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ABSTRACT

RIPARIAN WILLOW DECLINE IN COLORADO: INTERACTIONS OF UNGUIATE

BROWSING, NATIVE BIRDS, AND FUNGI

Willows (Salixspp.) are critical components of Rocky Mountain ripariaosgstems. They pro-

vide food for ungulates and beavers; habitat for residedtraigratory bird populations, and am-
phibians; and are integral components of the structure anctibn of montane riparian ecosys-
tems. In Rocky Mountain National Park (RMNP), willows forhetdominant riparian shrub com-
munity. However, willow decline over the past 17 years hastéea dramatic change in riparian
ecosystems in RMNP, resulting in the conversion of a tallomilcommunity to a community dom-

inated by short willows, with cascading effects on habitatideaver and migratory and resident
songbirds. Research on willow decline has focused prignarilthe effects of ungulate browsing
and altered hydrologic regimes controlled by beaver pdfmria. However, damage from sapsuck-
ers [woodpeckers] an@ytospora chrysospernfangal infection are interacting with these known

stressors.

My dissertation research investigates willow decline gssnmultifaceted approach and covers
three main topics: 1. The biotic and climatic factors cdntting to the willow decline; 2. The
spatial and temporal dynamics of willow decline; and 3. Theao¢ of altered water tables and
increased temperatures Qytosporafungal infection and willow production. My research pro-
vides a comprehensive new understanding of the dynamicslloiwdecline in RMNP that can
be applied to riparian sites throughout the Rocky Mountaoregion. My first study explains the,
previously unidentified, interaction of sapsucker wougd®ytosporafungal infection and ungu-
late browsing in the decline of the riparian ecosystem. Myosd study demonstrated that the



increase in moose populations explained the sharp dediwdlows that occurred between 2001
and 2005. Past climate, such as the droughts of the earlys20@® not the main driver in the
decline. Finally, my third study found that willow stems &ighly susceptible to fungal infection
and my experiment demonstrated that o@cehrysospermé present on a wound, it will form

enlarging cankers under a wide range of environmental tiondi Results from my dissertation
research support the conclusion that willow decline is nsbrengly driven by biotic, rather than
climatic stressors. This new understanding of the intesastresulting in willow decline will allow

land management agencies to develop more effective réistosirategies.
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1 Introduction

Plant communities are dynamic, resilient and can resistléwel stresses. Under climate change
scenarios, stressors can interact in novel ways acrosalsgitles and in extreme cases can result
in the dieback and decline of individuals and populationglaht species (Peters et al., 2007). Un-
like large disturbances such as wildfires and blowdowns,déia have immediate altering effects

on a community, species decline typically is a slow processiirring over years to decades.

Species declines

Forest species declines have been studied throughout tHd amd their linkages to climate
change, particularly widespread droughts, make it a atitiopic for research (Anderegg et al.,
201%; Allen et al., 2010; van Mantgem et al., 2009). Each specsesine may be triggered by
different processes and have interacting stressors. Atape wide dieback of the Hawaiian tree
Metrosideros polymorphevas first thought to be an epidemic disease or insect outl{readski
and Mueller-Dombois, 1995). However, dieback was duedlitio poorly drained soil substrates
on volcanic surfaces and related to climatic perturbatisansh as higher annual rainfall. In con-
trast, the culminating stressors in many tree speciesraEchre saprogens, or forest pathogens,
such as fungi. Fungi are present at low abundance in mostfecesystems and are thought pri-
marily to affect stressed plants (Castello et al., 1995;pPesLoustau et al., 2006). The decline
of Austrocedrus chilensigalled ‘mal del ciprés’) occurred over several decadesaadnia and
was partially due to poor soil drainage that allowed the pgémPhytophthora austrocedra®
flourish (La Manna et al., 2008). However, the onset of thiglide was linked to climate and
geologic events (Cali (1996) in La Manna et al. 2008). SirtyiJdhe widespread, rapid decline of

Populus tremuloidestands Colorado was most common in low density mature s@amdeuthern



exposures at low elevations (Worrall et al., 2008). Theah#tress was thought to be drought that
occurred in conjunction with higher ambient temperatu@ace the stand was exposed to these

stresses, fungal infection and insect attacks killed ttaesing stand decline (Worrall et al., 2008).

Dieback and decline of shrubs has been little studied coedpaith trees, even though shrubs
dominate important ecosystems throughout the world. Rielod two desert shrubs was caused
by drought stress, however older shrubs in well developdd saperienced less dieback than

juvenile shrubs in weakly developed soils (Hamerlynck archMliffe, 2008).
Willows and riparian ecosystems

Riparian ecosystems comprise a small percentage of wadteth American landscapes, yet pro-
vide important ecosystem functions, including streambstakilization, moderation of water tem-
perature, and habitat for many species of amphibians)@spinsects and mammals (Naiman et al.,
1993). Willows Salixspp.) are the dominant overstory in many riparian areasigffrout North
America and their stand structure and canopy characterigtivern habitat quality for neotropical
and resident birds (Olechnowski and Debinski, 2008). Tadlbws, 2.5 to greater than 3.0 m in
height, are essential components of western riparian stersg. More than 80% of breeding mi-
gratory birds use riparian areas for at least part of thigrdycle (Knopf et al., 1988), as well as
almost 75% of all vertebrate species (Bunnell and Dupui83),9esulting in diverse biota shar-
ing resources. Willows are phreatophytes and rely on greatet as their primary water source.
Dieback and decline of riparian willow communities has bdenumented throughout the west-
ern US and in particular the Rocky Mountains (Peinetti et2802; Limb et al., 2003; Marshall,

2012). The decline is characterized by tall (>2 m) dead steittslive stems averaging < 1 meter



in height. This is the first research examining multiple sdoes and fungal infection resulting in

the decline of a phreatophytic shrub dominated riparianmanity.

Forest pathogens

Forest pathogens (insects and fungus) are thought to plyra#ect individuals with low vigor or
those that are genetically inferior (Castello et al., 19%8me non-native forest pathogens affect
all individuals, such as the chestnut blight that elimidatee American chestnuCastanea den-
tata (Marsh.) Borkh.) tree from its native range (Beattie andddjl1954). However, native forest
pathogens have evolved with forest communities and cangidyabundant, yet not affect healthy
individuals. While pathogens can be the single, ultimateseaof a forest individual or species’
death, the pathogens that are often implicated in treergeelie known as ‘secondary action or-
ganisms’, affecting species that are predisposed to asqtkanion and Lachance, 1992). Three
types of stressors have been described: predisposinginmeind contributing factors (Manion
and Lachance, 1992). Predisposing factors occur over lenggs of time and include climate
change, soil changes, or plant aging. Inciting factors &horter duration and include drought
effects, late spring frost, or insect damage. Contributaogors weaken an already stressed plant

and ultimately kill it, for example canker and root decaydun

Plant-animal interactions

Fungi and pathogens can produce high numbers of sporessprioff. Dispersal methods include
wind and rain and common carriers such as birds and mamneilsg€i and Baker, 1996). Birds
carry fungal spores on their feathers and feet, and a fevaresers have documented the effective-
ness of migratory birds in transporting spores (Warner aeddéh, 1970; Evans and Prusso, 1969).
Birds carried spores of Chestnut Blight, some in high dess{iHeald and Studhalter, 1914). The

3



numbers of spores carried by a bird may be linked to weathemtey For example, spores are
released after rains and spore numbers on birds are highbsise times. Spore density of some
fungal species on house sparrows was strongly positiveleleted with the intensity of wind

gusts, while others were strongly correlated with tempeeadr humidity (Hubalek, 1976).

Willow decline in Rocky Mountain National Park

Willows are a critical component of Rocky Mountain ripari@acosystems and in Rocky Moun-
tain National Park (RMNP) they are the dominant woody vegmigoroviding the structure and
function of riparian ecosystems. However, willow declinethe past two decades has led to a
dramatic change and willow canopies have decreased by aagavef 65% at the headwaters of
the Colorado River (Figure 1.1). Many montane riparian dptha willow communities within

RMNP are so degraded that cascading effects are occurroggh adjacent ecosystems.

Several factors could be contributing to willow decline iMRP, some related to water stress.
Beavers use willows to build dams on streams that flood apagireas. The hydrologic effects
of beaver dams on floodplains are profound but the almost Ee|oss of tall willow stems has
limited dam building and beaver no longer can inhabit theo@alo River valley within RMNP,
leading to the drying of floodplain further contributing tdlaw decline (Westbrook et al., 2006).
In addition to beaver absence, lowered water tables caysteliversion of water by the Grand
Ditch is altering floodplain dynamics (Woods, 2000). Anatpessible stress is temperature in-
duced drought, which has been implicated in widespreadnaeality throughout the western
United States (van Mantgem et al., 2009; Anderegg et al.2&01This could be caused by de-

creased snowpack and earlier snowmelt reducing waterai#y in late summer, resulting in



drought stress. Woody plants respond to reduced wateaéi#y with physiological and/or mor-

phological adjustments, including loss of leaves and brascor whole plant death.

Herbivory is also contributing to willow decline. For exalapungulates browse heavily on wil-
lows (Beyer et al., 2007; Singer et al., 1998). Willows cois@the majority of moose diet and
during the summer greater than 90% of their diet is willow iDan and Wright, 2005). In addi-
tion to browsing, red-naped sapsuckers remove bark to comsalorie rich willow sap. These
sap wells are also used by other bird species and insectsasdttummingbirds and ants (Ehrlich

and Daily, 1988; Daily et al., 1993).

The interaction of these biotic and climatic stressors neuce willow stem resistance @y-
tospora chrysospermafections which can kill weakened stems. The life cycl€o€hrysosperma,
which has been understood for nearly a century (Long, 19E8)two stages: a sexual|sa sor-
dida) stage and a more common asexual¢hrysospermpestage. Spores are transported by wind,
rain, insects, and birds (Tainter and Baker, 19@6)chrysospermeequires physical damage to the
stem before infection can occur. Once present on a woundutiggis can quickly grow beneath
the bark and cambium, blocking flow in the xylem and phloertinky the stem (Biggs and Davis,
1983). When a plant is predisposed to a stressor such astdiiodgced water stress, temperature
stress, ungulate browsing or sapsucker sap well creatibmgal infection is more likely to kill
the wounded stem (Kepley and Jacobi, 2000; Mcintyre et 886). Research oRopulus tremu-
loideshas identified a significant positive relationship betweeught stress and fungal infection
(Mclntyre et al., 1996). Fungal infection can occur durihg growing season or the winter when

plants are dormant. During the growing season plants are tit@ly to fight off infections by



shutting off growth above the wounded site on the stem. Iriewjlormant plants cannot fight the

fungal infection.

Willow decline is a complex multi-scale ecological issuearde spatial scales include climate
change, drought, and the possibility of fungal infectioe tluthe presence of spores. Small spatial
scale issues include localized drought (due to the absdrmmauers), overbrowsing by ungulates,
and wounding of stems by sapsuckers. This research inaéssigvillow decline using a multi-
faceted approach and covers three main topics: 1. The lintclimatic factors contributing to
the willow decline; 2. The spatial and temporal dynamics tow decline; and 3. The effect of
altered water tables and increased temperatur€ytosporafungal infection and willow produc-
tion. Each topic is addressed in the following three studiestogether provide a comprehensive
new understanding of the dynamics of willow decline in RMKRttcan be applied to riparian sites
throughout the Rocky Mountain ecoregion. The first studyngras the interactions of ungulate
browsing, sapsucker wounding, fungal infection and droudJsing twelve year old moose ex-
closures at the headwaters of the Colorado River, | propossvaunderstanding of a mechanism
for the dieback of tall willow stems. The second study useS @l examine the long temporal
scale and epicormic shoot analysis to examine the shortaexhgcale of the dieback. | also ex-
amined the spatial extent of the dieback throughout theheantColorado Rockies by sampling
willows along randomly selected stream reaches. FinalhtHe third study | performed a manip-
ulative experiment osalix monitcolanvestigating the interactions water stress and warming ai

temperatures, as predicted under climate change scenamiGytosporafungal infection.

Understanding the mechanisms that have and may still beilootimg to willow decline is im-

perative for the conservation of riparian ecosystems. Resull inform resource managers on



the timing and causes of this decline and will identify cqrtsdfor use in riparian recovery and

restoration efforts.



Figure 1.1: Willow dieback in the Kawuneeche Valley, heamhssof the Colorado River, in Rocky
Mountain National Park. Photos were taken between July argligt each year. Photos by David
Cooper and Kristen Kaczynski



2 Interactions of native birds, herbivores and fungi facilitate decline of riparian vegetation

2.1 Introduction

Disturbances at multiple spatial and temporal scales anait ecosystems and most
communities are resistant or resilient to these event&€Riand White, 1985). Landscape scale
disturbances such as crown fires, windstorms, and inseaiaadse outbreaks have immediate
effects on many species and can alter ecosystem structdifeetion in lasting ways. Fires in
Yellowstone National Park in 1988 burned 3213%amd dramatically changed plant community
composition and cover, shifted the distribution of wildliand altered streamflow and nutrient
cycling (Knight and Wallace, 1989; Turner et al., 2003). Sduent disturbances affect
landscapes in different ways. For example a recently buioredt may be less susceptible to bark
beetle infestation (Bebi et al., 2003; Veblen et al., 19%hile large high intensity disturbances
are critical ecological processes, smaller spatial staleintensity disturbances and their
interactions may produce similar lasting effects on comityuoomposition, structure and

function.

In the past two decades riparian willoBdlixspp.) populations have experienced dramatic
dieback in the Sierra Nevada, California (California Fofsst Council, 2003) and many regions
of the Rocky Mountains, including Montana (Limb et al., 2D08yoming (Wolf et al., 2007,
Bilyeu et al., 2008), and Colorado (Peinetti et al., 2008)Y&llowstone National Park, the tall
riparian willow stands, with abundant beaver dams, higlremables and willows that averaged
2.51t0 4.5 m in height, has been converted into short willamngs due to heavy browsing.
Willows now average < 1 m tall, and are inadequately sizedi$erby beaver<Jastor
canadensiKuhl) and the lack of dams has created drier valleys withgydmsninated vegetation
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(Wolf et al., 2007). The interactions of small scale disauntes, such as ungulate browsing and
water table decline due to the absence of beavers, has ledtaéomatic alteration of willow stature
and population in certain regions. However these factonsad@xplain willow decline

throughout the West (Alstad et al., 1999; Bilyeu et al., 2(Ri8ger et al., 1998; Zeigenfuss et al.,

2002; Wolf et al., 2007).

Riparian areas comprise a small percentage of western Ramdrican landscapes, but provide
important ecosystem functions, including streambankil&abon, stream water temperature
moderation and habitat for many species of amphibiang)espinsects and mammals (Naiman
et al., 2005). More than 80% of breeding migratory birds ys&rtan areas for at least part of
their life cycle (Knopf et al., 1988), as well as almost 75%albivertebrate species (Bunnell and
Dupuis, 1993), resulting in diverse biota sharing resaartecalized disturbances such as annual
flooding and herbivory by wild ungulates or livestock aretsgly variable yet can shape riverine
landscapes. Peak flows in snowmelt driven rivers occur ity sammer and periodically scour
banks, erode vegetation, and deposit sediment and nstoet floodplains (Naiman and
Decamps, 1997). Riparian species are adapted to flood emeshtmany are biologically linked to
them, having seed dispersal timed to the period after peas fichen suitable bare and wet
mineral soil habitat for seedling establishment is abuh@@@aage and Cooper, 2005). Beavers
utilize woody riparian vegetation as a food source and e building along stream reaches
with tall willows and other species of woody plants can cohtvcal water tables, and moderate
the hydrologic effects of climate (Westbrook et al., 2006hody riparian plants, a primary food
source for native ungulates, can persist under conditibltswoto moderate browsing intensities,

however higher levels of browsing can alter stand structhegatively affecting species that rely

10



on tall plants (Baker et al., 20@50lechnowski and Debinski, 2008). Shorter willow stems
provide insufficient nesting and breeding habitat for mgmgcges of migratory birds. In the
Yellowstone region willow stands with stems averaging 1.&alsupported twice the number of
avian species and individuals as willow stands averagig o tall (Baril et al., 2011;

Olechnowski and Debinski, 2008).

Red naped sapsuckeSphyrapicus nuchaliBaird, hereafter sapsucker) create nest cavities in
aspen Populus tremuloideMlichx.) trees infected with stem decay fung&héllinus tremulae
(Bondartsev) Bondartsev & P.N. Borisov) (Daily et al., 1R98apsuckers also create distinctive
bark wounds, called sap wells, on aspen and tall, large deama&low stems that they use to feed
on calorie rich sap (Figure 2.1). The wells are kept openutinaepeated visits during their
breeding season. Sapsuckers may be considered keystaiesspea
sapsucker-willow-aspen-stem decay fungus communitylyl@aial., 1993). Their cavities
provide nesting sites for other birds and mammals, inclgitiee and violet green swallows and
squirrels, and sap wells are used by many species of mamirals and insects (Ehrlich and
Daily, 1988; Daily et al., 1993). Sapsuckers use stemsidhge 1 cm in diameter because short
or thin willow stems are too narrow for sapwell formationtdfi willows are absent, biodiversity

decreases due to the cascading effect on willow sap reltias (Daily et al., 1993).

Plant communities affected by multiple disturbances maeernce species declines involving
insects or fungal pathogens. Native forest pathogens hebeesl with tree species and are
thought to selectively eliminate individuals with low vigor genetic inferiority (Castello et al.,
1995;7). While pathogens can be the single and ultimate cause eéa tteath, most pathogens
implicated in tree declines are ‘secondary action orgasisaffecting individuals that are
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predisposed or repeatedly exposed to stress (Manion arihhee, 1992). Widespread aspen
decline in the western United States has been linked toragtdrought, above average
temperatures, high ungulate herbivory, fungal pathogedsresect attacks (Worrall et al., 2008).
An ongoing dieback of narrowleaf aldeklfus incangL.) Moench ssptenuifolia(Nuttall)
Breitung), a common riparian tree in western North Ameriséinked to high maximum summer
temperatures and an epidemic®ftosporacanker {alsa melanodiscusnamorplCytospora
umbring (Worrall, 2009). The interactions of multiple disturbamqarocesses on the dieback of
these two important western North American forest spec®s ked to changes with far reaching
ecological implications such as displaced bird commusiiii&riffis-Kyle and Beier, 2003) and

altered nutrient cycling (Nossov et al., 2011; Huang andekadg, 2012).

In this study | examine the relative influences of ungulatsising, sapsucker wounding and
fungi in riparian willow decline by addressing two primamyestions: 1. Is ungulate browsing the
trigger for willow community collapse or are multiple ing&ting small scale disturbances
required to trigger the collapse? and 2. Once the commualtgse is initiated is the dieback

maintained solely by ungulate browsing?

2.2 Materials and Methods

Study Area Description

Rocky Mountain National Park (RMNP), located in Colorad&@A) covers 108,000 ha and
ranges from 2240 to 4345 m elevation. Long term climatemtatare located in Grand Lake
(2554 m) on the western side and Estes Park (2347 m) on trereagie of RMNP. The average

minimum temperature in Grand Lake and Estes Park in Jansiatyi5°C and -9.2°C and the
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average maximum temperature in July is 24.6°C and 25.7°€rafye precipitation is 64 cm and
40 cm, with most falling as snow. Average annual snowfall rar@l Lake is 350 cm and Estes

Park is 177 cm (Western Regional Climate Center).

Vegetation is largely conifer forest at lower elevationd afpine tundra above 3450 m. The
lowest elevation forests are dominated by ponderosa pimei§ ponderos®ougl. ex C. Larson)
and lodgepole pineRinus contortaDougl. ex Loud. varlatifolia Engelm.). Higher elevation
forests are dominated by subalpine Abfes lasiocarpgHook.) Nutt.), Englemann sprucPi¢ea
engalmaniiParry ex Engelm.) and aspen. The river valleys are domiriatedll willows (Salix
monticola(Bebb),S. geyeriangdAndersson)S. planifolia(Pursh) ands. drummundianéBarratt
ex Hook.)), that average 2.5 - 4.5 m in height, and wet mea@@awex aquatiligWahlenb.)

dominated) communities.

Elk (Cervus canadensirxleben) and moosé\(ces alcessray) are common throughout RMNP.
Elk populations have increased since the early 1900’s dtlestextirpation of wolves, while
moose were introduced into Colorado in the late 1970’s. Btkland moose browse on willows,
and willows comprise 79% of moose summer diet (Dungan anghtr2005). The current elk
population on the east side of RMNP appears to have littleos®ed migration and is managed
through a culling program initiated in 2008. West side elpgation numbers are unknown
(Therese Johnson, personal communication). Moose begawiotering on the west side of
RMNP during the early 1980s. Current moose population isank, but was estimated in 2003
that 61 to 66 moose reside in the Colorado River valley (Dang@07). Moose have also become

established on the Eastern side of RMNP.
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Beaver in RMNP have experienced a large population deditieljell et al., 1999). More than
200 colonies with more than 1800 individuals occurred inQl@ackard, 1947), however a 2009
park-wide survey found beaver present at only 17% of sitesrgvthey were found historically

(Scherer et al., 2011).

Sapsucker populations have not been sampled in RMNP. Sagyquupulations have remained
constant in Colorado from 1968 - 2010, with an average arneradl estimate of +2.77% (95%

Credible Interval: +1.00 - +4.47) (Sauer et al., 2011).

Headwaters of the Colorado River

The Kawuneeche Valley study area encompasses 12.5 km obtbea@o River headwaters
within RMNP (40°22’N and 105°51'W). This valley varies froapproximately 400 to 1600 m
wide. Historically, the hydrologic regime was beaver infloed, with dams along the Colorado
River diverting up to 70% of flow onto the floodplain (Westbkaat al., 2006). However, within
the last decade, beaver activity has declined and few beavempresent. Tall riparian vegetation
is dominated bySsalix monticolaS. geyeriangS. drummondiananeadows bypeschampsia
cespitosd(L.) P.Beauv.) an€Calamagrostis canadensigMichx.) P. Beauv.), and
peat-accumulating fens [&. planifoliaandCarex aquatilis Hillslope vegetation is dominated by

Pinus contortaPicea engelmannandAbies lasiocarpa

Endo Valley

Endo Valley is a willow dominated river valley on the eastsiagie of RMNP (40°24’'N and
105°39'W; 2624m). The study area is 0.25 km2. Beaver aresptaseating large dams that span
the Fall River and smaller dams on side channels. Vegetatidominated bysalix monticolasS.
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geyerianaS. planifolig with an herbaceous layer dominated®yaquatilisand some non-native

species that are actively managed.

Willow Survey

| utilized three 2500 rhexclosures, with 2.5 m tall fences, that were establishéign
Kawuneeche Valley in 1997 to exclude ungulate browsing(@erman, 1995). Five groundwater
monitoring wells were installed in randomly located sitesidle and outside of each exclosure for
a total of 30 wells. Around each well, six tall willows spexigere randomly selected, tagged,
and monitored from 2009-2011. Five randomly selected plesgtre also chosen around three
long term monitoring groundwater wells and four tempordaffgauges in Endo Valley (n = 35).
These plants were measured and manipulated from 2009 — Pdrit.nomenclature follows

Weber and Wittmann (2001).

The effects of browsing were analyzed on 180 willow plan@jrside and 30 outside each ex-
closure in the Kawuneeche Valley from 2009 to 2011. An addél 35 willows were tagged in
Endo Valley and monitored in 2010 and 2011. Browsing intignsas assessed in 2011 along a
0 - 100% scale, at 10% intervals for each plant. | measurethttest stem to determine overall
plant height and recorded flowering status and sex of eactt pl&2010 and 2011. To determine
current annual growth (CAG) stem length and diameter werasomed on a subset of stems and
live stems were counted using the methods of Bilyeu et al0{20Fifty to 60 stems of the three
dominant speciesS@lix geyerianaS. monticolaandS. planifolig were collected to develop quan-
titative relationships between stem length (cm), diam@ten) and biomass (g) using regression
analysis. There were no significant differences in bionkasgth and biomass:diameter among
species, therefore they were pooled for analysis. The segne relating stem length to biomass
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was used to determine CAG (& 0.92, biomass:diamete? £ 0.91).

biomass= 0.637x (stemlength-+ 3.6675 (2.1)

biomass= 0.3324x (stemdiameter+ 1.3024 (2.2)

Water relations
Xylem pressure potentials

Predawn (23:00 to 03:00 hrs) xylem pressure potentighwas measured on current year twigs
using a Scholander-type pressure chamber (PMS instrun@mtgallis, Oregon). Sixty plants, 30
inside and 30 outside of two exclosures were measured dilmiag periods (end of June,

mid-July, early August) and all tagged plants in Endo Vatleying the summer of 2010.

Depth to groundwater

Depth to groundwater was measured biweekly during the gr@afeason in bore holes in 2009

and in fully slotted 4 cm outside diameter PVC wells during@@nd 2011 growing seasons.

Fungal infections and stem wounding

Willow stem sections were collected that had fruiting funmgacnidia in cankered areas of the
stem. Stems were placed in humidity chambers to force spoiption and spores were
cultured on 1/4 strength potato dextrose agar (PDA) ++ m@dta antibiotics Streptomycin
sulfate (0.1g/5ml of H20) and Chloramphenicol (0.1g/2.%ethianol) per 500 ml of liquid
media). | performed DNA analyses on eight of the isolatesidedtified them a€ytospora
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chrysospermé@Pers.:Fr.)Fr. (anamorpNalsa sordidgNitschke), teleomorph) as matched to
unpublishedCytospora chrysospernsequences (G.C. Adams, Department of Plant Pathology,

Michigan State University).

Wounding experiment

Artificial wounds were created to determine the suscegijtof willow stems to naturally
dispersedCytosporaspp. spores. The season when infection occurs is impoiastrae
pathogens can be active when their host species are dorhtiads( 1985). Sixty stems were
wounded in late July 2009 and 60 in early December 2010, fote 0f 120 stems inside and
outside of exclosures. A vegetable peeler was used to anedtem stem wounds approximately
2 cm long, 7 mm wide and deep enough to remove the bark to theigemWounds were
created ap/3 of the total stem height above the ground and covered appaigly 25% of the
stem circumference. In June 2010 stems were examined fprédsence o€Cytosporaspp.
pycnidia, assessed as live, dead, or dead above the wouatiMeubelow wound, and compared

with 60 control stems.

Sapsucker wounded stems

A random selection of stems naturally wounded by sapsueting ungulate exclosures in the
Kawuneeche Valley during 2009 (n=59) and 2010 (n=55) weggdd. The species wounded,
length of the wound, stem diameter at the wound, and heigteo$tem were assessed during the
year of wounding. The following growing season, | recorddtether the stem was alive, dead, or
dead above the wound but alive below the wound, epicormimusptevelopment, and

presence/absence Gftosporasp. based on pycnidia.
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Inoculations

Cytosporasolates used for inoculations were collected from inféctiems and cultured on full
strength potato dextrose agar (PDA) in the laboratory. é&figld, | created four circular 8 mm
diameter wounds approximately 15 cm apart on opposing side$ randomly selected
unbrowsed stemsS( drummundiana, S. planifolia, S. monticola, S. geyeligated within one
exclosure in September 2010. The first and third wounds wereuiated with sterile PDA, while
the second and fourth wounds were inoculated with one isolaCytosporasp. Vertical canker
length was measured in December 2010 and again when stem$iar@ested in July 2011.
Fungi were cultured from all cankers and grown on %2 PDA ++ ahNd\[@nalysis was performed

on a subset of recultured fungi.

Fungi carried by sapsuckers

| located active sapsucker nests, all of which occurred peagrees, near the study areas in June
2010 and 2011. I captured and sampled four birds in 2010 aadiids in 2011 using mistnets
erected at each cavity. Sampling of bird pairs occurred afigs hatched but prior to young
fledging, because movement in and out of the nest is nearktaohat that time. The beak and
feet of each bird were wiped with sterile cotton swabs thaewieen placed into sterile test tubes
with 0.2 ml of deionized (DI) water and processed the day iection. To ensure that | cultured
all biota, each swab was streaked four times across two ¥4 P[phates. After streaking, swabs
were placed in 0.5 ml of DI water and the solution was then @dwnto an additional two plates.
Plates were left at room temperature for 6 weeks. After gnpiwisually identified fungal genera

that were separated on individual plates to fruit. Platesews®red at 6.5° C temperature after
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fruiting to cease growth. DNA analysis was performed on alrgltures that resembled

Cytosporasp.

DNA analyses

DNA analyses were performed to determine the speci€ytdsporaon samples recultured from
inoculations and on sapsucker fungal swabs. | used Easy DMABenomic DNA isolation
(Invitrogen corp) methods (protocol #3) to extract DNA frat day old fungal cultures.
Polymerase chain reaction (PCR) amplification techniqueewerformed using Internal
Transcribed Sequence (ITS) universal primers 1 and 4, as tr@mers enhance amplification of
fungi specific sequence regions (White et al., 1990). Sexngrof the samples was performed at
Proteomics and Metabolomics Facility at Colorado Stateséhsity. The resulting sequences
were matched in GeneBank and to kno@ytosporasp. sequences from Dr. Gerald Adams

(Department of Plant Pathology, Michigan State Univejsity

Analyses

Log transformed stem height and CAG were analyzed usingrgiéred linear mixed models
(GLMM) for each growing season, with ungulate exclosure eendom effect. Fixed effects
tested in each model included browsed versus unbrowsedegtld tb water table in late July.
Endo Valley data (2010 - 2011) and 2011 Kawuneeche Valley idatuded a browsing intensity
class variable. | used ANOVA to test for differences in CAGomm species, with a Tukey’s HSD
to adjust for unequal group sample sizes. All analyses wene dsing R v2.9.2 (R Development

Core Team, 2008), with packages nlme, Immfit, and MASS.
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Predawn xylem potential was analyzed using generalizea@tirepeated measures mixed models.
Ungulate exclosure was modeled as a random effect, and épti tb water table, stem height,
species, browsed or unbrowsed, and sex were fixed effed&o tested for possible 2 way
interactions. Stem death due to sapsucker wounding waslatbdsing logistic regression.
Variables tested included in the models were stem heigingttheof wound, diameter at the

wound, and species. | investigated possible 2 way intenastiANOVA models were used to
compare inoculated and control canker sizes from ino@nakperiment. | used a maximum
likelihood-based model selection framework to evaluatepeting generalized linear models,
using corrected Akiake’s Information Criteria (AlCc) (Buram and Anderson, 2002) to compare
generalized linear models. AlICc difference values and iasigrovided a measure of the strength
of competing models. | examined the amount of deviance egulsby the model compared with
the null model to determine model strength and reportedaisentage as the amount of

variance explained.

2.3 Results

Browsing, Willow Heights and Current Annual Growth

Unbrowsed willow stems averaged 170% taller than brows#ddws (p < 0.01) (Table 2.1) and
browsed willows, regardless of browsing intensity, werertdr than unbrowsed willows (Figure
2.2). Browsing was the best predictor of willow height intb@010 and 2011 (Table 2.2). Depth
to groundwater for study sites ranged from >160 cm deep totheasoil surface during the
growing season yet was not a statistically significant mtediof stem height in any study year (p
= 0.856) or any site and was similar in browsed and unbrowsssaisan the Colorado River valley
(p = 0.536).

20



CAG was greater for unbrowsed than browsed stems in the &tdriver valley (p < 0.01) in all
years and was higher in Endo than Kawuneeche Valley (TaB)e AG was not correlated with
browsing intensity (R= 0.06, p = 0.36; Figure 2.3) in Endo Valley, while in the Kaweche
Valley, CAG decreased as browse intensity increas@d=(® 20, p = 0.14; Figure 2.3). Stem
height (model 1) and height and browse intensity (model 8} peedicted 2011 annual growth in
the Kawuneeche Valley (Table 2.3), explaining 43 to 53% oiateon. Depth to water table in
mid summer and species identity were not predictors of CA@thmer year. Only 3% of browsed
plants flowered, thus the sex of most plants could not beifishbr used as a model variable,
whereas 93% of unbrowsed plants flowered and could be sex&hdo Valley, the best growth
model for 2011 included a combination of the variables biogisspecies, and sex (Table 2.3),
and no statistical difference in CAG existed between matefamale plants (p = 0.15). The top

two models included browse class from the previous groweagsn (Table 2.3).

Drought Stress

Predawn xylem pressures for all willows averaged -0.13 NtiRh¢ating little or no water stress,
and were not significantly different between sampling p#sitp = 0.32) or between browsed and
unbrowsed plants in the Kawuneeche Valley (p = 0.82). Xyleesgures did differ among the
three sampling periods in Endo Valley (p < 0.01). The bestehoatluded current seasonal

precipitation total (beginning in May) and previous dayqipéation.

Stem Wounding by Sapsuckers

Sapsuckers utilized all tall willow species in the studysaaed selected stems that ranged from

7.5t0 24.4 mm (n = 115) in diameter and averaged 13.8 mm. Skpsuwounded stems
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averaged 237 cm tall and ranged from 137 to 365 cm. All wourstieshs were inside ungulate
exclosures because all stems outside exclosures wereufficrent diameter (mean 7.5 mm; n =
90) or height (mean 81 cm) for sapsucker use (Figure 2.4xdemiic shoots formed below the
wound on 69% and 68% of stems in 2009 and 2010 (Figure 2.1)ndog likely caused stress
on the apical meristem leading to lateral bud expansiorm $tertality occurred above sapsucker
wounds on 47% and 62% of stems in 2009 and 2010. Wound lengtithedest predictor of stem
mortality in logistic regression models. For stems with wadsitwo cm long({o in the model), an
increase in wound length of 1 cm increased odds of death frtor0B0. Stems that died above
the wound had visibl€ytosporanfection rates of 93% and 100% in 2010 and 2011. Sapsucker
wounds were located an average of 82 cm above the grounasuaiad stem death triggered by
sapsucker wounding produced live stems averaging 85 cmaith was not significantly

different than stem heights maintained by ungulate brogvéimean = 81 cm; p = 0.63).

Twenty three of 120 experimentally wounded stems died bg 2010, including 11 from winter
wounding, 10 from summer wounding and 2 control stems. Stédsot exhibit signs of
Cytosporainfection, suggesting that a single wounding event did aplicate sapsucker

wounding produced by repeated visits to keep the wounds apemproducing sap.

Cytospora Fungal Infection

Cytospora chrysospermaoculated cankers averaged 18 mm in length (sd 8 mm) and were
significantly larger than controls that averaged 11 mm Idier éhree months (p < 0.0iq,z=
0.45). Fifty seven percent of inoculated wounds had cankearesion. Reisolations from six of

eight cankers were identified &s chrysospermandicating thaiC. chrysospermanfectedSalix
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spp. resulting in stem death. Two control wounds had cankevth from a species other th&h

chrysospermand these were not analyzed.

Eleven fungi/yeast/bacteria species were identified ituces from sapsucker beaks and feet. Six
cultures had fruiting bodies ofy@osporasp. and were sequenced for identification. Four were
identified asCytospora chrysospermthree from sapsucker feet and one from a bé&ak.
chrysospermavas found on 1/3 of the captured birds, indicating that selgens are a possible

vector forCytosporadispersal.

2.4 Discussion

The dieback and collapse of tall willow communities in RMMNRiriven by multiple interacting
low intensity stressors, including repeated sapsuckendimg, fungal infection and ungulate
browsing of epicormic shoots. Short willows lack the staetsuitable for use by beaver and
songbird populations (Naiman and Decamps, 1997; Baril. e2@l1). While browsing by elk and
moose are maintaining willows in a short stature, our resollicate browsing was not the

process that triggered willow decline.

Role of Sapsuckers

Sapsucker use of willow stems has been recognized in Northrisefor more than a century
(McAtee, 1911). In western Colorado, Ehrlich and Daily (88 ported that sapsucker impacts
on willow stems were “severe, and probably greater thanahanhy other herbivore that feeds on
willows in the summer”. They observed that 72% of willow dhsuhad severely damaged stems
and within a shrub, an average 28% of stems were damaged &hdfaBamaged stems were
dead (Ehrlich and Daily, 1988). Recent sapsucker damagapaent, however, approximately
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five years after their death stems had lost their bark andvidece of sapsucker wounding. In
RMNP 47% and 62% of stems wounded by sapsuckers in 2009 afidafle dead the following
growing season, indicating that high mortality can resaltrf sapsucker wounding. While
sapsucker wounds are necessary, wounds alone are noteuffeckill most willow stems.
However, wounds are the entry point for the fungal sporeps@eker initiated stem dieback
reduced willow heights to less than 1 m, a height similar & thaintained by ungulate browsing
(Figure 2.4). An important difference between RMNP studgssand the Gunnison River
headwaters sites investigated by Ehrlich and Daily (1988 thie low ungulate browsing in their
sites (Floyd, personal communication, 2012). Willow stelesl at their study site, yet the
formation and growth of epicormic shoots allowed stems g@airetheir original height,
facilitating the long-term persistence of tall willow coramities. In contrast, resprouting
epicormic shoots in RMNP are browsed by ungulates creatidgr@aintaining a short willow

community.

Willows compartmentalize sapsucker wounds by alteringytiogvth of cells around the wound
and creating a barrier to slow or prevent the spread of déseadecay (Biggs et al., 1984).
However sapsuckers regularly visit and open wounds to agasand overcome the willow
healing processes. Our one-time stem wounding experinmedtiped little stem dieback likely
due to the stem healing these wounds. This clarified the itapoe of repeated wounding to the
process of stem death. Erhlich and Daily (1988) found thi#taally created sap wells that were
not continuously maintained yielded no sap and sap wellsep#atedly visited by sapsuckers

dried up.
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Fungal infection

As early as 1918, Long (1918) suspected thgitospora chrysospermafected willow stems.
The life cycle ofC. chrysosperméaas two stages, a sexudB(sa sordidaand a more common
asexual Cytospora chrysospermatage. Spores are transported by wind, rain, insectstérain
and Baker, 1996) and bird€ytosporaspp. are know to be facultative wound pathogens that
require physical damage to the bark, such as a sapsuckebefte infection can occur. Once
present on a wound;ytosporafungi grow through the phloem and block sap flow killing the
stem above the wound (Biggs and Davis, 1983). Drought gtdgsiants are thought to be more
prone to canker fungal infection (Mclintyre et al., 1996; Kspand Jacobi, 2000). However, |
found that 57% of wounded and inoculated stems with cankesiresion had low predawn xylem
pressure potentials throughout the summer. Thus drougtsissivas not a precursor fGt

chrysospermanfection on the study willow species.

Cytospora chrysospermafects aspen and has been implicated in their widespreelahden the
western US (Worrall et al., 2008), however the linkage betwsapsuckers ar@l chrysosperma
on willows has not previously been documented. Sapsuckefsrpntially create cavity nests in
aspens, often in close proximity to willow stands and wilwllows throughout their breeding
season (Dalily et al., 1993). Whi@. chrysospermapores can be wind and rain dispersed,
sapsuckers can also facilitate their dispersal from aspwiilliow through numerous trips from
their nests to willows. Migratory birds are known to carrym@ial spores on their feathers and feet
and appear to be effective transport vectors (Evans anad®rui869; Warner and French, 1970).
For example, in the eastern US, birds carried chestnuttdigbres in high numbers (Heald and
Studhalter, 1914), and the number of fungal spores on hqaseosvs was positively correlated
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with the intensity of wind gusts and the ratio of fungal geneas highly correlated with

temperature and humidity (Hubalek, 1976).

Role of browsing in maintaining willow height

In the absence of predators, ungulate populations haveased through time in RMNP and other
areas with unmanaged ungulate populations producingwttal effects on riparian
communities (Peinetti et al., 2002; Singer et al., 1998g&efuss et al., 2002). Peinetti et al.
(2002) concluded that willow decline in RMNP was “clearlgasiated with an increase in elk
abundance”. Ripple and Beschta (2004) suggested thatddcg@pulations triggered willow
decline on Yellowstone National Park’s northern range &ed¢introduction of wolves restored
the natural balance allowing willows to increase in heigtdwever, in many locations in the
northern range ungulate browsing intensity is still higd anllow heights have not recovered

(Bilyeu et al., 2008; Marshall, 2012).

Willow stems greater than 200 to 250 cm tall are thought todma the reach of browsing elk
and moose (Keigley et al., 2002). The tallest single willégns outside of exclosures in the
Kawuneechee Valley was 170 cm tall, and the average was @dyn8ndicating that the entire
population of unexclosed willows is within the reach of beass. Only 3% of willows outside of
ungulate exclosures were not browsed in 2011. Althouglowdlare resilient to ungulate
browsing, CAG was significantly higher on unbrowsed stenaligiears, and annual browsing

has reduced their productivity and maintains their shatusé (Singer et al., 1998).

While ungulate browsing can maintain short willows, bravgslikely interacted with other

factors to create and maintain short willow stands. Bakat.€R00%) proposed that where
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beavers cut willow stems nearly to the ground, ungulate biiogwremoved resprouting shoots to
maintain short stature willows. Here | have demonstratatliththe absence of beavers,

sapsuckers facilitate@ytosporanfection can also result in short willows.

Role of Drought

Predicted warmer average annual temperatures and eadikrsoreamflows in the future (Stewart
et al., 2005) could influence willow growth and physiologywever, willow communities with
active beaver dams rarely experience prolonged droughiiseowillows are phreatophytes, using
groundwater as their water source. Westbrook et al. (2@26)d that in the extreme low stream
flow years of 2002 and 2004, 15% and 21% of their floodplainystuda was inundated late in
the summer by beaver dams, and much of the study area hadtalalts close to the soil surface
maintained by these dams. In contrast, overbank floodin@@3 2the fifth highest flow year in

the 55 year Colorado River record (1956 - 2011), inundatdyl 10?6 of the study area and
persisted for just 3 to 7 days. The high flow washed out beau@isbn the main river channel
and the water table during most of the summer was deeperntZ02 and 2004, producing
larger areas of dry soils than in the drought years. Beawars hot been present in the upper
Colorado River valley since 2005 (D.J. Cooper, personatMagion) because the short willows,
created by sapsucké@ytosporanteractions and maintained by ungulate browsing, do not

provide suitable food or dam building material.

Alternate hypothesis for decline of willow populations

This research indicates that the interactions of sapssgRgtosporaand ungulate browsers

collectively contributed to willow decline. No one or twangie factors were explained willow
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height or mortality in isolation. Sapsuckers create anchta@m open wounds that allow
Cytosporanfection to kill stems above the sap wells. Epicormic skdbat form below the
sapsucker wounds determines the fate of these stands:oifssaie browsed by ungulates, short
stature willows result and are maintained but if they es¢apwsing then tall willow stands can
regenerate. These processes can explain the large sdadekliaf tall willows in RMNP, and

likely willow stands throughout western North America. Maall dead willow stems in the

study areas are much taller than the browse limit of ungsijaitain their tall dead stems, yet due
to bark decay, the presence of sapsucker welSytosporgpycnidia cannot be identified. My
research suggests that sapsuckers wounded these steltisg@stheir death, and leaving

telltale tall, dead yet unbrowsed stems.

SapsuckergCytosporaungulates and beaver are components of functioning widoesystems

in the Rocky Mountains (Figure 2.5). Under a scenario of lownbderate browsing, the majority
of willows have tall stems, beavers have access to willowsalsie for food and dam building and
sapsucker use is dispersélitosporaspp. infect and kill wounded or stressed stems, but
epicormic shoots grow to full height maintaining a tall wil community. Under high browsing
pressure, the majority of willow stems are of short statunsuitable for beavers and sapsucker
use is highly concentrated on willows with larger diametsat taller stems, exacerbating the
dieback, and producing widespread drought on the floodpldie loss of epicormic shoots to
browsing produces a bottleneck in the long-term mainte@manavillow dominated riparian

ecosystems.

A diverse group of species rely on riparian ecosystems fiativgal and yet their combined low
intensity disturbances have led to the decline of the wikmmmunity. Our understanding of
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these interactions can allow land management agenciesétogeappropriate and effective
restoration strategies. Long term recovery and survivalwfllow community could require a
reduction in ungulate browsing, by either animal populateduction or fencing. Only these
actions will allow epicormic shoots to grow to fully regairight, support beaver, maintaining a

tall willow community and conserving the high biodiversstypported by these ecosystems.

29



Table 2.1: Comparison of the mean of willow height (cm) anduwah growth (g/plant) for 2009,
2010 and 2011. Standard errors of the mean are in parentfidsesolumn 'mean’ is the averages
over the sample years. Plants in the Kawuneeche Valleydmigsiclosures are browsed and plants
inside are unbrowsed. Each plants in Endo Valley is browsedd#ferent level of intensity (0 to
100%). Endo Valley willows were not measured in 2009. Sarsjaes for heights: Kawuneeche
Valley - Outside, n = 30; Kawuneeche Valley - Inside, n = 30¢&Walley, n = 35. Sample size is

15 for each location and year of production.
height (cm)

. annual growth (g/plant
Location 2000 | 2010 | 2011 | MeaN (Cm) oo T0 & ID201)1 mean (g/plant)
Kawuneeche Valley - Outside Exclosure84 (3) | 82 (3) 81 (3) 82 (2) 67 (10) | 63 (15) | 81 (16) 71 (8)
Kawuneeche Valley - Inside Exclosure191 (6) | 216 (7) | 219 (6) 209 (4) | 254 (52)| 315 (54)| 316 (45) 301 (29)
Endo Valley - 299 (13)| 307 (12)| 303 (7) - 404 (56)| 511 (90) 457 (32)
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Table 2.2: Model comparisons based on AlCc for explaininigpwistem height. The number of
parameters in the model are 'k’. Model weight is the Akiakdghie and represents the relative
likelihood of the model. The variance explained is the ant@fivariance explained over the null
model. All models for the Kawuneeche Valley included exalesas a random effect. Water table
is the July depth to the water table (cm). Browsed is a binarable for Kawuneeche Valley and
a class variable for Endo Valley (0 - 100% scale, at 10% imatisrfor each plant)Cytosporais a
class variable (0 - 100% scale, at 10% intervals for eachtpl&iodels for 2011 data were similar,
therefore only 2010 are shown here.

\ model ranking | k] AICc | AAICc | model weights' variance explained
2010 Kawuneeche Valley
Browsed 2| 108.69 0 0.99 0.69
Browsed + water table 3|121.89| 13.2 0.001 0.71
Browsed * water table 4| 135.76| 27.07 0 0.71
water table 2| 298.43| 189.74 0 0.005
2010 Endo Valley
Browse intensity #Cytospora 3| 380.14 0 0.67 0.57
Browse intensity *Cytospora 4 |382.62| 2.48 0.19 0.58
Browse intensity 238351 3.36 0.13 0.50
Browse intensity #Cytosporat dieback + water table + species + seX | 389.29| 9.14 0.007 0.64
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Table 2.3: Model comparisons based on AICc for explainindpwi annual growth (g) in 2011.
The number of parameters in the model are 'k’. Model weigliésAkiake weight and represents
the relative likelihood of the model. The variance expldimgethe amount of variance explained
over the null model. All models for the Kawuneeche Valleyured exclosure as a random effect.
Height is height of tallest stem on an individual plant in ci8pecies and sex are categorical
variables. '‘Browsed in 2010’ is a binary variable and browgensity is a class variable, 0 - 100%
scale, at 10% intervals for each plantin 2011 (for the Kaveghe Valley or Endo Valley) or 2010
(for Endo Valley). Cytospora2011 is a class variable (0 - 100% scale, at 10% intervalsdon e
plant).

\ model ranking | k][ AICc [ AAICc | model weight| variance explained
2011 Kawuneeche Valley
height 2| 147.54 0 0.49 0.43
height + browse intensity 3|148.45| 0.91 0.31 0.53
height + browse intensity + browsed in 2010 41149.86| 2.32 0.15 0.53
browse intensity 2|152.24| 4.7 0.05 0.49
2011 Endo Valley
browse intensity in 2010 + browse intensity 2011 + speciesxh $ | 84.69 0 0.30 0.52
browse intensity in 2010 + species + sex 4| 84.74| 0.05 0.29 0.47
browse intensity in 2010 + species 3] 86.03| 1.34 0.15 0.41
browse intensity in 2011 €ytospora2011 + species+sex | 5| 86.36 | 1.66 0.13 0.49
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Figure 2.1: Fresh red-naped sapsuckgphyrapicus nuchaljsvounding on willow stem (left).
Only willows exclosed from browsing were sufficiently tahdiof large diameter for sapsucker
use. During the year of wounding, epicormic shoots initiw the wound (right).
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Figure 2.2: 2011 browse intensity (O - 100% scale, at 10%vats for each plant) and willow

plant height (cm) of individual willows in the Kawuneechellgg. Triangles are browsed plants
and circles are unbrowsed (inside exclosure).
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Figure 2.3: Browse intensity (0 - 100% scale, at 10% interf@t each plant) and current annual
growth (g) in 2011 (natural log scale) for willow plants indm(circles) and Kawuneeche Valleys
(inside exclosure: inverted triangles; outside exclossgeiares). Plants inside exclosures are un-
browsed. Annual growth is not related to browsing intensitizndo Valley (6.26-0.014*browsing
intensity (R = 0.06; p = 0.36)) and demonstrates a gradual decline in thveuKaeche Valley
(4.90-.024*browsing intensity (k= 0.20; p = 0.14))
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Figure 2.4: Comparison of heights of willows stems. Box plate the median, 10th, 25th, 75th,
and 90th percentiles, with 5% and 95% outliers. ‘No sapsueke live, unbrowsed stems. ‘Live’
are sapsucker wounded stems which did not experience sttimalgove the wound. ‘Dead above,
alive below’ are sapsucker wounded stems in which the podfdhe stem above the wound had
died within one year of the initial wounding. ‘Browsed’ sterare stems which were browsed by
ungulates, not wounded by sapsuckers. No sapsucker arstéives are not significantly different
(p =0.13) and dead above, alive below and browsed stems esegyndicantly different (p = 0.94).
These two sets of stems are significantly different from oratzer (p < 0.01).
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Figure 2.5: Conceptual diagram describing the relatiggsshimong ungulate browsing, beaver
occupation, sapsucker use and fungal infection on willommanities.
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3 Biotic factors are more important than climate in the decline of riparian willows in

Colorado

3.1 Introduction

Forest tree species declines have been studied throudteowbtld and have become a focus due
to linkages with climate change, in particular widespreauight events (Bigler et al., 2007; van
Mantgem et al., 2009; Anderegg et al., 28L2Declines are thought to be caused by multiple
interacting abiotic and biotic factors, including soil retire levels and chemistry (Hamerlynck
and McAuliffe, 2008; La Manna and Rajchenberg, 2004), amitag temperatures (Worrall,
2009; D’Amore and Hennon, 2006), herbivory (Zeigenfusd.e2802), and insect and fungal
pathogens (Desprez-Loustau et al., 2006; Worrall et ab82B8schtruth and Battles, 2008).
Species declines can be a slow process, taking years toeteand may go undetected for long

periods of time (Manion and Lachance, 1992).

Riparian sites comprise a small percentage of North Amei@adscapes and in proportion to
their area in a watershed, perform a greater number of himfagctions than their adjacent
uplands (National Research Council, 2002). These incltrdambank stablization, water
temperature moderation, nutrient retention and cyclirgjteabitat for many species of
amphibians, reptiles, insects and mammals (Naiman etQf15)2 AlImost 75% of all vertebrate
species rely on riparian sites (Bunnell and Dupuis, 1998)greater than 80% of breeding birds
use riparian areas for at least part of their life cycle (Kinetpal., 1988), resulting in diverse biota
sharing resources. Salicaceae (poplars and willows) iddh@nant plant family along boreal and

temperate rivers throughout North America (Malanson, 1993
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Riparian areas comprise less than 1% of the northern Rockynk&in landscape (Skagen et al.,
1998). Willows Galixspp.) are the dominant riparian vegetation at higher a@l@vsiin the Rocky
Mountains and throughout the western United States. Tlegiity of riparian systems in the
Rocky Mountains is dependent on tall willows, ranging frorh 24.5 m in height. However

many tall willow communities have declined to form standslobrt stature willows < 1m in

height (Peinetti et al., 2002; Limb et al., 2003). In additto a reduction in stature, there is also a

large decrease in plant volume.

Landscape wide climatic and local scale biological fact@ge been implicated in willow decline
(Peinetti et al., 2002; Perry et al., 2012). Decreased saokvpesults in lower average and earlier
peak streamflows, which can cause growing season droughsgferry et al., 2012). However,
climatic factors may be mitigated by local scale beavewndgtiBeavers dam waterways with tall
willows, trapping fine sediment and inundating the floodplailowing willows to have access to
water later in the growing season. Willows are phreatoghgtel rely on groundwater as their
primary water source. In years of extreme drought, such @2 26d 2004 in Colorado,
floodplain inundation due to beaver dams led to shallowenmplovater tables than in years with
higher than average peak flows and no beaver dams (Westhrabk2006). Riparian sites where
beavers have been absent for many decades may be unsuwitatdéaber return due to stream
incision, leading to a conversion from a riparian shrublend grassland (Wolf et al., 2007).
Ungulates, primarily elk@ervus canadensisrxleben) and moosé\(ces alce<Gray), utilize
riparian willows as a food source (Hobbs et al., 1981; Kuteid Bowden, 1996). Willow growth
is stimulated by winter browsing, where even high intensitywsing can result in 100%

regenerative growth the following growing season (Marsi2&i12). High ungulate browsing
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maintains short stature willows and has negative effectstioer species, reducing songbird
breeding and nesting habitat (Baril et al., 2011). Red nappduckersIphyrapicus nuchalis
Baird, hereafter red naped sapsucker) also contributeltlowwiecline by creating sap wells that
cause death of the apical meristem and dieback of the topaftédm due t€ytospora
chrysosperméungal infection (Kaczynski dissertation, Chapter 2). itesiting epicormic shoots

are easily accessed by ungulates, maintaining a shortw@itonmunity.

Determining the timing of plant species declines can bedaimerepeated analysis of aerial
photos (Peinetti et al., 2002). In addition, the use of deddironology in aging tree death and
dates of disturbance events is common (Schweingruber,) 1888 dentifying the age of stem
death is difficult with multi-stemmed shrubs. Stems on aividdal plant grow at different rates
and there are no dendrochronological methods or signafeigrowth rings to know when a dead
stem died. However, stems have a compensatory responsudddinces where individual stems
produce epicormic sprouts from lateral meristems when pieaba meristem is damaged. This
mechanism for regrowth after fire or herbivory will occur thgrthe year of disturbance and is
very common on willows (Stromberg and Rychener, 2010; Zxeeand Kozlov, 2001). The aging
of epicormic sprouts can be used to determine years of daaradieback to the apical

meristem and provide insight into the timing and cause ohdtess.

In this paper | address two primary research questions: W fréwe climate and biotic factors
influenced the timing of willow dieback within Rocky MountaelNational Park (RMNP)?; and 2.
How widespread is the dieback of willows in the southern Rddiountains? To examine the
temporal scale of the dieback, | used historic aerial phajolygs and aged epicormic shoots to
determine broad and local scales of the willow dieback ah#elwaters of the Colorado River in
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RMNP. | examined the spatial scale of willow dieback by syimg willow stands throughout the

Colorado Rocky Mountains.

3.2 Materials and Methods
STUDY AREA

The Southern Rocky Mountain ecoregion in Colorado ranges f£140 to 4400 m in elevation.
Streams are dominated by snowmelt runoff, with peak flowsiwow from mid May through
early June. Forests are dominateddgus contortaDougl. ex Loud. varlatifolia Engelm.),
Picea engelmanniiParry ex Engelm.) andbies bicolor(A. Murray), with large patches of
Populus tremuloide@Michx.) typically found on slopes above riparian vallef&parian valleys
are dominated by populations of the tall willoBalix geyeriangdAndersson) an&. boothii

(Dorn) and short willowss. wolfii(Bebb) andS. planifolia(Pursh). Herbaceous vegetation
consists of sedges and grasses. Elk and moose browsiny#gireand cattle grazing can also
occur on land outside of RMNP. Beaver are common on streathsswitable habitat and relics of

their presence, such as beaver ponds, are often found deafhelebeaver have left an area.

The valley study area encompasses 12.5 km of the Coloradw Readwater within Rocky
Mountain National Park (RMNP) (40°22'N and 105°51’'W). Thiess a broad valley with

widths ranging from approximately 0.4 km at the narrowest.®okm at the widest portion. The
total area is approximately 10.3 Erwith a mean elevation of 2686 m. Streamflow is dominated
by snowmelt with periodic thunderstorms in July and Augiiste USGS Baker Gulch gauging
station (USGS 09010500) record contains streamflow meamsunis from 1953 to the present.

Mean annual precipitation is 640 mm with 42% falling as snotiha Phantom Valley SNOTEL
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station (CO05J04S, elevation 2750 m) and 885 mm with 84%nfpls snow at the Lake Irene
SNOTEL station (CO05J10S, elevation 3260 m). The long-teiean December and July air
temperatures in the valley are -9.6°C and 12.4°C. Histllyidhe local valley hydrologic regime
was beaver driven, with dams along the Colorado River divgrip to 70% of the flow to the
floodplain (Westbrook et al., 2006). However, within the ldscade, there has been a decline in
beaver activity due to very low numbers of resident beaveufaiions (NPS personal
communication) and a lack of suitable tall willows. Veggiatin the valley includes riparian
shrublands dominated &alix monticolaBebb),S. geyerianaS. drummondianéBarratt ex
Hook.), wet meadows, dominated Beschampsia cespitogé..) P.Beauv.) an@Calamagrostis
canadensig(Michx.) P. Beauv.), and peat-accumulating fens domuhateS. planifoliaand
Carex aquatiligWahlenb.). Hillslope vegetation is dominated®yus contortaPicea

engelmanniandAbies lasiocarpaPlant nomenclature follows Weber and Wittmann (2001).

Temporal Dynamics of Dieback

Aerial Photo Analysis

Aerial photos for the years 1969, 1987, 1996, 1999, and 2@& scanned at 1200 dpi (Table
3.1). All images were true color and flown in late August olye&eptember, with the exception
of National Agriculture Imagery Program (NAIP) imagery.dBaNAIP image, 2005 and 2011,
was taken during the leaf on period of growing season. Foud balor imagery (color + IR) was

used in 2008.

| created photo mosaics of each year and rectified each mosthie 2005 NAIP imagery using

ArcGIS 9.3. The valley bottom was delineated into three s&gm north, middle and south,
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based on roads that bisected the valley. Root mean squacedRMSE) for each rectification of
the entire valley was less than 2 m and each valley segmenteasdjusted to obtain a RMSE
of 1 m. All images were resampled using cubic convolution stnetched using standard
deviations of n = 4. | created a 2 x 2 m grid of points for the enstudy area and 1% of these
points were randomly selected for sampling in each of theetsegments, resulting in 4431,
9813, and 11,453 points for the north, middle and southertioses. Each point was analyzed
each year for the presence or absence of a willow individugldividuals. | compared the

number of willow present points for each sample year.

| ground truthed the accuracy of willow presence and absdeatation during the summer of
2011 using a double blind survey of 130 randomly selectedtpdiom 2008 aerial photo
analysis. Accuracy was 76%. Omission errors were 20%, dskdd willows that could not be

discerned from the tall herbaceous vegetation, while ofitywkere commission errors.

| estimated parameters using Bayesian change point Paisgmassion,

Yijki ~ PoissOMy;j )

l0g(uji ) = ot<cp, epti.---

wherea is estimated before (t < cp) and after (t > cp) a change poinbdéls were fit using

JAGS within R (Su and Yajima, 2012). | ran three chains siemdbusly for 35000 iterations,
after a burn-in of 5000 iterations to guarantee convergehstandardized all predictor variables
(xi - xbar / sd) and tested for main effects, to avoid overfitting todel. Climatic variables
included average stream flow, average stream flow one and éaxs \prior, peak stream flow,
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peak stream flow one and two years prior, total water yeaingtaton and one year prior, total
snowfall accumulation and growing degree days (GDD). | usé#areshhold of 5° C to calculate
GDD to obtain an estimate of growing season length. Peak\aerdge stream flows (88%), snow
depth and peak (75%) and average (80%), and snow depth atigifaéon (86%) were highly
correlated, therefore only one measure of each was usecainreadel. Elk population data for
the E8 Game Management Unit (GMU), which includes the wagtart of RMNP, were obtained
from the Colorado Division of Parks and Wildlife. No data axailable for moose populations in
specific GMUs, therefore the number of hunting tags allowerd/par in each GMU was used as an
estimate of moose populations. The number of tags is detedy hunter success, antler spread,
non-hunter mortality, and illegal mortality (Kirk Oldhai@plorado Division of Parks and Wildlife,
personal communication). Biological variables includedhie model were elk population in the
year of the aerial photo and one year prior, the number of mmbasting tags issued in the year of
the photo and one year prior, and the presence or absencenarbéfit the full model, dropped
terms when estimated coefficients were centered on zeroeditdhre reduced model to obtain
final parameter estimates. | used non-informative priorsafoparameters: normal priors for all
regression coefficients and gamma priors for precisiong(ge of variance). Models were ranked
using Deviance Information Criterion (DIC) (Link and Bark010). | evaluated model fit using
posterior predictive checks (Gelman and Hill, 2007) by gklting a test statistic from observed
and simulated data from the model. A Bayesian P-value (FP®)ptobability that the simulated
data are more extreme than the observed data, for the meaméBB), standard deviation (PB-
SD) and coefficient of variation (PB-CV) was used to evaluadelel fit. A model shows lack-of-fit

if PB is close to 0 or 1 (Gelman and Hill, 2007).
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Dating initiation years of epicormic sprouts

Aerial photo analysis only allowed me to examine presendeadisence of willows, therefore |
developed a novel method to more closely examine the attarat tall to short willows. Seventy
seven stems were collected throughout the valley studyia2@10 and 2011. All stems had a
sapsucker wound, apical meristem dieback and epicormumtshelow the stem wound. | cut the
epicormic shoot at the base and mounted, sanded and ageekthefynitiation. One outlier was
removed from the data set because it was not representétive population as a whole. The
shoot initiated in 1994 and detectability of epicormic stsatecreases sharply as the age of the

epicormic shoot increased because of high ungulate brgvegiapicormic shoots.

| compared years of epicormic shoot emergence to long-teegigitation and temperature
records at nearby weather stations (Phantom Valley Sniteedisd Grand Lake RAWS station)
and to stream flow data from the Baker gulch gauge on the GidRaver to identify large scale
trends in landscape wide stressors. There was slight ®gendiion of the counts therefore |
corrected standard errors by modeling the variangexag, whereu is the mean ang the
dispersion parameter. | estimated parameters using Bayesthods and ranked models using

DIC (Link and Barker, 2010).

Yijki ~ PoissOmy;j )

log(uiji ) = Po+P1+B2+¢
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Models were fit using JAGS within R (Su and Yajima, 2012). | taree chains simultaneously
for 50000 iterations, after a burn-in of 5000 iterationstainslardized all predictor variables ¢x
xbar / sd) and tested two-way interactions. Climatic vdaalncluded total water year
precipitation (October - September), total snowfall acalation, peak and average streamflow
during the year of epicormic sprout development and in tlegipus year, and growing degree
days. Biological variables included elk population in tleayof and one year prior to the
epicormic shoot, and the number of moose hunting tags issuée year of one year prior to the
initiation of the epicormic shoot. Site specific sapsucksradvere not available, however
populations have remained constant in Colorado from 19&8.0 2with an average trend estimate

of +2.77% (95% Credible Interval: +1.00 - +4.47) (Sauer et2011).

Willow measurements

| utilized three ungulate exclosures established in 199fiwthe study valley to compare
volumes (nd) of randomly selected unbrowsed willows. Browsed willowsrazmeasured in plots
randomly located within 250 meters of the exclosure. | messheight, length and width of 90
unbrowsed and 90 browsed willows during 2009 and 86 unbréaed 80 browsed willows in

2011. Spherical volume was approximated by multiplyingipleeight, length and widths.

Spatial extent of dieback throughout northern Colorado Roky Mountains

| chose a set of possible study locations outside of RMNRjiwihe Colorado Rocky Mountain
region based on valleys which were similar to the headwatiettee Colorado within RMNP
(Figure 3.1). Sites were selected in ArcGIS based on sigrgait 1.) elevation between 2280 and

2990 m, 2.) along a perennial stream, 3.) within 700 m of a,rdgdocated on US Forest Service
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land, and 5.) less than 20% slope, as determined using aldtgivation model (DEM), and 6.)
greater than 5 km from another poi&alixsp. populations were verified at each of the 150 points
using Google Earth (Google, Inc.) and 17 sites were randegibcted from the 59 containing
willows. In addition, five valley sites were sampled withiMRIP. Sites were sampled in summer
2011. I walked a transect and stopped at 10 random locatppredmately 100m apart to assess
the willows using a point-center quarter vegetation sangpiethod (Cottam et al., 1953). |
collected data on species, presence of sapsucker wellgrs stithCytosporanfection and
dieback, and length, height and width of four willows at ebdation, resulting in 40 willows per

transect, therefore 880 plants from 22 sites were analyzed.

| performed exploratory path analysis in a maximum liketidl@stimation framework to
determine which variables were most important in predgctinilow dieback in Colorado. Path
analysis allows for the testing of direct and indirect effemn multiple explanatory variables
(McCune and Grace, 2002). | used AMOS (Analysis of Momerni@tres) software for analysis
(SPSS). Endogenous, or dependent, variables includedrgetieback, percent browsing
intensity, percent of stems witBytosporaand overall plant volume. Percents were transformed
for analyses using a logit transformation= In((x; +¢)/[1 — X +¢]) wherex; is percent and is
equal to minimum non-zero proportion®{0.1) (Warton and Hui, 2011). Exogenous, or
independent, variables included topographic wetnesxjragpect, slope, sub basin (USGS HUC
8 watersheds), presence of beaver, number of stems withdaysvounding, summer and winter
elk and moose browsing concentrations, and 2010 moose kpogllation estimates normalized
by data analysis unit (DAU) area, comprised of between odesarmen game management units

(GMU) of varying sizes. Models were tested and modified togase explanatory power.
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3.3 Results

Onset of the decline

Willow cover in the Kawuneeche Valley decreased by an aweodd0% between 2001 and 2005
(Figure 3.2). Bayesian Poisson regression models with agehpoint performed better than
models not including a change point (Table 3.2). Changetpoiccurred between 2001 and 2005
for all models. The best model included the number of moosgigitags issued and snow
accumulation, and had a a DIC weight of 0.95, indicating 95%® weight of evidence favored
this model over all other candidate models (Table 3.2). é&?mstpredictive checks for the best
model indicated good fit as the simulated data was consmstédmactual observations (model 1:
PB-mean = 0.50, PB-SD = 0.50, and PB-CV = 0.50). As moose hgtéigs increased, holding
snow accumulation constant, the presence of willows deeckand as snow accumulation
increased, holding moose hunting tags constant, willowgaree increased (Table 3.3). The

number of moose hunting tags issued in a given year was thiegetst variable tested (Table 3.3).

Epicormic shoot analysis — finer scale examination of the déne

Sixty nine percent of epicormic shoots initiated betwee@28nd 2005. This indicates the year
when disturbance to the stem affected the apical meristdm.timing coincided with the sharp
decline in willow cover in the valley measured using aertabtographs (Figure 3.3). Since 2005
a decrease occurred in the number of epicormic sproutat@dtibecause all formerly tall willow
stems in the study area have died back. Thus, epicormic sfmooation is no longer possible on
most willow plants in the study area. The top three modelsritEag the initiation of epicormic

sprouts, all with aADIC <5 indicating all three models should be considered I@&»). No
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models included interactions. In all models, as the lendtthe growing season increased, the
number of epicormic sprouts increased, when holding othelables constant. GDD was the
strongest variable in all models (Table 3.4). The secondbkr in the model is either current
year elk numbers, current year moose hunting tags, or prswiear elk numbers. Elk population
numbers had a negative effect on epicormic sprout initiatids elk numbers increased in the
current year or previous year, the number of epicormic dprdecreased, holding GDD constant.
Moose hunting tags had a positive effect. As hunting tagseased, indicating more moose, the
number of epicormic sprouts increased. Parameter essnfi@atenoose and previous year elk
population have credible intervals that overlap with 0, mgkhese estimates less important in the

model.
Willow volumes

In 2009 and 2011 willow volume averaged 2.88 amd 3.90 m for unbrowsed plants and 0.53
m® and 0.51 m for browsed plants. The volume of browsed plants was 19% 486l df
unbrowsed plants in 2009 and 2011 (Figure 3.4). The volummbfowsed plants increased over
the two years, while it decreased for browsed plants, riegulh a willow community volume that

is 14% of pre-2005 volume structure.

How widespread is the dieback in the Southern Rocky Mountais

Willow dieback is highly variable in the southern Rocky Maains but on average is higher
within RMNP than in areas outside RMNP. There was little aon in dieback levels outside of
RMNP (mean: 0.19, 95% Credible Interval:[0.18, 0.21], n F&@d high variation within RMNP

(mean: 0.41, 95% Credible Interval: [0.36, 0.47], n =5).
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Exploratory path analysis demonstrated that few landsoabelogical predictors explained dieback
throughout the southern Rocky Mountains, however browsiligpack,Cytospora and overall
volume were Iinked>(2 = 12.431, df = 5, CFl = 0.985, RMSEA = 0.042) (Figure 3.5). 0¥l
volume varied by subbasin. Population estimates of moasekkrdid not explain browsing inten-
sity. Browsing intensity had a moderate effect on diebacdlebBck and the number of sapsucker
wounded stems had a moderate effects on percentage of siémSytospora. Willow volume
was moderately affected iyytosporabecause larger plants were more likely to have stems with

dieback attributed t€ytospora
3.4 Discussion

The structure of the willow community at the headwaters ef@wolorado River has changed dra-
matically. The community is dominated by short statureawt that have experienced an 86%
decline in the crown volume compared with what was preseior po 2005. This change of
willow stand structure has had cascading effects throughigarian ecosystem, from the loss of
migratory bird and beaver habitat, to the drying of soiletlgh the valley (Westbrook et al., 2006).
While both climatic and biotic factors have been implicatedegetation declines (Worrall et al.,
2008; Worrall, 2009), biotic factors, such as ungulate lsiog, rather than historic and current
climatic factors, explained more of the short and long teymasiics of the willow dieback in the

Colorado River headwaters.
Landscape drivers of willow stem dieback

The most important factors explaining the landscape leiedatk at the Colorado River head-
waters are increasing moose population and total snow adation. In the absence of predators,
moose populations have increased steadily since theaduattion into Colorado in the late 1970's.
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Moose have a negative effect on willow presence, and as npagpadations have increased, willow
cover decreased. Snow depths > 80 cm have been shown to hindee movement (Hundertmark
et al., 1990; Poole and Stuart-Smith, 2006). Thereforegesry with higher snow accumulation,

browsing on willows was decreased.

The droughts of 2002 and 2004 did not initiate willow diebacikhe study area. This may have
been because beaver were active in the valley until 2005 @@dper, personal observation) and
their damming of the Colorado River kept water tables higth enitigated the effects of drought.

Westbrook et al. (2006) found that in low stream flow years @2 and 2004, 15% and 21%
of their floodplain study area was inundated late in the sumand much of the study area had
a water table near the soil surface. In contrast, 2003 waéifthehighest flow year in the 55

year Colorado River record (1956 - 2011), and flooding intedlanly 10% of the study area and
persisted for just 3 to 7 days. The high 2003 flow also washéteaver dams on the main river
channel and the short duration flooding resulted in a deapaneer water table than occurred in

2002 and 2004, producing larger areas with dry soil thanerdtiought years.

Local drivers of willow stem dieback

Prior to 2001, willow communities were stable for at leagt 40 years of air photo record,
throughout the upper Colorado River valley. Aging the atitbn dates of epicormic shoots
identified the years when willow stems experienced stresetapical meristem resulting in stem
dieback. Itis likely that willow stem dieback and epicormimot development is a natural
process in healthy willow stands, as sapsuckers have alwegrsintegral parts of these riparian
ecosystems and drivers of stem dieback. However, incraasgaate browsing after 2001 led to

a change in the processes shaping willow ecosystems. deitgrstems that died were replaced
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by epicormic shoots that reached the full height each speti®alixattains (Kaczynski
dissertation, chapter 2). However, because dead willomstese their bark, the older stems
leave no historical record of the timing of their death. ldiéidn, ungulates browse the epicormic
shoots, preventing them from attaining full height, pradgglants that are entirely of short

stature.

Erhlich and Daily (1988) found that dead willow stems lositlbark after about five years, and
following bark loss no definitive cause of stem death can batifled. Despite the lack of
available data on epicormic shoot initiation prior to 20@Fharp decline in shoots occurred since
2006. | suspect this is due to the loss of tall willow stemsim $tudy area and the loss of willows
suitable for sapsucker foraging. All models explainingtbeent willow stem dieback included
growing season length, where a longer growing season teggaore epicormic shoot initiations
(Table 4). Moose had a positive effect on epicormic shodigition, likely because moose are the
primary herbivores in the study area, are resident througthe year and populations are steadily
increasing. Elk had a negative effect, as elk migrate todnghevations during the summer and

the increase in moose populations has likely lessened fibet ef elk.

Patterns of dieback across the Colorado Rockies

There was a wider range of willow dieback in RMNP while theraswittle variation outside
RMNP. Inside RMNP, elk and moose have little seasonal mowermed occupy some valleys
in large numbers, while they are nearly absent from othergsi@e RMNP, hunting is prevalent
and ungulate movement is greater and behavior is more addgecentC. chrysospermanfec-
tion on an individual plant was explained by the percent aokbon the plant. Signs of &.
chrysospermanfection, pycnidia and fruiting bodies, will only be visébon a dead stem, and
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although live stems may be infected, the infection is uguadit detected. Population estimates
for elk and moose per GMU were not specific enough for on thargteestimates of dieback and
browsing intensity. The number of sapsucker wounded stetped explain some of the variation
in percentC. chrysospermaPrevious research has supported this connection, vif\ygmesporan-
fection rates on sapsucker wounded stems were 93 and 1008¢ thwo sample years (Kaczynski

dissertation, chapter 2).

Implications for Management

A diverse group of mammals, birds and amphibians rely omidbw riparian ecosystems for sur-
vival. Dieback of willows in the greater Colorado Rocky Maaim ecosystem has had cascading
effects through the entire riparian ecosystem, includimgdaiction in songbird species richness
and abundance (Olechnowski and Debinski, 2008), beaverlaiigns (Baker et al., 20@%, and
amphibians (Scherer, 2010). The continuing loss of willoasld result in a dramatic alteration,
as occurred in Yellowstone National Park, where willow diatransitioned from an elk-beaver-
willow state, where tall willows thrive under low to modegdtrowsing, to an elk-willow grassland,

where high intensity browsing has resulted in short will@ams drier soils (Wolf et al., 2007).

Willow dieback at the headwaters of the Colorado River id tie biotic variables rather than
climate and is much higher inside than outside of RMNP. Inghsence of apex predators and
hunting, ungulate populations have increased and haveriecwore stationary. This has likely
resulted in the indirect effect of beaver population deglidue to lack of suitable tall willows.
In the absence of any management action, willow populataiisontinue to decline. Annual
willow growth on browsed individuals steadily decreasetiieen 2009 and 2011 and unbrowsed

willows were 324% more productive than browsed willows (Katski dissertation, chapter 2).
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In addition, only 2% of browsed willows flowered in 2010, coangd with 92% of unbrowsed

willows, decreasing the likelihood of any willow regenéoat even if suitable sites were available
(n = 80 browsed, n = 85 unbrowsed, Kaczynski, unpublished)dd&lowering occurs on shoots
that initiated the previous year, therefore when browamerisity is high, many shoots do not even
survive one year. However, willows are resilient and shighly browsed stems released from
browsing will produce taller stems within one year (Bakeakt 200%). Large exclosures will

allow for willows to regain height and the potential for reguction and excluding ungulates is a

first step to restoring riparian willow communities.
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Table 3.1: Year, type and resolution of aerial imagery useghoto analysis. #CIR = Color
Infrared. *composite imagery: small areas of the valleyckhwere not photographed at the 0.38m

resolution were flown at 1.5m resolution and were mosaicked.
Year | Type | Resolution (m)|

1969 | Color 0.45
1987 | Color 0.43
1996 | Color 0.57
1999 | Color 0.21
2001 | Color 0.38, 1.5*
2005 | Color 1.0
2008 | CIR# 0.35
2011 Color 1.0
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Table 3.2: Model comparisons ranked by Deviance Infornma@oiterion (DIC). Model weight
(wtpic) represents the relative likelihood of the modehDIC is the change in DIC between
the model and the highest ranking model. All highest rankimggdels included a change point
(%1 t<cp) %2(t>cp))» Which occurred between 2001 and 2005 for all models. Wegain the model
included moose, which are the number of hunting tags issaretié Colorado Division of Wildlife
game management unit number 18, and is a surrogate for actee population estimates; total
water year snow accumulation; and elk population estimategame management unit number
18.

| model | DIC | ADIC | wipc |
(4 (t<cp): %2(t>cp) T MoOOse + snow accumulatign100.7| 0 0.95
(oat<cp)s %2(t>cp) + MOOSE 107.4| 6.7 | 0.03
((t<cp)r %2(t>cp) + Moose + elk 109.2| 85 | 0.01
moose + snow accumulation 197.3| 96.6 —
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Table 3.3: Parameter estimates for the highest ranking®Bay®oisson regression model explain-
ing willow presence through aerial photo analysis. Modeluded a change point between 2001
and 2005, with estimates before the change point modeled,@s,p,), and estimates after the
change point modeled as ;... Also included in the model are total water year snow accumu-
lation (cm), and the number of moose hunting tags distribéme Colorado Division of Wildlife
game management unit 18 (a surrogate for moose populatiomats). The rate of decline is the
regressor slope. All estimates are standardized. Charigegstimatesd) are on a log scale.

| variable | estimate| Cliower | Clupper |
AUy (t<cp) 9.120 | 8.975 | 9.265
Ao (t>cp) 8.628 | 8.489 | 8.766
snow accumulation -0.042 | -0.070| -0.014
moose 0.275 | 0.180 | 0.369
rate of decline -0.102 | -0.133| -0.070
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Table 3.4: Bayesian Poisson models with an overdispersicioif that explain the year of epi-
cormic shoot initationfBois the intercept ternfj,is the estimate for growing degree days (GDD),
a measure of growing season lendthin model one is previous year elk population estimates in
Colorado Division of Wildlife game management unit 18 (CD@WU 18), in model 2 current
year moose population for CDOW GMU 18 (estimated by mooseihgitags), and model 3 cur-
rent year elk population estimates for CDOW GMU 18. Upper lameer 95% credible intervals
are in parentheses.is the dispersion parameter. All estimates are standatdize

| models | Bo | B1 | B2 | 9 | DIC |
GDD + prev elk + | 1.480 [0.810, 2.040] 0.764 [-0.095, 1.669] -0.399 [-1.289, 0.447] 3.021[0.373, 7.738]| 65.8

GDD + moose 4 | 1.481 [0.84, 2.009]] 0.759 [0.049, 1.512] 0.519 [-0.258, 1.329] 3.098 [0.428, 11.949] 67.3

GDD +elk+y | 1.477[0.884, 1.960] 0.632 [0.079, 1.222] -0.511 [-1.104, 0.050] 7.983 [0.516, 23.315] 68.2
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Figure 3.1: Locations of randomly selected willow diebaakple sites throughout the Colorado
Rocky Mountain region. Black circles indicate sites outsal Rocky Mountain National Park and
white circles are sites inside Rocky Mountain National Park
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Figure 3.2: Willow presence points through time in the Kaeerhe Valley in Rocky Mountain

National Park. Each point represents the total number dbwipresence points from the aerial
photo analysis.
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Figure 3.3: Years of epicormic shoot intiation as determiibg dendrochronology. The presence
of epicormic shoots demonstrates disturbance to the apieaktem and gives insight into years

when stems were experiencing stress. Stems (n=77) weeetalthroughout the Colorado River
headwater study area in Rocky Mountain National Park.
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Figure 3.4: Change in willow shrub volumen). Dashed line displays approximate height based
on tall dead stems. Dash-dot line displays the actual haig?®09, approximately 1.25 m. Wil-
lows have lost approximately 86% of their original volumased on the presence of the tall dead
stems. Tall live willows in background are growing inside wamgulate exclosure and are not

browsed.
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Figure 3.5: Structural equation model demonstrating ieiahips among browsing, cytospora,
dieback and volume of willows. Endogenous, or variablesdhacaused by one or more variables,
are in blue, and exogenous, or variables that cause othabies, are in redCytosporabrowsing
and dieback are percents and were logit transformed forntlmdel. Subbasin, as defined by
US Geologic Survey Hydrologic Unit Code, and the number @fssaker wounded stems are
categorical variables. Rralues on endogenous variables display the amount of iariexplained
by the paths directed into it. Path coefficients along eamiwaare standardized partial regression
coefficients.
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4 Role of potential future climate change on willow dieback

4.1 Introduction

Climate driven species declines and mortality events haearoed across the globe (Allen et al.,
2010). The declines have altered ecosystem processagjlimginutrient cycling and energy and
water fluxes, resulting in cascading effects through edesys (Anderegg et al., 20bR Climate
related stressors have been shown to decrease a planity ehdefend against diseases (Boyer,
1995; Ayres, 1984). For example, drought is recognized ameiting factor with pathogens
(Desprez-Loustau et al., 2006; Manion and Lachance, 199@)camate change has increased
the risk of pathogen outbreaks (Harvell et al., 2002; Gaeetal., 2006; Burdon et al., 2006).
Widespread asperPopulus tremuloidedichx.) decline in western North America has been
linked to extreme drought, above average temperaturegafpathogens and insect attacks (Wor-
rall et al., 2008; Anderegg et al., 20&2Michaelian et al., 2011). Dieback of narrowleaf alder
(Alnus incanaL.) Moench ssptenuifolia(Nuttall) Breitung), a common riparian tree in western
North America, is caused by high maximum summer temperatamed an epidemic d@ytospora
canker Yalsa melanodiscysnamorplCytospora umbring(Worrall, 2009). The dieback of these
two important western North American forest species, lthteeclimatic events, has produced far
reaching ecological effects, such as displaced bird conitrear(Griffis-Kyle and Beier, 2003;

Losin et al., 2006) and altered food webs (Bailey and Whith2d03).

Large scale dieback and decline of riparian willow commesihas been documented throughout
the Rocky Mountains over the the past two decades (Limb e2@03; Marshall, 2012; Peinetti
et al., 2002). In Rocky Mountain National Park, Colorado (RR) willows have tall (2-3 m)

dead stems, while most live stems average 0.5-1.0 m in h€elgiet dead stems are the result of a
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complex interaction among sapsuckeézgtospora chrysosperm(@ers.:Fr.) Fr. anamorpNalsa
sordida(Nitschke)), teleomorph) fungal infection, and ungulateising (Kaczynski dissertation,
chapter 2). The fundamental difference between riparidlowvidecline compared with upland
species declines, such as aspens, is that riparian willosvplareatophytes and utilize shallow
groundwater as a water source (Johnston et al., 2011), wpiénd plants rely on precipitation
driven soil moisture. Drought stressed plants can expegidrydraulic failure when the water
column in the xylem conduit cavitates, resulting in a lossofductivity. For example, aspen
branches exhibit 50% loss of conductivity between -1.1 @ MPa (Hacke et al., 2001), while
willows similarly exhibit 50% loss of conductivity betweeh.57 and -2.18 MPa (Johnston et al.,
2007). A lack of areliable source of water can make aspens susceptible to drought. However,
drought stress can occur in willows and develops from twa@sses. One is low precipitation
that limits shallow soil water availability and ground watecharge due to low streamflow. The
second is the absence of beavers that limits local floodidgygemund water recharge. In the Rocky
Mountains, peak stream flows occur in response to snownmelticav flows occur if there is a low
water content snowpack (Cayan, 1996). In addition, withnkeraction of warming temperatures
and reduced snow pack, peak stream flows may occur earliee igrowing season, leading to low
late summer flows (Stewart et al., 2005; Clow, 2010). Beauglize woody riparian vegetation
as a food source and dam building material and where suitalbleillows and other woody plant
species occur they control local scale water tables, ancerateithe hydrologic effects of climate
(Westbrook et al., 2006), allowing willows to access shalgroundwater later in the growing

season.
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Increasing air temperatures and earlier peak streamflowes I@en documented throughout the
Rocky Mountains (Clow, 2010; McGuire et al., 2012) and urtejected climate change scenar-
ios, will continue to change. Mean annual temperature ifepted to increase by 2.5°C in middle
elevation zones in the Rocky Mountains (Bradley et al., 20@4ich can lead to soil warming and
drying. More precipitation is falling as rain during the wen months, reducing snowpack forma-
tion and resulting in lower summer stream flows (Knowles £t24106). These changes can result

in increased drought stress on plants, particularly wheesérs are absent.

Field and greenhouse studies have been used to show thay plaods exposed to warming (Bitty
et al., 2004) or weakened by drought stress and subsequenmityded (Guyon et al., 1996; Kepley
and Jacobi, 2000), are more susceptible to pathogen iofediily research examined the effects
of warmer summer air temperatures and drought stresatir monticolaBebb), the most com-
mon and abundant tall riparian willow species in the regiomas interested in how these climate
change stressors affect above and belowground growth ahtelesl stomatal conductance and |
investigated how these multiple stressors influence theegtibility of willows to Cytosporafun-
gal infection. | used a manipulative field experiment to agisthiree questions: 1. Are drought
stressed plants more susceptible to fungal infection?,r2.wAllows in warmer air temperatures
more susceptible to fungal infection?, and 3. How dGgtosporafungal infection affect above-

ground and belowground biomass?

4.2 Materials and Methods

The experiment was conducted in Rocky Mountain Nationak FRMNP), Colorado (40.33° N,
105.60° W; elevation: 2620 m)Salix monticolastems were collected while dormant during the

winter of 2010-2011. Stems were kept in cold storage untiilARO11, when they were planted
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in a mixture of potting soil (Premier Horticulture Pro-mixXBVycorrhizae) and sand, to create a
sandy loam texture soil that is similar to floodplain soil$ha study area (Westbrook et al., 2006).
Each stem was planted in a 2.83 L (10 cm x 36 cm) tree pot (St@aseSons, Tangent, OR,
USA). Stems were grown in the Colorado State Universitymgneese in Fort Collins, CO (40.58°
N, 105.08° W, elevation: 1525 m), hardened in mid-May to iacate to ambient temperatures
and transported to RMNP in early June 2011. Eight pots weténpm each of twelve 64 gallon
rubber bins (N = 96 willow stems). The experiment was conglli¢dtom June through August,

2011, when willow stems were harvested.

Experimental Design

| used a split split plot experimental design (Figure 4.énperature was a whole plot factor, water
level was a subplot factor, and inoculations were a substifgattor. | built three passive warming
shelters using clear poly vinyl plastic, which were pairathihree ambient temperature controls.
All plots were covered with clear plastic corrugated roof{@uintuf) to eliminate precipitation
inputs (Figure 4.2). Wooden posts were used as corner sisppan automated vent (Univent
automatic opener) opened or closed to maintain warmingeshtdmperatures 2 - 3° C above
ambient. Temperatures were recorded hourly in the warnmmgegrhent and ambient control (n =
6) using Hobo H8 units (Onset) (Figure 4.3). Within each terafure, two water level treatments
were used to simulate a shallow (well watered treatmentjaeg water table (drought treatment) .
Water levels were controlled with holes in the rubber birad timited water depth. The deep water
table bins had holes drilled approximately 3 cm from the ttdim, while the high water table
bins had holes drilled 20 cm from the base. Plants were wafeoen the bottom twice weekly.

Bins were filled until water flowed out the holes. Soil moist(qvolumetric water content (VWC))
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was measured biweekly with a 12 cm TDR probe (Campbell Hyarss). VWC between drought

and watered differed significantly throughout the expenhfp < 0.001; Table 4.1).
Fungal Isolates

Two Cytospora chrysospermsolates collected from RMNP willows were used in the experit.
Isolates were grown in the laboratory dfa strength potato dextrose agar (PDA). They were then
transferred to petri dishes containing full strength PDA gnown in the laboratory at 23° C for

one week prior to inoculation into the study willows.
Inoculations

Willows were grown under full treatment conditions for seways prior to inoculation. Four
stems in each bin were randomly selected for inoculatioemStwere wiped with 95% ethanol
prior to creating three 5 mm diameter circular wounds. The lower wounds were inoculated
with C. chrysospermawhile the top wound was a control inoculated with sterilaragNounds

were wrapped in parafilm for seven days after inoculatiornticé canker growth was measured
in late August 2011. Canker size was compared between bdthefiacts and interactions using

ANOVA.
Plant Responses

Current annual aboveground biomass (AG) and belowgroumichdss (BG) were compared be-
tween treatments. To determine AG, new shoot length andete&mwere measured on all stems.
Fifty five stems were collected to develop quantitativetreteships between shoot length (cm), di-
ameter (mm) and biomass (g) using regression analysis.ifié®r Iregression relating stem length

to biomass was used to determine AG £r0.94, biomass:diamete? £ 0.86). Mass was trans-
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formed to linearize the data and achieve homogeneity obmad, wherén(biomass+ 0.85) =
0.0188«length — 0.1245. Small shoots infrequently had negative estimatesassmand were as-
signed a mass of 0.01 g. BG was measured by drying and weighitg. All BG biomass was 0

at the start of the experiment.

Stomatal conductance was measured in mid August using atB@O0XT with PAR held con-

stant at 1500 micromolnés.

Treatment main effects and interactions on BG, AG:BG raiging post-treatment AG produc-
tion), and canker growth were analyzed using ANOVA with ad@m effect for replicate. Effect
size was also computed when there was a significant treatefiect. Final AG was analyzed
using ANCOVA, with pre-treatment AG as a covariate. All aysa@s were completed using Rx64
v2.15 (R Development Core Team, 2008) using the nime pack&ematal conductance was

investigated only for main effects, as it was measured dmeoeigh the experiment.

4.3 Results

Warming/Ambient and Drought/Well watered treatment effects

Warmed plant BG was 30% greater than ambient BG (p =0.012;&865) (Table 4.2). However,
BG was not significantly different between low and high wagdales (p = 0.313), and there was

no interaction between temperature and water levels (p €10.1

Post-treatment AG was not significantly different betwesm &nd high water table (p = 0.35), or
warming and ambient temperature treatments (p = 0.283)n&beounting for pre-treatment AG.

There was also no interaction between water levels and textyse on AG (p = 0.878).
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The ratio of AG:BG was not significantly different betweenkaemt and warming treatments (p =

0.0525), nor water levels (p = 0.227). The interaction ofawétvel and temperature was also not
significant (p = 0.086).

Plants with low water tables had lower stomatal conductdmae plants in high water table treat-

ments, 0.10 moH,O/n?s compared with 0.14 mat,O/m?s, demonstrating that the treatment had
the desired effect on willows (p = 0.0031; ES = 0.0896) (TabR). Stomatal conductance did not

differ between plants in the warming treatment and conpet 0.768).
Effect of drought and warming on Cytospora fungal infection

Cankers formed byC. chrysospermaveraged 45 mm and 52 mm in length on the middle and
bottom wound and were significantly larger than control wibsgizes, which averaged 11 mm
(wound 1 vs. control: p < 0.000; wound 2 vs. control: p < 0.000here were no significant
differences in canker lengths between the two isolates (266) p = 0.791) or the wound position
(t = -1.959, p = 0.054), therefore the isolate and wound nuneffects were combined (Table
4.3). There was no significant difference between cankegtlenin warming and ambient (p =
0.594), low and high water tables (p = 0.346) or the intecswotif temperature and water level (p =
0.72). Stomatal conductance averaged 0.11@/n?s in leaves on inoculated plants, but was

not significantly lower in control plant leaves, 0.13 nklO/mPs (p = 0.085) (Table 4.2).
Cytospora effects on AG and BG

Cytosporanoculations had no effect on either AG (p = 0.149) or BG (p #68). Examining BG,
the interaction between temperature and inoculation (8%X), water level and inoculation (p =

0.576) and the three way interaction, between water lemeperature and inoculation, (p = 0.563)
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were not significant. AG, when accounting for pre-treatni@ainass, was not significantly differ-
ent when examining the interaction between water level aadulation (p = 0.549), temperature
and inoculation (p = 0.443) or a three way interaction (p =26)6 Inoculations had no effect on
AG:BG (p = 0.892). The interaction of water level and inot¢iaa (p = 0.597), temperature and

inoculation (p = 0.508) and the three way interaction (p 8@)3vere all not significant.

4.4 Discussion

Willow dieback in the Rocky Mountains has been linked to ioidactors including ungulate
browsing, sapsucker wounding afytosporafungal infection (Kaczynski dissertation, chapter
2). Drought, due to the absence of beavers and decreasathf#itws, both of which lower flood-
plain water table depths, and increased air temperaturag,mpose increased stress on willow
stems in the future. Plants exposed to drought or increasddnaperature have been shown to
have increasing susceptibility to pathogen outbreaks. é¥ew | found that after inoculation, wil-
lows in low water table and warming treatments had laZgesporacanker growth. Canker size
was not significantly different than those occurring on ewils with high water tables and control
environments. Therefore, water availability and tempegatid not have a significant treatment

effect compared with the controls.

Drought and warming effects on Cytospora fungal infection

The link between drought stress and susceptibility to fungfaction has been documented for
many tree species (Desprez-Loustau et al., 2006). Drougtgsed plants are typically more
prone to canker fungal infection (Mcintyre et al., 1996; Kspand Jacobi, 2000). However, |
found no treatment effect and drought did not m&kemonticolathe most abundant tall willow
in the southern Rocky Mountains, more susceptibl€tahrysospermanfection. Inoculations
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produced cankers that were not significantly different iallstiv and deep water table treatments,
suggesting thab. monticolaand likely other tall willow species, were highly suscejsito C.
chrysospermanfection, irrespective of the environmental stressesosel by my experiment. |
previously showed that 57% of wounded and field inoculatdtbwistems with canker expan-
sion had low predawn xylem pressure potentials through@stmmer, demonstrating that plants
not experiencing drought stress were also susceptiblengafunfection (Kaczynski dissertation,
chapter 2). Siberian aldeAlnus viridis(Chaix) DC. sspfruticosa(Rupr.) Nyman) was also sus-
ceptible toC. umbrinaat both high and low water stress levels (Rohrs-Richey gp@ll1). While
aspen and other upland species may exhibit increased ffdtesgal infection with drought stress

(Mclntyre et al., 1996), this response may not occur in adicsgs.

Increased air temperatures have been implicated in stexotioh withC. umbrinathat caused the
rapid decline of narrow-leafed alder (Worrall, 2009). Exipental warming appears to produce
plant responses similar to drought stress, but respongeiiginly species specific and cannot
be generalized (Bitty et al., 2004). My study is the first tamxne experimental warming and
Cytosporanfection. A 2-3° C increase in temperature did not increasesusceptibility of willow
to C. chrysospermanfection when compared to controls as all inoculated wauratl significantly
larger cankers than control wounds.

Inoculations reduced stomatal conductance by 18% on tly stillows, however, canker growth
had no significant effects on AG, BG or stomatal conductamreught stressed Siberian alders
inoculated withCytosporahad a 40% reduction in stomatal conductance compared wittiats
(Rohrs-Richey et al., 2011). | observed in the field thataltih the initial effects of &ytospora

infection are limited, infected stems typically die priorthe subsequent growing season (Kaczyn-
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ski dissertation, chapter 2). If the length of this expenineere extended, there likely would have

been greateCytosporaeffects on AG and BG.

The high susceptibility of willows t&Cytosporainfection may be due to it's multi-stemmed life
form. Rather than fight the fungal infection, the plant mayitiresources to the infected stem and
resprout a new stem from the base. This is in contrast to pe@es, where an infection on a single

bole can lead to the entire plant death.

Belowground biomass and current annual growth

Belowground biomass was significantly different betwees Warming treatment and ambient
control. Warming increased root biomass, regardless aémtavel. Warming experiments con-
ducted in many ecosystem types have also found increaseddrelund biomass as temperatures
increased (Gill and Jackson, 2000; Pendall et al., 2004; Wal.e2011). As air temperatures
rise, soil temperatures will also rise (Schlesinger andrawd, 2000). Root growth is positively
correlated with soil temperature, when variables such dsatrients and water, are controlled
(Pregitzer et al., 2000). In Alaska, warming experimentsSatix rotundifoliaproduced a 25%
increase in belowground biomass compared with ambient eéesiyres (Hollister and Flaherty,

2010).

Although initial root growth increases with warming, roofriover also increases, resulting in
lower root biomass over time (Zhou et al., 2012; Pregitzex.e2000). This experiment was con-
ducted in one growing season, therefore, it is unclear thg ferm patterns in root growth will be.

On a longer time scale experiment | would expect plants imthiening treatments to have lower

root biomass than ambient controls. Lower root biomass twes could have important implica-
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tions for carbon cycling and net ecosystem productionyigiclg effects on microbial communities

(Norby and Jackson, 2000).

There was no significant difference in AG or the ratio of AG:B@ong treatments. Short term
warming experiments on other woody species, sucB.astundifolig have also failed to demon-
strate changes in ANPP or annual growth (Hollister and Ftgh2010). Warming has a positive
effect on AG, consistent across ecosystem types, and lahgation warming experiments have
shown a more pronounced positive effect (Wu et al., 2011).0A/dar field experiment in Yel-
lowstone NP has shown that higher water tables result ingreallow biomass, with significant

effects of water table depth on plant growth within threergéilarshall, 2012; Bilyeu et al., 2008).

Climate change,Cytospora chrysosperma, and willows

Cytospora chrysospernia a native species of fungus and it has long been known tatinfé-
lows (Long, 1918). Warming and drought, consistent with twb@redicted under climate change
scenarios, may have little effect on the rate of infectiorthig species. My experiment demon-
strated that onc€. chrysospermés present on a wound, it will form enlarging cankers under a
wide range of environmental conditions. Biological drvegsuch a€ytosporanfection, ungulate
browsing and sapsucker wounding, appear to be more impdi@mclimatic drivers in willow de-
cline in the Rocky Mountains (Kaczynski dissertation, deap2 and 3). This is likely because as
phreatophytes with a perennial water source, willows argghly buffered from climate processes,
like soil water availability (Johnston et al., 2011). BesaGytosporainfection can result in stem
death (Kaczynski dissertation, Chapter 2), regeneratiovillow stems after infection is essential
for maintenance of a tall, intact riparian willow ecosystdResource managers can ensure willow

regeneration by understanding and managing the uncadreffects of ungulate browsing.
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Table 4.1: Means of main effects for treatments and contfotsaboveground biomass at the end
of the experiment (AG-post), belowground biomass (BG) dnedratio of aboveground to below-
ground biomass (AG:BG). Stomatal conductance was measula July, 2011. No interactions
were significant. 95% confidence interval in parenthesesigtificantly different at 0.01 level; *
significantly different at 0.05 level.

| | AG-post (g) | BG (0) |

AG:BG | stomatal conductance (mbbO/n¥s) |

Inoculated| 8.30 (+/- 1.18)] 24.38 (+/- 3.44)] 0.39 (+/- 0.13) 0.11 (+-0.02)
Control | 6.31 (+/- 0.87) 25.16 (+/- 3.85)| 0.39 (+/- 0.07) 0.13 (+/- 0.02)
Warming | 7.14 (+/- 1.02)| 28.04 (+/- 3.94)*| 0.31 (+/- 0.06) 0.12 (+/- 0.02)
Ambient | 7.47 (+/- 1.11)| 21.50 (+/- 3.07)*| 0.46 (+/- 0.14) 0.12 (+- 0.02)
Drought | 6.87 (+/- 0.70)| 23.22 (+/- 3.71)| 0.44 (+/- 0.14) 0.10 (+/- 0.02)**
Watered | 7.72 (+/- 1.32)] 26.1 (+/- 3.56) | 0.34 (+/- 0.06) 0.14 (+/- 0.02)*
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Table 4.2: Mean canker length (in mm) fraBytospora chrysospermaoculation per main effect.
Canker length was measured vertically and including the dOaincular wound. All cankers from

inoculated wounds were significantly larger than contrpls ©0.0001). 95% confidence intervals
are in parentheses.

| | canker length (mm) control (mm)|
Warming 51 (+/- 11.67) 11 (+/- 0.27)
Ambient 48 (+/- 11.19) 10 (+/- 1.85)

Drought 51 (+/- 11.58) 10 (+/- 0.30)
Watered 52 (+/- 11.18) 11 (+/- 1.56)
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Ambient Warming

Shallow water table Inoculated Not inoculated | Inoculated | Not inoculated

Deep water table Inoculated | Notinoculated | Inoculated | Notinoculated

Figure 4.1: Experimental design of one paired treatmenmpkrature (ambient and warmed)
was the whole plot factor. Water table depth (shallow or §leegs the subplot factoiCytospora
chrysospermanoculation was the subsubplot factor. There were 3 panedtments total. Total

sample size was 96 willow stems.
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Figure 4.2: One replication of paired experimental treattsreAmbient temperature in front, pas-
sive warming shelter in plastic sheeting behind. Hobo (CaetiScientific) temperature sensor
hanging in center.
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Figure 4.3: Daily mean temperature differences betweemivay treatment (red) and ambient
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5 Synthesis

My dissertation research examined willow decline withircRpMountain National Park (RMNP).

| applied a multifaceted approach to investigate the rofedimatic and biotic stressors. | used
observational field studies of willow dieback to determihe telative influences of biotic and
climatic stressors (Chapter 2); GIS to examine the long teaigcale and epicormic shoot analysis
to examine the short temporal scale of the dieback (Chajptan@ a manipulative field experiment
investigating the interactions of climate change stressoiCytosporafungal infection (Chapter
4). All studies supported the conclusion that willow deelimsmore strongly driven by biotic, rather
than climatic stressors. Although most of this researck fwace within RMNP, the findings are

applicable to riparian sites throughout the Rocky Mountagion.

Unbrowsed willow stems, inside ungulate exclosures ford#ry at the onset of this research, were
integral to understanding the mechanisms of the diebadkese sites are some of the few places
in RMNP that have tall willows suitable for sapsucker usea@hbr 2 explained the, previously
unidentified, interaction of sapsucker woundi@ytosporafungal infection and ungulate brows-
ing in the decline of the riparian ecosystem. | confirmed ®ybspora chrysospernmaan form
enlarging cankers on willow stems by performing field in@tidins and DNA analyses. The ma-
jor finding from Chapter 2 was that inside exclosures, safueounded an€ytosporanfected
stems die, yet epicormic shoots initiating below the woulwhafor regeneration and maintenance
of a tall willow community. This is in stark contrast to stem#side of exclosures, where, due to
the high intensity browsing, sapsucker wounded stems caregenerate, resulting in a conversion

and eventual maintenance of a short willow community. Theraction of beavers and ungulate
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browsing has been proposed as a cause of riparian willovinge@aker et al., 2004 and, in the

absence of beavers, my finding provides an alternative rapta.

Biotic factors explained the initiation of the willow dec#, as demonstrated in Chapter 3. | used
two methods to investigate the timing of the decline: agtmto analysis and a novel method aging
epicormic shoot initiation. The increase in moose huntaggt a surrogate for moose population
numbers, explained the sharp decline in willow presencerdsst 2001 and 2005. The initiation
of epicormic shoots, a compensatory response to distugbnthe apical meristem, coincided
with the sharp decline in willow cover throughout the heatbns of the Colorado River. Shoot

initiation was also best explained by the increase in moogelation numbers.

The introduction of moose into Colorado by the Colorado 8iam of Parks and Wildlife has been
very successful. Two groups of twelve moose were introdumathwest of RMNP in 1978 and
1979. Populations grew and began to overwinter in the Kaecime Valley at the headwaters
of the Colorado River in RMNP in the early 1980’s. There arecooent population estimates,
however one study in 2003 estimated that there were betwkdt 8esident moose within the
valley (Dungan, 2007). While moose populations are dewijrin parts of the northern Rocky
Mountains (Smith et al., 2011), in Colorado, populations iacreasing and expanding. In the
absence of natural predators, moose populations haveasenteby 17% over the past five years
throughout the state (Colorado Division of Parks and W#gli Willows comprise the majority
of moose diet, specifically during the summer when 90% ofrttast is willow (Dungan and
Wright, 2005). Moose browsing not only affects above gropnolduction, but has also been
demonstrated to lower annual fine root production, with lm@swvillows producing a statistically

significant 31% fewer fine roots over 3 years compared withambed plants (Ruess et al., 1998).
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My finding that increasing moose population is one of the prinfactors leading to the decline
of willow populations at the headwaters of the Colorado Rsteould be an alarm to resource
managers as moose are expanding east of the ContinentdeDitd some of the last intact tall

riparian willow stands in RMNP (eg. Wild Basin).

Climate change factors, such as drought and increasingrapdratures, did not have a significant
effect onCytosporafungal infection, as described in Chapter 4. Willow stengstaghly suscepti-
ble to fungal infection and my experiment demonstrated dhaeC. chrysospermas present on

a wound, it will form enlarging cankers under a wide rangersfimmnmental conditions. Contrary
to other studies ofytospora willows do not need to be predisposed to drought or temperat

stress for canker expansion to occur.

My research has demonstrated that climatic variables wetd¢he main drivers in the decline.
Across western North America in the early 2000’s prolongemlght was a cause of landscape
wide dieback of upland tree species, including aspen (Mik#a et al., 2011), Douglas fir and
white fir (Kane, 2012), and pifion pine (Breshears et al., 2086wever, previous research demon-
strated that the presence of beaver dams and active begudapons can mitigate the effects of
climate, lessening the effects of two large drought even@alorado (2002 and 2004) (Westbrook
et al., 2006). Beaver dams along the Colorado River allowedjfeater extent, longer duration
and deeper surface inundation of the floodplain when condparith overbank flooding that oc-
curred during peak flows. Beaver dams also altered groumaytatvs. With the decline of willow
communities, beavers are no longer active in many partseopthk, and drought events in the
future could interact with biotic stressors and lead toHertdecline, and the possible extirpation

of willows.
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Forest tree species declines have been studied throudtewotrld and have become a focus due
to linkages with climate change, in particular widespresszlight events (Bigler et al., 2007; van
Mantgem et al., 2009; Anderegg et al., 2@1.2Declines are thought to be caused by multiple
interacting abiotic and biotic factors, including soil retire levels and chemistry (Hamerlynck
and McAuliffe, 2008; La Manna and Rajchenberg, 2004), amtlag temperatures (Worrall, 2009;
D’Amore and Hennon, 2006), herbivory (Zeigenfuss et alg20and insect and fungal pathogens
(Desprez-Loustau et al., 2006; Worrall et al., 2008; Esthtand Battles, 2008). A fundamental
difference between riparian willow decline compared wipkamd forest tree species declines is that
willows are phreatophytes and utilize shallow groundwasetheir primary water source (Johnston
etal., 2011), while upland plants rely on precipitatiorvdri soil moisture. Drought stressed plants
can experience hydraulic failure when the water column éxylem conduit cavitates, resulting
in a loss of conductivity. For example, aspen branches @&&86 loss of conductivity between
-1.1 and -2.5 MPa (Hacke et al., 2001), while willows simifaxhibit 50% loss of conductivity
between -1.57 and -2.18 MPa (Johnston et al., 2007). A laekeliable source of water can make
aspens more susceptible to drought, as overnight recotdry £ is limited to the amount of water
in the soil. Willows demonstrate fast overnight recovennirlow water potentials during the day,
sometimes exhibiting a highdrie,t than ¥, during predawn measurements, suggesting that

their roots are relying on a deep water source (Foster anthSh991).
Management Implications

Riparian ecosystems throughout RMNP have changed draattptwer the past two decades (Fig-
ure 1.1). Willows are surviving in the valleys, but theirtst& is greatly reduced and their function

in the riparian system has been altered. The impact of uteggblawsing has not only had con-
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sequential effects on current willow populations, the higensity of browsing has resulted in
extremely low rates of flowering, decreasing the likelihobdillow regeneration, even if suitable
sites are available. In addition, short statured willowsndd provide habitat for migratory and
resident songbirds, nor are they suitable for use by beankas a result, songbird populations are
changing and beaver are now absent from many riparian gally understanding of the interac-
tions resulting in willow decline can allow land managemageéncies to develop appropriate and
effective restoration strategies. Long term recovery amgigal of a willow community will re-
quire a reduction in ungulate browsing, by either animalyaton reduction or fencing. Willows
are resilient and removing browsing may be enough to allthvgtiams to regenerate and promote
flowering. Even short willows will regenerate if roots haweess to ground water (Johnston et al.,
2011). Only these actions will allow epicormic shoots tcaiedheight, support beaver, maintaining

a tall willow community and conserving the high biodiveysupported by these ecosystems.
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