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Abstract

Landscape context can strongly influence wildlife diseasedence by
precipitating shifts in host community structure and altering mowmeroé hosts and
vectors across the landscape. The black-tailed prairie @agoMmys ludovicianjishas
undergone significant population declines due to sylvatic plageesifiia pestls and
understanding the combined effects of human-mediated landscape changease di
dynamics and host demography are crucial for the conservatidnso$gdecies. In this
thesis, | investigated putative correlates between landscapeustruand plague
occurrence at prairie dog colonies in Boulder County, Colorado during thepkafte
epizootic. | used AICc to evaluate the relative support of logisticession models of
plague occurrence, and predicted that disease occurrence waubgidiesely associated
with streams, urbanization, water bodies, roads, and isolation frompitgeie-positive
colonies. The best supported models of plague occurrence in thisrstlidied negative
effects of urbanization, streams, isolation from plague positivenms and positive
effects of prairie dog colony cover, colony area, and water baditise 250m scale.

Urban colonies were afforded some protection against plague, highdjgtitie



importance of protecting urban colonies in Boulder County. In additi@stimated
prairie dog survival rates from 2003-2006 in Boulder County in ordenvstigate the
short- and long-term effects of plague on prairie dog survivorship. Eight coloféeted
with plague in 2005-06 suffered mortality rates exceeding 99%.\&limdtes of prairie
dogs in colonies founded since the 1994 plague epizootic were not sighyfiddferent
from older colonies unaffected by plague in 1994, suggesting that daphagsignals of
plague events diminish over time. Finally, an investigation ofiprdbg survivorship in
relation to landscape and colony characteristics failed to unsay@ficant relationships
between maximum survival estimates and measures of landsoayp®sition, colony
area, and prairie dog density, indicating that, in the absence of plEngscape
characteristics may be less important determinants of pdagesurvival than are patch-
level characteristics. Taken together, these results underd@ongoing threat plague
presents to prairie dog populations in Boulder County, and suggeshehiatervening
landscape matrix plays a critical role in plague transomsiy altering terrestrial animal

movements.
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INTRODUCTION

Given the near domination of the agricultural lands and urban poputatners
that now characterizes the western United States, it is pediffipslt to imagine the
Great Plains grasslands as they once were. Early accountslyivthe first European
arrivals to the Great Plains reflect the historic extent \eamety of native grassland
ecosystems. When Francisco Vasquez de Coronado arrived in 1540 in cledneh
fabled Seven cities of Gold, he described the Great Plains in alaigti;ys, comparing
the vast tracts of grasslands he was crossing to the rollingswavan ocean, without
landmarks or an end in sight (Savage and Page, 2006). Beginning inwftincéhe
Homestead Act of 1862 and stretching to present day, grassléndthdave been
worked and altered, with native grasslands largely supplanted loylagal crops and
ranchlands (Samson, 2004). In recent decades, the “Wild West” hasvgayealong the
western margin of the Great Plains to what Riebsame and atbscsibe as the “New
West” (1997) with human populations rapidly expanding and rates of developme
many areas far exceeding that of the national average (Hahsd., 2002). This rapid
transformation and degradation of the Great Plains, while serviega@rmomic purpose
and accommodating human population growth, has also had generally unfoendate
sometimes dire consequences for native wildlife.

The conservation status of the black-tailed prairie dognomys ludovicianus)
exemplifies the negative consequences of habitat loss and degraoatgrassland

ecosystems. The black-tailed prairie dog is a diurnal colonial redewge historic range



corresponds with the short and mixed grass prairies once common imAoerica. At

the beginning of the fbcentury, prairie dogs were reported to number a staggering five
billion individuals (Merriam, 1902). Knowles and others have recentjyet that early
estimates of prairie dog abundance fell short of the true abundamtehistoric
distribution of this species, suggesting that black-tailed praggs covered 160 million
hectares or more (Knowles et al., 2002). Today, prairie dog abundanbedmasduced

to less than 2% of what it once was (Miller, 1994) while theggmahic extent of the
species has been decreased to less than 1% of its historic rahge, @00). In addition

to habitat loss, these alarming population declines can be attribatéstentional
poisoning and shooting as well as the introduction and establishmehtaticsglague in

the western US. Importantly, prairie dogs likely fill a vital role insgtand ecosystems as
both a keystone species and ecosystem engineer (sensu Paine, 1969 and Jones, 1994), and
as a result prairie dog population declines could have wide-spreadsedie closely
associated species.

Although studies have investigated both the deleterious effects gdieplan
prairie dogs (Cully and Williams, 2001) and the effects of landsstpeture on prairie
dog colonies (Johnson, 2004), few studies have yet to focus on the combined
consequences of urbanization and disease on black-tailed prairicbdoged Collinge
et al., 2005). For instance, while landscape characteristicsiassowith urbanization
have been shown to reduce the risk of plague exposure in prairi®ldogs (Collinge,
2005), the exact nature of the relationship between prairie dog daphogrates, disease
transmission, and urbanization are still poorly understood. In an etofil tthis

knowledge gap, this thesis addresses landscape effects on demogndptigease in



prairie dogs. In Chapter 1, | investigate the short- and long-ééf@cts of plague on
prairie dog survivorship using mark-recapture data collected in dBouCounty,

Colorado from 2003-2006. In this chapter, | also explore potential aisosi between
prairie dog survival and landscape and colony characteristi€hdpter 2, | investigate
putative correlates of plague occurrence in black-tailed praage colonies in Boulder
County. Using a geographic information system and logistic segne models, | model

plague occurrence as a function of landscape and colony characteristics

Literature Cited

Collinge SK, Johnson WC, Ray C, Matchett R, Grensten J, Cully JF, Gage KL, Kosoy
MY, Loye JE, Martin AP. 2005. Landscape structure and plague occurrence in black
tailed prairie dogs on grasslands of the western USA. Landscape E20tdgp/1-955.

Cully JF, Williams ES. 2001. Interspecific comparisons of sylvatic plagpeairie dogs.
Journal of Mammalogy 82: 894-905.

Gober P. 2000. 12-month administrative finding, black-tailed prairie dog. Federal
Register 65: 5476-5488.

Hansen AJ, Rasker R, Maxwell B, Rotella JJ, Johnson JD, Parmenter AW, Langne
Cohen WB, Lawrence RL, Kraska MPV. 2002. Ecological causes and consequences of
demographic change in the New West. Bioscience 52: 151-162.

Johnson WC, Collinge SK. 2004. Landscape effects on black-tailed prairie dog colonies.
Biological Conservation 115: 487-497.

Jones CG, Lawton JH, Shachak M. 1994. Organisms as ecosystem engineers. Oikos 69:
373-386.

Knowles C, Proctor J, Forest S. 2002. Black-tailed prairie dog abundance and distributi
in the Great Plains based on historic and contemporary information. Great Plains
Research 12:219-254.

Merriam, CH. 1902. The prairie dog of the great plains. pp. 257-270. Ibd@aof the
United States Department of Agriculture. Washington, D.C.



Miller B, Ceballos G, Reading R. 1994. The prairie dog and biotic diversity.
Conservation Biology 8: 677-681.

Paine RT. 1969. A note on trophic complexity and community stability. American
Naturalist 103: 91-94.

Riebsame WE,Gosnell H, Theobald D, eds. 1997. Atlas of the New West.New
York:W.W. Norton.

Samson FB, Knopf FL, Ostlie WR. 2004. Great Plains ecosystems: past, present, and
future. Wildlife Society Bulletin 32: 6-15.

Savage C, Page JR. 2006. Prairie: A Natural History. Vancouver, B.C.: GreBsiokse



CHAPTER 1
LANDSCAPE AND COLONY FEATURES ASSOCIATED WITH
BLACK-TAILED PRAIRIE DOG SURVIVAL
IN BOULDER COUNTY, COLORADO

Abstract

Despite significant population declines due to habitat loss, ddbpmsoning
and shooting, and sylvatic plague, the black-tailed prairie Gygdmys ludovicianis
continues to play an important functional role in the short and mixexs grairies in
which they live. In this study, prairie dog survival rates westerated from 2003-2006
in Boulder County, Colorado in order to investigate the short- and longetiéects of
plague on prairie dog survivorship, as well as to explore potexgsaiciations between
landscape and colony characteristics and prairie dog demograght/c&onies infected
with plague during the course of this study suffered from mortalies exceeding 99%,
underscoring the considerable and ongoing threat plague presentsirte @oay
populations. Survival rates of prairie dogs in colonies founded sindasthiarge plague
epizootic in 1994 were not significantly different from older coloniesiffected by
plague in 1994, suggesting that demographic signals of plagots @mninish over time.
Finally, an exploratory investigation of prairie dog survivorship latien to landscape
and colony characteristics failed to uncover significant melahips between maximum
survival estimates and measures of landscape composition, co&myaad prairie dog
density. These results suggest that, in the absence of plagosuee, landscape
composition and structure are perhaps less important determingmésrigf dog survival

in Boulder County than are patch-level characteristics.



I ntroduction

Black-tailed prairie dogsQynomys ludovicianjysare the most widely distributed
of the five recognized prairie dog species in N. America. Tinstorical range
corresponds with the short and mixed grass prairies once common throtlghG@reat
Plains. Prior to human interference, the geographic range ofepdaigs had remained
relatively stable for over 400,000 years, according to the fossdrd (Graham and
Lundelius, 1994), and at the beginning of th& 2@ntury, prairie dogs were reported to
number a staggering five billion individuals (Merriam, 1902). Yet thstohcal
abundance of this species stands in stark contrast to its cuatst Stoday, prairie dog
abundance has been reduced to less than 2% of what it once was, (Mi80, 1994)
while the geographic extent of the species has been constiictednere 1% of its
historic range (Gober, 2000). These precipitous population declingselédl$ Fish and
Wildlife Service to designate black-tailed prairie dogsvearranted but precluded” for
listing as a threatened species in 2000 (Gober, 2000), though theysinaeebeen
removed from consideration for listing (US Fish and Wildlife Service, 2004).

Despite their reduced numbers and dwindling habitat, black-tailedepdogs
continue to play an important functional role in relict short and myeds prairies
(Miller et al., 2000). Considered a keystone species (sensu RAB@) and ecosystem
engineer (sensu Jones et al.,1994), prairie dogs have a disproportifeciteorre the
structure and function of ecosystems relative to their abund&matkar et. al., 1999,
Miller et. al., 2000). Their burrowing activity increases plant pobeity, soil porosity,

and soil turnover, and creates shelter for small mammals (WhackkDetling, 1993).



Many species are closely associated with prairie dog calomeluding the endangered
black-footed ferretNlustela nigripey the tiger salamandeAinbystoma tigrinuin the
burrowing owl @Athene cunicularip and the swift fox Wulpes velox (Smith and
Lonomolino, 2004). In addition, studies have demonstrated that black-taiied goays
affect the diversity and abundance of a wide variety of spewegling small mammals
(Smith & Lonomolino, 2004, Conlir2005), fleas (Brinkerhoff, et al., 2008), and birds
(Agnew et al.,, 1986). Given their ecological importance, changes aimieprdog
abundance and distribution could have widespread effects on associatext speti
possibly lead to further degradation and simplification of grassland ecosystems
Prairie dog population declines are largely attributable to &taloigs, intentional
eradication efforts, and disease (Miller et al., 1994, Biggins and\K@001). Extensive
habitat loss and degradation of the native grassland ecosysteéhes @feat Plains have
significantly reduced suitable prairie dog habitat and deadeasenectivity among
colonies (Lomolino and Smith, 2003, Samson, 2004). Wide-spread poisoning and
shooting by ranchers as well as a nationally sponsored eradigatigram have further
depressed prairie dog numbers (Norris, 1987). Finally, sylvatiau@lacpused by the
bacterial pathogeryersinia pestisposes a serious ongoing threat to populations that
encounter the bacterium. In colonies exposed to plague, mortaisyatien exceed 99%
(Biggins and Kosoy, 2001). Plague events thus typically lead to\cetirpations and
an increase in isolation among the colonies that remain (Cully and Williams, 2001).
As a result of these significant pressures, black-tailed i@rdiogs occur in
relatively small, spatially isolated colonies embedded withireti@rogeneous matrix of

human-dominated habitats and remnant grasslands (Miller et al., 2009, &dl



Williams, 2001, Johnson, 2004). The current spatial structure of pdumgecolonies
coupled with observed patterns of local extinction and colonization eseggest that
prairie dog populations may constitute metapopulations (Lomolino and Smith, 2001,
Roach et al., 2001). Metapopulations are defined as groups of subpopulatioasetha
each subject to independent population dynamics and local extinction .events
Recolonization of unoccupied patches following these extinction eventssou@ur
limited dispersal events from other subpopulations (Hanski and Gilpin, 19839rding

to metapopulation theory, extinction rates are determined printaripatch size (which
limits local population size) and geographic isolation of patchesd@eand Fahrig,
2005). Yet, the landscape context within which these patches ared@sabshould
clearly also be considered (Wiens, 1997), particularly in landsclpgmented by
human activities, where animal movement may be significantly degbeby an
inhospitable intervening landscape matrix (Collinge, 2009).

Despite considerable uncertainty regarding the effect of ur#mzon black-
tailed prairie dogs, basic demographic characteristics havbeeot carefully explored
within an urban setting. To address this gap in knowledge, | developedntlogel sets
to investigate prairie dog survival in Boulder County, Colorado. Thysdraws from a
large mark-recapture dataset collected from 2003-2006 in order tdigateshe role of
black-tailed prairie dogs in the epidemiology of plague. The tbgsc of this current
study were three-fold. First, a plague epizootic that struck aglunies during the
course of this study provided an opportunity to calculate mortaditgsrin colonies
exposed to plague. Due to the sporadic nature of plague epizootidgedidd-intensive

methods necessary to estimate survival, few studies have docunwnistiastimates of



black-tailed prairie dog mortality rates in colonies affdchy plague (Pauli, 2006).
Second, | tested for demographic differences between prairiealogies that were and
were not infected during the last large plague epizootic in 199redicted that “new”
colonies, established where colonies were decimated by the 199étepizvould have
higher survival rates due to increased resources and a releas@dpulation growth-
inhibiting density effects. Finally, to investigate potential asgmris between survival
and landscape and colony characteristics, | ran simple andplauitiear regression
models. | predicted that both landscape and patch level characsenstild significantly

affect prairie dog survivorship.

Methods
Study area

Boulder County is located in the geological zone known as the Colorado
Piedmont, situated between the Great Plains and the Front Rantee dRocky
Mountains. The Colorado Front Range has experienced rapid urban grosiipissing
that of the national average in recent decades (Hansen et al., R6&ure exerted by
increased human densities and development has driven land-use changeegiotine
resulting in a complex landscape mosaic of urbanization, tiedgand dryland farming,
cattle ranching, and remnant short and mixed-grassed prairied.domversion has all
but supplanted native grasslands in the area; most lowland tadl grasie has been
converted to irrigated hayfields, while upland mixed grasslandsuaed for cattle
grazing (Bock and Bock, 1998). Although little native grassland remairBoulder

County, the County and City of Boulder have demonstrated a strong traemhito



preserving the remaining undeveloped patches as public land. Totlat€ity of

Boulder and Boulder County have jointly set aside over 16,187 ha ofagrdgsbperties
that are protected from development. Approximately 4,093 ha of this greeatsel
permanently dedicated as Habitat Conservation Areas (HCA)r&are dogs, although
the total area presently inhabited by prairie dogs is lesshbH of this. Surprisingly,
HCAs in Boulder County may represent as much as 70% of theatotaint of dedicated
prairie dog habitat set aside by state agencies in Coloi@iyp ¢f Boulder Urban

Management Plan, 2006).

Study Colonies

Twenty-four black-tailed prairie dog colonies inhabiting both shamntd mixed-
grass patches of public land within Boulder County were selectgdr@=i.1, Table 1.1).
Prairie dog colonies varied in size, relative isolation, and lapdscantext. Colony area
ranged from 5.13 to 222.95 ha in the year preceding the 2005 plague epinatbtia
mean of 53.23 + 14.3 ha and a median of 18.69 ha. Short-grass sites aratetbiny
western wheatgras®\gropyron smithj, blue gramaBouteloua gracili¥, buffalo grass
(Buchloe dactyloidgs pasture sagebrushArtemisia frigidg, and woolly plaintain
(Plantago patagonica Mixed-grass sites are dominated by blue graBaufeloua
gracilis), side-oats gramaB¢uteloua curtipendula blazing star l(iatris punctatd,
prairie sageArtemesia ludovicianga and asterAster falcatuy (Bennett, 1997; Collinge,
2000). During a previous plague epizootic reported in 1994, nine of these sohmre
confirmed plague positive and five confirmed plague negative (terthistorically

plague positive and plague negative colonies” by Markeson, 2005). When griather

10



epizootic struck in 2005, nine colonies again contracted plague, inclunhmg lsut not
all of those colonies affected in 1994. In both cases, plague drové graptilation
declines in affected colonies. These epizootics have offeredtaveqf rare opportunity

to survey prairie dog demography directly before, during, and after a plagoetepi

Figure 1.1

Black-tailed Prairie Dog Colonies in Boulder County, CO

Boq_ld_ev- :

i ]}roomfield

10 Eilometers
1

Prairie dog colonies in Boulder County. This map depicts 24 studgieslas they were in 2004,
the year before the 2005 plague epizootic. Over the course atutlg, eight of 24 colonies

contracted plague and were effectively extirpated. In 2007, another colony died off.
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Table 1.1. Prairie dog study colonies, property names, and plague status.

Colony Property Name Plague
1A Dowe Flats 2005+
2A Hall Ranch West Negative
3A Rock Creek Farm Negative
4A Heil Ranch North 2005+
5A Centennial 2005+
6A Zaharias/Thomas Negative
7A Superior Negative
8A Axelson 2006+
9A Aweida Il Negative
10A Galluci Negative
11A Flatirons Vista Negative
12A Dover Blacker 2006+
13A Kaufmann/Wood Brothers Negative
14A VanVleet/Jeffco Negative
15A Stepanek Negative
16A Culver Negative
17A Belgrove/McKenzie 2006+
18A Andrus Negative
19A Beech 2006+
20A Waneka/Kelsall Negative
30A Johnson/ Dawson 2006/07+
47A South Dam Boulder Res 2007+
60A Klein Negative

106A Ute Industrial Park Negative

Prairie dog trapping and visual counts

Prairie dogs were captured from June-August in 2003-2006 using standei-
recapture methods at 24 colonies in Boulder County. Colonies wereesafop¥ days
using a grid of 49 Tomahawk live traps, with 25-meter spacing betimdersidual traps.
Traps were baited and locked open for a period of 3 days pricapping, and between
trapping hours on trapping daysnimals were anesthetized before and during processing
following the protocols approved by the University of Colorado’s mstihal Animal
Care and Use Committee and the Centers for Disease Contrding€okt al.,
unpublished). Individuals were weighed, sexed, and measured for bodyil dedgth.

Newly captured animals were permanently marked using passiggaitde transponder

12



(PIT) tags (Biomark Inc., Boise, Idaho). PIT tag numbers warerded from recaptured
animals. A small tissue sample was cut from the ear for tigemmalyses, and
approximately 0.5-0.7 ml of blood was extracted from the femoral f@indisease
screening. Fleas were counted and collected, and prairie dogselessed at point of
capture upon reviving from sedation.

Visual counts were performed at each study colony from June-Aug@§t03-
2005 to estimate prairie dog density. Three 50 x 50m grids weltdigiséal with at least
50% of the survey area lying within the prairie dog trapping ¢iield observers arrived
at least 20 minutes in advance of beginning visual counts to alloneptags to grow
accustomed to human presence. For three consecutive days, obsewdes @rairie
dogs within each of the three grids at 20 minute intervals. Counts then summed
across grids for each sampling interval. The maximum countig@emwas determined,
and these values were averaged across the three days oingai@ual counts thus
provide a relative index of prairie dog density rather than an absolehsure of density.
Although recent advances in mark-resight techniques have improvee estimation of
prairie dog density (Magle, 2007) visual counts remains an eféeand efficient field
method for determining relative differences in density among cofienkens et al.,

1990; Johnson and Collinge, 2004).
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Survival rate estimation

Mark-recapture data were analyzed using the robust design mogebgram
MARK (White and Anderson, 1999, Kendall, 1999). The robust design model takes
advantage of information commonly collected in multi-year mackptire studies when
each session is comprised of several consecutive or nearly comsesampling days,
and the length of time between trapping sessions is longer thhm w#ssions. The
robust design method draws on two types of mark-recapture models|lyhEeber (JS)
method and the closed population models. The JS model is an open population model that
includes additions to and removals from the population (by natality,igration,
emigration, and mortality) (Pollock et al, 1990). Survival rate egbrs in this model are
robust to heterogeneity in detection probability, and are used to detesurvival
estimates for the period of time between trapping sessions (Ket@8PB). Closed-
population models, on the other hand, assume closure over the lengtlstoidyheeriod.
Unlike the JS models, abundance estimators in the closed-population models are robust to
heterogeneity in detection probability, and are used to estiatmbedance. The robust
design thus exploits information from both within and between trappirgjosssto
derive estimates of abundance, survival, and movement using maximurobkle
methods.

In this study, | developed three sets of robust design models totigates
separate but related questions pertaining to prairie dog survival, Ficreated a
candidate model set to confirm and quantify the detrimentaltefétddhe 2005 epizootic
on survival of prairie dogs. In this set of competing models, colonies g®uped

according to whether or not they contracted plague and compared to maudl in
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which plague status was not considered. Second, | created a seidafate models to
investigate potential demographic differences between colonegedfand not affected
by plague during the 1994 plague epizootic. In order to separate tkatigidt
confounding effects of the most recent plague epizootic, only tlodgeies that did not
contract plague during the study period were used in thissasdbpolonies 3, 6, 10, 11,
18, 19, 20, 30, 47, 60, 106). Mark-recapture data from colonies grouped in thiseveay w
compared to models in which all colonies were combined. Finally, toptgative
associations between landscape and colony characteristics andals@stimates, |
analyzed mark-recapture data from each of the 24 study cokepesately. For each of
the three model sets described above, | developed a similaf sahdidate models,
including time-dependent and time-constant abundance, survival, encounter,-and re

encounter probabilities.

Survival model selection

As a general modeling approach, | developed possible models for encounter
(capture) and re-encounter (recapture) probabilities (p and cctegbg, and used the
most parsimonious of these models to model survival, abundance, and movement
probabilities §, N y', andy", respectively) (Burnham and Anderson, 2002). Once
created, the support for each competing model was assessed kaikg sAInformation
Criterion, corrected for small sample size (AICc; Burnham amdefson, 2002) as
provided by MARK. AICc is a function of the model fit (quantifiedthe negative log
likelihood) that includes a penalization for increasing numbers of npadameters. The

best supported model is the one with the lowest AICc value, and afletioigm models
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are ranked relative to this one. Models within 2AICc units of thé figgported model
are considered to carry similar support (Lebreton et al., 1992). Rar atalyzed
separately by colony, | used a model averaging procedure basedade Aveights
(Burnham and Anderson, 2002) available in MARK to calculate weigkséchates of
survival and abundance per colony. These weighted estimates accountodet
selection uncertainty by including appropriately weighted predictfom® all of the
‘best’ models (Lebreton et al., 1992), which in this case were timoskels with AlCc

scores within two units of the minimum observed score.

Landscape context and colony characteristics
| developed a raster-based geographical information system) (Gl§uantify

landscape context at two spatial scales surrounding each colarigfQAlESRI, version
9.2). | created spatial buffers of 250m and 1km from the perimeter of each coldhiyn Wi
each buffer, | used the 30m resolution 2001 National Land Cover DataDNtdC
guantify urbanization. In the 2001 NLCD classification system, fout taover types are
designated as development, including a category called “open sphii | excluded
for the purposes of this study. | acquired vector-orientated filggadfie dog colonies
and streams from the City and County of Boulder and converted thteseaster files.
Raster formatted files are essentially grids of a specdedl size where each cell takes
on a value corresponding to the underlying land cover type. | re@dssdch raster file
such that the land cover type of interest was designated a valuglole everything else

was specified as 0. | then used the Zonal Statistics tool to determine thetapgecof
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grid cells composed of each land cover type found within the twaakpaffers. Colony

size was calculated using Xtools, a GIS extension application.

Statistical Analysis

Multiple linear regression was used to model the effect of lap&scontext and
colony characteristics on individual colony survival estimatesnl effort to capture the
spatial scale at which key demographic processes occur, thisrawpy analysis
included landscape metrics quantified at two spatial scales, 260mkan. Landscape
context predictor variables included urbanization, stream, and pdaigiecolony cover
surrounding study colonies. Patch-level predictor variables of mami survival
included prairie dog density within the study colonies as wellarea of the colony (in
hectares). Statistical analyses were run in R (www.R-grojg). Models were evaluated

using an AlCc, as described above.

Results
Prairie dog trapping

A total of 1506 individuals were caught in 2786 captures at 24 coloniesydur
summer trapping 2003-2006. Average within-session recapture ratesOw8ret 0.2
(mean £ 1SD) in 2003, 0.23 + 0.09 in 2004, 0.26 + 0.14 in 2005, and 0.33 + 0.16 in 2006.
| have excluded colonies decimated by plague from the calculafigreasly mean
recapture rates. These colonies, although sampled, had no capturé$,imrad would
thus skew the annual mean recapture rate. Inter-annual recaphich, nefers to the
recapture rate of animals caught in a previous year wdmdl@ass: 0.09 + 0.08 in 2004,

0.21 £ 015 in 2005, and 0.25 + 0.18 in 2006 (again excluding colonies with no captures
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in 2006). It is unclear why inter-annual recapture rates in 2004 seetew. Whether
these low rates are a true reflection of relatively poor garship during the preceding
year or whether it was a behavioral response on the part of indiypdaiee dogs was
not formally tested within the framework of program MARK. Witkiis four year study
period, there was no evidence of dispersal among colonies; no marked irdivadua

recaptured away from its colony of first capture.

Mark-recapture analyses

As expected, survival estimates in colonies suspected or confiplagnie
positive during the 2005 plague epizootic were much lower than in colbaiesscaped
exposure. Candidate models that treated the mark-recapturasdiata separate groups
(plague positive and plague negative) overall were far better sadpoased on AICc
than models treating the data as one group. Indeed, there was a 68Bferahce
between the AICc of the best supported model when the data werated@s compared
to the best supported model when the data were aggregated. Theppestesumodel
garnered overwhelming relative support, with an Alaike weight of (0r8.top model
incorporated an effect of plague, and modeled survival, capture and abundance
probabilities as fully time-dependent. Capture and recapture praiggbiliere set equal
to one another, and the movement parametersdy” were set to 0.

Survival estimates in plague positive colonies did not differ markedly fronugplag
negative colonies in the two years prior to the plague outbreak, sheweaval rates
declined dramatically in colonies that were plague-positive in 2Bi@gfire 1.2). Annual

survival estimates for colonies that were plague-negative in @08 0.40 (SE = 0.09,
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95%CI = 0.22, 0.42) in 2003-2004, 0.26 (SE = 0.05, 95%CI = 0.17, 0.37) in 2004-2005,
and 0.34 (SE = 0.06, 95%CI = 0.24, 0.46) in 2005-2006. Annual survival estimates for
recent plague positive colonies were 0.26 (SE = 0.06, 95%CI = 0.16, 03332004,

0.31 (SE = 0.05, 95% = 0.22, 0.43) in 2004-2005, and 0.007 (SE = 0.006, 95%CI =
0.0009, 0.05) in 2005-2006. The 95% confidence intervals of plague positive and
negative survival estimates overlap extensively in each timevahtexcept for 2005-
2006. During this time interval, colonies were exposed to plague andapiopalbegan

to crash, suffering from mortality rates greater than 99%igal estimates = 0.007, SE

=0.006, 95%CI = 0.0009, 0.05).

Figure 1.2
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When the mark-recapture data were analyzed according to plagoey,hikere
were no clear differences between prairie dog survival est#ett colonies that were
affected by plague in 1994 compared with those that were not. el did not
differentiate between plague positive and negative colonies were latiein supported.
The best supported model within this analysis modeled survival, capgaepture, and
abundance probabilities with full time dependence. All other modele uenable in
comparison; the next closest one had\dCc value of 21.2. The movement paramejérs
andy" in this model were set to 0, indicating that the null model (no mewé was best
supported. In this analysis, annual survival estimates were 0.28 (B85=95%CI =
0.19, 0.38) in 2003-2004, 0.33 (SE =0.05, 95%CI = 0.23, 0.44) in 2004-2005, and 0.19
(SE =0.02, 95%CI = 0.15, 0.25) in 2005-2006.

The mark-recapture data were also analyzed separately ébr adony to
determine annual colony survival estimates for use in further sisafffigure 1.3).
Estimates for individual colonies were calculated based on thepamsimonious group
of models using a weighted model averaging function in MARK. F2088-2006, the
average annual survival rate across 24 study colonies was 0.36 + O&¥ {rm@andard
error) and median survival rate was 0.34. Mean maximum survivavest®.26 + 0.061
in colonies affected by plague in 2005-2006 and 0.48 + 0.05 in colonies wedffc
plague during this time. Mean minimum survival was 0.09 + 0.043 in tla@se glague-

positive colonies and was 0.42 + 0.04 in plague-negative colonies.
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Figure 1.3

Maximum Prairie Dog Survival Rates 2003-2006
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Maximum annual survival estimates

Maximum annual prairie dog survival estimates at 24 study @adoiistimates were based on
different survival intervals depending on the colony. The thredvalinntervals were 2003-04,
2004-05, and 2005-06. In 2005 and 2006, plague was confirmed present withimstth f
colonies (on the left). There were no inter-annual recaptdaresl@ny 4A, resulting in survival
estimates near 0. 47A was confirmed plague positive followisgsthdy period. 95% confidence

intervals are shown.

Multiple linear regression analyses

| ran multiple linear regressions to model maximum colony sureiva function
of colony characteristics and landscape context. Survival essnfi@t colony 4A (Heil
Ranch) were not included in this analysis because the inter-anrasdtue rate
throughout the study period was 0, and as a result, survival estwersinreliable. In
this case, the null model had the lowest AlCc value of all the monbelicating that the

independent variables stream cover, urbanization, colony areae mtag density and
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colony density were poor predictors of prairie dog maximum surMN@ other models

were within 2 AICc units of the null model, although the simpledinegression model
including stream cover at 250m was close, withAdCc value of 2.01. The next three
best supported models were also simple linear regression madsst land cover at

250m, area of colony, and prairie dog colony cover at 1km.

Discussion

Prairie dogs in Boulder County suffered clear demographidingsc when
exposed to and infected by plague during the epizootic of 2005. From 2003-@d6, e
of 24 study colonies contracted plague and underwent severe populasbescthat
resulted in survival rates of less than 1%. These extremelynogtality rates are similar
to those observed in other studies, and underscore the considerasls plased by this
disease to black-tailed prairie dogs. Results from a separabysis indicated no
significant differences in prairie dog survival rates of indlinls in historically plague
positive colonies compared to historically plague negative coloniese Tégslts suggest
that 10 years is likely sufficient time for the demographfterences expected in newly
established colonies compared to older colonies to subside. Finallgiutis failed to
uncover associations between colony survival rates and severaldpedsnd patch-
level variables, which may be indicative of the uncertainiesurvival estimation, or a
failure to determine the spatial scale at which ecologicakgs®s essential to prairie dog
survival operate. Additionally, in the absence of plague exposure, otheh-lpeel
characteristics besides colony area and prairie dog dengity imfluence survival more

strongly in Boulder County.
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Plague and prairie dog survivorship

As expected, prairie dog survival was negatively affected gutire 2005
epizootic in Boulder County. In 2005-2006, when the epizootic was first rdporte
individuals in plague positive colonies experienced a 99% mortaliey These results
formally confirm largely anecdotal evidence that shows that hHkatdd prairie dogs are
highly susceptible to the bacterial agent of plaguepestis and suffer high rates of
mortality as a result of infection (Barnes, 1982; Cully and Wi, 2001; Biggins and
Kosoy, 2001; Antolin et al, 2006; Collinge et al, 2005). In the Gunnison’s ey
(Cynomys gunnisopiplague events have been more closely studied and are thers bett
documented, and declines generally reach levels > 97% (Lechlettiaér 1968; Cully
and Williams, 2001). Despite the relative paucity of data, pattdrdscline in the black-
tailed prairie dog seem to be quite similar. Cully and Wilsa(@001) reported, for
example, that plague outbreaks generally cause a reduction oftalackprairie dog
colony populations to less than 1% of pre-plague levels, and theybeestirte complete
collapse of colonies in the Rocky Mountain Arsenal National Wildké&uge and areas
of the Comanche National Grasslands during the plague epizooinninggin 1994. The
only published demographic account of an intensively-studied black-tarkarie dog
colony undergoing a plague event reported reductions in juvenile andaadnttance by
95-96% (Pauli, 2006). Other studies that did not directly calculmt@vership but rather
measured decreases in colony area suggest similarly dradtictions in colony area

during plague outbreaks (Stapp et al., 2004, Augustine et al., 2007).
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In the comparative analysis of newly-established and oldernieslo |
hypothesized that newer colonies would experience higher growth aoduefive rates
as a result of a decrease in density dependent effects and raasedn resource
availability following a plague event. Contrary to my predictibowever, individuals in
historically plague negative colonies exhibited no clear demograjifiezences when
compared to historically plague-positive colonies, and models tlad¢dréhe data as one
group were better supported relative to models that treatedatee as two groups.
Demographic differences in new and old black-tailed prairie dignes have been
documented in at least one other study, with new colonies showingcsgtif greater
survival and recruitment rates (Garrett et al., 1982). A statdlgwing the growth and
life-history changes of Gunnison’s prairie dogs immediately fallgva plague epizootic
suggests that the higher population growth rates seen in new col@ngeslwe to higher
juvenile growth and survival rates (Cully, 1997). Although this body s#arech suggests
that newly founded prairie dog colonies may often be characterizedybgr fecundity
and survivorship following plague events, these studies generally lcakedlonies
immediately after recolonization, and it is unclear how long ethdemographic
differences might persist. In this current study, nearly 1@sykad passed since plague
decimated these historically plague-positive colonies.

At least two factors might help to explain the diminishing demogcagifect of
recolonization. First, black-tailed prairie dogs reproduce annuaitiyyéile only 35% of
female yearlings copulate, older females generally giva borapproximately four pups
per year, for up to 6 years (Hoogland, 1995). With such high reprodueties, it is

perhaps not surprising that there is little support for a dembgraignal in colonies that
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were previously extirpated by plague in 1994. Second, historicallyug@laggative
colonies may not have reached critical thresholds in densitysounee availability at
which survivorship would be expected to decrease. In this study, resauadability
was not assessed, and prairie dog densities were not compare@rbétatrically

plague positive and plague negative colonies.

Prairie dog survivorship in a relatively urbanized area

Annual prairie dog survival rates in Boulder County varied considerably among
colonies, but were on average lower than survival rates reported elsewhenrerShip
in black-tailed prairie dogs follows a peaked curve for both sexes (Hoogland, 1995)
Juveniles generally have the lowest rates of survival, while yeaHmgsthe highest,
and survival rates slowly decline in subsequent years (Hoogland, 1995). In one well-
studied colony in Wind Cave National Park, South Dakota, survivorship was
approximately 50% for juveniles, and peaked at 69% for 2-year-old females. In this
study, cumulative cohort-specific life history tables were createdlmasdetailed
demographic data collected over 14 years. (Hoogland, 1995). At two other colonies
located in this region, survivorship of prairie dogs during a two-year study raoged fr
67%-97% for adults and 49% to 90% for juveniles (Garrett, 1982). In Boulder County,
annual prairie dog survivorship in the 24 study colonies was 0.36% + 0.04 (Mean + SE)
and a median survival rate of 34%. Clearly, high rates of mortality associgteplague
explain to some degree the lower survival rates. However, this reasoningrape
insufficient, since the average maximum (i.e. pre-plague) survival4@® £ 0.05) was

also lower than the survival rates reported by Hoogland and Garrett.
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Although substantial variation in estimates and differences irhadetogy
clearly preclude direct comparison, lower observed survival m@tgzrairie dogs in
Boulder compared to those reported in other studies is highly suggdstese slightly
lower survival rates may reflect differences in habitat qualitd landscape context that
might lead to decreased survivorship. Many of the black-tailedigrang studies in
which survival rates have been directly documented have taken plagasslands in
national parks and national grassland systems that are, rglaspelking, more
undisturbed than Boulder (e.g. Wind Cave National Park, Hoogland, 1995; Thunder
Basin National Grasslands, Pauli, 2006). In contrast, colonies in Baaeeelatively
small and embedded in an urbanized landscape matrix (Johnson and Caliodg,
Prairie dog densities in Boulder have been shown to increase in regpdmasbitat loss
and sharp urban-colony boundaries, and densities in more urban sitesbatantially
higher than those reported from more remote sites (Johnson and €adgt). Another
study reported that individuals in an urban colony had a significkmwer average body
mass compared to individuals inhabiting a rural one, suggestingeditks in habitat
quality (Dawson, 1991). Although it seems logical that individuals bamrcolonies
might experience lower survival as a result of crowding effectslecreased habitat
quality, much work remains in order to understand the relationship &etwbanization
and demographic rates in prairie dogs. Moreover, to fully investidifferences among
prairie dog survival rates in urbanized vs. relatively naturaldeapes, sampling in these
different landscape types would need to occur simultaneously epdoye similar

sampling methods.
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Linear Regression Models

Results from the linear regression models indicate no signifidiauetar
relationships between maximum survival estimates and landscape @ody c
characteristics. There are several potential reasons whg #gdanatory variables
proved to be poor predictors of survival. First, in terms of landsaaptexd, prairie dog
survival may be more dependent on unmeasured patch level chatastéhan on the
surrounding landscape. In fragmented systems, connectivity amongt hadithes is
thought to be a key determinant in species persistence (Soule, 198&8ya@mewhich
survival might be higher in more connected colonies, for examgpleiai an influx of
healthy immigrating individuals with higher individual survival seatelowever, animals
that are large-bodied and exhibit an intermediate amount of moveromds athe
landscape are expected to be more heavily influenced by landsmagp@sition than
small-bodied animals that move less frequently (Crooks, 2002). Dedpmrents may
indeed be essential to the persistence of prairie dog metapopuyl&iibes by rescuing
declining populations or recolonizing empty patches. However, it iseandhow
frequently prairie dogs disperse, and dispersal attemptdbmagre in urban landscapes
(Magle, 2007). This may explain why the potentially positive impadtconnectivity
(and the negative ones due to urbanization) were not predictive ofaurvihis study.
Moreover, the best supported model of prairie dog density in Johnsorysirstided a
squared term for road density (Johnson and Collinge, 2005) suggestirignithecape
effects on survival may be non-linear and thus not captured in simglealtiple linear

regression models.
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It is perhaps more surprising that there was no observed linediomship
between survival rates and prairie dog density within coloniessib/-dependent factors
regulate populations by increasing mortality or decreasirmgityahs population density
increases. High population densities can lead to shortages in foodcessancreased
predation, and a greater intensity of intraspecific social ictieres (Pulliam, 1994).
While prairie dog survival might be expected to decrease with incredsnsity, the lack
of a clear relationship does not preclude density dependence, sprogluctive rates
rather than survival rates may decrease in response to exdassiors, as suggested by
Lack (1954).

One of the many complicating factors in this simple analgdisat study colonies
are of different ages as a result of plague outbreaks. In nestdplished colonies,
densities, adult survival, and reproductive rates have been obsehveddiatively high
even when overall abundance is low (Garrett et al., 1982), presumaltly difierences
in resources. Although newer and older prairie dog colonies didexioibit clear
demographic differences in this study, differences in colony ageurce availability,
and predation pressures could obscure relationships between survival and density.

Understanding the mechanisms that affect vital rates is foedt@l to the study
of population biology. The aggregate of individual mortality and reproductues
dictate population growth rate, which is a parameter of fundameneakst for those
charged with the difficult task for managing threatened or mieglispecies (Sibley and
Hone, 2003). Population growth rates can vary greatly from one genet@atiba next

when unpredictable extrinsic factors such as plague events sposkatiikallplace. Such
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variation in time and space can have profound effects of populati@miys and thus

may be important components of conservation management plans (Rhodeduwand
1996). Studies of the natural history of black-tailed prairie d@y® lyreatly increased

our understanding of prairie dog ecology in natural systems. Howeitér,few but
notable exceptions (Johnson and Collinge, 2005; Magle 2007, 2009; Brinkerhoff, 2008),
prairie dogs inhabiting urban areas have been largely overlookesseasrch subjects.
Given the continued risk to prairie dogs posed by plague, further igatsti of the
disease ecology of prairie dogs in urban settings may betektimportance for the

conservation of this species.
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CHAPTER 2
LANDSCAPE EFFECTS ON PLAGUE OCCURRENCE IN

BOULDER COUNTY, COLORADO

Abstract

Landscape context can strongly influence disease incidence hpgathits in
host community structure and impeding or facilitating movement afsharsd vectors
across the landscape. In this study, | investigated associdiemseen landscape
structure and plague occurrence at black-tailed prairie dog eslamiBoulder County,
Colorado during the 2005 plague epizootic. Drawing on previous research dibme in
system, | predicted that plague occurrence in Boulder County would deivedy
associated with streams, urbanization, water bodies, roads, andomsdfain other
colonies exposed to plague. | used AICc to evaluate the relatpygod of logistic
regression models of plague occurrence. The best supported moplelgus occurrence
included negative effects of urbanization, streams, isolation fromu@lapositive
colonies and positive effects of prairie dog colony cover, colors; arel water bodies at
the 250m scale. In direct contrast to previous work in this systetar Wwadies in this
analysis exhibited a positive relationship with plague occurremaicating that
increased urbanization may shift the balance with regard dorelative effects of
landscape characteristics on plague risk. Taken together, #mdes rsuggest that the
composition of the intervening landscape matrix in Boulder County, Colorads pla

critical role in plague transmission.
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I ntroduction

Habitat loss and fragmentation are widely acknowledged asttest threats to
biodiversity (Wilcox and Murphey, 1985; Harrison and Bruna, 1999). Human-mediate
landscape change is the main driver of this ubiquitous phenomenon, aadyirareas of
North America, pressure exerted on natural systems due to wtiamiaccounts for
observed reductions in the abundance, diversity, and distribution of sfezezh et al.,
2000). Coincident with this wide-spread human-induced landscape change, kautdrea
wildlife disease as well as the emergence of zoonotictintexdiseases are also on the
rise (Daszak et al., 2000; Dobson and Fouopoulos, 2001). Such diseases in turn pose
further threats to wildlife species and endanger human health éPatlz, 2004). A
growing body of evidence suggests that these processes areyircasas, closely linked
(Patz et al., 2004), and attests to the growing importance of umibngiahe effects of
landscape structure on disease dynamics (Wilson et al., 1994; Collinge et al., 2005).

Landscape epidemiology is a discipline that focuses on diseasmpattross the
landscape, and as such offers an approach that is particuldirisuted for uncovering
relationships between landscape structure and disease dyn@oiresd in the 1930s by
the Russian parasitologist, Pablovsky, landscape epidemiology cemterspatial
variation in infection risk and disease incidence (Pablovsky, 1966, B862; Ostfeld et
al., 2005). Renewed interest in the field reflects a growing ajgpien for the inherently
spatial process of disease spread. Many disease-causing pathogelependent upon
contact with susceptible hosts for disease transmission and greeseistAs a result,
spatial variation in the abiotic and biotic conditions that goverhdtmsndance, survival,

and movement are critical components of disease dynamics, (B@328). Moreover,
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vector-borne diseases, including malaria, dengue, and yellow fedramsmitted by
arthropod vectors that are highly sensitive to environmental conditionsaranthus
closely linked to spatial variation across habitats (Gubler, 20@dportantly, these
relationships are often not only influenced by conditions occuatray highly localized
scale, but also at a landscape scale (Ostfeld et al., 2005).lyClaarcomplete
understanding of disease incidence and risk in some disease systprnnes a detailed
knowledge about the effect of landscape context on the hosts, pathogensctansl ve
involved.

One of the best-studied examples of the effect of landscape compasitthe
prevalence of wildlife disease is Lyme disease. Lyme disssaa multi-host tick-borne
zoonosis caused by the spirochBtrelia burgdorferi It is the most common vector-
born disease in the US, and its rapid emergence has been linaad-itse patterns such
as the development of wooded areas and farmland reforestatiore(G208)1). Changes
in the size and landscape context of forest fragments in the Bstthave precipitated
shifts in host abundance and species composition, with important impledtr disease
incidence (LoGiudice, 2003, Collinge, 2009). Smaller forest fragmempost high
densities of the most competent reservoir host species, the wbieelf mouse
(Peromyscus leucopuslgading to a higher proportion of infected ticks (Allan et al.,

2003).
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Another zoonotic disease strongly influenced by landscape composipilagise.
Plague is a vector-borne disease that is transmitted withi@ong mammalian species
via the bite of an infected flea. Caused by the bacteN@nsinia pestisthis virulent
disease can infect most mammalian species and is carriexvdyy80 different flea
species (Eisen and Gage, 2008). The distribution of plague is worlgtadeg greatly
expanded since the 1880’'s (Gage and Kosoy, 2005). It is now endenm@ny
previously unaffected areas including portions of South America, SduttaAand the
western United States (Dennis, 1998). Prior to the development ofo#intbithree
massive pandemics scoured Europe and Asia, the largest of whichadllestimated 75
million people (Benedictow, 2004). Public fear surrounding the diseasdl &cate in
areas where antibacterial medications are scarce, as exiddudng the mass hysteria
following an outbreak of pneumonic plague in India in 1994 (Gage and Kosoy, 2005).

Introduced to North America in the early 1900’s through the portSaf
Francisco, plague is thought to have established in commensal rodérgscity before
expanding eastward to around the @eridian (Cully and Williams, 2001, Adjemian et
al., 2007). By the time plague had advanced across the Rocky Moumdinst@ the
grasslands of Colorado in the 1940s, a surveillance program had beenppadeirto
investigate potential reservoir wildlife hosts (Adjemian et2007). Yet, over 60 years
later, and in spite of important advances in plague researale (&& Kosoy, 2005),
basic questions about the dynamics of this disease still reF@irexample, aspects of
the transmission cycle in natural systems are still poorlgnstolod. Plague has for some
time been thought to persist in an enzootic state between outbreakdjgdyt residing

in host species that exhibit moderate to high resistance tdislkease. Occasionally,
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plague will move from these maintenance hosts into susceptibleespsparking an
epizootic (Barnes, 1982). However, no reservoir species have been edeiifd there is
no convincing evidence that there are separate enzootic and epizootic plagnessmn
cycles (Gage and Kosoy, 2005; Cully et al., 2000).

Although many questions remain about the epidemiology of plague, mgoént
has advanced understanding regarding the landscape ecology of tise.disgasearch
investigating associations between landscape structure and plegueence at black-
tailed prairie dog colonies in Philips County, Montana, and Boulder CoGQatprado,
Collinge et al. (2005) uncovered similar landscape correlatesefise occurrence in
both systems, despite marked differences in the landscape ehatst of each study
area. In both study systems, plague occurrence was negatgelgiaied with streams,
water bodies, roads, and isolation from other colonies infectedplatue (Collinge et
al., 2005). In both cases, the largest of the spatial scales imedtikm) emerged as
the most predictive of plague occurrence. Over 20 years of ptagugrence data were
compiled using confirmed and suspected cases of colony die-offnedbthiom the
Centers for Disease Control (CDC) and local management rg€otimge, 2005). This
study provided a strong indication that landscape context influences plague moeurre

In the present study | re-visit the question of landscape cosetdtelague
occurrence while departing in two important ways from previous weirkt, in this
current study, | employed a novel approach (but see Stapp et al., 2004gunstide et
al., 2008) to determine plague events in prairie dog coloniesZ0fY5-2006 in Boulder
County using GIS shape files initially created for pratimy management purposes.

Using this technique | was able to account for every colonytedewith plague during
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the study period, and was not limited by the sometimes incompbjeerecords kept

by city and county officials. Second, | investigated associatlmetgveen landscape
structure and plague occurrence at a different spatial scalentt@2ollinge et al. (2005)

In this study, | developed logistic regression models at thraias scales: 250m, 500m,

and 1km, whereas in Collinge et al. (2005) the scales used were2kkmand 3km.
Based on this previous work, | predicted that plague occurrence during the 2005 epizootic
in Boulder County would be negatively associated with streams, uabianiz water

bodies, roads, and isolation from other colonies exposed to plague.

Methods
Study area

Boulder County is located on the Colorado Piedmont, between the Gaeet P
and the Front Range of the Rocky Mountains. In this region, remnant patches ahshort
mixed-grass prairie habitat are embedded in a heterogersulscape matrix of urban
development, agricultural lands, and residential neighborhoods. Therdit€a@unty of
Boulder, recognizing the importance of the remaining grasslandsifaliversity,
recreation, and traditional land use, jointly have set aside over 16487 protected
grassland and mountain properties. Approximately 4,093 ha of this greearbelt
permanently dedicated as Habitat Conservation Areas (HCAd)r&mie dogs. Outbreaks
of plague are episodic in Boulder, and have occurred approximately ssxg to ten
years. The most recent epizootic struck in 2005, with new suspedesl i@ported as

recently as summer 2008.

39



Plague Occurrence Data

| created a geographic information system to determine plagréseat prairie
dog colonies in Boulder County, Colorado. The City of Boulder and Boulder County
conduct annual surveys of prairie dog colonies on their land by mappirently active
burrows along the perimeter of colonies. This method of annual, ondhaegyicolony
mapping provides documentation of the spatial dynamics of prairiecdlmgies in
Boulder County. Prairie dog colonies naturally contract or expand te satent from
year to year. However, because sylvatic plague is the only knatunal cause of rapid
colony die-offs (Hoogland, 1995, Cully and Williams, 2001), when coloniesaraged
lands rapidly decline or disappear from one year to the nextlikely due to colony
exposure to the bacteria. Prairie dog maps from 2004-2007 were obtained froiy de ci
Boulder and Boulder County and were analyzed to determine the fai@clofcolony
during plague epizootic that began in 2005. All spatial analyses co@ducted using
Arcinfo (ESRI, 9.2).

Some data manipulation was necessary in order to follow indivichlahies
through time. In this work, | chose the individual colony rather thamraptex of
colonies as the unit of study (Snall, 2008). This choice was mauhetibecause patterns
of fragmentation in the relatively urbanized area of this sarég tend to preclude the
existence of the larger complexes typically observed inivelg undisturbed grasslands.
Colonies that were composed of separate but closely-spacedefragiocated within
50m of one another were considered as single colonies. Areas ofyastiparated by
more than 50m were defined as separate colonies. A step-wies € clips were

performed to determine percent reduction of colonies from 2004-2007. Aycolas

40



assumed to have contracted plague if the active colony arezadedrby more than 70%
from one year to the next. Prairie dog colonies exhibit spatiataring (Collinge, 2005)
and as a result may possess some degree of spatial autaoorrdlatcorrect for this and
to insure independence among colony data points, | randomly chose anguib-sf the
prairie dog colonies for further analysis. | used a randomizedivearocess to remove

colonies from the analysis that were within 200 meters from one another.

Landscape composition and colony characteristics

A raster-based GIS was created to analyze the landscape contmxtdung each
colony using Arcinfo (ESRI, version 9.2). Spatial buffers of 250m, 500m, andnEtm
delineated around the perimeter of each study colony. Within thesse dpatial buffers |
guantified percent land cover of urbanization, lakes and reservoiamstreoads and
prairie dog colonies. The National Land Cover Database (2001 )ea dasabase of 30m
resolution, was used to estimate the amount of urbanization withintudg area.
Developed land in this database is divided into four categories:spaee, low-intensity
development, medium-intensity development, and high-intensity developmemgn “O
space” is defined as developed areas in which impervious coveurasdor less than
20% of the land cover, and includes parks, reserves, golf courses, anceotbational
areas. Since prairie dog colonies occupy a significant portion dioflen space” land
cover, this developed land cover type was excluded from the analybenization was
thus categorized as low- to high- intensity developed land. | obtagsedvoir, stream,
and prairie dog colony data files from the city and county, and ceavénese into a

raster file format. | also acquired data files of major amador roads from the Colorado
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Department of Transportation and converted these into a rastéfhdee files were re-
classified into a binary raster format such that each gridcoeitaining a given land
cover type was designated 1 while all others were designatethén used the zonal
statistics tool in Arcinfo to calculate the mean number al galls (percent cover) of
each land cover type surrounding each study colony.

| quantified colony characteristics using Arcinfo and a Gl®msibn application
named X tools. Colony area was calculated in hectares. In additaeteimined the
distance from each study colony to the nearest plague pasilimey. Referred to as the
“effective epizootic isolation”, by Collinge et al. (2005), this aste measures how
close study colonies were in relation to plague positive colonieydhe before the
outbreak of plague. For example, the distance from a plaguevpasttidy colony to the
nearest plague positive colony in 2005 is measured as the distance betwe&olthdes

in 2004. For more information on this isolation metric, refer to Collinge et al. (2005).

Statistical Analyses and Model Selection

Logistic regression was used to model plague occurrence in Batddenty as a
function of colony characteristics and landscape composition a¢ gpatial scales.
Predictor variables were chosen based in large part on previgue macurrence work
carried out in this system (Collinge et al., 2005). Candidate mod#isled at least one
of the following predictor variables: colony area, distance toeseéglague positive
colony, percent cover of lakes, streams, roads, prairie dog colonyrlzandzation. No
more than four independent variables were included in any candrtatel to reduce

over-fitting. Due to high spatial autocorrelation across scal@sh spatial scale (250m,
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500m, and 1km) was analyzed separately. | used Pearson’s Corretetificients to test
for collinearity between predictor variables within each scahel between scale-
independent predictor variables. Percent urbanization and road coverhigaig
correlated and as a result were not included together in anyian8dece the maximum
likelihood fit to the logistic regression model is extremelyssgve to outliers (Pregibon,
1981), and can lead to non-informative yet significant results, mievea the data for
such influential points. Overly-skewed data was log transformed. nAl-spatial
statistical analyses were performed in R (www.R-project.org.).
| used a model selection approach to evaluate the relative suppodclof e

candidate model given the data. Candidate models were ranked ardedaiging an
Aikaike’s information criterion adjusted for small sample s{2¢Cc, Burnham and
Anderson, 2002). AICc provides a measure of model quality that tak®saccount
parsimony and goodness of fit. The model with the minimum AICc vialselected as
the best supported model given the data. Models within 2 AICc units obdke
supported model are considered to be similar in their abilityldscribe the data
(Lebreton et al., 1992). | calculated Akaike weights of the indepemdeiable and the
three spatial scales following Anderson (2000). Although an AIC vialyaovided
automatically in R, | calculated it separately as recomneebgeStafford and Strickland

(2003).
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Results
Colonies affected by plague

In 2005, a plague epizootic in Boulder County originated from or enteredhato
north-central part of the County, in the foothills near Lyons, Cdtor&rom 2005-2007,
plague progressed generally from northwest to southeast acrossotingy, with
suspected cases reported as recently as summer 2008 (Whitney Jgiersonal
communication). Using prairie dog colony maps made in 2004, 175 individual prairie dog
colonies were identified in Boulder County (Figure 2.1). Of these, t88eacolonies
were randomly selected and tracked from 2004-2007. A total of 59 col@iieg)
were extirpated by plague over the study period. In 2005, 18.1% (25/188)oafes
were struck, in 2006 another 18.1% (25/138) struck, and in 2007, 6% (9/138) were
struck. Colonies identified in this study and affected early inotitbreak were located
just east of the Foothills. As the epizootic progressed, colonitefieast and south of
the original cases were extirpated, creating a distincia$pattern of plague movement

from west to east.
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Figure 2.1

Plague Occurrence at Prairie Dog Colonies, 2005-07

LES
o

Plague occurrence in Black-tailed Prairie Dog c@srirom 2005-2007 in Boulder County, Colorado.
Plague positive colonies are shown in differenbcohls indicated on the legend. The plague epizooti
began in 2005 and proceeded to cross the courtly eastern-southeasterly direction. Major roads and
areas of urbanization are also shown.
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Univariate analysis

Colony characteristics differed between prairie dog colonidsdidaand did not
contract plague over the course of this study (Figure 2.2). Plaguexpasitonies were
on average larger than plague-negative colonies (p= 0.04, t statisficdlf.=136). The
mean colony area for plague positive colonies was 25.83ha * 6.82 (nstgmwhile for
plague-negative colonies it was 14.22ha + 2.6. As expected, distanbe twearest
plague positive colony was also significantly correlated widtgue occurrence. Plague
positive colonies were on average significantly closer to othguel@ositive colonies
than were plague negative colonies (mean distance plague positive= 2.65km * 0.39, mean
distance plague negative=4.54 = 0.27, p<0.001, t statistic= -4.12).

The landscape context of plague-positive and -negative coloneslifflsred in
this univariate analysis (Table 2.1). The most pronounced differeiaadscape context
of plague-positive and plague-negative colonies was in percent covanization.
Plague-negative colonies were, on average, surrounded by moteitteathe amount of
urbanization than were plague-positive colonies. These differemcaneans were
significant at each spatial scale tested (at 250 m scale, p=0K@afistic= -2.47; at 500m
scale, p= 0.003, t statistic= -2.77; at 1km scale, p= 0.002, t staf2zs@l, d.f. for all
scales= 136, see table 2.1 for means). Similar trends emergeertemt road cover
surrounding plague-positive and —negative colonies. Although the differesgcesess
striking in this case, plague-negative colonies were surroundedobs mad cover at
each of the spatial scales than plague-positive colonies (at 256al®, p=0.36, t
statistic= -0.35; at 500m scale, p= 0.005, t statistic= -2.56; at sdate, p= 0.005, t

statistic -2.62, d.f. for all scales= 136). However, despite smtéreinces between
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plague-negative and positive colonies in the mean percent cover ¢ pig colonies,
lakes, and streams, these differences were not significaht tivdtexception of stream
cover at the 250m scale. In this case, plague-negative coloniesweyanded by more
stream cover on average than plague positive colonies ( p= 0.005sticsta®.6, d.f.=

136).

Figure 2.2
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Mean landscape and colony characteristics for plague positive aativeegplonies. Shown here
is the mean colony area in hectares and distance to neagse glositive colony in meters.
Standard error bars shown.
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Table 2.1 Landscape characteristics of plague positive andveegatbnies. Mean percent cover

is indicated + SE

L andscape Cover and Scale Plague Negative Plague Positive
Prairie dog colony at 250m 0.026 + 0.0080 0.021 £ 0.0048
Prairie dog colony at 500m 0.034 £ 0.0078 0.036 £ 0.0079
Prairie dog colony at 1km 0.049 £ 0.0105 0.057 £0.0149
Lakes at 250m 0.012 + 0.0054 0.018 + 0.0066
Lakes at 500m 0.017 + 0.0063 0.025 + 0.0084
Lakes at 1km 0.021 +0.0057 0.021 £ 0.0070
Urbanization at 250m 0.086 +0.015 0.038 £ 0.012
Urbanization at 500m 0.100 +0.016 0.041 +0.011
Urbanization at 1km 0.124 £ 0.018 0.053 £0.014
Streams at 250m 0.002 + 0.0002 0.001 + 0.0002
Streams at 500m 0.002 + 0.0002 0.001 + 0.0002
Streams at 1km 0.002 + 0.0001 0.001 + 0.0002
Roads at 250m 0.002 + 0.0002 0.002 + 0.0003
Roads at 500m 0.003 + 0.0003 0.002 + 0.0002
Roads at 1km 0.003 + 0.0003 0.002 + 0.0002

Multiple Logistic Regression Analysis

Multiple logistic regression was used to model plague occurrendg@oulder
County as a function of colony characteristics and landscapeblesriat three spatial
scales. The best supported candidate model, using AIC for modeimel@acluded a
negative effect of distance to nearest plague-positive colony, dveegtect of percent
cover of streams, a negative effect of percent cover of urbiemzanhd a positive effect

of percent cover of prairie dog colonies within a 250m buffer surrounsiamgple
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colonies. Candidate models withiAICc of 2 are considered to have similar support and
were considered indistinguishable from one another. In this analysssical candidate
models shared similar predictor variables with identical eféggns. Each included a
positive effect of percent cover of prairie dog colonies, and a megefiect of percent
cover of urbanization, and each was at the 250m scale. In caotthst best supported
model, however, other similarly supported models included a positive effeolony
area and percent cover lakes on plague occurrence.

In addition to ranking the candidate models based on the relafyp®is of each
model given the data, Akaike weights were calculated for eaclpendent variable as
well as each spatial scale tested (Table 2.2). Percentaowdyanization and prairie dog
colonies within 250m of study colonies were the two best predictorag@i@loccurrence
(Wavg= 0.027 and 0.026 per model, respectively). Stream cover ranked third ameong t
most predictive independent variables with a weighted Aikaike weafjla.011 per
model. When separated by spatial scale rather than individuablegrmodels including
variables measured within 250m of study colonies were by far ts¢ predictive of
plague occurrence, garnering close to 99% of the support in comparig@n300m and

1km scales.
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Table 2.2 Best supported logistic regression models of plaguereace in prairie dog colonies
using AICc criterion.

Aikaike
Model Scale AlCc dAICc Modd
Weight
Distance( - ), Streams ( - ), Urbanization (
), 250 m 83.08 0.00 0.19
Colony (+)
Distance( - ), Area ( + ), Urbanization ( -),
Colony (+) 250 m 83.09 0.45 0.15
Distance( - ), Lake ( + ), Urbanization ( -),
Colony (+) 250 m 83.93 0.84 0.12
Distance ( - ), Urbanization (-), Colony (
+) 250 m 84.24 1.14 0.11
Area (+) Streams ( - ), Urbanization ( -), 250 m 84 46 136 0.09
Colony (+) ' ' '
Streams ( - ), Lake ( +), Urbanization ( -), 250 m 85 04 1.95 0.07
Colony (+) ' ’ ’

Discussion

Plague occurrence in black-tailed prairie dog colonies was sigrtlffc@ssociated
with landscape metrics and colony characteristics in this s#slypredicted, plague-
positive colonies were larger in size (colony area coveredweend located closer to
other plague-positive colonies than plague-negative colonies. Aatbseodels and
spatial scales, there was a well-supported and uniformly negé#fieat ef urbanization
and stream cover on plague occurrence. The percent land cover & gogircolonies
was also highly predictive of plague occurrence. Although thezeo#rer plausible
hypotheses, the most likely explanation for these results ightbatomposition of the
intervening landscape matrix facilitates or impedes movement t§ bod vectors. All
models with similar support relative to the best supported candmdatkel (within 2

AAIC units) were at the 250m spatial scale, indicating thatatiaspects of local plague
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dynamics may take place at a relatively fine scale. Ttugysgenerally reaffirms
associations observed in previous work in this study system withignécant and

unexpected departure. Previous work showed a negative associationsobhagiague
occurrence, whereas this study demonstrated a positive effedtesf dn plague risk in

prairie dog colonies.

Colony characteristics and plague occurrence

Plague-positive colonies were larger in area than plague-negailonies, and
colony area was included in three of the six top models thatvest similar support
using AICc. This result was expected, as several other stulliesfand positive
relationships between colony area and disease risk (Cully andm&|12001; Smith and
Lomolino, 2001; Stapp et al., 2004, Collinge et al., 2005). It has been sugdested t
larger colonies may sustain a higher abundance of putative resgpecies for plague,
such as deer mic&éromyscus maniculatysand their associated flea species (Collinge
et al., 2005). In this scenario, more host individuals might lead to esas®in contact
rates between prairie dogs and infected small mammals er Be@r mice have garnered
much interest as a reservoir species for plague becausexhibyt variable resistance to
infection and are both abundant and ubiquitous (Gage and Kosoy, 2005). Yet, although
deer mice were relatively more abundant at prairie dog cadayg than in paired off-
colony sites prior to the 2005 epizootic, there is still a lackcarhpelling evidence
implicating deer mice in plague epizootic transmission (Gagekasoy, 2005). Another
explanation that might explain this pattern is that larger eoé@nies may attract more

infected prairie dog dispersers or predators, potentially becdiusgher quality habitat
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or higher colony densities (Collinge et al., 2005). Whatever théamém, the fact that
larger colonies are more likely to contract plague presentkebas to the conservation
recovery efforts of closely associated species, including the gewkh black-footed
ferret, which requires a minimum of approximately 50 ha of bladke prairie dog
habitat to survive (Miller et al., 1994).

In this study, as in previous work in this system, plague events were spatially
clustered across the landscape. Colonies located in closer proximity to exposegscoloni
were more likely to contract plague when compared to more isolated colonies. Modeling
efforts of plague incidence in humans and prairie dogs indicate that climaaiclear
including temperature and precipitation influence plague outbreaks in masyptre
western U.S.(Enscore et al., 2002; Collinge et al. B0Bball, 2008). Increased small
mammal abundance following an increase in plant productivity may provide the biotic
link between rainfall and transmission if higher small mammal abundanceasesre
transmission (Collinge et al., 2065 In Boulder, however, the influence of precipitation
on plague occurrence is less clear, potentially because landscapeesisuctare
influential than weather. Incomplete transmission among closely sitgategds of
colonies may indicate that epizootics are not wholly driven by intra-sp&eifismission
among prairie dogs (Cully and Williams, 2001). Moreover, during outbreaks, plague
travels exceptionally quickly through colonies, and can reportedly cover ldagaks
(Girard et al., 2004). Whether an amplifying small mammal host or fleaespsminmon
to prairie dogs passes plague from colony to colony in a step-wise fashiodatope
simultaneously spark local transmission events in clusters of colonies, théstétian

is clear. Plague spread is non-random at the landscape level, and exhibits gatiahg s
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clustering pattern that suggests epizootics are driven in part byrat@simal

movement.

Urban land cover and plague transmission

Urbanization, as measured by the amount of urban land cover surrounding
colonies, was negatively associated with plague occurrence in B&ddaty during the
2005 plague epizootic. This observed pattern was particularly stikitigat colonies
that did not contract plague over the course of this study were surrdoydmd average,
twice the amount of urbanization as colonies that did contract tleasgis Several
mechanisms may explain this pattern. First, urbanization mpgdenmovement of the
hosts and associated flea vectors that carry plague (Collingk, €005, Cully and
Williams, 2001). More heavily urbanized areas may create l\sacriers that decrease
movement of infected prairie dogs or other closely associafedtive rodent species.
An inhospitable intervening landscape matrix might also induce behlkesponses in
animals that could lead to decreased movement in urbanized areast Rechanistic
studies show that urbanization modifies the behavior in songbirds (SlabbeRO0B),
but few other studies to date have reported on the behavioraleshahgnimals in
response to urbanizati@er se In Boulder, the effects of urbanization on wildlife species
are highly species specific (Johnson, 2004). Regardless, therle#s aansensus among
landscape ecologists that the composition of the intervening matgg pltaimportant
role in inter-patch movement by individuals (Fahrig and Merriam, 1994nfdcted

prairie dogs, other rodent species, or the mammals that preysensihecies are reluctant

53



to cross urban areas, transmission of plague to colonies embedded laamatrix
might be reduced as a result of urbanization.

Different microclimatic conditions in relatively urbanized colonmagyht also
serve to decrease plague transmission. Recent contributionsfieldha urban ecology
have revealed important effects of urban heat islands on plantsenalsa(Schochat,
2006). Artificial structures such as rooftops and paving mateéhatscharacterize urban
areas act as heat sinks because they reflect less sumldjtitap more heat at night
(Schochat, 2006). One study that examined urban-rural temperatadesngs, for
example, noted a 1-4°C difference between urban areas and tnsiimg countryside
(Arnfield, 2003). Dampened seasonality associated with urban Heatlsscan have
multiple, and sometimes opposite, effects on pathogens, vectors, an{Bnadtsy and
Altizer, 2006). Regarding plague, warmer temperatures canasectbe efficiency of
pathogen transmission in fleas as well as reduce their populabevthg(Gage and
Kosoy, 2005; Snall, 2008). If urbanized colonies are sufficiently warmeduce flea
populations or decrease plague transmission, then variation in riratec among
colonies could explain these results. Micro-climatic dateeweetlected in 2004 in select
colonies in Boulder County that did and did not contract plague durintashdarge
plague epizootic of 1994 (Markeson, 2005) Although there were no significant
differences in maximum daily temperature among these colosaespling took place
well in advance of the 2005 outbreak and might not reflect environmental ioosdit

directly before or during the outbreak.
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Urbanization might also reduce plague transmission by ajtespecies
composition and abundance within relatively urbanized colonies. Urbanizatibother
human-mediated landscape changes result in habitat loss, fragomeraad increased
edge effects (Collinge, 2009). These factors can in turn induce ghitemmunity
structure and decreases in biodiversity, along with increased aburafantan-tolerant
species in urban areas (Bradley and Altizer, 2006). Recent studrestigating
relationships between host community composition and disease dyn@sitsid and
Shmidt, 2001) provide an intriguing potential link between land use clanyeisease
incidence. Research in this area has focused on the dilution effesgly incompetent
hosts in species-rich communities dampen the transmission and prevalenalti-host
diseases. The dilution effect hinges upon there being differenaiseiase competence
among the host community as well as a generalist vector spaadess intricately linked
to the composition of species present in the communities of intékestntrasting
situation might also take place where simplified, species-poor coities lack the most
competent species by chance alone. Communities in urbanized cologitsalso have
differences in the relative abundance of the species infaleinti plague outbreaks,
leading to a decrease in disease transmission. In Boulder Countyédnpwes is not
likely the case. Research in this system has demonstrateghifecant differences in the
relative abundance of flea or rodent species between plaguée/aegat plague positive
colonies immediately prior to the 2005 epizootic (Brinkerhioffress, although species

composition was not directly addressed.
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Connectivity and plague spread

As predicted, the amount of prairie dog colony cover surrounding ieslavas
highly predictive of plague risk in this study. Specifically,croés surrounded by a
greater proportion of other prairie dog colonies were more liketpihdract plague than
those that were more isolated. The amount of prairie dog colonies Watmd a spatial
buffer is in fact a measure of connectivity, and its inverdgsaktion. Connectivity is
inextricably linked to the movement of the species that liveeti{@ollinge, 2009;
Tischendorf and Fahrig, 2000). Particularly when habitat is discontintieuslegree to
which a species can move across a landscape has important emcesgfor species
composition, abundance, and persistence (Hanski, 1998; Crooks et al., 20@gstAt
two non-mutually exclusive hypotheses may explain the positive |latore between
colony cover and plague occurrence. Both are based on the premise timatvement of
hosts, either infected with plague or infested with infectiead] is facilitated by prairie
dog colony habitat.

One explanation for the positive association between plague and toityéx
that dispersing prairie dogs infected with plague are spre#uindisease to neighboring
colonies. Intra- and inter- colony dispersal is common among yeankhgs (Hoogland,
1995). Females also disperse (Garrett and Franklin, 1988), though thegllgemdibit
fidelity to their natal coteries (Hoogland, 1995). Due to the highemtifdlity of prairie
dogs to plague and the relatively rapid mortality that occurs wheéividuals are
infected, it is unlikely that infected individuals could survive longatise dispersal
attempts. Moreover, successful dispersal may be relatively iraran urbanized,

fragmented landscape (Johnson, 2004; Magle, 2007). However, plagengbésliof
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prairie dogs in the lab have shown that the incubation time for iofieloy Y. pestigs 8-
10 days (Cully and Williams, 2001), leaving open the possibility thatiall dispersing
prairie dogs might increase inter-colony plague transmisp@anmicularly in colonies in
close proximity to one another. Such intra-specific transmissiondwanlly provide a
partial explanation for plague occurrence, because the spatiatnpaf outbreaks is
somewhat spotty and colonies are sometimes “skipped” (Cully and Williams, 2001).
The second hypothesis to explain this positive association pertapredator
species. Carnivores have varying responses to isolation and patchratespecies that
exhibit moderate movement between patches are thought to be megiveeto
differences in connectivity (Harrison, 1991). In Boulder County, a greahount of
prairie colony cover may facilitate movement of mammalian Bpsties that prey on
prairie dogs, such as coyoteSafis latran$, stripped skunksMephitis mephitiy and
red foxes Yulpes vulpes potentially increasing plague transmission in the process.
Several characteristics of carnivores make them likely datek for moving plague
between colonies. They have large home ranges, acquire speecifsc fleas from their
prey, and can be infected with plague by ingesting sick aninizdsnés, 1982;
Brinkerhoff, unpublished data; Salkeld and Stapp, 2006). In part becauseahey
become infected or acquire infected fleas by a number of diffeneenues, their role
during and between epizootics is of particular interest (Brinkert2®®8). However,
intensive sampling of carnivores before and during the 2005 epizodéid tai uncover
high rates of plague exposure or infection (Brinkerhoff, 2008), suggestat carnivores

might not encounter sick animals as frequently as suspecte@ldt important to note
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that the spatial scale at which colony cover was most pragicaas 250m, and it is
unclear how larger-ranging mammals perceive or respond to such a relttigedgale.
Interestingly, stream cover was once again negatively iassdcwith plague.
Like the negative effects of roads and urbanization, this landscajadleamay also
impede or block movement of infected hosts or vectors. Collinge. §2@05) also
suggested that the streams, lakes, and roads in the vicinity @fieolmay vary in
microclimate or habitat in such a way as decrease transmiski my study, the
opposing effects of lakes and streams suggest that a uniquerripamamunity likely
does not explain these differences. This work underscores the lpairthé degree to
which landscape structure affects disease spread, if & alosely linked to host, vector
and pathogen characteristics. For example, a stochastic spatidlohoal@es spread in
Connecticut indicated that rivers acted as a significant gpbiged barrier to raccoon
dispersal, slowing the rate of the spread of rabies by a fat®(Smith et al., 2002). In
contrast, the initial spread of myxomatosis among rabbits in @isstn 1950-51 was
apparently facilitated rather than impeded by rivers, likelyaagesult of increased

mosquito densities associated with water bodies (Ratcliffe et al., 1952).

Similarities and differences to previous work

This study confirms many of the associations observed in previouk v
Colorado and Montana, with some notable differences. In that study, themostive
models of plague occurrence in Boulder County were landscapextcorgeables
measured at the 3km spatial scale, and included negativaseffe lakes, reservoirs,

streams, roads, and epizootic isolation (Collinge et al., 2005). Innalysss, the best
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supported models also included negative effects of streams, roaaisization, and road
cover. In contrast to the previous study however, results of my analysis iraljpaséive
association of water bodies and plague occurrence rather than i@aegat In addition,
colony area emerged as highly predictive of plague occurremaog analysis, whereas in
the Colorado analysis of the previous study, this variable wasaloided in the best
supported models.

In regard to colony area, my analysis greatly benefited ftioen prairie dog
management practices of the City and County of Boulder. Prairieaogies have been
surveyed uninterrupted on an annual basis since 1996 (Collinge, 2005). GI$ colon
shapefiles from 2004-2007 allowed me to determine with relativaspecahe area of
every plague positive colony in the year directly preceding gokxdirpation. In the
previous study, which investigated plague occurrence in Boulder Cowmnty ¥081-
2003, data pertaining to colony area in the year prior to plagueeautlvas not in all
cases available. Prairie dog colonies have been shown to rappipdexinder natural
conditions as a function of adjacent available habitat, colony gensitd area
(Hoogland, 1995; Reading et al., 1993). Such variability in colony aigla obscure the
relationship between colony area and plague occurrence when datthhégear before
an outbreak is not available.

Surprisingly, the results of this analysis suggest a positivelaton of plague
occurrence with lakes and reservoirs rather than a negative om@saobserved in the
previous study. This unanticipated shift in effect might be empthin the following
way. An increase in the amount of urbanization in proximity to ierding colonies since

the last study may have precipitated changes in the landscapext of prairie dog
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colonies. In this hypothesis, water bodies may still exert atinegaffect on plague
occurrence when compared to more open, unobstructed routes. In comparisoe to mor
heavily urbanized areas, however, water bodies (and the land surrouhday ibffer a
more suitable route for hosts and vectors carrying plague, and xpkynethe positive
effect of water bodies on plague occurrence observed in this dtuthye previous study,
urbanization was quantified using 1994 Colorado GAP data; | used the Nh@Dbase
of 2001 in my analysis. While urbanization likely increased from 18321, human-

mediated landscape change in Boulder County was not directly assesssdindii

Conclusion

This study has shown links between landscape context and disease occurrence in
Boulder, Colorado. Multi-host vector-borne diseases such as plague exist within a
complex ecological fabric that can be both the cause and consequence of community
structure, host behavior, vector abundance, and host contact rates. Resultsumfythis st
suggest that the spatial context of disease dynamics is likely a highlgntifll aspect of
disease occurrence, transmission, and persistence. In the plague systéicularpar
landscape characteristics such as streams, urbanization, and isolatjoselikelas
significant deterrents to plague spread.

Zoonotic diseases are currently emerging at an unprecedented ratan wit
estimated 75% of these new diseases originating in wildlife (Daszak, 20@2jler to
protect human health and conserve species highly susceptible to emergesesdisaall
become increasingly necessary in future years to understand the often ceaotbeycal

relationships that govern disease emergence and persistence in natemas.sys
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Moreover, as evidence continues to build that habitat loss, fragmentation, and
degradation often play a critical role in disease emergence and pess{fRatcet al.,
2004), a mechanistic understanding of the relationships between landscapeesanattur

occurrence may be of vital importance.

Literature Cited

Adjemian JZ, Foley P, Gage KL, Foley JE. 2007. Initiation and spread of traveling waves
of plague, Yersinia pestis, in the western United States. American Journapafal r
Medicine and Hygiene 76: 365-375.

Allan BF, Keesing F, Ostfeld RS. 2003. Effect of forest fragmentation on Lyseash
risk. Conservation Biology 17: 267-272.

Arnfield AJ. 2003. Two decades of urban climate research: A review of turbulence
exchanges of energy and water, and the urban heat island. International Journal of
Climatology 23: 1-26.

Barnes AM. 1982. Surveillance and control of bubonic plague in the United States.
Symposia of the Zoological Society of London 50: 237-270.

Benedictow OJ. 2004. The Black Death 1346-1353:The Complete History. Woodbridge:
The Boydell Press.

Bradley CA, Altizer S. 2007. Urbanization and the ecology of wildlife diseasesd3in
Ecology & Evolution 22: 95-102.

Brinkerhoff RJ, Ray C, Thiagarajan B, Collinge SK, Cully JF, Holmes B, Gage KL.
2008. Prairie dog presence affects occurrence patterns of disease veawoal on s
mammals. Ecography 31: 654-662.

Brinkerhoff RJ, Collinge, SK, Ray C, Gage, KL. In press. Rodent and flea abundance are

not predictors of epizootics in black-tailed prairie dogs. Vector-Borne and Zoonoti
Diseases.

Burnham KP, Anderson DR. 2004. Multimodel inference - understanding AIC and BIC
in model selection. Sociological Methods & Research 33: 261-304.

Collinge SK, Johnson WC, Ray C, Matchett R, Grensten J, Cully JF, Gage KL, Kosoy
MY, Loye JE, Martin AP. 2005. Landscape structure and plague occurrence in black

61



tailed prairie dogs on grasslands of the western USA. Landscape E20tdgp/1-955.

Collinge SK, Ray C. 2006. Community Epidemiology. In Disease Ecology: community
structure and pathogen dynamics. eds. Collinge SK, Ray C, pp 1-5. Oxford UK: Oxford
University Press.

Collinge, SK. 2009. Ecology of Fragmented Landscapes. Baltimore: Johns Hopkins
University Press.

Conlin, D.B. 2005. Abundance of rodents on grasslands characterized by patchy
distribution of prairie dogs and urban development. Master’s thesis, University of
Colorado, Boulder, CO.

Crooks KR, Suarez AV, Bolger DT. 2004. Avian assemblages along a gradient of
urbanization in a highly fragmented landscape. Biological Conservation 115: 451-462.

Cully JF, Williams ES. 2001. Interspecific comparisons of sylvatic plagpeairie dogs.
Journal of Mammalogy 82: 894-905.

Cully JF, Carter LG, Gage KL. 2000. New records of sylvatic plague in Kansas. Journal
of Wildlife Diseases 36: 389-392.

Czech B, Krausman PR, Devers PK. 2000. Economic associations among causes of
species endangerment in the United States. Bioscience 50: 593-601.

Daszak P, Cunningham AA, Hyatt AD. 2000. Wildlife ecology - Emerging infectious
diseases of wildlife - Threats to biodiversity and human health. Science 287: 443-449.

Dennis DT. 1998. Plague as an emerging disease. In Emerging Diseasesealds. Sc
WM, W.A. Craig WA, Hughs JM. pp 169-183. Washington, D.C.: ASM Press.

Dobson A, Foufopoulos J. 2001. Emerging infectious pathogens of wildlife.
Philosophical Transactions of the Royal Society of London Series B-Bialdgptences
356: 1001-1012.

Eisen R, Gage KL. 200&daptive strategies of Yersinia pestis to persist during inter-
epizootic and epizootic periods. Veterinary Research 40: 1-14.

Fahrig L, Merriam G. 1994. Conservation of fragmented populations. Conservation
Biology 8: 50-59.

Gage KL and Kosoy MY. 2005. Natural history of plague: perspectives from
more than a century of research. Annual Review of Entomology 50: 505-528.

Garrett MG, Franklin WL. 1988. Behavioral ecology of dispersal in the black-tailed
prairie dog. Journal of Mammalogy 69: 236-250.

62



Gubler DJ, Reiter P, Ebi KL, Yap W, Nasci R, Patz JA. 2001. Climate variadmildy
change in the United States: Potential impacts on vector- and rodent-borseslisea
Environmental Health Perspectives 109: 223-233.

Hanski I. 1998. Metapopulation dynamics. Nature 396: 41-49.

Harrison S, Thomas CD. 1991. Patchiness and Spatial Pattern in the insect community of
Ragwort Senecio Jacobaea. Oikos 62: 5-12.

Harrison S, Bruna E. 1999. Habitat fragmentation and large-scale conservéatbmton
we know for sure? Ecography 22: 225-232.

Hess GR. 2002. Spatial aspects of disease dynamics. In The Ecology of Wildlife
Diseases. ed. Hudson P, Rizzoli A, Grenfell BT, Heesterbeek H, pp 102-118. Oxford:
Oxford University Press.

Hoogland JL. 1995. The black-tailed prairie dog: social life of a burrowing nahmm
Chicago: University of Chicago Press.

Johnson WC, Collinge SK. 2004. Landscape effects on black-tailed prairie dog colonies
Biological Conservation 115: 487-497.

Lebreton JD, Burnham KP, Clobert J, Anderson DR. 1992. Modeling Survival and
Testing Biological Hypotheses using marked animals- a unified approacbgiEebl
Monographs 62: 67-118.

LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F. 2003. The ecology of infectious
disease: Effects of host diversity and community composition on Lyme disglase ri
Proceedings of the National Academy of Sciences of the United StateseoicArb00:
567-571.

Lomolino MV, Smith GA. 2001. Dynamic biogeography of prairie dog (Cynomys
ludovicianus) towns near the edge of their range. Journal of Mammalogy 82: 937-945

Pregibon D. 1981. Logistic-Regression Diagnostics. Annals of Statistics F2405

McCallum H. 2008. Landscape Structure, Disturbance, and Disease Dynamics. In
Infectious Disease Ecology: Effects of Ecosystems on Disease anskeafsBion
Ecosystems eds. Evin¥iT, Ostfeld RS, Keesing F, pp 100-122. Princeton: Princeton
University Press.

Magle SB, Theobald DM, Crooks KR. 2009. A comparison of metrics predicting

landscape connectivity for a highly interactive species along an urbdiergran
Colorado, USA. Landscape Ecology 24: 267-280.

63



Magle SB, McClintock BT, Tripp DW, White GC, Antolin MF, Crooks KR. 2007. Mark-
resight methodology for estimating population densities for prairie dogs. Jotirna
Wildlife Management 71: 2067-2073.

Markeson, A. B., 2005 Spatial and seasonal patterns of pathogen prevalence in grassland
rodents of Boulder County, Colorado, Master’s thesis, University of Colorado, Boulder,
CO.

Miller B, Ceballos G, Reading R. 1994. The prairie dog and biotic diversity.
Conservation Biology 8: 677-681.

Ostfeld RS, Glass GE, Keesing F. 2005. Spatial epidemiology: an emergieg (or r
emerging) discipline. Trends in Ecology & Evolution 20: 328-336.

Pavlovsky EN. 1966. Natural nidality of transmissible diseases,sp#hial reference to
the landscape epidemiology of zooanthroponse. Urbana, IL: University of lllin@s. Pre

R Development Core Team. 2008. R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Vienna, Austria.

Snall T, O'Hara RB, Ray C, Collinge SK. 2008. Climate-driven spatial dynamics of
plague among prairie dog colonies. American Naturalist 171: 238-248.

Stafford JD, Strickland BK. Potential inconsistencies when calculating Akaike
Information Criterion. Bulletin of Ecological Society of America 84: 68-69

Stapp P, Antolin MF, Ball M. 2004. Patterns of extinction in prairie dog metapopulations:
plague outbreaks follow El Nino events. Frontiers in Ecology and the Environment 2:
235-240.

Tischendorf L, Fahrig L. 2000. How should we measure landscape connectivity?
Landscape Ecology 15: 633-641.

Wilcox BA, Murphy DD. 1985. Conservation strategy- the effects of fragmentan
extinction. American Naturalist 125: 879-887.

Wilson ME., Levins R, Speilman A, eds. 1994. Disease in Evolution: Glhanges
and Emergence of Infectious Diseases. New York: New York Academy

64



CONCLUSION

In Chapter 1, | investigated black-tailed prairie dog survival onléer County,
Colorado, with an original interest in determining whether urbaoizaiad significant
effects on survival. The plague epizootic in 2005 combined witkkhamiark-recapture
data set provided me the opportunity to determine robust estimates for moftpligyrie
dogs using program MARK. The eight colonies that contracted plagrethe course of
the study suffered dramatic declines of over 99%. Two other @salyadertaken
resulted in insignificant results. Specifically, historicallyagiie negative and plague
positive colonies exhibited no significant demographic differencedicating that
demographic signals of plague are likely not long lived ingphecies. These results also
suggest that there may be no demographic differences in colonie®that do not get
plague, and that transmission of plague is likely independent ofcalony effects.
Finally, the results of the linear regression models of surwiglded insignificant
results. Although there are other plausible explanations for whydapesharacteristics
and colony characteristics were not predictive of survival, inctudiut not limited to
highly uncertain survival estimates, | believe that, in the alesef@lague exposure,
patch-level characteristics are more important determiriangsairie dog survival than
are landscape-level characteristics such as urbanization and colony cover.

In Chapter 2, | explored relationships between plague occurien8sulder
County and landscape and colony characteristics using a modelioselapproach.
Although my research approach was identical in most ways to workljo@ellinge et
al. (2005), there were two important differences. First, | usedsB#pe files obtained

from the City and County of Boulder to create a GIS. This atbwe to follow each
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colony present in 2004 through either 2007 or the year of that colongipation.
Second, | used smaller scales than did Collinge et al. (2005): 250m, 50@rbkma. |
found significant relationships between plague occurrence and landaoédpeolony
characteristics. Specifically, the best supported models of plaguerence included a
negative effect of urbanization, roads, streams, colony isolationpa@sitive effects of
colony area, and water bodies. Taking together, these results stigglesindscape
composition impedes or facilitates movement across the landsceggsrthat are as of
yet speculative.

To some, the black-tailed prairie dog is an iconic symbol a€trgrassland
systems, to others, it is a pest. Yet, the black-tailed prdagehas a rich evolutionary
history in the short and mixed grasslands where it occurhié@rand Lundelius, 1994).
It is precisely as a direct effect of this long historyttb@a many species associate so
closely with prairie dogs, depending on colonies for shelter and(ptidler, 1994). In
part due to their fascinating colonial nature, prairie dogs amersg&ly susceptible to
sylvatic plague, and this disease arguably poses the mosicsighifisk to prairie dog
populations today. Particularly in relatively urbanized landscikesBoulder County,
the largely human-mediated landscapes likely influence diseaser@uce in prairie dog
colonies. Management efforts to preserve the black-tailed erdimg should thus

consider landscape effects on prairie dogs.
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