding season will begual across individus

regardless of breeding origin (Webster and Marra 2005).



Bobolink breed in southern Canada from British Columbia to Newfoundland, and in the
northern United States. HistoricalBpbolink bred in tallgrass and mixedrass prairiebut like
manyother grassland bird#ey arenow primarily dependent on surrogate grasslghimtin
and Gavin 1995)Bobolinkreturn b the breeding grounds in eaMay, with males typically
returning one week prior to femal@dartin and Gavin 1995Bothsexesshow site fidelity,
which is influenced by breeding success in the previous(iediinger and Gavin 198%nd
social informationNocera et al. 2006Nests arenadeon the ground where there is standing
dead vegetation, low percent litter cover, and low perceetdraundWarren and Anderson
2005) Clutch size varies from three to seven egdsch are incubated by the female for14
days before hatching. Young fledge around ddy9but remain poor flyers for several days
after. Bobolink generally make only one breeding attempt per year, perhaps due to their long
migration and short nesyj seasor{Martin and Gavin 1995)

Across their breeding rangBobolink abundancéncreased from 1970 to the early 1980s,
then began to decline rapidly, with the exception of the Prairie Pothol€Biglervation
Region (BCR) weretheyappear to be stab{&overnment of Canada 201%) Canada,

Bobolink experienced 88%abundanceleclinebetween 1992008, largely drivenby declines

in Ontario (52% from 1992008)(COSEWIC 2010)where 40% of the Canadian breeding
population resideGovernment of Canada 201Bobolinkin Ontariowere added to the
SpeciesatRisk in Ontario List on 28 September 2QUIDSSARO 201Q)which, hereafter
definesthe geo-politically breedingoopulation under study in my thegisless otherwise noted)

(Figure 1)



Endangered Species Act (2007)

The Endangered Species AESA2 007) i s the Ontari o govter nment
protect and recover speciasrisk and their habitat. Its primary purpose is to identify sgseat

risk based on the best available information, and protect and recover identifeddsgtecies

and their habitat through stewardship activiti®sqtion 1, ESA 2007 To identify speciest-

risk, the members of the Conittee on the Status of Spesigt-Risk in Ontario (COSSARO) use
the best available scientific informatiancluding Aboriginal and community knowledge, to
designate species based on predefined quantitative assessment criteria, which are similar to those
used by thénternational Unia for Conservation of Natuf@UCN 2001)(Section 5.3, ESA

2007) Under the Actspecies listed on the SpecasRisk in Ontario List aEndangered or
Threatened are afforded species and habitat protewtioch caneitherapplyacrosshe species
Ontariorange (defining the gepolitical population)r & specific geographic locations within

the province where the species resj@ssindicated by COSSARO (Section 5.2, ESA 2007).
Endangered species are defined as those facing imminent extincégtirpation, and

Threatened species are those not currenttiangered, but likely to become endangered if steps
are not taken to addretigeatening factor€Section 51, ESA 2007. Provisions for species
protection prohibikilling, harmingor harassingn Endangered ortifeatened species;

provisions forhabitat protection prohibdamaging or destroyingn area a specidéisted as
Endangered or Threatenddpends on, directly or indirectly, to carry out its life processes
(Section 91 and 101, ESA 2007. Oncea species ifisted, a Recover$trategy is prepared for
each Endangered anthfBatened species, which identifies its habitat needs, describes threats,
provincialrecovery objectives, and approaches to achievevery (Section 11.2, ESA 2007

Theprecautionary principle applies, in that the lack of full scientific certainty cannot be used as a



reason for postponing measures to avoichmimize threats (Section 11.3, ESA 2007The
OntarioMinistry of Natural Resources and Forestry must theniglulal Government Response
Statement summar i zi ngsandinendgdactiens andyeioritebie o b j ect

response to thRecovery Strategy (Section 11.8, ESA 2007

Exemption Regulation

Bobolink nest in surrogate agricultural grasslands during the time pisaddroadly coincides

with hay harvest and livestock grazing (Maly). Theseand othefarming activities destroy
nestgBollinger et al. 1990, Perlut et al. 2006)contravention of species and habitat protection
provisions of the ESA (Sectioni%and 101, ESA 200Y. To address stakeholder comenabout

the consequencdar the agriculturesectorof legally protecting Bobolink, &eneral Regulation
(Ontario Regulation 242/08; the exemptioaglation) under the ESWwasapprovedwhich

allows certairagriculturalactivitiesto proceed that would otherwise contravene the species and

habitat protection provision$his exemptiorRegulationextendghrough 2025.

RecoveryGoals,Objectives and Actions

TheBobolink Recovery Strategy, published on 31 May 2013, recommendednidpéeion
recoverygoalshould be to maintain a stable, seiftaining populationf Bobolinkin Ontario
and in doing s contribute to the conservationthie guild ofgrassland birds. In the shdaerm
(over a 16year period: 201-2023) theobjectiveis to slow the annual rate abundancelecline

to an average of no more than 1 percent per year, or no more than 10% over 10 years
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(McCracken et al. 2013Dn 15 December 2015, the Government Response Statement
commited tothe objective otlowing the current rate of decline to 0% by 2036 (within 20
years),intended to resulh a stable selfsustaining population @dobolink at 65% of its current
abundancéhroughout its current range in Ontario. Stakeholder objectives have yet to be elicited.
The Bobolink Round Table, an advisory group comprised of stakeholders from
agriculture, conservation, industry, and the development sector, was appointe®byatie
government to recommend actions to support Bobolink recovengiprovince Recommended
actions included, but were not limited to, modifications of hay cutting dates (e.g., delaytfirst c
until after July 1), managegtazing (e.g., fencing for rdianal systems), and setting aside areas
to maintain or create grassland habitat. The Government Response Statement committed to the
objective of creating, maintaining, and enhan@0¢D00 ha of grassland habitat through

communityled stewardship.
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Figures
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Figure 1:Bobolink (Dolichonyx oryzivorousin Ontario, Canadgredominantly breeding in
Bird Conservation Region 1BCR 13, lightest grey Thisarea of the provincéefines thegec
political extent of mystudypopulation
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Chapter 1. Complexity of Factors Affecting Bobolink Population Dynamics Communicated

with Directed Acyclic Graphs

Abstract

North American grassland birds experienced steeper, more consistentidaspread
abundanceleclinesthan birds of any other habitat typethe past quarter century. Despite the
surge of research infgrassland bireéécology and conservation, there remains considerable
uncertainty about theroximate and ultimate causesdgfclines, and a need to clearly
communicate its structural complexity among policy makers, resources managers and
stakeholders. | organized evidence from published literature about factors affecting population
dynamicsof Bobolink,augmented by stakeholdenowledge, in directed acyclic graphs (DAGS)
depicting hypothesized caus#fect relationships. My contrast between knowledge as depicted in
the literature and among stakeholdeesealed several factors and relationships not in evidence
in the otheknowledge systemFor example, stakeholders identified three secondary factors
alleged to affect Bobolink habitat quantity on the breeding grounds not identified in the
literature: tree planting incentives, green energy incentives, and crop values. THegbean
structural uncertainties in the management systems are made transparent using DAGs,
facilitating communication and dearning among knowledge holders. Unanticipated outcomes
and poor choices may be reduced by takimgctural complexitynto accaint and makinghis

complexitytransparent at the outset of the decisimaking process.
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Introduction

Temperate grasslands are some of the most altered ecosystems globally, yet are afforded some of

the least protectiolUCN 2014) For example, North American tallgrass prairie is considered

the most endangered ecosystem on the contiwghtapproximately one percent of 240 million

acres remainin¢Ricketts et al. 1999pf which >70 % is under private ownerskigacklund et

al. 2008) Agricultural practices may now create and maintain surrogate grasslands (e.g.,

hayfields and pasturesyhich mimicthe structure and function of native counterparts and

provide habitat to grasslartependent flora and fauKiderkert 1991a)Nevertheless, during the

past quarter century, grdasd birds experienced stegmd widespreadbundanceleclinesin

North America(Askins 1993, Peterjohn and Sauer 1999, Vickery et al. 203¥pite a surge of

research intgrassland birécology and conservatigikoper and Nudds 201,1¢onsiderable

uncertainty remains about thbeoximate and ultimate causes of population dynaamck

therefore, potential management alternativesrtest orreverse decline@/ickery et al. 200Q)
Establishing clear caussffect relationships betwegopulation sizend habitat

conditionis complicated by speciespecific responses to multiple factors that affect avian

population dynamics durgnthe breeding and newreeding periodéNewton 2004h)and spatio

temporal variability in environmental and demographic patterns and pro¢8sstner et al.

2006, Corace et.a2009) Evidence can lend support to several alternative, perhaps competing,

hypotheses, creating ambiguity, confusion and controversy about preferred management

decisiongHaapasaari et al. 2012))o identify, characterize and accommodate the complexity of

structural uncertainty into decisianaking processes, modeling frameworks are required that

can incorporate multiple sources of information (e.g., data, empirical models, expert judgement)

to identify key drivers of population change, while facilitating communicatioteaming, and



19

transpaency among researchers, policy makers, managers and stake(Biggsset al. 201).
Transparencys especially important if conservatiamiented policies are perceived to put some
stakehol dersdé economic or other cultur al i nte
charts, influence diagrams, directed acyclic grapieg) information in simple, clear, and
transferable ways, and are foundational to understgtide complexity of a system,
conceptualize causeffect relationships, and determine the degree to which there is common
understanding of complex issugsiongknowledge system@iggs et al. 2011)Further, the
identification and visual mappg of factors alleged to affect species population dynamics form
the basis of more complex models used in structured degisaing (e.g., Bayesian belief
networks;Marcot et al. 2006)

Bobolink are among theldigategrassland birds that have experienced significant
declinesin abundancsince the 1960&eterjohn and Sauer 99). Despite numerous studies,
many of the hypothesized mechanisms of decline have yet to be tested empirically, and existing
scientific evidence is often inconsistent temporally and spatially (reviewed herein).
Consequently, it remains unclear whichmagement actions might arrest or reverse declines and
be embraced by the stakeholders on whom conservation implementation largely falls. To assist
management planning in a stakeholder arena, | compiled, reviewed and organized evidence about
factors allegedo causeabundanceleclines in a visual model. Specifically, | used directed
acyclic graphs (DAGS) to organize a review of the scientific literature, augmented by stakeholder
knowledge, to illustrate structural complexity of factors affecting Bobolinkiladipn dynamics

(U.S. Fish and Wildlife Service 2002, COSEWIC 2010)



20

Methods
In anticipation of eliciting stakeholder knowledgectumpare ta review of the primary
literature, | identifiedwo coredemographic and two core environmeruatametershat drive
population dynamigsased on a conceptual tgeason migratory bird population model
(Pulliam and Danielson 1991; Sutherland 1996, 198&)itat quantity, habitat quality,
fecundity, and mortalityl. selected these parameters as metdating poins for stakeholder
elicitation, as research suggests guidance can improve model building efficiencyvetiamy
with stakeholdergRassweiler et al. 2014)used these same core parameters to organize the
resuts of the literature review about how changes in habitat quality and quantity might relate to
change in Bobolinlabundance, mortality and fecund{igure 1) | used ISI Web of Sciente
and webbased search engines (current to January 2014) with thédsedare r m 6 Bob ol i nk 6
| elicited stakeholder knowledge at a workshop on 4 April 2014 in Guelph, Ontario,
Canada. While the workshop was regionally focused, the elicitation of knowledge was intended
to berangewide for Bobolink. Stakeholders included agentgnagers and policy makers,
researchers, and representative organizations of those affected by policy in the agricultural and
environmental communities. Of the thigyght meeting attendees, twenty (53%) volunteered to
participate in the exercise to etitheir beliefs about how specific aspects of habitat quality and
guantity might be associated with fecundity and mortality on the breeding asuesxing
areas (Appendix A). | restricted the number of nodes in the DAGSs, otherwise they become too
large and complex(Cain et al. 1999)and lead to intractable probability tables later in the
development of BBN§Marcot et al. 2006)
| overlaidinformation from the literature review witthat elicited from stakeholders to

construct DAGs for each of the four core parameters of int@8ss depict causal
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relationships among ecological factors that influence the outcome of a parameter of interest
(Marcot et al. 2006)Variables are represented as nodes (e.g., box, circle, or oval) in the diagram
and their depaencies are depicted as links and arrovestimatehe support among

stakeholders for specific links between nodes as the proportion of respondents that identified that
causal factor in a directional relationship (i.e., thicker lines represented mpretyupactors

identified intheliterature but not by stakeholders, and by stakeholders but not in the literature,

were repesented in DAGs using dashed audible lines, respectively.

Results

| first summarize iformation from the literature thatformedthe assembly ahe DAGs

(Figures 24). | then characterize the state of the published literature with respect to which nodes
and links have been most studied, and overlay each DAG with information about which potential
drivers are important causeswalriation in Bobolink abundance from the perspectives among

my sample of stakeholders.

1. Habitat Quantity

For a migratory bird, habitat loss during any stage of the annual cycle can result in magnified use
of remaining habitats;an result inncreasedegative densitydependence and causgher

mortality or lower reproductive output due to processes such as interference or resource
depletion(Fretwell 1972; Sutherland 1996, 1998; Norris 20@)dence for the role of
landscapehange in the decline of grassland birds primarily comes from temporal and spatial
correlation analyses between agricultural Hwaded data and breeding bird census (@gavton

2004b) The exact drivers of such landscape changes are less well documehéeshiological

literature and ascribing unequivocal cae$ect relationshipbetweerabundancérends and
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habitat change is therefore challenging. Here | summarize the correlative evidence for habitat
loss on the breeding and nbreeding grounds, dnts relationship to Bobolinkbundance
trends (Figure 2).
1.1 Breeding habitat quantitirior to European settlemerobolink breeding habitat was
largely maintained by natural disturbances, sudir@streediseases, beaver activity, and
indigenots land clearingVickery and Herkert 1999, Askins et al. 200%Yith the advent of
agriculture and urbanization by early Europsatilers, native grasslds were significantly
modified or destroyed. Howevdand clearing by settlesocreated surrogate grasslands (e.g.,
hayfields and pastures) where they previously did not occur, particularly in thedonaistated
east(Askins 2000) These infrequently disturbed surrogate grasslandswgekby a variety of
obligate grassland species, resulting in range expansions eastward by several obligate grassland
speciegVickery & Dunwiddie 1997; Vickery & Herkert 1999s a result, the abundance and
distribution ofBobolink became largely dependent on these surrogate agricultural grasslands.
Broadscale changes to the agricultural landscape since the onset of Baimlimance
declines in the 196006s are documenteded (e. g.,
States Census of Agriculture), and correlations between Bolaiummkdancérends and
farmland habitaguantityarerecognized.

In theU.S. Great Lakestates, at a countgcale, Bobolinkabundancérends were better
explained by aspects of habitat gtity (land use and cover types) than by habitat quality
(an index of mowing intensity (IMI)) based on date of first hay harvest, number of harvests, and
weeks between harvegtSorace et al. 2009%imilarly, in northern lllinois, earlier andare
frequent cutting of hay fields had less influence on Bobdimkndancérends than did a decline

in the area of pastures, hayfields and @derkert 1997a)On a broader scale, Bobolink
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abundancérends across 40 states were positively associated with an increase in arealofshayfi
and negatively associated with increase in area of pasturelands, and were more often positive in
central than eastern sta(@éurphy 2003)

Researchers speculate that farm abandonment, |e@diefprestation, and factors
associated with growing human populati¢galsundance and distributioaje responsible for
habitat loss nthe breeding ground®erlut 2014) Anotherline of evidence suggests that Bovine
spongiform encephalopathy (BSE) outbreaks in Europe mayhzalaetimedelayed cascade
effect on global beef markets, affecting hayfigidantityin North America, and subsequently
Bobolink abundancéNocema and Koslowsky 2011)ncreases in cash crop value, tree planting
incentive programs, and changes in energy policy (e.g., Energy Policy Act 2005) are also
hypothesized by stakeholders as being important drivers of landscape change resulting in the loss
of Bobolink breeding habitat.
1.2 Nonbreeding habitat quantityBobolink migrate from breeding grounds in the autumn to
overwinter in South America, during which they stopover in the Caribbean Igl@hdpman
1890) northen Venezuela, and eastern Colombia in open habitat typeteptiethe area of the
breeding rangéRenfrew et al. 2013)They continue to Bolivia and Argentina and stage in
similarly equally small areg&kenfrew et al. 2013) The extent of the nelbreeding range is not
well describedMartin and Gavin 1995)ut Bobolink are known to occur in wet natural
grassland habitats associated with the magrs and marshes, and to a lesser extent, crop fields
in Argentina(Di Giacomo et al. 2005 In Bolivia, Bobolink were recorded foraging in soybean
fields, rice fields, idle grasslands, and wetla(RRlisnfrew and Saavedra 2007)

Bobolink form flocks during the noireeding season, which are highly mobile and

responsive to land use changBenfrew and Saavedra 200However, patterns of land use
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change on the wintering range hayet to be investigated in relatiom abundance trends in
Bobolink (Vickery and Herkert 2001 Natural grasslands are a highly threatened habitat in
Argentina, with an estimated 90 percent converted to agrieuttuarban developments
(Krapovickas and Di Giacomo 199&)ther habitat changes include conversion of forests,
pastures, grasslands, wetlands and shrublands to cultivateqrResrew and Saavedra 2007)
and increased rice production in Venezuela (628% frd51 10 2010JRRI 2012)and Argentina
(200% from 1970 to 200BAGPYA 2002) It is hypothesized that if rice production continues to
shift northward in Bolivia, the distribution &obolink may follow, as Bobolink are known to

forage on rice seedRenfrew and Saavedra 2007)

2. Habitat quality
Habitat selection is a behaviour thates on environmental (e.g., vegetation struct@agly
1968; Wiens 1969, 1974)nd social cues (e.g., infraor interspecific interactionMartin 1993)
that correlate with habitat quality at the time of settlement. Generally speaking, habitat selection
in migratory birds is viewed ashierarchical process, in which individuals first consider
landscape conditions before selecting habitats at a finer spatia(&uaahson 1980, Hutto 1985)
Here | summarize the evidence for the effect of perceived habitat quality on the distribution and
abundance dBobolink on breeding and nebreedng areas (Figure 3).
2.1 Breeding habitat qualitCues of habitat quality used by Bobolink during habitat selection on
the breeding grounds are hypothesized to be a response to landscape condition, patch condition,
and social information. The evidence for this assertion is summarized below.

2.1.1 Lamiscape condition Landscapes with lower cover type diversity and with fewer
patches attracted higher numbers of Bobo{Ribic and Sample 2001Habitat opennessas

affected by the proportions of wooded and grassland areapaaisivelyinfluenced Bobolink
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occurrence at the landscape s¢&#ic and Sample 2001, Wer et al. 2006, Thogmartin et al.
2006b)

2.1.2 Patch condition The most frequently cited patdtvel predictor of Bobolink
abundance was field area; all researchers reported a positive relati@whimer et al. 1990,
Bollinger and Gavin 1992, Herkert 1994a, Vickery et al. 1994, Bollinger 1995, Vickery and
Hekert 1999, Hel zer and Jelinski 1999, Horn 20
2001, Horn et al. 2002, Thogmartin et al. 2006b, MacDonald 204y trend, known as area
sensitivity, results in birds either less likely to occur or less almind@mall habitat patches
(Herkert 1994a, Vickery et al. 1994, Winter and Faaborg 1999, Helzer and Jelinski 1999,
Johnson and Igl 2001Research suggessthat a perimeteairea ratiqHelzer and Jelinski 1999)
or measures of visual habitat openn@gs=yel et al. 2013jnay be a more effective measuoife
habitat quality than field area alone, because they take into consideration patch size, shape,
and/ or surrounding habitat types. These measu
in the DAG. Bobolink avoid edges, perhaps doecompetitionwith edgedominant species
(Herkert 1991) nest predation and parasitigdohnson & Temple 1986and/or aversion to
habitat edges by birds that evolved in large contiguous tracts of Hdlaitaple and Cary 1988,
Bollinger and Gavin 2004Edge effects are reported adjacent to forests, hedgerows and roads,
but to a lesser extent adjacent to open habitat types (e.g., agridigddsalFletcher and Koford
2003, Bollinger and Gavin 2004, Keyel et al. 2013, Perkins et al. 2Bdg¢ effects may extend
50-100m into the nesting habit@ollinger and Gavin 2004, Perkins et al. 2048y up to 10m
from fence linegPerlut and Strong 2011)

Vegetation structure may lblee most important aspect of habitat selection in grassland

birds, andas a resultpredictor of habitaspecificdensity(Wiens 1969, Rotenberry and Wiens
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1980, Bollinger 1995, Winter et al. 200&)ight vegetation varides were identified in literature
sources as important predictors of Bobolid#®asity (abundance/area)the patcHevel,
including vegetation height, vegetation heidgensity (HD; obstruction measure), total cover,
patchiness, gradegume ratio, forlzover, frequency of native grasses, and litter depth (Table 1).
These variables were collapsed into a summary variable DAG and referred to as
Oveget at i @igures3t Vegetation strecture differs markedly among habitat types and
fields ofdifferent ages (i.e., the number of years since the habitat was established). For example,
in hayfields, percent total cover and percent legumes decrease with field age and percent grass
and litter depths increase with field a@mllinger 19%). In pastures, livestock trampling alters
vegetation structuréKantrud 1981, Baker and Guthery 1998ifecting the patch quality for
grassland breeding birds. Vegetation HD in the spring (i.ebm@eding season) is also
associated with increased occupancy @eakityof Bobolink (Nocera et al. 2007as HD is
suspected to facilitate nest concealment and reduced predator dgteatidell and Ball 2004)
Thus, the last cutting date in the preceding year is an important predictor of vegetation structure,
as late cutting (e.qg., after late August) may not permit enough vegetgoowth prior to the
winter (Nocera et al. 2007)

Bobolink abundance is positively correlated withoptera and Hemipteravhich form
part of the adult diet during the breeding segdtotera et al. 2007Bobolink provision young
with a higher proportion oDrthopteraand Lepidopterauring nestinghan Hemiptera
(Wittenberger 1982, Skipper and Kim 2018yen thougiHemiptera have greater gross energy
content and fat composition than other insects in-agosystemgRobel et al. 1995)

2.1.3 Social informatioin In some species, social information may be strong enough to

override habitat selection respogbased solely on endinmental cues, leading individuals to
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occupy areas on the basis of previously established site attact{ifvesmis and Rotenberry

1985) Bobolink obtain social information about habitat quality byghesence of other
individualsof the same species during spring settlen@etedinghe breeding seasan the

fall (i.e., carryover attractionNocera et al. 2006and based on past breedBgcess

(Bollinger and Gavin 1989)

2.2 Nonbreeding habitat qualityFood may be an important limiting factor determining the
distribution and abundance of birds during the-bogeding seasafSherry et al. 2005)The

patchy distribution of Bobolink during thenbreeding sesonis hypothesized to be a response
to limited food resourceRenfrew et al. 2013 During this period, Bobolink primarily have a
plantbased die(Di Giacomo et al. 2005feeding on grass seefldartin and Gavin 1995nd
rice dur i ng oftithgeowth(Pettihgkl 1983) Tdgs eitds speculated thadriation in

rice cultivation has influenced the distribution and abundance of Bobolink (Sectidrkehfzew
and Saavedra 2007Mpuring the norbreeding period, Bobolink have also been observed feeding
on insecs (e.g., caterpillar larveRenfrew and Saavedra 200Anecdotal evidence suggests that
the occurrace of Bobolink may bpositivelyaffected by the El Nifio Southern Oscillation
(ENSO), in particular, warmer and wetter weather that results in greater flq@diGgacomo et

al. 2005) in turn, leading to outbreaks of insects and seeds in habitat used by migratory birds
(Jaksic and Farifia 2010)

3. Fecundity

Factors affecting reproductive output in Bobolink (number of fledglings produced/female/year)
are generally well studied (Figure 4). Five factors are identified as having artanmtpofluence
onnesting succesand thus realized fithess based on habitat choice: first hay harvest date,

livestock trampling, predation, pesticide use, and prey availability.
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3.1 First hay harvest datét is estimated that ~320 thousand Bobolink nestlings are lost
annually due to mechanical disturbance associated with md@vavgs et al. 2013)This is
because modern hay harvest operations generally occur before most Bobolink young fledge,
resulting in nestlings being destroy@bllinger et al. 1990, Bolliger and Gavin 1992, Martin
and Gavin 1995, Herkert 1997a, Nocera et al. 2005, Perlut et al. 2006, Corace et al. 2009, Frei
2009) In the Champlain Valley of Vermont and New York, fledgling rates were assessed under
three hayharvest treatments: eatyayed (hayed between 27 May and 11 June and generally
again in earlyto mid-July); middlehayed (hayed between 21 June and 10 July); anthdgted
(hayed after 1 AugustPerlut et al. 2006 Middle-hayed fields offered high quality breeding
habitat, similar to latéayed fields, with reproductive outgutf 2.22 + 0.26 and 2.79 +0.18,
respectively (number of fledglings/female/year + standard error), whereahageyg fields had
very low reproductive success (0.05 + 0.05).

The timing of first hay harvest, in turn, was affected by the capacity ofrileéda
agricultural production. In New York, 51% of the highality agricultural areas were cut by 17
June, compared to 12% of lequality areagBollinger et al. 1990)High-quality agricultural
areas had younger alfaltlominated fields with fewer Bobolink than leguality agricultural
areas where fields tended to be more gdasainated. Great use by Bobolink of older, grass
dominated hayfields reduced mowing mortality because older hayfields tended to be cut later
than younger fields. Thus, mowing reducessting succedsy 2945% in highquality hay areas,
but only by 68% in low-quality aeas. The grass to legume ratio, and hence date of first harvest,
is also influenced by the livestock type for which forage is being provided. For example, forage

grown for beef cattle, small ruminants, and the equine industries generally had greater grass:



29

legume ratios than forage grown for the dairy industry, due to differences in nutritional
requirements of these livesto@Rearson et al. 2006)

Factors correlated witlatitude also influence the date of first harvest. In the Upper Great
Lake States of Michigan, Minnesota and Wisconsin, the IMI was significantly lower in the
Upper Peninsula of Michigan than further so{@lorace et al. 2009T here was, howevenp
relationship between hayfield mowing patterns Bofolink abundancérends. Rather, trends at
the countyscale were better explained by cover types.
3.2 Livestock trampling Livestock trampling can not only alter the composition and structure of
vegdation within a field(Kantrud 1981, Baker and Guthet990)but canalsoresult indirect
nest losi(Jensen et al. 1990, Renfrew et al. 200%continuously grazed systemisglstock
have unrestricted access to the entire pasture throughout the grazing season. In rotationally
grazed systems, smaller fenced paddocks are grazed for short periods of time, with cattle rotated
frequently, resulting in each individual paddock graaexte than once during the grazing season
(MacPhail and Kyle 20125tocking density genefglincreases with the number of paddocks or
as paddock size decreases. For example, stocking density for summer yearling production in
tallgrass was reported as 0.6 head/ ha under continuous grazing. Ungmacddo8k short
duration grazing program, catstock densities increased to 4.9 head/ ha, and 9.9 head/ ha under
a 16paddock systerfdensen et al. 1990)hus, stocking density and grazing system can be used
interchangeably in the DAG. Rotational grazing can result in nest failure due to high stocking
densities and frequent nest disturbaicample et al1999, Renfrew et al. 2005)hich can
account for 1100% of Bobolink nest failures due to trampliiRerlut et al. 2006, Kerns et al.
2010, Perlut and Strong 2011, MacDonald 20i#Ontario, the negative effect of cattle grazing

on Bobolink reproductive success increases as a function of the number of paddocks grazed
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(MacDonald 2014)In this, and other systenBaine et al. 2006)egardless of stocking density,
all nests that were exposed to cattle were trampled. Only if stocking densities were less than 0.08
animals/acres/days were pastures considered beneficial to Bobolink, which is 7 times lower than
the average stocking densih Ontario(MacDonald 2014)Entry date of livestock into paddocks
strongly predicted reproductive success of Bobolink in Ontario, such that the later the date, the
greater the reproductive succésacDonald 2014)Successful reproduction in this system was
only documented in paddocks that cattle had not entered before fledglings were capable of
sustained flight (7 days following nest emergemdartin and Gavin 1995)
3.3 Nestpredationand parasitism Nestpredationand brood parasitism both negatively affected
nesting succesa grassland birdPease and Grzybowski 1998)estdepredatiornypically
results in complete nest failure, whereas brood parasitism diminishes the number of host young,
functionally similarto partial nestlepredationEffects ofdepredatiorand brood parasitism on
nesting successere influenced by distance to edge and edge type. Evidence for this assertion is
summarized below.

In managed tallgrass prairie in western Minnesota, rates ofl lparasitism were higher
for nests closer to wooded edges, and greater for nests on small than large habitat fragments
(Johnson and Temple 199@imilarly, daily nest survival rates (DNS) of Bobolink in New York
were greater at sites >100m than at sites <50m from forests or hedgerows (Bollinger and Gavin
2004).Similar to nest density, there was no difference inlingssurvival between edge and
interior if the edge type was road, old field, or pastBa@linger and Gawn 2004, Renfrew et al.
2005) However, in Minnesota, Bobolinkesting successas not consistently higher in large or
treeless prairie patches, suggesting that variatioesting successas caused mainly by

differences in the abundance or activiidsest predator@Vinter et al. 2006)Similarly, in an
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experiment that manipulated woody cover to influethepredatiomate, the probability of

Bobolink fledging 1 youngaried positively with distance from woody edges (0.63 and 0.82 at
30 and 120 m, respectively), but did not differ-@ed postree removal ( 0.35 (95% C.I., 0.18,
0.54) and 0.32 (0.12, 0.51), respectivéBllison et al. 2013)Following the removal of woody
vegetation, activity of woodland associated predators (ag:pon(Procyon loto) and striped
skunk(Mephitis mephitip nearly ceased, while the activity of grassland predators f@rteen
lined ground squirrglictidomys tridecemlineatyjsincreased. SimilarlyRenfrew et al(2005)

found that agricultural edges did not appear to concentrate mammalian predators as expected,
and that the activity of those predators was high along both wooded amébondaed edges.

3.4 PesticidesSome studies attribute declines of grasslan fairds with pesticide exposure on
the breeding ground#lineau et al. 2005however seerlut 2014, Hill et al. 2014Pesticides

are hypothesized to have direct negative effects on Bobolink reproductive success by having
acute toxic effects on nestlin¢jderkert 1997a)However, the exposure rate and median lethal
dose (i.e., LD50) for various pesticides have yet to be measured for adult or rizstlolgk.

The indirect effects of pesticide use on prey availability are discussed in the subsequent section
(Section 3.5).

3.5 Prey availability Lepidopteran larva and orthopterans comprise the majority of identified
prey delivered to Bobolink nestbs by their parent§Wittenberger 1982, Skipper and Kim

2013) Bobolink provisioned their nestlings with lepidopteran larvae at greater rates than their
availability in the environment, suggestihgpidopteran larva is preferred to othopeterdunsng

the neding phasdSkipper and Kim 2013)The importance of prey availability on Bobolink
nesting succedsas received little attention, bisthypothesized to be influenced by pesticide use

and precipitation.
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Pesticides are known to negatively affect food resource auayan grassland
ecosystemgMartin et al. 200Q)How pesticide use changes food provision rates to nestlings by
adult Bobolink is unknown. However, when food resources are scarce, Bobolink nesillings
starve despite increased provisioning by the aqwigenberger 1982)in addition, there could
be effects of sulethal poisoning of adult birds on the survival of young, if feeding efforts are
decreased andestlingweights are reducgd/artin et al. 200Q)Fluctuations in precipitation are
also known to affect food resource availability, with insect biomass being reduced in drought
years(Wittenberger 1980)

4. Mortality

Adult and juvenile survivorship have been identified as critical demographic parameters
influencingabundancacross a diversity of avian species (rexed bySaether and Bakke 2000)
including Bobolink. Population projection models indicated that adult survival consistently had
the strongest relative effect on population growth rates:ffeaiiling (i.e., juvenileurvival

had lesgFletcher et al. 2006 5imilar models projected that improving either adult or juvenile
survival rates outside the breeding period would be imporadobolink population persistence
(Perlut et & 2008) Although adult and juvenile survival rates are hypothesized to be important
demographic parameters to Bobolink, threats to survival are less well quantified in the literature.
Here | summarize hypothesized mortality factors for the breedishg@mbreeding periosl

(Figure 4).

4.1 Breedingperiodmortality: Three factors are hypothesizedrifiuence rates afnortality on

the breeding grounds Bobolink: date of first hay harvest, pesticides, and collisions with tall

structures.
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4.1.1 Dateof first harvest Individual adult Bobolink are susceptible to haying
operations, particularly if haying occurs at night while birds are on the nest or roosting on the
ground(Rodenhousetal. 1992) less certain is the effect of haying atult mortality Estimates
of Bobolink nestling mortality due to mowing operations (see Section 3.1), however, were not
accompanied by estimates of adult mortafitgws et al. 2013)0One line of evidence suggests
that adult Bobolink are not killed directly by mowing operati{®sllinger et al. 199Q)

4.1.2 Pesticides Pesticides are also hypothesized to directly affect survival of Bobolink
on lreeding areas, as they have been shown to contribute to the decline of other farmland
associated bird@viineau et al. 2005, Mineau and Whiteside 20E8)wever, research has yet to
be done thatlirectly link pesticide toxicity to Bobolink mortality on the breeding grounds.

4.1.3 Collisions with tall structur@dsBobolink, like other migratorpirds, may be
susceptible to collisions with tall structures (e.g., lighthouses, tall buildings, communication
towers, wind turbines). In Canada, an estimated 25 million birds are kilhedinby collision
with windowedstructuras (Machtans et al. 20132.5 million are killed annually by collision
with trarsmission linegRioux et al. 2013)and an additional 23 thousand biedskilled
annually by collisions with wind turbinggimmerling et al. 2013)Although the cumulative
effects of collisions on Bobolinknortality rateds unknown, it is suspected to be increasing due
to activities associated with urban developn{&fdtCracken eal. 2013)

4.2 Nonbreedingperiodmortality. Threatsd Bobolink on norbreeding groundare suspected
to strongly affect theipopulation dynamicsout remain largely unstudied. Pesticides and
persecution were the two main factors hypothesized Bglstéders, and discussed in the

literature, to influence the survival of overwintering Bobolink.
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4.2.1 Pesticides Pesticides used for rice cultivation are associated with bird mortality,

i mpairment of an indivi dumddgtive effdctsinthe y t o mi gr
subsequent breeding season (revieweBdrgons et al. 20L0Bobolink cone into contact with

these pesticides either directly through the ingestion of treated rice, or by absorption through

their feet while perching on rice stalif®enfrew and Saavedra 200Qrganophosphate

insecticides are among the highly toxic pesticides commonly used in rice pooducti

Venezuala and BolivigParsons et al. 201,(glthough they are now banned in Argentina

(Renfrew and Saavedra 200¥) Bolivia, Bobolink exposed to monocrotophoan

organophosphate insecticidexhibit lethal and sutethal levels of cholinesterase activity in

their blood(Parsons et al. 2010} is consequently hypothesized that these rice pesticides have a
pronounced impact on overwinter survival.

4.2.2 Persecution Bobolink are reportedly intentionally poisoned in northern
VenezuelgBasili 1997) which has been documented as a crucial staging area during migration
(Renfrew et al. 2013)Similar to DickcisselBobolink may be most vulnerable at roosting sites
in areas where they are perceived as [&stsili and Temple 1999gs effective control
measures at these roosts could eliminate thousands to tens of thousands of birds at a time
(Renfrew and Saavedra 200Bpbolink are also reportedly captured in Southetica and the
Caribbean for sal@Martin and Gavin 1995, Di Giacomo et al. 2085y for human consumption

(Chapman 1890)The populatiorlevel effects of these practices have yet to be quantified.

States of Published and Stakeholder Knowledge
Fifty-six of 317 peereviewed publicationssummarized hereinflentified either clear cause

effect mechanisms or correlative relationships with respect to the four core parameters. More of
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those 56 publications addressed aspects of habitat quality (Bf%gandity (32%) than they

did aspects of habitat quantity (7%) and mortality (4%). Among stakeholders, hay harvest and
habitat loss on breeding areas were identified as important drivers of Bopojinlation
abundance by seventy and ninety percemeégfhondents, respectively. On Aoreeding areas,
habitat loss, persecution and pesticides were identified as important driBerisadink

abundance (40% each).

There was #arge amountof overldpet ween st akehol dersdé knowl .
literature regarding factors allegedly driving changes in BobdimkndanceHowever, several
mechanisms were identified in the primary literature thaewet identified by stakeholders
(Figure 24, dashed lines), and stakeholders identified three factonstiaditeaffecting
Bobolink habitat quantity on the breeding grounds that were not apparent in the primary

literature (Figure 2, double lines).

Discussion

The graphical nature of DAGs proved useful to organize the literature review, as they provided a
framework to inventory a considerable amount of information, while visually mapping
relationships among multiple plausible mechanisms behind Bolathukdancelecline.

Complex relationships among mechanisms may not be clearly evident from a typical &éteratur
review, and can be especially challengingdaonmunicateThe participatory approach used here
also provides resource managers with a pragmatic framewaodefuifying factors considered
important by researchers and stakeholders alike, as well asidoieuperspectives. A
participatoryframeworkalsoallows for the flow of information and knowledge between

decisionmakers, scientists, and stakeholders, with the uyidgrpurpose to help deliver
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successful policies by connecting research, management and natural resource governance
(Mackinson et al. 2011)

Considerable overlap lveeéen the states of knowledge abfadtors alleged to drive
Bobolink population dynamics were described from the literature and stakeholder beliefs. This
overlapmay have radted because engaged stakeholders may be largely informed by scientific
|l iterature, or because scientific research ha
Nonetheless, mgomparisorbetween the states of knowledge as depicted in the literature and
among stakeholders revealed several factors and relationships not in evidence in the other
knowledge systentor example, stakeholders identified three unexplored secondary factors
alleged to affect Bobolink breeding habitat quantity: tree planting inemtgreen energy
incentives, and crop values. The literature, on the other hand, identified bovine spongiform
encephalopathy outbreaks in Europe as an important factor affecting habitat quantity on the
breeding ground@Nocera and Koslowsky 201{frigure 2).Inconsistenknowledge in the
literature and that held by stakeholders generate structural uncertainty in the management
system,especialy i f ei ther party i s Iothiaswdyureertairfty t he ot
may have arisen due to the interdisciplinary nature of the management problem, whereby the
economic factors identified by stakeholders may have yet to be linked to Bopopalkation
dynamics by the largely ecologicallyounded scientific community. Regardless, these
inconsistencies in knowledggentify areas ripe for further inquiry. Research into the economic
factors driving land use changes on the breeding grounddenagrranted, particularly if
coupling agricultural and/or conservation subsidies or other market incentives are among

management options under consideration.
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Inconsistencies in identified causal relationsimzs/ have also arisen due to the
stakeholder lecitation processln particular the stakeholders | consulted identified fewer factors
and relationships than were apparent in the literature (dashed lines, Fjula Emiting
stakehol derds selection of v arndentfied feverfaCtédtp pendi
and relationships than they were mindful about, and these fewer factors may have related to
those that were most controversial and well publicized. In providing stakeholders with scientific
guidance (i.e., core parameters as stgntioints), focused variable selection was intended to
limit the length of causal chains and better identify the catfeet hypotheses most central to
the management problem. My systematic literature review could then be used to assess the
validity of these relationships, and identify inconsistencies in knowledge sources.

Causeeffect relationshipghat received thgreatest amount of stakeholdsipportwere
habitat loss associatedtivicash crop conversion and the decbheattle on the teeding
grounds, and the negatieffects of hay harvest timing, livestock trampling, and pesticide use on
reproductiveoutput Theserelationships weralsoidentifiedin theliterature howeverthe
amount of empirical support they received varkear examplethe loss oflairy cowbased
agricultural in theNortheastern U.Slid notcorrelatewith Bobolinkabundancérendsfrom
1996 and2007(Perlut 2014)Further,thedirect and indirect effects of pesticide use on Bobolink
mortality and fecundityemainlargely unresolvedandcorrelativerelationshipsuggesthey
may (MineauandWhiteside 2012) or may no{ll et al. 2014 Perlut 2014pe importandrivers
of grassland birghopulation abundandeends.Left unaddressed, divergenigetweerempirical
evidence and stakeholdeerceptiongould result in criticisms or disagreements about resulting

policy options.Thus, etending the knowledge baseitelude stakeholder percept®mand
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making explicit uncertainties in existirgmpirical evidencesan simulate consensusuilding,
improve communicatioand improvepolicy acceptancéHaapasaari et al. 2013)

I n the er @& acsfed®de vmacheamgeeement , t he synthesi s
and stakeholder knowledge (localiodigenou$ is necessarto characterizestructural
complexity in management systems. Unanticipated outcomes and poor choices as a result of
structural complexity can be reduced by taktogplexityinto account and makingpmplexity
transparent at the outset of the decisioningakrocess. Specifically, recovery planning for
vulnerable species must formally address complexity if policies are to have reasonable prospects
for success. Such complexity is seldom discerned from species status reports that use threats (i.e.
mechanismjsto inform species designations, as is the case with ther@tea of the Status of
SpeciesatRisk in Ontario (COSSARO) and the Committee on the Status of Endangered
Wildlife in Canada (COSEWIC). Even less apparent from status reports is acknowledgement of
the uncertainty that such complexity generéteskey and Crawford 2009 Acknowledging
uncertainties irthreats and teating themas hypothesesther than factss important during
policy planning and implementation, if the integrity of the assessment process is to be ensured
and recovery actions are to have desired effects (i.e., reduce or reverse poablatotance
declines). Improper threat identification can lead to policies and actions that ander
overprotect specigdrout 2013) potentially wasting limited resources and putting species at
greaterisk. If tools and strategies are used that acknowledge threats as hypotheses during the
decisionmaking process, complexities and uncertainties inherent in diagnosing and managing

threats may be reducéllicCann et h 2006)
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Tables

Tablel: Eight vegetation variables were identified as important predictors of Bolu#imity at
thepatcH evel , which were coll apsed into a summar
directed acyclic graph (DAGzigure 4). The indictors positive and negative are used to illustrate
the direction of the relationship wiBobolink patchlevel density.

Vegdation structure model References

heightdensity (obstruction)  + Nocera et al. 2007, Renfrew and Ribic
2008, MacDonald 2014

height +  Herkert 1994, Winter et al. 2005

total cover I Bollinger 1995

patchiness +  Vickery et al. 1994
Bollinger and Gavin 1992, Herket 1994,

grasslegume ratio +  Vickery et al. 1994, Bollinger 1995,
Madden et al. 2000

forb cover i Madden et al. 2000

frequency of native grass I Madden et al. 2000

litter depth +  Bollinger and Gavin 1992
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Figurel: Schematic diagram of a conceptual t8eason life cycle model for Bobolirfadapted

from Pulliam and Danielson 1991). During the early summer, the initial population size is

determined with a census (n = number of individuals) and is dependent on habitat quantity and
apparent qualitpf habitaton the breeding grounds. Over tlmicse of the summer, reproduction
occursb= number of fledglingsd produced/ femal e/l
and realized habitat quality. During the breeding andbreeding seasons, some proportion of

both juveniles and adults esipence mortality (RPand B), which is predominantly influenced by

habitat quantity and quality on the nbreeding grounds.
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Figure2: Directed acyclic graphs (DAGs) showing the causal relationships (links and arrows)
among variables (oval$lypothesized to be driving changes in Bobolink habitat quantity on the
breeding and nebreeding grounds based on stakeholder elicitation and empirical evidence from
the literature. To graphically represent the level of support for the links betweerlesababed

on stakeholder elicitation (% of respondents), | vary the thickness of the arrows in the DAGs
(legend insert, lower left). For factors that were identified in the literature, but not by
stakeholders, | used dashed lines. For factors that weriele by stakeholder but not by the
literature, | use double lines. The indicators positive and negative are used to show the direction

of the relationships when specified.

>76% — Habitat
> quantity




51

Covertype
diversity Vi e
N
2 N
§ Number g
% grassland patches s S
~
S
Habitat ~ 3/ Landscape
G e R R i
% woodlots openness
Field Area
N
N
Ot
N
Edgetype == == === Edge effects
Last harvest R " Pr;y _________ Patch
date N apungance condition
Fieldage: Yoo o wic wim S~ Vegetation
- structure
/
-
o -
Habitat .
! CAMY-OVEP N oo oo avne Social
type RtrachaR Information
Reproductive
success

El Nino o _+ _______ Food A
(flooding) availabilty )=~~~ ~"~"~~~-

Figure3: Directed acyclic graphs (DAGs) showing the causal relationshiigs @nd arrows)
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the literature. Graphically representations okshelder and empirical support atescribed in
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Figure4: Directed acyclic graphs (DAGs) showing the causal relationships (links and arrows)
among variables (ovals) hypothesized to be driving changes in Boltetmidity and mortality

on the breeding and ndareeding grounds based on stakeholder elicitation and empirical

evidence from the literature. Graphically representations of stakeholder and empirical support are
described in Figur@ (legend insert, lowegekt).
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Chapter 2: Scalar considerations in populatiabundancérend estimates: implications for

recovery strategy planning for species of conservation concern

Abstract

Broadscale populatiombundancérends are ften used to identify and lispecies (or

population$ of conservation concern, and as baselines to surmise which recovery actions might
arrest or reversgopulationdeclines. It is therefore important tredundancérends arelso
guantifiedat finer geographic extengs.g., countis, management units, parksp that

assessments can be made about the plausible causes of declines, and targeted conservation
actions can be implemented. | estimated regiabahdancérendsfor a grassland bird, the
Bobolink, to compare with those fropnovincial analyses used for rislssessment, to identify
regions contributing most substantially to populatmndanceleclinesn Ontario, Canadd

used 45 years @&urveydata from the North American Breeding Bird Survey, across 35
agricultural censsidivisions in southern Ontario, Canada, to develop spatially explicit
hierarchical Bayesian models of regioablindancérends. Abundancdrends were negative in

30 of 35 census divisions, six of which had 95% credibility intervals (CI) that did not include
zero. In 34 of 35 census divisions, the Cl included the provincial-sdrantrecovery goal of
negative one. Between 192811, corrggonding to the time series used for provincial+isk
assessment, Cls for three of 21 negative trends did not include zbeopwovincial shofterm
recovery goal Results indicate that most regional trend estimates currently exceed the goal set
out in he recovery strategy, insofar as they have been stableanedcessarily declining.
Regionaltrend estimates therefoseiggest a more optimistic picture of the statBaholink in
Ontariothan that obtained from analyses at broader spatial scales, wasied important

regional variationMy resuls further demonstratée need for consideratiaf scalevariance in
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trend estimation during risaissessment and management planning, and the application of

spatially explicit trend estimation for small geaghic areas to aid in this process.

Introduction

Broadscale populatiombundancérends are often used to identify and priorifgulations

that merit conservation attentigpunn 2002). For example, the International Union for the
Conservation of Nature considersgecies opopulationcritically endangered if abundance
declines O &@aWyentperod orthyee generatifb<N 1994) Similar
assessmentiteria have been adopted by conservation omgdiuins elsewhere, and applied to
various geographic extents, e.g., nationally in Canada by the Committee on the Status of
Endangered Wildlife in Canada (COSEWIC), and provincially in Ontario by thar@teeon

the Status of Specieg-Risk in Ontario (COSSARO) hese sameaénds in abundance,

modelled with environmental and spatial covariates feaherbe used to improve knowledge
about howspeciesnteract with their environments, and can provide insigfiat causal
mechanisms responsible f@oundanceleclines. However, misalignment between breeale
trend estimates used for rislssessment, and the firgrales at which management activities are
initiated to protect and recovpopulatiors of conservabn concern might lead to ineffective or
inefficient decisiongDunn 2002) Resolving scalar discrepancies between trend estimates used
for species opopulationdesignatiorand management implementation is a necessary
prerequisite to testing hypotheses regarding causasuoidancelecline, identifyng priority
populationdor allocating limited conservation resources, and asggakernative management

actions at scales amable to conservation activities.
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In North America, a common approach for evaluating the status of breeding birds is
through the assessment of changes in abungdaither at the speciesadbr population level,
using longterm survey data, such as those collected by the Breeding Bird Sheregfter
referend to aBBS; Environment Canada 201 0)aterfowl Breeding Population and Habitat
Survey(U.S. Fish and Wildlife Service 2014d) the Christmas Bird CouiNational Audubon
Society 2010)These trends are generally evaluated at the geographic extent of the nation,
province, state, or Bird Conservation Regibargafter referred to &CR; NABCI 2000) and
provide managers with broatale indices ahbundancehange from which riskssessments
are mad€U.S.Fish and Wildlife Service 2008lFor examplegeac-political populations of
He ns | owo sAmmguramus leemsloyiarelisted as Threatened or Endangered in 13 states
in the U.S(Pruitt 1996)and Endangered in the province of Ontario, Caff@SSARO 2014)
based on trend estimates at these broad jurisdictional scales. Development of more finely,
regionallyscaled mangement plans is a priority for populations of tsfgeciegCooper 2007)
but trend estimates are generally unavailable at finer, regional scales. Since mechanisms
affecting population dynamics caranifest at regional scales, such as habitat ledstat
fragmentation and landse intensification, resote managers require regionasdiyecific
information, first to address wtieer and by how much abundantese changed, and
subsequently to test ampalternative hypotheses abdattors that might drivabundance
trends assess the feasibility of achieving management targets, and to make conservation
decisions to protect vulneraldpecies

Both the Canadian Wildlife Service (CWS) and the Un§¢ates Geological Service
(USGS) have adopted hierarchical Bayesian modelling to generate indices of annual abundance

andsubsequentlpopulationabundancérends for North American breeding birdSmith et al.
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2014) Such frameworks provide a coherent and flexible approach for assessing the effects of
sample variation separate from temporad apatial variation, while providing direct estimates of
uncertainty aboyparameter estimatéRoyle and Dorazio 2008, Sauer and Link 20These
models can further be used to analyzatisptemporal variation in populaticebundancevith

respect to spatidbmporal characteristics tfeenvironmen{Thogmartin et al. 2006b, Royle

and Dorazio 2008, Sauer and Link 201Rgcently, these models have been adapted to allow
spatially explicit summaries of trends for small geographic areas operable for conservation
planning(Bled & al. 2013)using smaHarea estimatio(Roa 2003)a technique commonly used

in fields such as epidemiolodliawson et al. 2003Here, | demonstrate the application of this
technique for a model grassland bird of conservation concern.

Bobolink are an obligatory grassland bird thateds in southern Canadarfr British
Columbia to Newfoundland, and in the northern United S{&tigsire 1) They have the longest
migrations of any North American songbird, travelling 20,000 km to and from South American
where they overwinter with individuals from different brewgareagRenfrew et al. 2013)n
Canada, at the geographic extent &f pinovince of Ontari¢the study populationBobolink
abundanceleclined 2.6% annually (65% overall) between 1968 and 2008 (COSEWIC 2010),
and were listed ashfeatened, in particular, due to a more rgtidndancelecline (7%
annually; 52% overall) between 1998 and 2008SSARO 2010)The designation of Bobolink
under the provincial Endangered Species Act (2007) triggered the mandatory development of a
recovery strategy, which recommended populationndanceargets. In consultation with
species epelts, the shorterm recovery objectiveas set out in the recovery strategy, is to slow
the annual rate of populati@bundancelecline to an average less than or equal 1@%

annually, or less than or equal-i®% over the first ten yea(slcCracken et al. 2013)
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The objectives of my study were twofold. Firstcompared regionatend estimates with
those from broadcale analyses, as used by COSEWIC and COSSARO faeassgssment, as a
means to identify regions in the province which are contributing most substantially to previncial
level populationabundanceleclines. Second,compared regional trends to the provincial

recovery objective to identify priority areas for recovery strategy implementation.

Methods

Study area

The study area covers a portion of BCR13 in OntarioaChra ( 4 3A6 906 N 7,9A4506 W,

whereBobolinkaremore abundant than elsewhere nationally, and comprid%0of thetotal
breeding populatiolCOSSARO 2010)The study area covers all of the mixedwoods plains
ecozongCrins et al. 2009)The climate is mild and moist, with mean annual temperatures
ranging from 2.8.4°C, and receiving 752087 mm of precipitation per ye@vlackey et al.

1996) There is a general gradient in climate conditions (primarily decreasing temperatlres an
growing days) from southwest to northeast. The natural vegetatiba study arees mixed
deciduousevergreen forests and tolerant hardwood forests, including Carolinian forests in the

south. However, 578% of the lanébase has been converted to agiture, and 7% is urban.

Spatially explicit trend estimation

The BBS consists of more than 3,000, 3@# long roadside surveys across Canada and the
United States. Once annually, volunteers conduct point counts of all birds seen within a 0.4 km
radius,or heard during a 3 minute period, at intervals of approximately 0.8 km for a total of 50

point counts peroadsidesurveyroute(Robbins etal. 1986) Auxi | i ary dat a i

ncl
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identification number and weather during surveys. Dataeagable at the Breeding Bird
Survey- Canadian Results webpadenf/ironment Canada 2010)

Bobolink are conspicuous while breeding in open farmland, and are easily sampled along
roads, rendering the BBS data appropriate for anajygeographic patterns abbundancérends
for this specieg¢Peterjohn 2003)To select a spatial resolution at which to address patterns in
Bobolink abundancérends, | considered the dmability of results to further investigation of
factors hypothesized to be driviabundancérends, in order to aid with recovery strategy
implementation. | therefore selected agricultural census divigier&5 within my study area,

Figure 2) since lad-use statistics are summarized at this spatial e&tatistics Canada 2011)
However, varying gegraphic scales can be selected to accommodate spaqepulation
specific research questions or support regional conservation initiatives.

A spatially explicit hierarchical modeling approach was used to accommodate known
temporal and spatial corrélans among survey routes, observers, and years. Spatial correlations
among survey routes arise because of a tendency for areas that are closer geographically to be
more similar than distant ones due to underlying environmental gradients or because of
popuation-level processes, such as dispersal. Temporal correlations arise because counts on a
givensurveyroute are expected to be similaithin seasons anflom one year to the next
(Thogmartin et al. 2006bA hierarchical approach also accounts for effects of correlated
observer error, such that different perceptions and experiences of individuals influence counts
(Link and Sauer 2002, Thogmartin et al. 200&h)e primary advantage of this technique is that it
permits more precise trend estimates for areas with limited data, becaysatitie s
dependencies between neighbouring areas facilitate borrowing information from adjacent areas,

effectively increasing the sample size on which trend estimates are(Bését al. 2013)This
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borrowing informatiorhelps to improve the overall power of the model to predict trends by
accounting for underlying geographic variation in the gathn et al2006)

| estimated regional trends over the perid8672011 and 1992011, correspondin
time series of available langse data (196@011;Statistics Canada 201&hd provincial risk
assessmen{€OSSARO P10) respectivelyAnnual abundance on a survey route was indexed
as the total number of birds counted over the 50 point cowunsluded data from surveys that
were run under unacceptabbeatherconditions as outlined in the BBS Instructions Guide
(USGS Patuxent Wildlife Research Center@3® if fewer than 10 years of data were available
throughout the entire period96%2011)(Corace et al. 2009These criteria resulted in point
count dataand index of abundancepllected over 45 years (t) by 200 observers (K) on 64
suney routes (i), distributed among 35 agricultural census divisions (c) (AppendbuBry
coverage was relatively consistent across census divisions.

Eachsurveyroute was assigned to the census division that contained the start point for
thatsurveyroute. Following Bled et al. (2013), counts: were modelled osurveyroute i in
year t by a Poi ss ong,whichsdependdon the yespecificinterbepta me an
(®, an obs &myaada spafiaf effecti(ly,) atthe leveof the census division (c):
=it~ Poissond.) with log @r) = U + beg)t + ¥ky
A customary vague prior was used for the year effect parameters:

U~ Normal(0,0.01)

Observer effects were assumed to be normal random variables withamead0 v a%¥ i ance 0
frin~ Normal (wjté G ~ Unif (0, 10)

Spatial effect kit were modeled by applying a Gaussian CAR model, analogous to that

proposed byesag et al. (1991Fpatial effects were allved to vary for each time point
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separately; hence, the year (t) index on b. CAR assumes that the probability of observing a
particular count on a survey route depends on the value of the expected count in the
neighbourhood (i.e., census division) aroumel $urvey route. The neighbourhood weights were
calculated based on census divisions sharing a common boundary, where weights were set to 1 if
cells shared a boundary and 0 otherwise. Neighbourhood adjacencies were calculated in ArcGIS
10.1(ESRI 2011)using the Adjacency for WinBUGS tofll.S. Department of the Interior
2012)

Tr e n d sy cquighthen be defined as the yearly change from yéauyear i for
census division ¢ expressed as a percent:
QR.ab= 100 [ (Nc,t/N ¢ 1) (1/(to-ta))-1]
where Rt represents the expected abundance at time t of a theoseticajroute in cell c and is
specified as
Ne= e xPpbeif UI% @

There is no closetbrm expression for the parameter estim@igsyle et al. 2002)so the
model was fitted by iteration. Analyses were conducted using WinBUGS(ILuh8 et al.
2000) a statistical package for conducting Bayesian inference with Markov Chain Monte Carlo
(MCMC) methods (Gibbs samplingink et al. 2002) Three chains with nemformative priors
were run and, based on,800 samples from the posterior distribution of parameters
subsequentlyl0,000 iterations were discarded to obtain pastezamples of regional mean
trendgpgan(dp condi tional wvari anc?%) Thacoditomal er of tt
variance parameteletermined the amount of spatial dependence between neighbouring census

divisions. Convergence was checked usirgg&elmarRubin diagnostic for assessing
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convergence in WinBUGS, which compared withlrain and betweeachain variability(Brooks
and Gelman 1998)

A posterior predictive check was used to evaluate goodness of fit. | calculated a Bayesian
p-value, whch is defined as the probability of generating a test statistic from posterior
predictions that is more extreme than that calculated from the observed data. A small Bayesian p
value (p < 0.05 or p > 0.95) iisdicative of poor model fit; god model fit ocars when p
approaches 0.85elman et al. 2003Posterior predictive checks have been criticized because
they require the doublase of data. However, arguments are made in favour of posterior
predictive checks, provided their use is limited to study model adequacy and not for model

comparison and iefencgMeng 1994)

Results

The posterior canfathe Gaossian ICAR/Mdel wvah1@&B8 2.17 SD).
This small conditional variance indicates strong residual dependence on neighbouring census
division values, which leads to a smoother spatial structure in trend est{braatson et al.

2003) The mean Bayesianvalue was 0.71, which is indicative of adequate fit.

Posterior samples of mean trends between 1967 and 2011 were predominantly negative;
five censg divisions had slightly positive or neutral trends (Figure 2a). Six of 30 negative trend
estimates had 95% credibility intervals (CI) that did not include zero (Figure 3a). These regions
were clustered in southwestern Ontario (Figure 2a, insert), anai@tthgricultural census
divisions Brant (3529), Perth (3531), Oxford (3532), Middlesex (3539) and Huron (3540), and

an isolated area in soutientral Ontario in the Kawartha Lakes region (3516). Of the census
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divisionswith evidence ofibundanceleclinespnly Perth had a trend estimate with 95% CI that
did not include negative one (i.e., the skerin recovery goal).

Posterior samples of mean trends between 1998 and 2011 were negative in 27 of 35
census divisions (Figure 2b), of which three (Leeds@rahville (3507), Kawartha Lakes
(3516), and Perth (3531) (Figure 2b, insert)) had @%at did not include zero or negative

one (Figure 3b). Eight census divisions had slightly positive or neutral trends (Figure 2b).

Discussion

My results demonstratiethe capability of hierarchical Bayesian models to incorporate spatial
data to obtain trend estimates for small geographic areas better suited to focussed management
intervention Conversely, spatial patterns in trends can infpopulationlevel conservatiotby
identifying regionsand factors responsible fpopulationabundance declin@his modelling
framework has important implications for conservation biologists, who often need robust
estimates of trends for assigning risk asdessing thfeasibility ofpopulationabundance

targets. Analyses done at broader scales may mask regional variability in trends and can
inaccurately reflect the state pbpulatiors. In the case of Bobolinkny models indicated that a
majority ofagricultural censusegiors have not strongly declined, and in some cases, already
meet or exceed the shaerm recovery goal to sloabundancelecline to-1%. In contrast,
provinciatlevel abundance trenestimatesiepict strong declines over the same temporal
intervals (COSEWIC 2010), in part, the resultegional trend homogenization over the spatial
extent ofBCR 13 inOntario. Nevertheless, as regional trends were calculated using a subset of
the provincialscale BBS data, the power to detect sigmiht changes in population abundance

may be reduced in spatially segregated data. Simil@tlgre larger foregional trend estimates
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over the shorter time frame | analyzed (Figure 3), further reducing the podetect negative
trends that are actually preselDespite large Clregions with Cls that are clearly above or below
the zero trend line may be of particular conservation interest.

Regions that contributed most substantiallpopulationabundancelecines were the
agricultural census divisions of Perth and Kawartha Lakes, regardless of the time interval
selected, and Leeds and Grenville for the 19081 interval (Figure 2a, b, inserts). Factors often
invoked to explain Bobolinkbundanceleclines by @tario stakeholders include habitat loss and
hay harvest timingGhapter ). Other threats include cattle tramping, pesticide exposure, habitat
fragmentation, human activities associated with developmeng\ards in theon-breeding
areas The regionsdentified herevith the greatestbundanceleclines coincide with portions of
the province highly invested in cattle production (beef and dairy combined), and consequently
have the largest amount of land devoted to hay and pastures relative to elsewieepearince
(Statistics Canada 201X hangeso these industries have been natethe past severa
decades. For example, the majority of new dairy barn construction is occurring in Perth and the
surrounding counties, with a trend toward larger herds and fewer faamg 2011) Kawartha
Lakes and Leeds and Greenville, on the other hand, saw an overall decline in the number of dairy
cattle on the landsca8tatistics Canada 2011 contrast, areas experiencimgutral or
increasingabundancérends variedlepending on the temporal interval selected (Figure 2 a, b),
but consistently overlapped with Peterborough and Northhumberland agricultural census
divisions. These areas have also seen a general decline in the number of beef and dairy cattle, but
a less obious decline in the amount of land planted in (Btatistics Canada 201Ihese
observations bringtbi ght t he question of whether and hoy

land-based industries influeng®pulationabundanceand howland use changesry
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temporally and spatially across the province. Although beyond the scope of this manuscript,
future investigation relating ladoased data (e.g., agriculture, forestry, urban development) to
regionally specific trend estimates will provide resource managers with a basis for investigating
factors responsible fdobolink abundanceleclines, and for aessing alternate regionally
specific management actions, which can ultimately be used to inform where and how to invest in
conservation efforts to aid in reaching recovery targets.

| caution that by identifying areas with the greatest leveBotbolink abundance
declines, | do not imply that other areas are unimportant to Bobolink. For example, investing in
the areas with the greatemgative trendmay be undesirable if certain conservation measures in
other areas returned greater rewards (i.e., &ase@ fecundity or decreased mortality, or more
habitat) for less investment. However, from the perspective of monitoring the effectiveness of
recovery actions, it might prove useful to differentially invest in adaptive management strategies
in those agricltural census divisions with the most pronounegadations in trendssuch that
managers could more effectively assess the response of Bobolink to alternate management
actions.Specifically, adaptive management would mean a formal, systematic, and sigorou
approach to learning from the outcomes of management gatiothgdapting future
management policies or practice to incorporate what was le@tioithg 1978, Walters 1986)
Suchactionsmight include payment schemes or tax incentives for farmers who adopt grassland
bird-friendly land management practices, or land acquisition programs to increase habitat
guantityor decreasbabitatfragmentation. Regardless, management strategy selection ought to
be contingent on regional factors identified as being important drivegpoiationabundance

decline(Chapter 3)
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Including autocorrelation in my model not only ensured that statistical assumptions are
better met, but also improved the predictive power by including information from neighbourhood
locations (Bahn et al. 2006). The selection of the neighbourhood s&rueasrtherefore critical
for spatially explicit parameter estimatibfhogmartin et al. 2004) assumed that the spatial
model depended only on the neighbourhood structure, and not on the distance beta®en
Thus, the neighbourhood structure used here may not fully reflect underlying environmental
autocorrelations. Alternative spatial models include regular ¢Bildsl et al. 2013)geostatistical
interpolation(Diggle et al. 1998)continuoussurface modelgKelsall and Wakefield 2002pr
the replacemerdf spatial autocorrelation structure with appropriate environmental covariates at
a scale relevant to underlying biological proceg3@®gmartin et al. 2004 Although different
spatial models are availieh the irregular spgel scheme used here allowed é&stimates of
abundancérends for areas that will accommodate future model development, where alternative
hypotheses regarding causesibéindancelecline can be assessed using{asd data. This
moddling technique is therefore valuable to a broad range of species, as there is often a need to
amalgamate data from diffamt sources to a common spasiedle to answer ecological questions
that align with areas appropriate for management implementation.

In general, my work highlights the influence that spagahporal variability has on
abundancelynamicsof a species of conservation concern. Overlooking this variability could
result in inappropriate risdesignation or unrealistic management targeys.eBolving scalar
discrepancy in trend estimation, risk assessments and management targets can be more
appropriately assigned to reflect the current state of nature. This will help avoid wasted effort,
unnecessary use of public funds, or the erosion loligpuonfidence in policy decisions. The

statistical framework used here generates spatially explicit estimates of whrdscan further
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be used to test alternative mechanistic hypotheses about regional drisleusiddncehange.
Oncestatistical relationships has been established between environmental covariates and trends,
these models can further be used to conduct management strategy evaluations, which explore the
predicted consequences of alternative conservation aggansMilner-Gulland et al. 2010)

Such models ought to prove importamtihe development of evidenbased management plans

for Bobolink in Ontario, and for species of conservation concern elsewhere.
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Figure 1:Relative abundance and distribution map for BobolD&lichonyx oryzivorousbased

on North American Breeding Bird Survey (BBS) data from 1928@6(Blancher 2009)The

legend indicates the average number of bimoisdsidesurveyroute/ year calculated for each
degree block, where white space = no detection, and grey = no BBS data. The black rectangle
delineates the location of the stualypulation in Ontario, Canadeovering a portion of Bird

Conservation Region 13
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Figure 2: Posterior meaabundancérend estimates for Bobolinkbplichonyx oryzivorous

from A. 19672011 and B. 1992011 mapped to agricultural census divisions in southern
Ontario, Canada, using spatially explicit hierarchical models in a Bay&tsistical framework.
Trends are expressed as a percentage. Inserts bottom centre: Maps of statistical significance,
where areas in black indicate regions experiencing negative trends and 95% credibility interval
that do not overlap zero, areas in grajiéate positive trends and 95% credibility interval that

do not overlap zero, and white otherwise. Identification numbers on the census divisions are
defined in Appendix C.
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Figure 3 Box plots of posterior meaabundancérends (solid centre line imox) for Bobolink
(Dolichonyx oryzivorousfrom A. 19672011 and B. 1992011 shown across 35 agricultural
census divisions in Ontario, Canada (ordered from west to east). The ends of the whiskers
represent the 95% credibility interval. The horizontaldsblack line indicates the zero trend
line, and the dashed grey line indicates the recovery strategytstorbbjective (negative one
percent(McCracken et al. 2013)entification numbers for census divisions on thexis are
defined in Appendix C.
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Chapter 3: Spatiotemporal variation in mechanisms driving regiesahleabundance patterns

of Bobolink @olichonyx oryzivorous

Abstract

To achieve national management targets for migratory birds, landssegbeonservation
approaches are increasingly encouraged. However, knowledge of the mechanisms that drive
spatietemporal patterns in aviabundancelynamics are needed to inform pgldevelopment.

Using hierarchical Bayesian models and variable selection, | determined by which
mechanism(s), and to what extent, changes in quantity and quality of surrogate grassland habitats
contributed to regionabundancgatternsof an obligatory gassland bird, BobolinkXolichonyx
oryzivorou$. | used 25 years abadside survegiata from the North American Breeding Bird
Survey to develop spatially explicit models of regicalaindancérends across 35 agricultural
census divisions in Ontario, Cata | measured the strength of evidence for effects of land use
change orabundance trendsver the entire study pedaand in each dive subperiods. Over

the entire study period, one region (Perth) displayed strong evideabearddancelecline (95%
credibility intervals did not overlap zero), and four regions displayed strong evidence of increase
(Bruce, Simcoe, Peterborough, and Northumberlafrgnds shifted spatially among sub

periods, with more negative treqestimate later in time (1986L990: B% of 35 census

divisions, 19911995: 46%, 1992000: 40%, 200R005: 66%, 2002010: 82%). Important
predictors of spatial patterns in Boboliakundancérends over the entire study period were

human development ardbitatfragmentation. Howevefactors inferred to drive patterns in

trenddynamics were not consistent over space and time. This result undetsabeftective
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threat identification (both spatially and temporally) and implementation of flexible, regionally
tailored policies will be critial to realize efficient conservation ©fn t a Babdirgk nd

similar atrisk species.
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Introduction

Birds dependent on agricultural habitats for breeding have exhibited more sigrabcaaance
declinesin population siz¢han birds of any other habitat type in North Ame(i€aopf 1994,
Herkert 1995, Peterjohn and Sauer 19@9)nsiderable geographic variation exists in these
trends(Sauer et al. 2005)or whichthe causesemain largely unresolvgorace et al. 2009)
Given that the majority of native grassland ecosystems resre donverted to agriculture
(Fletcher and Koford 2002j)egional shifts in agriculturdhnd useare plausible explanations for
geographic variation in aviggopulationdynamics(Hill et al. 2014) Resolving whether and how
shifts in farm operations affect grassland l@bdindances important to their longerm
conservationsince proper threat identification can guide effective and efficient conservation
policy.

Correlative relationships between changing farming practicealamttlancérends are
often used to identify drivers gbpulationdynamics and inform the growing interest in
landscapdevel conservation approaches (e.g., North American Waterfowl Manag&haen
Partners in Flight, The Nature Conservancyos
relationships have been poorly quantified for many sp€Cieamberlain et al. 2000and are
often better understood at broad geogmaphtents (i.e., nation, stajgovince, or Bird
Conservation Region). For example, researahtiné causes of stageale patternsf declinesn
grassland bird implicate changes in halgantity(Murphy 2003, Perlut 2014, Hill et al. 2014)
pesticide us¢Mineau and Whiteside 201,3pctors correlated with increasing human
populationsand related infrastructufe.g.,noise pollutiorof roads on adjacent habitaleijnen
& Foppen 2006)and declines in the number of dairy far(Rerlut 2014) Theseaforementioned

studiessuggest largscale shifs inabundancérajectories and underlying environmental
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processedyut may not reflect patterns and processes at local sgddekert 1995) Specifically,
results from broadcale analyses could lead tzorrect inferences about threatspecies or
population persistence if (1) aggregating datargescaleqe.g., between populations)
homogenizes regional variability abundancérend estimatefBled et al. 2013)or (2) the
factors that are influential vary over tifdorris 1994) Modelling frameworks are therefore
needed that take into account spa@mporal variability in landscape pattern and process to
provide robust insights into the causal meabms driving aviaabundanceynamics, and
better inform policy development to achieve landsesgade conservation targétdather and
Sauer 1996)

Bobolinkare among many species of grassland birds thatéxgerienced abundance
declinesover much otheir breeding range in the past several decades, resulting in their listing as
a species of conservation concern in both Canada and the United Si&tdsish and Wildlife
Service 208, COSEWIC 2010)Like other grassland birdBpbolink are now dependent on
surrogate grassland habitats in agomsystems for breeding, which implicates changes to land
use practices durinpe breedingeason as drivers abundancehange. For example, at the
statescalePerlut (2014)dentified human population growthias at least partially responsible
for the loss of cowbased agriculture, and correlated vBibbolink decline. Alternatively,

Murphy (2003)identified positive correlationsetween Bobolink abundance#h hayfield
guantityand negtive correlations with pasture aragathe statescale At the regionakcale,

Bobolink abundancérends vary spatially and tempora(@hapter 2, suggesting finescaled

variation in land management practices may contribuédtmdancelynamics In this

manuscriptl tested predictions under eight alternative hypotheses about factors driving regional

variation in Bobolinkabundancérends, to determine whether, where, and to what spatio
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temporal extent changes in the quantity or quality of sureogassland habitats contributed to
populationdynamics Specifically, | assessed changes in halguaintity(hayfields and pastures,
separately), hayfield composition, cattle stocking density, pesticide use, human population
growth, habitatfragmentatiorandfactors that covaried with latitude drive spatgonporal
fluctuations in Bobolinkabundancérends(Figure 1; detailed hypotheses and predictions in

Appendix D).

Methods

Study area

The study area covered 97,1363@hthe Ontario portion of the North American Bird
Conservation Region 13 (43A696N 79A456W; Figu
(Crins et al. 2009)The majority of this region has been converted to agricu{@a&win et al.

2013)and urban usg<€rins et al. 2009)The dominant agricultural sectors include fruit, row and

forage crops, poultry, hogs, and beef and dairy c@iiterernment of Ontario 2013An

estimated 1.5 million hectares are surrogate agricultural grasslands (hayfield and pasture), the
management of which is highly influenced by economic market f¢Ampsculture and Agr

Food Canada 2@). These surrogate grasslands support the greatest abundance of breeding

Bobolink nationally, at 1412% of thetotal breeding populatiofCOSSARO 2010)

Response variable
To facilitate the use of Agricultural Census data as predictor variables, | adapted my previous
analysis of Bobolinlabundancérends(Chapter 2to align spatially and temporally with

available agricultural land use data (Statistics Canada 2011). Specifically, | summarized trends
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within the exterg ofagricultural census division boundaries (area range7d@4 knt; Table 1)

over 25 years (1988011) and over five superiods corresponding to census periods: 1986

1990, 19911995, 19962000, 20012005, and 2002011. | used hierarchical Bayesian models

with smallarea estimation to generate spatially explicit esesaft trends, usingaw data from

the North American Breeding Bird Survey (BBS) available from the Canadian BBS Results

webpage Environment Canada 2010jhe BBS comprises a series of 3R roadside surveys

done mce annually by volunteers, who identify and count all birds seen or heard during a 3

minute period, at 50 stops approximately 0.8 km gjobbins et al. 1986)he annual sum of

Bobolink counted over the 50 stops was used as an indexreéyroute specifiabundance
Abundance®f Bobolink =i : were modelled osurveyroute i in year t by a Poisson

di stri but i omwhehdegendsontheyesrp eec i f i c t), amobservec edfqrtt

( mip), and a spatial effect {}) at the level of the census division (c):

=it~ Poissond;) with log @) = U + byt + Ykiy

A customary vague prior was used for the year effect parameters:

U~ Normal(0,0.01)

Observer effects were assumed to be normal distributed raraoables with a mean 0 and

vari &nce U0

¥rin~ Normal (wjté G ~ Unif (0, 10)

Spatial effects )+ were modeled by applying a Gaussian CAR m@Bebkag et al. 1998nd

were allowed to vary for each spleriod separately. The neighbourhood weights were assigned

1 if census divisions shared a common boundary or 0 othefwise.n d sy cquighthen be

defined as the yearly change from yedotyear § for census wvision ¢ expressed as a percent:

QRab= 10 Q,th&q[c,ta)/\(lmtb'ta))'l]

Ce
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where gt would represent the expected abundance at time t of a theosetieayroute in cell ¢
and is specified as
= e xPpbt UID G

The model was fitted by iteration using WinBUGS 1.4.8nn et al. 2000)Three chains
with norrinformative priors were run, based on BOPQ samples from the posterior distributmn
parameters. Subsequently, @) iterations were discarded to obtain posterior samples of
regi onal menp Gonviergeaae Was cheayed using the GelRabin diagnostidor
assessing convergen(@rooks and Gelman 1998%ignificant posterior mean trends were
interpreted as those that had 98%that do not include zer@led et al. 2013)In total, 64
roadsidesurvey routes distributed among 35 agricultural census divisions were estiirtate

trendsat the exterstof agricultural census divisia(Figure 2).

Predictor variables

Hayfield and pasturelaralea (hectaresgattle density, and hayfield composition within each
census division and withingear sampling periods were derived from the Census of Agriculture
(Statistics Canada 2011Hayfield area was calculated by combining alfalfa, alfalfa mix, and
tame hay landsPasture area was calculated by combining impré{eede and seededhd
unimproved pasture lands. A relative index of cattle density was calculated as the residual
variation in the number of cattle, linearly regressed on the area of pasture land fcereach
division. A relative index of hayfield composition was calculated in a similar fashion by taking
the residual variation in area of alfalfa haylands regressdueaotal area in all hay types.
Changes in hayfield composition towards more legurasswio potential negative effects on

Bobolink. First, legumalominated fields areut earlier in the seas@Barnes et al. 2007)
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putting Bobolink at greater risk of direct nest loss from mowing and raking, or loss of flightless
young to subsequent predation on exposed (Bstbnger et al. 1990, Nocera et al. 2005, Perlut
2007) Second, legumdominated hayfields are less attractive8tbolink than grasslominated
fields, effectively lessening the amount of available haf#allinger 1995) Land use statistics
do not separate homogenous alfalfa from alfaifa fields, so | assumed these habitat types are
all representative of earlier cut hayfields.

| indexed habitat fragmentation with data from Southern Ontario Land Resource
Information System (SOLRIS)ntario Ministry of Natural Resources 2008)rasteibased
inventory of land cover at 3 resolution. | reclassified the 23 land use categories into a binary
classification of habitat/ nehabitat followingSmith et al. (2011)in which all open vegetated
habitat types (natural grassland, pasture, abandoned fields, croplands) were a¢amiae
single class of suitable habi{@&orace et al. 2009All other habitat types were considered
unsuitableTo index the degree tiabitatfragmentation, | used the normalized Landscape Shape
Index (nLSI), from FRAGSTATS version(®cGarigal et al. 2012)a standardized measure of
edge density, adjusted for the size of the landscape. This indicator was selected because it is only
weakly correlated with habitajuantity, can be discriminated from among landscapes with
different spatibaggregationgWang et al. 2014and consistently and robustly scales in
relationship to landscape gragWwu 2004)

From the Survey of Pesticide Use in OntgdMxGee et al. 2010), | extracted estimates
of the amount o&ctive pesticide ingredients for major crop types (i.e., field, fruit, and vegetable
crops) (Appendix IXMcGee et al. 2010)Every five years, quantities of active ingredients are
computed by multiplying the areargged, times the concentration, times the application rate for

different crop types, resulting in a reliable provindéalel estimate of total active ingredients
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which can be allocated among regions on the basis of area of crop @vinfaee et al. 2010)
Using the provincial land area estimates from the Census of Agric(Btatistics Canada
2011) | derived an index dbtal active ingredients used, per hectare, per major crop type for
each census year. | usthis value as a multiplication factor to calculate the total amount of
pesticides used in each agricultural census division in a given year based on the area of different
crop types grown.

Humanpopulation growth for each agricultural census divisios derived from the
Census of Population (Statistics Canada 2@%4n index of human activity associated with
directbird mortality from collisions with vehicledishop and Brogan 20133econdary effect of
roads on adgent habitats (e.g., noise pollutidReijnen & Foppen 2006)ncreased mortality
from collisions with human structuréslachtanset al. 2013, Rioux et al. 2013, Zimmerling et al.
2013) and greater densities of cats and other synanthropic pre(Btamsher 2013)The
Census of Populatios conducted in the same years as the Agricultural Census. Data were
accessed using the Canadian Census Anal yser
the Humanities and Social Sciences online data cEDHASS 2010)

| calculated change in predictors over the entire study period-@®BE), and for each
subperiod (19861990, 19911995, 19962000, 20012005, and 2002010),as a percent change
from the previous census year as [(yeatuel yeak.1value) / |yeas: value|)*100] following

Murphy (2003) and Perlut (2014)

Analysis
| usedBayesian variable selection to measure the strength of evidence that a variable should be

includedin the model. This technique suited to situations where the sample size is small

f
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relative to the number of predictqrsO6 Har a and .3 dlsubsatmddelis@t@9 )
the magnitude of the posterior estimates of thrarpaters is used to evaluate the fraction of the
variation in the responsariableexplaired

| used an approach to Bayesian variable selection first propo3@aobgnd Mallick
(1998) Given the response variable, y, and a set of candidate predigtoeg xx, | assumed a
normal linear model of the form:
y=U+bixi+boxo+ € DX,
bpar amet er s wstab and spikEwior,gnnviich tha mass of prior probability (the
spike) is assigned to zero, reflecting the belief that some of the predictor variables may have no
effect on the response. Variables whose trueefige isnorz e r o  a r activéd dheprord 0
distribution s jevére specified by two auxiliary parametersviiich took the value 1 if the
variabl e was act i \representidg tite slabtpartefrthe proreModeh nd b

parameters were related to these auxiliary parameters by

The slab and spike priors were independent for the two auxiliary parameters:

li= Bern( )

bi= NG00 o

The parameter ~ represents the prior probabil
active variables. Based on practical experien, t he r ec ommen dMegerandh| ue f
Box 1992, Chipman et al. 1997, Meyer and Wilkinson 1988gre an activatioprobability of

O 25% is considered evidence that tH®©oMHaedi ct
and Sillanpa4 2009) T h e p ais teemesidual variaince parameter in the normal linear

model . I n the absence of infor m&sddfinedasthe i or s o
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|l i kely effect size of an active variable rela
determining the relative pedbyeyermand&dkinson on. Val
(1998)are in the range of 0:8.3. Posterior probabilities were evaluated with a Markov Chain
Monte Carlo (MCMC) algorithm.

Bayesian variable selection is generally robust to correlated predigtotshinda et al.
2013) although very high collinearity (>0.90) may influence resi@sosh and Ghattas in
press) | therefore checked all correlation coefficients prior to analysis. All predictors were
centered and scaled using the mean and standard deviation to improve the performance of
MCMC and allow for comparisons among predict@@lks and Richardson 1995yariable
selection was implemented in WinBUGS 1.4.8nn et al. 2000yising BugsXLA graphical user
interface(Woodward 2011)For the entire study period, and each of the temporgbetibds |
ran three chains and based mifgrence on 5000 samples from the posterior distribution of
parameters, after,@0 interactions were discarded. Convergence was checked using the

GelmanRubin diagnostic in WinBUG8rooks and Gelman 1998)

Results

SpatietemporalBobolink trendestimates

Posterior samples of meabundancérends over the entire study period (1988.1, Figure 3a)
were significantly negative in one of 35 census divisions (Perth), and positive in four regions
(Bruce, Simcoe, Peterbmugh, and Northumberland; Table Tjends shifted spatially among
temporal sukperiods (Figure 3ih). Generally, the number of regions with negative mean trends
increased over time (198890: 28%, 1991995: 46%, 1992000: 40%, 200R005: 66%,

20062010: 82% of 35 census divisions)hile several regions experienced significant
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abundanceleclines in one or more sygeriod (Grey, Hamilton, Lanark, Perth), more

experienced increases (StormdnindasGlengarry, PresceRussell, Leedsrenville, Hastings,

Price Edward, Northumberland, Kawartha Lakes, Peel, Simcoe), particularly in the northeastern
portion of my study area (Table 1). Several regions also experienced shifts from increasing to
decreasing@bundancérends (or vice versa) over the entire peribabfitenac, Lennox

Addington, Peterborough, Brant, Bruce).

Spatietemporal landscape change
Between 1986 and 2011, there were ubiquitous declines in the amount of hayfield (average =
25%, range:50% inPeelto -5% in Hastings; Figure 4a) and pasture lands (averaga,
range:-65% inPrescotRussellto -18% in Essex; Figure 4b). Habitat fragmentation was least in
Essex and greatest in Perth and surrounding regions. The amount of alfalfa hay relfithegyto a
types increased in 19 of 35 census divisions (Figure 4c), however, the overall ratio declined
(average =61%, range:2824% in York to 838% in Hastings). Cattle density increased in 18 of
35 census divisions, of which Bruce had a large influendb@noverall positive trend (Figure
4d; average = 77%, rang@28% in Niagara to 3476% in Bruce). On average, pesticides used
on all crop types declined (average42%, range:63% in Northumberland t22% in
ChathamKent). The slowest rates of declimepesticide usavere clustered in soutlvestern
Ontario (Figure 4e). Human populationsreasedn average 33% (range: 2% in Chathident
to 155% in York), and were concentrated in the census divisions adjacent to the Greater Toronto
Area (GTA).

Similar to Bobolink abundanctends, spatial patterns in landscape composition and

land-use intensification varied temporally. For example, hayfield loss was apparent across all
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subperiods with the exception of 20@D05, wherthe amount of hayfieldsicreagd briefly
(average = 4%, ranget0% in Peel to 37% in Chathakent). Pasture loss was also apparent in
all subperiods, except from 1991995 (average = 5%, rang®l% PrescotRussell to 98% in
Essex). Hayfield composition shifted from increases iffalaay from 19861990 (average =
17%, range:214% in Halton to 427% in Hasting) to decreases in later time periods (average =
117% per year). Similarly, cattle stocgidensity increased briefly between 1986 4860
(average = 7%, rangeB8% in Northumberland to 351% in Bruce), and has been on a steady
decline since (average-%% per year). Only in Bruce did cattle stocking density consigtent
increases over the course of my study period. Pesticide ussdniim high rates of decline
betweenl986and2001 (average 20%, range:24% in 19962000 to-19% in 19861990), to
increases between 2001 and 2005 (average = 10%, 120fgein Hastings to 45% in Niagara).
Human population growth was greatbstweenl986andL990 (average = 8%, range = 4% in
19962000 to 12% in 1984990) and least during the most recent census periods (average =

3%, range13% in York to 4% in Chathatdent).

Bayesian variable selection

Pearsob s corr el ati on pecedictols famgedifremD71 t@bd. M gariablbse
were included in the analysis. Important predictors of spegmporal patterns in Bobolink
abundancérends can be inferred from the plots of posterior probabilities of variable activity
(Figure 5). Over the entire study period (1988.1),humanpopulationgrowthwas positively
correlated with Bobolinlabundancérends, and to a lesser extdmpitatfragmentation was
negatively correlated withbundancérends (Figure 5a). By stferiod (Figure 54), the likely

important predictors shifted from latitude and hayfield amount in -19®5b, to latitude in 1996
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2001; none of the predictors | included were selected as likely important inl29862001
2005,and 20062011. Hayfield amount and latitude were both positively correlated with

Bobolink abundancérends in all instances.

Discussion

My results demonstrate thatayses performed at broad geographic extents have the potential to
homogenize ragnal variability inabundancérends, which can diminish ttadility to identify

regions and factors responsible for avaédmundanceleclinegCorace et al. 2009, Bled et al.
2013,Chapter 2. For example, at the geographic extent of the proviBabolink declined 3%
annually from 1962008(COSEWIC 2010)However, when assessejionally,Perth was
consistently identified as an important region contributing to provipojpulationdeclinesn
abundancéresults herein an@hapter 2, whereasn Bruce, Simcoe, Peterborough, and
Northumberlandvasevidence ofncreasingabundancesAnalyses performed over long

timespans can also homogenize important temporal variability in correlations between response
and predictor¢Saether and Bakke 2000, Lusk et al. 200@yably,apparent drivers of regional
abundancehange over the entire studeriod (human population growth ahdbitat

fragmentation) did not emerge as important factors in any of my temporpksiolds. This
discrepancy in result®ay be due to nelinear change or nestationarity in factors affecting

trends, which are oth@ise commonly not taken into account among landssapé trend
analysegMurphy 2003, Mineau and Whiteside 2006, Perlut 2014, Hill et al. 20dlations of
assumptions of linearity and stationarity could lead to imprecise and/or inaccurate estimates of
the risks that various threats pose &pacies or population(Lusk et al. 2002, Hill et al. 2014)

By allowing the slope of the relationship between response and predictors to vanpbyaie
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subperiod, these potentially confounding effects can be partially accommodated. Thus, results
from temporally divided analyses provide additional insight into the processes that drive regional
patterns imbundancelynamics at finetemporal scales

The positive relationship between Bobolatundancand human populatiogrowth
over the entire study period is inconsistent with the hypothesis that the multiple processes by
which humans could negatively affect Bobolink act at the spataporal sales selected here
(seeAppendix D) Conversely, Perlut (2014) identified human population growth as the most
important predictor of Bobolinkbundanceleclines in six northeastern United States over 41
years (average = 33%, range: 7% New York to 68% Nampshire). He found human
population growth was negatively correlated with all agricultural varial0e32 to-0.99), with
the exception of total corn acreage (0.10), and concluded that human population growth was at
least partially responsible for thess of cattlebased agriculture. The latter was also a good
predictor of other grassland biathundanceleclines, with the exception of Bobolink.
Correlations between agricultural statistics and human population growth, in contrast, were low
(-0.37 to 0.5), suggesting that the observed positive relationship may result from the
maintenance of farmland, natural areas, and less intensive agricultural practices in proximity to
urban centres.

The Greenbelt Protection Act was passe?d@4 may have contribed to this observed
trend(Legislative Assembly of Ontario 2004:Bill 27)he Greenbelt retains 1.8 millionras of
green space, farmlands, and wetlands in rural areas surrounding the GTA. Since its
establishment, additional cesihare funds have been provided to farmers in the affected areas to
improve water quality, wildlife protection, and reduce pesticiddiegdon. Consequently, the

Greenbelt differs from areas elsewhere in the province; the proportion of organic farms has
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increased, smaller farm sizes are maintained, and declines in cattle farming aréBi&voee
et al. 2009)

Greater habitat fragmentation walso linked to longerm Bobolinkabundanceleclines
at a regional scale. Like other grassland birds -seeaitivity and edge effects resulting from
habitatfragmentation are associated with supregsgdhdensity andesting success
Bobolink (Johnson and Temple 1990elder 1996)With fewer individuals occupying and
fledging young in small, isolated patch{éterkert 1994a, Vickery et al. 1994B0bolink may be
at a greater risk of stochastic demographic events in fragmented landscapes, which can
negatively influencgopulationgrowth rategDonovan and Thompsd001) This is consistent
with the idea thalbng-term viability of Bobolink maydepend on the maintenance of large tracts
of surrogate grassland habitat where they currently exist, and/or restoring open habitat types in
regions where they have beestlo

Across thdive subperiods, Bobolinkabundancérends varied widely (Table 1, Figure
3b-f), similar topatterns observed for Cerulearaler Setophaga ceruleamnd Reebellied
woodpeckerNelanerpes carolingsover similar spatial and temporal scalBted et al. 2013)
Factors associated with these shiftabundancéiffered from the full time series analys#s)d
included change® hayfield area and factors that covaried with latitude.

Between 1991 and 1996ends in Bobolink abundancevere positively correlated with
the quantityof hayfield, which is consistent with other lines of evidence. For examplghy
(2003) found 92% (n=25) of grassland birds exhibited at least one association between
abundancérends and habitajuantity for Bobolink, this relationship was with hayfietglantity

Given thatBobolink are upwards of-4imes more likely to be found in hayfields than any other
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surrogate grassland habitat tyj@®llinger et al. 199Q)the maintenance of hayfields on the
landscape, regardless of composition, will likely be important to Bobolink conservation.

Changes irBobolink abundancevere positively correlated with latitudkiring the
1990s consistent with the hypothesis that climdtezen gradients in plant maturation (hence,
forage harvest timing) may contribute to spatial patterns in Bobabnkdancérends
(Appendix D) In Ontario, optimal hay harvest timing is more than three wea#t®r in the
southwest than in the northeast (Nocera pers. comms.), similar to patterns found in Michigan
(Corace et al. 2009However, Bobolink fledgling dates only vary by one week over this same
geographic gradient (Nocera pers. comms.)aAssultBobolink breeding at theorthernextent
of their rangeare expected to haggeatereproductie output in hayfields thatheir southern
counterparts. Thigeographic gradient in reproductive rates canadeimportant implications
for landscap-scale management planning, siteterhay harvest in northern regions could
functionally act like birefriendly mowing practices (i.e., delayed harvest), without necessitating
humanmediated intervention or, presumably, sacrificing nutritional quafitster-cut forage.

My derived indicator of hayfield composition was slightly negative over the entire study
period, in contrast to results of some other stu@veCracken 2005, Mussel et al. 2018ne
reason for thislifference in estimates of changes infielg compositionrmay be that | arrected
my indicator for areaPrevious studies that assessed hay harvest timing and freqlie moj
find relationships between hayfield composition and Bobdinkndancérends(Herkert 1997b,
Corace et al. 2009¥%uggesting that my result is not an artifact of how the predictor variable was
derived

Results presented here corroborate those of Hill et al. (2014) and Perlut (2014) in that

overall pesticide use on the breeding grdsidid not appear to be an important predictor of
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Bobolink abundanceleclines An overall decrease in the use of pesticides, or the general
reduction in the toxicity of pesticides in the past several decan#d account fotheabsencef
arelationship(Mineau and Whiteside 20063ince pesticide risk to birds can vary
geographically, future efforts to model these effects might be aided if spatially and temporally
explicit dataon the amount, type, and application rates of various pesticides per crop type were
available.

My models primarily addressed how the loss and degradation of grassland habitat during
the breeding seasam Ontariomay affect Bobolinkpopulationabundancérends as these
factors are within the management jurisdictions of local governments. HoBeleljnk live
only a fraction of the year on the breeding grounds, meaning changes to migratory and wintering
habitats may have important effects on populatiamadyics(Webster et al. 2002)n systems
with strong migatory connectivity, habitat degradation on the-bogeding grounds would be
expected to result in high levels of local variation in the breeding seasmaancérends.
However, given connectivity between breeding andim@eding areas is weak fBobolink
(Renfrew et al. 2013) would expect changes on therrbreeding grounds to result some
degree of spatidlomogenization of trends as in the 2081 sukperiod. Thus, strong spatial
structure ilabundancérendsbetween 1986 and 1990 and 2001 2665 does not support the
notion that norbreeding ground effects are drivisgatial trend heterogeneity the breeding
grounds. Local conditions in the breeding range not modelled by my predictors may be more
likely to explain the observed spatial structure of trends during these p@iedt al. 2013)

With a growing interest in developing regionally tailored nggmaent plans for priority
grassland speci€€ooper 2007)consderation ought to be given to finscale mechanisms to

develop effective and efficient policy options to arrest or reverse dedRieggonal variability in
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Bobolink abundancérends, and the predictors identified to drive them, suggests thatsizene
fits-all approach to grassland bird conservation may not adeyaatetess threatdly results
highlightthe need for active adaptive management to accommodate complex environmental
systems that are not constant in space and(iadters and Holling 1990An active adaptive
managemerappraochwould allow resource managers to incorporate and addressaintert
regarding the causal factors that accounafmmdanceleclines, including netinearity and
nonstationarity, while reducing these uncertainties by deliberate experimentation through policy

implementation.
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Tables

Tablel: Agricultural census divisions in Ontario, Canada which display strong evidence of
increases or decreasesBiabolink (Dolichonyx oryzivorousabundancever the entire study
period (19862011) and five suiperiods (19861991, 19911996, 19962001, 20012006, 2006
2011). The direction of the arrow indicates whether the 95% credibility interval was §bpve (
below ¢ }he zero mean trend line.

O 5 o o o o
Census & 2 2 8 & ]
Division Arca 8 8 o € 2 8
ID Location name km2) & 9 9 9 & g

StormontDundas -

3501 Glengarry 3308 y
3502 PrescottRussell 2004 y
3506 Ottawa 2790
3507 LeedsGrenville 3384 y
3509 Lanark 3034 Z
3510 Frontenac 3738 % y zZ Z
3511 LennoxAddington 2841 y Z v
3512 Hastings 6103 y y
3513 Price Edward 1050 y
3514 Northumberland 1905 y
3515 Peterborough 3848 y 9y Z
3516 Kawartha Lakes 3083 y y
3518 Durham 2524
3519 York 1762
3521 Peel 1247 y
3522 Dufferin 1486
3523 Wellington 2660
3524 Halton 964
3525 Hamilton 1117 Z
3526 Niagara 1854
3528 HaldimandNorfolk 2894
3529 Brant 1093 ¥ VA
3530 Waterloo 1369
3531 Perth 2218 Z Z
3532 Oxford 2039
3534 Elgin 1881
3536 ChathamKent 2470
3537 Essex 1851

3538 Lambton 3002



3539
3540
3541
3542
3543
3547

Middlesex
Huron
Bruce
Grey
Simcoe
Renfrew
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3317
3399
4088
4513
4859
7441
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Figurel: Directed acyclic graph showing causal relationships (link and arrows) among variables
(ovals) hypothesized to account for populatdrundanceleclines in Bobolink[@olichonyx
oryzivorou$ (diamond) based on evidence in the published literature and/or stakeholder
conalltation (detailed in Chaptep.1Positive and negative indicators specify the predicted
direction of the causeffect rdationship.
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Figure2: Distribution map of North American Breeding Birmadsidesurvey routes (BBS; red

line segments) within a portion of Bird Conservation Region 13 in Ontario, Canada. Agricultural
Census Divisions (n=35) are delineated on the widtpirregular polygons. Insert bottom right:
Map of Canada indicating the location of the study area (rectangle).

































































































































