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Bark beetles vector symbiotic fungi and the success of these mutualisms may be limited
by competition from other microbes. The outcome of fungal competition is strongly
influenced by the physical and chemical conditions of the wood they inhabit. These
conditions are in turn subject to climatic variation. In particular, wood moisture content
(MC) influences fungal competition and, therefore, could help determine environmental
suitability for thousand cankers disease (TCD) caused by Geosmithia morbida and its
vector Pityophthorus juglandis. We conducted competition experiments in Juglans nigra
wood that was naturally or artificially colonized by G. morbida and other fungi over
a range of wood MC expected across prevailing United States climatic conditions.
G. morbida outcompeted antagonistic fungi Clonostachys and Trichoderma spp. at
<5% equilibrium moisture content. Aspergillus spp. outcompeted G. morbida at low
moisture in wood from Indiana. We fit a logistic regression model to results of the
competition experiments to predict survival of G. morbida across the United States.
Expected survival of G. morbida was highest in historical TCD epicenters and accounted
for the low incidence and severity of TCD in the eastern United States. Our results
also predict that under future climate scenarios, the area impacted by TCD will
expand into the native range of J. nigra. Given its role in emergent forest health
threats, climate change should be a key consideration in the assessment of risks to
hardwood resources.

Keywords: climate change, forest health, walnut, wood sorption, fungi, competition, bark beetle, central
hardwood region
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INTRODUCTION

Range expansions of native pests caused by climate change are a
major threat to the health and productivity of forest ecosystems
(Ramsfield et al., 2016; Pureswaran et al., 2018). In particular,
abiotic factors are known to influence dispersal and reproduction
of scolytine beetles (Coleoptera: Curculionidae) and primary
symbiotic fungi (Wood, 1982; Six and Bentz, 2007). Beetles and
fungi mutualistically rely upon one another for successful host
colonization and to satisfy metabolic requirements (Hofstetter
et al., 2007, 2015; Six and Bentz, 2007; Mitton and Ferrenberg,
2012). Physicochemical conditions in bark and wood, including
nutrient availability, temperature, and moisture, determine the
outcome of competition between the primary mutualist of
a beetle species and other fungi, and consequently, affect
reproductive success and dispersal (Rayner and Boddy, 1988;
Ranger et al., 2018).

Co-dispersal of the walnut twig beetle (Pityophthorus juglandis
Blackman) and its primary mutualist, the pathogenic fungus
Geosmithia morbida Kolařík, Freeland, Utley, and Tisserat, to
walnut trees (Juglans spp.) is contingent on physicochemical
conditions that favor competitive success and sporulation of
G. morbida in walnut wood. Many species of scolytine beetles
have evolved specialized structures, glands, and behaviors that
maximize favorability of growth conditions for the successful
colonization of wood by their mutualistic fungi (Francke-
Grosmann, 1967; Weed et al., 2015; Nuotclà et al., 2019). Other
species, including P. juglandis, lack specialized structures but
rather rely on passive co-dispersal of fungi (Bright, 1981). The
hydrophobic spores of G. morbida are borne on conidiophores
inside beetle galleries (Tisserat et al., 2009; Kolařík et al., 2011)
and picked up by static adhesion to the cuticle of adult P. juglandis
as they emerge (Seybold et al., 2016).

Geographic variation in severity and impact of thousand
cankers disease (TCD) and establishment of P. juglandis and
G. morbida across North America (Tisserat et al., 2011; Griffin,
2015; Juzwik et al., 2020) suggest that climatic factors such as
temperature and humidity may be important in determining
environmental favorability for development and spread of the
disease. TCD results from mass attack of P. juglandis that
introduce G. morbida to the inner bark of Juglans and Pterocarya
spp., which causes necrotic cankers in the phloem and outer
sapwood that interfere with the translocation of nutrients and
photosynthate from distal branches and leaves to other parts of
the plant (Tisserat et al., 2009).

Geosmithia morbida is evolutionarily adapted to the seasonally
dry climate of the western United States (Williams and
Newcombe, 2017). Population genetics and historical records
indicate that both P. juglandis (Seybold et al., 2012; Rugman-
Jones et al., 2015) and G. morbida (Hadziabdic et al., 2014; Zerillo
et al., 2014) are native to semiarid southwest North America
where the range of their ancestral host, Juglans major (Torr.) A.
Heller, crosses into the United States from Mexico (Little, 1976).
Large-scale tree mortality attributed to TCD has been restricted
to other native and introduced Juglans spp. west of the Great
Plains (Seybold et al., 2019). G. morbida is thermophilic (Kolařík
et al., 2011) and xerotolerant (Williams and Newcombe, 2017),

and commonly found sporulating inside P. juglandis galleries
in black walnut (Juglans nigra L.) in the western, but not the
eastern, United States (D. Hadziabdic, pers. comm.). In eastern
states, including Tennessee (TN) in the Appalachian Mountains
and piedmont, fungal antagonists such as Trichoderma spp. are
frequently found instead of G. morbida in P. juglandis galleries
(Gazis et al., 2018). Native populations of J. nigra in the eastern
United States have been largely unaffected by TCD despite
detections of the beetle or fungus in nine states (Moore et al.,
2019; Seybold et al., 2019; Juzwik et al., 2020; Stepanek, 2020),
and moribund trees recovered in disease epicenters in Virginia
(VA) and Tennessee (TN) (Griffin, 2015).

Climatic differences between the eastern and western
United States provide one possible explanation for geographical
difference in the prevalence and spread of TCD within the native
and non-native range of J. nigra. In particular, intracontinental
differences in prevailing climatic conditions may lead to
differences in moisture content (MC) of senescent woody tissues
around P. juglandis galleries and affect the relative competitive
success and sporulation of G. morbida. When wood dries,
its equilibrium moisture content (EMC) is determined by
air temperature and relative humidity. Moisture content—the
amount of moisture in wood—typically falls below 10% in spring,
summer, and autumn in locations in the western United States
where TCD has been severe (Seybold et al., 2019) but remains
above 10% throughout much of the native range of J. nigra
(Eckelman, 1998; Simpson, 1998). For example, in Tippecanoe
Co., Indiana (IN), in the humid midwestern United States,
summer MC of J. nigra wood was much higher, at 14.9 ± 0.20%
(n = 156) for air-dried lumber and 20.1 ± 0.29% (n = 180)
for retail firewood (Williams and Ginzel, unpublished data),
the predominant pathway for the movement of invasive wood-
boring pests (Newton and Fowler, 2009; Jacobi et al., 2012).
Furthermore, the peak flight of P. juglandis typically occurs in the
spring (Sitz et al., 2017; Chen et al., 2020), coinciding with high
levels of precipitation in the Midwest.

Geographical variation in TCD incidence and severity
could be partly explained by a competitive advantage for
G. morbida over other xylotropic fungi in the western
United States. However, under higher prevailing MC in the
eastern United States (Eckelman, 1998), the colonization and
spread of G. morbida may be inhibited by competition with
other fungi that may be better adapted to those conditions.
G. morbida was recovered after 133 days from wood dried to
a MC of 7% and grown on 25% glycerol agar (Williams and
Newcombe, 2017) with a water potential of −20 MPa (Ridout
et al., 2017). These moisture levels fall below known limits for
fungal wood decomposition (−4 MPa; Griffin, 1977), between
limits for biological activity in soils (−14 MPa) and surface
litter (−36 MPa; Manzoni et al., 2012), and between limits for
soil-dwelling Fusarium (−10 MPa) and extremely xerophilic
Penicillium spp. (−40 MPa; Harris, 1981). Water potential
supporting the growth of G. morbida is similar to those that
support Penicillium and Phialocephala from roots of conifers
that withstand seasonal droughts in the seasonally dry western
United States (Ridout et al., 2017). To our knowledge, the role
of temperature and wood MC in determining the outcome of
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competition between G. morbida and other fungi in walnut wood
has not yet been investigated.

Understanding the environmental parameters that favor TCD
is essential for risk assessments to help predict the future
threat to J. nigra in a changing climate. Wood MC may have
historically limited the spread of TCD in the native range of
J. nigra. Nevertheless, conditions could still become favorable
for TCD in the eastern United States if prevailing temperature,
precipitation, and humidity change as predicted by climate
models (USGCRP, 2018). We hypothesized that the success
of G. morbida and P. juglandis is limited by competition
between G. morbida and other native fungi better adapted to
the prevailing temperature and humidity regimes in the native
range of J. nigra. To test this hypothesis, we first carried
out a series of competition experiments in wood that had
been naturally or artificial colonized by G. morbida and other
fungi. We used lethal and non-lethal heat treatments to create
fungal wood microcosms to reduce the abundance of native
fungi in the wood and then inoculated it with G. morbida.
In another experiment, we characterized competition between
G. morbida and other fungi in nontreated wood that was
naturally infested. We calibrated the incubation conditions of
the experiments to a range of EMC corresponding to climatic
conditions across the United States (Eckelman, 1998; Simpson,
1998). We predicted that G. morbida would have a competitive
advantage over other fungi that occur in wood that equilibrated
to extremely low MC but would be increasingly outcompeted
by other fungi in wood that equilibrated to intermediate and
high MC. We validated our interpretation of the results from
our competition experiments by first extrapolating expected
survival of G. morbida across the United States based on
historical climate data, and then comparing inferred TCD
severity with historical observations. Finally, we extrapolated the
model to climate change scenarios based on high- and low-
carbon emission to predict the portions of the native range
of J. nigra that will be threatened by TCD 10 and 50 years
into the future.

MATERIALS AND METHODS

Collection of Branches and G. morbida
Isolates
Branches (6–8-cm diameter) of black walnut (Juglans nigra)
were collected in 2018 and 2019, cut into 20–25-cm lengths
and brought or shipped to an authorized containment facility
at Purdue University (West Lafayette, IN, United States). All
branches were cut laterally into disks to a thickness of 4 mm.
G. morbida (Gm-10) used in experiments 1–3 was originally
isolated from TCD-symptomatic trees in Tennessee (Hadziabdic
et al., 2014) and obtained courtesy of the laboratory collection
of Dr. Denita Hadziabdic-Guerry (UT-Knoxville). To inoculate
wood disks with G. morbida, they were placed on cultures of
Gm-10 growing on 1/8-strength potato dextrose agar (4.9 g PDA
powder + 13.1 g agar per 1 L H2O) in vented, high-profile
dimension polystyrene petri dishes (100-mm diameter 26-mm
deep, Thermo Fisher Scientific, Waltham, MA, United States).

Cultures of G. morbida were allowed to grow until colony
diameter matched the diameter of the wood disks (8–21 days).

Humidity Chambers
Four fungal competition experiments were conducted in the
dark. Humidity chambers with different expected equilibrium
relative humidity and wood MC were constructed by preparing
supersaturated salt solutions in 250-ml beakers and placing one
beaker of each solution inside of a tightly sealed six-quart plastic
storage container (Simpson, 1973; Greenspan, 1977). Wood disks
were placed inside of sterile standard-size (100-mm diameter
by 17-mm deep) polystyrene petri dishes, which were placed
inside the humidity chambers with the beakers containing the salt
solutions. In all experiments, wood disks that were from the same
parts of the same branch were distributed equally and randomly
among humidity treatments to obtain independent data on
survival of fungi from each portion of the branch or branches
for each treatment. Temperature was maintained at 30◦C by
keeping the plastic storage containers containing the petri dishes
and beakers with salt solutions inside a Precision 818 low-
temperature incubator (Thermo Fisher), or at 23◦C by keeping
the containers in a laboratory cabinet. Most treatments were
conducted at the optimal growth temperature for G. morbida
(30◦C) to provide conservative inferences on the effect of wood
moisture on its competitive success. In Experiments 3 and 4
described below, an additional temperature treatment at 23◦C
was included to increase the relative humidity and, thereby,
increase wood MC and decrease the competitive advantage of
G. morbida.

Experiment 1: High-Heat Pretreatment of
Wood Disks and Inoculation With
G. morbida
Branches were collected from Purdue University Martell Forest in
West Lafayette, IN (40◦25′60.0′′N, 87◦02′07.3′′W), where neither
G. morbida or P. juglandis have been detected, and allowed to dry
on a lab bench for approximately 30 days prior to cutting them
into disks. Walnut branch disks from Indiana were wrapped in
aluminum foil and placed in an oven at 90◦C for 48 h to dry and
kill most fungi. The heat-treated disks were then transferred to
cultures of G. morbida. After 24 h, disks with visible growth of
fungi other than G. morbida were discarded, and the remaining
inoculated disks were transferred to sterile plastic petri dishes.
Discarding disks with substantial growth of other fungi left a
slightly unbalanced sample size across treatments: LiCl (n = 11
inoculated wood disks), KOAc (n = 9), MgNO3 (n = 9), and
NH4Cl (n = 11). Disks were then allowed to equilibrate and
incubate in the chambers at 30◦C for 48 days.

At the conclusion of the incubation period, disks were
weighed to record wet mass (mi), and fungal growth was
examined under a stereomicroscope (e.g., Figures 1B,F). Fungi
growing on the surface of each wood disk were categorized
into morphospecies while examining them under 400×
magnification. Presence and absence of each morphospecies
were recorded for each disk (Figure 1). Mycelia or spores from
the most frequently encountered and dominant morphospecies
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FIGURE 1 | Representative images of wood disks colonized by fungi from Experiments 1 (A,C–E) and 4 (B,F). Wood disk colonized by Geosmithia morbida (A,B),
Aspergillus sp. and G. morbida (C), Xylariaceae sp. (D), Trichoderma sp. (E), and Aspergillus (both anamorph and Eurotium sexual stage) sp. and Clonostachys sp.
(F) Each grid line is 1 cm2 (A,C–E).

were collected directly into tubes with buffer to extract DNA or
cultured to obtain voucher samples. If present, white-to-pink
penicilliate conidiophores that resembled those of G. morbida
(Figures 1A–C) were mounted on slides and examined at 1000×
to confirm their identity. G. morbida was also cultured from
conidiophores to verify viability of the spores across the range
of final abiotic conditions. All wood disks were then dried at
70◦C for at least 96 h and weighed again to record dry mass (mf ).
Final wood MC of each individual wood disk was calculated
gravimetrically according to Eckelman (1998): MC = mi−mf

mf
.

Experiment 2: Low-Heat Pretreatment of
Wood Disks and Inoculation With
G. morbida
Wood disks were collected, dried, inoculated, and incubated as
described for Experiment 1 with the following exceptions: a less
intense heat treatment (70◦C for 24 h) and longer incubation
period in humidity chambers (88 days) was employed to allow
more fungal endophytes to persist in the wood prior to being
challenged with G. morbida and a longer period to compete
in humidity chambers. The final number of disks in each
treatment was balanced (n = 8 per saturated salt solution).
Fungi were counted and sampled and wood MC was determined
gravimetrically as described above.

Experiment 3: Lethal Heat Pretreatment
of Wood Disks and Inoculation With
G. morbida
A control experiment was designed to demonstrate that fungi
capable of growing and competing with G. morbida could

be completely removed from the wood at sufficiently high
temperature. Growth and survival of G. morbida at all MCs
in the absence of other fungi would suggest that the low
survival of G. morbida at higher moisture levels in Experiments
1, 2, and 4 was due to competition with other fungi. To
ensure full removal of other fungi that had already colonized
the wood disks, they were heat-treated at 105◦C for 2 days.
To ensure colonization by G. morbida, disks were left on
cultures for 10 days before being transferred to humidity
chambers. Two G. morbida-inoculated disks and four control
disks were included in each of the four humidity chamber
treatments to verify G. morbida survival and the absence
of other fungi. The saturated salt solutions, temperature,
and incubation times employed were LiCl, NaCl, or no
salt, incubated for 57 days at 30◦C. An additional no-
salt treatment was incubated at room temperature (23◦C),
and expected to result in higher relative humidity and final
MC. Fungi were sampled and wood MC was determined as
described above.

Experiment 4: Fungal Competition in
Wood Naturally Colonized by G. morbida
Branches that were already naturally colonized with G. morbida
were collected from a TCD disease epicenter. The trees grew
on a privately owned plantation of black walnut in Walla
Walla, WA, United States. Six branches were collected from
six TCD-symptomatic trees and shipped to Purdue University
under permit (17-IN-20-007). Two freshly cut disks from each
branch were placed directly in sterile petri dishes inside of
each of the humidity chambers (n = 18 per treatment). Salt
solutions and temperatures employed were the same as described
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above for Experiment 3. Fully saturated wood disks were
allowed to incubate for 111 days to reach their EMC. Fungi
were sampled and wood MC determined by drying disks at
100◦C for 72 h.

Molecular Identification of Fungi
DNA extraction, polymerase chain reaction (PCR) of the ITS
region, and sequence assembly were performed as described
previously (Williams and Ginzel, in press). ITS sequences
were extracted with ITSX and assigned to genera through
Tree-Based Assignment Selector (TBAS; Miller et al., 2015;
Carbone et al., 2019) on DeCIFR public high-performance
computing clusters (Center for Integrated Fungal Research,
North Carolina State University)1. For high-level classification,
all sequences were first aligned to a reference tree for all
fungi. Isolates assigned to Ascomycetes were then aligned to
the tree Pezizomyctonia 2.1, whereas Basidiomycetes were
assigned taxonomy with the RDP Bayesian classifier with
the Warcup database (Deshpande et al., 2016). Sequences
were submitted to GenBank under accession numbers
MW584687-MW584698.

Logistic Regressions
To test the hypothesis that the presence or absence of G. morbida
and other fungi in each wood disk was significantly correlated
to final MC, logistic regression and accompanying analytics
were performed in R v 3.6.0 (R Core Team, 2019) using the
function glm and tools from the package ROCR (Sing et al.,
2005). Because we expected survival rate of each fungus to peak
at an optimum MC, we also fit models that included second-
order terms for MC. Second-order terms were only retained
in the model if they were significant (p < 0.05). Drop-in-
deviance χ2 tests and area under the receiver-operating curve
(AUC) were used to assess overall regression significance and
fit, respectively.

Geographical Prediction of G. morbida
Survival
To create maps of expected G. morbida survival across the
United States for historical and future prevailing climates, we
used climate layers from Multivariate Constructed Analogs
(MACA) statistical downscaling method, Version 2 (Abatzoglou,
2013). We derived a map of expected EMC from MACA by
first calculating monthly average humidity and temperatures
from monthly minimums and maximums for 5 months
(i.e., May, June, July, August, and September) between 1995
and 2004. This time period from late spring to early fall
corresponds to the time when P. juglandis, the vector of
G. morbida, is most active. Next, we inputted monthly
averages into Simpson’s (1973) model for wood moisture
sorption with parameters estimated by Glass and Zelinka
(2010). The Glass and Zelinka (2010) sorption isotherm
model used to calculate EMC as a function of ambient air
temperature (t, ◦C) and relative humidity (h, decimal) is given

1decifr.hpc.ncsu.edu

by the following system of equations with constants from
Simpson (1973):

EMC =
18
W

(
Kh

1− Kh
+

KK1h+ 2K1K2K2h2

1+ KK1h+ K1K2K2h2

)
W = 349+ 1.29t + 0.0135t2

K = 0.805+ 0.000736t − 0.00000273t2

K1 = 6.27− 0.00938t − 0.000303t2

K2 = 1.91+ 0.0407t − 0.000293t2

For each year between 1995 and 2004, expected G. morbida
survival from May to September was calculated from the best
logistic model fit to Experiment 4 as a function of EMC
from the Glass and Zelinka (2010) model. Expected survival
rates for each month (between 0 and 1) were then multiplied
across all 5 months to obtain a conservative, cumulative
expected probability of survival for each year. Finally, cumulative
probabilities of survival for each year were averaged across ten
years (1995–2004) for historical analysis. For future climate, we
used MACA data generated by the Geophysical Fluids Dynamic
Laboratory Earth System Models II (GFDL-ESM2M) under
the Representative Concentration Pathway low- (RCP4.5) and
high-emission (RCP8.5) scenarios for 10 (2031) and 50 years
(2071) into the future. RCP scenarios are coded by the amount
of thermal radiation (i.e., 4.5 W/m2 vs. 8.5 W/m2) that is
expected to be absorbed and retained by the atmosphere in
year 2100. According to the United States National Oceanic
and Atmospheric Administration (NOAA), the atmosphere held
∼400 ppm CO2 as of 20192, RCP4.5 projects∼500 ppm CO2, and
RCP8.5 projects∼800 ppm CO2 in 2071 (IPCC, 2014).

RESULTS

Competition Experiments
Competition with other fungi limited the survival of G. morbida
at higher wood moisture levels (Figure 2). G. morbida
was released from competition at low wood moisture levels
(Experiments 1 and 4; Figures 2A,D) or in the absence of other
fungi (Experiment 3; Figure 2C). In general, when other fungi
were present in wood disks, G. morbida was most successful at
<5% final MC and did not grow or sporulate >30% final MC.
Saturated salt solutions were effective at bringing wood disks
incubated in the humidity chambers to the target range of MC.

In Experiment 1, when wood from Indiana was pretreated at
a high (90◦C) non-lethal temperature prior to inoculation with
G. morbida, final MC significantly accounted for the survival and
sporulation of G. morbida (Figure 2A and Table 1). Control disks
that were not inoculated with G. morbida supported growth of
other fungi at all final MC levels.

When wood from Indiana was pretreated at a lower
(70◦C) non-lethal temperature (Experiment 2), final MC

2www.climate.gov
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FIGURE 2 | Wood moisture content (MC) by treatment (top panels) and observed and predicted survival of fungal species as a function of wood MC from best-fit
logistic regressions (bottom panels) in Experiments 1 (A), 2 (B), 3 (C), and 4 (D). For each saturated salt solution treatment, boxes-and-whiskers show percentiles of
final wood MC, and points and error bars in the plotting area give observed mean survival ± SE final MC.

did not significantly account for survival of G. morbida
(p > 0.05) due to the growth of other fungi at low final
MC (Figure 2B). Fungi from Indiana wood samples in
Experiments 1 and 2 included Aspergillus sp. (Eurotiomycetes:
Eurotiales), Nothophoma sp. (Dothidiomycetes: Pleosporales),
and Kretzschmaria sp. (Sordariomycetes: Xylariales) at low final
MC, and Diplodia sp. (Dothidiomycetes: Botryosphaeriales) at
intermediate final MC (Table 2).

However, the higher temperature and duration (105◦C for
2 days) treatment was sufficient to remove fungi from the wood
from Indiana prior to inoculation (Experiment 3). In the absence
of other fungi, G. morbida grew and sporulated on all inoculated

wood disks regardless of final MC (Figure 2C). Other fungi were
not found growing on control or G. morbida-inoculated wood
disks (data not shown).

In Experiment 4, final MC accounted for the survival
and sporulation of G. morbida in naturally infested wood
from TCD-symptomatic trees from Washington (Figure 2D
and Table 1). Fungi from Washington wood samples were
represented by Aspergillus, Trichoderma, and Clonostachys spp.
(Sordariomycetes: Hypocreales) at low and intermediate MC and
Rosellinia spp. (Sordariomycetes: Xylariales) and Basidiomycota
including Cryptococcus (Tremellomycetes: Tremellales),
Schizophyllum, and Steccherinum spp. (Agaricomycetes:
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TABLE 1 | Model statistics for logistic regression of survival of fungi on final wood
moisture content (MC).

Experiment Species pMC (1st)1 pMC (2nd)2 p (χ2)††† AUC‡‡‡

1 G. morbida 0.037 0.005 <0.001 0.863

4 G. morbida <0.001 – <0.001 0.957

4 Aspergillus sp. 3 0.199 0.020 <0.001 0.721

4 Trichoderma sp. 1 0.111 0.025 <0.001 0.826

4 Trichoderma sp. 2 <0.001 0.054 <0.001 0.800

4 Clonostachys sp. 0.001 – <0.001 0.859

1,2p-Values for first- (1) and second-order (2) terms for MC.
†p-Value for overall regression from a drop-in-deviance chi-square test.
‡Area under receiver-operating curve goodness-of-fit statistic for overall regression.

Polyporales) at higher final MC (Table 2). The best-fit model
for probability of G. morbida survival (P) as a function of final
MC was:

P =
1

1+ e2.2457−2.1217MC

Geographical Trends in Expected
G. morbida Survival
When predicting survival using the model above from EMC
calculated from climate models, survival for the 10-year period
from 1995 to 2004 closely followed geographical patterns of TCD
severity observed from that time to the present (Figure 3A).
West of the Great Plains and east of the Cascades, predicted
survival generally ranged from 50 to 80%. Epicenters of TCD
in seasonally dry intermountain western and northwestern states
such as Washington (WA), Utah (UT), Idaho (ID), and the
native range of P. juglandis in arid southwestern states of Arizona
(AZ) and New Mexico (NM) exceeded 70% expected G. morbida

survival. Elsewhere in the West, TCD epicenters in Oregon (OR),
California (CA), and Colorado (CO) were predicted to support
∼60% expected survival of G. morbida.

In the native range of J. nigra, expected survival for
G. morbida was generally below 20% (Figure 3A). However,
known TCD epicenters along the north Atlantic seaboard in
eastern Pennsylvania (PA), Maryland (MD), and VA are located
in some of the only pockets in the East where expected G. morbida
survival reached ∼50% according to our model. By contrast, in
Knox and Polk Cos., TN, where TCD caused a local and transient
outbreak, suitability for G. morbida fell to 20% or below.

Under RCP 4.5, the geographical envelope in which
G. morbida survival rates exceed 50% in the United States
is expected to remain relatively stable from 2021 to 2071
(Figures 3B,C). However, this envelope would expand across the
Great Plains and Mississippi Valley into the humid midwestern
and southeastern states under RCP 8.5 (Figures 3D,E).

DISCUSSION

Wood Moisture, Fungal Competition, and
TCD
Our research demonstrates that fungal competition mediated by
abiotic conditions potentially limits the success and dispersal
of G. morbida and adds to a growing body of evidence that
environmental conditions, including abiotic factors and the host
microbiome, account for the lower severity of TCD in the native
range of J. nigra (Griffin, 2015; Seybold et al., 2019; Onufrak
et al., 2020). There were also notable differences in G. morbida
competition and survival between branches from WA and
those from IN, where xerophilic-thermotolerant fungi, including

TABLE 2 | Final MC range, molecularly and/or morphologically inferred taxonomy, and GenBank accession numbers for DNA extracted directly (D) and/or from cultures
(C) from fungi growing on wood disks in competition experiments.

MC (%) Experiment Locale TBAS / Warcup determination DNA sample
(C = Culture,
D = Direct)

GenBank Acc. #

Low High Phylum* Family Genus (sp)

0 26.8 1, 2 and 4 E. WA A Bionectriaceae Geosmithia morbida** C, D MG008828

2.7 26.7 4 E. WA A Aspergillaceae Aspergillus sp. 1† – –

3.1 85.0 4 E. WA A Hypocreaceae Trichoderma sp. 1 C, D MW584687

4.7 34.1 1 and 2 IN A Aspergillaceae Aspergillus sp. 2 C MW584688

5.5 65.8 2 IN A Xylariaceae Kretzshmaria sp. C MW584689

6.0 6.0 1 and 2 IN A Didymellaceae Nothophoma sp. C MW584690

14.3 39.4 4 E. WA A Hypocreaceae Trichoderma sp. 2 C MW584691

16.4 58.4 4 E. WA A Aspergillaceae Aspergillus sp. 3† – –

16.7 16.7 4 E. WA A Hyaloscyphaceae Hyaloscypha sp. D MW584692

17.2 86.6 4 E. WA A Bionectriaceae Clonostachys sp. C, D MW584693

17.9 52.9 4 E. WA B Tremellaceae Cryptococcus sp. D MW584694

23.3 23.3 4 E. WA B Schizophyllaceae Schizophyllum sp. C, D MW584695

25.6 25.6 4 IN A Botryosphaeriaceae Diplodia sp. C MW584696

56.1 56.1 4 E. WA A Xylariaceae Rosellinia sp. D MW584697

56.2 62.8 4 E. WA B Steccherinaceae Steccherinum sp. D MW584698

*Ascomycota (A) and Basidiomycota (B).
**Geosmithia morbida reisolated from wood disks were BLAST-aligned to sequences from original cultures used for inoculations.
† Isolate taxonomy determined by morphology without the aid of molecular data.
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FIGURE 3 | Annotated map of regions and States of the United States referred to in the text and modeled survival of G. morbida as a function of equilibrium
moisture content (EMC) for average historical (A) and future low- (B,C, RCP4.5) and high-emission (D,E, RCP8.5) climate scenarios 20 (B,D) and 50 years (C,E) into
the future. Survival for each year was obtained by multiplying monthly survival estimates from a logistic regression fit to results from Experiment 4 for May through
September. For historical survival (A), yearly survival estimates were averaged across the 10-year timespan. Monthly average EMC was calculated using the model
of Glass and Zelinka (2010) as a function of monthly average temperature and humidity averaged from Multivariate Constructed Analogs (MACA) statistical
downscaling method, Version 2 (Abatzoglou, 2013) and Geophysical Fluids Dynamic Laboratory Earth System Models II (GFDL-ESM2M) under the Representative
Concentration Pathway scenarios (IPCC, 2014).

Xylariaceae and Aspergillus spp., outcompeted G. morbida at
low moisture. These fungi survived temperatures up to 70◦ and
even 90◦C (Aspergillus sp.) for 48 h. Prior colonization of the
substrate by these fungi could have prevented G. morbida from
colonizing wood disks at lower moisture levels. These findings
raise the possibility that other fungi in walnut wood inhibit
colonization and growth of G. morbida under climatic conditions
that would otherwise favor the development of disease and could
have important management implications under future climate.

In ambrosia beetle galleries, Aspergillus spp. are known to be
parasites of beetle–fungal mutualisms, where they outcompete
symbiotic fungi, decrease fecundity, or cause disease of beetles
(Moore, 1971, 1973; Nuotclà et al., 2019). This exploitation
is more successful when physicochemical conditions favor
Aspergillus spp. over ambrosia fungi (Ranger et al., 2018).
Aspergillus sp. outcompeted G. morbida in our experiments,
suggesting it could also interfere with the mutualism between
G. morbida and P. juglandis.

The ability of G. morbida to outcompete Trichoderma spp. and
other fast-growing fungi at low wood moisture has potentially
important implications for efforts to employ them as biological
control agents (Gazis et al., 2018). Both Trichoderma spp.
from WA grew well and partly outcompeted G. morbida at
15% MC, which is equivalent to levels in air-dried walnut
wood in the Midwest (Williams and Ginzel, unpublished data).
However, G. morbida was still observed successfully growing
and sporulating more frequently than either Trichoderma spp.
on wood disks at 15% MC (cf. Gazis et al., 2018). Our findings
support exercising caution when drawing biological inferences
from competition assays conducted in standard laboratory media
to inform management decisions. When the target organism is
a specialist, stress-tolerant, or ruderal species, such laboratory

assays are likely to favor competitive, resource-demanding
putative antagonists when the target organism would otherwise
outcompete them under realistic field conditions (Newcombe,
2011; Fierer, 2017; Whitaker and Bakker, 2019).

Mapping the expected survival of G. morbida across the
United States based on EMC reproduced with high fidelity
the historical geography of well-known TCD epicenters which
have been reviewed elsewhere (Seybold et al., 2019). Our
experiments suggest that the higher EMC in walnut wood in
the Midwest, Appalachia, and Atlantic United States limits the
rates of successful establishment and spread of G. morbida due
to competition with other fungi. In parts of MD, VA, PA, Ohio
(OH), and IN, expected survival of G. morbida was higher
than the rest of the native range of J. nigra, but below 50%.
In these locations, P. juglandis and/or G. morbida have been
detected transiently or incidentally since the early to mid-2010s
without the accompanying widespread decline and mortality
of J. nigra, indicating less success in these areas than in the
western United States. We infer that areas of transient TCD
outbreaks in eastern TN and western North Carolina (NC)
that occurred following years of below-average precipitation
(Griffin, 2015) have nevertheless been historically unfavorable
for G. morbida. However, this prediction that wood moisture
and fungal competition limit G. morbida and TCD severity will
require future validation through field studies of galleries in
branches of mature trees.

Drought and above-average temperatures may have increased
host stress and susceptibility, leading to successful attack and
colonization by P. juglandis as suggested by Griffin (2015). Even
though the expected survival of G. morbida is extremely low
in Appalachia, TN and neighboring parts of NC experienced
severe and extreme drought starting in March of 2007 that
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persisted in Knoxville, TN, until November 2008 [Palmer
drought severity index, Palmer, 1965; National Oceanic and
Atmospheric Administration (NOAA), 2020]. During this time,
there was also a drought in CA that persisted into the end
of 2009 [National Oceanic and Atmospheric Administration
(NOAA), 2020]. These conditions likely led to physiological stress
and could have facilitated low bark moisture and heightened
susceptibility of Juglans spp. to attack in the years leading up to
outbreaks of TCD that were detected in these areas in 2010.

The dependence of G. morbida on low-moisture wood for
competitive success over other wood-inhabiting fungi may also
partly explain the severity of TCD in urban and periurban
forests and plantations (Seybold et al., 2019). Closed canopies
provide a cool, humid microclimate, which may favor natural
competitors of G. morbida in walnut wood. By comparison, the
canopies of trees in plantations are likely to provide a more
diminished effect on moisture retention compared to natural
forests. In urban areas, relative humidity would be expected to
be even lower because trees are even more widely spaced and
heat islands generate higher temperatures (Imhoff et al., 2010).
Forest diversity, management activities, buildup of other host-
specific biotic disturbance agents, or abundance of opportunistic
pathogens (Williams and Ginzel, in press) could also partly
account for the higher incidence of TCD in plantations and urban
forests. Nevertheless, wood MC is not the only abiotic factor
likely to limit the potential geographic range of G. morbida and
P. juglandis in J. nigra (Kolařík et al., 2011; Sitz et al., 2017).
Most importantly, climatic differences may impact the flight
activity and survival of P. juglandis (Luna et al., 2013; Hefty et al.,
2017, 2018; Chen et al., 2020). Within the native range of black
walnut, it is also possible that xerophilic and thermotolerant fungi
such as Xylariaceae and Aspergillus spp. from this study might
outcompete G. morbida and thereby limit the spread of TCD.

Linking the geographical limitations of the potential range
of G. morbida in the native range of J. nigra to the
limited reproduction and dispersal of P. juglandis rests on the
assumptions that the symbiosis is truly mutualistic. Evidence
for a causal link between MC and TCD severity would be
further strengthened if this mutualism was found to be obligate.
Primary symbiotic fungi not only weaken hosts to facilitate
mass attack by bark beetles but also provide nutritional and/or
detoxifying functions and/or supplement primary and secondary
metabolic processes by producing or providing precursors to bark
beetle pheromones and hormones (Six, 2003, 2013). For these
reasons, bark beetles typically have greatly decreased fecundity
or fail to reproduce without their primary fungal symbiont (Six,
2003). If G. morbida provided such benefits to P. juglandis, the
beetle would be expected to have lower establishment success
in areas where G. morbida is unable to compete with other
locally adapted fungi unless alternative symbionts were available
(Six and Bentz, 2007).

Our mapping of expected survival of G. morbida across
historic and future climatic conditions also rests on the additional
key assumption that MC of inner bark and outer sapwood
fully equilibrate to ambient conditions within the timeframe
of the P. juglandis lifecycle. Woody tissues lose moisture
quickly following successful attacks by bark beetles and other

wood-boring insects (Nikolov and Encev, 1967; Pinard and
Huffman, 1997; Magnussen and Harrison, 2008; Negi and
Joshi, 2009; Lawes et al., 2011). Under constant environmental
conditions, EMC of bark also reflects that of the wood (Martin,
1967) across angiosperms and gymnosperms (Reeb and Brown,
2007; Glass and Zelinka, 2010). Compared to other woody
tissues, bark is by far the fastest to equilibrate its moisture
level to ambient conditions (Negi and Joshi, 2009). Furthermore,
humidity is low and vapor pressure deficit is high during spring
and summer in the western United States, and senescent bark
tissues are therefore likely to dry faster west of the Great Plains.

Natural History and Implications for
Forest Health in a Changing Climate
Pityophthorus juglandis and G. morbida have a co-evolved history
in native forest ecosystems of the western and southwestern
United States, where they would be presumed to be coadapted
with their ancestral host, J. major (Seybold et al., 2012;
Hadziabdic et al., 2014; Zerillo et al., 2014; Rugman-Jones et al.,
2015). An ancestral Juglans sect. Rhysocaryon sp. diverged into
J. major, J. nigra, and other species during a climatologically
cooler period, 2.6–5.3 Ma (Stone et al., 2009; Mu et al., 2020;
Song et al., 2020). J. nigra would then have radiated across
humid eastern North America during interglacial periods. Over
the last 10,000 years, J. major, P. juglandis, and G. morbida were
restricted to moist canyons and cooler montane regions of the
arid southwestern United States and Mexico (Little, 1976), and
TCD was likely precluded from the current range of J. nigra by a
lack of connectivity in host populations as well as an unfavorable
moisture regime for the fungus. Across the state of Kansas
alone, relative humidity varies twofold from ∼40% near the
Colorado border in the West to ∼80% along the Missouri River
[National Oceanic and Atmospheric Administration (NOAA),
2021], which corresponds to ∼7.5 and 15.6% EMC (Glass and
Zelinka, 2010) at the thermal optimum for G. morbida growth
of 30◦C (Kolařík et al., 2011).

However, in the far western portion of its range, J. nigra is a
strictly riparian species, much like its western relatives including
J. microcarpa in Texas (TX) and Oklahoma (OK). This adaptation
for riparian areas, along with the activities of humans who used
black walnut for food, fiber, and fuel, likely permitted eastern–
western connectivity between J. nigra, J. major and J. microcarpa
over the last 10,000 years. Evidence that western populations
of J. nigra have the greatest resistance to G. morbida provides
support for interceding periods of genetic connectivity with
J. major and periodic pressure from TCD in western J. nigra
(Sitz et al., 2021). Transient periods of connectivity favored
by shifting climatic conditions may have facilitated gene flow
through hybridization zones and provided a corridor for pest-
pathogen complexes such as TCD to reach far-western J. nigra
populations in the Great Plains.

During the last 200 years, the introduction of evolutionarily
naïve (Ploetz et al., 2013) eastern J. nigra families to regions where
environmental conditions remain favorable to the development
of TCD may have led to runaway mortality in urban forests and
plantations in the western United States (Tisserat et al., 2011;
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Seybold et al., 2019; Moricca et al., 2020). Moreover, the failure of
P. juglandis to successfully establish in the native range of J. nigra
despite incidental introductions and high host susceptibility
may be due to unfavorable conditions for its symbiont (Utley
et al., 2013; Moore et al., 2019), in addition to differences in
temperature and seasonal precipitation that may affect beetle
flight, dispersal, and survival (Luna et al., 2013; Hefty et al., 2017,
2018; Chen et al., 2020).

Conclusion and Relevance to Other
Pathosystems
The geographical and realized host ranges of destructive, native,
and non-native forest insects will continue to expand as
global temperatures rise and climates shift in future decades
(Cullingham et al., 2011; Ramsfield et al., 2016; Pureswaran
et al., 2018). Such expansions are strongly determined by
the environmental conditions that support the growth and
reproduction of beetles and their symbiotic fungi (Six and Bentz,
2007). Based on our findings, these conditions include MC and
its influence on competition between G. morbida and secondary
fungi in walnut wood.

The effect of climatic conditions on fungal competition
and dispersal may be applied to other emergent beetle-fungal
disease complexes, but its relevance will depend on the nature
of the symbiosis. Other factors determining the relevance of
fungal competition in other pathosystems include whether the
fungus is obligate for the beetle, availability of alternative fungal
symbionts (Six and Bentz, 2007), strength of the pathogen,
and the ecophysiology of the fungal symbiont and competing
fungi. Geosmithia morbida is highly xerotolerant (Williams and
Newcombe, 2017), while other primary fungal symbionts of
bark beetles in the Ophiostomatales and Microascales may be
less xerotolerant (Kirisits, 2013). These fungi may also vary
in their ability to withstand desiccation (Temple et al., 1997)
and/or more highly virulent (Caballero et al., 2019) and, thus,
less likely to be limited by other fungi or the presence of
moderate wood moisture.

Juglans nigra is among the most valuable hardwood species
native to the eastern United States (Duval et al., 2013), with
an estimated value of over USD 500 billion in merchantable
timber alone (Newton and Fowler, 2009). Our study of fungal

competition in walnut wood indicates that TCD presents a risk
to the long-term sustainability of J. nigra within its native range.
In light of these findings, investigations of bark beetle–fungal
mutualisms will be critical to build a better understanding of the
joint influence that climate and biotic interactions have on the
reproductive success of pathogens and their vectors and forest
disease epidemiology.
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