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SNCC Income Sources and Expenditures: 2022

Income
Membership dues 84,000
Oregon State Legislature 95,000
Carry-over 88,873
Total 2022 Income $267,873
Expenditures
Salaries and wages 36,539
Travel 3,819
Operating expenses 16,464
Materials and Supplies 0
Indirect Costs (@17.5%) 9,944
Total 2022 Expenditures $66,766

Balance $201,107




SNCC Background and Organization

A major challenge to intensive management of Douglas fir in Oregon and Washington is
the current Swiss needle cast (SNC) epidemic. Efforts to understand the epidemiology,
symptoms, and growth losses from SNC have highlighted gaps in our knowledge of basic
Douglas-fir physiology, growth, and silviculture. The original mission of the Swiss Needle Cast
Cooperative (SNCC), formed in 1997, was broadened in 2004 to include research aiming to
ensure that Douglas-fir remains a productive component of the Coast Range forests. The SNCC
is located in the Department of Forest Engineering, Resources and Management within the
College of Forestry at Oregon State University. The Membership is comprised of private, state,
and federal organizations. Private membership dues are set at a fixed rate. An annual report,
project reports, and newsletters are distributed to members each year. Our objective is to carry

out projects in cooperation with members on their land holdings.

SNCC Mission

To conduct research on enhancing Douglas-fir productivity and forest health in the

presence of Swiss needle cast and other diseases in coastal forests of Oregon and Washington.

SNCC Objectives

(1) Understand the epidemiology of Swiss needle cast and the basic biology of the causal

fungus, Nothophaeocryptopus gaeumannii.

(2) Design silvicultural treatments and regimes to maximize Douglas-fir productivity and

ameliorate disease problems in the Coast Range of Oregon and Washington.

(3) Understand the growth, structure, and morphology of Douglas-fir trees and stands as a
foundation for enhancing productivity and detecting and combating various diseases of Douglas-

fir in the Coast Range of Oregon and Washington.
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2/16/2023

To: Swiss Needle Cast Cooperative Members
From: David Shaw, Director, SNCC
Re: Annual Report

Dear SNCC Membership,

Thanks again for your support for the Swiss Needle Cast Cooperative. I believe we are
making a significant contribution to our understanding and management of Swiss needle
cast. The Coop is in a state of transition; Gabi is now working for the Oregon Department
of Forestry as the state Forest Pathologist, and we have hired Adam Carson as our new
SNCC Faculty Research Assistant. Adam began work January 1, 2023, and is catching on
quickly.

I will be stepping down June 30, 2023 (and retiring at the end of the year) and Jared
LeBoldus will be taking over as the Director of the SNCC. Jared has established an
exceptional forest pathology laboratory split between the Department of Forest
Engineering, Resources, and Management (FERM) and the Department of Botany and
Plant Pathology (BPP). The SNCC will remain within the College of Forestry, and Adam
is a FERM appointed FRA.

We saved significant funds in 2022 because we went the entire year without an FRA.
Luckily, remeasurement of the SNCC Coastal Research and Monitoring Plot Network was
not scheduled for 2022, but we also delayed implementing the spore dispersal project.

The coop will have a bit more room for additional research due to this savings. We look
forward to 2023 and Adam will be busy. We plan to re-install the Cascades SNC
Monitoring plot network this spring/early summer, restart the spore dispersal study with
collaboration from an international forest pathologist, and begin remeasurement of the
SNC Coastal Research and Monitoring Plot Network in the fall.

It has been a honor to be Director of the SNCC, and a real joy to work with on-the-ground
foresters to determine research needs and continue inquiry into this complex disease of

Douglas-fir. I feel the coops are unique because foresters interact with scientists directly.

Sincerely,

)M- J ¢ sz
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Spore dispersal during humid and wet weather begins the life cycle of Nothophaeocryptopus
gaeumannii. New infections occur primarily on first-year (current year) needles and coincides with
bud break and shoot elongation between May and July (a). Upon contacting a stoma, the
germinating ascospore produces an appressorium from which a penetration peg is formed leading
to needle penetration via the stomatal opening (b). The intercellular tissue of the needle is
colonized in the fall and winter (c) and gives rise to pseudothecia, which can begin to emerge in
the early spring depending on geographic location and environmental conditions (d). The fruiting
bodies mature throughout the spring (e) and release ascospores between May and July (possibly
into August and September) (f). Symptoms of infection can arise in second year (1-year-old)
needles and older (g) and include premature needle loss (due to stomatal occlusion from
pseudothecia), chlorotic foliage, and thin crowns. During the fall of the second year, epiphytic
hyphae emerge from the base of pseudothecia (h) and grow along the surfaces of the needles. This
epiphytic growth can result in the penetration of unoccupied stomata and might aid in expanding
intercellular colonization. The development of N. gaeumannii within needles and the timing of
pseudothecia development varies depending on geographic location, winter temperature, and
periods of leaf wetness.



2022 Swiss Needle Cast Aerial Survey

Gabriela Ritokova and Harold Stevens

Oregon Department of Forestry

Survey procedures:

The observation plane flew at 1,500 to 2,000 feet above the terrain, following north-south lines
separated by 2 miles. Observers looked for areas of Douglas-fir forest with obvious yellow to yellow-
brown foliage, a symptom of Swiss needle cast (SNC). Patches of forests with these symptoms
(patches are referred to as polygons) were sketched onto computer touchscreens displaying topographic
maps or ortho-photos and the position of the aircraft. Each polygon was classified for a degree of
discoloration as either “S” (severe) or “M” (moderate). Polygons classified as “S” had very sparse
crowns and brownish foliage, while those classified as “M” were predominantly yellow to yellow-brown
foliage with slightly denser crowns than those classified as “S”. The survey area extended from the
Columbia River in Oregon south to the north border of Port Orford, and from the coastline eastward
until obvious symptoms were no longer visible.

Oregon utilized the national standard Digital Mobile Sketch Mapper for the SNC survey in 2022. The
system syncs the data directly to a national database housed in the USDA Forest Service and makes for
an easily consumable and robust system for collecting aerial survey data. With this new system, the area
is recorded in much the same way as the previous digital system but incorporates some important
changes, one being the metric used to record survey information. For defoliators such as SNC, we gain
the area of the treed area affected in addition to the intensity of defoliation. This means that we can now
record the intensity (severe or moderate) and the amount of the stand/polygon/area of interest that has
damage. This is very useful for mixed stands with host and non-host species.

Results:

The survey was flown on June 1, 2, and 8, 2022, and covered 3,692,653 acres in the Oregon Coast
Range (figure 1). Bud break was later than normal because of colder weather conditions, but the survey
was delayed until much later than planned because of a staffing shortage, technical and administrative
difficulties related to the aircraft, and contract delays. Despite this, symptoms remained visible to
observers well after bud-break and into June. Despite this, symptoms remained visible to observers well
after bud-break and into June.

The survey showed an increase in the area of forest with symptoms of Swiss needle cast compared to the
previous 5 years, reaching an all-time high with 657,376 acres of Douglas-fir forests with obvious
symptoms of Swiss needle cast (figure 2). As has been the case for the past several years, the
easternmost area with obvious SNC symptoms was approximately 28 miles inland from the coast in the
Highway 20 corridor, but most of the area with symptoms occurred within 18 miles of the coast. Figures
3 and 4 show the trend in damage from 1996 through 2022.

The Swiss needle cast aerial survey provides a conservative estimate of damage because observers can
map only those areas where disease symptoms have developed enough to be visible from the air. We
know Swiss needle cast occurs throughout the survey area, but discoloration often is not severe enough
to enable aerial detection. The total area of forest affected by Swiss needle cast is far greater than
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indicated by the aerial survey. The aerial survey does, however, provide a reasonable depiction of the
extent of moderate and severe damage and coarsely documents trends in damage over time.

Acknowledgements:

The survey was conducted by the Oregon Department of Forestry Forest Health and Air Operations
sections and was funded by the Oregon State University Swiss Needle Cast Cooperative, the USDA
Forest Service Forest, and the Oregon Department of Forestry. Dan McCarron (ODF) piloted the plane.
Christine Buhl (ODF) is the survey coordinator and primary observer. Other aerial observers were Sarah
Navarro (USFS) and Gabriela Ritokova (ODF).

Additional Notes:

We appreciate any information regarding the accuracy or usefulness of the maps. If you have a chance
to look at some of the mapped areas on the ground, please let us know what you observe. Please call
Gabi Ritokova (503-978-2404) or Harold Stevens (503-302-4259) if you have questions, suggestions, or
comments.

The GIS data and a .pdf file can be accessed via the ODF web page at:
http://tinyurl.com/ODF-ForestHealth
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Figure 1. Area surveyed for Swiss needle cast symptoms, 2022. Flight lines are approximately two miles apart.
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Figure 3. Area of Douglas-fir forest in western Oregon with symptoms of Swiss needle cast detected during
aerial surveys conducted in April-June, 1996-2022. Trend line is 3-year rolling average. Coast Range, Oregon.
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Figure 4. Area of Douglas-fir forest in western Oregon with symptoms of Swiss needle cast detected during
aerial surveys conducted in April-June, 1996-2022; north and south halves of survey area. Trend line is 3-year
rolling average. Coast Range, Oregon.
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Western Washington Swiss Needle Cast
Aerial and Ground Surveys, 2021 - 2022

Swiss needle cast is a native fungal foliar disease
of Douglas-fir, often associated with Pacific NW
coastal forests. Impacts of infection may include:

e Discoloration

e Premature needle loss

e Reduced growth

e Alteration of wood properties

e Stand structure and forest development
changes

Discolored yelow—brown Douglas-fir stand (left) and normal-colored

Aerial Surve
y dark-green Douglas-fir stand (right). Lighter trees scattered

e Completed May 2022 throughout are red alder.
e 2.0 million acres surveyed .
e 115,000 acres displaying symptoms were D ' Siva et

mapped, representing almost 6% of the o I sNC-severe 28,716 ac
total area surveyed R 5 SNO-Modecate 36,768 ac
. . Flight Lines, 3 mi grid
e Acreages mapped are within the range of
previous measurements
e Aerial surveys detect discoloration in trees,
not necessarily SNC severity or impacts

Ground Survey

e Conducted spring 2021 & spring 2022

e Assessed 128 ground plots, representing over 3
million acres, along the coast and in the NW
region

e Inthe coastal region, similar or lower needle
retention and SNC fungal counts were
measured compared to previous observations

e SNC fungal counts and needle retention
measurements were higher in the NW region
than in the coastal region

e Correlations between needle retention and
fungal counts were inconsistent, possibly
signifying other stressors may contribute to
needle loss

SU.I'VGYS Conducted by Map of 2022 Swiss needle cast aerial survey data.

Washington Department of Natural Resources, USDA Forest Service, and Washington Department of Fish and
Wildlife
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Western Washington Swiss Needle Cast
Aerial and Ground Survey, 2021-2022

Rachel Brooks', Dan Omdal’, Isaac Davis', Glenn Kohler', Justin Hof?, Marty Kimbrel®, Connie Okasaki*

"Washington Department of Natural Resources, Forest Health Program, Olympia, WA
2USDA Forest Service, Forest Health Protection, Sandy, OR

3Washington Department of Fish and Wildlife, Olympia, WA

*University of Washington, Seattle, WA

Abstract

Swiss needle cast (SNC; caused by the native fungus Nothophaeocryptopus gaeumannii) is a foliar disease of
Douglas-fir (Pseudotsuga menziesii) often associated with Pacific Northwest coastal forests. This disease may
lead to foliage discoloration, foliage loss, and reduced growth in Douglas-fir. In May 2022, an aerial survey
covering 2.0 million acres was flown to map the distribution of discolored Douglas-fir trees associated with SNC
in coastal Washington forests. Just over 115,000 acres of symptomatic Douglas-fir were mapped, which is within
range of measurements taken in previous years. In support of the aerial survey, 96 ground locations across the
range of the aerial survey, along the coast of Washington, were assessed in spring 2021 and 2022. SNC severity
(percent of stomata blocked by fungal fruiting bodies on two-year-old needles) and needle retention (amount of
needles from previous years still present on a limb) were estimated at each location. An average of 2.5 (2021)
and 2.1 (2022) years of needle retention and 21.1 (2021) and 8.9 (2022) percent SNC severity were measured at
these coastal plots, numbers similar or lower than in previous years surveys. Additionally, during the same time
period, 32 ground plots were surveyed in the NW Region in an area where monitoring had not occurred before.
An average of 2.9 (2022) and 2.4 (2021) years of foliage and 35.9 (2021) and 25.6 (2022) percent occluded
stomata were measured. These numbers are significantly higher than those measured along the coast during the
same time period. The correlation between SNC severity and needle retention was not significant in all locations
and years except for the NW Region in 2022. This lack of consistent correlation may indicate other factors are
driving needle retention, such as drought, heat, site quality, or other foliar diseases.

Introduction

The fungus that causes Swiss needle cast (SNC), Nothophaeocryptopus gaeumannii, is found everywhere its only
host, Douglas-fir (Pseudostuga menziesii), is grown. This foliar disease rarely causes tree mortality, but can cause
premature needle loss and foliar discoloration that results in reduced growth, altered wood properties, and
stand structure and development changes (Shaw et. al. 2021). This native pathogen became a priority in the
coastal forests of Washington and Oregon in the 1990s, and more recently has impacted forests in British
Columbia (Shaw et al. 2021). These areas have likely seen high SNC levels due to the fungi-favorable topographic
and climatic conditions (such as mild winters and wet springs), historical plantings using off-site Douglas-fir seed
sources, and increases in Douglas-fir numbers due to forest management practices (Shaw et. al. 2021).
Monitoring SNC and its symptoms along the Pacific NW coast from the air and on the ground have become
common practices in Washington and Oregon, with British Columbia recently also starting to monitor the
disease.
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Figure 1: The underside of two-year old needles collected during SNC ground plot monitoring showing an uninfected needle (left) and an
infected needle with about a 70% SNC severity rating (right). Unobstructed stomata are seen as white dots in vertical rows while SNC
fruiting body occluded stomata are seen as black dots.

Figure 2: A Douglas-fir tree with poor needle retention (needles retained are almost exclusively one-year old, with very few older
needles) causing the tree’s canopy to look sparse (left). Douglas-fir stands displaying yellow-brown discoloration associated with high SNC
impact (right).

In Oregon, where the disease is most severe, an aerial survey has been conducted most years since 1996, with
roughly 300,000 acres of symptomatic Douglas-fir mapped yearly along the coast
(https://sncc.forestry.oregonstate.edu/survey-maps). In Washington, an aerial survey along the coast was
completed in 1998, 1999, 2000, 2012, 2015, 2016, and 2018, with mapped symptomatic acres ranging between
44,000 to over 400,000 (Ramsey, et al. 2018). In both Oregon, Washington, and recently in British Columbia,
ground plots have been used to support aerial surveys and help correlate the observed discoloration with fungal
signs and impact to trees. In Washington, ground surveys have been conducted most years since 1997.

The Washington State Legislature provided funding in the 2019-2021 biennium to conduct aerial and ground
surveys in Washington’s coastal forests (hereafter ‘Coastal Region’), representing the area that has been
previously monitored. After being delayed by COVID-19 operating restrictions, an aerial survey was completed in
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Washington in spring 2022. To support this aerial survey, ground surveys throughout the Coastal Region were
also completed in spring 2021 and 2022.

In addition to the Coastal Region, an area in the NW Region representing the active timberlands between the
cities of Mount Vernon, Darrington, Concrete, Bellingham, and Sumas was also ground surveyed (hereafter ‘NW
Region’). This region represents an area not previously surveyed, and was included in the ground survey due to
its proximity to British Columbia where SNC has been reported as a growing concern (Shaw et. al. 2021).

Methods

The 2022 aerial survey was conducted during May for the Coastal Region of Washington covering 2.0 million
acres (Figure 3). This survey is timed to occur after crown discoloration symptoms have developed, but before
new foliage has emerged (bud break). The survey area extended from the Columbia River north to the Strait of
Juan de Fuca, and from the coastline eastward. The observation aircraft flew at 1,500 to 2,000 feet above
ground level, following north-south or east-west lines separated by 3 miles. Observers on both sides of the
aircraft looked for areas of Douglas-fir forest with apparent yellow-brown foliage, a rather generic symptom that
is considered to be indicative of moderate to severe SNC disease. Patches of forest with these symptoms were
sketched onto touch-screen tablets displaying topographic maps or ortho-photos and the position of the
aircraft. Each polygon was classified for degree of yellow-brown discoloration as either severe or moderate.

During the spring of 2021 and 2022, ground surveys were conducted throughout the two selected study areas
(the Coastal Region and the NW Region), representing 2.4 million acres and 0.7 million acres respectively (Figure
4). Ground sampling locations in each of these areas, and for each year, were separately selected with a uniform
spatial weighting function using a Balanced Acceptance Sampling method (Robertson et al., 2013). Based on
time availability, 50 sampling locations were randomly selected in the Coastal Region and 17 selected in the NW
Region each year. Each selected point was visited once between March and May 2021 or 2022 where an
accessible and appropriate stand (dominated by suitably-sized Douglas-firs) no greater than four miles away
from the random point was chosen for sampling. Points that had no appropriate or accessible sites within four
miles were excluded. In total, the Coastal Region had 48 sites assessed each year and the NW Region had 17
sites assessed in 2021 and 15 sites assessed in 2022.

At each ground survey location, 10 Douglas-fir trees were selected for sample collection and measurements.
Needle retention (the number of cohorts on a branch still retaining needles) was visually estimated on each tree.
Two-year-old foliage was collected from the fifth whirl of branches of each tree and taken back to the lab for
examination under a microscope. SNC severity (percent stomata obstructed by the fungal fruiting bodies called
pseudothecia) was determined by counting the number of pseudothecia in 300 stomata on each of ten needles
for each tree. Due to differences in sampling density of the two areas, summary calculations for each site were
determined separately prior to comparison using a t-test. To account for the site selection method, standard
errors were calculated using appropriate design-based estimators (Kincaid et al. 2019). Correlation between
needle retention and severity were assessed for each region each year.

Results & Discussion

The aerial survey covered 2.0 million acres in the Coastal Region on May 4 and 31, 2022, totaling 8.6 hours of
flying time. SNC associated symptomatic stands were detected on just over 115,000 acres, representing almost
6% of the total acres surveyed. This represents a slight increase from the previous survey conducted in 2018, but
a decrease from earlier surveys (Table 1). Severely symptomatic stands were generally located between
Westport and llwaco, while moderately symptomatic stands were found scattered throughout the region (Figure
3).
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Figure 3: Washington 2022 Swiss needle cast aerial survey map showing the flight path and the mapped SNC severe and moderate
stands.



Table 1: The 2022 aerial survey results compared to previous years of SNC aerial survey results in the coastal region of
Washington (Ramsey et al. 2018).

severe SNC symptoms moderate SNC symptoms total SNC symptoms area flown

year % of total | severe SNC | % of total moderate % of total total SNC acres in

acres acres acres SNC acres acres acres millions
2022 1% 29,000 4% 87,000 6% 115,000 2.0
2018 <1% 6,000 3% 73,000 3% 79,000 2.7
2016 <1% 14,000 10% 234,000 10% 248,000 2.4
2015 1% 19,000 13% 332,000 14% 351,000 2.6
2012 <1% 6,000 8% 222,000 9% 228,000 2.7

The 2021 and 2022 ground surveys found that SNC severity and needle retention varied between site, regions,
and by year. In the Coastal Region, an average of 2.5 (2021) and 2.1 (2022) years of foliage (needle retention)
and 21.1 (2021) and 8.9 (2022) percent occlusion (SNC severity) was measured at each site. 2021 measurements
were similar to previous measurements, while 2022 measurements were lower (Table 2). In the NW Region, an
average of 2.9 (2021) and 2.4 (2022) years of foliage (needle retention) and 35.9 (2021) and 25.6 (2022) percent
occlusion (SNC severity) were measured at sites. The NW Region’s needle retention and SNC severity
measurements were significantly higher than those measured in the Coastal Region (t-test, p<0.001). Overall,
these numbers varied greatly between sites, with average needle retention ranging from 1.2 to 3.3 years and
SNC severity ranging from 0.3 to 62.6 percent.

- P 4 » LAyerre Sot it et Ai?ﬁ 1-'.‘ »2 ""J( N\ ' ‘:(;
Figure 4: SNC ground survey plot results in 2021 (left) and 2022 (right). Surveyed regions are outlined in red with points representing
sampled plots locations. Point size indicates average needle retention measured and point color represents SNC severity (% occluded)
measured.
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Table 2: Number of sites, average percentage of occluded stomata on two-year-old needles, and average foliar retention (0 indicates
there were no needles retained and 3.6 indicates full retention of 4-years of foliate) for each region surveyed since 2012.

mean SNC severity (%)

region year number of sites average pseudothecia density (%) average foliar retention
2022 48 8.9 2.1
_ 2021 48 21.1 2.5
2 2018 26 16.0 2.3
S 2016 63 22.1 2.4
2015 47 22.5 2.3
2012 75 15.5 2.2
= 2022 17 25.6 2.4
< 2021 15 35.9 2.9
i coastal region NW region
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Figure 5: Correlations between mean SNC severity (% stomata occluded on two-year old needles) and mean needle retention (years
retained) split by region (columns) and year (rows). Associated p-values and r values are shown on each graph.
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Within regions each year, the correlation between SNC severity and needle retention was not significant in all
locations and years, except for the NW Region in 2022 (Figure 5), which was the only region that displayed the
expected correlation between high SNC severity and low needle retention. This overall lack of correlation
between high SNC severity and low needle retention is of note, since stomata are responsible for gas and water
exchange within a needle, and significant obstruction of these features often results in needle loss. Therefore,
this may indicate that other factors besides SNC are driving needle loss in Douglas-fir forests in both the Coastal
and NW Regions most years. Other factors that influence needle retention can include drought, heat, site
quality, and other diseases.

Both surveys indicate that there has been no substantial increase in the severity of SNC over the past decade in
coastal Washington, as acreage mapped during the aerial survey and SNC ratings from the ground survey are
well within the range of measurements observed in previous years’ surveys. Results from the NW Region are
inconclusive, as they indicate Douglas-fir have better levels of needle retention than the Coastal Region, despite
having higher SNC severity measurements.

Caution should be advised when interpreting this data. The SNC aerial survey maps symptoms (discoloration)
visible from air. As SNC observers can only map areas where symptoms are visible from 1,000+ feet, aerial
survey data can only be used to coarsely document trends over time. Therefore, while the aerial survey and
randomly selected ground points can be used as a guide for identifying areas impacted by SNC, site specific
ground surveys should be conducted in stands of interest before SNC mitigating management decisions are
made. In particular, if less than three years of foliage are being retained on Douglas-fir branches, then growth
loss may occur. Given that Douglas-fir is the only host of SNC, forest managers with impacted sites may select
for or plant other tree species, such as red alder, western redcedar, western white pine, Sitka spruce, or western
hemlock. For a more detailed management discussion, refer to the “Silvicultural decision guide for Swiss needle
cast in coastal Oregon and Washington” (Ritékova et al. 2022) available online at:
extension.oregonstate.edu/pub/em-9352
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Swiss Needle Cast Co-op BC Update December 2022

David Rusch, Ministry of Forests, Lands and Natural Resource Operations, British Columbia

British Columbia (BC) has a total of 42 Oregon-style Swiss needle cast (SNC) permanent sample
plots (PSPs) in three biogeoclimatic variants. Fourteen of the plots have weather stations.
Twelve of the plots had their 5-year re-assessment in 2021, 23 are being re-measured this
winter/spring, and the remaining 7 will be re-assessed in 2024.

There was no relationship between foliar nitrogen and pseudothecial counts when the plots
were set up but there was a curious positive correlation between foliar potassium levels and
SNC disease severity. As in Oregon, SNC severity appears to be correlated with warmer winter
temperatures and wetter springs.

Anecdotal observations suggest that needle retention in lower branches is much greater near
the bole of SNC affected trees than at the outer ends of the branches. This hypothesis will be
tested this spring by measuring needle retention and pseudothecia from near the bole and at
the end of the branches sampled from the lower crown.

Molecular ecology has identified 2 lineages in BC. Lineage 1 has both a coast and interior type.
Lineage 2 is restricted to Vancouver Island and Metro Vancouver. Lineage 1c was the
predominant lineage found in BC plots.

Unlike Oregon, SNC is not restricted to a well-defined geographic area and we have not been
conducting annual aerial spring surveys for SNC. Even in areas with high SNC, severity between
plots is highly variable. This is likely due to the complex topography in BC. To better define SNC
impact and identify areas of high hazard we are asking licensees to voluntarily collect needle
retention data as part of their regeneration and free growing surveys. A free growing
declaration means that the licensee has met their regeneration obligations on a particular piece
of crown land (public land). Most licensees collect ground survey data to support their free
growing declaration. Our Silviculture Performance assessment specialist, Taisa Brown, has
produced YouTube videos explaining how to collect the data. Hopefully this data can be used to
address future stocking standards for SNC affected areas on the coast. We hope to pilot some
spring helicopter survey flights this spring in the Chilliwack area.
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ARTICLE INFO ABSTRACT

Corresponding Editor: James White Old-growth Pseudotsuga mengziesii var. mengziesii forests produce complex environmental and spatial gradients

along which biota assemble. Given this, it has been proposed that changes in the crown microenvironment are

Keywords: associated with different community assembly outcomes for needle fungi. Using high-throughput sequencing, the
Nothophgeocryptopus endophytic mycobiomes of needles were characterized for increasing ages of needles sampled along the boles of
?ﬁﬁb‘:‘)dl"e eight coastal Douglas-fir trees. Leveraging airborne light detection and ranging (LiDAR) data to create three-
En disphere dimensional “point cloud” representations of tree crowns revealed that crown closure accounted for more
Old-growth fungal compositional variation than height in crown, and fungal richness and diversity were positively correlated

Community ecology with increasing crown closure. Supplementing the point clouds of each climbed tree with clouds from >5,000
ITS randomly selected trees in the study area showed that fungal communities from closed portions of the crown
Metabarcoding were increasingly structured with needle age. These findings highlight the importance of the crown microen-

Airborne LiDAR

vironment in the development of foliar fungal communities for a foundation tree species.

1. Introduction

Endophytic fungi live a significant part of their life cycles within
their hosts without producing symptoms of disease (Saikkonen et al.,
1998). Those that infect plant leaves are generally horizontally trans-
ferred between host plants, comprise a diverse taxonomic and phylo-
genetic assemblage of fungi, and can modulate foliar disease severity
(Busby et al., 2016), stomatal conductance (Arnold and Engelbrecht,
2007), and nutrient uptake (Christian et al., 2019). Given the functional
importance of foliar fungal communities for regulating plant responses
to biotic and abiotic stresses, elucidating the factors controlling their
composition will have important implications for both basic and applied
plant sciences.

Communities of foliar endophytic fungi vary along environmental
gradients at landscape (Zimmerman and Vitousek, 2012) and regional
(Barge et al., 2019) scales, yet there are few studies examining patterns
of fungal community variation along the vertical axis of individual host
plants (Osono and Mori, 2004; Harrison et al., 2016; Izuno et al., 2016;
Oono et al., 2017). While this omission may be inconsequential for an-
nuals and plants of modest stature, the crowns of tall, old-growth conifer
species like Pseudotsuga mengziesii var. mengiesii support vertically

* Corresponding author.
E-mail address: gerversk@oregonstate.edu (K.A. Gervers).

https://doi.org/10.1016/j.funeco.2022.101155

stratified ecological communities in which compositions change with
height in crown (McCune, 1993; Sillett and Rambo, 2000). And although
P. mengziesii crowns were among the first rigorously sampled for endo-
phytic needle fungi (Sherwood and Carroll, 1974), further character-
ization of these endophyte communities with modern sequencing
techniques is needed.

Tree crowns span multiple microclimatic gradients. UV-B and
photosynthetically active radiation are abruptly attenuated by foliage in
the mid-crown (Parker, 1997), while the upper crown is only intermit-
tently wet, with generally warmer and less stable air temperatures than
the lower portions of the crown that are buffered by vegetation (Hef-
fernan, 2017). Further, unshaded foliage can become nearly 7 °C
warmer than surrounding air temperatures, while leaf temperatures of
shaded foliage are relatively stable (Doughty and Goulden, 2008). These
and other microclimatic factors can also affect fungal colonization po-
tential in other contexts (Carisse et al., 2000; Unterseher and Tal, 2006;
Norros et al., 2015), and may also influence foliar mycobiome compo-
sition by acting as environmental filters dependent on the degree of
canopy openness (Gilbert et al., 2007). Additionally, foliage at different
heights in the crown possesses different morphological, physiological,
and spectral properties (Ishii et al., 2002; Gebauer et al., 2015;
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Fig. 1. Locations of the H.J. Andrews Experimental Forest (HJA) and the climbed and sampled trees (A). The inset and the red cross indicate the center position of
HJA within the North American Pacific Northwest. The positions of sampled trees have been jittered (+150 m) to avoid overlap. The map is based on a digital terrain
model from Spies, 2016. Relationship between height in crown and crown closure (B). Grey lines show data from point clouds associated with 5828 trees randomly
sampled across HJA (each with randomly sampled crown heights), while colored lines and points represent point clouds associated with trees that were climbed and
sampled as part of this study. Point cloud cylinders are centered on the treetop of a focal tree, but include all point returns within a 10 m radius (C). Although the
same vertical height can be sampled in two different trees, these heights can be associated with different crown closure indices.

Schweiger et al.,, 2020), potentially allowing host-mediated, with-
in-crown biotic filtering of needle communities. Because P. menziesii
canopy foliage can be long-lived, community assembly outcomes for the
canopy mycobiome at a point in time may have lasting impacts on future
community structure and assembly as foliage is exposed to infection
over time (Bernstein and Carroll, 1977; Arnold and Herre, 2003; Osono,
2008).

The potential for light detection and ranging (LiDAR) point cloud
data to account for variation in the diversity and composition of
terrestrial fungal communities (Peura et al., 2016; Thers et al., 2017;
Valdez et al., 2021) and to characterize the habitat preferences of
crown-dwelling organisms (Barnes et al., 2016) has recently been
demonstrated. These and other approaches rely on LiDAR technologies,
which associate several emitted and detected laser pulse echoes
(“returns”) with accurately recorded positions. Further processing yields
three-dimensional “point clouds’’, with each point in space representing
a position where the laser pulse reflects off vegetation or other surfaces.

Researchers can then obtain accurate estimates of canopy height, cover,
and structure to inform their analyses of communities (Lefsky et al.,
2002). LiDAR-derived metrics also correlate with specific aspects of the
microclimate such as near-surface air temperatures in old-growth P.
mengziesii forests (George et al., 2015; Frey et al., 2016; Davis et al.,
2019). Thus, combining mycobiome data with a co-localized measure-
ment of the crown microenvironment may help to elucidate how
endophyte communities vary along tree stems and among trees. Here,
point cloud data derived from airborne LiDAR and high-throughput
amplicon sequencing data were leveraged to test the hypothesis that
the composition and diversity of fungal needle endophyte communities
are correlated with crown exposure. In addition to examining the height
above ground as a compositionally relevant factor, our definition of
exposure considered an airborne LiDAR-derived measure of crown
closure, which quantifies the amount of intervening foliage (measured
as “points” in a point cloud) between the sky and a specified height in
the tree. Altogether, positions in the crown that are further from the
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ground and less obscured by foliage are more exposed; positions closer
to the ground and more obscured by foliage (more closed) are less
exposed. We further explored the relevance of exposure as a concept and
hypothesized that more- or less-exposed crowns undergo different shifts
in community structure with each age class of needle, potentially
reflecting differences in needle endophyte community assembly. We
report that only closure uniquely contributed to an ecologically
informed metric of exposure, accounting for variation in community
composition and diversity, and exposure groups showed differing pat-
terns in community structure over the needle ages sampled.

2. Methods
2.1. Sampling and surface sterilization

Six trees (BIRD348, CC, LATREEN, PC02, PC12, and PC17) at the H.
J. Andrews Experimental Forest (HJA, Fig. 1) were sampled in late
winter 2016-2017, and two other trees (DISCOVERY and DT
NEIGHBOR) were sampled in winter 2017-2018. HJA is located on the
west side of the Cascade Range of central Oregon; its 6400 ha range from
410 to 1630 m in elevation, and canopies can exceed 93 m in height.
Using single-rope climbing techniques (Video S1), where possible,
accessible branches from opposing aspects were sampled every 1-5 m in
each tree, and the height of each sample collection above ground level
was noted. Collection of branches began with the first available branch
closest to the ground, and continued as high as could be safely climbed.
Due to safety concerns, climbing did not reach the tops of tree crowns.
Branches were transported in coolers with ice blocks and then later
refrigerated at 4 °C until they could be processed (within 72 h). Needles
that experienced one (A1), two (A2), three (A3), and four (A4) growing
seasons were sampled from each branch and represented four unique
needle age classes. To target endophytic fungi, needles were surface
sterilized via immersion in 70% ethanol for 1 min, 4 min in 5% sodium
hypochlorite, 1 min again in 70% ethanol, followed by a sterile distilled
water rinse before being frozen at —80 °C (modified from Thomas et al.,
2016). Needles from different aspects at a given height on each tree were
pooled prior to 72 h of lyophilization. Each sample consisted of a unique
tree-by-height-by-age combination (71 heights x 4 ages = 284 samples).

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.funeco.2022.101155.

2.2. DNA extraction, Illumina MiSeq sequencing, and sequence
processing

DNA was extracted using OPS Diagnostics’ 96 Well Synergy™ Plant
Homogenization plates (Lebanon, New Jersey, USA). Each well received
five needles of a single age class, sourced from each sampled height;
empty wells were processed per the kit instructions and served as
extraction controls. To reduce PCR inhibition issues, DNA extractions
were cleaned with 1.2X volumes of Mag-Bind® TotalPure NGS magnetic
beads (Omega Bio-Tek, Norcross, Georgia, USA). The ITS2 region was
amplified in a primary PCR using the 5.8S-Fun and ITS4-Fun fungal-
specific primers (Taylor et al., 2016) Each primer consisted of sequences
that amplified the ITS2 region, followed by 3-6 bp length heterogeneity
spacers, and subsequently terminated with an Illumina adapter
sequence. 25 pl PCRs were carried out with MyTaq™ HS Red Mix
(Meridian Bioscience, Inc., Cincinnati, Ohio, USA), 0.4 pM of each
primer, 5 pl of template, and applying the following cycling parameters:
3 min denaturation at 95 °C, 28 cycles of 95 °C (30 s), 58 °C (30 s), 72 °C
(30 s), followed by a 2 min extension at 72 °C. Using a secondary PCR,
sample barcodes and Illumina flow cell adapters were then incorporated
into these PCR products after amplification was visually confirmed via
agarose gel electrophoresis. 25 pl PCRs were carried out with MyTaq™
HS Red Mix, 0.5 pM of each barcode primer, 1 pl of template, and with
the following cycling parameters: 3 min at 95 °C, eight cycles of 95 °C
(805),55°C(305), 72 °C (30 s), followed by a 2 min extension at 72 °C.
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This PCR product was purified and normalized (to 2.5-3.0 ng pl ™) using
Charm Biotech’s Just-a-Plate™ 96 Well Purification and Normalization
plates (Cape Girardeau, Missouri, USA) and submitted the library to the
Center for Genome Research and Biocomputing (Oregon State Univer-
sity, Corvallis, Oregon) for 2 x 300 paired end sequencing on the Illu-
mina MiSeq platform (Reagent Kit v3, San Diego, California, USA).

Reads were demultiplexed with Phenigs (Galanti et al., 2017) and
adapters were trimmed using Cutadapt (Martin, 2011) and SeqPurge
(Sturm et al., 2016). Reads were then denoised, filtered of chimeras, and
merged using the DADA2 R package (Callahan et al., 2016), producing
amplicon sequence variants (ASVs) using the pseudo-pooling method.
ITS2 sequences were extracted with ITSx (Bengtsson-Palme et al., 2013)
and were aligned to the 2020-02-04 UNITE eukaryote release (singletons
included, Abarenkov et al., 2020a) with VSEARCH (Rognes et al., 2016).
If at least half of each ASV’s global alignments (at > 0.5 identity) were
fungal, the ASV was retained as a putative fungal sequence. The LULU R
package, implementing the LULU algorithm, was used to collapse
potentially infragenomic or artifactual ASVs into OTUs (Frgslev et al.,
2017), with minimum match = 97% similarity, and minimum relative
occurrence 95%. Although not all ASVs were affected by this
approach, putative taxa will be referred to as OTUs. After this step, OTUs
for which >1% of non-control reads were found in the extraction and
PCR controls were identified as contaminants and removed. Taxonomy
was then assigned to the remaining subset of OTUs using the fungal
version of the 2020-02-04 UNITE release (without singletons, Abar-
enkov et al., 2020b) and the RDP classifier (Wang et al., 2007), imple-
mented with DADA2. This release was supplemented with full ITS
sequences belonging to fungal taxa known to associate with P. menziesii
or other conifers, but not included in the UNITE release. The full ITS
sequence of P. menziesii was also included in the release, allowing for
host amplification to be identified and removed. The PERFect R package
was used to remove spurious OTUs by identifying those OTUs which
made insignificant contributions to the total covariance of the dataset
(Smirnova et al., 2019); the permutation method with default signifi-
cance thresholds (retaining OTUS with P < 0.1, with P values calculated
using 1000 permutations) was applied. Altogether, LULU conditional
OTU curation and PERFect filtering were employed as a means to retain
as much sequence resolution as possible while also attempting to
minimize the effects of infragenomic taxon splitting and artifactual
sequence generation.

2.3. Airborne LiDAR data-processing

Crown closure values associated with each sample height were ob-
tained by processing light detection and ranging point cloud data that
had been collected for a larger survey of the McKenzie River study area.
Between June 07, 2016 and June 21, 2016, Quantum Spatial (Portland,
Oregon, now NV5 Geospatial, Hollywood, Florida, USA), commissioned
by the Oregon LiDAR Consortium, obtained discrete-return airborne
laser scans of the HJA area from a Leica ALS80 (Leica Geosystems, St.
Gallen, Switzerland) mounted on a Cessna Grand Caravan (Textron
Aviation Inc., Wichita, Kansas, USA), flying 1500 m above ground level.
Across the entire 2016 McKenzie River survey area, an average pulse
density of 12.64 m™ (SD = 4.867, min = 6.70 pulses m 2, max = 65.66
pulses m~2) was verified by the Oregon Department of Geology and
Mineral Industries. Using 1,723 ground survey points, it was also found
that the aerial survey had a horizontal accuracy of 0.37 m root mean
square error (RMSE) and a vertical accuracy of 0.053 m RMSE. Point
cloud data from this survey (OCM Partners, 2020) were downloaded
from the NOAA Data Access Viewer as a projection to UTM Zone 10
(horizontal datum = NAD83 (2011), vertical datum = NAVD88, geoid =
GEOID18), with meters as horizontal and vertical units.

Point clouds were processed with the lidR package (Roussel et al.,
2020). Point clouds were purged of point returns with GPS time errors
and intensity values of zero. For each tree, cylindrical volumes with
radius 10 m (and centered on tree positions) were clipped from these
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point clouds. This was the minimum radius that contained the horizontal
breadth of each crown for each sampled tree. Prior to clipping, tree
positions were refined, starting with GPS coordinates on record for each
tree. The expertise of the HJA forest director (Dr. Mark Schulze) was
used to verify final tree positions, which were centered on each treetop.
For each cylinder containing the point cloud of each tree, the bare earth
elevation under each tree was estimated via k-nearest neighbor
inverse-distance weighting (k-nearest neighbor points = 10) using all
available ground points. This bare earth elevation was added to the
heights at which needle material was sampled in each tree. From here, a
crown closure index was defined for each sampled tree height as the
number of point returns above the sampled height, divided by the total
number of point returns in each cylinder (Lovell et al., 2003). These
closure values were then multiplied by the median height of
elevation-normalized, non-ground point returns (Zneq, Fig. 1C) to ac-
count for the fact that a point cloud cylinder with a greater amount of
tall vegetation will generally yield more, intervening point returns than
a cylinder containing shorter vegetation (assuming equal scan
coverage).

2.4. Analysis

To determine how needle community composition varied across
trees, needle ages, and crown properties, features for each sample were
relativized by sample sequencing depth (i.e., converted to relative
abundance), and a generalized log transformation was applied to
dampen the compositional influence of highly abundant OTUs. Bray-
Curtis dissimilarity matrices were generated for use in downstream
analyses. All subsequent analyses and ordinations were performed using
functions from the vegan R package (Oksanen et al., 2020) unless stated
otherwise. Dissimilarities associated with the full dataset were ordinated
with non-metric multidimensional scalings (NMDS), using a
two-dimensional solution. NMDS significance was evaluated by per-
forming a Monte Carlo test (with 999 permutations) on the results using
R scripts (calling vegan functions) modified from those originally
created by Dr. Kevin McGarigal (pers. comm.). Four samples which
prevented the NMDS ordination from converging were purged from the
first needle age class. In trimming each needle age subset down to only
the samples that shared a tree height with every other subset prior to
analysis, samples were removed from the other three needle age classes
if one needle age class was missing. This resulted in the retention of 64
samples for each needle age class subset (256 samples total). Permuta-
tion analyses of variance (PERMANOVA; Anderson, 2001) were per-
formed with the adonis2 function on the full dataset to determine
whether needle compositions differed by tree and needle age, and the
homogeneity of variances among levels of each factor was tested using
the betadisper (implementing PERMDISP2; Anderson, 2006) and per-
mutest functions to assess whether differences in composition were
influenced by differences in group dispersion. For these tests, 999
random permutations were used to generate null pseudo-F ratio distri-
butions, designating source tree (“tree”) as a permutation stratum. An-
alyses were then followed by a PERMANOVA on the full dataset testing
the effects of height and closure after accounting for needle age class,
employing 999 permutations to generate P values and with “tree” as
permutation stratum. Distance-based redundancy analyses (dbRDA)
were constrained on crown variables, and PERMANOVAs were per-
formed on each needle age subset to determine whether compositional
variation accounted for by both crown variables changed with each
needle age class.

Crown terms (i.e., among height and closure) accounting for unique
compositional variation in the marginal test on the full dataset were
retained to generate exposure groups. To ensure that group assignment
procedure was not influenced by the small sampling of trees in our
dataset, the point clouds of 5828 randomly sampled trees across HJA
were also characterized by calculating closure at 10 random heights in
each tree, using the method described above (Fig. 1B). Random
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sampling was restricted to trees attaining the minimum treetop height
(35 m) and Zpeq (22.67 m) values observed among the climbed trees in
our dataset, and random height sampling was also restricted to the range
observed for climbed trees (lowest height = 10 m, greatest height = 55
m). Closure values calculated at each sampled height were clustered into
two groups using the Hartigan-Wong k-means clustering algorithm
(Hartigan and Wong, 1979) with the maximum number of iterations and
the number of random starts both set to 999. Samples from heights
associated with the lower mean cluster were designated as belonging to
the “open” exposure group, and samples associated with the higher
mean cluster were designated as belonging to the “closed” exposure
group. This was followed by indicator species analysis on the full dataset
(Dufrene and Legendre, 1998; as implemented with the labdsv package
by Roberts, 2019), which was used to identify taxa that occurred more
frequently and with greater relative abundance than expected by chance
in either open or closed exposure groups. Only OTUs occurring in at least
10% of samples were subjected to indicator species analysis. P-values
were adjusted to control for the false discovery rate of indicator taxa
using a Benjamini-Hochberg correction (Benjamini and Hochberg,
1995).

To determine whether alpha diversity varied with tree, needle age,
and closure, and height richness (Hill number g = 0) and the exponent of
Shannon entropy (¢ = 1) were estimated for each sample using the
iNEXT package (Hsieh et al., 2016). Both metrics were estimated at a
depth of 1000 reads, and variation in richness and logs-transformed
Shannon entropy (i.e, the Shannon index of diversity) was tested among
source tree and needle age (and their interaction) using analysis of
variance (ANOVA) F-tests (Fox and Weisberg 2019). Assumptions of
normality and homoscedasticity were investigated. In the event of pu-
tative heteroscedasticity, a White standard error adjustment was applied
in an attempt to correct for its influence in the ANOVA (Long and Ervin,
2000). Results of F-tests were investigated further with Tukey honest
significant differences post-hoc tests (alpha = 0.05). Alpha diversity
means were bootstrapped and confidence intervals were generated with
the bca function of the coxed R package (Kropko and Harden, 2020).
Linear mixed-effect models were created using the nlme package (Pin-
heiro et al., 2021) to test the correlations of alpha diversity metrics with
closure and height, setting source tree as a random effect. Reduced
models containing either height or closure were compared to each other,
a full model containing both crown variables, and a base model that only
contained the tree random effect according to their corrected Akaike
information criterion (AICc) and Bayesian information criterion (BIC)
values using the AICcmodavg R package (Mazerolle, 2020). Reduced
model P-values were obtained by performing a likelihood-ratio test
comparing the reduced model to the base model. Models included
needle age class as a fixed effect term if the term was significant in
earlier ANOVAs. Pseudo-R? values of fixed effects were calculated using
the piecewiseSEM package (Lefcheck, 2016).

Open and closed exposure groups were examined for changes in
community structure over time by performing Mantel tests at each
transition between needle age classes (Al to A2, A2 to A3, A3 to A4).
Rows and columns associated with samples belonging to either the open
or closed exposure groups were extracted from the Bray-Curtis distance
matrix associated with each needle age class and used as input matrices
for Mantel tests, each using 999 permutations, setting source tree as a
permutation stratum. Spearman ranked Mantel statistics were also
bootstrapped with 999 permutations. With each permutation, tree
heights shared by the needle age classes being compared were randomly
sampled with replacement and the Bray-Curtis dissimilarity matrix was
generated among the corresponding samples belonging to each needle
age class. As above, samples belonging to either the open or closed
exposure groups were extracted and the ranked Spearman correlation
between matrices was found. Means were calculated from these boot-
strapped correlation coefficients, and confidence intervals were gener-
ated as above. To compare the relative abundances of dominant OTUs
across needle age transitions, paired Wilcoxon signed rank tests were
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Fig. 2. Taxonomic assignments of OTUs present in the top 95% of reads, pooled at the tree-level (A). OTUs are colored by genus. OTU abundance distribution across
the eight trees sampled in this study (B). Occupancy-abundance curve, plotting the mean relative abundance of each OTU against the number of trees it was found to
occupy (C). The y-axis of (C) was log10-transformed. Each point represents a different OTU.

performed in R. When the null hypothesis was rejected for a pair of age
classes (alpha = 0.05), a two-sample Wilcoxon ranked sum test was
performed comparing OTU relative abundances between open and
closed exposure groups for the older needle age class. Exact P values (as
opposed to normally approximated P values) were calculated when
possible.

2.5. Reproducibility

All statistical analyses were conducted in the R v4.0.3 statistical
computing environment (R Core Team 2020). The functions associated
with the tidyverse R package (Wickham et al., 2019) featured heavily in
many scripts and facilitated the manipulation of data structures.
Handling of metabarcoding data was accomplished with the phyloseq

package (McMurdie and Holmes, 2013). Novel code and metadata
associated with bioinformatics, point cloud processing, statistical ana-
lyses, and figures have been publicly archived (https://doi.org/10.
5281/zenodo.6360767). Demultiplexed sequencing data are deposited
in the NCBI Sequence Read Archive (BioProject ID PRJNA748821,
BioSample accession SAMN20345134). LiDAR point cloud data are
available for download from the NOAA data portal (https://www.fisheri
es.noaa.gov/inport/item/49949).

3. Results
3.1. Overview

Before the removal of contaminants and non-fungal sequences, ITS
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Table 1

PERMANOVA results displaying the amount of compositional variation
accounted for by needle age and tree, and the marginal variation of height and
crown closure. P values are the results of permutation tests of pseudo F-ratios
using 999 iterations, setting "tree" as a stratum.
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samples that did form a full complement of needle age classes. OTU
accumulation curves, generated with functions from the BiodiversityR
package (Kindt and Coe 2005), indicated that each tree was adequately
sampled (Fig. S1).

Df R® F P 3.2. Composition
Age class and tree
Tree 7 0.266 14.568 0.001 OTU.1, identified as Nothophaeocryptopus gaeumannii (Mycosphaer-
35: . 21 g'ggz Zzgz g'ggi ellales, Dothideomycetes), was the most dominant OTU in the dataset,
a8 ; ; ; followed by OTUs identified as Rhabdocline parkeri (OTU.2, OTU.3, and
Residual 224 0.585 OTU.6; Helotiales, Leotiomycetes) (Fig. 2A). 54% of the OTUs retained
Total 255 1.000 occurred on two or fewer trees, while only 3% of OTUs occurred on
Age class and crown variables every tree (Fig. 2B). Only eight of 218 OTUs (3.67%) achieved average
:i:filf;l fi‘rte : g'gég ;?:g g'(l)(z);‘ relative abundances greater than 1%, with Penicillium expansum
- - ; - (OTU.65) representing the lower end of this subset (1.5%, Fig. 2C).
Residual 244 0.859 Analyzing the full dataset revealed that source tree (F = 14.568, P =
Total 255 0.001, R* = 0.266) and needle age class (F = 7.537, P = 0.001, R* =

extraction, chimera removal, and LULU clustering, 1786 ASVs were
identified across 284 non-control samples. After ITS extraction, there
were 1316 ASVs and 1292 ASVs after chimera filtering. 138 ASVs were
attributed to Pseudotsuga ITS sequences, totalling 561,671 reads. 1115
putatively fungal ASVs were retained after the VSEARCH filtering pro-
cess. After 97% LULU clustering and contaminant removal, 899 OTUs
were delineated, represented by 6,123,130 sequences over 282 samples.
This was reduced to 218 OTUs, 5,001,904 sequences, and 256 samples
after PERFect OTU filtering, contaminant removal, and the removal of

0.059) accounted for a large portion of variation in community
composition (Table 1; Fig. S2). However, these differences were influ-
enced by unequal variance among levels within each factor (7.643 < F
< 11.575, P = 0.001, Table S1). Marginal testing revealed that only
crown closure accounted for unique components of variation (F = 3.753,
P = 0.001, R? = 0.053; Table 1). This proportion increased when un-
transformed relative abundance data were used (F = 6.294, P = 0.004,
R? = 0.085). When performing PERMANOVASs on each needle age subset
individually, crown closure accounted for the most compositional
variation in needle age classes A2 (F = 5.849, P = 0.001, R? = 0.084)
and A3 (F = 4.637, P = 0.002, R = 0.068; Table S2, Fig. 3B and Fig. 3C).
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Fig. 3. Distance-based redundancy analyses ({bRDA) of Bray-Curtis dissimilarities for each needle age subset, constrained on height and crown closure. OTU vectors
demonstrate correlations between ordination axes and untransformed OTU relative abundances, as assessed with the envfit function from the vegan R package, while
crown variable vectors are extracted directly from the dbRDA biplot scores. Asterisks are associated with significant vectors (alpha = 0.05), longer vectors signify
stronger correlations, but vector length should only be compared within crown variable and OTU vectors. Vector significance was assessed with 999 permutations,
treating “tree” as a permutation stratum; tests involving crown variables were marginal pseudo-F tests.
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Fig. 4. Estimates of OTU richness or the Shannon index of diversity associated with needle age (A), crown closure index (B), and tree (C). Estimates were obtained for
each sample via interpolation or extrapolation to a depth of 1000 reads. Violin plots illustrate the distribution of richness and Shannon index diversity estimates for
each grouping. Letters for (A) and (C) indicate significant difference groups from Tukey HSD post-hoc comparisons (alpha = 0.05) among levels of each factor after
performing ANOVA F-tests. Horizontal lines delineate the bootstrapped means of estimates, while vertical lines correspond to bootstrapped 95% confidence intervals

(n = 999).

When this same analysis was performed with untransformed relative
abundance data, closure only accounted for a significant component of
variation in needle age class A3 (F = 9.679, P = 0.003, R? = 0.131).
Given these results, only crown closure was used to define exposure
groups. Exposure group assignment resulted in relatively similar
numbers of open (n = 28) and closed (n = 36) exposures. Across all trees
and needle age classes, OTU.1 (estimated as N. gaeumanni) was found to
strongly associate with needles in open exposures (P = 0.006, IV =
0.629) and OTU.2 (Rhabdocline parkeri) was the strongest indicator
taxon for closed exposures (P = 0.009, IV = 0.488). Another Rhabocline
parkeri OTU (OTU.3) was also identified as an indicator taxon for closed
exposures (P = 0.022, IV = 0.482). The roster of closed exposure indi-
cator taxa exceeded the roster of open exposure indicators (Table S3).

3.3. Diversity

OTU richness varied across trees (F = 11.264, P < 0.001) and needle
ages (F = 16.343, P < 0.001), increasing with needle age class (Fig. 4A)
and with increasing crown closure (AAICcyi, = 1.97, AICc weight =
0.67, ABICpi, = 4.31, BIC weight = 0.84, P < 0.001, R? = 0.197;
Fig. 4B). Additionally, the Shannon index of diversity varied among
trees (F = 32.209, P < 0.001; Fig. 4C). The Shannon index of diversity
was also found to increase with increasing closure (AAICchi, = 1.06,
AICc weight = 0.50, ABICpi, = 1.06, BIC weight = 0.60, P < 0.001, R?
= 0.079; Fig. S3).

3.4. Structure

Fungal community composition from heights in the open and closed
exposure groups were differentially structured over needle age class
transitions (Fig. 5). For closed exposures, community structure became
increasingly correlated over the Al-A4 transitions. No significant
structural correlation was detected at the Al to A2 transition (P =
0.762), nor for the A2 to A3 transition (P = 0.204) but community
structures were strongly correlated with each other at the A3 to A4 (P =

0.034, Spearman correlation p = 0.782). Conversely, the community
structures of open exposures were not correlated at any transition stage
(P > 0.220). The relative abundance of N. gaeumannii (OTU.1) in all
exposures only increased at the A2 to A3 transition (Wilcoxon signed
rank test, V. = 208, P < 0.001). OTU.1 relative abundances in closed
exposures, however, remained lower than relative abundances in open
exposures at A3 (Wilcoxon rank sum test, W = 815.5, P < 0.001) with
slightly elevated proportions in A3 and A4 (Fig. 6A). Conversely, R.
parkeri OTUs (OTU.2, OTU.3, and OTU.6) across all exposures increased
in relative abundance from Al to A2 (V = 406, P < 0.001), but larger
relative abundances were achieved in closed exposures at A2 (W = 238,
P < 0.001, Fig. 6B). These R. parkeri OTUs decreased in relative abun-
dance at the A2 to A3 transition (V = 1649, P < 0.001), but closed ex-
posures had higher relative abundances than open exposures (W = 206,
P < 0.001) at A3.

4. Discussion

This study is the first of its kind to combine airborne LiDAR-derived
metrics with fine-scale, within-crown foliage sampling of known needle
age classes, and high-throughput amplicon sequencing. Additionally,
forest-level LiDAR data were exploited to more objectively classify the
crowns of climbed trees in the dataset. Altogether, these approaches
showed that the diversity, composition, and structure of the endophytic
needle mycobiome are correlated with the surrounding crown micro-
environment in a way that depends on the age classes of needles. This
study demonstrates the unique utility that remote sensing technologies
like LiDAR can provide to studies of “hard-to-reach” ecological com-
munities, while also allowing researchers to frame the sometimes
limited environmental variation among their sampled sites in the
context of variation observed at larger scales. Further, the high
throughput amplicon sequencing approach taken here resulted in
identifications of the same dominant taxa described in earlier, estab-
lished work. Namely, Nothophaecryptopus gaeumannii (Stone et al.,
2008), Rhabdocline parkeri (Sherwood-Pike et al., 1986), and Phyllosticta
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Fig. 5. Spearman Mantel correlations between increasing needle age classes for
samples in open and closed exposure groups. Horizontal lines show the mean
bootstrapped correlation statistics (n 999), and vertical lines show the
bootstrapped 95% confidence intervals. Higher correlation statistics indicate
greater similarities in community structure between two needle age classes.
Results of sample estimate Mantel tests with P < 0.05 are indicated by blue
asterisks. P values were the result of 999 permutations, treating “tree” as per-
mutation stratum.

spp. (Petrini et al., 1991) have been described as key members of the
Pseudotsuga mengziesii needle endophyte community. Taxa previously
reported on the P. menziesii phylloplane or spermosphere (or associated
with other conifers) were also frequently detected. These included
Zasmidium pseudotsugae (Barr, 2009), Hormonema macrosporum (Berg-
mann and Busby, 2021), Diaporthe spp. (Gomes et al., 2013), Micraspis
strobilina (Quijada et al., 2020), Phaeomoniellaceae sp. (Chen et al.,
2015, Fig. 2).

4.1. Crown closure, interacting with needle age, accounted for more
community variation than height

Source tree accounted for the greatest amount of compositional
variation among samples (Table 1, Fig. S2), likely due to the large
number of OTUs specific to only one or a few trees (Fig. 2). These results
are similar to those of Harrison et al., (2016) and Oono et al., (2017),
where, despite spatial ranges differing between the three studies by an
order of magnitude (~10 km for the current study vs ~100 km for Oono
et al. vs ~700 km for Harrison et al.), source tree or site also accounted
for a large portion of variation in the composition of the foliar endo-
phytic mycobiome of conifers. Further, these and other (Izuno et al.,
2016), earlier studies find compositional differences between sampled
crown positions. Analogous to crown position, height measured in the
present study was unable to account for unique compositional variation
(Table 1), perhaps suggesting that previously reported vertical stratifi-
cation effects are actually unmeasured crown closure effects, given that
crown closure decreases monotonically with increasing height in crown.
This is supported by culture-based and visual survey studies which
showed that certain foliar fungal taxa appeared to demonstrate
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preferences for either qualitatively defined shaded or exposed foliage
(Osono and Mori, 2004; Gilbert et al., 2007; Unterseher et al., 2007;
Scholtysik et al., 2013), but this effect is not consistently observed
(Taudiere et al., 2018). However, other work examining terrestrial
macrofungal communities has established correlations between
airborne LiDAR-derived measurements of canopy cover, maximum
canopy height aboveground, and compositional turnover (Thers et al.,
2017). In any case, quantifying exposure beyond canopy position or
height should facilitate comparisons between studies of
crown-associated foliar fungi (Arnold and Herre, 2003).

Analyzing each needle age class separately showed that composi-
tional signal attributable to crown closure was detected at all needle
ages, but peaked at A2 and A3 (Table S2, Fig. 3). The closure signal was
stronger overall, but constrained to one needle age class when meta-
barcoding data were analyzed according to relative abundances that
were not log-transformed. This result is indicative of the extent to which
endophytic fungal communities were dominated by a few common taxa,
a condition also reported by Harrison et al., (2016). Regardless of
whether rarer or more common taxa were given more weight,
closure-mediated compositional signal continued to collapse after nee-
dle age class A3 (Fig. 3). Thus, this shift in community composition for
older needle age classes marks when smaller-scale, intra-crown com-
munity dynamics might give way to larger-scale or
non-closure-mediated assembly dynamics. Needle age class has also
been found to account for compositional variation of foliar fungal
communities in both metabarcoding (Wiirth et al., 2019) and
culture-based studies (Osono, 2008), and this is likely due to higher
incidences of infection observed for older needle age classes (Sherwood
and Carroll, 1974; Bernstein and Carroll, 1977; Petrini and Carroll,
1981) resulting from longer exposure to inoculum sources (Arnold and
Herre, 2003). However, differences in needle physiology and
morphology also accrue with increasing needle age class (Porte and
Loustau, 1998; Bernier et al., 2001; Apple et al., 2002; Ishii et al., 2002;
Yan et al., 2012; Eimil-Fraga et al., 2015), potentially accounting for its
influence on endophyte community composition.

The relevance of crown closure is also supported by the finding that
OTU richness and diversity increased with increasing closure (Fig. 4B,
Fig. S3), with the model selection process explicitly excluding height.
Again, these findings are similar to those reported from foliar fungal
surveys and airborne LiDAR-supported macrofungal studies (Osono and
Mori, 2004; Gilbert et al., 2007; Unterseher et al., 2007; Scholtysik et al.,
2013; Thers et al., 2017), but evidence from metabarcoding studies is
mixed and complicated by the inconsistent use of canopy position or
light exposure groups between studies (Harrison et al., 2016; Izuno
et al., 2016; Oono et al., 2017; Taudiere et al., 2018). If compared with
findings that composition and richness vary along larger-scale temper-
ature and precipitation gradients (Giauque and Hawkes, 2016; Bowman
and Arnold, 2021; Oita et al., 2021), the results observed in the current
study might suggest the more immediate action of
microclimate-mediated environmental filtering mechanisms that oper-
ate at smaller scales. However, this interpretation relies on the strength
of the relationship between within-crown LiDAR and microclimatic
metrics, which has yet to be sufficiently demonstrated. Further, physi-
ological and morphological needle traits vary within the crowns of co-
nifers in response to these same microclimatic gradients (Ishii et al.,
2002, 2008; Gebauer et al., 2015; Schweiger et al., 2020), and this
variation may have the potential to act with even more immediacy in
structuring conifer endophyte communities. In fact, correlations of
crown closure with composition and diversity can still suggest a role for
closure-mediated dispersal limitation in structuring these communities
(Gilbert and Reynolds, 2005), modifying the effect of closure-mediated
environmental filtering.
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each exposure group and needle age class.

4.2. Community structure diverges via interactions between needle age
and needle exposure

Further exploration of needle age class and exposure group showed
that inter-age differences in community structure differed between open
and closed exposure groups. Although no structural correlations were
detected at the A1-A2 and A2-A83 transitions for both exposure groups,
strongly correlated structure was detected for closed exposures at the
A3-A4 transition, indicating that turnover proceeded in a way that
preserved some of the structure associated with the previous needle age
class (Fig. 5). Conversely, open exposures never demonstrated signifi-
cant structural correlations, signifying dynamic shifts in one or many
compositional elements between needle age classes. Although the rela-
tive abundance of open exposure indicator OTU.1 (identified as Notho-
phaeocryptopus gaeumannii; Table S3) increased at the A2 to A3
transition, this increase was less pronounced for needles sampled from
closed exposures (Figs. 3 and 6A), suggestive of altered community as-
sembly dynamics relative to needles from open exposures. However,
without sampling even older needle age classes, it is not apparent that
(1) endophyte communities in needles from closed exposures would ever
fully converge on a composition defined by N. gaeumannii dominance,
(2) that the community structure of needles from open exposures ever
stabilizes, or (3) that closed exposures retain age-class-to-age-class
community structure.

Overall, observations from this study align with what is known about
the infection cycle of N. gaeumannii and the general pathology of the
Swiss needle cast (SNC) disease it can cause in P. mengiesii. Conidium
production has never been observed. Instead, needles are initially
infected solely via ascospores (Stone et al., 2008) dispersed by rain.
Ascospore release generally coincides with P. menziesii bud burst, and
older needles appear to resist ascospore infection to some degree,

leading pathologists to conclude that infection primarily occurs on
newly emerged foliage during the spring and summer. After entering via
stomata, N. gaeumannii proceeds to extensively colonize intercellular
spaces over the lifetime of the needle, perhaps assisted by periodic
epiphytic growth and stomatal reentry. Thus, continued colonization
after early infection likely accounted for the majority of the observed
increases in N. gaeumannii relative abundance at each needle age class
transition (Fig. 6). The extent of this advantage was apparent given that
the increase in OTU richness from Al to A4 (Fig. 4A) was not met with
an increase in the Shannon index of diversity over these needle age
classes (Table S4). This suggests that while other taxa are able to at least
infect a needle over its lifetime, they are generally unable to colonize the
needle as effectively as N. gaeumannii over this period. The greater
relative abundance and incidence of N. gaeumannii OTU.1 in open ex-
posures is corroborated by experimental findings that shade-treated P.
mengziesii seedlings showed reduced SNC severity relative to the full-sun
treatments (Manter et al., 2005). This measure of severity was also
correlated with higher winter temperatures measured over the course of
the experiment. Results from this earlier experiment are also in accor-
dance with the common observation that SNC disease severity is nega-
tively correlated with depth in crown in natural and managed stands of
P. mengiesii (Hansen et al., 2000; Lan et al., 2019, 2022; Ritokova et al.,
2020). A greater abundance of N. gaeumannii in warm, open exposures
could reflect morphological and/or physiological adaptations to this
niche. For example, previous work has reported that cultures of N.
gaeumannii can deposit red pigments into the growth medium, sug-
gesting that N. gaeumannii, like Cercospora spp. also in the Mycos-
phaerellaceae, may produce cercosporin or cercosporin-like
perylenequinones (Winton et al., 2007). Cercosporin, which is red in its
active, oxidized state, was originally isolated from Cercospora kikuchii
and since been shown to disrupt plant cell membranes via the
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photoactivation of singlet oxygen (Daub and Ehrenshaft, 2000). Similar
to SNC patterns, the incidence and progression of several diseases
caused by perylenequinone-producing fungi (Cercospora spp., Alternaria
alternata) are also positively associated with increased light exposure
(Daub et al., 2013). Further investigation of the most recent assembly of
the N. gaeumannii genome (BioProject PRJNA212511, BioSample
SAMNO02254965) with the antiSMASH BGC prediction program (fun-
giSMASH default parameters, Blin et al., 2021) revealed the presence of
a putative cercosporin BGC resembling one found in Cercospora beticola
with 31% similarity (Table S5). Additionally, a T1PKS melanin BGC was
identified, showing 100% similarity with a cluster found in Bipolaris
oryzae. These findings, taken alongside increasing relative abundance of
N. gaeumannii with decreasing crown closure, suggest that N. gaeurnannii
may be adapted to a niche characterized by warm temperatures and/or
pronounced light exposure.

In contrast to N. gaeumannii, dominant Rhabdocline parkeri OTUs
(OTU.2, OTU.3) were identified as taxa associated with closed exposures
(Table S3), which is also in accordance with the known biology of this
endophyte. Conidia of R. parkeri infect needles of P. menziesii and remain
within a single epidermal cell until the needle approaches senescence.
Rain-dispersed conidia produced on abscised needles can infect living
needles of all needle age classes during the wet winter months (Sher-
wood-Pike et al., 1986). Needles are soon overtaken by generalist sap-
rotroph communities once abscised needles reach terrestrial leaf litter
(Stone, 1987), but R. parkeri has been shown to dominate the endo-
sphere of abscised needles shaken directly from ten year-old P. menziesii
crowns (Gonen, 2020). These abscised needles lodged in the crown then
serve as inoculum sources for new infections in the crown. To account
for the results of our indicator species analysis, it is hypothesized that
the crowns above closed exposures intercept and/or retain more
abscised needles on branches compared to portions above open expo-
sures. P. mengziesii canopy soils are derived from bark and decomposing
needles deposited on branches (Pike et al., 1975), and these soils might
then serve as reservoirs for R. parkeri and potentially other endophytic
fungi (Looby et al., 2020). The capacity for a tree crown to retain needle
litter reservoirs close to living foliage might also be adaptive if fungi
sourced from this litter can reduce pest or pathogen damage, as has been
described for R. parkeri (Carroll, 1988). This reservoir effect could also
account for the finding that OTU richness and diversity increased with
increasing crown closure (Fig. 4B; Fig. S3). However, closed exposures
could also be associated with more moist, thermostable, and otherwise
accommodating microhabitats that are favorable to infection by R.
parkeri and/or fungi in general, potentially accounting for or contrib-
uting to the indicator status of R. parkeri OTUs and the greater taxo-
nomic diversity associated with closed exposures (Unterseher and Tal,
2006).
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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 (Ritokovd 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 UKESMI-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

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

Distance (km) to coast Distance to the nearest coastline.

(diist)

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

proportion of Lineage 2 (Lee et al., 2017; Bennett and Stone, 2019;

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

National Oceanic
and Atmospheric
Administration
(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 (Aratjo 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 (PAS01) 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:

uiy = 1)
log( ) = Bo + BiXy + PaXoi + B3Xzi + PaXyi
ui(y = 0)

uiy = 1)

ui(y = 0)
uiy = 1)
ui(y = 0)
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,

— B0+ B1Xui + BaXoi + B3Xsi + PaXai

where is the odds ratio that a given stomata on a given

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 AICc Weight
L1 suitability, In(PASO1), hillshade —260.52 0.74
L1 suitability, L2 suitability, In(PAS01), Hillshade ~ -258.39 0.25
IN(PASO01), hillshade -251.44 0.01

(B) Variable Mean value + SD Model-averaged estimate + SE
L1 suitability 0.56 + 0.22 0.03 £ 0.01

L2 suitability 0.50 £+ 0.32 0+0

IN(PASO1) 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, B¢ is the
value of the CI when the other variables are held at 0 (i.e., at
their mean values). B1is the coeflicient for the effect of PASO1
on CI, Xyjis the millimeters of PASO1 at the i site. Byis the
coefficient for the effect of hillshade on CI, X5;is the hillshade
pixel depth at the i site. Bsis 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. Bais 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 (£0.01) for lineage 1, 0.0 for lineage
2, -0.03 (£0.01) for In(PAS01), 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 PASO1 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(PASO1) 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
et al,, 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 (Ritokova
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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