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ABSTRACT

EFFECTS ORMULTIPLE STRESSORSHYDROPERIOD, NTROUCED
BULLFROGS AND FOODLIMITATIONON ON NORTHERN REDLEGGED
FROGS(RANA AURORA

Lindsey Louise Gordon

As human activities reach every corner of ghabe climate change, invasive
species, habitat destruction, and other stressors causing 8gecle®es no longer act
alone.Climate change has the potential to exacerbate (cyate) other stressors (e.g.
invasive species or pathogens) affecting amphibian populatiassessed the combined
effects of increased pond drying rates (potential impact of climate change), invasive
bullfrogs (ithobates catesbeianupresence, and fdoavailability onnorthern red
legged frogRana aurora survival and body size after metamorphosis by rearing
tadpoles under incrementally shortened hydroperiods with and without the presence of
invasive bullfrog tadpoles in low and high food environmehtsexplore the underlying
mechanisms driving the impact of bullfrogsRnauroratadpoles, | had two treatments
where bullfrog tadpoles were either separated by a permeable barrier (behavioral cue) or
free to move about the tanks (direct competitiordaten).To validate the captive
experiment, | examined the influencehydroperiod length oR. aurorasurvival,
development, and growth in a fielchsed mesocosm experimdrfound hydroperiod to

have ahreshold effect osurvival through metamorphasin the captive experiment.



Once the hydroperiod threshold was met in both the captive and field study, | found no
benefit of longer hydroperiods on survival through metamorphidsysng rate

influencedR. auroradevelopmental rates, but the effects wagpendent on life stage

and time of season in the field study. Size at metamorphosis was synergistically affected
by bullfrog presence and food availability in the captive experinfaupoles emerged

as smaller metamorphs when exposed to bullfrogsawddod environmentn the field
experiment, size at metamorphosis wasitively affected by longer hydroperiod and

later emergence datdnderstanding how multiple stressors impact larval gramth
survivalis an important component for managing antéptally mitigating the

interactive effects of climate change and invasive species for amphibian conservation.



ACKNOWLEDGEMENTS

Thisthesiswas funded by The Department of
Research and Development Progi@&RDP) The aim ofthis SERDP researclproject
was to evaluateshich species will become conservation reliant due to climate change.
Thank you tahe following SERDPproject scientistDr. Nick Haddad, Dr. William
Morris, Dr. Jeff Walters, Lynne Stenzel, and Dr. Allison LoutHan providing critques
and insight along the way.

| am gratefuko Institute for Wildlife Studies for giving mée opportunityd
catalyze my careen conservation biologyA great thanks$o U.S. Fish and Wildlife
Service andHumboldt Bay National Wildlife Refugir providing access to their
property forR. aurorareseach.

| would like to thank mygraduateadvisor, Dr. Brian Hudgens, for supporting and
guiding me through developing my reseaatid enhancing my writinddr. Hudgens
encouraged me to conquer tasks that were often outside of my comfobutaitered
experience to broaden my skills as a biolodistm grateful for my orcampus advisor,
Dr. Daniel BartonDr. Barton showed me respect as an early career scientist and always
provided constructivéeedbackhatimproved my critical thinking, writing, and
communication skills. Thank you to Dr. John Reiss for shahisgassion and expertise
in amphibian conservation and research. Thank you to the administrative staff in the
College of Natural Resources for the behind the scenes work and support ensuring my

success as a graduate student.

Def



| owe a great thanks tnanyothers atnstitutefor Wildlife StudiesandWildlife
Department aHumboldt StatéJniversity. A many thanks to my supervis@r. Jessica
Abbott. She was a strong positive role model in my scientific jouergquragingny
graduate career goals, advocating forsugcessand demonstratinigow to be an
effective communicator and scientist. | am grateful for Kelcy McHarry and Melissa
Harbertfor beinggreat teammates, both willing to patendless hoursf field work no
matter the conditiong.hank you to the undergraduate volunteers who made this project
possible: Shadee Kohan, Jamie Buchanan, Diego Celis, Alex Jamal, and Helen IAcos
was fortunate to build a large networkgshduatdab matesand ceworkers in both the
BartonLab andlInstitute for Wildlife StudiesThese collaborators includedouglas
Page, Jonathan Ewanyk, Claire Nasr, Katrina Smith, Corrina Kamohay all
providedsocial andntellectual supporas well as words of encouragement, advice, and
motivation.

Lastly, | would like to thank myriends,partner and family Thank you to
Allison Swartz and Stephanie Bianco for their friendship and emotional suppadrt
transitioned into graduate schodlistin Demianew, my partner, lab mate, statistics tutor,
andlastminute draft revieweithank you for beingny constant pillaendshaing the
many triumphs and trialwith me for the past two yearBhank you & my brother, Dylan
Gordon,who taught me dreant&n be achieved through hard work, determination, and
persistenceAnd finally, | owe the biggest thaniks my parentsBrad andLisa Gordon

who encouraged me tolfow my passion of protecting the natural world amstilling



the importance of a strong work ethic, a quality that allowed rtekoon thismmense
yet gratifyinggoa, a Master 6s t hesi s

This material is based upon work supported by the US ArmysCurgngineers,
Humphreys Engineer Center and Support Activity Contracting Office under Contract No.
W912HQ15-C-0051. Any opinions, findings and conclusions or recommendations
expressed in this material are those of the author and do not necessadtyhefleews
of the US Army Corps of Engineers, Humphreys Engineer Center and Support Activity

Contracting Office.

Vi



TABLE OF CONTENTS

AB ST RAC T e e erre e e e e e e e e e il
ACKNOWLEDGEMENTS.. ...ttt e e e e e e e eeeed IV
LIST OF TABLES . ... e e e e e ix
LIST OF FIGURES . ... ettt e et e e e e e e s e es X
LIST OF APPENDICES ..o eeiee et eeeee e e e e e Xil
INTRODUGCTION ...ttt et e et e e e e ebaa e e e e e e bt et e e 1
MATERIALS AND METHODS ... e ee e e 6
CaPtiVE EXPEIIMENT. ...ttt ettt e e e e e e e e et e e e e e e e e e e e e e s e s s nnne s 7
EXperimental deSIQI..........ooviiiiiiiiiieeee e s eeanea 7
Data COIBCHION. ......uuiiiiiiiiiiiiii et ee e 12
Data @NalYSIS......ccoiiiiieeeiee oo a e e an— s 13
FIIA STUY.....ccoi it e et e e e e s eeee e e e e e e e e e aeeas 15

S (00 1Y T =T USROS 15
Data COIBCTION.......uuiiiiiiiiiiiiee e 17
Data @NalyYSIS......ccooiiiiiiieiii e e annn 22

g S U I 1 T TP 26
Captive EXPEIMENL........cccoe it emnees 26
SUINVIVAL ... 26
Size at MetamOorPROSIS........oooi i 27
FIEIA STUAY.....cco it ereea bt e e e e e e e s eee e e e e e e e eaeeas 36
SUIVIVAL .. 36
Size at MetamOrPROSIS........oooo i e 37

vii



DISCUSSION... .ottt anene e e e e e e 44
LITERATURE CITED ..ottt e ee e e 48

APPENDIX. ..t 53

viii



LIST OF TABLES

Table 1. Field component hydroperiod, egg mass, tadpole, and metamorph summary data
across years and enclosures. Enclosure ID begins with the year the enclosure was
RS 1Y) Y=o TSRS 21

Table 2. Captive experiment logistic regression candidate model set for survival through

metamorphosis in tanks with hydroperiddd 33 day s . Model s are ran
order. The direction of effectd i(sneignadtiicvaet e
effect) and no effect is indicated as a blank..............ccccooiiiieeeiiiciiiii e, 30

Table 3. Captive experiment logistic regression candidate set for survival prior to

desiccation across all hydroperiod treatments. Bullfrog * Hydroperiod indicates an

interaction model. The directionofeft t i s i ndi cated by-0a fA+0 (
(negative effect) and no effect is indicated as a blank................cccoooeeeeeei 31

Table 4. Captive exgriment mixeeeffect candidate model set for size at metamorphosis
in tanks with hydroperiods 0133 days. The
(positive-oefihegtat i ore @&ffiect) and..no32effect

Table 5. Captive experiment mixeffect candidate model set for size at metamorphosis.
Bullfrog * Food indicates an interaction model. The direcbbeffect is indicated by a
A+0 (positi-voe(mrédgacityeoef edit) and..Bb eff e

Table 6. Field study Cormaglolly-Seber candidate model set for survivglgnd
recapture (J) probabi.ll.i.t..e.s..&a.cr.05s.5..2817 to

Table 7. Field study general linear candidate model set for size at metamorphosis. The
direction of effect is Iindi (atgdtbyeaefiftec
effectis indicated as a blank...............oiiiiiii i icec e 42



LIST OF FIGURES

Figure 1. Example of additive (left) and synergistic (right) effecshoftened

hydroperiod and bullfrog presence on size at metamorphosis. In the additive example, the
relationship between length of hydroperiod and size at metamorphosis is not dependent

on the presence or absence of bullfrogs. In the synergistic exangpte|ationship

between length of hydroperiod and size at metamorphosis is dependent on the presence or
ADSENCE Of DUITOGS.A .. 5

Figure 2. Tank design for captive experiment. Tanks included a floating cage to house
embryos until hatching, a refuge shelter to pevntermittent protection, and plant
material for food and shelter. A) Signal bullfrog treatment tanks contained permeable
hampers to house bullfrogs and separate them Roaurora B) Control and direct
bullfrog treatment tanks did not contain hampéerth bullfrogs andR. aurorawere able

to swim freely throughout the tank..............cc.uueeiiiieee e 9

Figure 3. Hydroperiod treatments for the captive experiment. All hydroperiods started a
depth at 50 cm and were subject to the same draw down rate. Hydroperiod lengths
differed by initiating draw down at different date.................ccccceiiiicccrereviiiiiiceenn, 11

Figure 4. Tadpole developmentaages. A) Bud$ back limb buds B) Feéttoes formed
on back bud, no bend in leg C) Back légeint formed on back legs with feet, D) Front
budsi front limb buds developing under skin with back legs E) Frontildgsnt legs
exposed with toes developadd back legs F) Metamorplndividuals with four fully
developed limbs, down turn mouths, and absorbed tails............cccoovvvveeeeeeeenen 20

Figure 5. Captig experiment prelesiccation mortality, survival prior to desiccation, and
survival through metamorphosis in hydroperiod and bullfrog treatments. The total
number ofR. auroratadpoles at the beginning of the experiment for each
hydroperiod/bullfrog combiation is shown directly above the bar and below the
hydroperiod IENGLN...........oooi e enee s 28

Figure 6. Proportion of metamorphs across the taptive experiment hydroperiod
treatments (mean +1 SE; n = 163 metamorphs fordB3&reatment and n = 263
metamorphs for 14day treatMent)...........oooiiiiiiiiiiiiieee e 29

Figure 7. Captive experiment variation in sntatzent lengths of metamorphs from the
two longest hydroperiod treatments (1&3y and 14-tay) groupd by bullfrog
presence/absence and food IeVeL..............iii i 33

Figure 8. Captive experiment variation in sntatent lengths of metamorphs from the
two longest hydroperiod treatments (&3y and 14-tlay) grouped by bullfrog
presence/absence (signal and direct treatments combined) and food.level......... 35


file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656403
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656403
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656403
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656403
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656403
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656403
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656404
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656404
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656404
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656405
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656405
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656405
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656405
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656405
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656408
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656408
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656408
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656409
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656409
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656409

Figure 9. Field study daily tadpole survivalienates and 95% CI based on shgroup)
} (time) model paneled buy..hydroper.i.89d from

Figure 10. Field study ordinatgression predicted probability estimates. The y axis

represents the predicted probability that a tadpole will transition into the subsequent
development stage based on water depth changes ovatay p2riod. Predicted

probabilities are paneled by tinoéseason (early = May, mid = June, late = July). Stage
represents a tadpol eds dewv.el.opment..480t age u

Figure 11. Percentage of mortality and survival outcomes from the simuiteseal
analysis across 10,000 tadpoles per enclosureo&ie 1D is shown below each bar and
grouped based on hydroperiod length (days) shown above the.bar(s)................. 41

Figure 12. Field study vieation in snoutto-vent lengths (SVL) of metamorphs from the
five hydroperiod treatments. Emergence date of metamorphs is represented by symbols
based on time of season (early = May, mid = June, late =.July).........cccceeveerreenns 43

Xi


file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656410
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656410
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656412
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656412
file:///C:/Users/lgord/OneDrive/Desktop/Gordon_Lindsey_Thesis_after_jorcomments.docx%23_Toc39656412

LIST OF APPENDICES

Appendix A: Water quality guidelines used for amphibians in captivity including
standard levels and treatm@ptions. (Odum and Zippel, 2008). The temperature range
is based on appropriate levels specifically for Rana species (Litch, 1971)........... 53

Appendix B. Proportion of tadpoles that completed metamorphosis in the two longest
hydroperiod treatments (12fys and 14-days) in the captive experiment.............. 54

Xii



INTRODUCTION

Species face a myriad of stressors including climate change, invasive species,
habitat loss, and pollutiomB&illie et al. 2004). As humans increase in population size and
rapidly convert landspeciecanbe progressively exposed to the effects of multiple
stressors simultaneously (Leu et al. 2008). Climate change and invasive species are
becoming ubiquitoustressors across ecosystems, communities, populations, and species.
As multiple stresss are introduced into an ecosystem, the magnitude and direction of
their effectson individual speciemay changeRardsen et al. 20)8In some casefhe
effects ofmultiple stressoraresynergistic and lead to local extirpations (Wilkins et al.
2019).

Climate change has been implicated in the decline and extirpation of numerous
species and threatens the stabilitpimiogical communities around the globe (Urban
2015). One of the most salient features of a changing climate is dkerpdrature
regimes. Global average surface temperatures have increasedh$O.per decade
since 1998 andreprojected to rise 2:8.8°C by 2100 (RCP 8.5 projection, IPCC 2014).
Precipitation projections are less certain, however overall warmingetamapes will
increase evaporation and water vapor capacity in the air causing the severity of storms to
worsen and droughts to lengthendmberth 2011)Ectotherms are particularly
susceptible as they rely on abiotic factors such as temperature faslpbicsl functions
(Paaijmans et al. 201and precipitation for reproduction (Ficet@ad Maioran®016).

The stress imposday climateinduced drying and warmingannegatively impact



amphibian populationdut these impacts may be compounded or méayay other
stressorssuch as thatroduction of nomative species.

Freshwater ecosystems are vulnerable to climate change (Wooelvedr2010)
andhavesuffered an increase bologicalinvasions over the past 50 years (Ricciardi
and Macisaa010). Aquatic invasive species shifting beyond native habitats can be
linked to warmer temperatures (Rahall Older2008). Moreovera high tolerance to
abiotic factorssuch astream drying (La@n et al. 2009) and temperatdlgctuations
(Leuven et al. 201]1provides a competitive advantage foanyinvasivespeciesThe
ability for aguatic invasive specide establishin novel habitats is attributed to their
tolerance oflegraded habitats (Riley et al. 2015) and efficient foraging behaviors
(Kieseceker et al. 2001, Rehage et al. 2005).

Along with manipulatingheforaging behavioof native specie®verallfood
resaurces can be reduced by invasive species in ace@igystems (Joseghal.2011,
Kupferberg 1997)Species ampeting for shared resources can exclugeanother
especially in low food environment&éddy 1989. Conversely, warming temperatures
from climate change will likely lead to higher primary production in aquatic systems
(Frederick et al. 2006potentially mediating resource competitidine addition of food
availability as a stressor within an ecosystem can change the effects of invasive specie
on native species. Therefore, evaluating the combined impact of several stressors
concurrently is crucial for predicting population viability and for informing management

decisions, especially for species at risk of exclusion or extirpation.



The nortlern redlegged frog Rana aurord, a Species of Special Concern in
California(Thomson et al. 2016), is exposed to climate change and invasive species
throughout its rangén California, precipitation is predicted to shift between extreme wet
and dry condions (Swain et al. 2018).He effects of increased temperatures @nyd
periodscanlead to shortened hydroperiod®(, theduration of water on an area of land).
Shortened hydroperiods can result in increased stress in tadpoles and reduce the size of
amphibians at metamorphosis (Salice 20A2the same timenany ephemeral habitats
in the western United States have been invaded by American bsi(|Eitigpbates
catesbeianushereafter referred to as bullfrog) whéneycompete with and prey upon
native amphibians (Kiesecker and Blaustein 1998). The presence of bullfrog tadpoles
increases resource competitimmd thereby forcefragingR. auroratadpoles into sub
optimal hditat (Kiesecker et al. 200IJhese threataffect many amphibians worldwide
includingR .  a u closestaetatve, the endangered Californialeged frog Rana
draytonii), makingR. auroraan excellent model system in which to study the combined
effects of shortened hydroperiod, bullfrog presence, and limited food resources.

My thesis aimed to examine how shortened hydroperiod, bullfrog presence, and
food limitation influenceR. aurorasizeat metamorphosiand survivato
metamorphosisTo evaluatehe interactions of the abiotic and biotic stressbors,
manipulated hydroperiod duration, bullfrog presence/absence, and food iitxailab
concurrentlyMultiple stressors couliiteract in three different wayantagonistially,
additivdy, or synergistially. | hypothesize¢hatthe combined effects of shortened

hydroperiod and bullfrog presence are either additive or synergistic. For example, if the



interaction is additive, the effect of shortened hydroperioR.cauroratadpole survival
would not be infuenced by the addition of bullfrogsigurel). In contrast, if the
interaction is synergistic, the effect of shortened hydroperiod would have a stronger
negative impact on tadpole survivah@&nbullfrogsare presenfFigurel). The same
hypothesis structure can be applied for the combined stressors of bullfrog presknce a
food availability.If the effecs of bullfrog presence on size at metamorphsist
influenced by the amount of food availabileen the effects would be additivethe

effects of bullfrog presence depend on food availabilitgn the interactiowould be
synergistic. Understanding the complexity of interactions from multiple stressors can

inform management decisions aimed to mitigate the impacts of anthropogenic activities.
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Figurel. Example of additive (left) and synergistic (rigbfjects of shortened hydroperiod and bullfrog presencgzenat
metamorphosidn theadditiveexample therelationship between length of hydroperiod and size at metamaosphosit
dependent on the presence or absence of bullfiodise synergistiexampletherelationship between length of hydroperiod and
size at metamorphosis is dependent on the presence or absence of bullfrogs.



MATERIALS AND METHODS

My thesis was developed in two parts to evaluate the effe@sadrorasurvival
and growth1) an experimental manipulation of hydroperiod length, bullfrog presence,
and food availabilityn a series of mesocosrard?2) a field study taking advantagf
natural variation in hydroperiod at different pond depghsaptive experiment allows for
greatercontrol in manipulating and evaluating multiple stressors compared to a field
setting.However,while captive experimentsan isolate interacting stressors, tlesgk
the naturatomplexity that field studiemherently take into accounthe field study
aimed tocompliment the captive experiment éyaluaing the response dk. aurora
tadpoles to varyingydroperiod in a rtaral populationl did not examine the effects of
bullfrog presence oR. aurorain the field becauskullfrogs had previously been
eradicated from thstudy site

This project was approved by Humbol dt
Use and Care Committee (18/19.W-BYfor the 2019 captive experiment and field study.
All field data obtained during the 20PD18 seasons were collected by Institute for
Wildlife Studies under their California Department of Fish and Wildlife Scientific

Collecting Permit (# 5759).



Captive Experiment

Experimenal design

| conducted a 6 x 3 mulfactorial experimento determine how shortened
hydroperiods and bullfrog preseraiectsurvival and size at metamorphosisin
aurorat adpol es. The captive experiment was ccoO
property in Humboldt County, California. The experimeat positioned in a large open
field on the propertyhatwas bordered by coniferous treéset up 36 water stock tanks
for the experiment. Tanks were split into three bullfrog treatm&hi. auroraonly
(control), 2) R. auroraand bullfrog tadpoleseparated by a permeable divider (signai)
3) R. auroraand bullfrog tadpoles together without divider (direct). This design allowed
for the separation of effects due to direct competitionthose due tbbehavioral changes
in response tperceivedcompetition or predation riskom a chemicatue Concurrently,
| applied six hydroperiod treatments by changinghywroperiodength in days (87, 99,
109, 121, 133, and 147 dayPyogressively shortened hydroperistaulaedthe drying
of an ephemeral viland over the course of the summeasorunder Mediterranean
climatic conditionsTo evaluate whether competition for food resources occurred, |
added two levels of food quantity, 2 tablets for low food and 4 tablets for high food,
which | randomly assiged to all tanks for a total of 18 low food and 18 high food

treatments.
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| arranged the tanks in a 6 x 6 grid, separated by approximately 2 m, and placed
each tank on a leveled wooden pallet. Each tank had a 567 L capacity (approximate
dimensions: 99.06ne x 147.32 cm x 60.96 cm). Bullfrogs in the signal treatment tanks
were contained in a permeable hamper (approximate dimensions 35.56 cm x 35.56 cm X
67.31 cn). The permeabl& mmmesh polyestematerial of the hamper allowed for the
exchange of water, mignts, and chemical cues between the hamper andRayoke
2A). Control and direct bullfrog treatment tanks did not contain hampers. Bullfrogs in the
direct treatment could move freely in the tank viRthaurora(Figure2B). Rana aurora
tadpoles were able to move freely in all tanks. | constructed cylinder refuge shelters from
plastic fencing witl2.5 cmsquare openings and placed one vertically in each tank,
extendingthrough the entire water columRidure2). Theopenings allowedR. aurora
entry into the cylinder while restricting bullfrog tadpole access. | covered each tank with

ascreened lid to exclude predators and presammhals from escaping.



Figure2. Tank design for captive experiment. Tanks included a floating cage to house er
until hatching, a refuge shelter to provide intermittent protection, and plant mater
food and shelter. A) Signal bullfrog treatment tanks contained permeablersampe
house bullfrogs and separate them fienmaurora B) Control and direct bullfrog
treatment tanks did not contain hampers, both bullfrogsRardirorawere able to
swim freely throughout the tank.
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| standardized the water level@ach tank at the beginning of the experiment to
50 cm The maximum water depth atwhgest hydroperioderedesigned to mimic an
ephemeral pool at Humboldt Bay National Wildlife Refuge in 2018. The maximum water
depth in 2018 occurred in late January dyitime breeding season. Due to changing
rainfall during the winter, the watedepths fluctuatedround the maximum water depth
for approximatelytwo weeks followed by periodic drawdowns with drying rates
increasing further into the season. To shorten thgtheof the hydroperiod, the start day
for drying was 1614 days earlier for each hydroperiod treatmeigufe3). A daily water
level was calculated for each hydropertreatment based on the drying rate curve and
the start day of drying. To decrease water levels over the experiment, | drilled holes in
millimeter increments into a polyvinyl chloride standpipe fixed to each tank. Each
treatment was drawn down evewo to five days which fluctuated over the course of the
experiment as drying quickens later in the season. Water level was drawn down to a
depth of 3 cm and maintained fireedays, ending the experiment for that tank.

Prior to introducingR. auroraegg masses and bullfrog tadpoles, each tank was
passively filled by rainwater during the fall and winter season and supplemented with
plant material (dead cattails and grasses) filtersame populatioR. auroraeggs were
collected for the studio provice refuge and food resources. | performed water quality
tests including pH, nitrites, phosphates, chlorine, hardness, ammonia, and alkalinity at
initial set up. Water quality parameters influenced by processes from live organisms,
including algae growth araimphibian defecation, including ammonia, phosphates,

nitrites, and pH were tested leasimonthly. These parameters with the addition of



11
dissolved oxygen and temperatusere monitored closelgnce water levels were low
andthe experiment moved into tsemmelin orderto ensure tadpoles were maintained
in a healthy environment. All water quality parameters were based on captive amphibian

care guidelines@dum and Zippel 2008eeAppendixA).

50 1

40 1
5 Hydroperiod
£ 301 — 147 days
% 133 days
a 121 days
o 109 days
2 50 99 days
© - - 87 days
=

10 1

0 50 100
Experiment Length (Days)

Figure3. Hydroperiod treatments for the captive experiment. All hydroperiods started a de
50 cm and were subject to the same draw down rate. Hydroperiod lengths differec
initiating draw down at different dates.
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Datacollection

| collected 1(R. auroraegg masses, each of which contained approximately 500
to 820 embryos, from the Humboldt Bay National Wildlife Refuge and divided them
among the 36 tankRana auroraegg masses were added to the tanks on day 1 of the
experimen{February 2%, 2019 toward the end of the breeding seaatiie collection
site (last egg mass laid found March 2019). | placed the designated sample of
embryos for each tarik a white traytook a photographand quantified embryo number
from still photographd. placedR. auroraeggs into floating cages to cluster single eggs
separated during the dividing process. Eadhefl2 controtanks housed between 00
170 (122.25 @erage)R. auroraeggs. Each of the 24 signal and direct tanks housed
between 8a140 (112 averagd}. aurora eggs.

Rana auroraembryos began hatching on day 15 of the experiment and all
embryos were hatched within the next 10 days. | counted unviabl@edgsleaseR.
auroratadpoles into the tank from the floating cages. Tadpoles were left physically
undisturbed for approximately 20 days after hatching. | collected bullfrog tadpoles from a
private |l andowner 6s pond i ntroddeedid ndvidoas Co un
to each signal hamper and direct tank on day 33 of the experiment. On day 48, | collected
a sample of 2R. auroratadpoles from each tank by dipnet and subsequently weekly
thereafter to visually observe body condition. On a weeislyal check in mieApril, |
discovered tadpoles in many of the tanks apgabamaciated, therefore | supplemented
food for the rest of the experiment to improve body condition. | administered food to all

tanks on day 62, and once a week thereaftarlow(2 tablets)r high(4 tablets¥ood
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treatmentFood consisted of algae and spirulina tabiedsle as catfish foa@\quatic
Foods Inc.Fresno, CA.

Once a tadpole completed metamorphosis, | remtheftogletfrom the tank
using a dip net, msared the snottb-vent length in millimeters, and subsequently
removed it from the experiment. For the captive component, | considered fully
metamorphed frogs to be any individual with all limbs developed and tail fully absorbed,
referred to as metamorpforresponds to Gosner stage48 Gosner 196 This
indicated the end of the experiment for the individual. Each individual tank was removed
from the experiment once all tadpoles completed metamorphasiseedays after a
tank reachethreecm, at whichtime all individuals were counted and removed from the
tank. At the end of the experiment, animals were euthamzgdaine methanesulfonate
(MS-222) bathat a minimum concentration of 500 mg/L for at leakblir
(Ramlochansingh, et al. 2014).

At the end of the experiment, | tallied thember of tadpoles thdied before the
hydroperiod ended (praesiccation mortalityXadpoles thatemained in the tank 3 days
after the water levels reachttdeecm (survival prior todesiccation)the number b
metamorphs that were removed from each tank during the course of the experiment
(survival throughmetamorphosisland the snottib-vent length of each metamorph.
Dataanalysis

All analyses were performed in R 3l§R Core Team, 2019)usedAkaike
information criterion (AIC) or overdispersed modification of AIC, QAIC, both corrected

for small sample sizép compare models for each analysis (Burnham and Anderson
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2004) usingMu M1 n ( B a rlusedilheftOedirBate.parameters frogeneral
linearmixed-effectmodels (Bates et al. 201&urvival and size at metamorphosgisre
treated as response variables in the captive experiiriezdted hydroperiod as a
continuous variable in all analyses.

Survival

Survival was assessed by two measures: surtlivalgh metamorphosand
survival prior to desiccatiorsurvival prior to @siccatiorrepresergtadpoleghat
survived tathe end of the hydroperiod treatment but would have desiccated and died if
water was drained completely from the tankohstructedogistic regression models for
survival prior to desiccatioandsurvival throughmetamorphosias a function of
hydroperial, bullfrog presenceand food availabilityThe candidate model set included
models with either additive, interactive, or additive and interactive eflagtighted
models by the total number of tadpole®ach tanlat the start of the experiment. Dige
the common issue of over dispersion in binomial datélited a quasibinomial
distributionin both analyse@Narton and Hui 2011).

All tanks (n=6) representing the 1By treatment experienced a complete die
off. This was not caused by direct desition, but from extreme water temperatu3s (
40degrees C) when the water depth reacdbedm. These tanks were excluded from
both the survival through metamorphosis and survival prior to desiccation analyses.
tanks (n=18from thethreeshortest fidroperiod treatments (87, 99, and 109 days)
reachedhreecm before any tadpoles completed metamorphadisadpoles from these

treatmenteither died or would have died if the treatment was allowed to draw down
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completely.Tanks across all hydroperidictatments were used in the survival prior to
desiccation analysién an effort toexamine the effects of hydroperitahgthon survival
through metamorphosis pdbe three shortest hydroperiod treatmehtsilized 11 tanks
from thetwo longesthydroperiod treatments (133 and 147 dayshe survival through
metamorphosis analysiswas unable to examine interactive effaatshis analysislue
to therelatively smallsample sizel. modeledsurvivalprior to desiccationising29 tanks
acrosshydroperiod treatments of 87, 99, 109, 133, and 147 days.

Size aimetamorphosis

To assess differenceskh aurorasize at metamorphosis¢cbnstructedh series of
linear mixedeffects moded with snoutto-vent length as the response variabliedels
included a combination diydroperiod length, bullfrog presence, and food availability
treatments as main effectghile tankwas treateés a random effect. | was unable to
analyze interactive effects between hydroperiod and bullfrog treatments due to the small
sample size in hydroperiod treatme(it& tank3. To evaluate additive or interactive
effects with bullfrog treatments and food availability, | combined the signal and direct
bullfrog treatmentsbecausenetamorph size did not diffietweerthe signal and direct

bullfrog treatments

Field Study

Studyarea

In addition to the captive experiment, | utilizadhree year hsitu field

experiment to evaluate the effects of hydroperiod on survival, development, and size at



16
metamorphosis iR. aurora within a natural ecosystermstitute for Wildlife Studies
provided field data foR017 and 2018.collected field data in 2019 to increase sample
size.Methods were the same across all three years.

The field study was conducted at teited Sta e s Fi sh and Wil dl i f
Humboldt Bay National Wildlife Refuge (HBNWR) Loleta, California. HBNWR is
approximately 405 hectares situated southeast of the South Humboldt Bay State Marine
Recreational Management Area and consists of over eight higbigatincluding salt
marshes, freshwater wetlands, atritams (USFWS, 2013Ylany of the freshwater
wetlands across the HBNWR are occupiedRbyaurora The studylocationwithin
HBNWR, Hookton Slough, contains a robust populatioR oAurora The Hooktm
slough population wathe same population from which | collectedauroraegg masses
and hydroperiod information for the captive experiment. The field site is a natural
ephemeral pool with emergent vegetation consisting of caffgiftha spp, sedges
(Carex spp., and grasses under a primarily open canopy. The hydropridookton
Sloughspans approximatebeven to ninenonths, with the onseff precipitation and
flooding beginning in November. Once the rain subsides in late winter, the pond slowly
draws downThe rate of drawdowguickenswith the progression of the seasons into
spring. Typically, the site completely dries by late sumrigkugust). The cumulative
precipitation for the area from November to August in 2017, 2018, and 2019, was 124.6
cm, 93.3 cm, and 106.7 cm, respectiy@iDAA, 2019).

Each yeapf thefield-basedexperimentenclosuresvere seup across a depth

gradient to simulate varying hydroperio@sclosuresvere constructed out @foven
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polypropylene materigapproximate dimensions: 4 x 2 meters). €helosurevas
buried into the ground and each side was reinforced with sandbags to prevent the escape
of tadpoles. Thaterior of each enclosure included naturally growing emergent
vegetatiorfor refuge and fod.

| set up twoenclosure$2019-E6 and 201%E7) in 2019 with hydroperiod lengths

of 126 days and 139 days, respectively (previous years shovablel). | calculated
hydroperiod length as the total number of days from when egg masses were placed in the
enclosureauntil the water level dromxto 10 cmin eachenclosure The hydroperiod
treatmers within theenclosuresvere approximateljour to five months, slightly sbrter
than the hydroperiofbr the whole pond, whichtarts when rain begins to fill the pond
before the breeding season in early winteneasured water depth from the center of
eachenclosureat eachweeklysite visit | ended the experiment when the water level
dropped to 10 cnn each enclosur® reduce mortalityThe degree of drawdowsould
fluctuate greatly during a week potentially drying complesslgl desiccating tadpoles.

Datacollection

| collectedR. auroraeggs from the open pdon February 2%, 2019 and
distributed 775 eggs to the short hydropeeodlosur2019E6) and 873 eggs to the
long hydroperiocenclosurg2019E7) (previous years shown rablel). | monitored
eggs and tadpole hatchlings weekly uRtiauroratadpoles reached taggable sj26
mm in total length | collected tadpoles from eaehclosurevia dipnet and individually
marked each tadpole with visible implant elastomer (VIE). | injected a unajae

combinationVIEi nt o t he base of each tadpol ebs t

ai



18
McHarry 2017. Tadpoles were anesthetized prior to nmarkiy placing each tadpole in a
water bath containing M322at a concentration of (200 mg/fgllowing proceduresnd
guidelines outlined iAnholt et al. (1998) and Grant (2008).

For each captured tadpoleecorded body length, total length, and depetent
stage. Developmental stages were created by grouping numerical stages wutlined
Gosner (1960) intsix categorical group@vith corresponding approximate Gosner
stages)buds(26-30), feet(34-36), back legg37-39), front budg40-41), front legs(42-
44), and metamorph@5-46) (Figure4). After marking tadpoles were placed in a
freshwater bath to recover from anesthesia and then placedriddbignateeédnclosure

To reduce the influence of density on tadpole survival and growth, | aimed for
eachenclosurgo house 500 or fewer marked tadpoles. Todase thsample size and
genetic diversity of tadpoles within eaghclosurel caught tadpoles from the opempo
duringeach marking occasion and divided them evenly between thenglosuresA
total of 53additionaltadpoles were added éach hydropriodenclosurg2019E6 and
2019E7,previous years listed ihablel).

Once tadpoles completed metamorphosis, | removed the metamorph with a
dipnet, neasured the snotib-vent length, and released it to the open pond. For the field
component| considered metamorplg beany individual with all limbs developeshd
tail partially or fully absorbedDueto the height and angle of teaclosurewvalls, the
movement of metamorphs into or out of #relosuresvas limited however metamorphs
exiting the enclosure would be more likely to attempt climbing the walls in search of

alternative habitat and food resources than metamorphs in the opeto pdmdh had
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preferred upland foraging habithiassumed any metamorphs captured within the
enclosurefiad developed from tadpoles living in #eclosuresSixty five of the 118
metamorphs capturedrom the two enclosures in 2019 had tadpole tags thatwistbde
on their hind quarters, indicating the individual was placed in the enclosures as a tadpole
(previous years shown ifablel). The number of metaorphs that were tagged as
tadpoles was likely higher than 65, because not all metamoprphs that were tagged as
tadpoles retain tags in their hind quarters.

The fieldbased experiment ended for an individual when it completed
metamorphosi or for theenclosureonce the water depth dropped to 10 cm. Once the
enclosuravater level was at 16m, | opened thenclosurego the open padto avoid
trappingand desiccatingadpoles. At the end of the field season, | obtained tadpole
capture histaes, development stages, water depths, and 4oesgnt lengths of

metamorphs.



Figure4. Tadpole developmentatages. A) Buds back limb buds B) Feéttoes formed
on back bud, no bend in leg C) Back Iégeint formed on back legs with feet, D
Front budg front limb buds developing under skin with back legs E) Frontileg
front legs exposed with toes devedal and back legs F) Metamorpimdividuals
with four fully developed limbs, down turn mouths, and absorbed tails.

20
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Tablel. Field componentydroperiod, egg mass, tadpole, and metamorph summary data across yeaksasuis. EnclosurdD

begins with the year thenclosurevas surveyed.

EnclosurdD Hydroperiod Date egg Number of Number of  Capture period  Number of
length (days) massesdded eggs added to tadpoles for tadpole metamorphs
to enclosures enclosure captured mark recapture with/without
inside/outside study visible tadpole
of enclosure tags
(proportion (proportion
from inside) with tags)
2017E1 173 12/14, 12/22 1760 (100/49)0.671 4/6-6/12 68/11 0.86])
2017E2 173 12/14, 12/22 1957 (53/84)0.387 4/6-6/12 57/3 0.95
2018E3 125 2/16 686 (20/91)0.180 4/17-5/28 58/9 (0.866
2018E4 125 2/16 727 (67/63)0.515 4/20:5/28 89/9 (0.908
2018E5 136 2/16 561 (84/101)0.454 4/245/28 23/10 0.697
2019E6 126 2/21 775 (74/35)0.679 5/7-5/23 34/20 0.630
2019E7 139 2/21 873 (61/53)0.535 5/7-5/23 31/33 0.48
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Dataanalysis

All analyses were performed in R 3L.gR Core Team, 2019)usedAkaike
information criterion (AICc), corrected for small sampiee, to compare models for each
analysis (Burnham and Anderson 2pQsingMu M1 n ( B a rltreatée sandval 3 ) .
through metamorphosis and size at metamorphosis as response variables for the field
component. Survival through metamorphosis was estingtagimulationanalysis
(described in detail belowgimilar to the captive experimentreatedhydroperiodas a
continuous variable all analyses

Survival

Since itwaspossible for metamorphs to escdpen theenclosuresl could not
directly measure thsurvival to metamorphosi$herefore, | used a simulation to
estimate the percentageRfauroratadpoles thatvould complete metamorphodismsed
on two analysesdl) dailytadpolesurvivaland 2)transition probability through tadpole
development stages

| estimatel daily survival ratesor tadpoles markeftom 2017#2019using
CormackJolly-Seber (CJSinodek (Cormack 1964, Jolly 1965, Seber 19a@3aily
survival probabilitywas estimated in MARK (White and Burnham 1999) ushgark
(Laake 2013)CormackJolly-Sebermodek estimateapparent survival probabilitfx)
and capture probabiit(p). However, because it would be extremely unlikely for
tadpoles to leave the enclosures, estimates of apparent survival herein are likely true

estimates of survival.
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Tadpoleenclosurs represented group effects in the analy&tiart date varied by
enclosurs both within and between years. | estimated surawads24 sampling
occasionspanninghreeyeas (Tablel). For enclosures that were not surveyed on a
particular daycapture probabilityvas seto zero.l fit CJS models using a twstep
approachHollowing the procedures outlined in Lebreton et al. 199&t, | constructed a
series of models focused exclusiveh capture probability. The candidate model set
included models whereapture probabilityvas constantjaried by occasioftime), or
varied bya capture efforindex(number of tadpoles caught in teeclosureon that day)
For these models, survival saeld constarfi.e., the phi(.) model)The time varying
model had the most suppadkiext, | constructed secondcandidate model set where
survival varied by enclosure, hydroperiod, year, and occasion (@inte}apture
probability varied by time acrosdl of these models.

Next, | corducted arordinal regressioanalysisto estimateransition probability
through tadpole developmestiiges usinyIASS (Venables and Ripley 20D2nitially, |
attempted to estimate transition probabilities using a ratdte survival analysis.
Unfortunately, my relatively small sample size prevented this approach.

In the ordinal regression analysis, | only incorporated tadpoles that were
recapturd on at least one occasidrtonsidered tadpoldagye growthto bethe number
of transitions a tadpole made between each recaptessionFor example a tadpole
beginning at buds and recaptured at fe@tild equate tonetransition, buta tadpole
recgturedwith front legswould equal foutransitions(Figure4). The ordinal regression

candidate set include models consisting of different combinations of the fajlowin
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variables:l) darting development stagencluding buds, feet, legs, front buds, and front
legs 2) period which representedhe total number of days between each recapture
occasion 3) Julian date, which was defined #s number oflaysthat elapsed from the
discovering of thdirsteggmase f t hat season to ;amm4h tadpol
change in water deptlivhichwasmeasured athe changein water level between
recapture®f an individualdivided by the total number of days between recapture
occasions.

| predicted the proportion of tadpoles tbampleted metamorphosiseach

enclosureby simulating outcomes using estimated yfadpole transition probabilities
obtained fom the best fit ordinal regression model, 2) daily survival rate based on each
encl os ur @dnmacklnley-Sdebermodend3 ) each enmeel osur eds
hydroperiod | began ach simulatioronthe first day a tadpole was marked at the bud
stagein the enclosure the simulation was basede@th simulation had the ability to run
the length of the hydroperiod for the particular enclosure it was based on. For example, if
a tadpole was first marked diay50 of al50-daylong hydroperiodn the enabsure the
simulationpredicting metamorphosis based on that enclosure could only run for a
maximum of 100 days. After 100 days, the simulated tadpole will have died or
transitioned through development stages and survived through metamorpheasish
dayin the simulationa tadpolevasdetermined to have died or surviveased on a
randomdraw between 0 and If.on a particular iteration, the simulation drew a number
greater than the daily survival rate, the tadpole died. If the individual tadpoleesuithie

random draw, it progressed through development stages based on predicted transition
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probabilities from the ordinal regression analy$tss continued until the tadpole either
died or successfully advanced through the development stages and edmplet
metamorphosis. The simulation advanced through the lives of 10,000 tadpoles. |
conductech separate simulatianalysisfor each of the seveenclosuredased on that
enclosurés specific hydroperiod and model estimates from the CJS andlyansition
probabilitiesobtained from the ordinal regressiwas used across all seven enclosures.

Size aimetamorphosis

To assess differenceskh aurorasize at metamorphosis¢cbnstructech
candidate set dinear regressiomodek. Models estimatednoutto-vent length a a

function of hydroperiod length in days, emergence date, year, or combinations thereof.
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RESULTS

Captive Experiment

For the captive component, a total of 29 tanks were available for analyses. Sevexpanksnced complete die qffs
likely caused from extremagh temperatures during three consecutive daysne Idie offsaffected all six enclosures
representing th&21-day hydroperiod treatment ande enclosure representitige control, high food tanin the 147day
hydroperiod treatmenbDie offs occurred when theakerlevel for the 12iday hydroperiodreatmentwasat6 cmand 5 days
from the end of the experiment. Die offs occurred in thelytifoperiod treatment when the water level wadatmand 31
days from the end of the experiment.

Survival

Tadpoledid notcomplete metamorphosis hydroperiod of 109 days or shorténdicating a strong effect of
shortened hydroperiod @urvival throughmetamorpbsis(Figure5). The longest two hydroperidckatment$133 and
147-days) produced a total of 399 metamorptiee majority of metamorphs were produce inth&day treatmentHigure

6). The proportion of tadpoles completing metamorphfyei® individual tanks withirthe two longest hydroperiod
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treatmentsan be foundn AppendixB. Thetop two model®stimating survival through metamorphosis included a model
with food only andthe null mode| these modelsieresimilarly supported@ Q A t <Cl, Table2). Hydroperiodor bullfrog
variableswere not present in the four top mod@$ 8 q@AIC: O-14.93 Table2). The top four logistic regression models
estimating arvival prior todesiccatiop e r f or me d s i R, Tadle3). Iyound gw@udppo@ for synergistic effects
of hydroperiodand bullfrog presend@ullfrog * Hydroperiod)on survival prior to desiccatigio@QAIC:> 4, Table3).

Size aimetamorphosis

| measured 399 snot-vent lengthsn metamorphscross all treatment¥he bestfitting modelincludedbullfrog and food
treatments (
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Table4). Metamorphs wersmallerin the bullfrog treatments when food

availability was low, but not when food availability was h{gigure7). There was no
difference in the effect of bullfrogs between the signal and direct bullfrog treatrents.
model that included an interaction between grouped bullfrog treatments and food
treatments performeuoktter than the additive model for ungrouped bullfrog treatments
and food availability(Figure5Table5). Meanmetamorplsnoutto-vent length in the low
food, signal + direct bullfrog treatment waat leastl.7 mm shortethan any of the other

treatment combination&igure8).
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Figure5. Captive experimenire-desiccation mortalitysurvival prior todesiccation, andurvival throughmetamorphosis hydroperiod

and bullfrog treatmentd.he total number dR. auroratadpoles at the beginning of the experiment for each hydroperiod/bullfrog
combination is shown directly above the bar and below the hydroperiod.length
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Figure 6. Proportion ofmetamorphs acrosbe five captive experimeritydroperiod treatments

(mean +1 SE; n = 163 metamorphs for -tz treatment and n = 263 metamorphs for
147-day treatment).
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Table2. Captive experimenbbistic regressionandidate model sébr survival through
metamorphosis n t anks wi t h h yModetspre nankedihsiscéddi®)3 day s
orderThe direction of +6f { p o tectiosalir@ mg@ative at ed by
effecd) and no effect is indicated as a blank.

Bullfrog Food Hydroperiod df logLik  QAIC: QAL « weight

+ 2 -139.303 284 0.00 0.387

1 -171.543 28.9 0.46 0.306

+ 3 -119.819 31.0 2.58 0.106
+ 2 -158.366 31.0 2.60 0.105

+ + 3 -128.749 32.2 3.80 0.058

+ + 4 -84.296 335 5.08 0.031
+ + 4 -106.600 36.5 8.12 0.007

+ + + 5 -75.911 433 1493  0.000
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Table3. Captive experimenbhistic regressionandidate sdbr survival prior to desiccatioacross all hydroperiod treatmerBalifrog

* Hydroperiod indicatesrainteraction modell h e
effec) and no effect is indicated adkank

direction

of +6f { pos i tosalir@ me@ative a t & ¥

Bullfrog Food Hydroperiod Bullfrog df logLik QAIC. PQAL C w
Hydroperiod

- 2 -332.586 43.4 0.00 0.254
+ 3 -314.413 44.1 0.72 0.178
1 -362.752 44.2 0.81 0.170
+ - 4 -288.384 44.2 0.81 0.170
+ - 3 -332.159 46.1 2.66 0.067
+ 2 -361.883 46.6 3.21 0.051
+ + 4 -312.882 46.9 3.49 0.044
+ + - 5 -287.480 47.3 3.92 0.036
+ - + 6 -261.785 48.0 4.62 0.025
+ + - + 7 -261.310 51.8 8.43 0.004

by

a
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Table4. Captive experiment ived-effectcandidatemodelsetfor size at metamorphosis tanks
with hydropefMihedsi OE833 i dayof +éf {positsvendi
effect) or aft0 negative effegtand no effect is indicated as a blank.

Bullfrog Food Hydroperiod df logLik AlC. A Ic C weight

+ + 6 -733.973 1480.2 0.00 0.516
+ + + 7 -733.929 1482.1 1.98 0.191
+ 4 -737.361 1482.8 2.66 0.136
+ + 5 -737.192 14845 4.38 0.058

3 -739.597 1485.3 5.10 0.040

+ 5 -737.943 1486.0 5.88 0.027

+ 4 -739.345 1486.8 6.63 0.019

+ + 6 -737.761 1487.7 7.53 0.012
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Figure7. Captive experimentariationin snoutto-vent lengthf metamorphsrbmthe
two longest hydroperiotteatmentg133-day and 14-tlay) grouped by bullfrog
presence/absenead food level
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Table5. Captive experiment ixed-effectcandidatenodelsetfor size at metamorphosis.
Bullfrog * Food indicates an interaction mod€he direction of effect is indicated by a
A+0 (positi-¥e( médatandne affectidrdidatedl as a blank
Bullfrog Food Hydroperiod Bullfrog df logLik  AIC: @A Ic( weight
*

Food

+ + + 6 -731.967 1476.1 0.00 0.436
+ + + + 7 -731.314 1476.9 0.77 0.298
+ + 5 -733.976 1478.1 196 0.164
+ + + 6 -733.930 1480.1 3.93 0.061
+ 4 -737.361 1482.8 6.68 0.016

+ 4 -737.998 1484.1 795 0.008
+ + 5 -737.192 14845 8.39 0.007

3 -739.597 1485.3 9.11 0.005

+ + 5 -737.845 14858 9.69 0.003

+ 4 -739.345 1486.8 10.64 0.002
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Figure8. Captive experiment variation snoutto-vent length®f metamorphgrom the two
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Field Study

Survival

| estimated daily survivgirobabilityfrom encounters 0852R. auroramarked
tadpolesDaily survival estimates rangéem 0.89(95% C1,0.82-0.94)to 0.99(95% Cl,
0.861.0). Thetop model fortadpole daily survivavaried by enclosure for survival
probability, but no evidence that those differences were due to hydropgeiadto year
variation, or changes in pond conditions over the course of a sGahtet( Figure9).
Survival estimates from 2019 had large confidence interajaré9) due tofew (n=3)
recapture ocGaons.

The probabilityof a tadpole transitiang into the next development stag@as
positively correlated with thevater depth chang@igurel0). In other words, tadpoles
transitioned faster in treatments with shortened hydroper@uisiverage tadpoles
advanced one development stage every 12 dathe experiment progressed, the rate of
drawdown increased. Consequenthe probabilityof a tadmle transitioing to the next
developmenstage increaseas the drawdown increasé€igure10).

In the simulation,he proportion of tadpoles thstirvived andcompleted
metamorphosis ranged from 87R.20%(Figure11). Thesimulated survivalhrough
metamorphosisaried across hydroperiotisit shortened hydroperiods did not
necessarily correspond to decreased survival through metamorghigsis1(l). Foreach

enclosure, the pattern of survival through metamorphosis frosirthdationbased
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study was similar to the daily survival estimates from the CJS model, despite the
simulation study also including transitional probabilities from the ordinal regression

Size aimetamorphosis

| measured 45metamorptsnoutto-vent lengths from sevesnclosurescross
three yearsThebest fittingmodelincludedhydroperiod emergence datand yearall of
which hada positiveeffecton size at metamorphosigaple7). On averaggtadpoles
metamorphosed at larger sizegreatments with longer hydropeds(Figure12).
However, on averagenetamorphs did not increase in size from the-d&@ hydroperiod
treatment to théongest hydroperiodf 173 daysThe 173day hydroperiod treatment
included two enclosures fro@017. Moreover, the 2017 egg laying yeas an anomaly
in that eggs were laid an average of six weeks earlier than they were in 2018 and 2019.
This resulted in the high number of metamorphs emesanly in the 2017 178ay
hydroperiod treatmenbDespite thisand $milar to patterns | observed the besfitting
model across all hydroperiodsze at metamorphosis was positively related with

emergence date (0.13 mm £0.02 8Ebhe 173day hydroperiod treatment.



Table6. Field study @rmackJolly-Sebercandidatenodelsetfor survival () a n d

probabilities across 201@ 2019.
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recaptur e

p ] K AIC. ®AI.C w
enclosure time 28 5990.8 0.0 0.999
constant time 22 6015.2 24.5 0.000
year time 23 6016.0 25.3 0.000
hydroperiod time 23 6017.3 26.5 0.000
time time 44 6038.8 48.1 0.000
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Figure9. Field study daily tadpole survival estimates and 95% CI based ar(tlger o u p )
model paneled by hydroperiod from 2017 to 2019.



41

Early Mid Late

1.0 1
0.8
=
=
S Stage
o 0.81
= Buds
o Feet
8 — Legs
+ 0.7 1 - Front Buds
= — Front Legs
)
L -
B

0.6 1

0.51

-3 -2 -1 0 -3 2 -1 0 -3 -2 -1 0
Water Depth Change (mm)

FigurelO. Field study ordinal regressiqmedicted probabilitestimates. The y axis represents the predicted probahéity tadpole
will transition into thesubsequent developmestage based on water depth charges a 12-day petiod. Predicted probabilities

are paneletby time of seasofear |l y = May, mid = June, | ate = July). Stage

capture.

r



125 126 136 139 173
1.00 A
0.75 1
= Qutcome
)
g 0.50 o [ ] Pre-desiccation Mortality
o ) - Survival Through Metamorphosis
71.30%
o #3.60% 12 40%
#0.90%) [*~- -
29.60% e 0%
0.00 1
@ & <& < < AR A
NN 2 N N O
D ® > DY @ o
Enclosure

Figurell Percentage of mortality and survival outcomesftbe simulatiorbased analysis across 10,000 tadpoles per enclosure
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Table7. Field study gneral lineacandidatanodelsetfor size at metamorphosiEhe direction

of effect is indicated Ifyeaq afiandneefiedis ietcit y e

indicated as a blank

Hydroperiod Julian date Year df logLik AICc A I¢ ¢ weight
+ + + 6 -910.097 1832.4 0.00 0.872

+ + 4 -914.068 1836.2 3.84 0.128

+ + 5 -923.455 1857.0 24.66 0.00

+ + 5 -936.061 1882.3 49.87 0.00

+ 4 -968.128 1944.3 111.96 0.00

+ 3 -977.583 1961.2 128.84 0.00

+ 3 -980.746 1967.5 135.16 0.00

2 -997.712 1999.5 167.07 0.00

€
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Figurel2. Field study variation in snowo-vent lengths (SVL) of metamorplfrem the five
hydroperiod treatments. Emergence ddtmetamorphss represented by symbols based
on time of season (early = May, mid = June, late = July).




































