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ABSTRACT

FACTORS INFLUENCING THE HEALTH OF QUAKING ASPENROPULUS

TREMULOIDESMICHX.)

In Chapter 1 of this dissertation, we analyzed a series of increment cores collected from
260 adult dominant or co-dominant quaking asgppylus tremuloides Michx.) trees from
national forests across Colorado and southern Wyoming in 2009 and 2010. Half of the cores
were collected from trees in stands with a high amount of crown dieback, and half from lightly
damaged stands. We define the level of stand damage based on stand survey data, in which
lightly damaged stands had average crown dieback of 16%, and heavily damaged stands
averaged 41%. Upon analysis, two-thirds of the cores collected did not exhibit radial growth
correlated with region-wide patterns (e.g. climate) and were classified as hdvingohesive
response (LCR). The site variable most predictive of whether a stand exhibited highecohesiv
response (HCR) or low cohesive response was site elevation, followed by aspect, slope, and
canopy closure. Sites with HCR stands were more likely to have aspen bark beetle damage,
white rot, and Cryptosphaeria canker. We did not detect relationships between tree growth and
summer precipitation from 1900-2008, but there was a relationship between growth and annual
precipitation. A growth model included maximum May and July temperatures, as well as the
current and previg year’s annual precipitation.

Historically, Cytospora canker of quaking aspen was thought to be caused primarily by
Cytospora chrysosperma. However a new and widely-distribut€gtospora species on quaking

aspen has recently been described (tentatively n&ytedoora notastroma). In Chapter 2 of



this dissertation, we show the relative pathogenicity of both species. Smaditeliaaapen trees
were inoculated with one or two isolates eack athrysosperma andC. notastroma in a
greenhouse, outdoor setting, and in environmental growth chambers. Results indicate that both
species are pathogenic to drought-stressed trees artd thaysosperma was more aggressive
thanC. notastroma at both warm and cool temperatures. Neither species caused significant
canker growth on trees that were not drought stressed.

In Chapter 3, we investigated the abundance and frequen€y nbtastroma, relative to
C. chrysosperma. We wished to estimate the relative abundance of kri@ytwspora species on
guaking aspen throughout portions of the Rocky Mountain region, and to construct species-level
phylogenies based upon isolates obtained from infected aspen. We report tl@éat both
chrysosperma andC. notastroma are quite common on quaking aspen, although we recovered C.
chrysosperma slightly more often (48% of sequenced cultures) than C. notastroma (42 % of
sequenced cultures). We also recovered a third, previously-described speates in 9% of
sequenced cultures. We also found tbybspora species often co-occur on the same host tree
(25% of trees sampledand that evidence of recombination or possible hybridization between
the species exists.

The aspen bark beetl&;ypophloeus populi, is known as a stress-related damage agent
on quaking aspen. In a previous study, we often faumdpuli attacking host trees also infected
with Cytospora canker. I@hapter 4 of this dissertation, we wished to determine wheiher
populi is a potential vector of Cytospora canker, and whe@lygrspora inoculum could be
recovered from adult beetles or gallery tissues. We did not recov€ytogpora isolates from

161 adultT. populi beetles cultured, and only tv@ytospora isolates from 42 beetle galleries and



seven adult aspen. We suspect that these isolates, cultured from two trees, witrefaares

previous infection, as both host trees had extensive cankers as @gibgsra fruiting bodies.
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CHAPTER 1
INFLUENCE OF CLIMATE ON THE GROWTH OF QUAKING ASPEN ( POPULUS
TREMULOIDES) IN COLORADO AND SOUTHERN WYOMING
SUMMARY
We analyzed a series of increment cores collected from 260 adult dominant or co-
dominant quaking aspe®dpulus tremuloides Michx.) trees from national forests across
Colorado and southern Wyoming in 2009 and 2010. Half of the cores were collected from trees
in stands with a high amount of crown dieback, and half from lightly damaged stands. We define
the level of stand damage based on stand survey data, in which lightly damaged stands had
average crown dieback of 16%, and heavily damaged stands averaged 41%. Upon analysis, two-
thirds of the cores collected did not exhibit radial growth correlated with region-witgensa
(e.g. climate) and were classified as having a low cohesive response (LCR). Theaitie v
most predictive of whether a stand exhibited high cohesive response (HCR) or low cohesive
response was site elevation, followed by aspect, slope, and canopy closure. Sites with HCR
stands were more likely to have aspen bark beetle damage, white rot, and Cryptosphiearia ca
We did not detect relationships between tree growth and summer precipitation from 1900-2008,
but there was a relationship between growth and annual precipitation.
Please note that this chapter has previously been published, and should be cited as:

Dudley, M.M., Negron, J., Tisserat, N.A., Shepperd, W.D., Jacobi, W.R. 2015. Influence of
climate on the growth of quaking asp&mojulus tremuloides) in Colorado and southern

Wyoming. Can. J. For. Res. 45, 1546-1563.



INTRODUCTION

Quaking aspernPopulus tremuloides) is the primary pioneer tree species and one of a few
hardwood tree speciésundin forests throughout the southern Rocky Mountain region
(Mueggler 1985). Following a disturbance event, such as a stand-replacing fire, aspen colonize
the area, either by seed or through sprouting from existing roots (Mueggler 1985; Barnes 1966
The success of this early-seral species is favored by widespread disturbamsenhieh often
serve to reduce competing populations of late-seral conifer species (e.g. Kulakowskd&B;a
Lankia et al. 2012; Krasnow and Stephens, 2015). Aspen produces high numbers of suckers
following stand-replacing fire or other disturbances (Scheier, and Campbell, 1978; Perala, 1995;
Romme et al. 1995), with sucker densities greatest following a complete removal of the
overstory. However, regeneration still occurs (though at lower densities) as gapsandpg c
are produced (Shepperd, 1993; Shepperd & Smith, 1993; Shepperd et al. 2001). Studies indicate
that, like most other tree species, growth rates of aspen are a function of climati fact
combined with various site and soil characteristics (Hogg, et al, 2008, 2013). The impacts of
drought orP. tremuloides includes a decrease in leaf size, leaf area index (LAI), and alteration
of root water flow properties (Greitner et al. 1994; Siemens and Zwiazek RG8i3nan et al.
2006). Severely-stressed individuals display an inhibition of root hydraulic conductivity, as a
result of an increase in the ratio of apoplastic totoedlell water transport (Siemens and
Zwiazek, 2003). Anderegg et al. (2013) showed that aspen that have undergone drought stress
and air embolism are more prone to cavitation during subsequent drought episodes.

The traditional view of aspen regeneration is that seeding events are rare, and that
therefore, the majority of saplings were assumed taepeative ‘suckers’. This was mainly due

to the physiology of aspen seed, and the specific conditions required for successful germination



and survival of young seedlings. McDonough (1979) documented the survival of aspen seedlings
grown under a variety of temperature and moisture conditions. He concluded that in addition t
requiring exposed mineral soil, aspen seedlings needed ample moisture (i.e. soil watiatpote
greater than -2.3 atm) for the first few weeks of growth in order for even a small percentage (i.e
< 10%) of the seedlings to survive (McDonough, 1979). Long and Mock (2012) note that there
are numerous of examples of aspen regenerating by seed following a major disturbance event,
such as the widespread and severe fires in Yellowstone National Park (documenggd by K
1993), and by genotypic evidence. It is also becoming apparent that the successieragpen
has been placed in, as a pioneer species which cannot persist among conifers, mayriaginacc
Small stands of aspen may behave igap-phase’ manner, and persist within conifer-dominated
stands (Long and Mock, 2012, with unpublished data by Shaw, 2009). Climate change presents
a challenge to forest managers, and actions should be taken which aid a forest’s resilience to
environmental change (Millar, et al, 2007).

Forest health researchers have documented stand mortality in southern Utah and Idaho
(Stam et al. 2008; Guyon and Hoffman 2011), Arizona (Fairweather et al. 2008, Zegler et al
2012), the Pacific Northwest (Flowers and Kohler 2011), the Carson National Forest in New
Mexico (J. Jacobs, personal communication, 2@1% the boreal aspen forests of Alberta and
Saskatchewan (Brandt et al. 2003; Hogg et al. 2002 & 2008). Worral(20@8) first observed
rapid overstory diebacik Colorado during 2005, and coined the term ‘sudden asperedline’
(SAD), based on the observation that stands with dying overstory lacked a aignific
regeneratiomesponse (Worrall et al. 20p8ased upon aspen health data from an extensive
Colorado and southern Wyoming study (Dudley et al. 2015), we concluded that acute drought

was most likely the inciting factor which caused a marked increase in setectdary damage



agents and overstory mortality. In that study, we found that heavily damaged sitiinolgew
38% over story mortality were consistently warmer and drier during the period directly
preceding and during the episode of dieback, 2000-2006, than lightly damaged standsgDudley
al. 2015). Trees growing on sites with sub-optimal growing conditions, such as those with
shallow soils and drier sites, tend to be more responsive to climatic eventeé&sagrowing on
more favorable sites (Fritts, 1976; Stokes and Smiley)1@G8onologies from tree species
closely related to quaking aspen (e.g. plains cottonwood) and from species with similar wood
structure (e.gBetula species) have demonstrated that these species respond t @deaats
with increased or decreased radial growth (Edmondson et al. 2014; Levanic and Eggertsson
2008). Further, previous studies on the impact of various environmental, site, and biotic agents
on aspen growth indicate that drought, frost, defoliation (by forest tent cateidélacosoma
disstria Hibner) and poor site conditions all have a negative influence on annual growth (Hogg
et al. 2002 & 2008; Strain, 1966; Cooke and Roland, 2008; Ireland et al. 2014; Leonelli et al.
2008).

To date, there are no chronologies availabld>fgulus tremul oides from the
International Tree Ring Data Bank (NOAA, ITRDB), but several studies havesdtdigpen
increment cores and cross-sections to age stands (Elliott and Baker, 2004) and to produce
regional chronologies (Hogg and Schwarz, 1999; Hogg et al. 2005). Quaking aspen are often
difficult to crossdate, due in part to the wood structure (diffuse-porous), which can make ring
boundaries difficult to determine, as well as the formation of false rings, or complete lauk of ri
formation during some years (Speer 2010; P.M. Brown, personal communicatioh,|2@his
study, we examined a set of tree cores collected from 97 aspen stands throughout the

mountainous regions of Colorado and southern Wyoming.



The main questions we wished to answer inclu¢lBdAre some aspen stands
predisposed by site, stand, or geographic conditions to produce a highly cohesive radial growth
pattern in response to changes in precipitation or temperg®)rafe there differences in
drought impacts on radial growth by regionP® any variables hawelarger impact on
increment growth than others? (4) Can inferences be made about current and future aspen health

(i.e. presence of various diseases and insects) from radial growth and site chizzg@teris

MATERIALS AND METHODS
Sudy Area

In 2009 and 2010, we established 97 aspen health survey plots on five national forests to
assess the impact of current and future disturbances by diseases, insects an(Fojunaté.1
Table 1S2). Approximately half of our survey plots were established in aspen stands classified
as heavily damaged and half in lightly damaged stands (though not as a pairedigndt des
based upon 2008-2009 U.S.F.S. aerial survey data. Aerial surveyors annually map four
categories of aspen stand damage or dieback. These include: (1) aspen stands currently
undergoing an apparent defoliation or foliage discoloration event; (2) stands with thinning
crowns on at least 25% of adult aspen; (3) stands with moderate (< 50% of stems) levels of
overstory mortality; or (4) stands with high (> 50% of stems) levels of overstory mortalisy, (Kri
2005. We combined damage categori@s and two into a ‘lightly damaged’ group, and
categories three and four into a single category for placement of plots in heavilgathstands.
We later verified that heavily damaged stands had much higher rates of overstory dieback tha

lightly damaged stands (38% and 14%, respectively) (Dudley et al).2015



Plot selection

Ranger districts were sampling units within each national forest, with one to $tictdli
sampled per Forest. Districts were selected for sampling if they containeddeageof aspen-
dominated forests, as determined by examination of forest type data (based uponlg-remote

sensed vegetation data layettp://ndis.nrel.colostate.edu/coviedhll spatial data processing

and extraction was performed using ArcGIS® 10.0 desktop software (ESRI, Redlands, CA
USA). Potential survey points in lightly and heavily damaged stands were gehesang the
‘Create Random Points’ tool in ArcToolbox. Point locations greater than 1 km from a road were
eliminated from consideration. Further, final plot locations were chosen from the remaining
points to represent a wide range of aspen stands and elevations. Survey points were oploaded t
handheld GPS units (Garméirex® Legend, Garmin International, Ltd., Olathe, KS, USA).
Potential survey stands were to consist of at least 50% aspen stems, andshd 20 be20 m in
size, or another potential site was located. Each plot consisted of a 100 meterdsect tra
which was established starting at the randomly-generated GPS point, and orientédamsay
roughly bisected the stand of interest. Three circular, fixed-area (3&Liplots with an 8 m
radius were established along the 100 m transect by selecting three numericddication list

of randomly-generated numbers. One adult dominant or co-dominant tree was cored in each
subplot, for a maximum of 3 increment cores per transect.

Ste and stand data

Stand-level data recorded during core collection includsgect, percent slope,
elevation, stand structure, and percent live stems. In each subplot, the firstitas@sug 12
cm DBH) were assessed for percent crown dieback and disease and damage agents. We used
morphological characteristics, such as the type of fruiting body and pattern of cankers on the

stem to identify specific canker diseases, and morphology and placement of conks to identify
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decay fungi. Likewise, we examined trees for general signs of wood borer &ipetdé
calcarata or Agrilus liragus), which included tunneling, exit holes, and brown stained bark.
However, damage was not attributed to either species specificallynEeasdeaspen bark beetles
(Trypophloeus populi or Procryphalus mucronatus) was determined based on the presence of
small (< 1 mm) exit holes on the bark, cracked bark over galleries, or both.

Increment core sampling and preparation

One adult dominant or co-dominant teel 2.0 cm) was cored using a 5-mm increment
boreratbreast height (1.4 m from the base of the tree) in each sub-plot for a total of 260
increment cores. Trees selected for sampling were living, and either hegaltitih mild to
moderate evidence of disease or damage, but did not show signs or symptoms of white rot
fungus Phellinus tremulae), as cores from rotten trees would be unreadable. Some sub-plots
(31) did not contain any adult aspen, and thus cores were not collected from these locations.
Increment cores collected within the same national forest (and later groupiet@gea
chronology) were no more than 100 miles apart, and most were within 40 miles of each other.
Although cored trees occurred on sites with varying elevation, aspect, and slopesstegpne
previous analysis of aspen health, size, and mortality did not reveal major differencgs am
these classifications, and thus we did not stratify our samples by elevation or(Bsikey et
al. 2015. Cores werair-dried for one week before they were glued to wooden mounting blocks
with the vascular tissue vertical. Cores were sanded progressively with 150 or 22Ma4aDthe
and 600-grit sandpaper to produce a smooth surface with cell and fiber structurewiciesely
(Speer, 2010). A few cores were broken, discolored, or otherwise unreadable and were omitted

from measurement and analysis.



Skeleton plot construction

Cross-dating using the skeleton plot technique (Stokes and Smiley, 1968; Swetnam,
1985), a graphical technique for comparing ring-width, was used to establish an acegrate t
age. A master skeleton plot (tree ring chronology) representative of all coresaviampling
area (ranger district) was then constructed, which contained a series of eef@arsc This
allowed the identification of missing rings and elimination of false ringgkéS and Smiley,

1968.
Annual ring measurement

Annual rings widths were measured using an increnometer (Velmex, Inc, Bloomfield,
NY, USA), a digital counter, and associated software program (MEASURE J2X©, VoorTech
Consulting, Holderness, NH, U$AThe raw data was then checked and statistically crossdated
using the software program COFECHA (Holmes, 1988ssino-Mayer, 2001), to first
determine the correlation between three cores (series) collected withamtbdransect. These
triplicates were then compared to others collected within the same rastgiet.dAll raw core
data were standardized using a segment length of 30-years, with 15 yeaxs beaxleen
incrementsCoreseries with correlations of less than 0.42 were examined and corrected (using
the software program EDRM (Grissino-Mayer, 2001)), or were placed in the low cohesive group
(LCR) and were excluded from further climate-growth analysis if their correlatiorssmedn<
0.42, or if they were responding to some growth driver (e.g. possible insect outbreaks or
successional processes) other than climiteare using the terms ‘low cohesive response’ and
‘high cohesive response’ to describe groups of trees which respond together in a similar manner
to climatic influencesWe also examined each series’ mean sensitivity rating (msy) (Speer,

2010), though this measure was not used in this study to divide series into high cohesive groups

(HCR) (i.e. those trees responding to climate effects), and LCR groups (Table 1.A25ckor
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national forest, the master chronoldge. a dataset which contains series with the highest
possible correlations) represented samples within a distinct geographic aresc8lécted
from the Medicine Bow and Routt National Forests were combined into a single categdoy, due
their relative proximity to each other, and to create a larger sample size.

The final detrended chronoleg for the (1) Medicine Bow and Rout) Pike, and3)
San Isabel National Forest were produced using the program AR8Jd@dk, 1985). A25-year
smoothing spline was used to remove autocorrelative influences on growth (i.e. nda-clima
related growth trends, such as tree age). This relatively short spline was chosethdue t
relatively short lifespan of aspgthe chronology used in this study covers 108 years. A similar
approach has previously been used to examine climatic influences on the growthrby simila
short-lived specieBetula pubescens (Levani¢ and Eggertsson, 2008). The residual chronology,
which contains no autocorrelation, was used in this analysis for each nationalaf®ies most
appropriate for regression analysis (Speer, 2010). An individual 'siexcassion in the final
chronology was determined based upon the expressed population signal (EPS), an indication of
whether an observed signal (i.e. trend) is stand- or single tree-dominated (Wigdley98da
(Table 1.A2), as well as(running r-bar), a measure of the common signal strength in a series
(Table 1A2) (Speer, 2010 Inclusion of any one series which resulted in an EPS value of less
than 0.80 was excluded from the final chronology (Wigley et al. 1984; Youngblut and Luckman,
2013. Chronologies for each national forest (Figu5tA7) were constructed by importing
data into a single spreadsheet using the computer program YUX (Grissino-Mayer, 2001)

Of the 260 cores collected, crossdated and measured, two-thirds were excluded (due to
low series correlations in COFECHA) from the climate-growth analyses, due to lack of eespons

to clearly identifial# growth variable (i.e. climate). Only those cores designated as HCR were



used in analyses with climate variables. This included cores from 18 trees on thm@&IBdig

and Routt National Forests, 21 trees on the Pike National Forest, and 30 trees on the San Isabel
National Forest. Although sample depth for this study is lower than the average us$est in ot
dendroclimatological studies, it is comparable to other, recent dendroclimedbktgdies

(Levani¢ and Eggertsson, 2008; Rayback et al. 2011; Decaulne et al. 2012; Dawadi et al)2013

Maximum temperature and precipitation data

All site-specific climate data used in this study were obtained from spRi&MP
(Parameter Regression Independent Slopes Model) datasets (Daly et al. 2002aD219Cs}.
Monthly and annual weather data over a time span of 109 years (1900-2008) were downloaded
as a series of 804 resolution grids from the PRISM climate group’s website

(http://prism.oregonstate.edGite-specific weather data were extracted for each plot location

using the Sample tool within ArcToolbox. Data for sample locations were skfraieaveraged
together by national forest, in order to match the locations of cores included in thiréeal
chronologies. Precipitation data were compiled and used in three ways: (1) an annatl datas
from 1900-2008; (2) a monthly dataset from 1950-2008; (3) a three-month running average from
1950-2008. We chose the time period 1950-2008 because our original analysis included El Nino
Southern Ocean (ENSO) surface temperature data (NOAA, Climate Prediction Centes) for thi
same time period. Maximum temperature data were compiled for the months ouliayJuly,

and August from 1900-2008.

Soil and geologic data

Soil survey data for thiur national forests included in the study was downloaded from
the digital general soil map of the United States (STATSGO?2) as glatB8RI® shapefiles
from the USDA Natural Resources Conservation Service, Geospatial Data GatewdgbA,

NRCS). This dataset includes soil series associations for each polygon, asgeeloggc data.

10
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Soil series and geologic formations of interest were selected by intersectingyeachita core
collection plot locations, and then exporting the tabular data of the resulting shapefile.
Characteristics of the dominant three soil series for each area were used iesaaalgsncluded
parent material, particle size class, mineralogy class, cation excharagety@CEC) class,
depth of the ‘A’ horizon(s), and total soil depth.

Satigtical Analysis. Ste and stand comparisons. HCR or LCR tree presence

All statistical analyses were performed using SAS© 9.4 and Jmp Pro®© softwkagesc
(The SAS Institute Inc., Cary, NC). Stand and site conditions from HCR and LCR core
collection plots were first examined with the categorical regression tree (CRTipfuwihin
Jmp Pro© software. Potential variables for use in later logistic regressiotsma@ie selected
based on the LogWorth score (where LogWortHog (p-value)). The minimum LogWorth
score accepted was 1.0, equal to a P-value of 0.10. Splitting values (nodes) were ektablishe
maximize LogWorth scores. A 0.10 P-value was chosen for this and other analyses unyhis st
due to lack of significance of some measures at the P=0.05 level; thus, for the sake otygontinui
we chose a cutoff of P=0.10. The likelihood of a stand containing HCR trees was also modeled
as a logistic regression with a Spearman correlation coefficient of varioasdigtand variables
of interest with the PROC LOGISTIC program.

Satistical Analysis: Ste and stand characterigtics: stand structure and disease or insect presence

Site and stand descriptive data, including basal arézalvarage stand health status score
(an index value, where 1= completely healthy tree, 5= long-dead tree), percent dead crown,
percent live adult aspen stef®sl2.0 cm DBH), and percent conifer encroachment were
analyzed at the plot level. Additionally, the presence of several common canksedjsich as

Cytospora Cytospora spp.), sootybarkEncoelia pruinosa), black Ceratocystis fimbriata), and

11



CryptosphaeriaGryptosphaeria lignota) cankers, as well as white réhellinus tremul ae)
disease were analyzed at the plot level, as well as two types of insect qaunagdéorers and
aspen bark beetles). All variables were analyzed as mixed linear models thh@REMIX.
Least-squares estimates were calculated for each variable by rastget within national

forest, continental divide position (east or west), stand type (healthy or damaged), and tree
response type (HCR or LCR). Means were considered significBrt (f.10.

Satigtical Analysis. Climatic comparisons: precipitation and maximum temperature

The residual chronology was analyzed as annual incremental growth by maximum
monthly temperature (May-August), total annual precipitation, and national foresiitiah i
examination of the data included simple Spearman correlation coefficieweelehcrement
and climate data, calculated in the PROC CORR program.

Ring width indices (RWI) were also modeled with climatic data by year and nationa
forest with the PROC MIXED and PROC REG programs. Maximum temperature was dnalyze
as monthly values (May-August) over 108 years (1900-2008) and precipitation as\atnes|
for the same time period. In addition to the yeayear RWI and temperature and precipitation
analysis, we also modeled yearly RWith the previous year’s total precipitation (i.c. ‘lagged’
precipitation). These models utilized categorical temperature and preaipdata. Categories
were determined by calculating 1.67 and 2 standard errors from the mean (approximately
equivalent to 90 and 95% confidence intervals, arihtalues of 0.10 and 0.pBased on
precipitation and temperature means by national forest (Table 1.2). Vatuesbdhe 90-95%
Cl representecthe ‘mild’ categores (e.g. mildly warm’ or ‘mildly dry’), and values beyond the
95% CI represented the more severe cate@agy ‘very warmor ‘very dry’). Values which fell

within the 90 % CI limits were considered to be within the normal range. Variabledexcin
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the random statement for all models performed were precipitation (current or lagged)
temperature (month) within year.

Best subset regression analysis of increment data with maximum temperaten¢ @urr
lagged precipitation was performed using the GLMSELECT function in SAS. The model
selection method used was stepwise, and selection criteria were based on AICc,tad adjus
version of AIC (Akaike Information Criterion).

Finally, we analyzed annual precipitation data by ten-year increments from 1900-2008
for differences between HCR and LCR series, as well as between these skiekeaaithy or
heavily damaged stands, and by national forest. All means used were leas-swpans, and

significant differences were compared atfe 0.10 level.

RESULTS
Ste and stand comparisons; HCR versus LCR trees

Examination of ARSTAN output data indicated that the majority of cored trees did not
respond uniformly to climatic influences over the 108 year period. After we had verified that
there were no cross-dating or measurement errors, we examined which, if any, site factors
contributed to this phenomenon. Most of the cores collected from sites on the White River
National Forest were either LCR, or the standardized chronologies had expressed population
signal (EPS) values of less than 0.80, and were excluded. Mean sensitivityvagihgyh (0.30-
0.37) for nearly all of the series examined, even when a series’ correlation coefficient was below
the threshold level (0.42). Categorical regression analysis revealed four predictors of whethe
site would produce a HCR or LCR tree. Regression tree nodes (splits) were béesiten
elevation; (2) site percent slope; (3) site aspect; (4) canopy closure (Figuref 1iBs&) site

elevation was the single best predictor of whether a stand would produce a HCR ord R tre
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= 0.0003). Sites at high elevations (above 2836 meters) tended to have fewer LCR trees overall
and steep, high elevation sites with open canopies were significantly moredikebduce
HCR trees, relative to similar sites with closed canopies (Figure 1.2). The seagrahsgibpe
category, indicated that HCR trees were not detected on sites with low perceit6léfe and
occurred on less than 40% of high elevation sites with steep sPpe8.028) (Figure 1.2). Site
aspect was also a significant predictor of response type; sites with LCR treesatidurain
sites with North-East, East, or South-East asp&cts(.078) (Figure 1.2). Sites with closed
canopies were more likely to produce LCR trdes (0.023) (Figure 1.2).
Ste and stand characteristics: Stand structure and disease or insect presence

We detected no meaningful differences in site or stand descriptive variabldsafbasa
ha?, health status score, percent dead crown, percent live stems, adult aspen’tems ha
percent conifer encroachmgaimong sites producing HCR trees and those producing LCR trees
(Table 1.A1; Figure Al1-A4). We did detect differences in frequency of select damage agents
between the two tree response types (Figure 1.3). White trunk rot, Cryptosphaeriamdnker a
aspen bark beetles were more prevalent among sites with HCR trees than those vitteECR
(Figure 1.3.
Climatic comparisons. precipitation and maximum temperature

There were significant relationships between three-month precipitagoages and
RWI (based upon Spearman correlation coefficients), and this varied by national fobésst (Ta
1.2). Annual precipitation amounts generally decreased with latitude (i.e. Medicimeid
Routt receive more precipitation than Pike and San Isabel National Forestse (E4A.
Correlations between precipitation and growth were positive and strongest for sites on the

Medicine Bow and Routt and Pike National Forests for the precipitation three-monthesvera
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for February-April, April-June, and for May-July. On the Pike National Forest, there vgere al
significant, positive correlations between increment growth and the precipitati@yesdor
March-May (Table 1.2 Among series collected from sites on the San Isabel National Forest,
growth was negatively correlated with precipitation averages from Augusigh October of
the same year (Table ).Aegative correlations were detected between growth and maximum
May and June temperatures for sites on the Medicine Bow and Routt National Forests, and
maximum May temperatures for sites on the Pike National Forest (Taple 1.3

The final model of RWI and climatic influences included both maximum tempeiatdre
precipitation P = 0.0002) (Table 1.4). Maximum May and July temperatures, combined with
both annual precipitation (of the same calendar year), and the annual precipitdt®n of
previous year, were selected based on the AICc score (Table 1.4). When maximum monthly
temperature was removed from both of the precipitation models, differences in R&VI we
predicted by forest and the currenpesvious year’s annual precipitation (Figures 5 and 6
Figures A5A7). Trees on the Pike and San Isabel National Forests produced larger annual rings
when either the current or previous year’s annual precipitation was above average, than during
periods of normal or below-average precipitation. This pattern was not observed among cores
taken from the Medicine Bow and Routt National Forests; average increment did noheagy a
the three precipitation classes (Figures 5; &i§ures A5A7). We further noted that the standard
error of annual growth for years with normal precipitation and monthly temperature was very
small, relative to error values for growth under other conditions (R@8eA10). This pattern
persisted across all three national forests, and ranged from 0.018-0.019, relative to the standard

errors of other temperature and precipitation combinations (0.076}0.174
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Analysis oftenyear averaged annual precipitation by tree sensitivity (HCR or LCR),
stand type (healthy or damaged) and national forest indicated pronounced differenaes (Fi
Al11-A15). We detected differences between LCR and HCR sites located katniity
damaged stands, but not between LCR and HCR sites located within lightly diestends
(Figures A11-A12). There were marked differences between HCR and LCR sites on the
Medicine Bow and Routt and San Isabel National Forests, but not between HCR and LCR sites
on the Pike National Forest (Figures A13 & AIMACR sites on the Medicine Bow and Routt
National Forests consistently received significantly more annual precipitationeiyraacade
since 1900 (Figure 1.A13). This pattern was reversed on the San Isabel National Forest, where
HCR sites received less annual precipitation for every decade since 1900, ext8p0f@019

(Figure 1.A15.

DISCUSSION

In our analyses of site and stand characteristics of stands producing HCR or LCR trees
four tested variables stood out as predictors of tree sensitivity. The four main predictors of
whether a site produces HCR or LCR trees were: site elevation, site slopspsite and stand
structure, all of which suggest the influence of water availability. We havepstydescribed
the differences between cores from the White River National Forest and the four othisr Fores
surveyed. The conclusions reached by Hogg et al. (2013), based upon a soil moisture index
(SMI) model, accurately predicted lags in tree growth occurring on sites with deepesoils
suspect that ‘hydrologic lag’ (Hogg et al. 2013) may be occurring on at least some of the sites
with LCR trees. Sites on the White River National Forest occurred on soils wita mea

epipedon depth of 65.8 cm, relative to 13-19 cm on the other four national forests (data not
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shown). Increment cores from HCR trees clearly indicate key drought years andfyears
moisture surplus (e.g. 1924, 1939; 1957 & 1982) (Figure 1.4), but these patterns were largely
absent among LCR cores across all national forests.

The dramatic difference in responses of proximal trees to widespread drought events
could also represent phenotypic differences in drought tolerance from one clone to another, as
has been documented by Griffin et al. (1991). Mounting genetic evidence suggesspémat
stands are often not comprised of a single clone, but of many distinct individuals (De¥{oody
al. 2009; Long and Mock, 2012). Based on this, some of the variability in drought response
among trees growing near (i.e. within 100 meters) each other may be a reflectionngf varyi
drought tolerance among genotypes. This explanation is likewise applicable when egadh@ni
range of growth responses under conditions other than average maximum monthly temperature
and precipitation. While sampled trees responded similarly to normal moisture and tarepera
tree responses to weather conditions outside of average range varied considerably, alghough it i
uncertain whether the apparent variability in drought tolerance present in thessipopus$
sufficient to protect them from an increasingly warmer and drier habitat. Recerntigyaot
genetic variability of quaking aspen stands throughout North America indicated that in
comparisorto stands in the northern and eastern portions of its range, aspen stands in the south-
western US have lower within-population diversity (Callahan et al. 2013). Such @ecadlatic
richness, as postulated by Callahan et al. (2013) does not bode well for these populations,
perhaps making them more vulnerable to the prolonged episodes of drought predicted for the
southwestern United States under climate change.

We note that aspen stands on the White River National Forest, which weredanupl

measured, but the increment data were not used in RWI analyses, differed fronostatits
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national forests. Of the more than 40 increment cores collected from the WRNF, only about a
dozen or so had sufficiently high correlation coefficients (in COFECHA). These were later
excluded from the final chronologies due to their low EPS values (from ARSTAN). Key site
differences are likely the reason that stands on the WRNF did not respond to climaticenfluen
with the same consistent and stand-wide variations in growth. We suspect tigighestands

on the WRNF are less likely to experience drought events than those on the other natistisal fore
we surveyed. This is likely in part due to the dramatically deeper surface soils whiclhnoite

area, and in part to phenotypic differences in drought tolerance (discussed above). Measured
frequency of Cytospora canker is a reasonable proxy for assessing drought stress in a stand, as
the causal organisn@ytospora spp., successfully colonizes healthy tissue when the host tree is
experiencing some environmental stressor, usually drought (Guyon et al. 1996; Christensen,
1940). Surveyed adult aspen on the WRNF had very low levels of Cytospora canker, relative to
the other national forests; in 2009-2010, we observed Cytospora canker on about 2% of adult live
aspen stems, relative to 13-51% of adult live aspen elsewhere (data not shown) (Dudley et al.
2015.

Our analyses of RWI and annual precipitation, (Figures 5 & 6), which includes the
current orprevious years’ annual precipitation, appears to be more applicable to the southerly
locations of the study area. Trees on the Pike and San Isabel National Forestsedparided
favorably to years of above-average precipitation, but those on the Medicine Bow and Routt
National Forests did not. It is important to note that the average annual precipéagerfor the
Medicine Bow and Routt National Forests is over 30% higher than for the Pike National Forest
(Table 1.1A Figure 1.4). This may be one reason that the trees on these northern forests do not

respond as strongly to years of low precipitation. A dry year in the northern portion of the study
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area could represent twice as much precipitation as is received in a dry yeagauttien
portion of the study area (Table 1)J1A

The timing of precipitation over the course of a year also differs dramatically between
forests in the north (White River and Medicine Bow and Routt National Forests) and the central
and southern portions of Colorado (Pike and San Isabel National Forest) (Figure 1.A16). Both
forests in the southern portion of the study area receive much of their annual precipitation
between April and September, whereas the forests in the north receive mostetipitation
from September to April, and mainly as snowfall (Figure 1.A16). In addition to moisture content,
snowpack also reduces environmental stress on aspen because it insulates the roots dering free
events, as was shown by Hogg et al. (2002) in the aspen parklands of Alberta, Canada. A recent
study of aspen decline and climate factors indicated that a major driver of aspditynrta
precipitation received between April and September, paired with maximum summer
temperatures, a result similar to the model produced from this study (Worrall et al. 2013).

The negative correlation between RWI and the three-month precipitation average from
August- October for sites on the San Isabel National Forest could be a reflection of the
dependency of these stands upon monsoonal moisture. The monsoon season, which typically
begins mid-July in Colorado, is often preceded by periods of hot, dry weather (Doeskin, 2003).
Late monsoonal moisture could therefore, account for the negative correlation of AutpistrOc
precipitation with RWI; the later the arrival of the summer storms, the more pronounced the
drought in areas dependent upon these weather patterns.

We note that maximum temperatures during the spring (May) and mid-summer (July)
have a significantly negative impact on the growth of trees on the Pike and MedieirenB

Routt National Forests (Table 1.1B), independent of precipitation. This finding is dionileat
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of Hanna and Kulakowski (2012) and Spond et al. (2014), who observed negative relationships
between RWI of aspen and seasonal maximum temperatures. It is therefore likedytileat a
incidence of extreme heat events increase (as predicted by the most recent IPCC réygort for t
coming century) (Stocker et al. 2013), aspen will continue to experience conditions vehndt a
conducive to optimal growth (Rehfeldt et al. 2009). It should also be noted, however, that this
relationship between drought and stem mortality isn’t always clear; a recent large-scale study of
aspen stands throughout the western United States have shown that while aspewn isiortalit
influenced by drought, these impacts can be obscured by stand dynamics and stand eige (Bel
al. 2014).

It has been well documented that aspen stands experiencing environmentatetress
highly prone to certain insects and diseases, such as wood borers, bark beetles, and (as noted
above) Cytospora canker (Hogg et al. 2008; Marchetti et al. 2011; Worrall et al. 2008;& 2010
Guyon et al. 1996; Christensen, 1940rought, as well as secondary disease and damage agents
and excessive browsing by ungulates, can result in stands with high levels oftyremmtalow
levels of regeneration (Rogers et al. 20d8nna and Kulakowski, 2012; Worrall et al. 2008 &
2010).

Maintaining aspen stands on western landscapes, especially under prolonged drought
conditions, may require proactive management actions, such as overstory relmough(t
mechanical or prescribed fire treatments) and ungulate exclusion (Rogers et al. 2013). W
observed that stands which responded to drought condftiensiICR standswvere spatially
distinctly located, and not randomly found across the aspen forest types. The seriesceixamine
this study also indicate that quaking aspen in Colorado and southern Wyoming have varying

degrees of tolerance to drought, and this tolerance is likely the result of a complegtgpge
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and site conditions. Based on the variation in spatial pattern and degree of drought tolerance,

proactive management will need to be tailored to the stand or district level.
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Figure 1.1 Survey area and increment core collection sites in Colorado and southern Wyoming,
2009-2010. A high cohesive response (HCR) plot refers to whether one or more of the trees
sampled per transect were responsive to region-wide climate signals. Lasivealesponse

(LCR) trees were not responsive to region-wide climate signals.
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Figure 1.2 Categorical regression tree of plots containing likelihood of high cohesive response
(HCR) or low cohesive response (LCR) series (i.e. increment cores) occurring in plots with
various site, stand and soil characteristics. Grey and white bars indicate the qmagforti

transects (with up to three cores per transect) exhibiting LCR or HCR. N = 70, RSquare = 0.381,
splits = 4.

23



50 - OLCR  OHCR

(0]

2 40 - 32.0
3 25.7 o5 1 I
S 30 - ' '

g 209 T 218 T 20.4 !
E T J_ I 1 T

L 201 11.9 . =

o .

o 10 - T

am 11 29 33 21 35 4.3

T T T T T T

Cryptosphaeria Sootybark  Black Canker Phellinusconk Cytospora  Wood Borers Bark Beetles
canker canker canker

Figure 1.3 Average occurrence of five common fungal diseases and two damaging insect groups on acbly bspeohesive
response (LCR) or high cohesive response (HCR) tree type as recorded in a stand health survey 2009-28t6 .aAd IBast-square
means. Error bars represent LSD; bars which do not overlap are significantly diffggen®4tO.

Damage agents included in the above categories ardagsoCryptosphaeria cankeCryptosphaeria lignyota; sootybark cankerfEncoelia pruinosa; black

canker-Ceratocydtis fimbriata; Phellinus conkPhellinus tremulae; Cytospora canke@Gytospora sordida andV. notastroma; wood borersAgrilus liragus and
Saperda calcarata; bark beetlesTrypophloeus populi andProcryphal us mucronatus.

24



Annual precipitation, mm

0 rTrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrTTrrTTrTTT T T T T T T T T T T T T T T T T T T T I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T I T I TTI ITI T I T T

Q ® O O N A N 5 O v L » N S QO A5 N A5 N H Q &6
\) Q N\ N > %) R N 9) “ o’ N A Qo) Qo) \) Q
ARG NI APC UG IR ERIRC R DI SR SR SRR AR LG KR LRC L S

Figure 1.4A. Annual average precipitation (mm) for four National Forests, 1900-2008.
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Figure. 1.4B Average annual RWI of HCR trees from three national forests (in mm), 1900-2008.
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Figure 1.5.Average annual RWI (mm) of adult aspen among three national forests and three miaistes®,cas modeled with the

corresponding year’s total precipitation (by plot, averaged to National Forest), 1900-2008. All means are least-square means. Error
bars represent LSD; bars which do not overlap are significantly differprt t10.

*Moisture classes are based on a 90% CI of annual preiipidata (190@008), where ‘normal’ includes years with precipitation amount within 90% range
and ‘dry’ and ‘wet’ years are those above or below range cutoff. RWI is represented based on 69 tree cores (18 MBRT, 21 Pike, 30 SI).
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Figure 1.6 Average annual RWI (mm) of adult aspen among three national forests and three nlastas®,@s modeled with one

year-lagged annual precipitation (by plot, averaged to National Forest), 1900-2008. Allareekast-square means. Error bars
represent LSD; bars which do not overlap are significantly differgmtad.10.
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Table 1.1A Mild, severe, and normal annual precipitation values for three national forests from 1900-20@®d\severe
categories represent 1.67 and 2 standard errors from the mean.

Precipitation
(mm)
Very wet Mildly wet Normal Mildly dry Very dry
MB&R" > 827 796-827 486-796 456-486 < 456
Pike > 573 549-573 314-549 291-314 <291
San Isabel > 746 717-746 424-717 395-424 < 395

"Medicine Bow (MB) and Routt (R) National Forests

Table 1.1B,top & bottom. Mild, severe, and normal maximum monthly temperature values for three Natiostd ffone 1900-
2008. Mild and severe categories represent 1.67 and 2 standard errors from the mean.

May June
Temperature (°C)
Very Mildly Mildly Very Mildly Mildly Very
cool cool Normal warm warm Very cool cool Normal warm warm

MB&R | <9.8 9.8-10.4 10.4-17.0 17.0-176 >17.0 <16.0 16.0-16.5 16.5-22.1 22.1-22.7 >22.7

Pike | <7.8 7.8-8.5 8.5-15.5 15.5-16.2 >16.2 <145 14.5-15.1 15.1-21.0 21.0-21.6 >21.6

San
Isabel | <9.8 9.8-10.5 10.5-17.0 17.0-17.6 >17.6 <16.3 16.3-16.9 16.9-22.4 22.4-22.9 >22.9

July August
Temperature (°C)
Very Mildly Mildly Very Mildly Mildly Very
cool cool Normal warm warm Very cool cool Normal warm warm

MB&R’ <20.2 20.2-20.6 20.6-24.9 24.9-25.3 >25.3 <194 19.4-19.8 19.8-23.4 23.4-23.8 >23.8

Pike | <19.0 19.0-19.4 19.4-23.9 23.9-24.3 >24.3 <18.4 18.4-18.7 18.7-225 225-229 >229

San
Isabel <19.9 19.9-20.3 20.3-24.6 24.6-25.0 >25.0 <18.7 18.7-19.1 19.1-23.0 23.0-23.4 >23.4

"Medicine Bow (MB) and Routt (R) National Forests
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Table 1.2 Spearman correlation coefficients (top, each cell) and P values (bottom, each cell) fati@osrbetween RWI (of HCR
series) and three-month average precipitation values from 1950-2008, by National Foresin Meklhimdicate significance at=
0.10. n = 59 years.

Jan- Mar- Jun-
Dec-Feb Mar Feb-Apr May Apr-Jun  May-Jul Aug Jul-Sep Aug-Oct Sep-Nov Oct-Dec Nov-Jan
Mgf; 0.07 0.16 0.22 0.16 0.24 0.21 0.15 0.08 0.03 0.05 0.10 0.07
P-value 0.60 0.23 0.0971 0.22 0.0729 0.11 0.25 0.53 0.85 0.73 0.43 0.59
Pike 0.02 0.12 0.36 0.35 0.41 0.30 0.16 0.07 -0.00 -0.04 0.012 -0.06
P-value 0.90 0.36 0.0052 0.0121 0.0013 0.0196 0.22 0.62 0.98 0.74 0.93 0.65
IsaSba:ar: 0.02 0.14 0.19 0.10 0.09 -0.08 -0.04 -0.15 -0.23 -0.09 0.02 0.05
P-value 0.89 0.28 0.14 0.47 0.51 0.55 0.76 0.25 0.0776 0.49 0.87 0.71
n 58 59 59 59 59 59 59 59 59 59 59 59

*Medicine Bow (MB) and Routt (R) National Forests

Table 1.3.Spearman correlation coefficients and p-values of associations between RWI and maranthiy temperatures, 1950-
2008. Bold figures indicate significant relationshipp &0.10. n= 59 years.

May June July August
MB & RT* -0.1540 -0.2142 -0.1828 0.1054
P value 0.2442 0.1034 0.1659 0.4267
Pike -0.2795 -0.2022 -0.1725 0.1284
P value 0.032 0.1247 0.1915 0.3325
San Isabel -0.1047 0.0145 -0.0112 -0.1856
P value 0.4299 0.9132 0.9328 0.1594

*Medicine Bow(MB) and Routt (RT) National Forests
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Table 1.4 Model selection of effects for the prediction of annual RWI of quaking aspen. Numbers 2 and 3 are inchedf#okii t
model, which includes steps 1-4. Climate data are from 1950-2008.
Model R- Adjusted R-

Step Effect entered Number square square AlC AICC F Value Pr>F
Intercept 1 0 0 -799.00 798.97 0 1

1 Max'%“n:;)‘]“'y 2 0.0322 0.0292 -807.61 -807.54 10.72 0.0012

2 Annual 3 0.0629 0.057 -816.04 -815.92 10.5 0.0013
Precipitation

3 Max'$‘e“rnmp'\"ay 4 0.0699 0.0612 -816.48 -816.29 2.42 0.1207

4

Lagged Annual 5 0.0767 0.0651* -816.85* -816.58* 2.34 0.1272
Precipitation

Final model 1-5 0.0767 0.0651 816.85 -816.58 6.62 0.0002

*Indicates optimal criterion value. No effects were osad in this model selection. Final model P-value was ki using the F-statistic (6.62),
numerator degrees of freedom, k-1 (3), and the denominajoeateof freedom, N-k (320).
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Figures 1.A1-A4. Characteristics of adult aspen (> 12.0 cm DBH) by National Forest, stand

type, and tree response type, as recorded during a 2009-2010 aspen health survey. Data are
averaged to the plot level, and designated HCR if at least one of the three cor&3RvasIH
means are least-square means. Error bars represent LSD; bars which do not overlap are
significantly different ap = 0.05.

50 -
4+.6
o~ 40| [T 369 364 344 359
£ 29.8 L T . I
< 30 - 219 I
s I
§ 20 -
“ 10 -
0
MB & RT‘ Pike ‘San IsabeilDamageJ Healthy ‘ LCR ‘ HCR ‘
Forest ‘ Stand type ‘ Response ‘

Figure 1.A1. Basal area (f) of adult aspen per hectare in Colorado and southern Wyoming
surveyed in 2009-2010.

Medicine Bow (MB) and Routt (RT) National Forests

Low (LCR) and high (HCR) response types
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Figure 1.A2. Live adult aspen stems in Colorado and southern Wyoming surveyed in 2009-
2010.

Medicine Bow (MB) and Routt (RT) National Forests
Low (LCR) and high (HCR) response types
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Figure 1.A3. Average dead crown of adult aspen in Colorado and southern Wyoming
surveyed in 2009-2010.
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Figure 1 A4. Average health index score (1-3; 1=very healthy, 2= marginal, 3= dying) of
adult live aspen in Colorado and southern Wyoming surveyed in 2009-2010.

MB & RT = Medicine Bow and Routt National Forests
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Figure 1 A5. All four (stacked) chronologies of adult aspen from increment cores collected from

the Medicine Bow and Routt National Forests, 2009-2010.
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Figure 1.A6. All four chronologies of adult aspen from increment cores collected from the Pike

National Forest, 2009-2010.
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Figure 1. A7. Three chronologies and the raw ring width values of adult aspen from increment
cores collected from the San Isabel National Forest, 2009-2010.
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Figure. 1A8. Modeled RWI among series on the Medicine Bow and Routt National Forests (MBRT), withynmakiinum
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Figure 1.A11 Average annual precipitation (mm) by decade among HCR and LCR sites within lightlyethstands. Means are
least-square means. Error bars represent LSD; bars which do not overlap are significaretht diffe0.10.
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Figure 1.A12. Average annual precipitation (mm) by decade among HCR and LCR sites within heavijedastands. Means are
least-square means. Error bars represent LSD; bars which do not overlap are significaretht diffe0.10.
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Figure 1.A13 Average annual precipitation (mm) by decade among HCR and LCR sites within thenkl&tei and Routt National
Forests. Means are least-square means. Error bars represent LSD; bars which do not osentéficarely different aP=0.10.
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Figure 1.A14 Average annual precipitation (mm) by decade among HCR and LCR sites within the RokalNf@drest. Means are
least-square means. Error bars represent LSD; bars which do not overlap are signiffterretht diP=0.10.
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Figure 1.A15 Average annual precipitation (mm) by decade among HCR and LCR sites within theb®@ahédenal Forest. Means
are least-square means. Error bars represent LSD; bars which do not overlap are sigdiffeaatit atP=0.10.
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Table 1Al. Descriptive statistics of the residual chronologies used in RWI analyses from thieodtypisoftware programs
(ARSTAN and COFECHA) from tree cores collected from adult quaking aspen on five Natoastisin Colorado and southern
Wyoming in 2009-2010.

Raw Chronologies-

Residual Chronologies (ARSTAN) (COFECHA)
Running r-bar
National Year No. Total No. Mean, mm Mean
Forest interval series rbar EPS Years series (SE) Sensitivity SICY
o 1883-
Medicine | 1890.1940 15 0253 0.832 2008 21 1.00 (0.158)| 0318 0.428
Bow & Routt
1915-1960 20 0.208 0.838
1857- 0.373 0.45
. 1860-1910 14 0.307 0.856 2008 18 1.00 (0.205) ' '
Pke | 16851935 17  0.300 0.878
1910-1960 18 0.311 0.888
1856- 0.365 0.467
1860-1910 19 0.390 0.922 2008 30 0.992 (0.177) : '
Sanlsabel 105 1935 25  0.260 0.898
1910-1960 29 0.302 0.925
White River* 1906- 0.326 0.362
1910-1960 7 0.353 0.801 2008 8 0.99 (0.344) ' '

*Series not used in RWI analysis
tSeries intercorrelation coefficient

43



Table 1A2. Site and stand characteristics of healthy and damaged aspen stands on eleven rasigemdigivie national forests.
Estimates are least-squares means. Superscript letters indicate sigaifidéerences between the meanp at).10. Means in the
same column with the same letter are not significantly different from each other.

Basal
Depth Stems area ha QMDT % Live % Live % Dead
Stand Site  Elevation  Aspect % % Conifer A ha' Stems ha (m?) (cm) stems stems Crown
Forest type typ€* (m) (degrees) Slope Encroachment horizon (adults) (understory) (adults) (adults) (adults)  (understory) (adults)
10612
Medicine Healthy — LCR™  255¢ 155°  11.8 10.8° 16.4 2448 108.2 23.¢° 85.4¢ 93.0¢ 22.3%
B;(‘)":Jﬁ HCR  264F 112° 143 7.8° 19.9¢ 2178 9750 89.5° 248°  g2.8° 91.1¢ 25.9
Damaged LCR 258G 16 126 5.2 19.8 2109 9689 79.4° 23.1° 61.3 92.9¢ 47.7
HCR 2712 204 23 0.5 21.3 179" 6854° 81.9° 24 .4° 63.3 91.6 48.6°
Healthy LCR  2921¢ 175° 6° 5.5% 14 1200° 3854 19.9 17.2° 50.0% 95.0P 50.6
bike HCR 3069 187  12.3° 0.4 145  1800°  46258% 80.2 21.4°  798° 64.2 7.9
Damaged LCR 3077 185" 23 4.7 13.6  1864° 4083" 50.0° 17.¢ 63.6" 75.18¢ 39.4
HCR 3040 43 8a 4.7 13 24258" 4035" 75.1%¢ 20.1%° 62.8° 92.9 44.6°
b
Healthy LCR 2678 162 307 7.0 15.3  2042° 5166 63.6° 20.7° 81.7° 77.22% 18.6
ISSa%”eI HCR  294F 181°  18.8° 7.8° 137 20250 4728 61.4° 20 82.0° 73.5%¢ 23.8°
Damaged LCR - - - - - - - - - - - -
HCR 2914 139  18.1° 10.6° 15 2036 6172 52.4 18.1%° 65.2 76.3%° 44.6
4350®
Healthy LCR 2693 2286  26.6° 6.9° 65.8 2121 82.¢ 222 89.1¢ 74.3%¢ 13.¢
‘g‘t‘/g‘f HCR - - - - - - - - - - - -
Damaged LCR  2660° 22 316 1.5 66° 1233 4883" 62.8° 26.0 67.6 96.¢" 457
HCR - - - - - - - - - - - -
" Low (LCR) and high (HCR) cohesive response types. TQMD: quadratic mean diameter. QMD=v %)
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Table 1.S1A Specific site data for each core sampling plot within the Medicine Bow and Routt

National Forests used in dendroclimatic analyses.

National Plot No. Slope % Other tree Dominant
Forest number cores Elevation Aspect position Slope species plants
Carex sp.,
BCD1 3 2552 173 Backslope 38 Pinuscontorta  Geranium sp.
Abies Carex sp.,
BCH1 2 2680 170 Backslope 10 lasiocarpa Lupinus sp.
Abies Lupinus sp.,
lasiocarpa, Symphoracarpus
BCH4 1 2680 154 Backslope 6 Pinusflexilis Sp.
P. tremuloides
o HPD2 3 2660 330 Toeslope 10 only Lupinus sp.
Medicine Picea
Bow & HPH2 3 2400 40 Backslope 25 engelmanii Monarda sp.
Routt P. tremuloides  Pastinaca sp.,
N.F. YAD1 2 2912 240 Toeslope 36 only Delphinium sp.
P. tremuloides  Pastinaca sp.,
YAD3 1 2715 160 Backslope 18 only Delphinium sp.
Pinus contorta,
Picea Pastinaca sp.,
YAH1 3 2766 100 Backslope 11 engemanii Veratrum sp.
Picea
engelmanii,
Abies Fragaria sp.,
YAH4 2 3013 156 Backslope 10 lasiocarpa Wyethia sp.
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Table 1.S1B Specific site data for each core sampling plot within the Pike National Foeelst us
in dendroclimatic analyses.

National Plot No. Slope Other tree Dominant
Forest number cores Elevation Aspect position  Slope species plants
Picea Fragaria sp.,
SPD1 1 3183 279 Backslope 20 engelmanii  Rosa sp.
P.
tremuloides  Arctostaphylos
SPD3 2 3123 45 Backslope 6 only sp.
P. Rosa sp.,
tremuloides Thermopsis
SPD4 2 2957 40 Backslope 10 only sp.
P.
. tremuloides
Pike spPD7 2 3100 170 Backslope 20 only Poa spp.
N.F. P.
tremuloides
SPH2 3 3000 20 Summit 13 only Juniperus sp.
P.
tremuloides
SPH3 3 3060 159 Backslope 15 only Poa spp.
P.
tremuloides
SPH4 3 3020 147 Backslope 8 only Juniperus sp.
Picea Fragaria sp.,
SPH6 2 3137 301 Backslope 11 engemanii  Lupinus sp.
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Table 1.S1C.Specific site data for each core sampling plot within the San Isabel Nationdl Fores
used in dendroclimatic analyses.

National Plot No. Slope % Other tree Dominant
Forest number cores Elevation Aspect position Slope species plants
Juniperus sp.,
SAD1 2 2973 110 Backslope 30 Pinusponderosa Rosa sp.
Arctostaphylos
sp.,Juniperus
SAD2 1 2776 10 Backslope 10 Piceaengelmanii sp.
P. tremuloides Ribes sp.,
SAD3 1 2877 204 Backslope 10 only Thermopsis sp.
Abies
lasiocarpa, Thermopsis
SAD4 2 2984 45 Backslope 10 Piceaengelmanii sp.,lrissp.
Artemesia sp.,
SAD5 3 2982 270 Backslope 11 Piceaengelmanii Thermopsis sp.
P. tremuloides Lupinus sp.,
SADG6 2 2932 170 Backslope 15 only Rosa sp.
Thermopsis
P. tremuloides sp.,Eriogonum
SAD7 3 3006 48 Backslope 17 only sp.
Thermopsis
P. tremuloides sp.,Geranium
SADS8 3 3034 214 Backslope 5 only sp.
San P. tremuloides
Isabel saH2 1 3118 180 Backslope 35 only Poa spp.
N.F. Abies
lasiocarpa,
SAH3 2 2836 345 Toeslope 13 Piceaengelmanii Acer sp.
Thermopsis
SAH6 3 3010 48 Backslope 14 Piceaengelmanii sp.,Lupinus sp.
Thermopsis
Valley sp.,Juniperus
SAH7 3 2907 71 bottom 8 Piceaengemanii sp.
Poa spp.,
SCD1 1 2445 116 Backslope 27 Pinusponderosa Thermopsis sp.
Pinus edulis,
Pseudotsuga Artemesia sp.,
SCD2 1 2951 146 Summit 18 menziedi Eriogonum sp.
Thermopsis
SCD3 1 3156 28 Backslope 65 Piceaengedmanii sp.,Rosa sp.
Picea
engelmanii, Pastinaca sp.,
SCH1 1 2980 110 Backslope 17 Pinusflexilis Ribes sp.
Picea
engelmanii, Fragaria sp.,
SCH2 1 2695 329 Toeslope 26 Pinusponderosa  Juniperussp.
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Table 1.S2.Increment core collection site locations used in this study.

Plot name UTM, Easting UTM, Northing
ASDO06 302968.9 4333840.9
ASDO7 302915.2 4341742.2
ASHO06 296896.4 4364379.2
RID01 261907.0 4409443.7
RIHO1 267115.2 4410244.0
SCDO03 446913.1 4217969.8
SCHo1 490202.4 4123126.2
SCHO03 489489.9 4212748.6
SCH04 441219.1 4233311.4
YADO1 347853.4 4446339.5
ASDO1 323321.4 4368330.3
ASDO02 355434.0 4363062.0
ASDO03 361506.7 4352074.8
ASD04 320266.1 4344812.4
ASDO05 343649.4 4326412.2
ASHO1 327775.1 4373695.8
ASH02 358239.3 4360189.0
ASHO03 351338.2 4331725.7
ASHO04 328034.7 4340693.3
ASHO05 330751.1 4328836.1
SCDO01 490219.8 4220510.1
SCDO02 485636.8 4198899.6
YADO3 365115.1 4469252.6
YADO2 366275.1 4432525.5
YADO4 307019.3 4444652.6
YAHO1 364894.9 4436663.5
YAHO02 365725.0 4468970.2
YAHO03 312373.6 4454103.4
YAHO04 328281.5 4434662.2
YAHO05 325894.5 4448819.0
BLDO02 271669.7 4448902.4
BLHO3 278179.8 4434469.6
BLDO3 303707.4 4435629.3
BLHO4 300199.7 4438553.3
BLHO6 295514.8 4438082.0
BLHO1 308000.0 4432352.5
BLHO5 293184.6 4431318.4
BLDO5 284884.1 4437876.8
BLDO6 276941.0 4418036.5
BLDO1 254956.4 4415416.9
BLHO2 256603.1 4409264.6
BLD04 283510.1 4418310.4
HPDO02 294672.5 4515795.8
HPDO1 294659.6 4521540.7
HPDO3 306570.4 4519745.7
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HPHO3 306758.7 4523487.6
HPHO1 320758.6 4520019.1
HPHO02 323140.2 4516454.6
HPHO4 363956.3 4472872.4
SPDO1 447092.5 4300274.0
SPHO1 456224.6 4329026.2
SPHO02 447437.5 4302032.1
SPD04 410266.9 4322323.6
SPD05 466391.6 4327784.5
SPD06 419834.5 4355886.3
SPDO7 415313.3 4348309.1
SPD03 408116.2 4334529.0
SPHO06 443070.6 4293541.5
SPD02 431745.2 4364322.1
SPHO3 435144.2 4363217.0
SPHO04 436941.1 4358524.2
SPHO7 447748.7 4346356.3
SPHO05 408703.3 4319654.2
SADO2 398955.0 4277701.1
SADO4 409072.7 4310590.3
SADO5 419397.4 4302439.3
SAHO7 418499.2 4292680.3
SADO6 419557.8 4295488.5
SADO7 419165.2 4286537.9
SADO8 419148.5 4282656.9
SAHO05 398458.0 4254223.5
SAHO06 417050.5 4303573.2
SADO3 407883.1 4307614.8
SAHO1 390470.5 4286082.3
SAHO03 390972.4 4293957.6
SAHO02 382800.7 4291891.8
SAHO4 391876.6 4272116.1
SADO1 394942.8 4295194.9
YADO5 322520.5 4434960.0
DODO01 458318.0 4679403.0
DOD02 457354.0 4674913.0
DOHO1 445366.0 4690422.0
LADO2 472883.0 4561898.0
LAHO2 466252.0 4556893.0
LAHO1 463409.0 4566839.0
LADO1 472334.0 4570564.0
LADO3 467864.0 4560941.0
LAHO3 467987.0 4562645.0
BCHO3 317819.0 4549730.0
BCD0O4 321287.0 4547852.0
BCDO1 318951.0 4554172.0
BCHO1 324273.0 4571358.0
BCDO2 313493.0 4574912.0
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BCHO2 313781.0 4561531.0
BCDO3 310327.0 4552837.0
BCHO4 340699.0 4560114.0
SCHO02 456259.5 4204016.7
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CHAPTER 2
PATHOGENICITY OF TWO SPECIES OF CYTOSPORA TO QUAKING ASPEN

(POPULUS TREMULOIDES MICHX.)

SUMMARY

Historically, Cytospora canker of quaking aspen was thought to be caused primarily by
Cytospora chrysosperma. However a new and widely-distribut€gtospora species on quaking
aspen has recently been described (tentatively n&ytedpora notastroma). Here, we show the
relative pathogenicity of both species. Small-diameter aspen trees weretauwbetith one or
two isolates each . chrysosperma andC. notastroma in a greenhouse, outdoor setting, and in
environmental growth chambers. Results indicate that both species are pathogenidits droug
stressed trees and tl@atchrysosperma was more aggressive th@notastroma at cool
temperatures. Neither species caused significant canker growth on trees ¢hadtvezought

stressed.

INTRODUCTION

Quaking aspenrRopulus tremuloides Michx.) is one of the few native hardwood species
found in the Rocky Mountain region of western North America (Little, 1971). Although quaking
aspen is widely distributed across the continent, in the western half of the Unitsx] Bthtives
best in montane environments, where summer temperatures are cool, and moisturéuis plenti
(Little, 1971).When grown on marginal sites, such as the dry, eastern front range of the Rocky

Mountains in Colorado, aspen is prone to damage by stress and subsequent impact by insects and
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diseases (Hinds, 1985). Foremost among these is Cytospora canker, caused by at least two
Cytospora species.

Cytospora has been described as a wound parasite, a stress-related pathogen, and an
opportunistic saprophyte (Sinclair and Lyon 2005; Hinds, 1985). It is not considered to be an
aggressive pathogen of most host trees unless drought or another stressor prevents the host from
successfully limiting fungal colonization (Hubert 1920ytospora species invade host tissue
through wounds or other openings in the bark (Long, 1918; Hinds, 1985). Worrall et al. (2010)
showed thaCytospora umbrina is present in asymptomatic cambial tissue of aldbtus incana
ssp.teniufolia), and could be isolated from host tisstersup to 5 cm from canker margins.
Conversely, Mcintyre et al. (1996) examined healthy quaking aspen for pres&ytespbra
species, but not did recover any isolates from asymptomatic phloem tissues. Theidgralsst
showed, however, th&ytospora could be consistently isolated from surface bark of aspen trees
from June-November (Mcintyre, et al. 1996). In sddytospora host species, excessive gum
and starch production at the site of infection appear to be a major cause of vessenoanllisi
tissue death (Banko and Helton, 1974). Host wound response intensities, with and without
Cytospora infectiors, have been investigated in various host tree species, including quaking
aspen and a poplar hybrid (Bloomberg and Farris, 1963; Banko and Helton, 1974; Bertrand and
English, 1976; Biggs et al. 1983; Wisniewski et al. 1984; Biggs, 1984; Biggs, 1986; Mcintyre, et
al. 1996). Drought-stressed quaking aspen trees have been shown to remain susceptible to
infection byCytospora species for more than a week; Mcintyre et al. (1996) showed that aspen
exposed to drought conditions remained susceptible to infection up to ten days post-wounding,
relative to four days post-wounding in watered trees. Bloomberg and Farris (1963) showed that

poplars wounded by scorching of the bark produced tannins and lignin at the wound site, and
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when wounds were inoculated with an isolat€othrysosperma, levels of both defensive
compounds were greatly increased. Canker growth varied inversely with the amount of tannin
produced, both in terms of numbers of tanniferous cells, and the size of the tanniferous zone
(Bloomberg and Farris, 1963).

Biggs et al. (1983) described the histopatholog§.deucostoma in peach. Infection
begins with large-diameter, wedge-shaped hyphae that grow into the bark components of
periderm, cortex, and phloem tissues, killing host cells as they advance (Biggs et al. 4i883). T
disruption of host tissue is followed by inter- and intra-cellular growth by smalleretéam
hyphae (Biggs et al. 1983). The fungus invades xylem tissues and moves faster longitudinally,
via pits in cell walls, or through direct attack with penetration pegs, giving theseigsdypical
elongated shape (Biggs 1984). Host tissues respond by producing necrophylactic periderm or
nonsuberized impervious tissue, although the presence of pathogen mycelium inhibits the host’s
ability to form these defensive structures (Biggs 1984). Biggs (1986) identified a critical pe
of 10-14 days post-wounding for the host to prevent widespread colonization by the fungus. A
thickness of only three cells of phellem tissue in the phloem is sufficient to haghréae ©f the
pathogen (Biggs 1986).

The phylogeny of th€ytospora species that occur on hardwoods, including quaking
aspen, has historically been complicated and confusing. Spielman (1985) clarified much of the
confusion in a monograph of tMalsa (Cytospora) genus, in which she noted that nearly every
morphological characteristic was highly variable. Thus, many isolates prevarsyibed as
individual species were likely variants of half a dozen species (Spielman, 1985). digdms
(2005) noted that many additioraytospora species were described based on the host on which

they were found, although now it is known that a @tospora species can infect multiple
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hosts. Adams et al2006) also described the worldwide distributiorCgfospora and its species
complexes based on the characteristics of anamorphic and teleomorphic fruiting body structure.
Based on these and observations by Spielman (1985) and others, both Ada@9@5sand

Kepley and Jacobi (2000) stated that the four teleomorphic genera historicallaesbadih
Cytospora cankelLeucostoma, Valsalla, Valseutypella, andValsa) should be condensed into

one genusAs Spielman, Adams, and others have observed, the wide range of variability in
morphological characteristics is likely due to environmental and host conditions, tioradlali

various phenotypic differences (Spielman, 1985; Adams et |. 2005 & 2006; Kepley and Jacobi
2000.

Kepley et al. (2015) have recently described a new spec@gaspora in quaking aspen
based on analysis of morphological, isozyme, and genetic marker sequences. This ney specie
namedC. notastroma, often forms pycnidia and perithecia over layers of dark stromatal tissue,
resulting in a target-shaped ring surrounding the ostiole (Kepley and Jacobi 2000; Kepley, et a
2015; Figure 2.. 1). However, the pathogenicity of this species to quaking aspen has not been
examined.

Past inoculation studies, ostensibly usthghrysosperma, examined various
environmental stressors on host trees and the extent to which these stressord tap&ete
development (Burks, 1994; Mcintyre et al.; Guyon et al. 1996). Deficiencies of certain
macronutrients, including plant available nitrogen and iron, resulted in larger cankers (Burks,
1994). Guyon et al. (1996) examined the effect of drought, flooding, and defoliation on the
expansion of Cytospora canker on aspen and cottonwood. Drought and severe (75-100%)
defoliation had the greatest influence on canker growth; cankers on severely defoliated tree

were much larger than non-defoliated control trees or trees with 50% defoliation (Guyon et al.
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1996). Further, canker size was inversely related to tree water potential when it drdpped be
(i.e. became more negative than) -1.6 MPa (Guyon et al. 1996).

The relative pathogenicity, abundance, and phylogei@ olfirysosperma andC.
notastroma on quaking aspen are unknown. The objectives of this study are QInatastroma
pathogenic to quaking aspen? (2) Are there differences in pathogenicity b&ween
chrysosperma andC. notastroma on quaking aspen? (3) Do the two species behave similarly
under different temperature ranges on quaking aspen? To address these questions, we conducted
a series of inoculation trials with two phylogenetically distinct isolageh ofC. chrysosperma
andC. notastroma on seedling (< 1.4 m tall) and sapling-sized aspen trees (1-2 cm DBH) in the
greenhouse, outdoor, and growth chamber settings to simulate various light and temperature

combinations

MATERIALS AND METHODS
Fungal cultures

Two C. chrysosperma isolates (‘BDSR 1.2°, ‘DG11A”) were cultured from quaking
aspen bark collected in the Red Feather Lakes, Colorado, area (N40.752976, W-105.498122),
and from the Dadd Gulch trailhead (N40.682286, W-105.642762), Poudre Canyon, Colorado,
respectively. Th&. notastroma isolate RCKEP3A was originally collected by J. Kepley, from
guaking aspen bark collected from the Roaring Creek campground (N40.714227, W-
105.734967) in the Poudre Canyon in October of 2002, and represents the holotype of this
species. Th€. notastroma isolate SW8C was collected from a quaking aspen in the Denver
suburb of Aurora, Colorado (39.728981, -104.813863). The single-spore isolates were identified

to species level by morphological characteristics of the pycnidia and peritihéeigk, colony
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appearance and color on Leonian’s modified growth medium (Leonian, 1921), and later by
sequence comparisons of their rDNA internal transcribed spacer (ITS) regions.
Aspen nursery stock

Seedling-sized quaking aspen were obtained from the Fort Collins Wholesale Nursery in
Fort Collins, CO, in 2012. Aspen were grown in standard potting mix and planted in number 1
plastic nursery containers. Seedling-sized trees (2-2.5 m tall) were obtained fiiattiehe
Valley tree nursery in Brighton, CO, in the spring of 2013. Trees were grown in standard potting
mix and planted in number 2 plastic nursery containers.
Leaf water potential measurements

Drought stress was induced and measured by determining pre-dawn water potergial level
of fully-formed leaves. Water potential was measured on trees in growth chambers aéist at |
six hours on the ‘dark’ cycle. Measurements were taken using a Scholander-type pressure
chamber (PMS Instruments, Albany, OR) daily until levels reached drought stress level
approximately -1.5 MPa. Once drought stress was induced, water potential was measared tw
weekly, and small amounts of water (25-250 ml) were added periodically to maintaindstresse
conditions and to keep the trees alive for the duration of the experiment.
Growth chamber inoculation trials

Eight, 65-90 cntall seedling-sized aspen were placed in a diurnal growth chamber, with
temperatures set to fluctuate in a cool environment, from 15 °C during the light cycle and 12 °C
during the dark cycle, or a warm environment, from 32 °C during the light cycle to 25 °C during
the dark cycle. We used two different growth chambers during this experiment; a Caron® (model
6340-1) (Marietta, OH) growth chamber was used for the cool temperature trials, and a

Percival® (model E-54U) (Perry, 1A) was used the warm temperature trials. Botthgr
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chambers used fluorescent lights. Measurements of the light intensity of the twechavare
taken using an Apogee Instruments® Quantum meter (model MQ-100) (Logan, UT) placed on
the tier below the light source. The light intensity of the Caron® growth chamber averaged 75
umol?m?stand the Percival® chamber averagediz®!?ms™. Two inoculation trials of eight
drought-stressed trees each were conducted for each of the two temperature ranges, plus two
watered control trees for a total of 34 seedling-sized aspen trees. Three woundrsitelsieed
at 10 cm intervals along the stem, and surface-sterilized prior to wounding by rubbing the bark
surface with 70% ethanol. Wounds were produced along the tree stem using a 7-mm cork borer
to remove the bark. A plug of half-strength potato dextrose agar (1/2 PDA) of the same diameter,
or a ¥2 PDA plug colonized with either a single isolat€ athrysosperma or C. notastroma was
inserted into the wound. The wound was then sealed by wrapping the stem with a 2 cm-wide
strip of Parafim®.
Greenhouse and outdoor inoculation trials

Thirty-two sapling-sized aspen trees in standard potting mix and five-galldit jplais
were placed on benches in July 2013 in a Colorado State University greenhouse and three-
guarters of the trees were drought stressed until water potentials reached approximbately
MPa, and the remaining one quarter were watered daily. Greenhouse lights remained off for the
duration of the experiment. Drought-stressed trees were given 100-250 ml water whenever pre
dawn water potentials exceeded -2.0 MPa, in order to keep the trees alive for the duration of the
experiment. After trees had been stressed for one week, each was inoculated as previously
described with two isolates each@fchrysosperma andC. notastroma, plus a control plug of
sterile media (1/2 PDA) for a total of five inoculations per tree. Temperature dataeceaded

hourly using a Watchdog® (Spectrum Technologies, Inc., Plainfield, IL) temperature recorder.
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In mid-September, a second, identical, inoculation trial was initiatedjritesoutdoors.
Rainwater was excluded from the drought treatment group by clear plastic sheetimgdatita
the tree base with parafilm or electrical tape and covering the pot, and drought was ioduced t
1.0 to -1.5 MPa. In both trials, canker size was measured one week after inoculation, and again
every 2-3 days afterwards until nighttime temperatures dropped low enough to initiate tree
dormancy. Hourly weather data for the outdoor trial site was obtained from the Colorado Climate
Center’s weather station, located on the Colorado State University campus

(http://ccc.atmos.colostate.edu/~autowx/fclwx_access.prgble 2.S1).

Canker measurements

Canker size was first assessed one week after inoculation. At that time, Fawadisn
removed and initial canker length and width were recorded in millimeters. Canker boundaries
were determined as the edge of the discolored bark tissue, and were re-measured ofoall trees
all trials (i.e. growth chamber, greenhouse, and outdoors) at least once, and were redmeasure
every other day following the initial measurements for the greenhouse and outdoorhgals. T
total number of measurements varied by trial, with a maximum of seven measurements of
cankers on trees in the greenhouse, three measurements on trees outdoors, and two
measurements on trees in the growth chamber setting. The number of measurements taken for
each trial was dependent upon tree health, and in the case of the outdoor trial, the onset of
autumn.
Satistical analysis

Analysis of the growth chamber trials data included the log-transformed sum of canker
area, calculated as the area of an ellipse, where ellipse area = ((canker |jcgti2)*

width/2)*m). Statistical analyses were performed using SAS© 9.4 software (SAS Institute, Cary,
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NC). All four temperature trials (i.e. two high, two low) were combined and analyzed together.
Growth chamber data were analyzed as a mixed linear model with temperattmesritea
isolate, measurement time, as well as the temperature, isolate etreattaraction within
measurement date. The random variables included tree within temperature, aod ppsit
isolate by position interaction within temperature. We obtained 95% confidence mterval
canker size for each isolate-temperature combination, and intervals for each cambvesa
considered significant & < 0.05. Water potential data were analyzed (as the average of two
water potential readings per tree) as a repeated measures mixed linear maodge Mater
potential was analyzed as treatment type by measurement date interaeastrsquares means
were obtained and were considered to be significantly different &<he05 level. We dropped
drought treatment as a variable from the final analysis once we had confirmeadkeas chd

not form on watered trees.

The greenhouse and outdoor inoculation trial data were analyzed together and separately
from the four growth chamber inoculation trials. Because some of the cankers on trees in the
greenhouse trial coalesced after two weeks, we used canker size at twelpestiageculation
for both trials in our analyses. Canker area was analyzed as a mixed linear model witmtreatme
(i.e. drought stressed or watered), isolate, setting (greenhouse or outdoor), inoculation position
(five per tree), and average water potential. Random effects were trees withinriteatmweel|
as the isolate by tree interaction within treatment type. Least-squaaes mere obtained for all
main effects and interactions of interest. Means were considered to be signifidéertintat
theP < 0.05 level. Position (i.e. placement of the inoculum along the stem) was initially included

in the analysis, but was later removed due to non-significance.
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RESULTS
Growth chamber inoculation trials

Drought stressed trees averaged -1.0 and -0.9 MPa in the warm and cool temperature
growth chambers respectively, whereas watered trees averaged -0.7 and -0.45 MParimthe w
and cool growth chambers (Figure 2.2).

Watered trees inoculated with one isolate eadB. chrysosperma andC. notastroma
species did not develop cankers in either temperature treatment (Table 2.1). Amesegdling-
sized aspen inoculated with an isolate of eitheshrysosperma or C. notastroma or one of each,
drought-stressed trees in the cool temperature trial and inoculate@.withysosperma
displayed expanded mean canker growth in comparison with the control a@drbestroma
inoculated sites (Table 2.1, Figure 2.3). BG{hospora species caused canker formation on trees
in the warm temperature trial, relative to the control wound (Table 2.1, Figure 2.3). Wimsnd si
amended with %2 PDA developed small areas of bark discoloration, but did not develop cankers.
Such discoloration was distinguishable from cankers based on tissue color and the shape of the
margin of the discolored area, and was due to drying of the bark. However, not all wound sites
inoculated with the tw&ytospora species developed cankers; the inclusion of the non-cankered
wounds in the analysis strongly influenced mean canker size illustrated in Figure 2.2k3d Ta
2.1 and 2.2. For example, of thel6 drought-stressed trees (and 48 wound sites) inoculated and
placed in the cool temperature growth chamber, 21 sites inoculated @itihiaysosperma
isolate (‘DGI11A”) formed cankers, compared with 16 sites inoculated with a C. notastroma
isolate (‘RCKEP3A”) (Table 2.2). Mean canker size formed@ychrysosperma among all
drought-stressed trees used in the growth chamber trials wasbdnd was significantly larger

than cankers formed by ti@ notastroma isolate (54 mrf) (Table 2.3.
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Greenhouse inoculation trials

Water potential data indicated that drought-stressed trees in the greenhouse averaged -
1.11MPa (Figure 2.4). Watered trees in the greenhouse averaged -0.7 MPa. Overesme, tre
reached a maximum water potential deficit of -1.55 MPa twelve days into theregpe(Figure
2.5). The effect on mean water potential can be seen in Figure 2.5.

Wound sites that were not inoculated wit@yospora isolate developed small areas of
bark discoloration approximately two weeks after inoculation, but did not develop cankers,
except for sites on two trees, which we determined were previously infecte@.with
chrysosperma. Areas of discoloration due to drying of the bark were distinguishable from
discolored areas caused by cankers based on bark tissue color and the shape of the discolored
area. None of the inoculation sites on watered trees formed cankers larger than the control, and
even sites inoculated with. notastroma isolate RCKEP3A on drought- stressed trees did not
produce cankers larger than the watered controls (Table 2.1; Figure 2.6). The largest cankers
were formed on drought-stressed trees at sites inoculate@€vakinysosperma isolate DG11A
(Table 2.1 Figure 2.6 and 2.9). However, there was no difference in canker area between the tw
C. chrysosperma isolates, and cankers formed by the sedonchrysosperma isolate, BDSR12,
were not larger than those formed®ynotastroma isolate SW8C (Table 2.1; Figw2.6 and
2.9). When considering only sites where cankers were observed;.lsbitysosperma isolates
andC. notastroma SW8C had larger areas of discoloration than those observed at wounds in the
non-inoculated sites (Table 2.2) The combined range in canker sizes among irdpete(.a.
those trees on which cankers formed) in the greenhouse and outdoor trials was 38-6f827mm
the C. chrysosperma isolates, and 38-6024n’ for the C. notastroma isolates (Table 2)1 Four

of the drought-stressed aspen trees did not develop any cankers at all.
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Outdoor inoculation trial

Drought-stressed trees in the outdoor trial averaged -0.9 MPa at the time of inoculati
and for the remainder of the experiment, whereas watered trees averaged -0.3gMRL2(#).
The only significant difference in canker sizes was between drought-stressed traledadoc
with C. chrysosperma isolate BDSR12, which formed cankers larger than control sites, but not
larger than either of the tw®. notastroma isolates P=0.0597), or the secor@ chrysosperma

isolate on drought-stressed or watered trees (Tabl€&igures2.8, 2.11 and 2.12).

DISCUSSION

The results of the inoculation trials conducted in this study strongly indicataltinough
Cytospora notastroma is pathogenic on quaking asp€hchrysosperma is the more aggressive
species, particularly among trees experiencing some degree of drought stress. Cankeryg caused b
C. chrysosperma developed at a faster rate and were larger overall than either isolate of
notastroma. In a concurrent study of the relative distribution and frequency of these species, we
observed (as have Kepley et al. 2015) that the two species are often found infecting the same
host, sometimes directly adjacent to each other. We specula@ taysosperma may further
weaken host trees, perhaps making colonizatio@. mptastroma easier. Further, in the
greenhouse portion of the study, we observedGhattastroma cankers did not dramatically
expand until the conclusion of the trial, when host trees were near dea@,dungsosper ma
cankers had already thoroughly colonized the bark tissue.

Guyon et al. (1996) noted that the peak susceptibility of aspen and cottonwood trees to
canker formation bZytospora was at -1.6 MPa. The water potential values in this study were

largely lower than this amount, and therefore it is possible that greater drought stré$saweul

68



resulted in greater canker growth of either or both species. We no@ tinaysosperma isolates
formed cankers that grew substantially, even when water potential values weexdessas in
the outdoor portion of this study, where values of drought-stressed trees averaged -0.9 MPa
throughout the experiment.

When we compared the effects of temperature on canker development we observed
significantly less canker growth @f. chrysosperma at high temperatures, based on infected
aspen (i.e. those trees on which cankers formed). Interestingly, we observed no effect of
temperature on the growth of cankers produce@.mptastroma. This was contrary to our
initial hypothesis, in which we assumed that drought stress combined with high temgserat
would result in larger and more rapid canker expansion. We note that studies of other
phytopathogenic fungal species, includ®epsmithia morbida, and the bluestain fungus
Ophiostoma clavigera, have demonstrated that these pathogens cause more extensive disease
development under cooler (i.e. 25°C and below) conditions (Freeland et al. 2011; Solheim and
Krokene, 1998). At least twBytospora species occurring on stone fruit trees have been shown
to have differential responses to temperature (Hildebrand, 1947; Wensley, 1964; Bertrand and
English, 1976). Studies by Hildebrand (1947), Wensley (1964), and Bertrand and English (1976)
demonstrated th&t. leucostoma was more pathogenic (i.e. caused larger cankers) on orchard
trees under warm temperatures tlamincta; C. cincta was more pathogenic th&h
leucostoma on trees under lower temperatures.

Our results indicate th&ytospora chrysosperma is able to cause canker formation on
drought-stressed host trees under both warm and cool conditions, although it was lessy@ggressi
under warm conditions. It seems possible that this is one reaso@.\whiyysosperma is such an

effective pathogen of stressed host trees. Earlier studies of temperature and Cytodqora c
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growth on other host species were based on seasonal observatiois,leitostoma isolates
producing large, or rapidly-expanding cankers during the warmest months of the year, whereas
C. cincta produced cankers only during the late-autumn or spring (Hildebrand, 1947; Wensley,
1964; Bertrand and English, 1976). ThGs¢chrysosperma may be somewhat unique in that it
can cause disease on aspen throughout the growing season and beyond.

The starkphenotypic differences among quaking aspen clones’ morphological
characteristics and drought and disease resistance have been and continue teiedyinten
studied (e.qg. Griffin, et al. 1991; DeWoody et al. 2009; St. Clair, et al. 2010; Long and Mock,
2012; Callahan, et al. 2013). We observed, especially in the greenhouse portion of this study, that
some of the aspen did not develop cankers at all, in spite of showing high vapor pressure deficits,
thus were clearly experiencing drought stress. It has been established that sigtigcentypic
differences in resistance to herbivory (Stevens, et al. 2007; Lindroth and St Clair, 2013) as well
as disease resistance (Copony and Barnes, 1974; Holeski, et al. 2009). Based on this, it seems
very likely that at least some of the variability in canker development we eldsever the
course of these experiments may be a reflection of varying disease resistancaspeang
genotypes. Also noted in many previous studies of aspen andPoitnéus species (St. Clair, et
al. 2010; Kanaga, et al. 2008; Marron, 2006), phenotypic traits are often influenced by
environmental conditions; Kanaga, et al. (2008) and Marron (2006) describe the interaction
between environment and phenotype as a cause of significant phenotypic plasticisystindj
we examined only the variation in disease development from the perspective ohtigepatve
note that an examination of disease resistance on the part of the host will furthethdar
precise cause of variation in disease development from one tree to another, and one clone to

another.
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FIGURES AND TABLES

e ,,:ﬂg e XN g © D
Figure 2.1.Cytospora chrysosperma andC. notastroma in culture and on inoculated aspen trees.
Top: cultures ofC. notastroma (left) andC. chrysosperma (right) on modified Leonian’s
medium, after two weeks’ growth at 25 °C. Bottom row, from left: canker formation with

pycnidia and cirri on aspen following inoculations w@thnotastroma (left two photos), an€.
chrysosperma (right two photos). Photos: M. Dudley
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Figure 2.2 Mean pre-dawn water potentials for drought-stressed or watered quaking aspen trees
placed in growth chambers at two different day/night (12 hour cycle) temperature regghes, hi

(32 °C day, 25 °C night), and low (15 °C day, 12 °C night) cycles Erroréarssent standard

error; bars which do not overlap are significantly diffef@rt0.05. Water potential mean for

watered trees do not include error bars because only one watered tree per temperatarg treatm
was used in this portion of the experiment.
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Figure 2.3 Mean canker size on small quaking aspen trees in a growth chamber setting four
weeks after inoculation with @ytospora chrysosperma or C. notastroma isolate under drought
stress. Growth chamber temperature ranges were low (15/12 °C) or high (32/25°C), in 12-hour
cycles. Means are least-squares, and dashed lines represent upper and lower limits of a 95 %
confidence interval, and those that do not overlap are signific®x0ad5. Data are based upon
two trials per temperature range.
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Figure 2.4 Mean pre-dawn water potentials for drought-stressed or well-watered aspen trees
placed in a greenhouse or outdoor setting. Error bars represent standard error; bars which do not

overlap are significantly differefr < 0.05.
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Figure 2.5.Mean pre-dawn tree water potential measurements in a greenhouse on eighteen days
from mid-July to mid-August, 2013. Blue line represents pre-dawn water potentialevédat

trees; red line represents pre-dawn water potential of drought-stressed trees. fleees we
inoculated on 23 Jul.
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Figure 2.6.Canker size in quaking aspen at 12 days following inoculation withCgtospora

isolates under drought-stressed (left) and well-watered (right) conditions in a greenhouse.
Wounds in control trees were amended with Y2-strength potato dextrose agar. Means are least-
squares, dashed lines represent upper and lower limits of a 95 % confidence interval, and those
that do not overlap are considered significarR=2.05.
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Figure 2.7. Mean pre-dawn tree water potential measurements in an outdoor setting on sixteen
days from late August to late September, 2013. Blue line represents well-watesgddd line
represents drought-stressed trees. Trees were inoculated on 19 Sep.
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Figure 2.8 Canker size in quaking aspen at 12 days following inoculation withCltospora

isolates under drought-stressed (left) and well-watered (right) conditions in an outdoor setting
Wounds in control trees were amended with a ¥2-strength potato dextrose agar plug. Means are
least-squares, dashed lines represent upper and lower limits of a 95% confidende limes/a

which do not overlap are significantR¢0.05.
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Figure 2.9 Canker development in drought-stressed quaking aspen over 12 days following
inoculation (on 7/30/13) with tw@ytospora chrysosperma (BDSR1.2 and DG11A) and tw@.
notastroma (RCKEP3A and SW8C) isolates in a greenhouse. Wounds in control trees were
amended with a %2 strength potato dextrose agar plug. Means are least-squares, liees repres
upper and lower limits of a 95% confidence interval. Lines which do not overlap are significant
atP=0.05.
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Figure 2.10.Canker development in watered quaking aspen during a two week period following
inoculation (on 7/30/13) with tw@ytospora chrysosperma (BDSR1.2 and DG11A) and twe.
notastroma (RCKEP3A and SW8C) isolates in a greenhouse. Wounds in control trees were
amended with a Yzstregth potato dextrose agar plug. Means are least-squarepyrédisestre
upper and lower limits of a 95% confidence interval. Lines which do not overlap are significant
atP=0.05.
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Figure 2.11 Canker development in drought-stressed quaking aspen over 8 days following
inoculation (on 9/18/13) with tw@ytospora chrysosperma (BDSR1.2 and DG11A) and two.
notastroma (RCKEP3A and SW8C) isolates in an outdoor setting. Wounds in control trees were
amended with a ¥2 PDA plug. Means are least-squares, lines represent upper and ilsvegr lim

a 95% confidence interval. Lines which do not overlap are significa@o05.
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Figure 2.12.Canker development in watered quaking aspen over 8 days following inoculation
with (on 9/18/13) twdCytospora chrysosperma (BDSR1.2 and DG11A) and tw®. notastroma
(RCKEP3A and SW8C) isolates in an outdoor setting. Wounds in control trees were amended
with a %2 PDA plug. Means are least-squares, lines represent upper and lower limits of a 95%
confidence interval. Lines which do not overlap are significaRt=8t05.
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Table 2.1.Mean canker areas for those sites where cankers formed 12-14 days following inoculatesthevi@ytospora
chrysosperma or C. notastroma in a low or warm temperature growth chamber, a greenhouse, and an outdoor setting.

Canker area (mnf)
Growth chamber, Growth chamber,

Cool Temp®?3  Warm Temp*?3 Greenhouse Outdoor Trial **
Species Isolate Treatment (n=48) (n=48) Trial > * (n=160) (n=158)
C. chrysosperma DG11A Drought 78 (9, 10§ 50 (6, 6) 357 (64, 78) 91 (9, 10)ab
Watered 49* 25 110 (32, 459 60 (11, 13)ab
BDSR12 Drought - - 241 (43,58 81 (7, 7)b
Watered - - 109 (32, 45) 53 (9, 11)ab
C. notastroma RCKEP3A Drought 52 (6, 7) 56 (6, 7) 110 (20, 24 70 (7, 8)ab
Watered 25 32 88 (26, 36) 54 (9, 11)ab
SwscC Drought - - 160 (29, 35) 67 (7, 7)ab
Watered - - 96 (28, 39) 61 (11, 13)ab
Control Agar Drought 46 (5, 6) 34 (4, 4F 107 (19, 23) 61 (6, 7)a
Watered 48* 26 90 (26, 37) 52 (9, 11)ab

Watered trees in the growth chamber trials do not includistitatbecause there was only one watered tree per tenperalf Comparisons are among all isolates

both warm and cool trial$Numbers in parentheses are upper and lower confidence intelves, from the meafl.Greenhouse and outdoor means comparisons ar

trial. ‘n’ is the number of inoculation sites. * A slightly larger-diameter cork-borer was used to ino@itaese trees; means thus do not represent cankeretdraa,
larger wound.

Table 2.2 Canker formation by two isolates eachOytospora chrysosperma andC. notastroma two weeks post-inoculation. Sites
were considered to have cankers if the discolored area around the inoculation site siflatectvas greater than the discolored area
surrounding the site amended with ¥2 PDA on each tree.

Percent of inoculation sites developing Mean and range () of canker
Species Isolate cankers* N area(mnt)i
C. chrysosperma DG11-Aft 61% 98 64 (50-77); 173 (38-6,927)
BDSR1-2§ 50% 64 135 (38-5,342)
C. notastroma RCKEP3A+t 41% 98 54 (50-56); 80 (38-377)
SW8Cs§ 41% 64 294 (38-6,024)

*Three (growth chamber trials) or five (greenhouse andamutttials) inoculation sites per tree, depending ohéniaironment and tree size. TIsolates DG11-
A and RCKEP3A were used in all trials. Means and rangeslates DG11A and RCKEP3A are listed as the combined oiefaur growth chamber trials
(first group) and the combined mean of the greenhouse and otttidtso(second group). 8lsolates BDSR1-2 and SW8C were usethdhly/greenhouse and

outdoor inoculation trialsiCanker means for the greenhouse and outdoor trials armd tmaseeasurements taken 14 days after inoculdtidms the number of
inoculation sites.
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Table 2.3.Mean diurnal temperature ranges and precipitation for the outdoor location used in
this study. Greenhouse trial was conducted July-August, 2013; the outdoor trial was @bnducte
September-early October, 2013; growth chamber trials were conducted at fauensek

intervals between May 2013 and October 2014.

Mean daytime Mean daily
temperature Mean nighttime  precipitation

(°C) temperature (°C) (mm)*
Greenhouse & Greenhouse 24.8 204 -
outdoor trials  Qutdoor 17.3 12.8 5.6
Warm
chamkirrotvr\gllc cycle 32.1 26.0 i
" Cool cycle 15 (+-3) 12 (+-3) -

*Outdoor setting only.
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CHAPTER 3
THE DISTRIBUTION OF TWO CYTOSPORA SPECIES ON QUAKING ASPEN
(POPULUS TREMULOIDES MICHX.) IN SELECTED REGIONS OF THE ROCKY

MOUNTAINS AND MINNESOTA IN THE UNITED STATES

SUMMARY

Cytospora canker of quaking aspen was thought to be caused primaCijolsyora
chrysosperma. Recently, a new and purportedly widely-distribu@iospora species on quaking
aspen has recently been descrild@gtdspora notastroma Kepley & F.B. Reeves,). Although we
have previously established that the newly-described species is pathogesieiritiance and
frequency ofC. notastroma, relative toC. chrysosperma, is unknown. Thus, we wished to
estimate the relative abundance of knd@ytospora species on quaking aspen throughout
portions of the Rocky Mountain region, and to construct species-level phylogenies based upon
isolates obtained from infected aspen. Here, we show: thatbotinysosperma andC.
notastroma are quite common on quaking aspen, along with a third, previously-described
speciesC. nivea; tha Cytospora species often co-occur on the same host tree, and that evidence

of recombination or possible hybridization between the species exists.

INTRODUCTION

Cytospora canker is a common fungal disease of many woody species throughout
temperate regions of the globe (Adams et al. 2005; Sinclair and Lyon, 2005; Spielman, 1983;
Hubert, 1918). Host genera known to be susceptible in¢togdelus, Acer, Salix, Prunus,

Malus, Sambucus, andSorbus, as well as many conifer species, including those ithes,
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Larix, Picea, Juniperus, Cedrus, Pseudotsuga, Tsuga, Thuja, andChamaecyparis genera

(Hubert, 1918; Sinclair and Lyon, 200®&ytospora species are ubiquitous, and most exist as
weak saprophytes on bark surface, causing damage only when the host experiences stressful
environmental conditions (Sinclair and Lyon, 2005). When such favorable conditions do exist,
Cytospora rapidly kills cambial tissue, effectively girdling and killing the host tresr ononths

or years (Bloomberg, W.J., 1962a; Bloomberg, W.J., 1962b). Roughly 400 speCigsspbra

have been described worldwide (Adams et al. 2005), although the disposition of species within
the genus has been complicated and confusing (Long, 1918; Hubert, 1918; Christensen, 1940;
Guyon, et al. 1996; Adams et al. 2005).

Recently, the teleomorph gendalsa has been eschewed in favor of the more
commonly-used genuBSytospora (Rossman et al. 2015) Fruiting bodies produced by distantly-
relatedCytospora species may appear identical, although conidial stromata width and branching
of conidiophores has been shown to be reliable for the identificatiOptodpora species
occurring onEucalyptus (Adams et al. 2005). Adams et @d006) noted that although the
morphology of manyytospora species is highly variable, certain species respond to particular
cultural conditions (e.g. tolerance of high temperatures, media amended with cyclatexami

Historically, the causal organisms of Cytospora cankd?amulus trees have been
described a€ytospora chrysosperma (Pers.:Fr.) Fr (formerlyalsa sordida) or C. nivea
(formerly Valsa nivea) (Sinclair and Lyon, 2005; Bloomberg 1962a & 1962b) and it has been
generally assumed that the main species attacking quaking aspehrigsosperma (Sinclar
and Lyon, 2005). However, Kepley et al. (2015) have recently described a genedizhlly-
morphologically- distincCytospora species name@. notastroma (Kepley & F.B. Reeves)

(Kepley, et al. 2015), from isolates cultured from diseased quaking &mmmus tremuloides
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Michx.) in northern Colorado. The distribution and abundance of this species on quaking aspen
has not yet been determined.

The pathogenicity of Cytospora canker to quaking aspen and other host species also
experiencing some environmental stress has been well-established (Long, 1194:8; £918;
Christensen, 1940; Guyon et al., 1996; Sinclair and Lyon, 2005). When trees are drought-
stressed, Cytospora canker develops very quickly, and may girdle a smallediaiomeék or
branch (through death and blockage of the vascular tissues) within weeks or months of
inoculation (Hubert, 1918; Bloomberg, W.J., 1962a; Bloomberg, W.J., 1962b; Biggs et al. 1983).
However, healthy trees grown under non-stressed conditions show little apparagedeom
Cytospora (Hinds, 1985; Biggs, 1986; Guyon, et al. 1996; Dudley, 20Bospora nivea (syn
Leucostoma niveum, Valsa nivea) has been documented as a canker-causing fungus, including on
guaking aspen in northern British Columbia (Sinclair and Lyon, 2005; Hutchison, 1999).
Recently, the pathogenicity @f. notastroma has been demonstrated. In a previous study, we
showed that although bo@ chrysosperma andC. notastroma are capable of forming cankers
on drought-stressed aspéh chrysosperma is the more pathogenic species under warm or cool
conditions, based on rate of canker formation, as well as final canker size (Dudley, 2015).

Throughout western North America, recent episodes of widespread aspen mortality and
dieback linked to drought have been well-documented (Hogg, et al. 2002; Worrall, et al. 2008;
Worrall, et al. 2010; Anderegg, et al. 2013; Worrall, et al. 2013; Dudley, et al. 2015a & 2015b).
Projections for many areas currently suited to quaking aspen indicate drier conditions, and an
overall reduction in suitable aspen habitat throughout western North America (Rehfdldt, et a
2009). Such conditions will be favorable for the development and spread of Cytospora canker (as

well as other stress-related damage agents, such as aspen bark beetles and wooddmsing i
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and thus this disease is likely to continue to be prevalent in quaking aspen stands in the future
(Marchetti, et al. 2011). Based upon the work of Kepley et al. (2015) and our previous studies,
we wished to determine (1) the relative abundance of th€yaspora species most commonly
occurring on quaking aspe@, chrysosperma andC. notastroma; (2) whether there are other

species ofCytospora occurring on quaking aspen throughout Colorado and elsewhere.

MATERIALS AND METHODS
Sample areas

We sampled infected quaking aspen trees from three distinct categories (1) four urban
areas throughout Colorado (Fort Collins, Denver, Glenwood Springs, and Meeker); (2) from
forest settings areas outside of Colorado and southern Wyoming, including Utah (the Ashley and
Dixie National Forests), northwestern Montana (adjacent to highway 89, near Babb, MT), and
east-central Minnesota (Chisago County); (3) four national forests throughout Colorado and
southern Wyoming (Medicine Bow, White River, Pike, and San Isabel National Forests). For a
previous study, in 2009-2010, we established 97 aspen health monitoring plots on five National
Forests in Colorado and southern Wyoming to assess the impact of various damage agents on
aspen health in stands designated as healthy or damaged (see Dudley, et al. 2015). In this study
we revisited a subset of the healthy and damaged plots to collect aspen stemdaosjibr@y
canker. The National Forests sampled are mainly east of the Continental DiviB&ké&h8an
Isabel, and the Medicine Bow N.F.), with one sampled forest west of the Divide (the Wieite Ri
N.F.). These forests contain large and widespread quaking aspen components; the Pike N.F.
contains roughly 45,600 ha (487 Rnof aspen stands, the San Isabel N.F. has about 77,800 ha

(779 knf), the Medicine Bow N.F. has 25,900 ha (38%kand the White River N.F. has
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136,500 ha (2264 kfnof aspen stands, and the Routt National Forest (Yampa and Hahn’s Peak
Ranger Districts) with 113,100 ha (985 $m
Sample collection

Up to two ranger districts were sampled within each national forest. Within each ranger
district, one plot in a healthy stand and one in a damaged stand were selected based obn whethe
Cytospora canker was detected on adult or immature aspen during the 2009-2010 survey. We
navigated to the center of each selected plot using a GPS unit (Garmin® eTeer)L&d the
center of the plot, we randomly selected a bearing, and established a 10-metetratangehe
bearing. The first ten aspen trees with Cytospora canker were sampled, and tifeatetbark
or stems, or both) were placed in paper bags, labeled, and stored in a laboratory. We eventually
cultured a minimum of three trees per plot, and three cultures per tree. Sampbasocatside
of national forests in Colorado and Wyoming were also included. We collected infected aspen
tissue from various urban areas throughout Colorado, from two national forests in Utah, as well
as individual trees in Montana and Minnesota, for a total of 410 samples from 110 trees (Table
3.1, Figure 3.1Table 3A2).
Culture of infected tissues

A minimum of three separatéytospora cultures were obtained from at least three trees
per plot. Cultures were selected arbitrarily for further study. All cultures were grown on %z -, or
Y, strength potato dextrose agar (PDéid a subset were grown on Leonian’s modified medium
(Leonian, 1921). Plates were stored at room temperature (25 °C) in sterile plastic bins. Spores
were extracted from fruiting bodies using a procedure developed by J. Kepley: bark surface was
first sprayed with a 75% ethanol/ water solution and allowed to dry; locule chambers were

exposed by aseptically slicing off thin layers of the fruiting body to expose chamber gntrance
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and a droplet of sterile water was pipetted onto the exposed locule chamber, from which a spore
mass emerged (Kepley, 2009). A metal streaking loop was used to streak the spore mass onto a
plate of media. In the case that fruiting bodies were not present on the surface of bark tissue
small (2-3 mm diameter) pieces of bark were excised from canker margins and partially
submerged in the agar. Plates were sealed with Parafilm®, and checked dailyinGleespsre
colonies, or mycelial growth resembli@ytospora were evident, the colony or hyphal tip was
transferred to a fresh plate and further incubated for 7-10 days. After cultures had attained a size
of at least 3cm diameter, approximately a dozen pieces of the culture margin werenout
square), transferred to a liquid medium (potato dextrose broth), and placed in a rotating growth
chamber for up to 6 days at 25 °C. Additional pieces of the culture were placed in glycerol and
stored at -80°C, and in ¥2-strength potato dextrose agar sealed glass slants and stored at 4°C. The
tissue samples in liquid medium were grown to 1-2 cm in diameter, and after 5\8efays
extracted using a centrifuge or vacuum extractor. Samples were then placed in 2 mam plast
vials, and stored in a -20 °C freezer prior to DNA extraction.
DNA extraction and primer amplification

DNA extraction was performed using the Invitrogen DNA extraction kit. Following
extraction, nucleotide concentration of the samples was assessed using a Nanodrop© 2000 sensor
(Nanodrop Products, Thermo Scientific, Wilmington, DE). Samples that contained d5east
ng/ul of purified DNA were then used for polymerase chain reaction (PCR), using a MyCycler
™ Thermal Cycler (Bio-Rad Laboratories, Inc. Hercules, CA). Markers used in this included
5.8S subunit of the rDNA (ITS) (with primers ITS1 dfit$4) and a portion of the B-tubulin (Bt)
gene (using primers Bt2a and Bt2b) (Carbone and Kohn, 2001). We also attempted and obtained

some level of amplification of the following markers: a portion of the elongation factgehe
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(primers EF728F/EF986R, as well as EF526F /EF1567R) (Carbone and Kohn, 2001; Rehner,
2001); calmodulin (CAL-228F/CAL-737R) (Carbone and Kohn, 2001); methionine
aminopeptidase (MAP), as used by Zerillo et al. (2014). We also attempted amufifioat
single-copy markers MS456 (primers McM7-709 and McM7-1348) (Schmitt, et al. 2009);
MS204 (Walker et al. 2012); FG1093 (Walker et al. 2012). In addition, we attempted
amplification with a variety of makers developed Fasarium solani: FsGPD; FSACC; FsICL;
FSHMG; FsSOD; FsMPD; FsUGP1; FSTOP (Debourgogne et al. 2010). Sut¢¥3SR
products were purified using a Roche High Pure PCR Product Purification Kit (Roche
Diagnostics Corp., Indianapolis, IN), and DNA concentrations were again assessed using the
Nanodrop© sensor.
Fragment sequencing and alignment

Approximately half of the samples were sent for sequencing to the Colorado State
University Proteomics and Metabolomics Facility, and half to the Universityinb®a Genetics
Core facility (Tucson, AZ). The CSU Proteomics and Metabolomics Facility uses aed\ppl
Biosystems® 3130x| Genetic Analyzer (Life Technologies, Grand Island, NY). The Arizona
facility uses multiple Applied Biosystems® 3730 Genetic Analyzers (Life Teobres, Grand
Island, NY). Chromatogram files were examined using software program Sequence Scanner v
1.0 (Applied Biosystems®, Foster City, CA). Base pairs with quality scores of less thame20 w
examined for errors, and the sequences overall quality scores, start and end points, and locati
and nature of ambiguous base pairs were recorded and annotated in an Excel® spreadsheet
(Microsoft Corp., Seattle, WA). ITS and B-tubulin sequences were aligned and trimmed using
the software program Megab.2 (Tamura, et al. 2011) with the ClustalW® alignment technique

option. Marker sequences were concatenated and isolates with identical cdadategaences
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were placed into haplogroups by species. Haplogroups, as well as individual isolates not
matching any haplogroup sequence, were combined and exported to .mas, .fas, .meg, and .nexus
files. In addition, separated ITS and B-tubulin sequences for all haplogroups and individual
isolates as well as references sequences from NCBI database (www.ncbi.nlm.nih.gov) and
outgroup Cryptosphaeria pullmanensis) were exported into fasta and nexus file formats for later
use. SNPs occurring in only one sample were checked by examining the trace files, and edits
were made to sequences where appropriate.
Phylogenetic analysis

DNAsp5 (Rozas et al. 2003) was used to estimated genetic diversity parameters for each
locus and the combined dataset, ITS and Bt for each species group (NO, NI and CH) and the
total population. For each locus, for haplotype diverishy), nucleotide diversity (), selection
(Tajima’s D, Fu and Li’s F), recombination were estimated. Linkage disequilibrium was also
tested for the combined ITS and Bt dataset.

We conducted phylogenetic analyse£gfospora sequences using maximum parsimony
and Bayesian analyses (BA) on each locus independently and also on the combined da&aset of t
internal transcribed spacer (ITS) region of the 5.8 subunit of the rBidAgegion 2 of the -
tubulin locus. Reference and outgroup sequences used in this analysis iGyfiodpora nivea
(NCBI accession numbers KF294008.1 (ITS) and EU219135.), (Btghrysosper ma
(IX438635 (ITS) and KT590414 (Bt)}, notastroma (JX438627 (ITS))C. cypri (DQ243801
(ITS) and KM034893 (Bt)) and @rytosphaeria pullmanensis isolate we cultured previously
from quaking aspen. A partition homogeneity test was implemented in using the software
package PAUP*4a146 to test for congruence between the two loci (Swofford, 2002). DT-Modsel

(Minin, et al. 2003) was used to identify the best suited evolutionary model for each locus. BA
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tree selection were conducted using Markov-Chain Monte Carlo (MCMC) analysis in software
program BEAST, with 1,000,000 independent runs (i.e. chains) and sampling every 1,000 runs
(Drummond et al. 2012). Data files were converted to .xml format using BEAUTI (Drumetond
al. 2012). Again, substitution models were previously identified by DT-ModSel. Tracer (v1.2)
(Drummond et al. 2012) was run on the parsimony trees produced by BEAST to assess the
guality of each BA run. If all Effective Sample Size (ESS) values were confirmed tedierg

than 200, then enough MCMC runs were presumed. Tree Annotator v1.8.2 (Drummond et al.
2012) was used to summarize trees compiled by BEAST in a single tree. Theoeaegfuti

models selected by DT-ModSel were TIMef+I+G for the ITS-based tree, and TrNef+G fr the
tubulin-based tree. Partition homogeneity tests confirmed incongruence of the two markers, and
S0 separate trees were assembled for ITS and Bt. A web-based version of the SUTH\L

(http://www.hiv.lanl.gov/content/sequence/PHYMGuidon and Gascuel, 2003) was used to

assemble maximum parsimony phylogenies of each maker sequence, with 500 bootstrap
replicates and TN93 substitution model.
Genetic Distance & Principle Components Analysis

Trimmed, concatenated ITS and beta-tubulin sequences for all haplogroups of each
Cytospora species (16 total) were uploaded to ClustalOmega (Sievers, et al., 2011,

www.ebi.ac.uli, where an alignment file was obtained, including annotation of SNP locations.

The alignment was edited and manipulated in Microsoft Excel. The Excel add-inrprogra
GenAlEx 6.5 (Peakall and Smouse, 2006 & 2012) was used to calculate genetic distance and
conducted a principle components analysis based upon the genetic distance restilts. Gene
distance and PCA calculations were performed for the three combybegbora speciesC.

chrysosperma, C. notastroma, andC. nivea) and by species.
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RESULTS
Frequency and distribution of Cytosporaspecies

Of the 110 diseased quaking aspen trees sampled, all had evidence of Cytospora canker,
with or without fruiting bodies present. The presence of a partiQylaspora species was
confirmed on 71 of the sampled trees. We initially attempted to differeQtiskatastroma from
C. chrysosperma and other possibl€ytospora species by the presence of a prominent olive-
black to black conceptacle that deliedtthe stroma as described by Kepley et al. (2015).
However, this characteristic was variable and sometimes absent in tha efilGnmotastroma
depending on bark thickness and the color of the bloom (i.e. periderm) (see Figure A3.1).
Therefore, isolates were cultured from pycnidia as previously described. We putateveifred
366 of the 410 cultured isolates@gospora species based on production and morphology of
pycnidia and conidia in culture, or the growth rate and color of isolates when grown on % or %2-
strength potato dextrose agar or on Leonian’s modified media (Table 3. 1; Table 3.A1). When
grown on Leonian’s media, Cytospora notastroma had a dark colony appearance with appressed
hyphae growing into the agar wher€ashrysoperma had a light tan or buff-colored colony
appearance, as previously described (Figure A3. 2) (Kepley et al, 2015; Kepley, 2009).
Cytospora nivea was variable in color when grown on Leonian’s media, and ranged from light
tan to dark brown, although not as dark in colo€asotastroma (Figure A3.3).

To validate our morphological identifications, the ITS and B-tubulin sequences &7 and
45 isolates, respectively, were compared (Figures 3.S1 88d I here was strong (100%)
support for differentiation betwedn chrysosperma, C. notastroma andC. nivea isolates based

on ITS sequences (Figure 3.Bnalysis of a B-tubulin-based tree also supported separation
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between the three species (Figure 3. 4). This sequence data also corroborated our species
identification based on morphological features, except that most of the isotateis ety
identified as an unknow@ytospora species were in fa. nivea. In a separate analysis, three
unknownCytospora isolates grouped wit8. chrysoperma based on ITS sequences, and were
grouped withC. notastroma based on their f-tubulin sequence.

Of the 190 isolates collected, 48 % we&.echrysosperma, 42 % wereC. notastroma, and
9 % wereC. nivea (Table 3.1; Table 3.Al1). We detected bGttchrysosperma andC.
notastroma in each of the three main regions sampled (Table &ylgspora nivea was only
detected in western and south-central Colorado, as well as central Utah (Tablen8/13. O
notastroma was found in eastern Minnesota, northern Montana, and the Poudre Canyon in
northern Colorado (Table 3.1). We isolated more tharGytespora species from a quarter of
the trees sampled (18/71) from each of the three of the broad regions of Colorado, Wyoming, and
Utah that were sampled most intensively. Five of these fea@reaysosperma andC.
notastroma, as well as three trees with chrysosperma andC. nivea.
Phylogenetic analysis: posterior probability & bootstrap analyses

We constructed BA-based phylogenetic tree of the concatenated sequences of 16
haplogroups and 13 individual isolates (Figure 3. 4). Partition homogeneity revealed high
support for three species groups (CH, NO, NI), and suppettiea limited extent-intraspecific
clades (Figure 3. 4). Posterior probability values supported three possible clade<within
notastroma, two within C. chrysosperma, and two withinC. nivea (Figure 3.4). Probability
values were not sufficiently high (51%) to pa€&ehrysosperma from C. cypri (NCBI).
Analysis of 67 ITS sequences based on a posterior probability phylogeny indicated strong

(100%) support for differentiation between each of the tGydespora species, and was
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suggestive of intra-specific clades within each species (Figure Ba@ maximum parsimony-
based ITS tree supported only two broad groups among the isolates; the first representing a
portion (38) of theC. chrysosperma isolates, and the second representin@atiotastroma, C.
nivea, and the remaining portion (45) of t@echrysosperma isolates (Figure 3.A5) A posterior
probability phylogeny based on the 45 Bt sequences also supported three distincgspepgs
as well strong support for the possibility of intra-species clades v@ithiotastroma, C. nivea
andC. chrysosperma (Figure 3.3). Bootstrap values of a maximum parsimony phylogeny did not
support any distinction between the three species of interest (Figure 3.A6).
Principle Components Analysis

A PCA of all concatenated sequences from two genetic markers indicate & distinc
grouping of the three describ&gtospora species, which is consistent with the concatenated
BA-based tree (Figure 3.5; Figure 3.2). Analyses of principle components by species group
indicated that th€. chrysosperma haplogroups recovered in this study form three clusters
(Figure 3. 6), as do the. notastroma haplogroups (Figure 3.7). The clustered hapogroups do not
share geographic similarities, at least based upon the ITS-Bt sequences usedidrabsidi
C. nivea isolates were included in the species-level PCA, as well as haplogroup 1 (Figure 3.
Tests for neutrality, recombination, and linkage disequilibrium

Tests of haplotype diversity indicated high levels of diversity for each of the species
tested (Table 3. 2). Nucleotide diversity was greatest for beta tubulin sequspeesally
amongC. notastroma isolates. Neutrality tests indicated that the loci are neutral (Bab)e
Linkage disequilibrium tests were not significant (Table 3. 2). Recombinatiomredat both

loci, but was greater for beta tubulin (Table 3.2).
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DISCUSSION

The causal agent of Cytospora canker on quaking aspen has been called a species
complex (Kepley et al. 2015; Kepley, 2009), and our results support such a description. Both of
the ITS and Bt phylogenies indicate strong support for three species groups, and a Principle
Components Analysis of the concatenated ITS-Bt sequences supports this. Phgltgeset
assembled based on posterior probability indicate the existence of intra-spedds; alad this
was supported by species-wise PCA.

As Spielman (1985) and others (Kepley et al. 2015; Kepley, 2009; Adams, 2006; Hubbes,
1960) have observed, the morphological featur&ytiispora are highly variable, and this is
true of fruiting body formation on a host, as well as cultured isolates (Spielman, 1985). Spielman
(1985) noted that because of this degree of variability, additional species have been described
(incorrectly) based on particular isolates over the years, further complicating the piydbgen
this genus. We also observed considerable variability in the morphology of fruiting bodies we
sampled in this study. Specifically, the dark stromatal tissue layer attrilouBzaatastroma
was not always clearly visible. Kepley et al. (2015) note @h&tanslucens also sometimes
produces a dark conceptacle-like ring surrounding the pycnidium. It seems possible that some of
the variation in fruiting body morphology may be due to phenotypic differences among
individual host trees. Aspen stands are now known to be much less clonal than previously
thought, and large, continuous stands may in fact be a conglomeration of many genotypes
(DeWoody, 2009; Long and Mock, 2012). Phenotypic variations in resistance to herbivory
(Stevens, et al. 2007; Lindroth and St Clair, 2013) and disease (Copony and Barnes, 1974;
Lindroth and Hwang, 1996; Holeski, et al. 2009) have been extensively documented. Also

documented is the coloration and apparent thickness of the ‘bloom” on aspen trunks (Pearson and
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Lawrence 1958). Pearson and Lawrence (1958) reported that differences in bloom properties
varied from stand to stand, and were related to site elevation. We observed that the dark
stromatal tissue layer surrounding pycnidia was sometimes obscured by particulquy tzyer
of periderm (Figures A3. 1 & A3.4). Finally, it seems possible that some differencesidipy
formation observed in this study may be attributed to growth phase of the fungus; if the dark
stromatal layer of tissue characterisitic®fotastroma only forms at maturation, then perhaps
some of the pycnidia later attributed@onotastroma but lacking the dark basal tissue disk
simply had not yet matured.
In a previous study, we confirmed the pathogenicit¢.afotastroma, and compared it to
C. chrysosperma (Dudley, et al. 2015). Both species caused cankers to form on drought-stressed
aspen trees, but C. chrysosperma consistently formed larger cankers under different ambient
temperatures (Dudley, et al. 2015). In spite of being a weaker pathogen, we observed similar
frequencies o€. notastroma andC. chrysosperma. We did not discriminate between tree size
classes when we sampled infected aspen for Cytospora canker, and so we cannot make any
inferences as to whether one species is found more frequently on a particular tree size than
another. However, further study could investigate whether the two species fill diffetesd mic
aspen stands; does one species occur more frequently on shade-weakened understory trees than
the other? Are lethal cankers more likely to have been caused by one species over another?
We did not detect differences in haplogroup composition by geographic region. This was
somewhat surprising, but could be explained by one or two factors. First, only two markers were
used in this study, and thus we cannot make any statements about intra-speciesp®pulati
Additional data would certainly help to clarify relationships within species groepsaps the

selection of a marker whose sequence is less conserved (i.e. greater variability, Re)reh&iN
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the two used here would allow for identification of geographic differences. A second (and less
likely) possibility explaining why we did not detect geographic differences in hapipg
composition is that there could be more movement (and therefore an admixture of genetic
sequences) dfytospora inoculum or of greater distances than previously thought. Kaczynksi et
al. (2014) examined sapsucke®phyrapicus nuchalis Baird) as a possible vector Gftospora
chrysosperma, which was implicated in years-long decline of riparian will&ali spp.) in

Rocky Mountain National Park, Colorado. Roughly one-third of the birds sampled carried
Cytospora inoculum on either their beaks or feet, or both, and thus sapsuckers were confirmed as
a means of pathogen spread from one host to another (Kaczynski et al. 2014). Based on these
findings, it seems possible thaytospora inoculum is spread by birds, flying insects, or other
vectors.

We observed evidence that could indicate hybridization betweedZytbgpora species
examined in this study (or oth€ytospora species). Our results show that recombination readily
occurs at both ITS and Bt loci for all three identified species. Further, at leasilétess
recovered from infected aspen could not be identified to the species level. In a previous
phylogenetic (BA) analysis, three of these isolates were alternately grouped wivea, C.
notastroma, or C. chrysosperma, depending upon which locus the phylogeny was based. Kepley
et al. (2015) observed that ‘intermediate isolates’ existed which could not be distinguished, based
upon ITS and Elongation Factor 1-a (EF1a) sequences, be@veama andC. transucens
(which has also been reported on quaking aspen). Finally, we observed that fully 25% of the
trees sampled were infected with more than @ytespora species. This could in fact be much

higher; we sampled material that could be reached from the ground, and rarely sampled cankers
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from entire adult aspen trees. Because we did not sample all cankers on all s@assibie

that observed cankers could be a patchwork of different causal species.
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Figure 3.2.Phylogenetic tree based on ITS sequences@©ftéFora isolates collected from
guaking aspen throughout Colorado, southern Wyoming, Utah, northern Montana, and east-
central Minnesota, plus outgrou@gtospora cypri andCryptosphaeria pullmanensis. Posterior
probability (BA) values are included at the node junctions.
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Figure 3.3 Phylogenetic tree based on Bt sequences @ytépsora isolates collected from
guaking aspen throughout Colorado, southern Wyoming, Utah, northern Montana, and east-
central Minnesota, plus outgrou@gtospora cypri andCryptosphaeria pullmanensis. Posterior
probability (BA) values are included at the node junctions.
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throughout Colorado, southern Wyoming, Utah, northern Montana, and east-central Minnesota,

plus an outgroupdryptosphaeria pullmanensis).
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Figure 3.5 Principle Component Analysis (PCoA) of genetic distances representing 101 ieblayesspora chrysosperma, C.
notastroma, andC. nivea isolated from quaking aspen throughout Colorado, southern Wyoming, Utah, northern Montana, and east-
central Minnesota, using concatenated ITS and beta-tubulin regions.
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Figure 3.6. Principle Component Analysis (PCoA) of genetic distances representing 47 isblaysspora chrysosperma, isolated
from quaking aspen using concatenated ITS and beta-tubulin regions.
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Figure 3.7. Principle Component Analysis (PCoA) of genetic distances representing 47 isbl@yssspora notastroma, isolated
from quaking aspen using concatenated ITS and beta-tubulin regions.
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Figure 3.8 Principle Component Analysis (PCoA) of genetic distances representing 4 7sisbl@ygospora nivea, isolated from
guaking aspen using concatenated ITS and beta-tubulin regions.
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Table 3.1.Numbers of fungal isolates cultured from cankers on quaking aspen included in this studyséyhyeoggion and
Cytospora species.

No. No. No. CH No. NO No. NI
Region Isolates Trees  isolates* isolates isolates
Eastern CO (urban) 36 10 21 15 0
Northern CO 16 6 13 3 0
Northwestern CO 20 10 13 6 1
Poudre Canyon 11 5 0 11 0
South-central CO 26 16 12 8 6
Western CO 28 8 11 7 10
Southern WY 23 8 16 7 0
Central UT 17 6 6 9 2
Eastern MN 9 1 0 9 0
Northern MT 4 1 0 4 0
Total 190 71 92 79 19
Sampled, all 410 110
Total Cytospora 366 106
Percent of total 48.4% 41.6% 8.9%

*NO: Cytospora notastroma; CH: Cytospora chrysosperma; NI: Cytospora nivea
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Table 3.2 Haplotype and nucleotide diversity measures, with tests for neutrality of indieiddaombined species Gijtospora
using two genetic markers and the concatenated sequence.

Marker Species Diversity Fu Lif Tajimat
hp nucl F* F D
ITS NO 0.920 0.00609 1.45 1.43 0.87
CH 0.783 0.00844 1.81 1.67 1.88
NI 0.917 0.00912 -0.24 0.23 0.09
All 0.925 0.04109 2.01 2.64 1.57
B-tubulin NO 0.932 0.04311 -0.67 -0.30 -0.10
CH 0.879 0.03111 1.33 231 1.68
NI 0.944 0.02289 -0.58 -0.22 -0.34
All 0.963 0.11697 -0.52 0.31 0.26
Concatenatec NO 0.967 0.0191 1.21 1.25 1.18
CH 1.000 0.01934 0.91 1.42 1.19
NI 0.964 0.01485 -0.03 0.05 0.19
All 0.991 0.08833 -2.69 -3.11 -1.64

. T None of the measures shown were significant at P=0.10.
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Table 3.3 Test results for evidence of recombination events, gene flow, and linkage disequilibrashobd$S, beta-tubulin or the

combined (concatenated) ITS-Bt sequence&yigspora species, or averaged over all isolates.

Recombination, across
Gene_flow(Nei) | Recombination, by specie Cytospora species Linkage disequilibriumt
Marker Species
Avg Avg
Gst Nm Skn2 distance Rm Skn2 distance Rm| ZnS Za YA Wall'sB  Wall'sQ
ITS NO* 3.78 437 3
CHi 7.89 439 0
NI 4.96 432.67 1
All 0.11 4.12 118 437 12
B-tubulin NO 81.15 341.55 4
CH 47.05 342 2
NI 21.79 337 0
All 0.05 10.36 437 340. 21
Concatenatec NO 78.89 779.44 3
CH 103.97 782.14 1
NI 48.92 770.38 2
All 0.03 18.45 2564 778 31 0.38 0.64 0.26 0.59 0.60

*NO: Cytospora notastroma; $CH: Cytospora chrysosperma; $NI: Cytospora nivea. 1 Not significant at P=0.10.
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Table 3.4 All isolates used in analyses in this study, by species and haplogroup.
A. Cytospora chrysosperma.

ITS Bt No.
Haplogrp  Haplogrp  |solates/Haplogr
Species name name oup Isolate ID  Tree No. Site Name
C.chrysosperma CH_HO1 ~ CH_HO1 18| ANF2C ANF2 ANF
ASD1F ASD1 ASD
BDSR1-2 BDSR1 BDSR
BLD1G BLD1 BLD
BLD4F BLD4 BLD
BLDA4lI BLD4 BLD
GwzaD1 GW2 GW
LAD3B LAD3 LAD
LAD3D LAD3 LAD
LAH1D LAH1 LAH
LAH1E LAH1 LAH
LAH1H LAH1 LAH
LAH2A2 LAH2 LAH
LAH2A3 LAH2 LAH
SAH3C SAH3 SAH
SAH3D SAH3 SAH
SPD4F SPD4 SPD
SPD4H SPD4 SPD
CH_HO02 CH_HO02 10| BLD2A BLD2 BLD
BLD2E BLD2 BLD
BLD4E BLD4 BLD
DL1C DL1 DL
DL1E DL1 DL
DL1H DL1 DL
DL1I DL1 DL
GW2A GW2 GW
GWwW2B GW2 GW
Gw2C GW2 GW
CH_HO03 CH_HO03 9 ASH3I ASH3 ASH
BLH6C BLH6 BLH
DG1-1B DG1 DG
DG1-2A DG1 DG
FC4A FC4 FC4
FC6 FC6 FC6
FC61B FC6 FC6
FC63 FC6 FC6
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CH_H04

CH_HO05

CH_H06

CH_HO7
CH_Hos8
CH_HO09
CH_H10
CH_H11
CH_H12
CH_H13
CH_H14
CH_H15
CH_H16
CH_H17
CH_H18
CH_H19
CH_H20
CH_H22
CH_H23
CH_H24
CH_H25
CH_H26
CH_H27

CH_H04

CH_HO05

CH_HO06

CH_Ho7
CH_Ho8

B R R R R R R R R R R PR R R R R R P
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MKR22 MKR2 MKR
LAH1B LAH1 LAH
LAH2B LAH2 LAH
SPH2B SPH2 SPH
SPH2C SPH2 SPH
LAH6G LAH6 LAH
LV1G LvV1 Lv
LV2B LV2 LV
BLD2J BLD2 BLD
FC1A FC1 FC1
FC2B FC2 FC2
EP1I EP1 EP
ANF2B ANF2 ANF
ANF3E ANF3 ANF
EP1A EP1 EP
EP1F EP1 EP
EP1J EP1 EP
SW6D SW1 SW
MKR2A MKR2 MKR
ANF2F ANF2 ANF
DL1G DL1 DL
DL1F DL1 DL
LAD3I LAD3 LAD
LAD3J LAD3 LAD
SAH6B SAH6 SAH
LV1A LV1 LV
LV1B LV1 LV
LV1C LV1 LV
LV1D LV1 LV
LV1F LV1 LV
LV2A LV2 LV




B. Cytospora notastroma

ITS
Haplogrp
name

NO_H01

Species
C. notastroma

NO_H02

NO_HO03

NO_HO05

NO_HO06

NO_H07

Bt
Haplogrp
name

NO_H01

NO_H02

NO_HO03

NO_HO05

NO_HO06

NO_H07

No.
Isolates/Haplogrp

9
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Isolate ID Tree No. Site Name
BDSR2-2 BDSR2 BDSR
DL3D DL3 DL
DL3E DL3 DL
FC2A FC2 FC2
FC62 FC6 FC6
MN1A MN1 MN
MN1B MN1 MN
MN1C MN1 MN
MN1E MN1 MN
NL3B NL3 NL
SW5B Swi SW
SW6P3 Swi SW
SW6P4 Swi SW
SW6P5 Swi SW
SW7C SWi1i SW
SW8P1 SW1 SW
LAD3A LAD3 LAD
SW6P2 Swi SW
SW7C1 Swi SW
SW7D SWi1i SW
SWB8A SWi1 SW
SW8C SWi1 SW
AC 3-1 AC3 AC
AC 3-3 AC3 AC
ASD4B ASD4 ASD
BLD3B BLD3 BLD
BLD3I BLD3 BLD
SRES2 SRES2 SRES
WLGL1 WLGL1 WLGL
WLGL2 WLGL1 WLGL
WLGL3 WLGL1 WLGL
FC3B FC3 FC3
RCKEP1A RCKEP1 RCKEP
RCKEP2A RCKEP1 RCKEP
RCKEP3A RCKEP1 RCKEP
PF1 PF1 PF




NO_HO08

NO_HO09

NO_H10

NO_H11
NO_H12
NO_H13
NO_H14
NO_H15
NO_H16
NO_H17
NO_H18
NO_H19
NO_H20
NO_H21
NO_H23
NO_H24
NO_H25
NO_H26
NO_H27

NO_HO08

NO_HO09

NO_H10

NO_H11
NO_H12
NO_H13
NO_H14
NO_H15
NO_H16
NO_H17

P R RRPRPRRRRPRPRRRRPRPRRRR
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PF2 PF1 PF
PF3 PF1 PF
LAHG6B LAHG6 LAH
NL4B NL4 NL
SCD2F SCD2 SCD
NL4C NL4 NL
NP1 NP1 NP
ANF1F ANF1 ANF
GW2F GwW2 GW
SRES4C SRES4 SRES
ASDA4C ASD4 ASD
ASD4H ASD4 ASD
NP3 NP3 NP
YA1B YA2 YA
SAD3E SAD3 SAD
SAD3H SAH3 SAH
YAl-4 YAl YA
MNIJ MN1 MN
LADS8B LAD8 LAD
AC 4-1 AC4 AC
ANF1E ANF1 ANF
LAHGI LAHG6 LAH
LAHS8F LAHS8 LAH
MN1K MN1 MN
MN1F MN1 MN
MN1H MN1 MN




C. Cytospora nivea

ITS Bt
Haplogrp  Haplogrp No. Site
Species name name  |solates/Haplogroup Isolate ID  Tree No. Name

C.nivea NI_HO1 NI_HO1 8| ASD1B ASD1 ASD
ASD1H ASD1 ASD

ASD2C ASD2 ASD

ASH10B ASH10 ASH

ASH10E ASH10 ASH

DNF1B DNF1 DNF

DNF1C DNF1 DNF

SPD4D SPD4 SPD

NI_HO2  NI_H02 1| ASD2A ASD2 ASD

NI_HO03 NI_HO03 1| BLD1A BLD1 BLD

NI_HO04 NI_H04 1| SAH5B SAH5 SAH

NI_HO05 NI_HO05 1| SCH7E SCH7 SCH

NI_HO06 NI_HO6 1 SCH7J SCH7 SCH

NI_HO7 NI_HO7 1 SPD3J SPD3 SPD

NI_HO08 NI_HO8 1 SPD5I SPD5 SPD
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D. Cytospora species

Species
Cytospora
sp.

ITS

Haplogrp
name

CS_Ho1

CS_HO03
CS_H26
CS_H27
CS_H28
CS H24
CS_H25
CS_HO05
CS_H20
CS_Ho04
CS_H33
CS_H06
CS_H21
CS_H22
CS_H29
CS_H23
CS_H30
CS_H31

CS_H32
CS_H02

Bt
Haplogrp
name

CS_Ho1

CS_H03

CS_H02

No.

Isolates/

Haplogr
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Isolate
ID Tree No. Site Name
ANF2D ANF2 ANF
ASH3E ASH3 ASH
ASH3F ASH3 ASH
BLD3D BLD3 BLD
BLD3E BLD3 BLD
LAD7J LAD7 LAD
LAH3E LAH3 LAH
MKR2E MKR2 MKR
SAD1A SAD1 SAD
SAD1E SAD1 SAD
SAD3D SAD3 SAD
SAH6J SAH6 SAH
SCD2C SCD2 SCD
SCD2D SCD2 SCD
SCH10C SCHI10 SCH
SCHS8E SCH8 SCH
SCH8H SCH8 SCH
SPD5F SPD5 SPD
SPH3B SPH3B SPH
SPH4H SPH4 SPH




Figure 3.Al. Examples of pycnidia (showing whole and excised) of @gtwspora species. Top
row: C. chrysosperma. Bottom row, left:C. notastroma. Bottom row, right: branch with both
species present. Here, the bloom thickness and color make distinguishing one species from
another difficult.
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Figure 3.A2. Fifteen isolates each @lytospora notastroma (top) andC. chrysosperma, on
Leonian’s modified medium, approximately two weeks after plating. Photos: Ian Dudley
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Figure 3.A3. Four isolates o€ytospora nivea on Leonian’s modified medium, approximately
two weeks after plating. Photos: lan Dudley.
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Figure 3.A4. An aspen trunk infected with Cytospora canker. Note the variable morphology of
pycnidia formed on the same stem.

119



CH_LAHS]
[
- 37
|
450
CH_ANF2F
n C5_LAHE
LA CH.DLIG
‘L S CHDLIF
2 13 CH_LAD3I
CH_LAD3]
CH_HD3
- CH_HDG
13 C5_SPH4H
- 40
CS_ASHBE
CH_IN38635
n e CHMRIOA
i3 CH_ANF3E
& CS_LAD7]
CH_ANF2B
i o CHERF
CH_EPII
237
, CH_EPL

2 . - CH_SW6D
I3

CH_EPIA
CH.LVID
12
2 CHLVIC
136
CH_LVIA
CHLV2A
CH_LVIF
CHLVIB
CH_HDS
NO_HOS
NO_ASDSH
467 312 -
NO_YAIB
9 12 WO_NP3
== NO_ASD4C
NO_HD9
[ NO_HDG
3 - WO_LADSI
53
82 | NO_LADSE
—s
NO_LAHSI
109 C5_LAHSF
36
Y NO_LAHSF
‘ NO_MNIH
TR NO_MNLT
‘ " ~13 NO_MNIF
| b6 NO_mu38627
— 415 r CS_SADIA
438 L% r — NO_MNIK
= - NO_AC#1
100 7i 36 NO_ANFIE
2 NO_HI0
28 NO_HO3
g NO_HD1
16
NO_HD2
©5_5CD2D
163 cs_scpac
NO_SAD3E
42 321 3
NO_SAD3H
2 NO_HO7
12 WO_YAL4
: 41
NO_HDS

NI_BLDIA
NLHL

NI_ASD2A
NI_SPD3T

NI_KI730503

NI_SPDSI

NI_SCHIE

~ C5_SCHSE

Z NI_SAHSB
NI_SCHIY

‘= Ciyptosplueria

0.06

Figure 3.A5. A maximum parsimony (MP) phylogenetic tree, based on ITS sequences
representing 67 isolates. Values are bootstrap values, with a maximum of 500 (100%).
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Figure 3.A6. A maximum parsimony (MP) phylogenetic tree, based on Bt sequences
representing 45 isolates. Values are bootstrap values, with a maximum of 500 (100%).
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Table 3A1. All likely Cytospora isolates recovered from infected quaking aspen trees, collected
from five states in the U.S.A.

ITS Bt
B- Concateted | Haplogrp | Haplogrp Site
Culture ID Species ITS | tubulin Haplogroup name name Tree ID ID State
AC 3-1 C.notastroma | X X CN_H05 AC3 AC CO
AC 3-3 C.notastroma | X X CN_HO5 AC3 AC CO
AC 4-1 C.notastroma | X NO_H20 AC4 AC CO
ANF1B | C.notastroma | X [Removed] ANF1 | ANF |yt
ANF1D C.notastroma | X X [Removed] ANF1 | ANF |yt
ANFIE | C.notasroma | X NO_H21 ANF1 | ANF |yt
ANF1F C.notastroma | X X CN_H10 ANF1 | ANF |yt
C.
ANF2B chrysosperma X CH_H08 ANF2 ANF uT
C.
ANF2C chrysosperma X X CC_HO1 ANF2 ANF uT
ANE2D Cytospora sp. X X CS_HO01 CS_Ho1 ANF2 ANF uT
C.
ANF2F chrysosperma X CH_H15 ANF2 ANF uT
ANF3B C.notastroma | X X Ambig bp ANF3 | ANF |yt
ANF3C | C.notasroma | X ANF3 | ANF | yr
C.
ANF3E | chrysosperma | X CH_HO9 ANz | ANF O T
C.
ANF3F | chrysosperma X CH_HO8 | \np3 | ANF |y
C.
ASDIA | chrysosperma | X X Asp1i | ASP | co
ASD1B C. nivea X X Cy_HO1 AsD1 | ASD | co
ASD1D C. nivea X NI_HO9 | asp1 | ASD | co
C.
ASD1F chrysosperma X X CC_HOl ASD1 ASD CO
ASD1G C. nivea X X AsD1 | ASD | co
ASD1H C. nivea X X CY_H01 AsD1 | ASD | co
ASD2A C. nivea X X NI_HO2 | NI.HOZ | asp2 | ASD | co
ASD2C C. nivea X X CY_HO1 AsD2 | ASD | co
C.
ASD2G | chrysosperma | X X [Removed] Asp2 | ASP | co
Likely
ASD2H Cytospora sp. ASD4 ASD CO
ASD4B C.notastroma | X X CN_H05 AsD4 | ASD | co
ASDAC C.notastroma | X X NO_H11l | NO_H11 | asps | ASD | co
Likely
ASD4F Cytospora sp. ASD4 ASD CO
ASD4H C.notastroma | X X NO_H12 | NO_H12 | aspga | ASD | co
Likely
ASDA4J Cytospora sp. ASD4 ASD CO
Likely
ASD5H Cytospora sp. ASD5 ASD CO
ASDS| Likely Aspe | ASD | co
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Cytospora sp.

Likely
ASD7A Cytospora sp. ASD7 ASD CO
Likely
ASD7D Cytospora sp. ASD7 ASD CO
Likely
ASD7G Cytospora sp. ASD7 ASD CO
Likely
ASD7I Cytospora sp. ASD7 ASD CO
Likely
ASD9B | Cytosporasp. Aspo | ASP | co
Likely
ASD9C Cytospora sp. ASD9 ASD CO
Likely
ASD9D Cytospora sp. ASD9 ASD CO
Likely
ASD9E | Cytogporasp. Aspo | ASP | co
Likely
ASD9G | Cytosporasp. Aspe | ASP | co
Likely ASD
ASD9H Cytospora sp. ASD9 CO
Likely
ASD9I Cytospora sp. ASD9 ASD CO
Likely
ASD9] | Cytosporasp. Aspe | ASP | co
ASH10B C. nivea CY_HO1 ASH10 | ASH | co
ASH10C C. nivea ASH10 | ASH | co
ASH10E C. nivea CY_HO1 ASH10 | ASH | co
Likely ASH
ASH10G Cytospora sp. ASH10 CO
ASH2I C. nivea AsH2 | ASH | co
Likely
ASH3D Cytospora sp. ASH3 ASH CO
ASH3E Cytospora sp. CS_HO3 | CS_HO3 | AsH3 | ASH | co
ASH3F Cytospora sp. ASH3 | ASH | co
C.
ASH3I | chrysosperma CC_HO3 AsHz | ASH | co
Likely
ASH5C Cytospora sp. ASH5 ASH CO
ASH5D | C.notastroma [Removed] ASH5 | ASH | co
ASHSF | C.notastroma [Removed] AsH5 | ASH | co
ASHSH | C.notastroma [Removed] ASH5 | ASH | co
Likely
ASH7I Cytospora sp. ASH7 ASH CO
Likely
ASH9A Cytospora sp. ASH9 ASH CO
Likely
ASHO9B Cytospora sp. ASH9 ASH CO
Likely
ASHOH | Cytosporasp. AsHo | ASH | co
C.
DSR
BDSR1-2 chrysosperma CC_H01 BDSR1 B CO
BDSR2-2 | C.notastroma CN_HO1 BDSR2 | BDSR | co
Likely
BDSR2-3 | Cytosporasp. BDSR2 | EPSR | co
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BLD1A C. nivea X NI_LHO3 | NLHO3 | gp1 | BLD | co
C.
BLDIF | chrysosperma X BLp1 | °P | co
C.
BLD1G chrysosperma X CC_HO1 BLD1 BLD CO
Likely BLD
BLD1H Cytospora sp. BLD1 CO
C.
BLD2A chrysosperma X CC_HO2 BLD2 BLD CO
C.
BLD2E chrysosperma X CC_HO2 BLD2 BLD CO
C.
BLD2J chrysosperma X CC_HO6 BLD2 BLD CO
BLD3B C. notastroma X CN_HO0S BLD3 | BLD | co
BLD3D Cytospora sp. X BLD3 | BLD | co
BLD3E Cytospora sp. X BLD3 BLD | co
BLD3I C. notastroma X CN_HO5 BLD3 | BLD | co
Likely BLD
BLD3J Cytospora sp. BLD3 CO
Likely BLD
BLD4A Cytospora sp. BLD4 CO
Likely BLD
BLD4B Cytospora sp. BLD4 CO
Likely BLD
BLD4C Cytospora sp. BLD4 CO
C.
BLD4E chrysosperma X CC_HO2 BLD4 BLD CO
C.
BLD4F chrysosperma X CC_HO1 BLD4 BLD CO
Likely BLD
BLD4G Cytospora sp. BLD4 CO
C.
BLDA4I chrysosperma X CC_Hol BLD4 BLD CO
Likely BLD
BLD4J Cytospora sp. BLD4 CO
Likely BLH
BLH2C Cytospora sp. BLH2 CO
Likely BLH
BLH2D Cytospora sp. BLH2 CO
Likely BLH
BLH2E Cytospora sp. BLH2 CO
Likely BLH
BLH2F Cytospora sp. BLH2 CO
Likely BLH
BLH2G Cytospora sp. BLH2 CO
Likely BLH
BLH2J Cytospora sp. BLH2 CO
Likely BLH
BLH3A Cytospora sp. BLH3 CO
Likely BLH
BLH3G Cytospora sp. BLH3 CO
Likely BLH
BLH4A Cytospora sp. BLH4 CO
Likely BLH
BLHAE Cytospora sp. BLH4 CO
Likely BLH
BLH3B Cytospora sp. BLH3 CO
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Likely

BLH
BLH3D Cytospora sp. BLH3 CO
Likely BLH
BLH3E Cytospora sp. BLH3 CO
Likely BLH
BLH5A Cytospora sp. BLH5 CO
Likely BLH
BLH5B Cytospora sp. BLH5 CO
Likely BLH
BLH5C Cytospora sp. BLH5 CO
Likely BLH
BLH5D Cytospora sp. BLH5 CO
Likely BLH
BLH5E Cytospora sp. BLH5 CO
Likely BLH
BLH5F Cytospora sp. BLH5 CO
Likely BLH
BLH5G Cytospora sp. BLH5 CO
Likely BLH
BLH5H Cytospora sp. BLH5 CO
Likely BLH
BLH5I Cytospora sp. BLH5 CO
Likely BLH
BLH5J Cytospora sp. BLH5 CO
C.
BLH
BLH6C chrysosperma X X CC_HO3 BLH6 CO
C.
BLH
BLH6E | chrysosperma | X [Removed] BLH6 co
C.
D
DG11A | chrysosperma | X X [Removed] DG1 G | co
C.
D
DG1-1B chrysosperma X X CC_HO3 DG1 G CO
C.
G
DG1-2A chrysosperma X X CC_HO3 DG1 D CO
C.
DL
DL1C chrysosperma X X CC_HO2 DL1 CO
C.
DL
DL1E chrysosperma X X CC_HO2 DL1 CO
C.
DL
DL1F chrysosperma X CH_H17 DL1 CO
C.
DL
DL1G chrysosperma X CH_H16 DL1 CO
C.
DL
DL1H chrysosperma X X CC_HO2 DL1 CO
C.
DL
DL1I chrysosperma X X CC_H02 DL1 CO
Likely DL
DL2B Cytospora sp. DL2 CO
DL3D C.notastroma | X X CN_HO01 DL3 bL | co
DL3E C.notastroma | X X CN_HO1 DL3 DL co
DNF1B C. nivea X X CY_HO1 DNF1 | DNF |yt
DNF1C C.nivea X X CY_HO1 DNF1 | DNF | yr
C.
EP1A chrysosperma X CH_H10 EP1 EP CO
Likely EP
EP1B Cytospora sp. EP1 CO
Likely EP
EP1C Cytospora sp. EP1 CO
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Likely

EP1E Cytospora sp. EP1 EP CO
EP1F chrysoiberma X CH_H11 EP1 EP CO
EP1| Chrysocsberm X X CH_HO7 | CH_HO7 Ep1 EP | o
EP1J chrys_oiberma X CH_H12 EP1 EP CO
FC11 qaé%';ﬁ'rﬁ sp. FC1 FC1 | co
FC1A chrygocsberm X X CC_H06 FC1 FC1 CO
FC1C Cyt;l;glr)g sp. FC1 FC1 | co
FC2A C.notastroma | X X CN_HO1 FC2 FC2 | co
FC28B chrysoiberma X X CC_HO6 Fc2 | Fc2 | co
FC3B C.notastroma | X X CN_HO06 FC3 FC3 | CO
FC4A chrysoc;perm X X CC_HO3 FC4 FC4 CO
FC6 chrys_oiberma X X CC_HO3 FC6 FC6 CO
FC61 qnlc;élgf)lr)g sp. FC6 FC6 | CO
FC61A chrysoc;perma X X [Removed] FC6 | FC6 | CO
FC61B chrysoiberma X X CC_HO3 FC6 FC6 | CO
FC62 C.notastroma | X X CN_HO01 FC6 FC6 | CO
FC63 chrysoc;perma X X CC_HO3 FC6 | Fce | coO
FRIA qaéé:?,ﬁ'ri sp. FR1 FR | co
FR1B Cytlo_;(ce)lr)g sp. FR1 FR | co
FR1D q/tcl;g;glr); sp. FR1 FR | co
GW2A chrysoiberma X X CC_HO2 GW2 | GwW | co
GW2B chryséberma X X CC_H02 GW2 | GW | co
GwW2C chryso%perma X X CC_HO2 GW2 GW CO
GW2D1 chrysoiberma X X CC_HO1 GW2 | GwW | co
GW2D2 chrysocsberma X X [Removed] GW2 | GW | cO
GW2E chrysoiberma X GW2 | Gw | co
GW2F C.notastroma | X X CN_H10 GW2 GW | co
LAD10E Cytc%;()?)lr)z; sp. LAD10 | LAD | wy
LAD10E q«éé';ﬁ'rya sp. LAD10 | LAD | wy
LAD10J Cytlo_gce)lr)g sp. LAD10 | LAD | wy
LAD1D Cytl(;él;()(e;lr); sp. LAD1 | LAD | wy

126




Likely

LAD2C Cytospora sp. LAD2 LAD WY
LAD2J q/téélgce)lr}; sp. LAD2 | LAD | wY
LAD3A C. notastroma CN_HO03 LAD3 | LAD | wy
LAD3B chrys_o(;perma CC_HO1 LAD3 | LAD | wy
LAD3C cwééﬁ'rﬁ sp. LAD3 | LAD | wy
LAD3D chrygoiberma CC_HO1 LAD3 | LAD | wy
LAD3E q,tééléﬁ'rya sp. LAD3 | LAD | wy
LAD3F Cyul:_gilr)g sp. LAD3 | LAD | wy
LAD3G Cytlt;élf;glr)g sp. LAD3 | LAD | wy
LAD3H qaégf,ﬁ'rﬁ sp. LAD3 | LAD | wy
LAD3I chrysocsberma CH_H18 LAD3 | LAD | wy
LAD3J chryspiberma CH_H19 LAD3 | LAD | wy
LAD7C q/té!;ilr); sp. LAD7 | LAD | wy
LAD7! Cytlo_élp()(ce)lr)g sp. LAD7 | LAD | wy
LAD7J Cytospora sp. LAD7 LAD WY
LADSB C. notastroma NO_H19 LAD8 | LAD | wy
LADBE Cytéé'éﬁlrﬁ sp. LAD8 | LAD | wy
LAD8I C. notastroma NO_H29 LAD8 | LAD | wy
LAH10D Cytlo_;(ce)lr); sp. LAH10 | LAH | wy
LAH10F qnéélg()?)lr); sp. LAHI10 | LAH | wy
LAH10G Cyul:_gilr)g sp. LAHIO | LAH | wy
LAH10I c;ytég;i'rﬁ sp. LAH10 | LAH | wy
LAH1A chryso%perma [Removed] LAHL | LAH | wy
LAH1B chrys_ocsbema CC_HO4 LAHL | LAH | wy
LAH1C Cytlc;;()?)lr)z; sp. LAHL | LAH | wy
LAH1D chrysoiberma CC_HO1 LAHL | LAH | wy
LAH1E chrysocsberma CC_Ho1 LAHL | LAH | wy
LAH1H chryspiberma CC_Ho1 LAHL | LAH | wy
LAH1I q/té!;?r); sp. LAHL | LAH | wy
LAH1J Cytlo_;;ilr)g sp. LAHL | LAH | wy
LAH1J Cytlc;él;()ilr); sp. LAHL | LAH | wy
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Likely

LAH2A1 Cytospora sp. LAH2 LAH WY
Likely
LAH2A1 Cytospora sp. LAH2 LAH WY
C.
LAH2A2 chrysosperma CC_H01 LAH2 LAH WY
C.
LAH2A3 chrysosperma CC_Hol LAH2 LAH WY
C.
LAH2B chrysosperma CC_HO4 LAH2 LAH WY
LAH3E Cytospora sp. LAH3 LAH WY
Likely
LAH4F Cytospora sp. LAH4 LAH WY
Likely
LAH4G Cytospora sp. LAH4 LAH WY
Likely
LAH5C Cytospora sp. LAH5 LAH WY
Likely
LAHS5J Cytospora sp. LAH5 LAH WY
LAH6B C. notastroma CN_Ho8 LAH6 | LAH | wy
Likely
LAH6D Cytospora sp. LAH6 LAH WY
LAH6F C. notastroma NO_H28 LAH6 | LAH | wy
C.
LAH6G chrysosperma CC_HO5 LAHG6 LAH WY
Likely
LAHG6H Cytospora sp. LAHG6 LAH WY
LAHSI C. notastroma NO_H23 LAH6 | LAH | wy
C.
LAHG6J chrysosperma CH_H28 LAH6 LAH WY
Likely
LAH7B Cytospora sp. LAH7 LAH WY
LAHSF C. notastroma NO_H24 LAH8 | LAH | wy
Likely
LAHOC Cytospora sp. LAH9 LAH WY
Likely
LAHOF Cytospora sp. LAH9 LAH WY
Likely
LAH9G Cytospora sp. LAH9 LAH WY
Likely
LAH9J Cytospora sp. LAH9 LAH WY
C.
LV1A chrysosperma CH_H22 LV1 LV CO
C.
LV1B chrysosperma CH_H23 LV1 LV CO
C.
LV1C chrysosperma CH_H24 LV1 LV CO
C.
LV1D chrysosperma CH_H25 LVvV1 LV CO
C.
LV1F chrysosperma CH_H26 LV1 LV CO
C.
LV1G chrysosperma CC_HO5 LV1 LV CO
C.
LV2A chrysosperma CH_H27 LVvV2 LV CO
C.
LV2B chrysosperma CC_HO5 LV2 LV CO
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C

LV2C chrysosperma X CH_HO9 LVvV2 LV CO
Likely
LVv2D Cytospora sp. LVv2 LV CO
Likely
MKR1A Cytospora sp. MKR1 MKR CO
Likely
MKR1B Cytospora sp. MKR1 MKR CO
Likely
MKR1C Cytospora sp. MKR1 MKR CO
C.
MKR22 chrysosperma X X CC_HO3 MKR2 MKR CO
MKR22_E C. X
L chrysosperma MKR2 MKR CO
C.
MKR2A chrysosperma X CH_H14 MKR2 MKR CO
Likely
MKR2B Cytospora sp. MKR2 MKR CO
Likely
MKR2D Cytospora sp. MKR2 MKR CO
Likely
MKR2D Cytospora sp. MKR2 MKR CO
MKR2E Cytospora sp. X CS_HOS | MKR2 | MKR | CO
C.
MM1A chrysosperma X CH_H11 MM1 MM CO
C.
MM1B chrysosperma. | X X [Removed] MM1 MM | CO
C.
MM1E chrysosperma | X X [Removed] MMLI | MM | CO
MN1A C.notastroma | X X CN_HO1 MN1 MN | MN
MN1B C.notastroma | X X CN_HO01 MN1 MN MN
MN1C C.notastroma | X X CN_HO1 MN1 MN | MN
MN1D C. notastroma X NO_H18 | N1 MN | MN
MN1E C.notastroma | X X CN_HO1 MN1 MN MN
MN1F C.notastroma | X NO_H26 MN1 MN MN
INL Likely X
G Cytospora sp. MN1 MN MN
MN1H C.notastroma | X NO_H27 MN1 MN | MN
MN1K C.notastroma | X NO_H25 MN1 MN | MN
MNIJ C.notastroma | X NO_H18 MN1 MN | MN
Likely
NL2B Cytospora sp. NL2 NL uT
NL3B C.notastroma | X X CN_HO02 NL3 NL uT
NL4B C.notastroma | X X CN_H08 NL4 NL | uT
NL4C C.notastroma | X X CN_H09 NL4 NL uT
NP1 C.notastroma | X X CN_H09 NP1 NP co
Likely
NP2 Cytospora sp. NP1 NP CO
NP3 C.notastroma | X X NO_H13 | NO_H13 NP1 NP co
PF1 C.notastroma | X X CN_Ho07 PF1 PF_| CO
PF2 C.notastroma | X X CN_HO07 PF1 PF co
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PF3 C.notastroma | X X CN_HO07 PF1 PF co
RCKEP1A | C.notastroma | X X CN_HO6 RCKEP1| RC | CO
RCKEP2A | C.notastroma | X X CN_H06 RCKEP1| RC co
RCKEP3A | C.notastroma | X X CN_HO06 RCKEP1| RC [ofe)

Likely
SADI10E Cytospora sp. SAD10 SAD CO
Likely
SAD10F Cytospora sp. SAD10 SAD CO
SAD1A Cytospora sp. X SAD1 | SAD | CO
Likely
SAD1C Cytospora sp. SAD1 SAD CO
SADI1E Cytospora sp. X CS_HO04 | sap1 | SAD | coO
Likely
SAD1F Cytospora sp. SAD1 SAD CO
Likely
SAD1H Cytospora sp. SAD1 SAD CO
Likely
SAD3A Cytospora sp. SAD3 SAD CO
SAD3D Cytospora sp. X SAD3 SAD CO
SAD3E | C.notastroma | X X [Removed] | NO_H15 | NO_H15 | sap3 | sAaD | co
SAD3H C.notastroma | X X [Removed] | NO_H16 | NO_H16 | sap3 | SAD | co
Likely
SAD5B Cytospora sp. SAD5 SAD CO
Likely
SAD5F Cytospora sp. SAD5 SAD CO
Likely
SAD5SH Cytospora sp. SAD5 SAD CO
Likely
SADS5J Cytospora sp. SAD5 SAD CO
Likely
SADYH Cytospora sp. SAD9 SAD CO
Likely
SAH3B Cytospora sp. SAH3 SAH CO
C.
SAH3C | chrysosperma | X X CC_HO1 SAH3 | SAH | co
C.
SAH3D | chrysosperma | X X CC_Hol SAH3 | SAH | co
C.
SAH3F chrysosperma X CH_H12 SAH3 SAH CO
C.
SAH3H | chrysosperma X CHHI3 | sans | saH | co
C.
SAH3J | chrysosperma | X X [Removed] SAH3 | SAH | co
SAH5B C.nivea X X NI_HO4 | NI_HO4 | saH5 | SAH | coO
Likely
SAH5E Cytospora sp. SAH5 SAH CO
Likely
SAH5H Cytospora sp. SAHS5 SAH CO
C.
SAH6B | chrysosperma | X CH_H20 SAH6 | SAH | co
SAH6J Cytospora sp. X CS_HO6 | CS_HO6 | saHe | SAH | coO
Likely
SAH7E Cytospora sp. SAH7 SAH CO
SCD2C Cytospora sp. X X SCD2 | SCD | CO
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SCD2D Cytospora sp. SCD2 SCD CO
Likely

SCD2E Cytospora sp. SCD2 SCD CO

SCD2F | C.notastroma CN_HO8 SCD2 | sCD | CO
Likely

SCD2J Cytospora sp. SCD2 SCD CO
Likely

SCD5B Cytospora sp. SCD5 SCD CO

SCH10C Cytospora sp. SCH10 | SCH CO
Likely

SCH10D Cytospora sp. SCH10 SCH CO
Likely

SCH10F Cytospora sp. SCH10 | SCH CO
Likely

SCH6C Cytospora sp. SCH6 SCH CO
Likely

SCH6H Cytospora sp. SCH7 SCH CO
Likely

SCH7A Cytospora sp. SCH7 SCH CO
Likely

SCH7B Cytospora sp. SCH7 SCH CO
Likely

SCH7C Cytospora sp. SCH7 SCH CO

SCH7E C.nivea NI_LHOS | NILHOS | scH7 | scH | coO
Likely

SCH7H Cytospora sp. SCH7 SCH CO

SCH7J C.nivea NI_LHO6 | NIHO6 | scH7 | scH | co
Likely

SCH8D Cytospora sp. SCH8 SCH CO

SCHS8E Cytospora sp. SCHS8 SCH CO

SCH8H Cytospora sp. SCH8 SCH CO
Likely

SPD1B Cytospora sp. SPD1 SPD CO
Likely

SPD2C Cytospora sp. SPD2 SPD CO
Likely

SPD2I Cytospora sp. SPD2 SPD CO
Likely

SPD2J Cytospora sp. SPD2 SPD CO

SPD3J C. nivea NI_HO7 | NILHO7 | spp3 | sPD | cO
Likely

SPD4A Cytospora sp. SPD4 SPD CO
Likely

SPD4B Cytospora sp. SPD4 SPD CO
Likely

SPD4C Cytospora sp. SPD4 SPD CO

SPD4D C. nivea Cy_Ho1 SPD4 | SPD | CO

C.
SPDA4F chrysosperma CC_Hol SPD4 SPD CO
C.

SPD4H chrysosperma CC_HO1 SPD4 SPD CO
Likely

SPD4l Cytospora sp. SPD4 SPD CO
Likely

SPD4J Cytospora sp. SPD4 SPD CO
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SPD5F Cytospora sp. X X SPD5 | SPD | CO
SPD5| C. nivea X X NI_H08 NI_HO08 SPD5 | SPD | CO
Likely
SPD7A Cytospora sp. SPD7 SPD CO
Likely
SPD7A Cytospora sp. SPD7 SPD CO
C.
SPH2B | chrysosperma | X X CC_Ho4 SPH2 | SPH | co
C.
SPH2C chrysosperma X X CC_Ho4 SPH2 SPH CO
SPH3B Cytospora sp. X SPH3 | SPH | CO
Likely
SPH4C Cytospora sp. SPH4 SPH CO
Likely
SPH4D Cytospora sp. SPH4 SPH CO
Likely
SPH4E Cytospora sp. SPH4 SPH CO
Likely
SPH4F Cytospora sp. SPH4 SPH CO
Likely
SPH4G Cytospora sp. SPH4 SPH CO
SPH4H Cytospora sp. X X CS_HO02 | CS_HO2 | gspH4 | SPH | CO
Likely
SPH4J Cytospora sp. SPH4 SPH CO
C.
SPH5I | chrysosperma X CHHI0 | spys | spH | co
Likely
SPH6D Cytospora sp. SPH6 SPH CO
Likely
SPH6J Cytospora sp. SPH6 SPH CO
Likely
SPH7I Cytospora sp. SPH7 SPH CO
Likely
SPH7I Cytospora sp. SPH7 SPH CO
SRES2 | C.notasroma | X X CN_H05 SRES2 | SRES | CO
SRES4C | C.notastroma CN_H10 SRES4 | SRES | CO
Likely
SW2P1 Cytospora sp. SW1 SW CO
SW5B C.notastroma | X X CN_H02 SwWi1 SwW | co
C.
SW6D chrysosperma X CH_H13 SW1 SW CcO
SW6P2 | C.notastroma | X X CN_HO03 swi sw | co
SW6P3 | C.notastroma | X X CN_H02 Swi1 SW | co
SW6P4 | C.notastroma | X X CN_H02 SwWi1 SwW | co
SW6P5 | C.notastroma | X X CN_H02 Swi SW | co
SW7C C.notastroma | X X CN_HO02 swi sw | co
SW7C1 | C.notastroma | X X CN_H03 Swi1 SW | co
SW7D C.notastroma | X X CN_H03 SWi1 SwW | co
SWS8A C.notastroma | X X CN_HO03 SW1 SW | co
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Table 3A2. Collection locations o€ytospora isolates included in this study.

Site UTM, uTMm,
name Easting Northing
LAD 472334.0 4570564.0
LAH 466252.0 4556893.0
MM 454539.8 4516146.8
BLD 271265.4 4451436.4
BLH 284246.0 4415173.0
DL 453162.3 4516086.7
ASD 343811.7 4326303.5
ASH 327989.8 4373583.0
SAH 390930.2 4293937.7
SAD 419397.4 4302439.3
SCD 446913.1 4217969.8
SCH 489489.9 4212748.6
SPH 447516.7 4301889.5
SPD 431745.2 4364322.1
BDSR 455823.8 4510856.2
SW 506267.1 4427201.7
FC 490496.1 4488533.0
FC 492362.9 4488272.9
FC 490619.1 4489467.5
FC 491143.9 4488214.7
RC 434456.2 4504205.5
AC 443265.3 4505539.1
DG 452653.4 4505719.7
FC 492152.6 4488363.5
EP 451597.6 4471953.1
LV 513507.0 4420844.1
SRES 337400.1 4446646.4
GW 298028.7 4381952.2
MKR 251878.0 4436740.9
NP 414451.5 4481497.5
PF 431237.9 4501222.4
YA 320137.3 4450162.0
ANF 90405.1 4520231.6
NL -202946.1 4191778.6
DNF -202946.1 4191778.6
WLGL -66743.7 5424446.1
MN 1456060.3 5102951.6
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CHAPTER 4
THE ASPEN BARK BEETL E, TRYPOPHLOEUS POPULI, AS A POTENTIAL VECTOR
OF CYTOSPORA CANKER (CYTOSPORA SPP.) ON QUAKING ASPEN POPULUS

TREMULOIDES MICHX.)

SUMMARY

The aspen bark beetl&;ypophloeus populi, is known as a stress-related damage agent
on quaking aspen. In a previous study, we often fadumpopuli attacking host trees also infected
with Cytospora canker. We wished to determine whelhpopuli is a potential vector of
Cytospora canker, and wheth@&ytospora inoculum could be recovered from adult beetles or
gallery tissues. We did not recover atospora isolates from 161 adult. populi beetles
cultured, and only tw@&ytospora isolates from 42 beetle galleries and seven adult aspen. We
suspect that these isolates, cultured from two trees, were a result of a previdisjrdedoth

host trees had extensive cankers as wellytsspora fruiting bodies.

INTRODUCTION

In the western United States, two species of bark beetles (Solytinae) are knowrkto attac
guaking aspenRopulus tremuloides): Trypophloeus populi andProcryphalus mucronatus (Petty,
1977). Both are of the Cryphalini tribe, and are phloeophagus and monogamous (Wood, 1982).
Identifying these insects generally requires a microscbgmpuli averages 1.5-2.1 mm akRd
mucronatus averages 1.8-2.2 mm in length. A reliable feature for telling the two apart is the

length of the antennal funicle and the shape of the antennallclpdpuli have a five-segmented
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funicle, and a slender antennal club, the apex of which is narrowed. MemBerswuaf onatus
have a distinctly rounded antennal club (Wood, 1982).

Weakened or stressed aspen are preferred hostpaguli, although apparently healthy
trees have also been reported to be mass-attacked by this insect (Petty, 1977 gSa&wa
1979). Adults emerge in July-August and fly to new host trees, attacking the main stem and
branches of the host from the lower bole to the crown (Petty, 1977; Stewart et al. 1979). Female
beetles begin to excavate a cave type primary gallery and as the femaigs emremove
boring dust, males copulate with them. The male may then either move on or follow thee femal
into the gallery (Petty, 1977; Stewart et al. 1979). Territorial behavior occursdoetmades and
females: a female searching for a potential gallery site may displace areotlaés &lready
constructing her primary gallery; any male protruding above a primary gallery ensance
potential target for other, mate-less males (Petty, 1977; Stewart et al. 1979). Upaeticonapl
the primary gallery, females lay an average of fourteen eggs either in a singlernmasvo to
three separate lobes in the primary gallery directly below the paper-thin outer éigyk {877
Stewart et al. 1979Petty (1977) hypothesized that such a placement aids larval development, as
heat from the sun could aid incubation, or allow air flow around the egg masses, preventing
bacterial or fungal infestation. First-instar larvae construct meandering feedingstuamepass
through a second and third instar before excavating a frass-free pupation niche. Newly formed
adults emerge and seek a new host tree (Petty, 1977; Stewart et alAll9idStar phases may
overwinter, however Petty (1977) observed that survival was greater for second- and third-
instars. Former brood trees can be identified by the characteristic cracking of tharkhi

covering the primary and larval feeding galleries (Petty, 1977; Stewart et a). 1979

139



A tree that has been hostToypophloeus populi may weeks later become attacked by
Procryphalus mucronatus, which is noted by Petty (1977). Unlike its coustnmucronatus
targets recently-killed host trees, particularly those with spongy, fermenting bésk (P&7,
Stewart et al. 1979). Host selection and mating behaviors are very similgooquli, with the
exception that malB. mucronatus beetles help the females excavate the primary gallery, which
is slightly larger (14 mm average length, vs 10 mm) thgpopuli. Females lay an average of 16
individual eggs in niches along the primary gallery, and then cover each with boringasiuae L
feed in a meandering pattern, and pass through two instar phases before pupating. Alldife stage
except pupae and eggs may overwinter. Adults that have overwintered may eneandye @s
April and May to search for new hosBs.ocryphalus mucronatus produces 1.5- 2 generations
per year (Petty, 1977; Stewart et al. 1979

A third bark beetle known to occur &wopulus tremuloides, though not in Colorado, is
Trypophloeus thatcheri. Like T. populi, this species attacks bark tissue of dying aspen or black
cottonwood Populus trichocarpa) (Wood, 1982). Incidence of this beetle has been reported
along the Pacific coast, from British Columbia to California (Wood, 1982). Another
Trypophloeus species found in North America, striatulus (Mannerheim) occurs primarily in
the boreal zone from Alaska to Nova Scotia and feedglt leaf willow &alix alexensis
(Andersson) Coville) (Furniss, 2004). Furniss frequently observed Cytospora cankers on stems
infested byT. striatulus, although he found no evidence that the beetles vectored the fungus
(Cytospora sp.)(2004).

Three other beetles often found on quaking aspen in Colorado include an ambrosia beetle,

Trypodendron retusum, and two wood borer speci€aperda calcarata (Cerambycidae) and
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Agrilusliragus (Buprestidae). The widely distributed aspen ambrosia b@gtledendron
retusum (Cucurlionidae), attacks weakened aspen trees (Hinds & Davidson, 1972).

Petty, Stewart, and others in their investigations. gopuli (Petty, 1977; Stewart et al.
1979), observed that trees recently attacked by these beetles often displayed areas of orang
tissue surrounding entrance holes. He successfully cultured the fungus, but did not identify it.
This work, coupled with an aspen health survey conducted 2009-2010, in which we observed
that aspen that had been attacked by bark beetles also had Cytospora canker, led us ¢o speculat
thatT. populi is a vector for at least one specie€ygtospora. The questions we wished to
answer were: (1) do adult populi beetles carry spores or hyphae of one or migtespora

species? (2) Does one or m@yospora species occur if. populi egg galleries?

MATERIALS AND METHODS
Emergence cages

Eight dying adult aspen trees having a DBH of 12.0 cm or greater were collected from
five locations in Fort Collins, Colorado, and from a single location on the Pike National Forest in
central Colorado. Three of the trees selected showed evidence of past beetle auativias
minute exit holes (< 1 mm diameter), and small (2-3 cm) diameter patches of dead bark, which
when removed revealed meandering feeding galleries. Potential source treeent#ied and
felled between June of 2012 and April 2014. Emergence boxes used in this study were
constructed from wooden oriented strand board (OSB), and measured approximately 90cm on
each side. The front of each box was covered with bronze screen, and a square piece of black
woven weed barrier to exclude daylight. A glass mason jar was affixed over a circulavédrle

the bottom of each box, and was the sole source of light into each emergence box. Two to three
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logs from the same tree were placed in each emergence box, and jars were checkeddor beetl
weekly for a period of 6-8 months. Emerged beetles were placed in sterile, 1.0 mL pddsstic vi
ard stored in a -20 C freezer. All beetles were examined under a dissecting microscope to
confirm the species, and tallied based on date of emergence and source tree. Other insec
emerging from the source trees were noted, but not tallied.
Feeding Assay

Adult beetles were collected daily as they emerged, and were immegiatsdg in a
paper bag with freshly-cut sections of young aspen (2-3 cm dbh), and the bag was then placed
inside of a clear plastic box (45 cm x 25 cm x 20 cm). A dozen beetles were placed in each box,
with a total of six boxes of beetles and aspen branches. Boxes were stacked out of direct sunlight
in a laboratory at ambient (25 °C) conditions, and checked daily for evidence of beetle feeding.
Trapping Assay

It is unknown whethef. populi respond to a particular hormone lure, so we utilized three
different lure types (ambrosia beetle lure, turpentine beetle lure, or none) placed neimdg
funnel-type traps at two sites on the Pike National Forest in central Colorado in June, 2012. The
two sites were selected based upon a previous study, conducted in 2009-2010 that indicated
presence of dying trees and aspen bark beetles (Dudley, et al. 2015). At each site, a 278-meter
(900 ft) transect was established, and one trap hung from the nearest adult aspen té€e every
meters (150 ft) along the transect. For each trap placed along the transect, two mormeréraps w
established ten meters from the first trap, at an angle of 60° between them (Fig 1)oA tota
twenty-one traps were established at each of the two sites, in seven clusterstadibrésach
cluster included one trap without a lure (“none”), one trap with an ambrosia beetle-type lure

(Gnathotrichus sulcatus), and one trap with a turpentine beetle-type lren@roctonus valens).
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Beetle lures were obtained from Synergy Semiochemicals Corporation (Burnaby, BC, Canada).
No killing agent or liquid was used in collection cups. All traps were checked weekly ftasbee
June-September, 2012.
Isolation of beetles and beetle parts

A series of isolations were made from various beetle parts using ffopepuli adult
beetles obtained from emergence boxes. Either Y2-strength potato dextrose agar (PDA) or ¥a-
strength PDA amended with two antibiotics (streptomycin and chlorothalonil at 100 maglL) w
used in all isolations. A variety of aseptic isolation techniques wereegtilincluding: whole
beetle maceration; whole beetle maceration with surface disinfestating @itsier a 10%
bleach solution, or 70% ETOH); direct plating of beetle elytra (6 beetles); streaking t# a pla
with beetle elytra (6 beetles); vortex and streaking of an intact beetle in stdelg5abeetles);
maceration and plating of the macerate (50 beetles). In combination with thesgqueshwe
also vortexed some whole adult beetles in sterile water and in a solutionlefvgéter and
Tergitol™ 15-S-9 surfactant (The Dow® Chemical Company, Midland, Ml), or sterile water and
mild liquid castile soap (Dr Bronner’s® Magic Soaps, Vista, CA). Three concentrations of
Tergitol® were tested, including a 1:50 (0.02x) surfactant:sterile water solution (3Gpeetle
well as a 1:10,000 (0.00001x) solution (18 beetles) and1:12,500 (0.000008x) surfactant:sterile
water solution (24 beetles). Three concentrations of Dr Brd©1@esoap were tested, including
a 1:50 (0.02x) sufactant:sterile water solution (24 beetles), a 1:100 (0.01x) sufactant:sterile water
solution (14 beetles), and a 1:200 (0.005x) sufactant:sterile water solution (14 beetles); plating of
beetle head capsule following immersion and vortexing in a 0.01x solution of castile soap in
sterile water (8 beetles); plating of beetle head capsule following immersion andngpitea

0.005x solution of castile soap in sterile water (8 beetles) For each surfactant solutionflene bee
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was placed in a sterile 1.2 mL screw-top microcentrifuge vial and placed inex &bra&5
seconds, then a centrifuge for 30 seconds in order to dissipate excessive foam. The contents of
each vial was streaked onto a plate of ¥%2-strength potato dextrose agar (PDA), sbaled wi
Parafilm M ® (Bemis Company, Inc. Oshkosh, WI), and placed in an incubation chamber at 25
°C for a period of up to three weeks. Cultures were examined for preseQyiespbra species,
and a few non-Cytospora single-spore isolates were transferred to a 250-mL beakquidith [i
media (potato dextrose broth). Beakers were placed in a shaking indob&t6érdays at 25C.

Once fungal tissue samples had grown to about 2 cm in diameter, they wereaxtracte
from the liquid medium using a centrifuge, placed in 2 mL plastic vials, and stored i€a -4 °
freezer. DNA extraction was performed using the Invitrogen DNA extraction kit (Life
Technologies, Grand Island, NY). Following extraction, nucleotide concentration sdrtides
was assessed using a Nanodrop© 2000 sensor (NanoDrop Products, Thermo Scientific,
Wilmington, DE). Samples that contained at least 15 ng/ul of DNA were then used for
polymerase chain reaction (PCR), usinggCycler ™ Thermal Cycler (Bio-Rad Laboratories,
Inc. Hercules, CA). Primers used in this study included ITS1 and ITS4, for the amplification of
the 5.8S rDNA subunit. Successful PCR products were purified using a Roche High Pure PCR
Product Purification K (Roche Diagnostics Corp., Indianapolis, IN), and DNA concentrations
were again assessed using the Nanodrop© sensor. Approximately half of the samples were sent
for sequencing to the Colorado State University Proteomics and Metabolomiday,Fawil half
to the University of Arizona Genetics Core facility (Tucson, AZ). All sequenees identified
using the standard nucleotide BLAST Sequence Analysis Tool (Altschul, et al. 1990).

Isolation of gallery tissues
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A series of isolations were conducted using discolored bark tissue in and around beetle
galleries. Six individual galleries from seven of the eight attacked aspen treesyglseplaced
in emergence cages) were selected, and four pieces of bark tissue ) \@ergremoved from
each gallery and plated onto a single plate of %2-strength potato dextrose agar (PRAy-Al
two plates were incubated in a laboratory under ambient conditions (25 °C) for a period of three

weeks, during which they were examined for evidend@ytdspora species.

RESULTS
Emergence cages, feeding and trapping assays.

We collected 830 adul. populi beetles and 450 adu?t mucronatus beetles from eight
adult aspen trees over a period of eight to twelve months. The emergence peFiqubati
lasted from May-July, and peaked in May (Figure 2). The emergence peridiiocronatus
lasted from June- August, and peaked in July (Figure 2). Under the artificial conditions in the
lab, T. populi appeared to either undergo a second emergence period in the autumn, with 2
beetles emerging as late as January (Figure 2), or some of the adult beettasriied earlier
in the spring may have tunneled back into the logs still in the cages and produced a secpnd, false
emergence.

Of the 72 adulf. populi beetles placed in bins with freshly-cut aspen branches, only a
single beetle appeared to feed on the aspen branches. All others died without feeding or
producing entrance holes in the bark.

A single adulfT. populi beetle was captured over the summer of 2012. A variety of

insects were trapped each week, but none of them pertained to the focus of this study.
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| solation from beetle parts and plant tissues surround galleries.

Overall, 76% the 214 plates (representing 161 bark beetles) produced no fungi, and very
little bacteria (Figure 2). N@ytospora isolates were recovered from any of the plates. The non-
Cytospora fungal cultures obtained includéaetomium globosum andClonostachys rosea.

Of the seven aspen trees and 42 galleries examined and cultured, we recovered two
Cytospora isolates from two galleries in two trees. These isolates were identified by nagyhol

to beC. chrysosperma.

DISCUSSION

The results of this study suggests that the aspen bark Begibpuli, does not vector
Cytospora species, or if it does, it is a poor vector. Although we recov@yembpora isolates
from tissues surrounding galleries on two aspen trees, we suspect that these trees were
systemically infected with the fungus, as cultures were also made from numerous fruitesy bodi
found in clusters over most of the bark surface. Worrall et al. (2010) successfully i€dlated
umbria from symptomless aldeAlnus incana ssp.tenuifolia) tree tissues, and thus it is possible
that theCytospora we isolated were, at that time, existing epiphytically.

Petty (1977) described an orange-colored canker on the aspen trees from which he
collectedT. populi. Although he did not identify the fungus, it seems likely that the canker he
was describing waSytospora. However, it is important to note that bathpopuli and
Cytospora spp. are secondary damage agents to quaking aspen, and generally only successfully
colonize hosts trees experiencing some form of environmental stress (Bloomberg, 1962a &
1962b; Petty, 1977; Guyon, et al. 1996; Marchetti, et al. 2011). Cytospora is nearly ubiquitous in

guaking aspen stands, especially those undergoing extensive dieback and mortality, @Vorrall
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al. 2008; Marchetti et al. 2011; Dudley, et al. 2015). Thus, it may have been coinciderited tha
dying aspen on which thetty’s (1977) description of T. populi was based also had Cytospora
canker. Alternatively, the beetles could also provide entry points to infectiGgtospora from

the feeding and egg gallery construction.

We note that Furniss (2004) also hypothesizedThsitiatulus (found onSalix alaxensis
Colville) carriedCytospora, as he described frequently finding the two together on the same
host. Upon examination with electron microscopy, however, Furniss showed that the few
conidiospores present dnstriatulus adults were far too large (with a diameter of 8 pm) to be
Cytospora conidia(approximately 3 um) (Furniss, 2004). We did not investigate the possibility
that Cytospora species could produce volatile compounds as it attacks a host tree, which could
serve as an attractaiotT. populi. This idea was likewise suggested by Furniss (2004) to occur
betweerSS alaxensis andT. striatulus. However, because we could not consistently isolate
Cytospora from the majority of host tissues (or adult beetles), an investigation of the purported
semiochemicals found such a relationship would have to include those compounds produced by
drought-stressed or otherwise dying quaking aspen trees.

In summary, we did not deteCytospora on any of the adult aspen bark beetles we
attempted isolations from, and recovered only @ytospora isolates overall from gallery tissue,
and which we suspect were a result of a previously-infected host tree. Thus, althougle multipl
aspen health surveys have detected high incidence of both Cytospora canker and evidence of

aspen bark beetles, the relationship between the two (if one exists) remains unclear.
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FIGURES AND TABLES
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Figure 4.1 Schematic of Lindemann funnel traps placed at two sites on the Pike National Forest
in central Colorado, June-September 2012. Yellow stars represent traps placed alongebe tra
red stars represent two additional traps placed 10 meters from the first trap. Each of theethree |
treatments were assigned randomly to each triplet of traps.
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Figure 4.2 Numbers of adultrypophloeus populi andProcryphalus mucronatus bark beetles
emerging from eight adult (> 12 cm DBH) aspen trees placed in emergence cages, from June
2012-November 2014. Autumn includes the months September-November; Winter includes the
months December-Januaionthly counts represent up to three years’ worth of data.
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Figure 4.3.Clockwise, from top left: Bark beetles that occur on quaking aspen (left)
Procryphalus mucronatus and (right)Trypophloeus populi; Right: frass at gallery entries on a
quaking aspen; a close-up of the head capsule of anTagpdiphloeus populi (note the
elongated antennal club); adult T. populi beetles.
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Figure 4.4. Photograph of isolates obtained from adulpopuli beetles, vortexed with 50 uL
sterile water and streaked onto Y4-strength potato dextrose agar plus antibiotics.
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