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BEHAVIORAL CHOICE AND DEMOGRAPHIC CONSEQUENCES OF@0OD

FROG HABITAT SELECTION IN RESPONSE TO LAND USE

Tracy A. G. Rittenhouse

Dr. Raymond D. Semlitsch, Dissertation Supervisor

ABSTRACT

Land use is a pervasive form of disturbance affigatiatural systems on Earth.
My dissertation research is set within the contéx large scale project referred to as
Land-use Effects on Amphibian Populations (LEAP)eve researchers in Maine,
Missouri, and South Carolina are determining thieot$ of timber harvest on the
persistence of amphibian populations.

The purpose of my dissertation research was tméefdult wood frog non-
breeding habitat in continuous oak-hickory foresd a response to timber harvest. |
asked research questions that address the two cemsoof habitat selection: 1) the
behavioral choice, and 2) the demographic consexgsenf that choice.

To document behavioral choice, | allowed adultmtave freely throughout the
circular experimental timber harvest arrays (16vadius) by using standard radio-
telemetry techniques. Prior to timber harvespurnfd that wood frogs were not
distributed equally throughout oak-hickory forestdults used drainages as non-breeding
habitat. In addition, the number of frogs that ratgd to a specific drainage correlated

with the distance between the pond and the drainage



Following timber harvest wood frogs avoided cle@sand increased movement
rates in response to timber harvest. Furtherficoed the consistency of this
behavioral response by conducting experimentalaligments and found that adults
exhibit site fidelity to non-breeding habitat. Esodisplaced to the center of clearcuts
evacuated the clearcuts in one night of rain andfZ2 frogs displaced back to the pond
returned to the same drainage.

To determine demographic consequences, | estinsatedsal of frogs
constrained within microhabitats. Desiccationsigdr frogs located on forested
ridgetops or in exposed areas within clearcuts wevere. Brushpiles within clearcuts
provided microhabitats with similar desiccatiorkess microhabitats within forested
drainages.

| also determined survival of transmittered frogattmoved freely among
microhabitats by radio-tracking 117 frogs over arge | documented 29 predation
events, 13 desiccation events, and 8 mortalitiesyehown cause. Using Cox-
proportional hazard models, | found that survivdhm the timber harvest array was 1.7
times lower than survival within continuous foreSturvival was lowest during the
drought year of 2005 when all desiccation eventsised. My results indicated that
predation and desiccation risks near the breedomglp are ecological pressures that
explain why adult amphibians migrate away from tneg habitat during the non-

breeding season.
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CHAPTER 1

THE INTRODUCTION

Tracy A. G. Rittenhouse

Why do | study wildlife habitat?

All ecological research today, regardless of themthtical or applied nature of the
research questions, is set within the context cfispecies extinctions, a rapidly
changing global climate, and the domesticationllofidd places. Humans transform
land to obtain resources including food, shelted eommodities; however, this
transformation is becoming a full fledged domesitorg a monoculture of human habitat.
We are now faced with the questions...Is a planetedtby human activities a place
where wildlife can persist? Can humans persiataddition to developing a greater
understanding of the natural world, | believe thadiressing these questions requires
recognizing that the economy is a subsystem thatsewithin the constraints of
biological realities (Daly & Farley 2004).

Our current economic system with the supportingegomental policies is
deficient in the face of a world full of people (Krall, personal communication). We
currently function as if economic growth is unliedtand yet two well established
theories indicate that the assumptions of our exnnionodels are not correct: the laws of
thermodynamics and population dynamics of populaticonstrained by carrying

capacity (Daly 1996). These theories indicate tihatgrowth of our economy, defined as



an increase in the human population and per capitaumption, occurs at the
competitive exclusion of other species (Traugen €2003).

Wildlife habitat contains the resources and envirental conditions that allow
animals to occupy, survive, and reproduce withimeaa (Morrison et al. 1992). In my
pursuit to understand the habitat requirementsmgghabians, | strive to gain an
understanding of factors required for local popatapersistence at a particular place.
As scientists we strive for global relevance, ieeologists we study places; those
locations that contain a unique set of organisnasadmotic conditions that constrain
ecological processes (Dale et al. 2000). In Seipeer007, John Wiens emphasize this
point as part of a climate change symposium atVWidlife Society meeting in Tucson,
Arizona. The message from his talk was that caagien is about places. | believe that
understanding the habitat requirements of localfains is one step towards the
conservation of these places. Further, | beliba¢ tconserving places is needed for the

persistence of wildlife as well as humans.

Land-use effects on natural systems

Disturbances, events that disrupt ecological systémiuce responses from
individuals, populations, and/or communities. Aliigh ecological communities are
adapted to the rate and intensity of natural distnces such as fire and hurricanes, the
most pervasive form of disturbance affecting ndtsyatems around the globe is land use
or the purpose to which land is put by humans (@akd. 2000; Turner Il & Meyer
1994). Most of the habitable surface of the eesdls allocated to human use by the end

of the 28" century. For example, the worldwide area of fmédands declined by 19%



between 1700 and 1980 (Richards 1990); in additlmarea currently used for human
food production (i.e., cropland and pasture) coagoximately 40% of the land
surface (Foley et al. 2005). This level of landeochange along with resulting changes
to ecological processes and ecosystem functiofeldascientists to the consensus that
land use impacts the ability of the Earth to previde goods and services upon which
humans depend, and thus ecological principles ghmiused to manage land use
decisions (Dale et al. 2000). My dissertation aesle is set within the context of a
collaborative NSF project referred to as Land-uBedis on Amphibian Populations
(LEAP). The project contains four experimental mpatations that represent different

intensities of land use to the terrestrial halstatounding amphibian breeding sites.

Overview of my dissertation research on amphibian habitat

My research stems from previous work initiated byadvisor that defined local
amphibian populations based on the migration deetsiof individuals (Semlitsch 1998;
Semlitsch & Bodie 2003). In essence he definedatheunt of terrestrial habitat
surrounding wetlands that is occupied by amphibidriarthered this research by
qguantifying how individuals distribute themselveshin this area (Rittenhouse &
Semlitsch 2007). A new application of univariagnslity estimation allowed me to
determine the intensity of use by different ampdmbspecies at distances from 0 — 1000
m from wetland edges and revealed several oveirgy@atterns: 1) anurans use non-
breeding habitat at much greater distances frontands than salamanders, 2) peak use
of habitat for species in the eastern United Statesirs near the wetland whereas peak

use for species in the western United States makdeed away from the wetlands, and



3) adult use of habitat immediately adjacent tolavets (i.e., within 30 m) is low during
the non-breeding season. Therefore, althoughdtaised by a local amphibian
population extends hundreds of meters from wetlatigsintensity of use is not uniform
within this area.

The fact that intensity of use differs throughd extent of available habitat
suggests that the area consists of a gradientbatahguality (Franklin et al. 2000).
High-quality habitat is identified as places wherdividuals survive and achieve high
reproduction success (Van Horne 1983). Thereftliens (1989) referred to the fitness
potential of habitat, because these habitats peoddividuals that contribute
differentially to future generations. In additidhis gradient of habitat quality is likely
altered in response to land use practices. Rdsgarstions related to land use often can
be reduced to identifying the amount or intensitiaod use that can be undertaken while
allowing for the persistence of other species.

Amphibian research has begun to identify breedadytht requirements, the
extent of terrestrial habitat used by amphibiangéRhouse & Semlitsch 2007), and
population responses to situations where landrusedtes the extent of amphibian
habitat (Harper et al. In Review). However, potrdpecies-specific differences in non-
breeding habitat use are unknown. The purposeyafigsertation research is to define
adult wood frog non-breeding habitat in continuoak-hickory forest and in response to
land use. Timber harvest is the land use of istarethis case.

| approach this task by studying habitat seleatibwood frogs. Habitat selection
is defined as a hierarchical process of behaviesglonses influenced by differential

fitness of individuals which results in differertigse of habitat (Jones 2001). The



research questions | ask throughout my dissertaiilniness the two components of
habitat selection: 1) the behavioral choice, anth@)demographic consequences of that
choice.

In chapter 2, | describe adult wood frog habita pgor to timber harvest.

Habitat use is a quantification of where frogs acter behavioral choices and the
corresponding demographic consequences have odcamneé thus habitat use represents
the result of habitat selection. In this chaptassk the question: Are adult wood frogs
distributed evenly throughout continuous oak-higkimrest or clumped at a particular
resource?

In chapter 3, my primary objective is to describe behavioral response of wood
frogs to LEAP timber harvest treatments applietheoforest surrounding the breeding
ponds in Missouri. To document the behavioral céoi allow adults to move freely
throughout the experimental arrays by using stahdatio-telemetry techniques. The
behavioral response | observed was complete avoedainclearcuts. This behavioral
response was more extreme than the response otbsee LEAP arrays in Maine
where wood frogs continued using clearcuts (S. Bjaist, personal communication).

Chapters 4 & 5 concern the demographic consequamecethus provide the
physiological and ecological explanations for tk#eme behavioral responses observed
following timber harvest. The fourth chapter istcaithin the context of migration. |
argue that reduced survival may be an importarttafcsmphibian migration and thus
provide survival estimates for a 64-day perioddwiing the breeding season. |
demonstrate that survival consequences for adwtsng freely throughout the timber

harvest array consist of both predation and desatasks. Finally, in the fifth chapter



| control for predation and then investigate thggalogical consequences (i.e.,

desiccation risks) of habitat choice by constragrjunveniles to four microhabitats.
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CHAPTER 2

POST-BREEDING HABITAT USE OF WOOD FROGS IN A MISS®UOAK-

HICKORY FOREST

Tracy A. G. Rittenhouse and Raymond D. Semlitsch

Abstract

Fitness benefits to individuals from using a patac habitat during the non-
breeding season are likely species- and habitaifgpeOur goal was to define the post-
breeding habitat use of adult Wood FroBara sylvatica) within continuous oak-hickory
forest in Missouri. We used radio-telemetry toedetine if adult Wood Frogs are evenly
spaced throughout this forest type or clumpedgracular resource. In addition, we
determined microhabitat selection using conditidogistic regression that compares the
microhabitat at frog locations to paired pointsai@d 2 m from the frog. Adult frogs
migrated from breeding sites located on ridgetops @phemeral, rocky ravines. Use of
drainages by Wood Frogs depended on the distateede the breeding site and
drainage, and the orientation of drainages reldtwbe pond edge influenced whether or
not migratory paths of frogs are funneled or spaqeatt. The most supported model of
microhabitat selection indicated that frogs sel@dbeations with increased leaf litter
depth and air temperature, and with decreased hitynaiald light compared to paired
points. Persistence of Wood Frog populations atbegouthwestern edge of their range

requires successful annual migrations between mgeaites and forested drainages,



which are important non-breeding habitat for Woodds in a Missouri oak-hickory
forest.
Introduction

Pond-breeding amphibians use aquatic habitatresrding and extensive amounts
of terrestrial habitat during the non-breeding seas complete their complex life cycle
(Semlitsch & Bodie 2003). Recent work has begumigblight important habitat
requirements of amphibians during the non-breedeagon (e.g., Baldwin et al. 2006;
Faccio 2003; Pilliod et al. 2002; Regosin et aDZ05ztatecsny & Schabetsberger 2005).
Fitness potential of habitat, defined as the eféé¢tabitat quality on individual survival
and reproduction (Franklin et al. 2000), is essehdir predicting the effects of habitat
modification on population persistence. Howevigneks benefits are likely species- and
habitat- specific and behavioral plasticity maywda wide-ranging species. Detailed
studies of microhabitats used by amphibians wighparticular vegetation community as
well as mechanistic studies that link habitat wspdpulation dynamics are needed to
fully understand amphibian habitat requirementsr{girong 2005).

The geographic range of Wood Fro&sufa sylvatica) covers the eastern United
States and Canada, with relic populations in theRd&ky Mountains and the Ozark
region. Wood Frog populations occur within a wideiety of plant communities
including deciduous oak-hickory forests, coniferboseal forests, grassy meadows,
aspen groves, and prairies, but they are largedgratifrom southeast coastal areas
(Muths et al. 2005). The wide range indicates YWabd Frogs can live in vegetation
communities consisting of either forests or grasddadepending on local weather

conditions. As ectotherms amphibians are inheydimtked to the microclimate



conditions of their habitat (Feder & Burggren 199¥egetation structure can be as
important as vegetation type or species, and hadstaction based on vegetative
structure has been confirmed in other speciesf(®G&f Case 2001). In addition, habitat
selection can change with environmental conditibmsexample, Wood Frogs move
from humus to leaves as substrate moisture dea¢dsatwole 1961; Patrick et al.
2006). The availability of refuge sites with moalertemperature and moisture levels is
likely an important component of amphibian habsection during the non-breeding
season (Bartelt 2000; Seebacher & Alford 2002gntdlying the structural features of
the habitat that create preferred microclimates faajitate comparison to other regions
and thus improve our understanding of Wood Frogtatbse across its broad
geographic range.

Our goal was to define the post-breeding hab#gataf adult Wood Frogs within
continuous oak-hickory forest in Missouri. Thesfiobjective was to determine if adult
Wood Frogs are evenly spaced throughout this fayestor clumped at a particular
resource. We used movement paths of radio-tagged migrating from breeding sites
to identify non-breeding habitat within the fore3the second objective was to determine
if frogs select microhabitat during migration. \W@mpared microhabitat variables at
frog locations while the frog was present to miaoitat variables at paired points
located 2 m from the frog. We develop a sedt pfiori models that test hypotheses
regarding the relative importance of microclimatgiation (e.g., soil temperature,
relative humidity) and structural features of hab(e.g., litter depth, percent canopy
cover) and the relative importance of temperataceraoisture in microhabitats used by

Wood Frogs.
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Methods

Sudy Ste

The study was conducted at the Daniel Boone CoaservArea (DBCA),
Warren County, Missouri, USA. DBCA is centeredhiita continuous tract of forest
bordered by corn and soybean agriculture about $okiime north and by the Missouri
River about 6 km to the south. The area contaiasira, second-growth oal(ercus
spp.) and hickoryGarya spp.) overstory, with sugar mapkcér saccharum) beginning
to establish in the understory (i.e., Outer Ozaokd®r Subsection as described by (Nigh
& Schroeder 2002). Local relief (i.e., elevatidrange within 2.59 kR) ranges from 46
— 76 m. Small, intermittent streams begin in DB&#A flow south towards the Missouri
River, cutting through loess ridge tops and exgpsmestone rock. Amphibian
breeding sites are ponds that were constructedegrétean 30 years ago on ridge tops as
wildlife watering holes and were naturally colordZgy a variety of amphibian species.
We tracked Wood Frog&éna sylvatica) as they emigrated from three ponds located 375
— 1370 m apart (i.e., Pond 2 a.k.a. LEAP Pond B8dRAY a.k.a. Teacup Pond, and Pond

5 a.k.a. LEAP Pond 5).

Radio-telemetry

We captured 6 female and 36 male Wood Frogs at fhwads during the two-day
breeding period using hand captures and minnove trfgransmitters could not be
immediately attached upon capture, frogs were platenclosures (1 m X2 m X 1 m)
at the pond edge and held for less than 2 daysatfdehed 1.0 g transmitters (model

BD-2 with whip antennae and 1 mm diameter tubepHibISystems Inc., Canada) using
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a belt constructed from 1 mm stretch bead cord iistays Crafts, Sulyn Industries Inc.)
(as in (Baldwin et al. 2006). Transmitter mass wagverage 6.9 % of frog body mass.
All frogs were fitted with transmitters on 6 or 7akth 2004 and released within 5 m of
the pond edge. We relocated frogs during dayhghirs for 50 consecutive days using a
R2000 ATS receiver and yagi antenna (Advanced Tetignsystems, Inc., Isanti, MN).
Upon homing to the frog, we obtained a visual sightcarefully pulled out the whip
antenna from beneath leaf litter, and placed a flagenext to the frog. If the antenna
was visible next to the flag upon subsequent réloes, we did not disturb the frog by
obtaining a visual sighting. All movements gredtemn 10 cm were marked with a flag.
Flags were later mapped with a compass and tapsumeear GPS unit with submeter
accuracy (Trimble Pathfinder Pro XL) and importetbiArcview (version 3.2;
Environmental Systems Research Institute, Redlabaldornia, USA). For each frog,
we calculated total distance traveled, net distdneg straight line distance between first
and last relocation), and maximum straight lineatise traveled between daily
relocations.

We analyzed the spatial distribution of frog looas at each pond using Ripley’s
K function (Ripley 1981; Venables & Ripley 2002) kit the ‘Spatial’ library of
program R (lhaka & Gentleman 1996). Riplesjuantifies spatial dependence
between points at a range of spatial scales goiés®nted as a cumulative distribution
function,K(t), of the expected number of points within a gigestance of a single point.
TheK(t) function operates within a regi@ the spatial extent of all points. We used
L(t), a square root transformation that linearikg€t) and stabilized variance (Venables &

Ripley 2002). We defined points as all frog loocas at each pond. We calculated 95%
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confidence envelopes by simulating 100 random pahisttibutions where the number of
points in each simulation was equivalent to thaltoumber of frog locations at each
pond. The domain for the simulated points was\edent to the smallest dimensionf
and was unique for each pond. We tested for nodera Wood Frog spatial
distributions at each pond by comparlo() to the 95% confidence envelopes. We
classified the distribution as clumped.{t) fell above the simulated 95% confidence
envelopes, uniform if it fell below the envelopasd random if it fell within the

envelopes.

Microhabitat

We collected microhabitat data at frog locationslevthe frog was present by
placing probes within refugium as close to the fagsgrossible without actually touching
the frog (i.e., within 8 cm). We also collectedcnoihabitat data at three points paired to
each frog location that were located 2 m from tiog.f We placed the probes within the
leaf litter as if a frog was present within theflker. We chose the spacing of these
points to determine if frogs select microhabitathwi the last one to two jumps of
migratory movements. One paired point was locataedfrom the frog in the direction
from which the frog was previously located and &dalitional points were located 2 m
from the frog at 90 degrees from the first directi€ooper & Millspaugh 1999). We
only collected microhabitat data at relocationscegaat least 5 m apart and we did not
collect data at release points even if the frogaieed there for several days. In addition,
we only collected microhabitat data when frogsleetat a location for several days (i.e.,

periods without rain when the top layer of leaklitwas dry).

13



We collected 8 microhabitat variables, including samperature at 5 cm depth
(Taylor Digital Pocket Thermometer), light at theface of the leaf litter (silicone
photovoltaic detector), air temperature and humidithin the refugium or leaf litter
(Extech Hygro-Thermometer RH101), litter depth €riul canopy cover (spherical crown
densiometer), diameter of coarse woody debris wizhin, and percent ground cover (1
m? daubenmire frame). We classified coarse woodyislels no CWD, small CWD (i.e.,
presence of CWD 10 — 24 cm in diameter), and |&gD (i.e., presence of CWD
greater than 25 cm in diameter). Approximately 8&%ll ground cover was deciduous
leaf litter with the remaining 15% being split be®sn 6 other cover types (i.e.,
forbs/mosses, grass, fine woody debris, coarse wdelris, rock, bare soil); therefore,
we used percent leaf litter as the ground covanbte.

We used conditional logistic regression to complaeemicrohabitat conditions at
the frog location to the three paired points (uUaused locations), thus each striias(
100) was composed of 4 points. This logistic magels data collected with a case-
control sampling design; and thus we assume tleat lagations are rare within the
habitat and paired locations were unused by fregsisse we would have found frogs at
these locations while collecting microhabitat d@teating & Cherry 2004). We used an
information-theoretic approach to determine supfmrtnodels representing alternative
hypotheses concerning Wood Frog microhabitat usenfieam & Anderson 2002). We
developed 4 priori sub-global models to test whether frog locatioeseAbased on
structural habitat features, microclimate variaphasisture conditions, or temperature
conditions (Table 1). We further split the subkgilbmodels into & priori candidate

models. In addition, we proposed a candidate mibdelcontained variables suggested
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as being important within the physiological litena (Feder 1983; Jorgensen 1997,
Seebacher & Alford 2002; Thorson 1955) and inclualegobal model. We ranked the
14 apriori models and selected the best approximating maied uhe change in Akaike
Information Criterion AAIC) and Akaike weightsw)). We calculated odds ratios and
95% confidence limits for parameters in the mogipsuted model to facilitate

interpretation (Keating & Cherry 2004).

Results

Movements

We tracked 42 Wood Frogs for 42®.76 days. The belt attachment technique
was both effective and efficient. None of the smaitters slipped, all frogs were fitted
with belts within 2 days, and at the end of thelgtall transmitters were removed within
2 days. Abrasions were minimal but did gradualbysen over the 50 days, preventing
us from replacing the first transmitter on eaclyfrath a second transmitter.

We relocated frogs daily for a total of 1791 reltbens (Appendix 1). Most of
our relocations (i.e., 76.4%) verified that frogd dot move between locations (i.e.,
antenna in the exact same location as previous dayygs regularly spent 6 — 11 days at
the same location and the maximum number of dagjseatame location was 24 days.
When movements did occur, 56.5% of movements ves®than 5 m and 17.9% of
movements were greater than 20 m. Movements grisatie 20 m occurred only 3.8%
of the time and all corresponded with rain eveftggs made migratory movements
away from ponds on 24 and 25 March 2004 (mean tlidgdnce = 76.2 = 62.3 m; max

total distance = 248.9 m) during the first rain mvgost-breeding (total two-day rainfall =
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5.1 cm; mean daily temperature = 16.1 C); therefasesoon as an evening rainfall
occurred frogs emigrated from breeding sites. Wdendt document any movement

between ponds during the study period.

Macrohabitat

Wood Frogs made linear, directed movements frorading sites located on
ridge tops into ephemeral, rocky ravines (hereaéfarred to as drainages) (Fig. 1). The
L(t) function for each pond fell above the 95% confickeenvelopes, indicating that
Wood Frogs had a clumped distribution at each pdNdod Frogs were therefore not
randomly or evenly spaced throughout the oak-hickarest but clumped within
drainages. Once frogs entered drainages, theyaliceturn to a ridge top or move into
different drainages during the 50 day study peribobgs at Pond 5 directed movements
towards the top of drainages (Fig. 1A). Movemathp for frogs at Pond 2 and Pond 27
were also directed towards drainages, but eachdiregted its movement towards a
slightly different part of the drainage (Fig. 1BdabC). Notably, 17 frogs at Pond 5
migrated into the drainage to the southeast thginbeapproximately 30 m from the
pond, 4 frogs migrated into the drainage to thet\wes begins approximately 70 m from
the pond, and only 1 frog migrated into the draentgthe north that begins

approximately 200 m from the pond (Fig. 1A).

Microhabitat

Prior to collecting microhabitat data, 93% of fragsre completely covered with

leaf litter and we could see an eye or part ofatbey without moving any leaves for the
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remaining 7%. When we moved leaves after collgatimcrohabitat data to verify the
location of the pelvic patch, 60% of frogs had thpslvic patch pressed against the soil
and 40% of frogs were located within the leaf laye., pelvic patch on a leaf).

Clear separation occurred between the global mogdel 0.9993) and the other
candidate models (Table 2), indicating supportHierstructural, microclimate, moisture,
and temperature hypotheses. Frogs used locatitimsnareased leaf litter depth and air
temperature, and with decreased humidity and tghtpared to paired points located 2
m from frogs (Tables 3, 4). For example, oddosatif coefficients indicate a 26%
increase in the odds of a location being used dysffor every 1 cm increase in litter
depth and every 1 degree increase in air temperéfiable 3). In addition, frog
locations were positively associated with smallrseavoody debris but negatively

associated with large coarse woody debris.

Discussion
All areas within oak-hickory forest were not usggially by adult Wood Frogs.

Adult frogs migrated from breeding sites locatedidgetops into ephemeral, rocky
ravines, indicating that these drainages are impbrion-breeding habitat for Wood
Frogs in oak-hickory forests. Wood Frogs have jogsly been shown to use red maple
forested wetlands or other wet forests during tiraraer (Baldwin et al. 2006; Regosin
et al. 2005), but this habitat type and the assedigphagnum moss ground cover does
not occur at our study site. Wood Frogs in Missased deciduous leaf litter. Leaf litter

has a complex structure that prevents evaporatatendoss (O'Connor et al. 2006) and
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has previously been shown to prevent water logergian rock crevices, hollows under
trees, or dense ground vegetation (Seebacher &RAH#002).

Drainages may have been used by frogs duringptiiegsand summer for a
variety of reasons including the presence of rekitgs with appropriate microclimate
conditions and abundant prey. Hydroregulationrbgd in terrestrial habitats involves
absorbing water through the pelvic patch whilerggton moist substrates, because frogs
constantly lose water across the skin into theiaievaporation (Heatwole & Lim 1961,
Thorson 1955). Drainages likely facilitate theli&pbf frogs to regulate water by
providing moist soil and cool temperatures. Ielated experiment where water loss was
measured simultaneously with both soil moisture tantperature, we found that survival
of juvenile Wood Frogs held on ridge tops rangednfi7.5 — 11.8%, whereas survival
within drainages ranged from 53.6 — 59.3%, indigathat mortality due to desiccation is
reduced in drainages (Rittenhouse et al. In Revidw)pddition, drainages shade frogs
from direct sunlight, shelter them from wind, anelep topography creates breaks in the
leaf litter. We observed frogs completely covenath leaf litter but sitting in foraging
postures when steep slopes created a gap outthefshe leaf litter. Finally, drainages
with moist soil conditions may allow for increasesertebrate activity, thus increasing
the probability of invertebrates approaching thesd wait predator. Competition for
food underlies habitat selection theories for badd mammals (Fretwell & Lucas 1969;
Jones 2001). Anurans seem to be less tied torksmlirces (Bartelt et al. 2004) because
they are generalists that feed on invertebratgsaportion to their availability (Forstner
et al. 1998). However, invertebrate mass withirabitat has been linked to anuran mass,

indicating that prey availability can affect habitmality (Sztatecsny & Schabetsberger
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2005). The importance of prey availability in Woeibg habitat selection warrants
further investigation.

Our data suggest that use of drainages by WoaogsKtepends on the distance
between the breeding site and drainage. Migrdietg/een two spatially separated
habitats presents a trade-off between the poterdstb of migration and the potential
fitness benefits of reaching non-breeding habit&igh quality. Migration costs include
a large expenditure of energy for locomotion anposxre to visual predators. We did
not investigate whether some drainages are higladityg habitat for Wood Frogs than
other drainages; however, the three drainagesrat Palearly differ in the number of
frogs using the drainage. Intraspecific competitoay be higher in drainages located
near breeding sites compared to those locateckatagrdistances due to the density of
frogs within the drainage. Therefore, frogs thagnate to drainages far from breeding
sites may experience high migration costs, but fitefinem reduced intraspecific
competition during the non-breeding season.

Our data also suggest that the orientation ohdges relative to the pond edge
may influence how much terrestrial habitat is traee by migrating frogs. When
drainages were located at a perpendicular angdleetpond edge, as occurred at Pond 5,
the movements of all frogs were directed towarésttip of the drainage. In other words,
frogs funneled through a small corridor of ternadtnabitat. When drainages were
parallel to the pond edge, as occurred at PondiZPand 27, frogs radiated away from
the pond in multiple directions and paths did nartap as frequently. This pattern has
been consistent among years (Rittenhouse, unpatal).dLandscape configuration may

therefore influence the degree to which habitatifreadion affects a local population.
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Small scale timber harvest or development (e.@,lmuse) that occurs near a Wood
Frog breeding site will likely affect adult breedimigrations. When drainages are
perpendicular to the breeding site, the placemetiteodisturbance outside of movement
corridors may minimize effects; whereas, habitatification near breeding sites with
parallel drainages may affect some proportion efgbpulation regardless of placement.

Much to our surprise Wood Frogs remained in theecegame location for
multiple days and did not make any daily foragingvements. We confirmed this result
using thread-trailing tracking devices in followiggars (Rittenhouse, unpubl. data).
However, daily telemetry relocations allowed ustserve hydrotactic movements
within the leaf litter. Frogs sat high within tlayers of leaves following rain events
when litter was wet and moved lower within the kesas the litter dried. By 3 to 4 days
post rain when the top of the leaf litter was coetglly dry, approximately 60% of frogs
would be sitting with their pelvic patch pressediagt the soil. We observed on 13
occasions a frog sitting completely exposed orofihe leaf litter. All of these
observations were on humid mornings immediatelyp¥ahg rain. When we relocated
these frogs either later the same day or the fatigwlay, frogs had moved less than 1 m
and were under the litter, thus they were not ntilggaduring daylight hours even when
litter was wet.

Wood Frogs used deciduous leaf litter as micraaabWood Frog microhabitat
use in a Missouri oak-hickory forest therefore eliéf greatly compared to microhabitat
use in more northern forests that contain sphagmass and humus (Baldwin et al.
2006). In addition, we found no indication thaigs choose to sit near shelter objects,

such as coarse woody debris, rock outcrops, otiamyegetation. Although frogs did
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not use coarse woody debris greater than 25 crnameder, frog locations were
positively associated with small pieces of coarsedy debris (i.e., 10 — 25 cm
diameter). We did not quantify fine woody debris.( < 10 cm diameter), but small
sticks may provide important structure within teefllitter layer.

Our most supported microhabitat model indicated tftogs used locations with
increased leaf litter depth; however, we did ndevle frogs seeking out the deepest
litter in the forest, such as a leaf pile next toek or other object. We believe that the
relationship between use and litter depth may edirtear, with frogs using moderate
litter depths of approximately 6 cm. Frogs usethitblocations (mean humidity =
76.3%) but humidity at frog locations was lowerrhgired locations. Explanations that
incorporate the association with increased litegstd and decreased humidity include
frogs using locations where leaves are less tighdhked or frogs pushing leaves apart
when entering the litter. Space between the lemasallow for air movement (i.e.,
reduced humidity levels) and may also increasesacteinvertebrates moving through
the litter. Microhabitat use may therefore reflédet need to maintain hydration levels
while also obtaining foraging opportunities. Inased digestion rates at warmer
temperatures along with high evaporation and remhatates when in direct sunlight
likely explain the positive association of frogsngslocations with low light levels and
yet warm soil temperatures (Feder & Burggren 1992).

Conservation of pond-breeding amphibian populati@yuires the maintenance
of both breeding and non-breeding habitat and tlceessful migration of individuals
between these spatially separated habitats (Baldtah 2006; Semlitsch 2000).

Drainages within oak-hickory forest are a landsdapéure of the habitat that allows for
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microclimate conditions within the leaf litter the¢rve as non-breeding habitat for Wood
Frogs during the spring and summer. The persisteh@Vood Frog populations along
the southwestern edge of their range thereforeinegjgauccessful annual migrations
between breeding sites and drainages. Our datgestuthat any attempts to enhance or
create Wood Frog breeding sites within this porobthe range should consider the

proximity and landscape configuration of breedingssand forested drainages.
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Table 1. Fourteen a priori models of Wood Frog
microhabitat selection at DBCA in Warren County,
Missouri. Models were developed based on eight
variables, including litter depth (litter), 3 categories of
course woody debris (CWD), percent canopy cover
(canopy), % leaf cover (leaves), % relative humidity
(humidity), air temperature (airtemp), soil temperature
(soiltemp), light (light). The global model contained all 8
variables.

Model Name Variables

1. Structure litter, CWD, canopy, leaves
2. StructureA litter, CWD, leaves

3. StructureB canopy

4. Microclimate  humidity, airtemp, soiltemp, light

5. ClimateA humidity

6. ClimateB light, airtemp, soiltemp

7. Moisture litter, leaves, CWD, humidity
8. MoistA litter, humidity

9. MoistB leaves, CWD

10. Temperature canopy, CWD, airtemp, soiltemp, light

11. TempA canopy, soiltemp, light

12. TempB CWD, airtemp

13. Literature litter, humidity, soiltemp, light

14. Global litter, CWD, canopy, leaves, humidity,

airtemp, soiltemp, light
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Table 2. Conditional logistic regression models ranked by
AlICc to test alternative models of Wood Frog
microhabitat use in a Missouri oak-hickory forest. Models
with low AICc and high Akaike weight (w) have more
substaintial support.

Model k AlCc AAICc W

Global 9 191.649  0.000 0.9993
Literature 4 207.039  15.390 0.0005
Microclimate 4 208.366  16.717 0.0002
MoistA 2 211.647  19.998 0.0000
Moisture 5 215.475  23.827 0.0000
ClimateB 3 216.300 24.651 0.0000
Temperature 6 219.113  27.464 0.0000
TempB 3 227.478  35.829 0.0000
ClimateA 1 229.855  38.207 0.0000
Structure 5 242.888 51.239 0.0000
StructureA 4 244167  52.519 0.0000
TempA 3 247.109 55.460 0.0000
StructureB 1 253.983 62.335 0.0000
MoistB 3 258.256  66.607 0.0000
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Table 3. Parameter estimates (coefficients and standard error), odds ratios, and 95%
confidence limits from the most supported model explaining microhabitat conditions at frog
locations in a Missouri oak-hickory forest.

95% Confidence Limit

Variable  Estimate SE waldy® Pvalue Odds Ratio Lower Upper
litter 0.234 0.081 8.428 0.004 1.264 1.079 1.480
humidity -0.081 0.025 10.938 0.001 0.922 0.879 0.968
airtemp 0.237 0.077 9.523 0.002 1.267 1.090 1.473
light -27.297 11.789 5.362 0.021 <0.001 <0.001 0.015
soiltemp 0.227 0.212 1.149 0.284 1.255 0.829 1.900
cwd small 0.405 0.340 1.415 0.234 1.668 0.624 4.455
cwd large -0.298 0.528 0.318 0.573 0.826 0.153 4.468
pctcanopy 0.040 0.029 1.844 0.175 1.040 0.983 1.102
leaves 0.008 0.009 0.825 0.364 1.008 0.990 1.027
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Table 4. Microhabitat characteristics of locations used by Wood Frogs and paired unused locations.

Used by Frogs

Unused Locations

Variable Mean  Std Dev Min Max Mean  Std Dev Min Max

litter (cm) 5.94 1.725 1.000 11.000 5.18 2.035 0.000 11.000
humidity (%) 76.31 14375 34.200 95.100 80.48 12.366  33.600  96.600
airtemp (C) 53.09 11.881 30.800 97.100 51.45 10.661 30.500 85.600
light 0.32 0.037 0.225 0.388 0.33 0.033 0.244 0.410

soiltemp (C) 48.76 4.554 40.500 57.400 48.73 4.602 39.400 59.000
pctcanopy (%)  88.81 8.305 62.500 100.000 87.62 7.746 62.500 100.000
leaves (%) 85.90 16.227 20.000 100.000 83.60 20.695 0.000 100.000
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Figure 1. Movement paths for 17 Wood Frogs at Po(&l), 13 Wood Frogs at Pond 2
(B), and 12 Wood Frogs at Pond 27 (C). Frogs negr&rom breeding sites located on
ridge tops at the DBCA in Warren County, Missoumtlanto drainages that were used as
non-breeding habitat. Each black line represem®aement path of one frog and was
created by drawing a straight line between dailyaaion points (i.e., open circles).

Note that frogs did not migrate out ridge tops trat frogs at Pond 5 entered the top of
the drainage with 1 frog migrating into the draieag the north of the breeding site, 4
frogs migrating into the drainage to the west, a&drogs migrating to the closest

drainage to the east.
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Appendix 1. Summary of Wood Frog movements. We report the number of radio relocations (relocations),
number of spatial locations where a frog was relocated (frog locations), total distance traveled (TotDis),
straightline distance between first and last frog location (NetDis) and maximum straightline distance traveled
in one day (MaxSMov).

ID Sex Pond Mass (g) SVL (mm) relocations frog locations TotDis (m) NetDis (m) MaxSMov (m)

1.467 X 2 14.50 61 13 2 0.82 0.82 0.82
1.008 y 2 17.50 59 46 14 275.91 216.01 144.01
1.030 y 2 17.00 61 48 13 134.41 92.24 61.25
1.060 y 2 14.00 53 8 3 0.21 0.21 0.21
1.080 y 2 17.75 57 46 9 253.92 245.12 120.57
1.119 y 2 15.50 59 41 8 74.32 24.44 29.47
1.267 y 2 13.50 55 48 7 181.55 99.63 83.95
1.301 y 2 16.75 56 48 11 53.14 15.66 13.49
1.32 y 2 15.75 55 48 9 28.75 27.83 14.97
1.34 y 2 12.00 51 47 4 87.7 79.74 59.96
1.388 y 2 14.00 55 47 8 103.79 94.41 34.45
1.427 y 2 14.25 54 34 6 60.27 58.63 29.67
1483a vy 2 11.00 51 27 2 0.24 0.24 0.24
1.100 y 25 16.00 57 48 9 320.12 289.29 237.67
1.149 y 25 17.00 58 48 9 218.96 194.39 101.62
1.170 y 25 1325 53 47 5 81.29 67.77 33.59
1.189 y 25 18.00 60 48 9 118.8 85.71 58.06
1.209 y 25 1550 58 48 8 33.93 31.38 17.77
1.229 y 25 1575 58 48 9 86.98 21.93 32.66
1.483 y 25 1375 55 18 4 171.96 167.24 159.18
1.518 y 25 1450 58 47 12 408.03 393.34 143.11
1.538 y 25 1850 60 38 10 147.84 132.26 79.96
1.559 y 25 1250 51 44 12 130.39 47.50 38.19
1571 y 25 1325 54 47 14 110.54 103.87 66.14
1467a 'y 25 1275 52 33 8 29.56 10.78 8.06
1.220 X 5 13.25 60 46 12 159.98 107.22 117.76
1.261 X 5 17.50 66 47 16 182.33 165.66 124.15
1.289 X 5 15.00 62 46 16 146.27 135.05 34.37
1.309 X 5 20.50 66 45 13 111.25 97.46 38.81
1.448 X 5 14.00 61 46 14 121.2 90.32 40.79
1.020 y 5 12.50 51 48 17 94.54 1.02 15.29
1.049 y 5 14.50 53 33 12 187.19 120.37 68.01
1.069 y 5 16.75 57 46 13 138.09 120.80 61.78
1.088 y 5 11.75 57 47 11 331.38 297.35 103.82
1.110 y 5 12.00 52 46 6 242.82 173.12 125.03
1.140 y 5 12.75 53 47 14 62.98 13.86 20.24
1.160 y 5 15.25 57 47 6 250.62 223.10 150.28
1.181 y 5 14.00 55 47 13 160.85 131.66 110.2
1.198 y 5 15.50 57 47 7 147.19 140.80 122.04
1.328 y 5 10.50 51 46 19 99.94 79.92 37.96
1.379 y 5 10.50 53 46 14 133.77 113.60 116.18
1.400 y 5 11.75 51 46 14 172.62 149.85 115.15
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CHAPTER 3

BEHAVIORAL RESPONSE OF MIGRATING WOOD FROGS TO EXREMENTAL

TIMBER HARVEST SURROUNDING WETLANDS

Tracy A. G. Rittenhouse and Raymond D. Semlitsch

Abstract

The behavioral responses of amphibians to timbherdst may be species-specific
and may vary based on other factors in additiozatmpy cover removal. To determine
the behavioral response of adult wood frogs to éinttarvest, we conducted
experimental timber harvest within 164 m of repkchreeding sites, followed freely
moving frogs throughout the timber harvest arragiagiradio-telemetry, and tested the
repeatability of the response by conducting tweldisements. We found no evidence
that wood frogs in Missouri use clearcuts as habidthough we were unable to verify
if frogs traveled through or around clearcuts, &mbarvest did not alter the location
frogs migrated to for non-breeding habitat, as $rogached drainages and traversed
similar distances (i.e., total distance and ndadse from pond) before and after timber
harvest. The rate of travel (i.e., maximum diséatmaversed in one day) increased
following timber harvest. Frogs released nearpitved and those displaced to the center
of clearcuts exited the entire timber harvest amag single rainy night. Finally, wood
frogs exhibited site fidelity to non-breeding halbit When we displaced frogs back to the

breeding ponds, 20 of 22 frogs returned to the s@rmi@age that they had previously

33



migrated towards. We suggest that negative eftddisnber harvest on amphibians may
be minimized through the use of small timber haissptaced in locations that do not

separate breeding and non-breeding habitat.

Introduction

Habitat selection is defined as a hierarchical @ssmf behavioral responses
influenced by disproportionate survival and fithesedividuals which results in
differential use of habitat (Block & Brennann 19%8jtto 1985; Jones 2001). The two
components of this process, the behavioral chaidelze demographic consequences of
that choice, can be used to understand how spexspend to changes in land use and
management. For example, three hypotheses werthgposed for explaining why
amphibian abundance often declines following tintlewvest, which includes one
demographic mechanism (i.e., direct mortality) &amd behavioral mechanisms (i.e.,
retreating underground or evacuating off site; $tsoil et al. 2008). Amphibians
experimentally constrained within harvested stdvalge reduce survival relative to
control stands (Harper & Semlitsch In Review; T@lRothermel 2006), with sources of
mortality including fire ants (Todd et al. 2007 )dadkesiccation (Rittenhouse et al. In
Review; Rothermel & Luhring 2005). Although reddairvival can be a consequence
of staying within recently harvested stands, betvaViresearch is required to determine
when and how individuals may be exposed to thessempences.

The behavioral responses of amphibians to timaerdst may vary from
complete avoidance of open canopy areas to exense of these areas. For example,

spotted salamanders halted migration on approaahdrest-grassland edge and did not
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find the forested habitat on the other side ofttteding site (Rittenhouse & Semlitsch
2006). Further, both frogs and salamander evaduatent clearcuts in Missouri, with
an estimated 8.7 — 30 % of the breeding populatf@alamanders exiting the clearcuts
(Semlitsch et al. 2008). In contrast, captureamphibians at drift fences placed within
harvested stands verify that avoidance of openmaaceas is not complete (Patrick et al.
2006; Todd & Rothermel 2006). Further, westermsomonitored with radio-
transmitters used slash piles along the edgesafalts (Bartelt et al. 2004) and gray
treefrogs preferentially oviposited in artificiabqls placed on the clearcut side as
opposed to the forested side of edges (Hocking &l&h 2007). The range of
behavioral responses documented based on thesesssudgests that the behavioral
response may be species-specific and may vary lmasether factors in addition to
canopy cover removal.

We previously demonstrated that wood frogs in Blissbreed in ponds located
on ridge tops and summer in rocky ravines with flgywvater following large rain events
(Rittenhouse & Semlitsch 2007). To determine thledvioral response of wood frogs to
timber harvest, we conducted experimental timbevdst surrounding replicate breeding
sites and followed freely moving frogs throughc timber harvest array using radio-
telemetry. Our objectives were to determine ifladwod frogs respond to timber
harvest by 1) selecting alternative summer habitatr than the ravines used prior to
harvest, 2) increasing distances traveled due teements around as opposed to through
harvested stands, or 3) changing the rate of trakidé migrating away from breeding

sites. In addition, we experimentally tested #y@eatability of this behavioral response
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by displacing frogs back to the breeding site fwllgg an initial migration away from

breeding sites and displacing frogs to the certéretimber harvest treatments.

Methods

Description of Sudy Ste and Timber Harvest Treatments

We conducted this study at the Daniel Boone Cormrdenv Area (DBCA,; 1,424
ha), Warren County, Missouri, USA. DBCA containatare, second-growth oak
(Quercus spp.) and hickoryGarya spp.) overstory, with sugar mapkcér saccharum)
beginning to establish in the understory (i.e.,éd@zark Border Subsection as described
by (Nigh & Schroeder 2002). Amphibian breedingsiare ponds constructed 27 — 47
years ago on ridge tops as wildlife watering hoted were naturally colonized by a
variety of amphibian species (Hocking et al. In Rey.

We conducted experimental timber harvest in sumandrfall of 2004
surrounding four replicate amphibian breeding paipart of the NSF Collaborative
Project "Land-use Effects on Amphibian Populatioft€2AP). Timber harvest arrays
consisted of four forestry treatments: clearcuhwiiigh levels of coarse woody debris
(High-CWD), clearcut with less CWD (Low-CWD), paatticanopy removal, and control
forest. Each array was circular with a 164 m radaentered on a pond, divided into four
equal quadrants (~2.11 ha each), and a forestryrtezd was randomly applied to each
guadrant with the condition that the control andipbhwere opposite of each other. All
marketable timber greater than 25 cm in diametbredst height was removed for sale in
the two clearcut treatments. High-CWD treatmeiais the remaining trees (< 25 cm

DBH) felled and left on the ground. Low-CWD tre&mts had the remaining trees
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girdled and left standing to reduce the CWD ongtaind available to amphibians.
Partial harvest treatments were thinned to a kssal of 5.6 mper hectare or
approximately 60% stocking level by girdling orliiedy poor quality trees and
undesirable species (primarycer saccharum). Control treatments were not
experimentally manipulated and more information learfound in (Semlitsch et al.
2008). Data reported here was collected withih the 4 replicate arrays (i.e., Pond 2

and Pond 5), which are located 1200 m apart.

Data Collection

We radio-tracked adult wood frogs in 2004 (n = 2005 (n = 46), and 2006 (n =
26) as they migrated away from Pond 2 or Pond|bvahg the breeding season.
Additional information from the pre-harvest year2004 not provided in this manuscript
can be found in Rittenhouse and Semlitsch (200Vé. captured frogs at the ponds by
hand and using minnow traps in 2004 and drift feneieh pitfall traps in 2005 and 2006.
We attached transmitters (model BD-2 with whip ante and 1 mm diameter tube;
Holohil Systems Inc., Canada) weighting 1.0 g gsragimately 7% of average frog
body mass by using a belt constructed from 1 meta@trbead cord (Mainstays Cratfts,
Sulyn Industries Inc.) (as in Baldwin et al. 2088ttenhouse & Semlitsch 2007). Within
a given year most frogs were fitted with transmstt@ithin a 3 — 4 day period. If
transmitters could not be immediately attached ugapture, we placed frogs in
enclosures (1 m X 2 m X 1 m) at the pond edgedss than 2 days.

Frogs were released within 5 m of the pond ed@®0% and 2005. Frogs were

experimentally displaced to the center of the tinfsvest treatments in 2006 and thus
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frogs were released approximately 80 m from thedpege in this year only. On 4 April
2005, we conducted an experimental displacemenpjie to a forecasted evening rain
event. We displaced frogs from their current laraback to the original release location
near the pond.

We located frogs daily during daylight hours foe tife of the transmitters
(approximately 50 days) using a R2000 ATS receawvet yagi antenna (Advanced
Telemetry Systems, Inc., Isanti, MN). Upon homioghe frog, we obtained a visual
sighting, carefully pulled out the whip antennanfrbeneath leaf litter, and placed a wire
flag next to the frog. If the antenna was visibéxt to the flag upon subsequent
relocations, we did not disturb the frog by obtagha visual sighting. All movements
greater than 10 cm were marked with a flag. FHag® later mapped with a compass
and tape measure or GPS unit with submeter acc(faicyble Pathfinder Pro XL or
Trimble Geo XT) and imported into Arcview (versi8r2; Environmental Systems

Research Institute, Redlands, California, USA).

Analysis

We calculated several movement parameters for feaghincluding total
distance traveled (TotDis: sum of distances betvgeecessive relocations, net distance
(NetDis: straightline distance between first arst f@location), and maximum straight-
line distance traveled in one day (MaxSMov). Weseh20 m from the pond as the
criteria for determining if frogs had begun migoatiaway from the pond (Madison
1997), and thus we only included frogs that migtaeeater than 20 m in all analyses.

Mortality due to predation or desiccation was thenpry reason frogs did not reach 20 m
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within the tracking period (Rittenhouse et al. he). We used analysis of variance to
test for effects of sex, year, and sex interacwith year on these three movement
parameters. We used log-likelihood ratios to ifebte number of relocations within
guadrants and the number of frogs evacuating queldifered among quadrants. We
used linear regression to correlate the bearingd®at the first and last location prior to

displacement with the first and last location faling displacement in 2005.

Results

In 2005 and 2006, the number of frog relocationsach treatment were not equal
(n =427 in control, n = 412 in partial, n = 230GkVD-high, and n = 185 in CWD-low
(x* 0.05, 3= 32.87, P < 0.001) and 310 relocations were detsf the timber harvest array.
In 383 of the 415 relocations in the two clearceatments, frogs were within a few
meters of the release point (Figure 1); therefiaiecations of frogs in clearcuts were a
result of us placing frogs in clearcuts. In omstoccasions, frogs remained in a clearcut
following a large movement. One frog (ID 2379) sp&7 days in a clearcut after
moving 60 m into the center of High-CWD and ongf(tb 2228) entered 15 m into
Low-CWD (Figure 1a). We believe that the lack @bcations in the two clearcuts is
because frogs avoided clearcuts.

Following displacement back to the ponds in 20@eat of 22 frogs moved
towards the same drainage for a second time (F@urdhe two frogs (ID 2538, 2261)
that switched drainages were at pond 5 (Figure Sg\eral frogs returned to within
meters of their location prior to displacement dgrihe one night of rain (e.g., ID 2809,

2759, 2427, 2289). The bearing between first astlibcation prior to displacement was
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strongly correlated with the bearing between farstl last location following
displacement (df = 1, F = 27.47, P < 0.001=R0.5787; Figure 3).

The displacement to the center of the treatmer2@6 did not prevent frogs
from reaching the drainages (Figure 1b and 1ddeAsom small movements (< 5m)
near the release point, surviving frogs displaced the two clearcut treatments exited
the quadrants during one night of rain; whereagyddisplaced to the partial or control
treatments did not exit the quadrants during ogatrof rain kz 005, 2= 6.744, P < 0.025).
Further, six frogs released in the clearcuts monexthe control or partial; whereas, zero
frogs moved from control or partial into the claas: The release point in the center of
the clearcut was approximately 80 m from closedpann three directions; however,
movements were directed towards drainages ratharttie closest forest (Figure 1b and
1d) and frogs did not move towards drainages bylsitnaveling downhill. For
example, a frog (ID 3960) displaced to the centeroov-CWD went to the southeast
drainage where the majority of the breeding popaegpends the summer (Rittenhouse
& Semlitsch 2007) as opposed to downhill drainagaled to the north (Figure 1d).
Further, the bearing for the movement paths ofetfiregs displaced to the High-CWD
was approximately 164° (Figure 1b). These frogsaily traveled uphill as opposed to
downhill into the drainage located 262° from thiease point.

We found no effects of sex and year on total dista(Fs, 77= 0.42, P = 0.8362) or
net distance 77=0.78, P = 0.5641) (Table 2). However, maximumgle movement
in a one day period differed based on both sex{E 3.91, P = 0.0514) and yeak (F7=
2.90, P = 0.0609), with Tukey pair-wise comparismascating a significant difference

between 2004 and 2005, with 2006 being intermeditrire 4). Although only

40



statistically significant for MaxSMov, males tendednove greater distances than
females during the 50 day tracking period immedlydtalowing the breeding season

(Figure 5).

Discussion

Habitat selection consists of a behavioral chaing a demographic outcome of
that choice (Jones 2001). Our results reveal ¢éavaoral response of radio-
transmittered wood frogs within experimental timbarvest surrounding ponds in
Missouri. Timber harvest within 164 m of ponds dat prevent frogs from reaching
ravines that serve as non-breeding habitat, notimlidler harvest alter which ravines
were used as non-breeding habitat. Total distandenet distance traveled during the 50
day tracking period were also similar before artdrafmber harvest. However, we
found no evidence of frogs actively using clearagsabitat. Further, the increased
mean maximum single movement in one day indicéassthe rate of travel increased
following timber harvest as frogs evacuated th@ehiarvest array during one night of
rain. Although we were unable to verify if frogaveled through or around clearcuts, we
conclude that timber harvest surrounding the bregsdites did not alter the non-breeding
habitat frogs migrated to for non-breeding hablbat, timber harvest increased the rate of
travel.

Wood frog use of clearcuts as habitat varies reggip. Our movements paths
based on daily relocations demonstrate that adoltsot use clearcuts in Missouri. In
contrast, results from both drift fences (Patritkle2006) and radio-telemetry (S.

Blomquist, personal comm.) demonstrate that woogddfin Maine travel through
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clearcuts and use moist areas within clearcutsbgdt during the spring. This range of
behavior displayed by wood frogs suggests thatlémeographic consequences of using
recently harvested stands vary regionally. Weresd that survival in Missouri was 1.7
times lower while transmittered frogs were withie tcircular timber harvest array
compared to survival prior to timber harvest (Ritteuse et al. In Prep). Although
western toads have been shown to use brush pilegwlearcuts (Bartelt et al. 2004)
and these microhabitats reduce desiccation rislkenwlood frogs are constrained within
these microhabitats (Rittenhouse et al. In Review)found no evidence in our study
that wood frogs seek out brush piles within cletgcleEven when we displaced frogs to
the center of clearcuts frogs did not utilize brpghs for conserving moisture. Avoiding
recently harvested stands may be an adaptive lmtfavifrogs in Missouri due to
increased mortality risks in clearcuts. We sugtfesttthe degree of behavioral response
to land use may be more extreme on the edge @pbaes range (e.g., in Missouri
where conditions are relatively dry) relative tbetparts of the species range (e.g., in
Maine where clearcuts have more standing water¢batrol forest (Patrick et al. 2006)).
Our results support the evacuation hypothesisxptaining reduced amphibian
abundance on clearcut plots following timber harwelich was recently revealed for a
several pond-breeding species (Semlitsch et aB)200/e found that wood frogs did not
use the clearcuts when size and placement ofrtiteeti harvest allowed frogs to avoid
clearcuts. However, the randomization of the hstrtreatments resulted in a
configuration where most frogs could travel in fastraight lines from the ponds to the
drainages without entering either of the clearcedtiments. When we displaced frogs to

the center of the treatments to ensure frogs eneweththe clearcuts during migration,
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frogs exited the clearcuts during the first raiemty further supporting the evacuation
hypothesis. In addition to evacuating quickly, theplacement verified that frogs orient
movements towards summer habitat as opposed tdabest location with closed
canopy and that a displacement of 80 m did notdritite ability of adults to return to
non-breeding habitat.

Many pond-breeding amphibians are known to beophific to breeding sites
(Gamble et al. 2007; Marsh et al. 2000; Watters&sk2006). Approximately 80% of
wood frog metamorphs returned to natal wetlandsr@sding adults and nearly all adults
that breed multiple times are faithful to breedsitgs (Berven & Grudzien 1990;
Vasconcelos & Calhoun 2004). However, in someasitns where wetlands are in close
proximity adults may switch ponds based on thegires of predator or competitors
(Petranka & Holbrook 2006). Our displacement rissmidicate that amphibians also
exhibit site fidelity to non-breeding habitat. Mty percent of the wood frogs we
displaced back to ponds moved towards the draiteagdich they migrated prior to
displacement. Compass orientation is well knowamphibians (Sinsch 1990) and was
likely the homing method used to return to a knaanget. Our results suggest frogs
were able to adjust their compass to account 8thm displacement but this short
distance displacement does not confirm true naagatbilities. Previous indications of
site fidelity to non-breeding habitat included adw@wts migrating in the same direction
following displacement back to the breeding sigh(d 2000), mark-recapture studies of
wood frogs in a peat bog during the summer (B&Bi65) and gray treefrogs in foraging
habitat (Johnson et al. 2007), and emigration td&/&évorable non-breeding habitat

(Jenkins et al. 2006; Marty et al. 2005; Rittenl@&sSemlitsch 2006). Site fidelity can
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indicate that resources are limiting and that selshavior to locate additional resources
is risky. Density-dependence in terrestrial halihat affects growth and survival for
juvenile wood frogs (Harper & Semlitsch 2007) isaatditional indication that non-
breeding habitat can be an essential but limitespurce.

Our results also indicate that the migratory mosets of frogs were not limited
by energy stores. The short breeding season ofl\irogs has been explained based on
energy reserves because male frogs begin the hgeselason with enough stored energy
(i.e., glycogen) to call for 5 hours per night fonights (Wells & Bevier 1997). After
breeding, wood frogs in Missouri migrate away frbreeding sites during the first rain
event. When we displaced frogs back to the pordhypothesized that the remaining
energy reserves may prevent frogs from evacuati@glearcuts in a single night and
thus determine if frogs could travel through oruard the clearcuts. However, most frogs
traveled the 164 m distance a second time and ngkyeated on the opposite side of the
clearcuts the following morning. Frogs that migrhtess than 164 m were relocated in
control or partial forested quadrants the followimgrning. These results indicate that
frogs were unwilling to stop while within clearci#ad were motivated to find forested
ravine habitat. The ability to make these mignatoovements a second time after
displacement may have resulted from wood frogsitgpthe breeding site prior to
expending all energy reserves or successfully pintgiprey during the migratory period.

We conclude that wood frogs in Missouri behavigraloided clearcuts in their
migrations from breeding to non-breeding habitat aar two experimental
displacements confirmed the consistency of thisabiemnal response. Wood frogs

successfully migrated from breeding to non-breedialgitat through the timber harvest
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array, but these findings depict short-term behaviesponses. Long term effects of
sustaining high movement rates for multiple bregdieasons are unknown and
amphibians require long, slow rain events as opptsehort downpours to accomplish
these single long-distance movements. In addibanyesults suggest that the size and
placement of clearcuts may influence the behavi@sponse, with larger stands leading
to further increases in distances traversed akdfismortality. However, the maximum
distance frogs are able to traverse in a singletngjalso unknown: we observed a
maximium daily distance of 332 m. Finally, althbugearcuts in our study did not
prevent adults from migrating away from breedirtgssiour results may not be
applicable to migrating juveniles, which are vubdge to desiccation due to small size

and also an important life stage for populatiorutagion.
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Table 1. Net distance (m) and bearing (°with 1 as north, 90 as east,
180 as south, 270 as west) between the first and last relocations prior to
displacement (1) and following displacent (2) back to the pond in 2005.

Pond ID Netdis1 Netdis2 Bearing_;l Bearing&
2 2020 169.36 18.31 14.92 62.52
2 2100 191.62 124.34 36.26 46.37
2 2189 240.00 72.11 1.48 35.34
2 2198 375.59 43.98 341.92 42.70
2 2228 281.93 130.27 293.07 295.76
2 2289 214.21 203.34 235.80 243.59
2 2320 156.66 102.05 234.35 274.06
2 2379 65.22 11.44 231.07 214.37
2 2427 239.57 233.28 214.12 215.43
2 2621 69.41 10.39 66.96 89.65
5 2070 122.20 85.64 338.30 331.58
5 2109 139.44 0.00 158.73 0.00
5 2149 136.98 99.10 338.12 333.60
5 2160 120.93 8.14 347.75 240.59
5 2261 224.30 160.89 75.71 137.63
5 2301 348.69 135.87 110.79 152.65
5 2328 113.78 20.93 174.61 183.07
5 2538 203.74 185.89 136.22 73.24
5 2720 282.74 56.15 126.75 180.87
5 2759 45.49 29.91 341.88 348.72
5 2809 213.55 199.85 62.09 62.30
5 2910 180.05 98.08 352.48 351.71
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Table 2. Analysis of variance results testing the effects of year (2004, 2005, 2006), sex

and the interaction of year and sex.

Response Variable Source of Variation DF MS F-value P-value
year 2 3746.51 0.46 0.631
NetDis sex 1 6397.94 0.79 0.376
year*sex 2 4659.24 0.58 0.564
error 77 622274.84  8081.49
year 2 2525.37 0.28 0.759
TotDis sex 1 5912.22 0.65 0.423
year*sex 2 1820.51 0.20 0.819
error 77 701467.87  9109.97
year 2 13133.09 2.90 0.061
MaxSMov sex 1 17712.98 3.91 0.051
year*sex 2 2925.09 0.65 0.527
error 77 348396.5065 4524.63
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Figure 1. Movement paths for all wood frogs tmaveled greater than 20 m at Pond 2 in
2005 (A), Pond 2 in 2006 (B), Pond 5 in 2005 (@) ond 5 in 2006 (D). Movement
paths begin near the ponds in 2005 and only repr@sevements prior to displacement.
Movement paths begin in the center of the treatsign2006 due to displacement to
these locations. Each line represents the movepathtof an individual created by
drawing a straight-line between successive relongibints depicted as circles. Gray

lines (B and D) represent frogs displaced to theereof clearcuts.
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Figure 2. Movement paths for all wood frogs in 2@0at traveled greater than 20 m
both before and after displacement back to the Rai#d and Pond 5 (B). Black lines
represent movement paths prior to displacemengeanlines represent movement paths
following displacement. Individuals are depictedhvwnique symbols. Note that the
black and gray lines overlap for some individualssh as the frog at Pond 2 depicted by
a black spot within a circle or the frog at Pondepicted by an open circle within a
circle. The frogs depicted with an open squareandpen circle were the two frogs at

Pond 5 that did not return to the same drainage.
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Figure 3. Linear regression showing the correfabietween the bearing from the first to
the last relocation prior to displacement to tharlmg from the first to the last relocation

following displacement back to the pond in 2005.
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Figure 4. Least square means of maximum singleemewt distance between daily
relocations (i.e., maximum distance traversedsimgle day). This distance differed by
year, with pair-wise comparisons indicating that tlistance was lower in 2004 prior to

timber harvest than in 2005.
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Figure 5. Least square means for net distancet@#g), distance (B), and maximum
single movement distance (C) in a single day. @&ltsh males tended to move greater
distances than females in all three variables, Nx&is the only statistically significant

difference between males and females.
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CHAPTER 4

COSTS ASSOCIATED WITH BREEDING MIGRATIONS: KNOWN-FRE

SURVIVAL ESTIMATES FOR WOOD FROGS

Tracy A. G. Rittenhouse, Raymond D. Semlitsch, kl@nThompson, Ili

Abstract

Migration presents a trade-off for individuals beem the potential fithess
benefits of reaching high quality breeding and boeeding habitat versus the potential
costs of migration. Within an information theocetiamework, we examined the costs of
migration for adult wood frogs in response to timbarvest and annual weather
conditions using Cox proportional hazard estimafesurvival. In 2004 prior to timber
harvest, survival did not differ between the inqid&’5, SE = 0.078) and outside (0.73,
SE = 0.235) of the 164 m radius circular timbenkat arrays. Following timber harvest,
survival inside that array in both 2005 and 200@Z0SE = 0.065; 0.42, SE = 0.139) was
lower than survival outside of the array and ptmharvest. Sources of mortality
included predation in all years and desiccatiothendrought year of 2005. The most
supported models for explaining both predation @esiccation risks reflected behaviors
as opposed to timber harvest or weather conditi®@wh predation and desiccation risks
increased when frogs made frequent movements @ Meated near breeding ponds.
These optimal behaviors for survival were the shefere and after timber harvest;

however, the survival consequences for not adophiege behaviors were more severe
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following harvest. Our results provide empiricaidence for 1) the ecological pressures
that influence migratory behavior and 2) differahsurvival in relation to migratory
behavior which reveals why frogs move relativelydalistances away from breeding
sites.

Introduction

Migration presents a trade-off for individualsweéen the potential fithess
benefits of reaching high quality breeding and boeeding habitat versus the potential
costs of migration. The response of individualthis trade-off can be observed through
alterations in migratory behavior, such as theedraveled, timing, duration, and
distances migrated. Migratory behavior is certtvahdividual-based definitions of
migration and provides insight into mechanismshefmigration process (Dingle &
Drake 2007). Further, natural selection acts aogration through changes in migratory
behavior of individuals in response to current ¢bads and differential survival or
reproduction (Gauthreaux 1980). However, thedodipe of species migration includes
not only the migratory behavior of individuals k& ecology of populations (Dingle &
Drake 2007).

Migration arises in populations where replacenatds (R), a function of
survivorship (1) and birth rate (), are greater for migrants than for non-migrants
(Gauthreaux 1980). Increased reproductive sugsdke ultimate benefit of migrations.
For example, young of neotropical migrating birds laorn into habitat with seasonally
abundant food resources and adults over-winter evfogaging habitat allows them to
acquire adequate energy for reproduction the fotigwear (Gauthreaux 1980; Sillett &

Holmes 2002). In comparison, costs of migratianraost extreme when survival is
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reduced because mortality excludes future reprodristiccess. Robust estimates of
reproductive success and adult survival in nafpoglulations under varying conditions
enhance our understanding of migration. Furthegpufation measures reveal the
function of migration between spatial separate taéb(Dingle & Drake 2007).
Amphibians that retain aquatic egg and larvaldifeges benefit from the
abundant food resources and minimal predators foueghemeral wetlands used as
breeding habitat. Costs of migration are likely tnwial for pond-breeding amphibians
because many species are known to forego breedgrgtions in a given year to
increase reproductive success in subsequent y€ausdh et al. 2007). First, migration
includes an expenditure of energy. Amphibians #éhatearly spring breeders rely on fat
reserves obtained during the previous fall for evertering, movements to the breeding
site, and breeding activities (i.e., calling andingd. For example, the short breeding
season of wood frogs may be limited by energy vesebecause male frogs begin the
breeding season with enough stored energy in tine & glycogen to call for 5 hours per
night for 5 nights (Wells & Bevier 1997). Movemsraway from the breeding site then
require energy for locomotion and thus the migraticstances frogs may be limited by
energy reserves. Second, movement activity magcatpredators (Skelly 1994; Yoder et
al. 2004). Longer migration distances may increagmsure to predators, resulting in
increased predation risks. In addition to enepgyeaditure and predation risk, water
balance is a critical process for amphibians iretgrial habitats (Jorgensen 1997;
Seebacher & Alford 2002). Leaving non-breedingitaébhat contains adequate
moisture levels and migrating on the surface ofl¢laé litter may expose frogs to

desiccation risks. Local weather conditions maylifyadesiccation risks on both daily
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(e.g., weather fronts that bring rainfall) and ye#ée.g., drought versus wet years) time
scales.

Terrestrial adult pond-breeding amphibians undeogomd-trip breeding
migrations that include movements to aquatic bregtabitats and return movements to
non-breeding habitat (Semlitsch et al. 2008). és@mple, adult wood frog&éna
gylvatica) use of non-breeding habitat declines as themtisthetween breeding sites and
non-breeding habitat increases (Rittenhouse & $&chli2007b). This result suggests
that adults returning to non-breeding habitat nmasance the potential fitness benefits of
reaching high quality non-breeding habitat with tlests of migration. Further, we
suggest that land use in the habitat surroundirttangs may alter this trade-off, and thus
influence the distances amphibians migrate fronedirey sites. The habitat requirements
of local amphibian populations have been defineetian migration distances
(Rittenhouse & Semlitsch 2007a; Semlitsch & Bodi®@3). Therefore, quantifying the
costs of migration will enhance our understandifthe habitat requirements of local
amphibian populations.

We examined the cost of migration of adult woayf during movements from
breeding ponds to non-breeding habitat by idemtgysources of mortality and estimating
survival rates. Our first objective was to tesettter survival rates varied in response to
varying environmental conditions resulting from exmental timber harvest and annual
weather conditions. Our second objective was terdene which factors contribute to
increased predation risks and desiccation risksigfating frogs. We used known fate

telemetry data to identify sources of mortality &k proportional hazard models that
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allow for both time-dependent and -independent cates to assess the effects of

covariates at the time of each mortality event.

Methods
Sudy Ste

We conducted our study at the Daniel Boone Consiervarea (DBCA; 1,424
ha) in Warren County, Missouri, USA. The area aord mature, second-growth oak
(Quercus spp.) and hickoryGarya spp.) overstory, with sugar mapkcér saccharum)
beginning to establish in the understory (i.e.,éd@zark Border Subsection as described
by (Nigh & Schroeder 2002). Local relief (i.e.egition change within 2.59 Kranges
from 46 — 76 m. Small, intermittent streams (nefdrto as drainages) begin in DBCA
and flow south towards the Missouri River, cuttthgpugh loess ridge tops and exposing
limestone rock. Amphibian breeding sites are pdahdswere constructed 27 — 47 years
ago on ridge tops as wildlife watering holes anden®aturally colonized by a variety of
amphibian species (Hocking et al. In Review).

The first year of data collection (2004) occurrembipto timber harvest under
typical to slightly cool and moist spring weathenditions. The average daily spring
temperature was 20.02 £ 9.27 C and total rainfak ¥9.91 cm. For the purpose of
summarizing weather conditions, we defined spr@ &ebruary through 30 June.
Central Missouri experienced a severe spring droing2005 which ranked as th&' 3
driest spring on record (NOAA weather station inLSiwis) and spring rainfall in 2006

was also below average. Average daily spring teatpee was 21.45 + 9.32 C in 2005

65



and 21.82 + 10.08 C in 2006 and total spring rdimfas 34.87 cm in 2005 and 38.56 cm
in 2006.

Timber harvest treatments were applied in summerfahof 2004 as part of a
collaborative project referred to as Land-use Efen Amphibian Populations (LEAP).
Each timber harvest array applied to replicate amah breeding sites (i.e., Pond 2 and
5) consisted of four forestry treatments: cleavettih high levels of coarse woody debris
(high-CWD), clearcut with less CWD (low-CWD), paitcanopy removal, and control
forest (Semlitsch et al. 2008). Each array wasutar with a 164 m radius, centered on a
pond, divided into four equal quadrants (~2.11 ldngand a forestry treatment was
randomly applied to each quadrant with the conditiwat the control and partial were
opposite of each other. In clearcuts, all marketémber greater than 25 cm in diameter
at breast height was removed for sale. High-C\Watments had the remaining trees (<
25 cm DBH) felled and left on the ground. Low-CWBatments had the remaining
trees girdled and left standing to reduce the CWiilbhe ground. Partial harvest
treatments were thinned to a basal area of 5 penhectare or approximately 60%
stocking level by girdling or felling poor qualitiees and undesirable species (primarily

Acer saccharum). Control treatments were not experimentally rpatated.

Data Collection

We radio-tracked adult frogs at three ponds in 20@4, Pond 2, Pond 27 or
Teacup Pond, and Pond 5) and at two ponds in i and 2006 (i.e., Pond 2 and Pond
5). We captured frogs at the ponds by hand andyusinnow traps in 2004 and drift

fences with pitfall traps in 2005 and 2006. Waelted transmitters (model BD-2 with
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whip antennae and 1 mm diameter tube; Holohil Systinc., Canada) weighting 1.0 g
or approximately 7% of average frog body mass laygua belt constructed from 1 mm
stretch bead cord (Mainstays Crafts, Sulyn Indesthnc.) (as in(Baldwin et al. 2006;
Rittenhouse & Semlitsch 2007b). Within a givenryaast frogs were fitted with
transmitters within a 3 — 4 day period. If trangers could not be immediately attached
upon capture, we placed frogs in enclosures (1 2nXX 1 m) at the pond edge for less
than 2 days. We released frogs within 5 m of thredpedge in 2004 and 2005, and
approximately 80 m from the pond edge within theteeof the timber harvest
treatments in 2006. Release date was 6 March ZB0Klarch 2005, 10 March 2006 and
varied based on when the breeding season endeds$\ened that transmitters do not
increase predation risk, because radio-transmiti@ve limited effects on wood frog anti-
predator behavior (Blomquist & Hunter Jr 2007).

We relocated frogs during daylight hours for 50smxutive days using a R2000
ATS receiver and yagi antenna (Advanced Telemegsgedns, Inc., Isanti, MN). Upon
homing to the frog, we obtained a visual sighticayefully pulled out the whip antenna
from beneath leaf litter, and placed a wire flagtrie the frog. If the antenna was visible
next to the flag upon subsequent relocations, wendt disturb the frog by obtaining a
visual sighting. All movements greater than 10wene marked with a flag. Flags were
later mapped with a compass and tape measure ou@P®8ith submeter accuracy
(Trimble Pathfinder Pro XL or Trimble Geo XT) andported into Arcview (version 3.2;
Environmental Systems Research Institute, Redla@algornia, USA).

We obtained the fate of all individuals and categga mortality as predation,

desiccation, or unknown. Predation was assignezhwie transmitter was recovered
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with tooth marks and/or body parts from the frd@pesiccation was defined as events
where frogs were found at the same location apraous day, depleted of body water
with no signs of predation. Unknown was assigmeelvents where frogs were found

with no signs of predation or desiccation.

Analysis

We used an information-theoretic approach to ingat¢ support for three sets of
models representing hypotheses regarding: 1) saln&y predation, 2) desiccation. First,
we assessed competing models that represent dwsefff timber harvest and yearly
weather conditions on wood frog survival (responsdive or dead) while migrating
away from breeding ponds. The most supported mfodeixplaining the effects of
timber harvest and drought was used as a candadel in the other two investigations.
We then assessed models that represent alterhgietheses for wood frog predation
risk (response variable = depredated or not depediland desiccation risk (response
variable = desiccated or not desiccated).

We identified both time -independent and -dependawériates hypothesized to
affect predation or desiccation risks (Table 2heJe covariates were based on individual
characteristics (e.g., sex, body condition, movdrfrequency), location within the
landscape (e.g., net distance from pond), and dagther conditions (e.g., high
temperature, total rainfall, number of days sincaiafall greater than 10mm) obtained
from a weather station in Hermann, Missouri, al®km from DBCA. We found
multicollinearity among weather variables using vaeiance inflation factor from a

multiple regression model (Allison 2002). Therefowve limited the number of weather
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variables in a candidate model, often only inclgdime number of days since a large
rainfall. Large rainfall was defined as 10 mm afhror the amount of rain needed to
recharge the moisture within the leaf litter lag@Connor et al. 2006).

Each candidate model was expressed as a Cox pmdithazard regression
model (Cox 1972). Cox proportional hazard modsks ai partial likelihood function to
estimate a hazard function based on a “risk se#llldhe individuals alive on a given
day, and thus the hazard for an individual is @prton of the hazard for any other
individual (Allison 1995). The relative effects ofvariates on the hazard function can
be estimated without the researcher specifyingsalbee hazard function (i.e., the
baseline hazard function is estimated by settihgosariates equal to zero (Allison
1995). A valuable characteristic of this modatssability to handle both time-
independent and -dependent covariates, becausanassess the affect of a time-
dependent covariate at the time of the mortaligne\(Yoder et al. 2004). For example,
we assessed the effect of net distance from thd pbthe time and distance of the
mortality event. We used the counting processasyim SAS to incorporate time-
dependent covariates (Allison 2002) (PROC PHREGS $8#stitute year) with time
measured as Julian date. Although the value rioe-lependent covariates changes over
time, the model estimates a single coefficientifiertime-dependent covariate and
inferences can be drawn at any time point. Oua dpins a 64 day period from Julian
day 66 — 130 (i.e., 6 March — 9 May) and we repdérences drawn at Julian day 130.

We ranked the candidate models within each oftirmetmodel sets and selected
the best approximating model using the change iailkékinformation CriterionfAIC)

and Akaike weightsuf). We model averaged the top ranking models tlemewithin 2
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AIC units of each other for both the predation dediccation analyses and inferences are
drawn from the model-averaged coefficients. Weuated hazard ratios and 95%
confidence limits for parameters in the final mottefacilitate interpretation (Keating &
Cherry 2004). The hazard ratio describes theivelaisk between values of an

individual covariate, by representing the magnitatiehange resulting from an
incremental change in covariate. Hazard ratioatgre> 1 indicate increasing risk and

ratios < 1 indicate decreasing risk.

Hypotheses for Survival Models

To fully encapsulate data collected before and #fie experimental timber
harvest, we included priori models that represent the effects of timber hatveatment
interacting with year and a model based solelyeary Timber harvest treatment was
expressed in two ways, by classifying frog locasi@as within control, partial, high-
CWD, low-CWD, or outside of the timber harvest gr(eovariate referred to as
‘treatment’) or by classifying frog locations asike or outside of the 164m circular

timber harvest array (covariate referred to asa\djr

Hypotheses for Predation Models

We developed a set of Briori candidate models based on hypotheses that
predation risk would increase when close to breggonds due to the high density of
frogs attracting predators and if frogs made freqaaily movements that may attract
predators. We hypothesized that predation risklvmecrease after many days without

rain due to scent accumulating at a location, oworly days due to disturbance of the
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boundary layer of air near the ground that mayeiisg scent. The most supported model
from the survival analysis was included as a caatdidhodel to explore the effects of
timber harvest and drought on predation. We hygo#ted additive effects when these
conditions occurred in combination. We hypothesitteat movement frequency and
days since rainfall greater than 10 mm would irdedaecause remaining in the same
location may limit exposure to predators but asreral days without rain scent of frogs
may accumulate at that location. We hypothesihatirhovement frequency and net
distance from pond would interact. Frogs that mioequently may be depredated more
than frogs that remain still, when frogs are lodatkse to the pond due to predators
searching areas with high density of frogs. Frmogy have similar predation risks
regardless of movement frequency when far from pdostause predators may not

search for frogs when frog densities are low.

Hypotheses for Desiccation Models

We developed a set of Hypriori candidate models based on hypotheses that
desiccation risk would increase when close to bregponds because of their location on
ridgetops or if a frog made frequent daily moversesnuggesting the microhabitat at the
location is poor quality. We also hypothesizeditadel effects when these conditions
occurred in combination. We hypothesized that moaa frequency and net distance
from pond would interact, because when close talpdrogs that moved frequently may
be exposed to desiccation risks more than frogsdidanot move. When far from ponds
moisture in drainages is more readily available thd frogs may have similar

desiccation risks regardless of movement frequeiitye most supported model from the
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survival analysis was included as a candidate miodexplore the effects of timber
harvest and drought on predation. We also hypabeéshat daily weather conditions
would greatly influence desiccation risk. Desigmatisk was hypothesized to increase
with increased daily maximum and minimum air tenaperes, low daily relative
humidity, average daily dew point and sustaineddwand with decreased daily rainfall
and number of days since 10mm rain. We restrittechumber of covariates in each
candidate model due to limited number of desicoatigents and multicollinearity
between weather variables. Therefore, most catelidadels contain only one weather

covariate or combinations with the least amoumnhafticollinearity.

Results

We tracked a total of 117 adult wood frogs in thyears (table 1). One frog was
not included because the transmitter was shedgltmmfirst movement. Several
classifications of mortality events warrant explaoa First, six mortality events were
assigned as predation based on transmitters resmb%er 20 m from the previous
relocation with the belt still tied and without tkenarks. We do not believe transmitters
were shed because frogs had previously made laogements. In 4 of these 6 events,
the PIT tag inserted between the skin and musdleeofrog for identification was found
within a meter of the transmitter. Second, onednaittered frog was lost in 2005 on the
52 day of tracking. We believe the battery faile@ @¢ay manufacturer's warrantee)
and censored this frog at last visual locationird;ton the 3% day of tracking in 2006
following a rain event, we found 7 transmittershwiroken belts and antennas through

the litter in the exact same location as the prevday. We attributed this event to belts
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becoming brittle and breaking as opposed to predakiecause on the previous day we
had noticed a frog sitting within a broken belt dnadl replaced the belt. Further,
transmitters in all suspected predation events ¥gened > 1 m from the previous
location. Two transmitters were also found inraikir manner near the completion of

the study in 2005. These nine events were censoeédot included as mortality events.

Causes of Mortality

We classified 29 mortality events as predationad 8esiccation, and 8 as
unknown (Table 1). We confirmed predation by eastarter snakesgfiamnophis
sirtalis) (n = 6) using forced regurgitation to retrieve frog and transmitter from the
shakes’ stomachs. We suspect a wide range of ptbdators: raccoon or other medium
sized mammal based on frogs found missing largg pads (e.g., leg or head) (n = 8)
and when a PIT tag was found with no body parts §); raptors or owls (n = 5) based
on transmitters found in avian scat or greater 8@hm from the location the previous
day; turkey (n = 1) based on scratches in theligaf; small mammal (n = 3) based on
frogs lying on their back with small bites on themsach or hind legs or a transmitter
found in a burrow. Mortality events classifieduasknown are suspected to result from
handling stress (n = 3), exposure to below free@ngperatures when in a clearcut at a
location with very leaf litter (n = 1), and old-age= 4). We suspect old-age based on
individuals located at the edge of standing watién wo sign of physical injury. In no

other instances were frogs located in standingnwvate
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Survival Models

The most supported survival model for explaining&s of the experimental
timber harvest and drought on survival containedititeraction between year and frog
locations classified as inside or outside the 1Gdhmber harvest arrayy(= 0.89; table 3).
Therefore, the effects of timber harvest on sutwivere most apparent when data within
the four harvest treatments was combined. Infaefrom the most supported model
indicate that survival inside the array (0.75, S&E678) did not differ from outside the
array (0.73, SE = 0.235) in 2004 prior to timbeneat. Survival inside the array was
0.22 (SE = 0.065) and 0.42 (SE = 0.139) in 20052046, and thus survival was lower
inside the array than outside following timber lemtvand was the lowest during the
drought year (Figure 1). The candidate models hattvest treatment were not well
supported when ranked against models with timberdsa expressed as inside or outside
the array. A limited number of mortality eventsored in each of the four timber
harvest treatments and the estimated coefficieittBnnthe models were not significant
(all P > 0.07 for Walg/®). However, survival decreased in the expecteernjice.,
control > partial > CWD retained > CWD removed) fioodels that contained the four

timber harvest treatments.

Predation Models

Survival from predation while frogs migrated frdoreeding ponds to non-
breeding habitat for a 90 day period was 0.67 (RE)89) (figure 2). Predation risk was
best described by two competing models that bottlatoed the variables net distance

from pond and movement frequency (table 3). Baseohodel averaged estimates,
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survival from predation increased when frogs acated at greater distances from the
pond and decreases for frogs that frequently makg shovements (table 5). For
example, cumulative survival for frogs located witB50 m of the breeding pond was
less than 0.90, indicating that predation risksgreatest near the pond (figure 3). Wood
frogs often remained in the exact same locatiomfoltiple days as indicated by a mean
movement frequency of 0.33 £ 0.172 movements gal tays tracked. Survival from
predation was highest for frogs that remained énetkact same location for multiple days
and lowest for frogs that shifted within the la#telr on a daily basis (figure 3). We
found no evidence that predation risks were highhaomy days when frogs made large

migratory movements.

Desiccation Models

Survival from desiccation while frogs migratedrfrdoreeding ponds to non-
breeding habitat for a 90 day period was 0.997%E00452) (figure 2). All 13
desiccation events occurred between 30 March arfpiil 2005, with 8 of these
mortality events between 5 April and 8 April 200B. contrast to our a priori
expectation, candidate models describing dry, hesther conditions were not the most
supported models (table 3). Desiccation risk west described based on two competing
models that both contained the variable net digtdrom pond. Survival from
desiccation increases when frogs are located fafithve@ ponds (table 5), with
cumulative survival less than 0.90 for frogs witbilm of the pond (figure 4).
Although single factor weather models were not wapported, the confidence intervals

for the estimated coefficients suggest that desmtavas related to several weather
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variables, including number of days since rain ggmetnan 10 mmg(= 0.1656, CI =
0.1262 — 0.3246), daily low humidity € 0.0499, CI = 0.0034 — 0.0966), and daily

average dew poinf(= 0.1246, Cl = 0.0139 — 0.2352).

Discussion

Migrations between breeding and non-breeding habittail costs such as
reduced survival or reduced reproduction (i.e.etonenergy allocated to movement
prevents foraging to acquire additional energyfditure reproduction). Our results
indicate that reduced survival is a cost of migmafior adult wood frogs migrating from
breeding ponds to non-breeding habitat. To thédfesur knowledge these results are
the first known-fate survival estimates producedaio amphibian. Mortality resulted
from two sources: predation by a variety of predatmd desiccation. In addition,
survival declined in response to timber harvestasdvere drought year; however, these
environmental conditions were not the best fadimrexplaining predation risk and
desiccation risk. Notably, two covariates thate@fbehavioral choices made by
individuals explained both predation and desiceatisk: the location of a frog in the
landscape relative to the breeding site and theemewt frequency of that frog.
Therefore, our results provide empirical eviderarelf) the ecological pressures that
influence migratory behavior and 2) differentiahgual in relation to migratory behavior
which reveals why frogs move relatively long disteas away from breeding sites.

The location of frogs relative to breeding ponde&ttd desiccation risk, with the
highest risk near breeding ponds and decreasik@tigreater distances from the pond.

Wood frog breeding sites at our study site are pgranarily located on ridgetops,
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whereas the non-breeding habitat is moist drainagsintermittent flow following rain
events (Rittenhouse & Semlitsch 2007b). Desicoatigk varied with distance from the
pond, because frogs at greater distances from pgadslocated within moist and cool
drainages and we never observed desiccation ewedtainages. Further, in a related
experiment where we removed predation risks andtcained frogs to microhabitats to
determine the consequences of remaining on ridgesypvival within drainages was 2.3
times higher than on ridgetops (Rittenhouse dhdReview). Our results demonstrate
that variation in habitat quality may provide tlemkdgical pressures for amphibian
migration.

Predation risks were also highest for wood frogsied near breeding ponds and
we suggest that high predation risks near breeslteg may also influence migration in
other species of pond-breeding amphibians. Highation risks have been noted near
amphibian breeding sites (Toledo 2005; Wassers&pé&ry 1977). Further, the density
of adults immediately adjacent to wetlands (i.ethiw 30 m) is low outside of the
breeding season (Patrick et al. 2006; RittenhouSe&litsch 2007a). Congregation
reduces the effectiveness of being a cryptic piean, because predators decrease
movement rates to increase searching activitieswehgptic prey are clumped or at high
densities (Gendron & Staddon 1983). In additiorecent mark-recapture study found
that survival for male tiger salamanders can b&supt% lower during the breeding
season than for males that skipped breeding andinechin non-breeding habitat
(Church et al. 2007). Although the authors shohwad energy demands may explain the
mortality during the breeding season, increasedati@n in or near breeding habitat is an

additional source of mortality that may also cdmite to reduced survival near breeding
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sites. Amphibians with annual migrations makeecdts between the benefit of
converging on areas with abundant resources farybang and their own survival cost
of using habitat with high predation risks.

The diversity of predators we documented expanel&tiown list of wood frog
predators (Baldwin et al. 2007) and indicates Wad frog behavior is constrained by
the need to simultaneously avoid predators thablfaetory, auditory, and visual cues to
locate prey. Avoiding visual predators is cleanhportant because wood frog coloration
closely matches the oak-hickory leaf litter usednésrohabitat in Missouri (Rittenhouse
& Semlitsch 2007b). Leaf litter microhabitats ussdfrogs may limit olfactory
predators. For species above the litter suchldstsaor birds, scent trails do not form on
windy days because the wind disperses the odonahth& concentration becomes too
low to detect within a short distance of the pieywever, breezy days create a linear
odor plume that predators use as a scent trail.ekxample, breezy days (3—10 km/hr)
provide the optimal wind speeds for bird dogs usedor trails (Conover 2007). Our
results indicate that predation risks for wood &ragcreased once conditions became
windy. On still or breezy days, the structureezfllitter may prevent the spread of
odorants by maintaining wind velocities within titeer near zero (Geiger 1965), but
strong wind may break into the leaf litter layedatisperse odorants.

Further, we found predation risks increased as mew frequency increased,
indicating thasmall movement within leaf litter may attract visual gratentially
auditory predators. Although availability of wateas been used to explain why
amphibians migrate during rainy nights (MadisonZ;98mm et al. 2007), migrating at

night may also limit visual predators and wet lgaér may mask the noise created by
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saltatory movements. Notably, we found no evidesfqaredation while frogs were
makinglarge movements at night during rain. This result cetglwith research on birds
and mammals that indicates that predation riskease with longer movement distances
(Alerstam et al. 2003; Johnson & Gaines 1990; Yeded. 2004).

Drought conditions in 2005 resulted in thirteenidestion events and this source
of mortality was not observed in the other two geaWater balance has been
hypothesized as a driving process for amphibianeriestrial habitats (Jorgensen 1997,
Thorson 1955) and mark-recapture studies have foeshaced adult survival in years
with low rainfall (Berven 1990), but the direct @pgation of desiccation events on free-
ranging animals was only possible through the disado-telemetry. Movements can be
a reflection of the severity of the habitat. Frample, wood frogs in New Brunswick
restricted movement to rainfall events when in $bfeagments more than pristine bogs
(Mazerolle 2001). We found that wood frogs weréwidling to attempt large
movements without rain even when the soil moistarditions at their present location
were causing them to desiccate. Further, we shoRagdesiccation risk increased for
frogs that made daily movements within the leaétit These small movements could be
the response of frogs to the poor quality of therohabitat, thus indicating that frogs
were attempting to find a location with moister stulte. Alternatively, frogs that
remained perfectly still in water conserving postumay have maintained body water
better than frogs that made movements. The lowemawnt frequency and the
unwillingness to move without rain indicate thak-dackory forest in Missouri may be a
harsh environment for wood frogs. We suggesttti@tivailability of water may be a

limiting factor for wood frogs along the southwestedge of the species range. Drought
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conditions, such as an increase in the numberysf datween rain events or a decrease in
soil moisture levels, could limit long term popudet persistence.

We found that survival following timber harvest wiag times lower than during
the pre-harvest year. Survival was reduced eveugth frogs were allowed to move
freely throughout the timber harvest arrays and thwr results support previous findings
using enclosures studies. For example, althougthem toadsBufo terrestris) were
captured in both clearcut and forested standsj\alrand growth was lower for toads
contained within clearcuts than in forested stgiidsld & Rothermel 2006). In our
study, timber harvest reduced survival, but the ehtitat reflected timber harvest was
not the best predictor of either predation or d=sion risks when ranked against other
priori hypotheses. Models that reflected behavioralagdsomade by individual frogs
(i.e., low movement frequency and moving away fitbebreeding site) were the best
predictors of risk and these behaviors that produlee optimal survival strategies for
avoiding risk were the same both before and aiftdvdr harvest. The notable difference
following harvest was that the survival consequerfoe not adopting these behaviors
were more severe.

In some situations, variation in adaptive behaviongesponse to high mortality
risks may regulate population dynamics in respdodebitat change faster than
demographic processes. For example, tadpolesabneraximize time and size at
metamorphosis by increasing foraging in habitath wbundant food resources. When
predation risk is high, tadpoles balance the t@ffieetween foraging and hiding from
predators by reducing activity in habitats with atfant food resources (Anholt &

Werner 1995). However, variation in adaptive betavmay not allow adult wood frogs
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to persist in Missouri under intense timber haneegirolong drought conditions.
Predation and desiccation risks were both redudeshvirogs remained still and moved
far from the breeding site. Further, optimal bebes/within continuous forest or during
average weather conditions did not change relaiwaptimal behaviors following timber
harvest and during drought. Therefore, adoptingltnative behavior following timber
harvest or during drought will not increase thelikood of survival for adults faced with
these conditions.

The tradeoff between the costs and benefits ofatian influences the net
distance amphibians migrate from wetlands. Thestartes have been used to define
the habitat requirements of pond-breeding amphg{&ittenhouse & Semlitsch 2007a;
Semlitsch & Bodie 2003), and thus an understanthiggtrade-off will enhance our
ability to predict the extent of local population®ur results demonstrate the survival
cost to migrating adult wood frogs. We found thathopredation and desiccation risks
decreased at greater distances from wetlands.eTéwsogical pressures explain why
adult amphibians migrate away from breeding hablit@ing the non-breeding season.
Although increased exposure to predators due tcemewnt activities can be a migration
risk for many birds and mammals, amphibians seemimimize this risk by migrating
on rainy nights. In addition, the distances amjaimb migrate based on balancing this
trade-off will likely change in response to bothural and anthropogenic alterations of
the habitat. We found reduced survival in respdadenber harvest and drought
weather conditions, which suggests amphibiansefx@tuate recently harvested stands
may be responding to the low survival probabili{i@smlitsch et al. 2008). When timber

harvest occurs between breeding and non-breedhitahthis evacuation behavior may
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result in amphibians migrating greater distancesmfwetlands and thus may extend the

amount of habitat required for the persistencelotal population.
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Table 1. Summary of number of wood frogs tracked and the causes of mortality

No. with transmitters Number Cause of Mortality
Year (males, females) Deaths Predation Dessication Unknown
2004 42 (36, 6) 9 9 0 0
2005 49 (29, 20) 31 13 13 52230
2006 26 (17, 9) 10 7 0 3%lc

a Suspected senescence death.
b Suspected handling stress death. Died the day after being held.
¢ Suspected exposure death, in clearcut w/ minimal litter and air temp below freezing.

85



Table 2. Description of covariates used in Cox proportional hazard models.

Variable Name Description

year year of study (2004, 2005, or 2006)

treatment frog location classified as control, partial, clearcut high CWD, clearcut low
CWD, or outside the timber harvest array

array frog location classified as inside or outside of circular timber harvest array
sex male or female

body condition snhout vent length divided by body mass

movfreq number of movements (> 10 cm) divided by the number of daily relocations

netdispond (m) net distance from pond to frog location

netdisstream (m) net distance from drainage to frog location

tenmm (mm) number of days since rainfall greater than 10 mm
precip (mm) total daily rainfall

temphigh daily high air temperature

templow daily low air temperature

humdlow daily low air humidy

dewavg daily average dew point

wind daily high sustained wind speed
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Table 3: Cox proportional hazard models ranked by the change in AlCc for wood frog survival, survival from
predation, and survival from dessication in a Missouri oak-hickory forest, USA, 2004 - 2006.

Model loglike k AlIC AlCc A AlCc [0
SURVIVAL
array*year -201.992 5 413.984 414.003 0 0.899
year -207.222 2 418.443 418.447 4.444 0.097
treatment*year -198.571 14 425.142 425.268 11.266 0.003
null -215.926 0 431.851 431.851 17.849 0
PREDATION
netdispond movfreq tenmm windhigh -112.115 4 232.231 232.243 0 0.551
netdispond movfreq -114.815 2 233.629 233.633 1.39 0.275
main effects model -111.096 7 236.192 236.226  3.983 0.075
array*year netdispond movfreq tenmm windhigh ~ -109.791 9 237.582 237.637 5.394 0.037
array*year netdispond movfreq -111.931 7 237.862 237.896 5.653 0.033
netdispond -118.609 1 239.218  239.22 6.977 0.017
movfreq tenmm mov*ten -117.988 3 241.977 241.984 9.741 0.004
movfreq -120.059 1 242.117 242.118  9.875 0.004
movfreg*netdispond -121.046 1 244.092 244.094 11.851 0.001
array*year mov*net tenmm windhigg -114.529 8 245.057 245.101 12.858 0.001
null -123.202 0 246.403 246.403 14.16 0
arry*year mov*net -117.253 6 246.506 246.531 14.289 0
array*year -118.711 5 247.422 24744 15.198 0
DESSICATION
netdispond -44.613 1 91.226  91.228 0 0.64
netdispond movfreq -44.217 2 92.435 92.438 1.211 0.349
array*year -45.123 5 100.246  100.264 9.036 0.007
movfreg*netdispond -50.14 1 102.281 102.282 11.054 0.003
tenmm dewavg windhigh -49.006 3 104.011 104.018 12.791 0.001
main effects model -42.06 12 108.119 108.213  16.986 0
dewavg -53.347 1 108.693 108.695 17.467 0
tenmm -54.627 1 111.253 111.254  20.027 0
humdlow -54.679 1 111.357 111.359 20.131 0
templow -55.213 1 112.426 112.428 21.2 0
movfreq -56.034 1 114.067 114.068 22.841 0
precip -56.24 1 11448 114481  23.253 0
null -57.572 0 115.145 115.145 23.917 0
temphigh -57.48 1 116.961 116.962 25.734 0
windhigh -57.541 1 117.082 117.083 25.855 0
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Table 4. Parameter estimates, standard errors, Wald statistic, and hazard ratio from the most
supported wood frog survival model.

Covariate df B Std Error Wald X2 P value Hazard Ratio
SURVIVAL
inside array X pre-harvest 1 0.36512 0.79723 0.2098 0.647 1.441
outside array X pre-harvest 1 0.43089 1.23171 0.1224  0.7265 1.539
inside array X post-harvest 1 18593 0.73756 6.3549  0.0117 6.419
outside array X post-harvest 0
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Table 5. Parameter estimates, standard errors, 95% confidence intervals, and harzard ratio
based on model-averaged estimates for predation and desiccation analyses.

Covariate df B Std Error lower 95% CI upper 95% CI Hazard Ratio
PREDATION

netdispond 1 -0.0097  0.00377 -0.01724 -0.00217 0.9903
movfreq 1 3.63368 1.29086 1.05196 6.21541 37.8519
tenmm 1 0.00558 0.03097 -0.05635 0.06751 1.0056
windhigh 1 0.06479 0.05909 -0.05339 0.18297 1.0669

DESICCATION

netdispond 1 -0.06752 0.02649 -0.12051 -0.01454 0.9347

movfreq 1 0.49405 0.93567 -1.37729 2.36539 1.6389
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Figure 1. Cox proportional hazard survival estiesawith 95% confidence intervals from
the most supported survival model. Survival owtéithe array (open circles) was
greater than 70 % in all three years; whereasjalrnside of the array (filled circles)

was reduced following timber harvest. Survival Wagest inside the array during the

drought year of 2005.
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Figure 2. Baseline survival functions for the sualanalysis (A), the predation analysis
(B), and the desiccation analysis (C). The gnagdirepresent 95% confidence intervals

around the predation and desiccation functions.
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Figure 3. Survival estimates with 95% confidengervals inferred following model
averaging of the most supported predation modéls.estimated survival for the range

of values for each variable while holding the otharables at their mean value.
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Figure 4. Survival estimates with 95% confidengervals inferred following model
averaging of the most supported desiccation modals.estimated survival for the range

of values for each variable while holding the otharables at their mean value.
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CHAPTER S

THE ROLE OF MICROHABITATS IN THE DESICCATION AND SHVIVAL OF

ANURANS IN RECENTLY HARVESTED OAK-HICKORY FOREST

Tracy A. G. Rittenhouse, Elizabeth B. Harper, LdaRR. Rehard

and Raymond D. Semlitsch

Abstract

Understanding how critical life history stagesp@sd to habitat change is
essential for predicting how amphibian populaticespond to anthropogenic land use.
Juvenile survival is a sensitive vital rate in pdmwdeding amphibians, suggesting that
modest changes in juvenile survival could gredfigc population growth rate. Current
survival estimates indicate that mortality is theefof many juveniles, yet the sources of
mortality for juveniles and potential survival gifences among microhabitats are
unknown. We compared water loss and survival ratescent American toad, green
frog, and wood frog metamorphs contained withirr fmicrohabitats, two of which occur
in uncut control forest (i.e., Forest Ridgetop &adest Drainage) and two within recently
harvested forest (i.e., Clearcut Open, ClearcusBpie). Survival was higher in Forest
Drainages than Forest Ridgetop, indicating tharohiabitats within continuous forest
are not equally suitable. Brushpiles of course wadebris reduced desiccation risks in
clearcuts as indicated by survival difference betw€learcut Open and Clearcut

Brushpiles and survival in Clearcut Open was vevwy for all species in both years. We
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found species differences in survival as well apecies by microhabitat interaction in
water loss rates. These results are best explayetserved behavioral differences as
opposed to physiological differences among speviesconclude that desiccation can be
a major source of mortality for recent metamorpfhigreng terrestrial habitats, especially
habitat altered by anthropogenic land-use. Desmtaitsks are greatest in areas with low
soil moisture conditions, which for our study inddd microhabitats within clearcuts

without coarse woody debris, forested ridgetopd, y@ars with below average rainfall.

Introduction

All vital rates do not contribute equally to thegth rate of a population.
Therefore, understanding how sensitive life hisgtages respond to habitat change is
essential for predicting how amphibian populatiasitrespond to anthropogenic land
use. Recent population modeling work on pond-bregedmphibians has demonstrated
that juvenile survival in terrestrial habitats rsienportant vital rate in determining
population growth (Biek et al. 2002; Vonesh & De&ldaiz 2002). Consequently, a
reduction in juvenile survival will likely reducée population growth rate more than an
equal reduction in other life stages such as tigeoedarval stages. Juveniles are therefore
a critical life stage for understanding the effesftanthropogenic land use, and yet this
life stage is the least understood component oflgmeeding amphibians’ complex
lifecycle.

Although little is known about habitats used or di&tances traveled by juveniles,
mortality is clearly the fate of most juveniles.eThumber of adults entering a wetland to

breed for the first time is often orders of magdduower than the number of recent
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metamorphs produced from that wetland, especidiignwecruitment from a wetland is
exceptionally high (e.g., > 360,000 metamorphs;pGiis et al. 2006). Further, the time
period just following metamorphosis may be a penden mortality risks are
exceptionally high. Metamorphs leaving a wetlanel@tposed to high rates of predation
(Wassersug & Sperry 1977), and the high surfas®liame ratio of emerging
metamorphs makes them prone to desiccation (Sch@@#). Further, recent enclosure
experiments have documented high mortality in its year following metamorphosis
(Rothermel & Semlitsch 2006; Todd & Rothermel 2Q@6)d within this first year much
of the mortality may happen in the first few weéksirper 2007a).

Land-use practices such as timber harvest havedieatial to increase rates of
juvenile amphibian mortality. Negative local effectf timber harvest on amphibians has
been widely accepted since a review of 18 studiesd that total captures of amphibians
on control sites was 3.5-fold greater than on cletastands (deMaynadier & Hunter
1995) and recent work confirms this conclusion.(&k@rraker & Welsh Jr. 2006;
Renken et al. 2004). Amphibians are capable of\aetally avoiding areas without
canopy cover when more suitable habitat is reaibilable (Patrick et al. 2006;
Rittenhouse & Semlitsch 2006), but the direct cqnsaces of being present within a
large harvested area are largely unclear. Tera¢stnclosure studies of amphibians have
been used to confine juveniles in harvested habjtéarper 2007b; Rothermel &
Semlitsch 2006; Todd & Rothermel 2006). These stutave used enclosures of a size
that allows individuals to select from a range aénwhabitats within the enclosure, and
have assumed that mortality was the fate of indiaisl not recaptured. Although we

believe this assumption is reasonable, confirmimggsiource of mortality by comparisons
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with known fate studies is crucial for our undenstiag of the effects of land use on the
juvenile life stage.

We hypothesize that finding microhabitats thataguveniles to remain
hydrated is key to survival during the first fewele post metamorphsis. Further,
adequate microhabitats may be limited in contindousst and may become more
limited when timber harvest removes the canopy cdwuderrestrial habitats, selecting
microhabitats that minimize water loss is essemtiaémaining hydrated and thus to
survival (Seebacher & Alford 2002). Amphibian skirmost species provides virtually
no resistance to the movement of water and thiengally acts like an open water
surface (Adolph 1932; Jorgensen 1997). Water maisidsorbed by sitting on moist
substrate as water is constantly lost to the aileviaporation (Hillyard et al. 1998;
Thorson 1955). Low amphibian abundance within hsteek stands is often attributed to
the greater range of daily and seasonal air aridesoperatures in open versus closed
canopy areas (Chen et al. 1997). Some byproduc¢isibér harvest, such as coarse
woody debris and slash piles, may serve as miecnaté refuges minimizing the harsh
microclimate conditions following canopy removak{ielt et al. 2004; Patrick et al.
2006).

Our primary objective was to determine if desimrats a major source of
mortality for juveniles in terrestrial habitats atin@ relative difference in the rate of
desiccation among microhabitats. We designed alosnme study where the fate of
individuals is known and provide survival estimatest can be compared to other
enclosure studies where the fate is unknown. Czorgkobjective was to determine if

increased desiccation risks in recent clearcudivel to uncut stands could explain the

101



previously observed low abundance levels of amphiin harvested stands. In addition,
we test whether coarse woody debris minimizes dasan risks and whether desiccation
risks differ among amphibian species constraingtiwithe same microhabitats.
Therefore, we estimate and compare rates of wagsrdnd survival estimates of three
anuran species held in enclosures within four nmiabatats, two of which occur in

control forest and two within recently harvesterkk.

Methods

Sudy Area

We conducted this experiment in July of 2005 an@c2& the Daniel Boone
Conservation Area (DBCA) in Warren County, MisspWHA. The forest at DBCA is
typical of the Ozark Region with an overstory doated by oakQuercus spp.) and
hickory (Carya spp.) and an understory of sugar maphesr( saccharum) (Kabrick et al.
2002; Nigh & Schroeder 2002). The area containsedied hills with deep, narrow
ravines that expose loess soils. Relief ranges 60m 100 m. Mean annual precipitation
is 102 cm, mean daily minimum temperature in Janisew8.3°C and the mean daily
maximum temperature in July is 32.2°C. In 2005, ddigi experienced the driest spring
in over 20 years (NOAA weather summaries for StuikpMissouri). Total spring
rainfall from 1 March 2005 through the period of experiment was 30 cm. Total spring
rainfall in 2006 (40 cm) was similar to the 20 yagerage (43 cm) in the spring
(Weather Underground: http://www.wunderground.com/)

To incorporate the spatial variability among raganridgetops and clearcuts, we

conducted this experiment at two sites located Jagart within DBCA. Each site
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contained a clearcut stand (Clearcut) and an wstantd (Forest). We identified two
microhabitats within each stand, and thus the foigrohabitats studied were Forest
Ridgetop, Forest Drainage, Clearcut Open, and Qlie&rushpile. The two Forest
microhabitats were within second growth, mature{7®0 yrs) oaks and hickories. We
defined Forest Ridgetop as a flat area near theftbpls with continuous canopy cover
and Forest Drainage as a 20 m wide area centeradanne where water flows
intermittently after large rain events. The two &t microhabitats were primarily on
ridge tops and within stands harvested in 2004agisgb a multi-regional, collaborative
study referred to as LEAP (NSF Collaborative Projeand-use Effects on Amphibian
Populations). Harvest involved removing all markétaree trunks greater than 25 cm in
diameter, leaving all crowns on the ground, anlhiglall non-marketable trees. We
defined Clearcut Open as locations with grassedabd within the harvested stand, but
lacking tree trunks or crowns and Clearcut Brughpd locations where the crowns of

oak trees were left.

Sudy Species

We collected American toa®@yfo americanus) and wood frogRana sylvatica)
eggs from DBCA and raised them until metamorphioseattle tanks as part of a
different study (Harper 2007b). We raised theseametphs in a laboratory at University
of Missouri for approximately one month, becaug@@ study indicated that small size
at metamorphosis of these species hindered outyabilaccurately measure water loss
in the field. Metamorphs were fed cricket$libitum. We collected recently

metamorphosed green froggafa clamitans) from a pond in the study area one day prior

103



to the experiment. Prior to initiating the expermeave transferred all frogs to containers
without food for approximately 24 hours and plafeds in standing water for

approximately 8 hours to ensure frogs were fullgirayed.

Sudy Design

We used three factors in a full-factorial desigthviour replicates: microhabitat
(four factor levels: Forest Ridgetop, Forest DrgmeClearcut Open, and Clearcut
Brushpile), species (three factor levels: wood figrgen frog, and American toad), and
year (two factor levels: 2005 and 2006). The diatibunit of replication was an
enclosure that contained one frog«N= 96). We constructed enclosures out of
hardware cloth rolled into a circular tube (0.63% enesh size, 46 cm tall, 15 cm
diameter). This enclosure size allowed individualbe found following desiccation
when both mass and volume are greatly reduced asgveviously used by Rothermel
& Luhring (2005) and Rothermel & Semlitsch (2002).

The two Clearcut microhabitats were interspersdtineach site and the two
Forest microhabitats were spatially segregatedinvéhch site. We selected the location
of each enclosure by spacing enclosures withiardsan equal distance from each other
and at least 15 m apart. Clearcut Brushpile enodsswere each placed within a unique
oak tree top, thus enclosures contained large pieickark especially in year 2 but did
not contain coarse woody debris. We installed 12osnres in each microhabitat
(totaling 48 enclosures in each year) and we uSaddividuals of each species each
year (totaling 48 individuals in each year). Weatled the enclosures using a post-hole

digger to separate the soil in a ring 7 — 10 cnpdew inserted one end of the tube into
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the ring, thus minimizing disturbance to the dlitter, and vegetation. We then packed
the soil around the edge of the tube and constlectal out of fiberglass window
screening to prevent escape.

Starting at 18:00 on 14 July 2005 and 6 July 20@6systematically weighed
each frog with a scale (Acculab PP-2060D) and pldke frog in a randomly assigned
enclosure. We collected three soil moisture (TH2a6bp and HH2 data logger, Dynamax
Inc.) and three soil temperature (Taylor 9841 digitermometer) measurements at a
depth of 7 cm and within 0.5 m of each enclosutes procedure took approximately 3 —
4 hours due to the distance among enclosures. péated this procedure by returning to
enclosures in the same order every 6 hours for24i.le. 18:00, 24:00, 6:00, 12:00, and
18:00 CST). Therefore, although we could not meaalirfrogs simultaneously, the mass
for a given individual was measured at approxinyaéehour intervals. Frogs remained
undisturbed within the enclosure except when remaweneasure weight. We assumed
all decreases in mass during the 30 hr experimerd due to water loss. When mortality
occurred, we obtained a mass for that time penotkd the mortality, and removed the
individual from the experiment without replacemédmple size decreased over time).
Green frogs that appeared healthy at the complefitime experiment were released in

the pond of capture and the remaining frogs weesgwed.

Analysis
We examined two response variables, survival andgtion of water loss as
measured by the change in mass over 30 hrs, afatrped all analyses within SAS

version 9.1. We used proportion of water loss gmeged to total amount of water loss to
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account for size differences among individuals. tdgted for differences in proportion of
water loss among species, microhabitats, and ysang Analysis of Variance

(ANOVA). We treated the proportion of water loseothe 4 time intervals as a repeated
measure of each individual. We estimated survigeds and 95% confidence intervals
using the binomial distribution survival method thscrete-time intervals (PROC
GENMOD). We compared survival rates among speai@®ng microhabitats, and
between years using a likelihood ratio statistinaly, we used a repeated measure
analysis of variance to compare soil moisture amidemperature among microhabitats

and between years.

Results

Water Loss

All three anuran species were unable to remairy fufdrated while constrained
within the four microhabitat treatments. The prdor of water lost by each species, as
measured by proportion of weight loss, differed aghmicrohabitats and this pattern
also differed between years (i.e., species x malndht x year interaction; d.f. = 6, 320,
F=2.44, P = 0.0253; Fig. 1). American toads foste water in Clearcut Open during
year 1 than year 2, while they lost similar profors of water among the other
microhabitats in both years. Green frogs in yelsi similar proportions of water in
each microhabitat; whereas, green frogs in yeasPthe most water in Clearcut Open
and the least in Clearcut Brushpiles. Wood frogs éolarge proportion of water in

Clearcut Open and Forest Ridge habitats, but reeddaydrated in the Clearcut
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Brushpile and Forest Drainage habitats. Wood fregponded to all microhabitats
similarly between years.

Water loss was generally low during the night anmdeased during daylight hours
in all microhabitats; however, the proportion ofterdost within each time interval
differed among microhabitats (i.e., time x microitahinteraction; d.f. = 12, 320, F =
3.16, P = 0.0003; Fig. 2). The 95% confidence wgksrshow that water loss increased in
Clearcut Open [0.4816, 0.6897] during time inte®dl.e., 06:00 — 12:00) more than in
either the Forest Ridgetop [0.1748, 0.4919], Fdpeatnage [0.0190, 0.2112], or
Clearcut Brushpile [-0.0220, 0.3535] microhabit&ater loss during each time interval

did not differ by species (d.f. =8, 320, F = 1.865 0.1716).

Survival

Survival in year 1 (0.480, SE = 0.580, N = 22) @asger than survival in year 2
(0.739, SE = 0.585, N = 32; = 9.37, P = 0.0022; Fig. 3). Survival differed argo
speciesy® = 41.78, P < 0.0001; Fig. 3). American toads saiwivas highest (0.872, SE
=0.608, N = 23), followed by green frog survivalg45, SE = 0.592, N = 19), and then
wood frog survival (0.254, SE = 0.594, N = 12).\8wal also differed greatly among
microhabitats;(zz 62.38, P < 0.0001; Fig. 3). Survival was highedgtorest Drainage
(0.873, SE = 0.619, N = 20), followed by Clearcuaghpile (0.871, SE = 0.620, N = 18),
next was Forest Ridgetop (0.378, SE = 0.596, N)+drid lowest was in Clearcut Open
(0.195, SE = 0.602, N = 5). All three species ithbgears had the lowest survival in
Clearcut Open. Survival in Forest Drainage wastiost consistent between years and

was comparable to survival within Clearcut Bruségil
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Soil Moisture and Soil Temperature

Percentage soil moisture differed among microh&b#dad between years (i.e.,
microhabitat x year interaction; d.f. = 3, 399, B.33, P = 0.0197; Fig. 4). Soil moisture
was greater in year 2 for all microhabitats exdepClearcut Brushpile where soil
moisture decreased in year 2. Soil moisture wighyear did not change over the 4 time
intervals. Soil temperature differed among microtadb, over time, and between years
(i.e., microhabitat x time x year interaction; &f12, 399, F = 2.12, P = 0.0152; Fig. 5).
Daily fluctuation in soil temperatures was fairlypderate in three of the microhabitats,
but soil temperature varied greatly over the 4 tintervals in the Clearcut Open. Soil
temperatures in year 2 were approximately 4°C e¢dbbmn in year 1 at each time

interval.

Discussion

Microhabitat conditions within both uncut and hested forest affected the ability
of frogs to remain hydrated. Desiccation can tleeebe a major source of mortality for
recent metamorphs entering terrestrial habitatashklely the fate of individuals not
recaptured in other enclosure studies. Similarodesion risks have also been found for
ambystomatid salamanders (Rothermel & Luhring 20baddition, we found that
when soil moisture levels are low, desiccation eseuthin hours (i.e., Clearcut Open)
and within a day (i.e., Forest Ridge), emphasitimggimportance of soil moisture to

amphibians in terrestrial habitats. Finally, theidavater loss in areas within Clearcut
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Open suggests that reduced abundance levels ncalsavith low levels of coarse
woody debris compared to uncut forest is the resfuliesiccation mortality.

Our results demonstrate that the microhabitatsimvitontinuous forest are not
equally suitable for amphibians (Patrick et alkemiew; Rittenhouse & Semlitsch 2007).
Although Forest Ridgetop and Forest Drainage mulitats were located within 50 —
100 m of each other and leaf litter was presemtuinout both, low soil moisture in
Forest Ridgetop caused frogs to experience higesicchtion mortality than frogs in
Forest Drainage. This result was initially surprggibecause amphibians at our study site
use breeding sites primarily located on ridgetéjsther, leaf litter correlates with
diversity and evenness (DeGraff & Rubis 1990) anal habitat feature that blocks wind
and reduces evaporative water loss (Seebacher@&d\#002). However, high water loss
rates on Forest Ridgetops suggest that leaf litteex not enough to shelter frogs from the
wind on ridgetops. In addition, adult wood frogghas study site were recently radio-
tracked migrating from breeding sites on ridgettapdrainages (Rittenhouse & Semlitsch
2007). Ravines within oak-hickory forest are therefan important feature of amphibian
terrestrial habitat in Missouri, indicating thatsassful migration from natal ponds to
drainages may be crucial for juvenile survival witbak-hickory forests.

Survival in Clearcut Open was 19.5%, demonstrategere demographic
consequences for amphibians in some microhabitighewvelearcuts. Migrating
amphibians may behaviorally avoid areas withoubpgrcover (Patrick et al. 2006;
Rittenhouse & Semlitsch 2006; Semlitsch et al. &viBw), but amphibians emerging
from overwintering or aestivation sites may be ¢dwgthin clearcuts when harvest

occurs during inactivity periods and some individuaay choose to travel through
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harvested stands (Patrick et al. 2006; Todd & Ratlee2006). Coarse woody debris
within clearcuts may serve as important microhabitathese situations (Bartelt et al.
2004; Chazal & Niewiarowski 1998; Pough et al. 9&7 our study, brushpiles
mitigated the negative desiccation effects of tintmvest on amphibians by providing
microhabitats with increased soil moisture and sh&awil moisture in brushpiles even
exceeded soil moisture levels on forested ridgetogussing frogs to experience less
water loss and higher survival within Clearcut Bpites compared to both Clearcut
Open and Forested Ridgetop microhabitats. Howéwashpiles may also provide
habitat for many amphibian predators. Predati@nignportant source of mortality that
was not included in our study, but we observedrteganake coiled around a Clearcut
Brushpile enclosure attempting to depredate a frogddition, radio-tagged adult wood
frogs at this site were never relocated within bpiles following timber harvest
(Rittenhouse unpub. data), suggesting that frogsmoause brushpiles in an attempt to
avoid predation.

We found large differences among species in iality to prevent water loss
and mortality. We suggest that physiological défaces alone can not explain the species
differences. Skin is similar among most amphibipecges including the three study
species and it does not prevent evaporative wassr(Dorgensen 1997; Tracy 1976).
Small species differences in evaporative water doesattributed to differences in body
shape (i.e., round species have smaller surfaece/ a@ume ratio than flat species)
(Thorson 1955), characteristics of the blood (Bueggs Vitalis 2005), and initial water
content (i.e. amount of water in a frog when fuiljydrated) (Thorson 1955). For

example, terrestrial amphibian species increadeithial water content by storing water
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in the bladder, and thus prolonging the amouninoé tuntil desiccation by having more
water to loose(Jorgensen 1997). Physiological @iffees among species are detected in
laboratory studies with accurate measurements igoeds We suggest that behavioral
differences, such as sitting in a water conserpiogfures (Pough et al. 1983), account for
the large species differences we found by measghagge in mass in the field. We
observed all species active on top of the learlitr vegetation at night when
microclimate conditions, such as low temperatunegh relative humidity, and dew on
vegetation, were not limiting. Water loss increasgphificantly for all species at sunrise,
but the behavioral response of each species diff&ater conserving behaviors by
green frogs were not apparent, as they occurrdadpoaf leaf litter most often and readily
jumped as we searched enclosures. Wood frogs dat thre leaf litter with their bellies
pressed against the soil to absorb moisture andidwemain in this position until

touched. Similar behavior has been observed in athdd frogs (Rittenhouse &
Semlitsch 2007). American toads absorbed soil masind prevented evaporative water
loss by burrowing into the soil layer and this lomving behavior made toads difficult to
locate.

An intriguing result was that species differencewater loss were not consistent
among microhabitat types (i.e., species x micrdaamteraction; Fig. 1). For example,
both wood frogs and American toads in year 1 lcstewin Clearcut Open microhabitat;
however, in the Forest Ridgetop American toads neaabfairly hydrated while wood
frogs did not. Behavioral differences must be cagi¢his interaction, because
physiological differences among species would taauihe same species having the

lowest water loss in all microhabitats. Burrowirghlvior in toads was more evident on
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Forested Ridgetops than Clearcut Open, potentiaiéy/to reduced mulch layer and soil
compaction following harvest. The burrowing behawbtoads reduces the amount of
skin exposed to evaporative water loss. Preventetgr loss from the skin is not
necessary when moisture can be readily absorbadtfre soil (Heatwole & Lim 1961);
however, when soil moisture is extremely low asuocd on Forested Ridgetops, the
burrowing behavior of toads allows them to perdsisger than the other species. This
species by microhabitat interaction (Fig. 1) alssutted from wood frogs remaining the
most hydrated in the two moistest microhabitats,(Clearcut Brushpiles and Forest
Drainage). Although all three species can absoristor@ from the soil, wood frogs
capitalized on this shared ability by flatteningniselves against moist soil to increase
the surface area contact. Amphibian behaviorsrnegérial habitats warrant further
research, because understanding behavioral ditfesesamong species may improve our
ability to explain abundance patterns within tetniakhabitats and to predict which
species may be most threatened by habitat moddicat

Desiccation risks in clearcut stands likely desesawith succession. American
toads were the only species to show reduced wadsrih Clearcut Open after one year of
regeneration, suggesting toads may use dew or gimadaced by ground vegetation.
Successional changes in Clearcut Brushpiles malaiexite increased survival of all
species in year 2. One year of decomposition redutt large pieces of bark on the
ground in year 2 that may serve as a moisture coingestructure for amphibians within
brushpiles. However, the effectiveness of bruskpileeducing desiccation risk also
varied based on the amount of vines and other a&getcovering the oak treetop with a

tent-like structure. Only some of the oak treetiopgear 1 were completely covered with
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vines, whereas all treetops were completely covettdvegetation in year 2. The dense
covering may help frogs remain hydrated, but thgetation may also prevent rainfall
from reaching the soil, as suggested by soil mmstiecreasing in year 2 within Clearcut
Brushpiles but increasing in the other microhabitat

Successional changes partially contributed tceiased survival within clearcuts
during year 2, but survival also increased in Hotksted microhabitats, suggesting that
daily and seasonal weather differences also infleérsurvival rates between years.
Increased spring rainfall in year 2 was reflectedur results as increased soil moisture
in all microhabitats except the Clearcut Brushpilasaddition, the daily high
temperature was 4°C cooler in year 2 compareddo yeThe rate of evaporative water
loss via skin increases as temperature increasegeflsen 1997), thus amphibians in hot
temperatures must obtain more moisture from the@oemain hydrated than
amphibians in cool temperatures. Therefore, doaddions and warmer temperatures
likely contributed to lower survival rates in yelathan year 2.

Experimental studies that elucidate the mechandmmsig observed abundance
patterns inform potential management options faralg these abundance patterns. Low
survival rates due to desiccation are one plausianation for low amphibian
abundance levels in recently harvested forestseftwe, reducing desiccation risks for
amphibians will likely reduce the deleterious effeaf forest harvest on local amphibian
populations. One management option is the retemtialown wood to maintain soll
moisture within harvested stands. Our study exadhihe survival consequences of being
constrained within particular microhabitats. Low\sual over the 30 hrs indicates that

harvested stands with low levels of coarse woodyidend distances from the center of
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harvested stands that greatly exceed maximum delyement distances of amphibians
may prevent successful dispersal through or oatsibnd. Further research should
address habitat choices made by individuals tleaaBowed to move freely through the
landscape. For example, Bartelt (2004) found thdiortagged boreal toads used slash
piles on the edge of clearcuts. More behavioraaesh is required before we can
provide management recommendations regarding zkeasid configuration of forest
stands that may allow an amphibian to disperseesséally from harvested stands.
Finally, species differences in our study highligte need to consider species-specific
responses to timber harvest as opposed to asstinaingll amphibian species respond to

forest management in a similar manner.
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Figure 1. Species-specific water loss by microtabitWater loss, measured by
proportion of initial mass, differed among spe@es between year 1 (A) and year 2 (B).
Water loss was measured as proportion of initisdsnBead individuals were weighed
during the time interval when initially found arfteh removed from the experiment.

Error bars represent standard error.
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Figure 2. Mean proportion water loss over by miatmtats. Water loss was measured as
proportion of initial mass. Dead individuals wereighed during the time interval when
initially found and then removed from the experiménus sample size decreases over
time. Water loss increased at 06:00 for all spediesthe increase was greatest in
Clearcut Open where many individuals are dead.r@eanicrohabitats are indicated
with dashed lines and open symbols. Forest micitdtalare indicated by solid lines and

closed symbols. Error bars represent standard.error
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Figure 3. Survival curves for American toads (A, geen frogs (C, D) and wood frogs
(E, F) held within enclosures in four microhabitatyear 1 (A, C, E) and year 2 (B, D,
F). Clearcut microhabitats are indicated with dadivees and open symbols. Forest
microhabitats are indicated by solid lines and@tbsymbols. Error bars represent 95%

confidence intervals.
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Figure 4. Percent soil moisture increased in gaarall microhabitats except Clearcut

Brushpile. Error bars represent standard error.
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Figure 5. Soil temperature over time differed agancrohabitats. Soil temperature
decreased during the night and increased durindakien all microhabitats, but the
magnitude of the change within a year was muchtgréa Clearcut Open compared to
the other microhabitats. Soil temperature was hattgear 1 (open symbols) compared
to year 2 (closed symbols). Clearcut microhab#a¢srepresented by dashed lines and

forest microhabitats are represented by solid liBesr bars represent standard error.
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