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A growing body of evidence suggests that climate change is altering the epidemiology
of many forest diseases. Nothophaeocryptopus gaeumannii (Rhode) Petrak, an
ascomycete native to the Pacific Northwest and the causal agent of the Swiss
needle cast (SNC) disease of Douglas-fir [Pseudotsuga menziesii (Mirbel) Franco], is
no exception. In the past few decades, changing climatic conditions have coincided
with periodic epidemics of SNC in coastal forests and plantations from Southwestern
British Columbia (B.C.) to Southwestern Oregon, wherein an increase in the colonization
of needles by N. gaeumanii causes carbon starvation, premature needle shedding
and a decline in growth. Two major sympatric genetic lineages of N. gaeumannii
have been identified in the coastal Pacific Northwest. Past research on these lineages
suggests they have different environmental tolerance ranges and may be responsible for
some variability in disease severity. In this study, we examined the complex dynamics
between biologically pertinent short- and long-term climatic and environmental factors,
phylogenetic lineages of N. gaeumannii and the severity patterns of the SNC disease.
Firstly, using an ensemble species distribution modeling approach using genetic lineage
presences as model inputs, we predicted the probability of occurrence of each lineage
throughout the native range of Douglas-fir in the present as well as in 2050 under the
“business as usual” (RCP8.5) emissions scenario. Subsequently, we combined these
model outputs with short-term climatic and topographic variables and colonization index
measurements from monitoring networks across the SNC epidemic area to infer the
impacts of climate change on the SNC epidemic. Our results suggest that the current
environmental tolerance range of lineage 1 exceeds that of lineage 2, and we expect
lineage 1 to expand inland in Washington and Oregon, while we expect lineage 2 will
remain relatively constrained to its current range with some slight increases in suitability,
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particularly in coastal Washington and Oregon. We also found that disease colonization
index is associated with the climatic suitability of lineage 1, and that the suitability of the
different lineages could impact the vertical patterns of colonization within the crown. We
conclude that unabated climate change could cause the SNC epidemic to intensify.

Keywords: climate change, epidemiology, Douglas-fir, Swiss needle cast, pathogen genetics

INTRODUCTION

Anthropogenic climate change threatens the health and resilience
of forest trees and their ecosystems through a variety of direct
and indirect effects (Shaw and Osborne, 2011; Sturrock et al.,
2011; Desprez-Loustau et al., 2016). Conifers are believed to
be particularly vulnerable to a warming climate (McDowell
et al, 2016). Among these effects is the rising risk from
biotic disturbance agents such as forest diseases (Drew Harvell
et al., 2002; Sturrock et al., 2011). Fungal disease agents, due
to their relatively short lifespans, are able to evolve adaptive
traits more rapidly in response to environmental changes than
their perennial hosts. Consequently, unprecedented epidemics
can occur when favorable environmental conditions persist
and exacerbate the effects of climate change on forest health,
potentially resulting in severe ecological and economic impacts
(Desprez-Loustau et al., 2016; Hessenauer et al., 2021).

One noteworthy example is Nothophaeocryptopus gaeumannii
(Rhode) Petrak, an endophytic fungal associate of Douglas-
fir [Pseudotsuga menziesii (Mirbel) Franco], an ecologically,
economically and culturally important conifer native to the
Pacific Northwest Coast in the United States and Canada. Though
N. gaeumannii was previously only considered pathogenic in
Douglas-fir’s planted range, it has emerged as a threat in the tree’s
native range in western North America in recent decades (Hansen
et al., 2000). The fungus is the causal agent of Swiss needle cast
(SNC), a disease that results in premature defoliation of Douglas-
fir, jeopardizing its health and productivity (Gaumann, 1928;
Boyce, 1940; Hood and Kershaw, 1975; Maguire et al., 2002;
Lavender and Hermann, 2014). Like most forest foliar pathogens,
the presence and abundance of N. gaeumannii is linked to
short and long-term climate patterns (Manter et al., 2003, 2005;
Stone et al., 2007; Mildrexler et al., 2019). As outbreaks of SNC
have become unprecedentedly frequent and severe, there have
been considerable efforts to understand the factors driving its
distribution and severity patterns (Shaw et al., 2021).

The emergence of SNC is inextricably tied to the reproductive
cycle of N. gaeumannii, which in turn depends on local
environmental conditions and the life cycle of its host. The
fungus produces sexual fruiting bodies called pseudothecia that
erupt through the stomata of Douglas-fir needles. With the
right environmental conditions, these structures can increase
in abundance and subsequently inhibit gas exchange and
cause needle chlorosis and premature senescence, ultimately
reducing vertical and radial growth by over 50% in the
most severely affected stands (Manter et al., 2000; Maguire
et al, 2011). The specific conditions leading to proliferation
of N. gaeumannii are understood to be in large part linked
to temperature and moisture fluctuations at relevant times in

the life cycle of the fungus (Stone et al., 2008a). Mild fall and
winter temperatures, concurrent with epiphytic and endophytic
hyphae growth in Douglas-fir needles, are conducive to fungal
development (Manter et al., 2005; Bennett and Stone, 2019). Wet
conditions in the spring and summer, coincident with Douglas-
fir bud burst and N. gaeumannii spore dispersal, increase
spore-needle adherence and rainsplash dispersal, favoring
N. gaeumannii abundance. Additionally, topographical features
such as elevation, slope aspect and shading that moderate
microclimate have also been identified as important predictors
of disease severity (Rosso and Hansen, 2003; Manter et al., 2005;
Lee et al, 2017). While the extent and severity of epidemics
has varied over the last decades, coastal forests of Oregon and
Washington states largely planted with young Douglas-fir have
been the epicenter of SNC outbreaks. Hence, silvicultural factors
such as tree age and species diversity, along with the Pacific
Northwest coastal characteristics such as fog and oceanic climate
are considered conducive to increased severity (Ritokova et al.,
2016, 2021; Shaw et al., 2021).

Recent  explorations into the phylogeography of
N. gaeumannii in the Pacific Northwest suggest that the current
crisis is not solely attributable to climatic changes (Winton et al.,
2006; Bennett and Stone, 2016, 2019). The population structure
and genetics of N. gaeumannii have also been investigated
as a source of variability in disease severity. Two major non-
interbreeding phylogenetic lineages of N. gaeumannii (named
lineages 1 and 2) have been identified in the Pacific Northwest,
and though they are sympatric, their spatial distributions suggest
that they may be adapted to different environmental conditions
and climates (Bennett and Stone, 2016, 2019). Whereas lineage 1
has been detected across the native range of Douglas-fir as well
as in exotic plantations from Europe to New Zealand, lineage
2 has been detected almost exclusively in coastal areas west of
the Coast mountains of Washington and Oregon in addition
to a small number of sites in New Zealand (Bennett and Stone,
2016; Bennett et al., 2019). Prior observations have indicated
that regions where both lineages are detected are generally more
severely infected (Winton et al., 2006; Bennett and Stone, 2016),
but thus far, the role of the lineages in disease patterns remains
unclear (Bennett and Stone, 2019).

In this paper, we report the use of genetic lineage distribution
modeling (LDM) to explore the epidemiology of SNC at
different scales. Presence-only species distribution models
(SDM), which predict the probability of occurrence of
a species based on georeferenced presence points, true
absence or pseudo-absence points and environmental
predictors, are becoming essential tools in conservation
biology and disease epidemiology, including for assessing the
ecological and epidemiological implications of climate change
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(Thuiller et al., 2005; Purse and Golding, 2015; Liu et al., 2020).
In the context of a changing climate and increasingly accessible
genomic tools, the integration of evolutionary information such
as genetic clusters into SDMs can provide more accurate and
informative predictions (Hoffmann and Sgro, 2011; Gotelli and
Stanton-Geddes, 2015; Desprez-Loustau et al,, 2016; Nadeau
and Urban, 2019). We believe that incorporating lineage-level
distribution modeling with fine-scale severity data at monitoring
sites may answer some important questions about the genetic and
climatic characteristics underlying SNC epidemiology. The main
questions we sought to address are: (i) What is the relationship
between the climatic determinants of SNC and the distribution
of lineages 1 and 2?; (ii) How will the potential distributions
of the lineages change from the current climate to a future
time period (2035-2065) under the “business as usual” climate
scenario (RCP8.5)%; and (iii) can lineage climatic suitability be
used to predict the average SNC severity at a site and to explain
differences in within-tree severity patterns?

MATERIALS AND METHODS
Lineage Distribution Modeling Input Data

The study area chosen for the training and testing of our
LDMs is the Marine West Coast Forests EPA Level I ecoregion,
which covers the area of monitoring and provides a relatively
ecologically homogeneous area for pseudo-absence selection
(Figure 1A). The area of interest onto which we extrapolated
our predictions is the entire Douglas-fir native range, which
encompasses both the coastal (P. menziesii var. menziesii) and
interior (P. menziesii var. glauca) varieties of Douglas-fir (Little,
1971) (Figure 1A).

Presence and absence points for the two phylogenetic lineages
of N. gaeumannii in the PNW (Supplementary Data Sheet
S1) were obtained from two sources: (i) lineage proportion
data published by Bennett and Stone (2019) obtained using
multilocus genotypes of a collection of isolates and (ii) lineage
presence detection from samples of pseudothecia via real-time
PCR using the methods described in Supplementary Protocol
S1. The lineage identification from pseudothecia via real-time
PCR used an established false positive signal to determine true
presence with 99.5% accuracy if the targeted lineage constituted
at least 5% of the pseudothecia in the sample using a statistical
approach based on Geng et al. (1983). Therefore, to establish an
equivalency in presence detection between these two sources of
points, a lineage was considered absent in Bennett and Stone’s
(2019) collection of isolates wherever the proportion of the
lineage was below 5%. The compilation of points from these two
sources produced a dataset of 62 presence points and 9 absence
points of lineage 1 (Figure 1B), and 42 presence points and
29 absence points of lineage 2 (Figure 1C). In order to reduce
the spatial clustering of the data, the points were rarefied to
a 5 km resolution using the SDMtoolbox 2.0 python package
(Brown et al., 2017).

Nine pseudo-absence datasets were generated using several
pseudo-absence selection methods and numbers of pseudo-
absences to collectively maximize performance for all the
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FIGURE 1 | (A) Douglas-fir native range in the Pacific Northwest (Little, 1971).
The darker green shaded area is the Marine West Coast Forest EPA Level |
Ecoregion, which is the study area used to train and test our lineage
distribution modelings (LDMs). The lighter green shaded area is the rest of the
Douglas-fir native range, the Area of Interest onto which we extrapolate our
LDM predictions. (B) 62 presence and 9 absence points of lineage 1 of
Nothophaeocryptopus gaeumannii across 71 sampled locations. (C) 42
presence and 29 absence points of lineage 2 of N. gaeumannii across 71
sampled locations.

selected algorithms while reducing the bias from each individual
pseudo-absence generation method. These were (i) surface
range envelope with the quantile value set at 0.025, (ii) a
minimum buffer of 20 km between an absence and the nearest
presence, and (iii) randomly selected points masked by an
exhaustive collection of N. gaeumannii presence points from past
published research and aerial surveys in Oregon, Washington
and British Columbia (Supplementary Data Sheet S2). For each
of the pseudo-absence methods, three datasets were generated
containing different numbers of points. These were (i) the
same number of pseudo-absence points as presence points (ii)
one hundred pseudo-absence points, and (iii) one thousand
pseudo-absence points. In total, this led to nine pseudo-absence
datasets. The prevalence was set at 0.5, weighting the total
presences and total absences and pseudo-absences equally. These
methods are based on our interpretation of the results and
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recommendations of Barbet-Massin et al. (2012) and Liu et al.
(2019).

Environmental Variables Selected for

Lineage Distribution Modeling

The environmental variables incorporated in this analysis were
average degree days above 5°C (DD5), Summer Heat Moisture
Index (SHM) and annual Relative Humidity (RH) between 1980
and 2010 (henceforth the “current” climate), as well as distance
from the nearest coastline (km).! DD5, SHM and RH were
selected from a set of 28 bioclimatic variables produced by
ClimateNA for different time periods (Wang et al., 2016). The
variables were narrowed down based on their contribution to
aforementioned temperature and wetness conditions conducive
to N. gaeumannii proliferation, and then filtered based on their
multicollinearity; only variables with a VIF below 0.5 were
maintained. A short description of each variable and its rationale
for inclusion in the LDM analysis is described in Table 1.

Rasters for future climate conditions were downloaded from
ClimateNA for the period 2035-2065 (midpoint = 2050) under
an ensemble of 13 Atmosphere-Ocean General Circulation
Models (ACCESS-ESM1-5, BCC-CSM2-MR, CNRM-ESM2-1,
CanESM5, EC-Earth3, GFDL-ESM4, GISS-E2-1-G, INM-CM5-
0, IPSL-CM6A-LR, MIROC6, MPI-ESM1-2-HR, MRI-ESM2-
0 and UKESM1-0-LL) of the Representative Concentration
Pathway 8.5 climate change scenario (henceforth the “RCP8.5
2050 scenario”). This scenario, also known as the “business as
usual” scenario, is intended to indicate the worst case scenario of
climate change in the absence of mitigation policies, reflecting an
increase in radiative forcing of 8.5 Watts/m? by the end of twenty-
first century relative to pre-industrial levels (Moss et al., 2010).

Uhttps://oceancolor.gsfc.nasa.gov/docs/distfromcoast/

To provide an overview of how the values of the climate variables
are forecast to change under the RCP8.5 2050 scenario, we
extracted values from the climate variable rasters at the 71
lineage sampling locations and graphed box plots and probability
densities comparing their current and future values.

Lineage Distribution Modeling Analysis

We used the SDM framework of the biomod2 R package
(Thuiller et al,, 2009). Four algorithms, Generalized Linear
Models (GLM), Multiple Adaptive Regression Splines (MARS),
Breiman and Cutler’s Random Forests (RF) and Maximum
Entropy (MAXENT) were used to construct an ensemble
model for each lineage. This set of algorithms was selected
to maximize both predictive performance and interpretability
while minimizing bias by combining traditional regression
methods with more flexible and computationally intensive
machine learning algorithms. Three cross validation runs with
a training:testing data split of 80:20 were computed for each
pseudo-absence dataset. A total of 108 models were developed
(nine pseudo-absence sets x four algorithms x three cross-
validation runs) to predict the potential distributions of lineage
1 and lineage 2 in the study area.

Models were evaluated by examining the True Skill Statistic
(TSS) scores, which are calculated by taking the sum of
the True Positive Rate (sensitivity) and True Negative Rate
(specificity) minus 1, for each combination of the algorithm,
pseudo-absence set, and cross-validation run. To examine the
relationship between N. gaeumanii lineage occurrence and the
explanatory variables used in this analysis, variable importance
values were computed as explained in Thuiller et al. (2009).
In our study, this was calculated using three permutations
(i.e., random rearrangements of data) of each variable and via
comparison of the correlations between the predictions from the

TABLE 1 | Description, reason for inclusion and source of variables used in LDM.

Variable Description Reason for inclusion Source
Annual degree days The sum of the total number of Mild winter conditions favour N. gaeumannii epiphytic and endophytic ClimateNA/
above 5°C (DD5) accumulated degrees between 5°C growth (Manter et al., 2005; Stone et al., 2008a; Bennett and Stone, Adaptwest
and the mean daily temperature of 2019). Ascospore dispersal requires temperatures of 5°C to 28°C and
each day in the year. growth is inhibited above 30°C, therefore mild summer temperatures
are also favourable to N. gaeumannii (Michaels and Chastagner, 1984;
Capitano, 1999; Rosso and Hansen, 2003). DD5 is also an important
predictor of Douglas-fir productivity (Weiskittel et al., 2012).
% Annual Relative Proportion of absolute humidity in an Relative humidity favours ascospore germination (Wicklow and Zak, ClimateNA/
Humidity (RH) air parcel out of the maximum 1979; Beyer et al., 2005) and has been found to be a trigger of SNC Adaptwest
humidity at that epidemics (Watts et al., 2014).
temperature.
Summer Heat Moisture Ratio of the mean temperature of the Mild and wet spring and summer conditions are known to favour ClimateNA/
Index (SHM) warmest month to the mean May- reproductive success and growth of N. gaeumannii (Michaels and Adaptwest

Distance (km) to coast
(dist)

September precipitation divided by
1000. Hot, dry summers have high
SHM, while cool, wet years have low
SHM.

Distance to the nearest coastline.

Chastagner, 1984; Capitano, 1999; Rosso and Hansen, 2003;
Mildrexler et al., 2016, 2019)

Distance from the coast is a proxy for a variety of environmental
conditions strongly related to Swiss needle cast symptom presence
and severity and is an important indicator of the relative

National Oceanic
and Atmospheric
Administration

proportion of Lineage 2 (Lee et al., 2017; Bennett and Stone, 2019; (NOAA)
Mildrexler et al., 2019).
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re-arranged data versus the unshuffled data. Influential variables
will have higher variable importance values (range: 0-1). Finally,
to understand the relationships between the variables and the
occurrence probability of the lineages, we graphed response plots
for each variable developed based on the GLM models with a TSS
score of 0.7 or above.

Ensemble modeling, where predictions from several different
modeling techniques are combined, is applied to reduce bias and
improve performance of SDMs (Araujo et al., 2005; Marmion
et al, 2009). The predictions from the different modeling
techniques were “ensembled” based on the average probabilities
from high performing models (TSS > 0.7 for lineage 1 and
TSS > 0.75 for lineage 2). Predictions from the ensembles
were then projected to the entire range of Douglas-fir in the
Pacific Northwest for current (1980-2010) and future conditions
(2035-2065) under the RCP8.5 2050 scenario. Interpreting the
probabilities of occurrence from this analysis as a measure of
climatic suitability, we sought to explore associations between
these outputs and disease severity.

Severity Modeling

Fine-scale severity data from across the epidemic zone sampled
between 2015 and 2019 were acquired from researchers of
monitoring networks in Washington, Oregon and B.C. The
response variable used to signify N. gaeumannii abundance
and therefore disease severity is the Colonization Index (CI),
a heuristic approximation of the probability percentage that a
given stoma is occluded by N. gaeumannii pseudothecia. This was
assessed on 2-year old needles from the top, middle and bottom
crown sections of trees. The number of trees and crown sections
sampled per site varied in the different networks; only the upper
crown was sampled in Washington, and mostly 5 trees were
assessed in B.C. and 10 trees in Washington and Oregon. The
CI (%) was obtained by multiplying the incidence (proportion of
needles exhibiting occluded stomata) by the severity (proportion
of pseudothecia occluded on the base, middle and tip of needles)
on a subset of needles. The number of needles in these subsets
also varied between the networks, with ten to 50 needles used
for incidence assessment, and five to ten needles used for
severity assessment.

To investigate the influence of lineage suitability on site-
level average CI while controlling for sampling heterogeneity,
local topography and short-term climate patterns, we utilized a
binomial logistic regression with a logit link, incorporating only
sites where data from all three crown sections were available
(131 sites in total from Oregon and B.C.) (Supplementary
Data Sheet S3). To account for sampling heterogeneity across
the monitoring sites, we implemented a weighting system of
observations with weights assigned as a function of the amount
of sampling done at the site. To account for the effect of fine-
scale topography and the degree of shading on a site, we chose
to include hillshade pixel depth into the analysis, which is an
indication of the level of shading at the site; high pixel depth
signifies lighter color and hence a more illuminated site, while
low pixel depth means a darker color and therefore a more shaded
site. This variable was obtained by applying the hillshade function
in QGIS 3.10.9 to a digital elevation model from ClimateNA with

the azimuth set at 315° (NW). Additionally, the natural log of
the average precipitation as snow in January (PASO1) from the
two years preceding needle sampling was used to control for
short-term winter conditions.

Model selection and inference in this study drew on an
information theoretic approach proposed by Burnham and
Anderson (2002) and implemented in the AICcmodavg package
in R (Mazerolle, 2017). We built a global model along with a
set of plausible nested candidate models (Table 2). Variables
were scaled and centered on the mean prior to modeling. We
assessed the evidence for each model based on the second-order
Akaike Information Criterion for small sample sizes (AICc); the
evidence ratios obtained are an indication of the number of
times a given model is more parsimonious than a lower-ranked
model (Burnham and Anderson, 2002; Mazerolle, 2017). Since
more than one model carried a consequential proportion of the
AICc weight, we employed multi-model averaging to compute
model-averaged parameters and measures of uncertainty for the
explanatory variables, with shrinkage applied based on the AICc
weight of the different candidate models as suggested by Calin-
Jageman and Cumming (2019). In accordance with Mazerolle
(2017), model fit was evaluated based on the global model, which
was designed as follows:

uily = 1

lOg(lyi)) = Bo + B1X1i + P2Xoi + B3Xzi + PaXyi
ui(y = 0)

uiy = 1) — Bo+BiXii + BaXoi + B3Xsi + PaXyi

u,-(y = 0)
ui(y =1)

where - =0 1 the odds ratio that a given stomata on a given
needle is occluded versus unoccluded by pseudothecia at the
i site. The weight of each observation is an estimation of the
number of needles measured for pseudothecia occlusion at the
site, calculated by taking the total of the product of the number
of needles measured for prevalence and severity at the site. For
instance, at a site where all three crown sections of ten trees
are sampled, and at every crown section ten needles are used
for severity estimation and 50 needles for prevalence estimation,

TABLE 2 | (A) Akaike’s Information Criterion adjusted for small sample sizes (AICc)
weight and AlCc score of the highest ranked (AICc weight above 0) generalized
linear models associating colonization index (Cl) values with lineage suitability,
climate and topography and (B) estimates of the mean and standard deviations of
the response (Cl probability) and explanatory variables [In(PAS01), hillshade, L1
suitability, L2 suitability].

(A) Candidate model AlCc AlCc Weight
L1 suitability, In(PAS01), hillshade -260.52 0.74
L1 suitability, L2 suitability, In(PAS01), Hillshade ~ —258.39 0.25
IN(PASO1), hillshade -251.44 0.01

(B) Variable Mean value + SD Model-averaged estimate + SE
L1 suitability 0.56 + 0.22 0.08 £ 0.01

L2 suitability 0.50 £ 0.32 0+0

IN(PASOT) 2.26 +0.79 -0.03 + 0.01

Hillshade 179.5 +£10.70 0.02 + 0.01

Cl (probability) 0.16 £0.10
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the weight is equal to 3 x 10 x (10 x 50) = 15000. The
weights range from 2,450 to 18,150. The intercept, By is the
value of the CI when the other variables are held at 0 (i.e., at
their mean values). Biis the coefficient for the effect of PASO1
on CI, Xy;is the millimeters of PASO1 at the i site. B,is the
coefficient for the effect of hillshade on CI, Xy;is the hillshade
pixel depth at the i site. Bis the coefficient for the effect of
lineage 1 probability of occurrence on CI, X3;is the probability
of occurrence of lineage 1 at the i site. Pyis the coefficient
for the effect of lineage 2 probability of occurrence on CI,
Xyiis the probability of occurrence of lineage 2 at the i site.
The probability of occurrence values for lineage 1 (X3;) and
lineage 2 (X4;) for each site were extracted from the ensemble
model-based lineage potential distribution maps for the current
(1980-2010) time period.

Finally, we explored correlations between the two lineage
suitability outcomes and average CI in the different crown
sections using correlation plots and Pearson’s correlation tests
based on data from all the SNC monitoring networks (a total of
211 sites in Oregon, Washington and B.C.).

RESULTS

Environmental Variables Shaping

Lineage Climatic Suitability

DD5 and SHM are the two most important predictors among the
explanatory variables for both lineage 1 and lineage 2, though the
importance of DD5 appears to be higher for lineage 1, while SHM
is more important for lineage 2 (Figure 2A). Distance to coast
and RH are also much more important predictors for presence
of lineage 2 than for lineage 1 (Figure 2A). According to the
averaged predictions of the best performing GLMs, the optimal
conditions for presence differ significantly between the lineages.
Lineage 1 has a much broader range of suitability for distances
further from the coast and for hotter and drier summers than
lineage 2 (Figure 2B). The tolerance range of lineage 1 for both
low and high annual average RH values exceeds that of lineage 2
(Figure 2B). In contrast, lineage 2 has a slightly broader tolerance
in terms of higher DD5 (a greater accumulation of daily degrees
experienced above 5°C) (Figure 2B).

Evaluation scores for lineage 1 were generally lower than for
lineage 2, which may be a reflection of its broader environmental
tolerance throughout the study area (Figure 3). According
to their TSS scores, the regression methods discriminated
between presences and absences better for lineage 2 than for
lineage 1 (L1 GLM = 0.72, L1 MARS = 0.7, L2 GLM = 0.6,
L2 MARS = 0.64), while random forests performed similarly
for both (L1 RF = 0.66, L2 RF = 0.65). Maxent had
the weakest discrimination capacity for both lineages (L1
MAXENT.Phillips = 0.5, L2 MAXENT.Phillips = 0.61) (Figure 3).
However, the TSS scores, which range from -1 (no points
classified correctly) to 1 (all points classified correctly) were 0.74
and 0.78 for lineages 1 and 2 ensemble models, respectively
(Figure 3). Such TSS values indicate “good” to “very good” model
predictions (Préau et al., 2019).

Impact of Climate Change on the
Distribution of the Nothophaeocryptopus

gaeumannii Lineages

At the lineage presence points included in the LDMs, the
climate variables are forecast to change between “current” climate
conditions and those in the 2050 RCP8.5 scenario. The most
remarkable change is DD5, which will increase across its entire
range of values, with its mean increasing from 1996 to 2700
degree days (Figure 4A). The mean SHM will increase from 53
to 73, indicating hotter and drier summers overall (Figure 4B).
The range of RH will remain relatively unchanged, with the mean
decreasing from 71 to 69% (Figure 4C).

These changes are reflected in the patterns of probability of
occurrence forecast for the two lineages, which can be interpreted
as a measure of climatic suitability. Under the current climate, the
coastal zone west of the Cascade and Coast ranges extending from
the Lower Mainland of B.C. to central Oregon is highly suitable
for both lineages. However, the areas of very high suitability for
lineage 1 extend further inland into the B.C. Fraser valley and
northeast out to the eastern coast of Vancouver Island, as well as
inland to the western slopes of the Oregon Cascades (Figure 5A).
Lineage 1 also has relatively higher suitability values throughout
the interior Douglas-fir range than lineage 2, particularly in
the interior (Figures 5A vs. C). In contrast, the areas of high
suitability for lineage 2 under current conditions are constrained
to a narrow strip of land along the coast of the study area along
with a pocket on the eastern coast of Vancouver Island. However,
its range of high suitability values extends further South than that
of lineage 1, to the Southern limit of our study area (Figure 5C).

Under the climatic conditions forecast by the RCP8.5 2050
scenario, changes in the climatic suitability of lineage 1 are
predicted to increase by a probability of up to 0.1 in large
swathes of the Douglas-fir range (Figure 5B). The highest
increase in suitability is predicted east of the coast in Washington
and Oregon; for example, the Willamette Valley and Western
slopes of the Oregon and Washington Cascades should become
significantly more suitable areas for lineage 1 (Figure 5B). There
are some areas where the suitability of lineage 1 is forecast to
decrease; Vancouver Island, the Olympic Peninsula and Puget
Sound (Figure 5B).

Under the RCP8.5 scenario, lineage 2 is likely to remain
similarly geographically limited, with areas in the interior of
the Douglas-fir range becoming generally even less suitable
to Lineage 2 (Figure 5D). Some increases in suitability are
forecast in Southeastern Vancouver Island and the Puget
Sound (Figure 5D).

Lineage Suitability and Colonization

Index

Out of our set of plausible candidate models for predicting
CI, two models carried the highest proportion of the AICc
weight. These were (i) the one including In(PAS01), hillshade
and lineage 1 suitability and the global model, carrying 74%
and 25%, respectively (Table 2). Using model-averaging, we
are able to obtain parameter estimates and their uncertainties
as measured by standard error for each of our explanatory
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variables. These are 0.03 (40.01) for lineage 1, 0.0 for lineage
2, -0.03 (£0.01) for In(PASO1), and 0.01 (£0.01) for hillshade
(Table 2). This means that when In(PASO01) and hillshade
are held constant, the odds of a stomata being occluded
by a pseudothecium are multiplied by 1.03 (e*%%) with a 1
unit increase in lineage 1 suitability. In effect, this indicates
a positive association between lineage 1 climatic suitability
and CI, even when short-term winter conditions and local
topography are taken into account. This association is supported

by the evidence ratios between the models; the candidate
model including lineage 1 suitability along with the log of
PASO1 and hillshade was 93.966 times more parsimonious than
the one including only the log of PAS01 and hillshade. We
found no such association with lineage 2 climatic suitability.
In terms of the effects of short-term winter climate patterns
and topography, In(PAS01) of the previous two years has a
negative association with CI, while hillshade pixel value has a
positive association with CI, implying that higher CI should
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be found where there is lower precipitation in January and on
less shaded sites.

The logistic regression model fit of our global model was
excellent, with a Hosmer Lemeshow test p-value of 0.99 and no
concerning patterns in the residuals once a log-transformation
was applied to PASO1 (Supplementary Figure S1).

Lineage Suitability and Within-Tree
Vertical Infection Patterns

Significant positive correlations were observed between lineage
1 climatic suitability and CI in the middle (r = 0.17, P = 0.04)
and lower (r = 0.29, P = 0.0004) crown sections (Figure 6A).
A weak positive correlation was observed between lineage 2
climatic suitability and the upper crown section CI (r = 0.14,
P = 0.05). Lineage 2 climatic suitability and the CI values in
the lower crown section were negatively correlated (r = -0.39,
P < 0.0001) (Figure 6B).

DISCUSSION

Climatic Niches of Two Genetic Lineages
of Swiss Needle Cast

Our results indicate that the two genetic lineages described for
N. gaeumannii have overlapping environmental distributions but
different environmental tolerance ranges. Indeed, while there are
areas where one lineage completely supplants the other, they
are also often present in the same site, sometimes in very close
proximity; in fact, both lineages have been identified on a single
needle (Bennett and Stone, 2019). Our research adds support to
a number of previous findings relating to N. gaeumannii and its

lineages, while providing further insight into the niche optima of
the lineages in terms of a few key variables.

Overall, both lineages 1 and 2 (and therefore the whole
N. gaeumannii species in the Pacific Northwest) prefer coastal
climate and warm temperatures, and favor mild and wet
conditions, as opposed to hot and dry conditions, in the spring
and summer, suggesting that geographic areas under these
conditions should be more susceptible to SNC epidemics. This
agrees with the conclusions of a wide range of other studies
into the climatic determinants of SNC distribution and severity
(Manter et al., 2005; Lee et al., 2017; Shaw et al., 2021).

The difference in niche in terms of DD5 corresponds with
the dominance of lineage 2 and absence of lineage 1 at survey
sites in southernmost Oregon sites. Similarly, the much broader
tolerance for higher SHM and continentality of lineage 1
manifests in its complete supplantation of lineage 2 in hotter
and drier conditions farther from the coast, a phenomenon
also remarked by Bennett and Stone (2019). These differences
in tolerance may be explained by the population structure of
the lineages. N. gaeumannii is a homothallic species which
appears to reproduce predominantly via selfing with occasional
outcrossing events (Bennett and Stone, 2019). According to
multilocus genotypes analyzed by Bennett and Stone (2016, 2019)
lineage 1 has a higher genotypic diversity, genotypic richness and
genetic diversity than lineage 2, which is considered relatively
clonal. The diversity of genotypes in lineage 1 and the different
phenotypes they can produce could be an explanation for its
broad environmental tolerance. Conversely, the lack of genotypic
diversity in lineage 2 may explain its limited environmental
range. The phenotypes produced by these different genetic
clusters may also hold insights into relationships between severity
and lineage climatic suitability evoked by our CI modeling.
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Differences in Pathogenicity Between

Lineage 1 and Lineage 2

The results of our severity modeling demonstrates the utility
of LDMs for predicting forest disease severity, while also
highlighting the importance of using both short-term winter
climate along with topography data in improving prediction
of colonization levels of N. gaeumannii when using down-
scaled climate data.

While precipitation as snow was a strong predictor of CI, the
inclusion of hillshade in models helped to explain the values of
outliers such as several highly infected sites in the Chilliwack area
of B.C. and the Tillamook area of Oregon, as well as relatively
uninfected sites in the Florence and Coos Bay areas of Oregon
that were not explained by PASO1 or lineage suitability. This is
in agreement with previous research that noted the importance
of shading, aspect and elevation in SNC epidemics (Rosso and
Hansen, 2003; Lee et al., 2017). Our results also suggest that the
distribution and suitability of the lineages may assist in predicting
disease severity along with short-term climate.

Differences in pathogenicity between genetic lineages is not
uncommon in forest pathogens. Some of the most notable
examples include the lineages of Phytophthora ramorum Werres,
De Cock, and Man in’t Veld (Elliott et al., 2011) and Ophiostoma
ulmi (Buisman) Melin and Nannf. (Hessenauer et al., 2020). In
the case of SNC for which infection severity is dependent on
abundance of pseudothecia, differences in pathogenicity between
lineages should arise as the result of competitive advantages
such as improved dispersal ability, higher growth rate, or
an adaptation to the local environment. Initially, the clonal
population structure of lineage 2 and the concentration of the
most severe outbreaks in areas of Washington and Oregon where
this lineage was abundant led to the proposition that this lineage
had a competitive advantage over lineage 1 and is part of the
etiology of the PNW’s SNC epidemic (Winton et al., 2006; Bennett
etal., 2019). Yet, lineage 2 is conspicuously absent from the B.C.
Lower Mainland’s most severely infected stands, while several
sites in Southern Oregon almost exclusively populated with
lineage 2 have little to no symptoms of SNC according to aerial
surveys (Bennett and Stone, 2019). Indeed, though they do not
allow us to infer causality, our results indicate a slight association
between climatic suitability of lineage 1 and the site average
levels of colonization by N. gaeumannii, even after accounting
for short-term climatic and topographic effects. In contrast,
our model averaging revealed no such association with lineage
2 climatic suitability. According to ecological niche theory,
the climatic suitability values generated by our LDMs should
approximate the local abundance of each lineage (Maguire,
1973; Guisan et al, 2017). As CI is a reflection of pathogen
abundance, its association with lineage 1 suitability and lack
thereof with lineage 2 suitability may be interpreted as evidence
for a competitive advantage in favor of lineage 1. Our findings are
supported by preliminary results from phenotyping experiments,
which showed that isolates of lineage 1 most common on the
coast have a higher phenotypic plasticity and grow faster than
those of lineage 2 in three different temperature conditions and
three drought conditions (Yin et al., 2020). Our findings also
concur with those from Bennett and Stone (2019), who tested
the hypothesis of higher pathogenicity of lineage 2, but found no
association between the relative proportion of lineage 2 and SNC
symptoms when distance from the coast was held constant.

The significant association between CI and lineage suitability,
as well as the high evidence ratios of models that incorporated
lineage 1 suitability over those that didn’t, provides evidence
that LDMs can be useful in estimating the severity patterns
of the epidemic. This not only helps us to make inferences
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to greater spatial scales, but also to much smaller scales such
as within the tree. Differences in the relationships between CI
and lineage suitability in the upper, middle and lower crown
sections reveal some intriguing possibilities such as within-tree
niche partitioning between the lineages, and may help to explain
the differing patterns of vertical colonization in the monitoring
networks. The occupation of the same host by different species or
reproductively isolated lineages as is the case with N. gaeumannii
poses a problem in ecology as it violates the competitive exclusion
principle (Hardin, 1960). However, a possible answer to this
conundrum has been found in fine-scale spatial or temporal
niche partitioning between cryptic species or non-interbreeding
subpopulations. Evidence of this in forest pathogens includes the
complex of fungal species causing oak powdery mildew in Europe
and fungal symbionts of the mountain pine beetle in western
North-America (Feau et al.,, 2012; Hamelin et al., 2016; Ojeda
Alayon et al., 2017). The correlation between lineage 1 suitability

and lower and middle crown section CI and the weak correlation
between lineage 2 suitability and the upper crown section CI
suggests that the lineages may prefer different crown sections -
lineage 1 the lower and middle sections, and lineage 2 the upper
section. This would be consistent with the different colonization
levels found in B.C., where lineage 1 is most prominent and the
lower sections are most severely infected, as opposed to Oregon
where the upper section of the crown is most infected in highly
diseased sites and lineage 2 is more common (Shaw et al., 2014;
Bennett and Stone, 2019).

It is important to note that although CI is the primary
mechanistic sign of SNC, it is not always correlated with the
ultimately damaging symptom of premature defoliation (Manter
et al., 2003; Montwé et al, 2021). The host dynamics of this
disease remain obscure; indeed, studies on silvicultural practices
(Filip et al., 2000; El-Hajj et al., 2004; Lan et al., 2019a), as
well as host age (Lan et al., 2019b), tree provenance and family
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(Johnson, 2002; Montwé et al., 2021) have reported different
and even contradictory results on relationships of these factors
with symptom severity and disease tolerance and resistance.
Crucially, the interacting effect of climate change on both the
host and pathogen is an important knowledge gap which should
be addressed in further research. In addition, the importance
of different climate variables on disease severity seems to
vary spatially, according to differences in site biogeoclimatic
characteristics (Stone et al., 2008a; Lee et al., 2013). Hitherto,
distance from the coast has been widely used in SNC modeling
as a proxy for this variability in site characteristics as it
applies well to the relatively linear coastline of Oregon where
the disease has been most studied, but the parameter is not
as useful in Washington and Southwestern B.C, which have
more complex coastlines. Modeling work such as ours on
the full extent of the epidemic requires replacement of this
proxy variable with more widely applicable variables such
as ecosystem classification zones. The lack of compatibility
between ecosystem classification systems across the national
boundaries of the Pacific Northwest is a barrier to this
effort. While many important challenges for understanding
and managing the SNC epidemic remain, the combined use

of genetic information along with climate data at different
timescales and topographic data provides some useful insight
that could aid forest management decision-making in the context
of climate change.

Implications for Climate Change

The results of our study suggest that it is not lineage 2 but rather
lineage 1 that may be the driver of disease severity currently
in the coastal Pacific Northwest. Though it can be problematic
to extrapolate results beyond the spatial and temporal scope
of an observational dataset, we do so under the fundamental
assumption that species conserve their niches (Peterson et al,
1999; Liu et al., 2020). This allows us to make some informed
predictions about the trajectory of the SNC epidemic to the
rest of the Douglas-fir range under the RCP8.5 2050 scenario.
The increase in lineage 1 suitability observed in our predictions
in this scenario indicate that the frequency of SNC epidemics
may increase in coming years, particularly extending into the
Willamette valley and Western slopes of the Cascades, which
until now have been spared of the disease’s impact (Ritékovd
et al.,, 2016; Shaw et al., 2021). The expansion to new suitable
locations reflects the current tolerance of lineage 1 for a wide
range of climate conditions. Considering the relatively high
genetic diversity of this lineage, it is consistent with the general
idea that a more diverse subpopulation of a fungus will have
more chance to adapt successfully to a changing environment
than a clonal subpopulation (Drenth et al., 2019). When taken
together with our severity modeling results, the outputs of
our lineage 1 LDMs can be interpreted as indicators of future
disease severity, assuming that warmer climates will also lead
to an increase in the frequency of optimal short-term winter
conditions such as low PASO1. As such, the increase in the overall
suitability values across much of the Douglas-fir range in the
RCP8.5 2050 scenario suggests that the severity of epidemics
can be expected to intensify throughout much of the lineage 1
distribution if greenhouse gas emissions continue unabated in
the coming decades.

In contrast, the extent and suitability levels of lineage 2 are
predicted to remain relatively similar according to our LDMs,
with increases in probability over 0.1 in Northern Washington
and Northeastern Vancouver Island. We believe this may be due
to increases in suitability resulting from favorable DD5 being
offset by rising SHM to which lineage 2 has a very limited
tolerance (Figure 4). However, it is important to mention a
number of caveats to this result. Firstly, clonal populations
such as that of lineage 2 tend to expand spatially as they
do not need to compete against other genotypes and are
usually indicative of a highly successful individual, but they are
more vulnerable to collapse due to their lack of adaptability;
this population structure is epidemiologically important but
difficult to factor into modeling. It is also noteworthy that
various studies in the epidemic zone show a historical trend
toward increasing spring and summer precipitation in the
epidemic zone (Stone et al., 2008b; Mildrexler et al., 2019;
Montwé et al., 2021), as opposed to the drying trend forecast
in our RCP8.5 scenario. This and fluctuations in short-term
weather patterns introduce additional uncertainties in our future
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predictions under the RCP8.5 emission scenario, which call
for caution in interpreting our maps. Future risk assessments
will immensely benefit from rangewide determinations of SNC
genetic lineages and accurate estimations of climate and host
dynamics in this region.

CONCLUSION

Climate-driven SDMs have traditionally been used to assess
habitat suitability for a given species including forest pathogens
(Pandit et al., 2020; Pedlar et al., 2020). We are unaware of
studies in forest pathology that have used genetic clusters as
inputs into SDM, and outputs of these models for assessing
the severity of forest pests or diseases. Our study addresses
this knowledge gap by including results from predictive maps
of the climatic suitability of the two N. gaeumannii lineages
(lineage 1 and 2) into severity modeling. By considering the
whole epidemic area this study provides the most geographically
extensive investigation of the short and long-term climate
dynamics of SNC. We believe that future research should focus
on the phenotyping of the N. gaeumannii lineages, including
the coastal and interior variants of lineage 1, as well as other
evolutionary differences between the lineages, such as dispersal
ability. This could be used to fine-tune our SDMs using
mechanistic models which are known to perform better with
native pathogens in their realized niches. Our results indicate
that there is a sound theoretical and empirical underpinning for
using LDMs as tools to not only predict the current and future
climatic suitability of the SNC lineages, but also to attempt to
identify high disease severity risk areas under current and future
climate conditions.
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