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ABSTRACT

Whitebark pine (Pinus albicaulis Engelm.) is a keystone species of montane ecosystems
in western North America, where it plays an important role supporting wildfire and other
vegetation. It is experiencing a rapid decline primarily due to white pine blister rust
(Cronartium ribicola J.C.Fisch.), an invasive fungal disease, as well as other threats including
increasing wildfire severity and frequency as well as climate change which exacerbates these
threats. To protect this iconic tree species, land managers need to understand how climate
influences these threats across the species’ range and identify locations where conservation
efforts are likely to succeed.

My research analyzes climate impacts on threats to whitebark pine across multiple
spatial scales. Broad-scale models are used to predict wildfire ignition danger and white pine
blister rust infection hazard across large areas of the western United States. At fine scales, I
used a high-resolution water balance model to identify small, favorable planting sites that
may offer protection from projected drought stress for seedlings.

My findings reveal that climate strongly influences both wildfire ignition danger and
white pine blister rust infection, with specific moisture and temperature conditions promoting
these threats. Projections indicate that climate change will generally increase the risk for
these disturbances, although patterns of this change vary geographically. The high-resolution
water balance analysis reveals that despite climate projections showing extreme drought,
small-scale microrefugia exist where local terrain and soil features could provide protection
from drought stress.

This work provides valuable, climate-informed tools for whitebark pine conservation.
The models and maps can help land managers identify areas projected to face lower long-term
risks from both wildfire and white pine blister rust. These refugia can be targeted for
conservation actions, such as planting disease-resistant seedlings, improving the likelihood of
successful establishment and survival, thus enhancing efforts to conserve this iconic species in
a changing climate.
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INTRODUCTION

Whitebark pine and climate change

Whitebark pine (Pinus albicaulis Engelm.) is a foundational and keystone species of
high-elevation ecosystems in the Western U.S. and is prized for its ecological services as a
nurse tree for other high-elevation plant species, as an important source of protein and fat for
wildlife such as the grizzly bear (Ursus arctos horribilis Linnaeus, 1758), and for its aesthetic
value to outdoor recreationists (Tomback et al., 2001). Climate has a pervasive influence on
the fate of whitebark pine at all of its life stages from germination through establishment,
growth, and reproduction. It grows in high-elevation subalpine environments where plant
growth is often temperature-limited, but its growth and development are influenced by other
aspects of climate as well. Additionally, its primary agents of mortality have known links to
climate.

In the past half-century, whitebark pine has experienced a precipitous decline due to
agents of mortality such as white pine blister rust (Cronartium ribicola J.C.Fisch.), mountain
pine beetle (Dendroctonus ponderosae Hopkins), and wildfire. As of 2016, over half of all
standing whitebark pine are dead (Goeking and Izlar, 2018). Due to this rapid decline, and
the ongoing threats the species faces, it was given threatened status under the Endangered
Species Act in 2023 (Levin, 2022).

White pine blister rust has become the primary biotic driver of mortality in whitebark
pine because it attacks trees before they reach reproductive age as well as reducing the
reproductive capacity of older trees through “topping” — die-back of the upper crown of
trees where seed cones are concentrated (Shanahan et al., 2016). The disease is believed to

have optimal windows of temperature and moisture that promote infection. For example,
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in the Greater Yellowstone Ecosystem (GYE) infection is driven by an interaction between
temperature and humidity during August and September, when the disease transmits from
alternate hosts to whitebark pine (Thoma et al., 2019b). Due to the existential threat
posed by white pine blister rust, outplanting of white pine blister rust resistant seedlings
has become a primary strategy of whitebark pine restoration efforts (Tomback et al., 2022).
When selecting planting sites for these seedlings two scales of potential climate impacts must
be considered: the regional climate context and the microclimate that may exacerbate or
ameliorate the effects of regional climate change on seedling establishment and growth.

Whitebark pine has a complex relationship with wildfire. Recently burned areas are a
natural regeneration niche for the species, because wildfire clears the landscape of competing
vegetation and its primary dispersal agent Clark’s nutcracker (Nucifraga columbiana Wilson
1811) selects these areas to cache whitebark pine seeds, where some are left uneaten and able
to grow (Lorenz et al., 2011). However, because whitebark pine takes around 50 years to
reach cone-bearing age (Tomback et al., 2001), newly established stands are at risk of burning
before they are old enough to produce cones and successfully reproduce. Increases in wildfire
severity and frequency are projected due to drought and increased fuel aridity (Abatzoglou
and Williams, 2016), which threatens the ability of whitebark pine to regenerate.

Other climate-driven disturbance agents of whitebark pine include mountain pine beetle.
Outbreaks of mountain pine beetle are accelerated by increases in temperature, where
accumulation of growing degree days can lead to semivoltine populations becoming univoltine
(Bentz et al., 1991, 2016). In the GYE, climate projections show the potential for widespread
mountain pine beetle outbreaks and associated increases in whitebark pine mortality (Buotte
et al., 2016). Mountain pine beetle and other climate-driven mortality agents were not

addressed in the present study and warrant future research.



Knowledge gaps and rationale for this study

Our ability to effectively manage whitebark pine in the face of climate change is limited
by knowledge gaps regarding its sensitivity to climate and climate-driven disturbance agents.
While the climatic sensitivities of some of these disturbance agents have been studied, these
studies are typically local to regional in scope, preventing broader scale assessment of the
impacts of climate change or requiring extrapolation of the model to make inferences in other
regions. For instance, the climatic drivers of white pine blister rust infection in whitebark
pine have been studied in the GYE (Thoma et al., 2019b) and the Sierra Nevada in California
(Dudney et al., 2021), with somewhat divergent conclusions. However, to my knowledge,
similar studies have not been conducted across broader scales in the Western US and Canada
despite white pine blister rust’s widespread distribution in North America and presence
virtually everywhere that whitebark pine is found (United States Forest Service).

A common approach to understand any species’s potential responses to climate change
is to use a species distribution model (SDM). This technique models a bioclimatic envelope
for the species based on the climate across its current distribution and use the model to
estimate changes to its distribution based on climate projections. In the GYE, this approach
revealed the potential for large reductions in suitable habitat for whitebark pine by the
end of the century (Chang et al., 2014). However, the SDM approach has limits. For one,
SDMs assume that species are in equilibrium with the climate in their current distribution;
however, this assumption has flaws when considering a slow-growing species such as whitebark
pine which can live 400 to 1,000 years, and therefore an individual tree may have become
established under a far different climate from what it experiences today (Tomback et al.,
2001). Additionally, SDMs only consider the bioclimatic envelope for whitebark pine, but not
the climate sensitivities for its biotic (e.g., white pine blister rust) and abiotic (e.g., wildfire)

disturbance agents, nor how climate change may alter interactions between whitebark pine



and those disturbances.

Scale mismatches between existing climate data and spatial and temporal scales that
influence whitebark pine and its mortality and disturbance agents also presents challenges for
effective management. The relatively coarse spatial scale of gridded climate data products
exceeds the physical scale of individual organisms and can result in a mismatch between
the scale of climate predictors and biological responses (Moudry et al., 2023). Scale has
been described as the “central problem in ecology” (Levin, 1992), and failure to account for
spatial scale may be a source of apparent discord between ecological studies that are actually
in agreement (Hernandez, 2020). For example, SDMs are sensitive to the scale of climate
data used to train them and make projections, with markedly different estimates of habitat
suitability predicted depending on the scale of climate data used as input (Franklin et al.,
2013). Previous studies relied on gridded climate data at resolutions of 800 m or greater,
thus the fine scale responses to climate change mediated by site characteristics like slope,
aspect, or soil properties were not explicitly considered.

Fire in whitebark pine stands has historically been less abundant than in lower elevation
forests where fuel loads are higher. However, the thin bark of whitebark pine makes it
susceptible to even low-intensity fires. This makes the geography of wildfire in the future

especially important for determining suitable locations for planting rust resistant seedlings.

Thesis structure

This research aims to improve whitebark pine conservation efforts and management
strategies under a changing climate by quantifying climate-disturbance relationships at
multiple spatial scales and making projections of how these relationships might change under
future climates. The following three chapters present manuscripts prepared for submission
to a peer-reviewed journal documenting individual research projects aiming to quantify

relationships between whitebark pine, some of its major threats, and climate change.
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Chapter 2 presents a wildfire ignition danger rating system for the Middle Rockies
ecoregion based on accumulation of dryness over short (three-day) periods is presented. The
performance of the various climate indicators accumulated over varying widths of time to
predict wildfire ignitions in the ecoregion is assessed. Percentiles of three-day rolling sum of
climatic water deficit (CWD), a measure of dryness that indicates drought stress in plants,
and vapor pressure deficit (VPD), a direct measure of atmospheric dryness, were the top
performing classifiers of wildfire ignitions. Projections of future wildfire danger in the Middle
Rockies Ecoregion are made with the goal of identifying wildfire refugia for whitebark pine
— locations where wildfire potential is low enough to allow whitebark pine seedlings planted
today to establish and reach reproductive maturity with low chance of mortality from wildfire.

Chapter 3 analyzes the broad-scale climatic drivers of white pine blister rust infection
across whitebark pine’s range in the contiguous United States. A novel dataset was assembled
for this study consisting of long-term white pine blister rust monitoring data that assesses
disease presence in whitebark pine from multiple public land management agencies. Spatially-
explicit models estimating probability of white pine blister rust infection were fit using climate
averages during August and September. Projections of future disease hazard across whitebark
pine’s distribution in CONUS were made.

Finally, chapter 4 presents a high-resolution water balance model that can be used as a
tool to identify suitable microclimates for planting WPB. The high-resolution water balance
model downscales coarser climate data to a 1 m resolution using topoedaphic factors (slope,
aspect, and soil water holding capacity) to provide high-resolution plant-relevant measures
of climate. The model was used for a case study at Burroughs Creek in Shoshone National
Forest, Wyoming, USA where whitebark pine seedlings were planted in 2024 following wildfire.
The model was able to identify small-scale terrain features that could minimize future drought
stress, even when coarser-scale climate assessments were unfavorable. These features are

evidence of climatic microrefugia — terrain features that create locally favorable climates



6

that are decoupled from unfavorable regional climate (Dobrowski, 2011).
The work presented here provides tools to understand the potential responses of
whitebark pine and several of its major disturbance agents at biologically relevant scales to

inform conservation strategies under a changing climate.
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Abstract

A wildfire ignition danger rating system for the Middle Rockies ecoregion is presented.
Percentiles of rolling sums or means of climate indicators were evaluated for their ability
to predict ignitions at a range of rolling window widths from 1 to 31 days prior to ignition.
Percentiles of 3-day rolling sums of Climatic Water Deficit (CWD) and Vapor Pressure
Deficit (VPD) were the best performing predictors of wildfire ignition (days with or without
wildfire ignition) in the Monitoring Trends in Burn Severity (MTBS) database. We rated
wildfire ignition danger by modeling the proportion of wildfires that ignited when CWD or
VPD were at or below certain percentiles and comparing current local conditions to this
proportion to determine if conditions on a given day are dry enough to burn. We project
wildfire ignition danger on forest cover in the Greater Yellowstone Ecosystem to identify the
potential for persistence of wildfire refugia as potential management targets for tree species
such as whitebark pine (Pinus albicaulis Engelm.). These projections show increased wildfire
danger across the GYE by end-century (2070-2099) in both RCP4.5 and RCP8.5 emissions
scenarios and the persistence of wildfire refugia is only likely under the lower-emissions
RCP4.5 scenario. We compare the timing of ignition of the historical Valley Complex wildfire
in the Middle Rockies ecoregion to the percentile of 3-day rolling sum of CWD and indices of
the widely used National Fire Danger Rating System (NFDRS) and show that our approach

compares favorably with the NFDRS.

Introduction

Much of the landscape of the western United States is shaped by wildfire, which alters
the composition of plant communities, affects wildlife habitat, and can threaten human life
and communities. Wildfire severity and frequency have increased in recent years as a result

of anthropogenic climate change (Abatzoglou and Williams, 2016; Boer et al., 2017; Littell
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et al., 2016; Running, 2006). Increased frequency and severity of drought conditions drives
these shifts, through changes such as earlier snow melt (Tercek and Rodman, 2016) and
increased summer temperatures (Running, 2006). In addition to these direct links to climate,
wildfire occurrence and severity also depend on non-climatic factors such as fuel load and
ignition (McKenzie and Littell, 2017).

Understanding drivers of wildfire danger over short and long time scales is necessary
for managing plant and animal species and implementing wildfire management activities
such as prescribed burns and fire restrictions. Short-term wildfire danger impacts decision
making such as allocation of resources for fire preparedness and response, prescribed burn
windows, land use restrictions to minimize wildfire ignition risks, and evacuation plans for
inhabited areas. Over longer periods of time, wildfire can result in extensive changes to the
landscape such as changes in plant community structure such as converting to different forest
types under certain conditions (Coop et al., 2020). At the same time, most ecosystems of
the western US require fire regimes of a certain intensity and frequency to maintain their
dominant vegetation long-term (Agee, 1998; Paysen et al., 2000).

Long-term wildfire danger models can inform management activities such as reforestation
with long-lived tree species, such as whitebark pine (Pinus albicaulis Engelm.). Whitebark
pine can take 50 years or longer to reach mature, cone-bearing age (Tomback et al., 2001), so
successful restoration plantings require that the trees avoid wildfire-related mortality for at
least that long. Current whitebark pine planting efforts often target recently burned areas,
with the implicit assumption that these areas will remain suitable into the future (Keane et al.,
2012). However, climate projections show increasing aridity and wildfire frequency which
limits windows of time for establishment, threatening the persistence of even fire-adapted tree
species (Jackson et al., 2009; Turner et al., 2022). Production of whitebark pine seedlings
for restoration is an expensive and labor-intensive process, requiring identifying white pine

blister rust resistant parent trees, collecting seeds, growing seedlings in a nursery, screening
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seedlings for rust resistance, and growing them for at least 2 years before outplanting, with a
cost of approximately $1,980 to $2,400 USD per ha planted (Tomback, 2011; Tomback et al.,
2022). Optimal use of this limited and costly resource can be facilitated by selecting sites
that are less likely to burn before these seedlings reach reproductive age.

Climate directly affects wildfire ignition potential by controlling fuel moisture content,
and also has an indirect long-term role by shaping plant communities and fuel loads (Littell
et al., 2016). Wildfires occur when there is simultaneously dry fuel and an ignition source
(e.g., a lightning strike); thus, wildfire occurrence in the western U.S. may be limited by
either fuel or climate. A gradient of climatic conditions across the region determines fuel
accumulation and fuel moisture, resulting in moisture-limited systems with ample fuel but
conditions often too wet to burn (e.g., Middle Rockies, Pacific Northwest) and fuel-limited
systems producing insufficient fuel for large fires even when dry conditions exist (e.g., arid
southwestern US) (Littell et al., 2018; Meyn et al., 2007). Surface fires are primarily carried
by dead fuels, and metrics averaged over windows of time longer than it takes these fuels to
dry may have weaker correlation with ignition (Riley et al., 2013). Large wildfires develop
when there is spatial continuity of available fuel and conditions dry enough to burn (Miller
and Urban, 2000). Atmospheric dryness plays a role in large wildfire formation, by creating
burnable conditions even in mesic forests that might otherwise act as barriers to spread
(Cawson et al., 2024).

Currently, managers predict wildfire risk to inform decision making using wildfire danger
rating systems such as the National Fire Danger Rating System (NFDRS). The NFDRS was
first created in 1972 to standardize estimates of wildfire potential across the U.S. and has
supported operational decision making around wildfire danger for over 50 years (Jolly et al.,
2024; Zacharakis and Tsihrintzis, 2023). The NFDRS incorporates modules for weather, fuel
moisture models, and fuel models to estimate indices of wildfire danger ignition—ignition

component (IC), spread component, burning index (BI), and energy release component
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(ERC)—which are integrated to create a severe fire danger index (SFDI) that indicates
potential for extreme fire events (Jolly et al., 2024, 2019). These indices are used separately
to assess danger from different aspects of fire behavior such as ignition potential or intensity,
or together as the SFDI which provides a simple index to interpret overall fire risk which
is shared with the public as “low” to “severe” fire danger signs posted on US National
Forest lands. Historically, the NFDRS required complex manual inputs and was sensitive to
parameter calibration, sometimes requiring field measurements to optimize performance (Jolly
et al., 2024). While the NFDRS was originally intended for use with point weather station
data, recent improvements to the NFDRS have removed the need for manual inputs of fuel
dryness and attempt to make the system more compatible with gridded climate data allowing
for broader and spatially explicit assessments of fire danger. Despite these improvements,
spatially explicit estimates of fire potential using widely available gridded climate datasets
remain computationally intensive (Farguell et al., 2025).

The climatic water balance provides biologically relevant indicators of plant productivity
and water availability that have demonstrated associations with plant distributions across
spatial scales (Stephenson, 1998, 1990), plant productivity (Thoma et al., 2016, 2020),
plant water need (Thoma et al., 2019a), amphibian occupancy and wetland hydroperiod
(LaFrance et al., 2024; Ray et al., 2022), and streamflow (Thoma et al., 2020). Climatic
water deficit (CWD), a measure of evaporative demand not met by available water, has
been demonstrated to be a strong predictor of wildfire ignitions in the Southern Rockies
ecoregion, where percentiles of 14-day rolling sums of measures of atmospheric dryness
(climatic water deficit (CWD) and vapor pressure deficit (VPD)) were used to develop a
wildfire ignition danger rating system for the ecoregion (Thoma et al., 2020). This system
of assessing wildfire ignition danger is analogous to the IC of the NFDRS. Both CWD and
VPD had similar performance as binary classifiers of ignition—that is, categorizing days into

one of two outcomes, wildfire ignition occurred or no ignition occurred based on thresholds
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of percentile of 14-day rolling sums of the variables. Thoma et al. (2020) recommend the
use of CWD over VPD in this region because of its ease of calculation and availability in
gridded climate datasets for historical and projected time periods such as the National Park
Service 1 km gridded water balance product (Tercek et al., 2023, 2021b). Wildfire ignition
danger is determined by comparing the rolling sum of CWD on a given day to the historical
distribution of rolling sums of CWD on days that a wildfire ignition occurred. As such, it is
a system that compares CWD on a given day to conditions that were actually dry enough to
burn. The climate-driven nature of this ignition danger rating system facilitates the creation
of long-term projections of wildfire ignition danger compared to other commonly used wildfire
danger rating systems such as the NFDRS, which requires inputs that are either not available
or difficult to simulate for future time periods such as wind speed and non-climatic inputs
related to fuel load and moisture. In addition, its use of water balance variables that are
consistent with other biophysical processes facilitates interpretation more easily than less
biologically relevant indicators of fire danger such as the energy release component (ERC).
This research builds on a straightforward wildfire ignition danger rating system developed
for the Southern Rockies ecoregion (Thoma et al., 2020). It evaluates methods applied in
the Middle Rockies ecoregion based on Thoma et al. (2020). In that study, wildfire ignition
danger is determined based on dryness which is estimated as the percentile of rolling sum
of climatic water deficit. We examine the assumption made by Thoma et al. (2020) that
14-day rolling windows of measures of atmospheric dryness (CWD or VPD) optimally predict
wildfire ignitions and examine rolling window widths from 1 to 31 days. We also modify the
percentile ranking algorithm used by Thoma et al. (2020) to improve sensitivity of the system
to low levels of dryness and spatial continuity of mapped projections of wildfire ignition
danger. We assess the performance of our system versus the NFDRS by comparing the timing
of ignition of the historical Valley Complex (Coyote) fire with the percentile of rolling sum of

CWD and NFDRS indices. Finally, we create maps of wildfire ignition danger that can be



14

used in conservation planning, such as selection of sites that could serve as wildfire refugia

for whitebark pine.

Methods

Climate, fire, and vegetation data

Historical wildfire occurrence data in the Middle Rockies ecoregion (Omernik, 1987)
from 1984 through 2020 were retrieved from the Monitoring Trends in Burn Severity (MTBS)
database which collects information on wildfires occurring in the United States that are 404.5
hectares (1000 acres) or larger and provides polygons for each wildfire showing the extent
of burned area (Eidenshink et al., 2007). A total of 417 fires were included in the analysis,
ranging in size from 405.9 to 228,051.3 hectares.

Vegetation cover for each fire polygon was determined using the 2020 “Existing Vegetation
Type” (EVT) from the LANDFIRE database (Rollins, 2009). For each fire polygon in the
MTBS dataset, the statistics tool in QGIS (QGIS Development Team, 2024) was used to
determine majority EVT by pixel count. Each fire polygon was classified as “forest” cover
type if the majority of pixels in the polygon were “Tree” (n = 110) cover type or “non-forest”
(n = 307) cover type if the majority of pixels were “Herb”, “Sparse”, or “Shrub”. This
method assumes that the cover type before the wildfire was the same as the EVT in the
2020 LANDFIRE database. Thus, in the present analysis, cover type was assumed to be
unchanged before and after fire and no wildfire-driven conversion of cover type occurred
(Coop et al., 2020).

We compared climate and water balance variables representing energy and moisture as
predictors of wildfire ignition (Table 1). For each fire polygon, a centroid point was determined
using the “pole of inaccessibility” method in QGIS to ensure that the centroid point was inside
the burned polygon. Daily time series for historical climate variables representing measures

of heat and moisture from 1979 through 2020 at 4 km resolution (Average temperature
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Indicator Abbreviation Units Sum/mean Source Note

Average temperature T °C mean gridMET

Average relative humidity RH % mean gridMET

Average relative dryness RD % mean Derived RD =100 — RH
Vapor pressure deficit VPD kPa  mean egridMET

Actual evapotranspiration AET mm  sum NPS

Climatic water deficit CWD mm  sum NPS

Soil moisture SOIL mm  mean NPS

Soil water deficit SWD mm  mean Derived ~ SWD = WHC — SOIL
Rain RAIN mm  sum NPS

Growing degree days GDD °C sum Derived  Base temperature of 5.5 °C

Table 1. Indicators of climate assessed as classifiers of ignition and the abbreviations used to
refer to them in this work. Each indicator was normalized to the local historical conditions
of the wildfire centroid pixel by taking the percentile of rolling sums or means of the
variables. Rolling sums were calculated for flux variables which describe movement of water
and rolling means were calculated for state variables which describe the current conditions of
the system. Rolling calculations were made at windows of 1, 3, 5, 7,9, 11, 14, 21, and 31
days. The data source of the variable is indicated as gridMET if from the gridMET or
MACA datasets, NPS if from the NPS 1 km Gridded Water Balance product, or derived if
calculated ad hoc for this analysis from variables sourced from one those two data sets.

(T, °C), average relative humidity (RH, %), and vapor pressure deficit (VPD, Pa) were
retrieved from the gridMET gridded climate dataset (Abatzoglou, 2013) for each centroid
point determined for each historical wildfire. The complement of RH (100 - RH) was used to
determine Relative Dryness (RD, %), to allow direct comparison of magnitude with other
indicators. Historical water balance variables actual evapotranspiration (AET, mm), climatic
water deficit (CWD, mm), soil moisture (SOIL, mm), and rain (RAIN, mm) were obtained
from the 1 km National Park Service gridded water balance product (Tercek et al., 2021b),
which uses gridMET climate data as inputs. Soil water holding capacity (WHC, mm) for the
top 100 cm of the soil profile were obtained from the US Natural Resources Conservation
Service Soil Survey Geographic Database (SSURGO) product (Soil Survey Staff, 2024). Soil
water deficit (SWD, mm) was calculated as WHC - SOIL. Growing degree days (GDD, °C')
were calculated from gridMET average daily temperature using a base temperature of 5.5 °C,

a temperature below which little biological activity occurs (McMaster and Wilhelm, 1997).
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Historical climate data were obtained from gridMET to facilitate the creation of long-term
projections of fire danger using the Multivariate Adaptive Constructed Analogs (MACA)
climate data source (Abatzoglou and Brown, 2012). The MACA dataset is statistically
downscaled from General Circulation Models (GCMs) using gridMET historical meteorological
data, which allows for seamless comparisons between historical gridMET and future MACA

projections without further bias correction (Tercek et al., 2023).

Normalizing climate indicators

We identified potential predictors of wildfire ignition from the suite of climate indicators
derived from climate and water balance variables (Table 1). To represent accumulation of
dryness over time preceding ignition dates, we computed rolling sums or means (“rolling
values”) using the R zoo package (Zeileis and Grothendieck, 2005) for each variable. Variables
were categorized as “state” variables if they describe the current condition of the system or
“flux” variables if they describe movement of water, heat, or a substance through the system
(Dingman, 2015; Wang et al., 2019). Rolling means were calculated for state variables: RD,
VPD, T, SOIL, SWD. Rolling sums were computed for flux variables: RAIN, AET, CWD,
GDD. Rolling calculations were made at windows of 1, 3, 5, 7, 9, 11, 14, 21, and 31 days to
represent varying durations and magnitudes of drying that precede wildfire ignitions.

The percentile rank of each n-day rolling values of the indicators was determined to
normalize variables to the local historical conditions for each centroid pixel. The percentile
rank counts the total number of values less than each observation, and divides that value
by the number of observations minus 1. This transformation develops a relative indicator
of climate from the percentile rather than the absolute magnitude, which is more difficult
to estimate accurately due to variation in factors that were not modeled such as differences
in stomatal resistance between vegetation types or incorrect model parameterization from

climate and soil properties data from published sources but with unknown accuracy at
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local scales. This is a similar transformation of climate or weather data to the percentile
calculations of ERC and BI in the NFDRS, which captures the spatial and temporal context
of the variables and places them on comparable scales (Jolly et al., 2019). Normalizing
metrics of drought and fire danger indices in this way improves correlations with large wildfire
occurrence and burned area in the Western US, reducing the effect of confounding factors
(Riley et al., 2013).

Daily rolling values were positively skewed with large numbers of zeroes and near-zero
values (e.g., CWD was zero for many days during the winter). This created a disjointed
distribution of percentiles, where days with a rolling sum of zero have a percentile of zero, and
any value for climatic water deficit meaningfully greater than zero would have a percentile
that is much larger than zero, i.e., around 40, with no percentile values in between (Figure
1). This caused all fires to occur at or above the 90th percentile, with the result that our
model had poor sensitivity to detect ignition danger based on CWD. In order to reduce the
disjointedness of the percentile values and prevent a situation where spatial projections of
wildfire danger using our method have unrealistically sharp boundaries across pixels (leading
to an appearance of “speckling” when the data are viewed spatially), we applied the following
adjustments to the rolling values before calculating percentiles using the percent_rank

function from the R package dplyr (Wickham et al., 2019):

1. Round all values to 1 decimal precision.
2. Remove zeroes from the time series.

3. Remove duplicate values so there are no repeating values.

These adjustments also removed the need for determining a fire season based on calendar
dates as in Thoma et al. (2020). Since days with a rolling sum of 0 mm of CWD would have

low to no fire danger, our model determines the fire season based only on days with non-zero
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Figure 1. Percentile of 3-day rolling sum of CWD for WY4444510406019850727 wildfire
centroid pixel for 2005, showing results of original percentile calculation

(dplyr: :percent_rank() function in R (pink) and adjusted percentile calculation described
in our methods (blue). Without adjustments, percentile values jump between 0 for a 3-day
rolling sum of CWD of zero and approximately 0.45 or greater for 3-day rolling sum of CWD
greater than zero. With adjustments, the percentile values are continuous from 0 to 1.0,
giving the model higher sensitivity to lower levels of dryness, indicated by the increased
range in percentile values observed over the year (excluding the disjoint region in percentile
values in the original percentile algorithm).

CWD (or other climatic variables) instead of a range of calendar dates (i.e., May 1st through
October 31st).

Climatic classifiers of wildfire ignition

We determined the best classifier of ignition as the climate variable and rolling window
with the highest Area Under the Curve (AUC) of the Receiver Operating Characteristic

(ROC) curve. The ROC curve represents the performance of a binary classifier (ignition or no
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ignition) by plotting the trade-off between true- and false-positive rates at varying thresholds
of classification (Figure 2, Pontius and Parmentier (2014)). Because misclassification (false
negative) of fire danger under the driest conditions has the potential to be more costly than
misclassifications under wetter conditions where fires are likely to be less severe, performance
is also assessed using the partial AUC (pAUC). pAUCy; and pAUCy were assessed, which
represent the AUC for the range of false positive rates from 0 to 0.1 and 0 to 0.2, respectively.
The pAUC values represent the classification performance under the driest conditions that
resulted in wildfire ignitions in the MTBS database. Higher pAUC values indicate better

classification performance under these driest conditions.

Perfect
classifier ROC curve
10e

Better

True positive rate

: 1.0
False positive rate

Figure 2. Receiver Operating Characteristic (ROC) curve showing true and false positive
rates. Performance of a random classifier is shown by the diagonal line which is analogous to
predicting ignition using a coin flip. Three example classifiers are shown in blue, green, and
orange. The best possible classification performance is represented by the point in the upper
left of the plot, which has 100% sensitivity (no false negatives) and 100% specificity (no false
positives).

Image Source: cmglee, MartinThoma, CC BY-SA 4.0, via Wikimedia Commons
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Comparison with other indices of fire danger

We compared our best performing classifier of ignition to indices included in the
NFDRS: 100-hr fuels (FM100), 1000-hr fuels (FM1000), burning index (BI), and energy
release component (ERC). FM100 and FM1000 are inputs to the ignition component (IC) of
the NFDRS, and should be most analogous to our model of wildfire ignition hazard (Jolly
et al., 2024). While the IC incorporates other measures besides fuel moisture, such as wind
speed and the spread component, gridded values for IC that could be retrieved for a point of
interest could not be located so the readily available FM100 and FM1000 grids were used as
a proxy for the IC. Others have found that the NFDRS metrics FM10, FM100, and VPD
gave similar results to IC when assessing the degree to which climate anomalies drive wildfire
ignitions (Jorge et al., 2025). Daily time series from 1979-01-01 to 2021-12-31 for these indices
calculated using gridMET were retrieved from Northwest Knowledge Network (Northwest
Knowledge Network, 2025) for the centroid polygon (Latitude 46.09374°, Longitude -113.8503°)
of the Valley Complex (Coyote) fire (MTBS ID: MT4609711384420000731) which ignited on
2000-07-31. This fire was selected because its burned area (8336.9 ha) is approximately the
mean burned area for forest cover in the Middle Rockies in the MTBS database (8222.4 ha).
Pairwise correlations were calculated for all variables using the corrplot function from the

R GGally package (Schloerke et al., 2024).

Wildfire danger rating

Once the best classifier of ignition and the optimal window of time were determined,
an ignition danger rating system was developed. Wildfire danger is assessed by modeling
the proportion of historical wildfires that ignited at or below a given percentile of dryness.
A third-degree polynomial curve was fit to the empirical cumulative distribution function
(eCDF) to estimate the cumulative distribution function of wildfire ignitions versus the

percentile of water balance variables at ignition. This allowed us to convert a given level of
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dryness to a statement of wildfire danger that indicates the proportion of historic wildfires
that burned at or below that level of dryness. The polynomial function used to estimate
the eCDF provides a continuous function used to map percentile of dryness to proportion of
historical wildfires and also allows for portable implementation of the system because it is a
simple mathematical relationship. Figures 10a and 10b illustrate the process of converting a
proportion of historic wildfires to the level of dryness at or below which they ignited, which
can be used as a threshold of dryness to determine danger of wildfire ignition. This threshold
can be tuned based on risk tolerance and specific management objectives. For example, a
risk-averse manager might prepare for wildfires at lower dryness levels if they are wary of

how often historical wildfires occurred at those levels.

Projections of fire danger in the Greater Yellowstone Ecosystem

We used this system to map wildfire ignition danger for forest cover for 20-year periods
to the end of the century in the Greater Yellowstone Ecosytem (GYE), a subset of the
Middle Rockies ecoregion. Spatial data was processed using the R package terra (Hijmans,
2024) and plotted using ggplot (Wickham, 2016) with tidyterra (Hernangémez, 2023).
Projections are limited to the GYE and only made for forest cover types with the goal of
identifying wildfire refugia for whitebark pine in the GYE. Projections of wildfire ignition
danger in forest cover types are made for all pixels in the GYE, even those that may not
currently have forest cover. This extrapolation of model predictions allows for projections of
fire danger in areas where forest may be established through outplanting in places that are
currently unforested.

Long-term projections of wildfire ignition danger were developed for 12 GCMs from
the Multivariate Adaptive Constructed Analogs (MACA) gridded climate data product
(Abatzoglou and Brown, 2012). We used a threshold of 0.35 percentile of 3-day rolling sum of

CWD to quantify a threshold of fire danger. This percentile was chosen because it represents
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GCM

BNU-ESM
CanESM?2
CCSM4
CNRM-CM5
CSIRO-Mk3-6-0
GFDL-ESM2G
HadGEM2-CC365
inmcm4
IPSL-CM5A-LR
MIROC5
MRI-CGCM3
NorESM1-M

Table 2. GCMs used to make projections of wildfire danger in the Middle Rockies ecoregion.
A total of 12 GCMs were included. Ensemble projections of wildfire ignition danger were
made using the mean days above a fire danger threshold for both RCP4.5 and RCP8.5
emissions scenarios for all GCMs.

the level of dryness at or below which 10% of historical wildfires ignited. Therefore, levels of
dryness above this 0.35 percentile represent the levels of dryness at which the vast majority
(90%) of historical wildfires ignited and we consider these conditions high danger of wildfire
ignition (Figure 10a). Days with projected 3-day rolling sums of CWD above this threshold
were categorized as high danger of wildfire ignition. The number of days categorized as high
danger of wildfire ignition for each year were summed for each pixel to determine total number
of days at danger of wildfire ignition per year. Long-term fire danger was characterized
by averaging days above this percentile threshold for each year in near-term (2023-2040),

mid-term (2041-2060), and late-century (2081-2099) projection periods for each pixel.

Results

Historical fire season & frequency in the Middle Rockies ecoregion

Of the 417 historical wildfires larger than 405 hectares (1,000 acres) in the Middle

Rockies ecoregion from 1984-2020, 110 wildfires occurred in forest and 307 wildfires occurred
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Cover n Mean area (ha) Min area (ha) Max Area (ha) SD (ha)
Forest 110 8222.4 416.0 228051.3  26807.1
Non-forest 307 5118.8 405.9 122792.6  11860.8

Table 3. Areal statistics for wildfires classified as forest and non-forest in the MTBS
database.

in non-forest cover types (Figure 3). The largest forest wildfire was 563,527 acres and the
largest non-forest wildfire was 303,427 acres. The mean forest wildfire size was 8,222.4 ha

and the mean non-forest wildfire size was 5,118.8 ha (Table 3)
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Figure 3. MTBS wildfire polygons larger than 405 hectares occurring on forest and

non-forest cover types in the Middle Rockies Level IIT Ecoregion (dark blue outline) between
1984 and 2020. Basemap attribution: (C) OpenStreetMap contributors (C) CARTO

Wildfires in forest-cover types occurred between day of year (DOY) 93 and 289. Non-

forest wildfires occurred between DOY 6 and 350. Fire ignition DOYs had similar seasonal
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distributions in both forest and non-forest vegetation types (Figure 4). The mean DOY of
ignition was 217.6 for forest and 215.4 for non-forest wildfires, with no evidence of difference

in mean ignition DOY between the groups (Welch Two Sample ¢ test: t9g4.83—0.60794,

P—0.5437).
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Figure 4. Density plot of fire frequency by day of year, for forest and non-forest cover types.
Vertical dashed lines show mean day of ignition (ftorest = 218, finon-forest = 215).

The classifiers of wildfire ignition tested here were distributed differently between days
that experienced a wildfire ignition or not in the MTBS database (Figure 5). There is
evidence that wildfires occurred more often on days with higher percentile values of the rolling
values of climate indicators (or lower values for SOIL). However, the distribution of RAIN is

dominated by low percentile values whether an ignition occurred or not.
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Figure 5. Density plots showing distribution of percentiles for 3-day rolling values on days
with wildfire ignition (fire = 1) or no wildfire ignition (fire = 0) recorded in the MTBS
database. Higher wildfire densities at higher climate variable percentiles indicate better
ignition predictors, while lower wildfire densities at lower percentiles reduce confusion with
ignition. This combination is evaluated by the AUC. Plot densities are scaled from 0 to 1 so
that fire and non-fire distributions are on the same scale.

Climatic classifiers of wildfire ignition

Measures of atmospheric dryness (CWD, VPD, RD) were consistently the best overall
classifiers of ignition as measured by overall AUC at all rolling window widths compared to
the other climatic measures (TEMP, SOIL, GDD, SWD, RAIN, AET). For forest cover types,
the variable and rolling window width that gave the best overall classification of fire ignition
(i.e., the highest AUC value) were CWD with a 3-day window (Figure 7). For non-forest cover
types, the best overall predictors were VPD with a 1-day window (i.e., daily VPD) and CWD
with a 3-day window. However, among measures of atmospheric dryness (CWD, VPD, RD),
rolling window width appears to have minimal effect on overall ability to classify ignition,

with RD, VPD, and CWD having similar AUC values for the rolling windows examined and
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overlapping AUC confidence intervals. As similar performance can be expected from these
variables, selecting any one can be justified based on practical requirements such as data

availability or ease of computation.

Rolling window width

The different rolling window widths tested had similar performance as measured by
AUC and pAUC for most of the variables examined (Figure 7). AUC values for CWD and
VPD were relatively constant across all rolling window widths, however, pAUC values showed
evidence of decreasing classification performance for these variables as rolling window length
increased. SOIL and SWD had identical performance (Figures 6 & 7) and showed a decreasing
pattern for all AUC and pAUC measures as rolling window length increased. AET showed

increasing classification performance as rolling window length increased.
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Figure 6. ROC Curves for a) forest and b) non-forest cover in the Middle Rockies
Ecoregions, 3-day rolling window.
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Figure 7. AUC, pAUCj,, and pAUC,; values for different window widths used for
calculations of rolling sums and means of variables in forest or non-forest cover types. Higher
AUC values indicate better overall classification performance while higher pAUC values
indicate better classification performance under drier conditions. Percentiles of 3-day rolling
sums of CWD and VPD were selected as the best classifiers of ignition because these
combinations maximize classification performance under driest conditions (pAUC) while
overall classification performance (AUC) appears unaffected by rolling window width for
these variables. 95% Confidence Intervals are shown for overall AUC values (dashed lines).
Confidence Intervals for pAUC values were not calculated due to computational constraints
because they require a lengthy bootstrapping process.
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Comparison with other indices of fire danger

The percentile of 3-day rolling sum of CWD for the Valley Complex (Coyote) fire showed
strong positive correlation with ERC (corr = 0.8), weak positive correlation with BI (corr =
0.6), and strong negative correlations with FM100 (corr = -0.7) and FM1000 (corr = -0.7)
from 1979-01-01 to 2021-12-31 (Figure 8). The timing of ignition of the fire coincided with
the peak maximum rolling sum of CWD and minimum FM100 for the year, and occurred
slightly before the peak maximum BI, maximum ERC, and minimum FM1000 (Figure 9).
On the day of ignition, the centroid pixel of the MTBS fire polygon for the Valley Complex
fire had a percentile of 3-day rolling sum of CWD of 0.8, which corresponds to the percentile

of CWD at or below which 69% of historical fires in the ecoregion burned (Figure 10a).
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Figure 8. Pairwise Pearson correlations between the percentile of 3-day rolling sum of CWD
and NFDRS indices for the Valley Complex (Coyote) fire.

Wildfire ignition danger rating

Wildfire ignition danger rating is determined by selecting a level of dryness that
corresponds to a proportion of historical fires that burned at or below that level of dryness.
The polynomial function estimating the empirical cumulative distribution function (eCDF)

of percentile 3-day rolling sum of CWD for historical wildfires on forest cover types is (Figure
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Figure 9. Daily time series of percentile of 3-day rolling sum of CWD and NFDRS indices for
the Valley Complex (Coyote) wildfire. Red vertical line shows day of ignition (2000-07-31).

10a; R2 = 0.994):

y = exp(—4.1839624 + 5.5952288z + 0.2504363x* — 1.62077892°)

and for non-forest cover types is (Figure 10b; R? = 0.985):

y = exp(—3.7077154 + 7.0748217x — 4.73979762* + 1.47713692%)

Where z is a percentile of 3-day rolling sum of CWD and v is the historical proportion
of wildfires that burned at or below that percentile of dryness.

We were interested in identifying wildfire refugia for whitebark pine using this model,
so we identified a low level of fire danger to develop projections of wildfire danger using the
forest cover type model. For our projections of wildfire ignition danger on forest cover, we

selected the 35 percentile of 3-day rolling sum of CWD, which corresponds to the level of
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dryness at or below which 10% of historical fires on forest cover types ignited (Figure 10a).
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Figure 10. Empirical cumulative distribution function (eCDF) of cumulative wildfire ignition
counts versus 3-day rolling sum of CWD for a) forest and b) non-forest cover in the Middle
Rockies ecoregion shown in black with regression function estimating the cumulative
distribution function (CDF) overlaid in red (Forest R?* = 0.994; Non-forest R? = 0.985). The
process to determine wildfire ignition danger is illustrated. A proportion of historical wildfire
ignitions (y-axis) is selected based on risk tolerance for management objectives; 0.1 of
historical wildfire ignitions is used here. The 0.35 percentile of 3-day rolling sum of CWD
corresponds to 0.1 of historical wildfire ignitions for forest cover types, while for non-forest
cover types the percentile of dryness that corresponds to this level of danger is 0.235. When
the percentile of a 3-day rolling sum of CWD exceeds 0.35 at a forested or 0.235 for
non-forested location, it is considered at danger for wildfire ignition. Projections in Figure 11
average the sum of days above this threshold for each year in the periods projected.

Projections of wildfire ignition danger

Ensemble averages (Table 2) of long-term projections of fire ignition danger in forests in
the Greater Yellowstone Ecosystem (GYE) within the Middle Rockies ecoregion made using
this method show increased fire danger across the region by the end of the century under both
RCP4.5 and RCP8.5 emissions scenarios, with larger increases in danger projected under the
higher emissions RCP8.5 scenario (Figure 11). The projected increases in fire danger across
the GYE are not equal across the region. For example, a forested location that could reach
an average of 6 (RCP4.5) to 10 (RCP8.5) days above the fire danger threshold of 10% by
the near-term (2023-2040) could increase to an average of 23 (RCP4.5) to 61 (RCP8&.5) days
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above the threshold by end-century (2081-2099). A different location could see larger absolute

increases from 21-24 to 46-70 days for the same time periods and scenarios, respectively.

Discussion

Climatic classifiers of wildfire ignition

Climatic Water Deficit (CWD) and Vapor Pressure Deficit (VPD), metrics of atmospheric
dryness, were consistently the strongest classifiers of wildfire ignition for large fires (at least
405 ha) in both forest and non-forest cover types across the Middle Rockies ecoregion,
performing better than other climatic measures tested (Actual evapotranspiration (AET), soil
water deficit (SWD), growing degree days (GDD), rain (RAIN), relative dryness (RD), soil
moisture (SOIL), and temperature (T)). These results align with findings from the Southern
Rockies ecoregion where CWD and VPD were the strongest classifiers of wildfire ignitions,
although only percentiles of 14-day rolling sums were tested in that ecoregion (Thoma et al.,
2020).

The strong performance of CWD and VPD as classifiers of wildfire ignitions likely results
from their direct link to the dryness experienced by wildland fuels. As measures related to
evaporative demand and water availability, they directly influence fuel moisture content, a
critical factor in ignition (Littell et al., 2016; Riley et al., 2013). These variables integrate
climatic conditions with the pyro-ecophysiology of vegetation, which dictates how live and
dead fuels dry and become available to burn (Jolly and Johnson, 2018). Notably, the ability
of CWD and VPD to classify ignitions was generally higher in forest cover types compared
to non-forest cover types for a given rolling window width, indicating stronger links with the
pyro-ecophysiology of the forest vegetation present in the Middle Rockies ecoregion (Figure
6).

The distribution of percentile values for the tested indicators differed between days

with and without wildfire ignitions, indicating differing associations with wildfire ignitions
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Figure 11. Ensemble projections of forest wildfire danger in the GYE (outlined with dotted
blue line) using the model developed for forest cover. The GYE is selected as a subset of the
Middle Rockies Ecoregion to showcase wildfire danger projections using this method. Mean
days above wildfire danger threshold (0.35 percentile of dryness) for RCP4.5 and RCP8.5
ensemble conditions shown. GCMs used to make ensemble average conditions are listed in
Table 2. The 0.35 percentile of dryness (3-day rolling sum of CWD) corresponds to a level of
dryness at or below which approximately 10% of fires burned. Mean days per year above the
fire danger threshold for periods 2023-2040, 20412060, and 2081-2099 are shown by the
color ramp. Six points were assigned in a grid and values sampled for each interval shown, to
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show the changes in fire danger across time for the sampled locations.
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(Figure 5). Wildfires appear to occur more often on days with high percentiles of CWD and
days without ignition appear to be associated with low percentiles of CWD. VPD shows
a similar pattern, although there is more overlap in the distribution of VPD percentiles
between ignition and non-ignition days. It is notable that days with wildfire ignition almost
always occurred with a percentile of 3-day rolling mean of VPD above zero, whereas wildfires
occasionally occurred when the percentile of the 3-day rolling sum of CWD was zero. This
suggests that VPD and CWD may capture slightly different aspects of dryness relevant to
ignition, perhaps relating to different effects on different fuel types.

Conversely, measures of precipitation or plant water use—RAIN and AET—were
consistently the lowest performing classifiers of ignition both overall (AUC) and under
the driest conditions (pAUC) (Figures 6 & 7). AET is an estimate of water use by live
plants, and its low performance as a classifier of ignition is likely because wildfire ignition,
particularly of surface fires, is often controlled by the moisture content of dead fuels (Riley
et al., 2013), which is not directly captured by a metric estimating live plant water use.
While AET may influence fuel accumulation on longer time scales, it appears less relevant to
the short-term conditions necessary for ignition. Similarly, RAIN, a direct measure of water
input, performed poorly, especially in non-forest cover types and at shorter time windows.
While rainfall is essential for increasing fuel moisture, its occurrence over the periods of time
examined here may not be as direct an indicator of overall dryness as metrics like CWD
or VPD, which reflect the balance between water demand and availability and thus the
potential for fuels to dry out and remain dry. In addition, small rainfall events do not produce
enough moisture to saturate soil and penetrate vegetation, and we did not classify RAIN into
wetting or non-wetting events which have demonstrated links with wildfire behavior (Holden
et al., 2018); inclusion of non-wetting rain days may confound the ability of RAIN to classify
ignition events.

Soil moisture metrics—SOIL and SWD-—had moderate performance as classifiers of
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wildfire ignition (Figure 7). While soil moisture is often considered in fire danger indices
(Krueger et al., 2022), our results suggest that for detecting wildfire ignition danger in the
Middle Rockies, direct measures of atmospheric dryness or those reflecting integrated water
balance may be more effective. The lower performance of soil moisture metrics could be related
to the importance of dead fuels as ignition sources in this ecoregion as they are elsewhere
in the western US (Riley et al., 2013). While living vegetation is connected hydraulically
to soil water reserves through vascular tissue, these dead fuels are more decoupled from soil
moisture dynamics. For example, large woody debris or a thick duff layer, insulated from
the soil surface, might respond more directly to atmospheric dryness (VPD, RD) than to
soil moisture (SOIL, SWD), while CWD integrates water demand and supply including soil
reserves.

Energy metrics—T and GDD—also exhibited moderate classification performance, with
similar AUC and pAUC values across tested rolling window widths as the soil moisture metrics
(Figure 7). While they were better classifiers than precipitation or plant water use metrics,
they were consistently outperformed by the leading measures of atmospheric dryness (CWD,
VPD). These energy-based metrics can account for the drying effect of high temperatures,
but do not take into account moisture availability or use by plants. Therefore, they can never

fully explain the drying of dead fuels that is critical for wildfire ignition (Riley et al., 2013).

Optimal temporal scale for classifying wildfire ignition

To optimize the classification of wildfire ignitions in the Middle Rockies ecoregion, we
recommend using the percentile of a 3-day rolling sum of either CWD or VPD. This window
length yielded comparable overall AUC performance to longer windows for these variables
but demonstrated superior performance under the driest conditions as measured by partial
AUC values (Figure 7). Maximizing pAUC is critical for wildfire danger assessment, as

misclassifying high-danger days (false negatives) where extremely dry days have potential for
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extreme wildfire events can have severe consequences. The effect of rolling window width on
predictive performance varied among climate indicators and between forest and non-forest
cover types.

Atmospheric dryness (CWD, VPD, RD) indicators performed consistently across the
rolling window widths examined. CWD and VPD are direct measures of accumulated drought
stress or atmospheric dryness. It is possible that the fundamental signal indicating conditions
“dry enough to burn” is captured effectively by these variables regardless of the specific
accumulation period within the range we tested. However, the performance of CWD and
VPD under the driest conditions (pAUC) decreased with increasing window length (Figure 7).
This reinforces the finding from Riley et al. (2013) that climate metrics or fire danger indices
averaged over windows of time longer than it takes fuels to dry results in weaker correlations
with ignition. Additionally, classification performance (both AUC and pAUC) was higher in
forest than in non-forest cover types for a given rolling window width (Figures 6 & 7). This
might reflect differences in the drying rates of fine herbaceous fuels versus larger woody fuels
present in forests, where fine fuels respond quickly to short-term atmospheric conditions while
larger fuels require prolonged dryness (Viney, 1991). While overall predictive performance
(AUC) of RD was similar to CWD and VPD, it had weaker performance than these variables
under the driest conditions (pAUC) for a given rolling window width (Figure 7). VPD might
better capture the true drying power of the atmosphere under extreme conditions than RD
due to its incorporation of temperature effects on moisture holding capacity. CWD may
better represent the accumulated dryness and water stress in both live and dead fuels resulting
from extended dry periods than RD.

Soil moisture (SOIL, SWD) consistently decreased as the rolling window length increased
(Figure 7). This is likely because instantaneous or short-term soil moisture measurements
inherently integrate moisture conditions over longer periods, with soil moisture reserves

acting as a capacitor as they accumulate water during wet periods and release it during dry
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periods (Bisigato et al., 2013). Averaging these values over longer rolling windows instead of
using instantaneous daily values effectively adds noise that reduces their predictive power for
ignition events.

Precipitation and plant water use (AET, RAIN) indicators generally increased as
the rolling window width increased (Figure 7), although RAIN’s performance leveled off
around a 10-day window in forest cover. AET is related to plant productivity and the
magnitude/duration of favorable growing conditions (Stephenson, 1998) and is likely more
relevant to fire danger on longer time scales by influencing fuel biomass accumulation. RAIN’s
increasing performance with window length in forests (but not non-forests) suggests that
accumulated precipitation becomes more important for fuel moisture in woody fuels which
have a higher saturation point and longer drying time than the fine fuels dominating non-forest
areas (Viney, 1991).

Energy (T, GDD) indicators showed relatively constant predictive performance across
all tested window widths. However, classification performance at any window width was
lower than measures of atmospheric dryness.

Overall, classifier performance was consistently higher in forest cover types compared
to non-forest cover types for a given indicator and rolling window width (Figure 6). This
difference suggests that wildfire behavior in forests in the Middle Rockies is more likely
moisture-limited, meaning sufficient fuel is present and dryness is the limiting factor controlling
fire occurrence. In contrast, non-forest areas (e.g., grasslands and shrublands) are more
likely fuel-limited, where conditions dry enough to burn are frequently present but fuel load
is insufficient for ignition or formation of large wildfires (Littell et al., 2018; Meyn et al.,
2007). This implies that our fire danger rating system may inherently provide more accurate

predictions of ignition danger in forested environments within the Middle Rockies ecoregion.
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Comparison with other fire danger indices

The ignition of the Valley Complex (Coyote) fire occurred near peak dryness as indicated
by both our top-performing classifier, the percentile of 3-day rolling sum of CWD, and selected
indices from the NFDRS (FM100, FM1000, BI, and ERC) (Figure 9). The correlations
between our percentile of 3-day rolling sum of CWD metric and these NFDRS indices, ranging
from 0.6 to 0.8, suggest that while they capture similar aspects of dryness related to fire
danger, they also reflect distinct underlying processes. This divergence is expected because
CWD integrates the simultaneous timing of energy and moisture, accounting for soil moisture
reserves. In contrast, the NFDRS fuel moisture metrics (like FM10 and FM100) primarily
model moisture availability in dead fuels. ERC models composite fuel moisture of dead and
live fuels, while BI is an index related to potential burn severity and the effort needed to
contain a fire in a particular fuel type.

The climate-based nature of this wildfire ignition danger rating system facilitates creating
spatial projections of wildfire danger. Climatic Water Deficit (CWD) can be calculated from
readily available point data from weather stations, gridded climate data, or obtained from
precalculated datasets like the NPS Gridded Water Balance product (Tercek et al., 2023,
2021b). In contrast, the NFDRS (de Groot et al., 2015), commonly used by US land
management agencies, requires complex inputs such as wind speed, cloudiness, and live
fuel moisture, which are difficult to estimate long-term and make the NFDRS sensitive to
poorly calibrated inputs. Our system, based on a single climatic input, automates calibration
by normalizing our indicator of climate to local historical conditions at each pixel using a
percentile transformation. This approach is functionally analogous to the NFDRS ignition
component (IC), which assesses the likelihood of fine fuels igniting from a burning piece
of wood (Jolly et al., 2024). Our system assesses fire danger by comparing the percentile
of a 3-day rolling sum of CWD to the cumulative distribution of dryness at the time of

historical fire ignitions. While recent NFDRS improvements have reduced the need for some



38

manual inputs (Jolly et al., 2024), producing estimates from gridded climate data remains
computationally intensive (Farguell et al., 2025). A key difference is that our system provides
an estimate of ignition potential only, unlike the NFDRS which also offers indices for spread,
burning intensity, and energy release. However, our system’s reliance on simple climate data
makes long-term spatial projections of wildfire danger readily calculable. Like any fire model,
ours should be evaluated in other ecoregions to identify potential patterns or differences in

fire dynamics.

Long-term projections of wildfire ignition danger

Climate change is leading to longer and more intense fire seasons (Abatzoglou et al.,
2021; Jolly et al., 2015; Littell et al., 2016), which in the Western U.S. has been linked to
increases in CWD and VPD (Abatzoglou and Williams, 2016). Our results reinforce the
finding that CWD and VPD are associated with danger of wildfire ignition. In the GYE,
Westerling et al. (2011) found large increases in burned area and decreases in fire return
interval across the ecoregion. Our projections of wildfire ignition danger in forests in the
GYE support this claim, with projections showing increasing days at danger that could cause
decreases in fire return intervals across the region by the end of the century due to projected
increases in CWD, with larger increases in RCP8.5 than RCP4.5 ensemble projections.

Our projections of fire danger are conservative because they use a threshold of dryness
corresponding to a relatively low level of fire danger - the 3-day rolling sum of CWD at or
below which 10% of historical wildfires ignited. This threshold can be tuned based on the
risk tolerance required for different management needs (consider managing for persistence
versus managing for transition). For example, here we focus on identifying wildfire refugia
for the slow-growing species whitebark pine, which requires conservative estimates of fire
danger because we seek to identify locations that are unlikely to burn before the 50 years

or longer the trees require to reach maturity. On the other hand, managers may want to
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maximize opportunities to conduct beneficial burns. Here, accepting conditions at or below
which 30-40% of historical ignitions occurred rather than 10% could highlight more days as

potentially viable.

Wildfire refugia for whitebark pine

The end-of-century (2081-2099) RCP4.5 ensemble projections show likely persistence
of low fire danger areas (potential planting locations that avoid wildfire-induced mortality)
across high-elevations in the GYE in areas such as the Absaroka and Beartooth mountains,
Wind River Range, Crazy Mountains, and Tetons (Figure 11). Increased CWD under the
RCP8.5 ensemble projections shows virtually all areas in the GYE increasing in days at
danger of wildfire ignition in the same time period. However, the large spread in projections
of fire dangers between individual GCMs indicates the possible, but unlikely, persistence of
wildfire refugia even under the RCP8.5 emissions scenario despite the unfavorable ensemble
average RCP8.5 projections. The persistence of wildfire refugia that could be targeted for
WBP planting therefore depends on patterns of future emissions. Based on our analysis,
WBP plantings should target areas projected to exhibit low fire danger under the RCP4.5
emissions scenario. However, the ultimate long-term safety of planted trees from wildfire is

as uncertain as the trajectory of future greenhouse gas emissions.

Limitations

There is potential for misclassification of vegetation cover types due to historical wildfires
causing cover type conversion (Coop et al., 2020). In the short-term, fire driven cover change
likely occurs in one direction, from forest to non-forest cover, due to aridification of the
American West and the climate ratchet which controls the windows of time suitable for
forest regeneration that is limited by establishment when seedlings are susceptible to seasonal
drought (Jackson et al., 2009). This unidirectional shift likely results in misclassification of

burned forests into the non-forest category. Unfortunately, this results in a fire danger rating
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in non-forest areas under low-CWD conditions that is likely underestimating fire danger.
Assuming every ignition we classified as non-forest was actually forest at time of ignition and
experienced cover change, the maximum underestimation of fire danger would be around 10%,
evident by visual inspection of the difference of proportion of historical wildfires occurring at
a 50th percentile of CWD or less between forest and non-forest cover types, where the 50th
percentile of forest ignitions corresponds to a historical wildfire proportion of approximately
0.2 and for non-forest approximately 0.3 (Figures 10a and 10b)

Our system does not differentiate between natural and artificially-ignited wildfires.
Factors that increase accessibility to humans such as distance to roads increase the probability
of human-caused wildfires (Jimenez-Ruano et al., 2022). There is even evidence that as a
result of the COVID-19 pandemic, the 2020 wildfire season experienced increases in recreation-
caused wildfires (Jorge et al., 2025). Jimenez-Ruano et al. (2022) split components of wildfire
hazard into static and dynamic causes and developed spatial models of the static component
of fire danger. Static factors are those that do not change or change only slowly such as
terrain, fuel type, and human accessibility. The dynamic controls of wildfire ignition change
more quickly and are factors such as weather, fuel condition, and ignition seasonality. Our
model assesses fire danger primarily through dynamic factors, i.e., the effect of weather or
climate through accumulated atmospheric dryness and its relationship to fuel condition.
Jimenez-Ruano et al. (2022) suggest using their spatial models of the static component of
fire danger as a foundation upon which dynamic data such as ours can be superimposed to
improve predictions of wildfire danger.

The accuracy of our projections of wildfire danger into the future relies on the assumption
that the forest and non-forest cover types present in the ecoregion will have the same
relationship between the climate indicators and wildfire. However, our system is robust
to spatial patterns of change of fuel abundance as long as sufficient fuel is available to

burn, as it doesn’t depend on fuel quantity. Our system is normalized across vegetation
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types within forest and non-forest cover in the ecoregion, which means that projections of
wildfire danger are likely to be robust as long as cover types shift within vegetation types
currently observed within the ecoregion and that shifts to entirely new vegetation types
are not observed. McKenzie and Littell (2017) challenged the view that hotter and drier
conditions will universally result in increases in wildfire occurrence and severity due to
non-stationarity in the relationship between water, energy, and wildfire. They found that
the relationship between hot and dry conditions and wildfire is strong in mesic and arid
forests and shrublands with substantial biomass, but weaker in the wetter or drier ends of a
rainforest to desert gradient. They concluded that regional drought-fire dynamics are not
likely to be stationary in future climate and that accurate predictions of wildfire dynamics
need to consider vegetation changes as well as changes in the drought-fire dynamic due to

climate change.

Conclusion

This study evaluates a wildfire ignition danger rating system for the Middle Rockies
ecoregion based on accumulated measures of atmospheric dryness that are normalized to the
local historical conditions. We identified percentile of 3-day rolling values of CWD or VPD
as the climate indicators that best classify ignition events. We estimated the cumulative
distribution function of wildfire ignition counts versus percentile of 3-day rolling sum of CWD
to identify the proportion of fires that burned historically at different levels of dryness which
can be used to assess wildfire ignition danger based on climatic conditions. We developed
projections of wildfire danger in the Greater Yellowstone Ecosystem and found increasing
wildfire danger across the region, with areas of lower fire danger persisting only under the
lower-emissions RCP4.5 scenario. Our system of wildfire danger compares favorably to the
widely used National Fire Danger Rating System in a comparison of our model versus NFDRS

indices for a historical wildfire in the Middle Rockies ecoregion.
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Abstract

White pine blister rust (WPBR) is the primary driver of the range-wide decline of
whitebark pine (WBP), a federally threatened species. As a keystone and foundational
species of high-elevation ecosystems, WBP’s decline has potentially widespread consequences
for forest composition and ecological functions. An understanding of the climatic drivers of
WPBR infection is necessary to manage impacts of the pathogen during ongoing climate
change. We assembled a long-term dataset indicating WPBR presence or absence in WBP from
monitoring programs across WBP’s range in the contiguous United States. We identified a
spatially explicit model that included August and September temperature and precipitation as
the best climatic predictors of WPBR infection in WBP during the basidiospore transmission
season, with larger trees more likely to be infected than smaller trees. At high levels of
precipitation (around and above 100 mm total August and September precipitation), the
relationship between mean August and September temperature and probability of WPBR
infection is parabolic, with highest infection rates around 11 °C. This parabolic relationship
inverts at lower totals of August and September precipitation (0 to around 100 mm) and
minimum infection rates occur around 11 °C and maximum infection rates at low (around
7 °C) or high (around 13 °C) temperatures. Projections of WPBR disease hazard (defined
as probability of WPBR infection) through the end of the century show wide variability in
geography and magnitude of disease impacts depending on plausible changes in temperature

and precipitation across WBP’s range.

Introduction

Whitebark pine (WBP; Pinus albicaulis Engelm.) is a foundational and keystone species
of high-elevation subalpine forests. It is considered a foundational species because it serves as

a nurse tree that enables establishment of other subalpine plant species and it is considered a
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keystone species because its seeds are a rich source of protein and fat utilized by animals such
as birds, squirrels, and bears (Tomback et al., 2001). In recent years, it has experienced a
precipitous decline caused by climate-driven disturbances (Goeking and Izlar, 2018) including
wildfire and mountain pine beetle (Dendroctonus ponderosae Hopkins), which have both
increased dramatically in recent decades (Bentz et al., 2011; Jolly et al., 2015). As of 2016,
half of all standing WBP are dead (Goeking and Izlar, 2018). White pine blister rust (WPBR;
Cronartium ribicola J.C.Fisch.) is a fungal pathogen native to Asia which affects all North
American white pine species (Pinus subgenus Strobus) and has become the main driver of
the range-wide decline of WBP (Dudney et al., 2020; Goeking and Izlar, 2018; Shanahan
et al., 2016). Due to its widespread range-wide decline and its importance as a food source
for wildlife, WBP was recently listed as threatened under the Endangered Species Act (Levin,
2022).

WPBR was introduced to both the east and west coasts of North America on imported
nursery stock from Europe in the early 1900s and has caused widespread mortality in white
pines across the North American continent (Geils et al., 2010; Ghelardini et al., 2017; Liebhold
et al., 2012). The fungus has a 3-6 year life cycle with several life stages, each affecting
different hosts and preferring specific environmental conditions for spore germination and
growth of the organism. The basidiospore stage is responsible for transmission of WPBR to
WBP from its alternate host species including Ribes and Castilleja spp. WPBR basidiospores
are produced in late summer during August and September. Therefore, climatic conditions
during this period are likely to describe the conditions that specifically drive the transmission
of WPBR to WBP, or alternatively limit transmission when conditions are unsuitable due to
the susceptibility of the spores to desiccation and solar radiation (Geils et al., 2010). WPBR
basidiospores, being thin-walled and short-lived, are sensitive to dry conditions and are only
able to infect new hosts within a few kilometers of dispersal (Geils et al., 2010; Kearns et al.,

2014). Both WPBR sporulation and spore germination have also been shown to be inhibited
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by high temperatures (Van Arsdel et al., 1956). The fungus infects host plants through open
stomata. Therefore, conditions driving increased transpiration and stomatal opening, such as
lower vapor pressure deficit (VPD), are likely to promote infection (Dudney et al., 2021).

Larger trees are more susceptible to WPBR infection because of greater leaf surface
area increasing the likelihood of intercepting airborne spores. Tree diameter at breast height
(DBH) has been found to be positively associated with infection probability in white pines
(Campbell and Antos, 2000; Kearns and Jacobi, 2007; Shepherd et al., 2024; Thoma et al.,
2019b). However, the disease is more likely to be lethal in smaller diameter trees, where the
infection has less distance to travel from needles to the bole where it can girdle and kill trees
(Burns et al., 2023; Geils et al., 2010).

Previous work has established links between climate, at different spatial and temporal
scales, and WPBR infection in WBP and other white pines in different regions of North
America. WPBR infection in white pines has been linked to regional weather in the western
US (Kearns et al., 2014). In the Greater Yellowstone Ecosystem (GYE), average relative
humidity and temperature across August and September were identified as the best predictors
of WPBR infection in WBP, with larger trees more likely to be infected (Thoma et al.,
2019b). Fine-scale microclimates have also been shown to drive infection. In Wisconsin in the
Great Lakes region infection in white pines was related to distance to shore, solar radiation,
humidity, and wind currents (Van Arsdel, 1961). Wet landscape positions driven by factors
such as proximity to streams or other water sources and topographic factors such as slope
or aspect that influence solar radiation have also been associated with increased disease
prevalence (Kearns et al., 2014; Smith-Mckenna et al., 2013). Decreased vapor pressure
deficit, by driving increased stomatal opening, has also been associated with infections in
white pines, although the effect of changing climate conditions was found to be non-linear
and related to other factors such as shifts in ranges in alternate hosts (Dudney et al., 2021).

In the northern reaches of WBP’s range in Canada, WPBR incidence was associated with
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high spring precipitation, cool and wet summers, humid Septembers, and higher growing
degree days, with increasing tree size also a significant driver of infection (Shepherd et al.,
2024). To our knowledge, all studies to date have been local to regional in spatial extent,
and no studies have examined the climatic drivers of WPBR in WBP across larger scales
such as its range in the contiguous United States (CONUS).

Current WBP conservation efforts focus on planting naturally disease-resistant seedlings
in restoration areas, particularly recently burned stands. Recently burned stands are thought
to be the natural regeneration niche for WBP because its primary dispersal agent, Clark’s
nutcracker (Nucifraga columbiana Wilson, 1811), uses openings in burned patches for seed
caches (Norment, 1991; Tomback et al., 1990). Wildfires also reduce competition for light
and resources from other species which allows WBP a competitive advantage since it grows
more slowly than subalpine fir (Abies lasiocarpa (Hook.) Nutt.) and lodgepole pine (Pinus
contorta Douglas), its primary competitors.

Outplanted seedlings represent a significant investment of time and resources into the
process of identifying disease-resistant trees, propagating seedlings from seeds collected from
their cones, and outplanting seedlings in the field. Successful restoration therefore relies on
seedling success and efficient use of these resources. While high levels of quantitative resistance
have been identified in resistance trials of WBP seedlings propagated from disease-resistant
trees, this resistance is not a complete immunity to WPBR infection and survival rates of
planted seedlings in the field are expected to be moderate at best even for the most resistant
seedling phenotypes identified (Sniezko et al., 2024). Identification of locations that minimize
WPBR disease hazard, defined here as probability of WPBR infection, prior to planting is
prudent to maximize seedling success and promote successful restoration.

Here, we used a new long-term monitoring dataset across WBP’s range in CONUS in

combination with gridded climate data to address the following key questions:

1. What are the broad-scale climatic drivers of WPBR infection, particularly during the
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August and September basidiospore transmission phase?
2. How does tree size influence infection probability?

3. How might future climate change alter WPBR disease hazard in the CONUS?

To answer these, we summarized climate conditions during the transmission phase and used
them, along with tree diameter, to develop a model predicting the probability of infection for
individual trees. Projections of geographic disease hazard were then made using this model

to the year 2100.

Methods

Study area

The study area includes monitoring data from most of WBP’s range in the contiguous
United States (Figure 12). A dataset was assembled from WPBR monitoring data collected
in National Park Service (NPS), US Forest Service (USFS), and Bureau of Land Management
(BLM) lands. Our interest in projecting WPBR hazard for future periods precluded using
observations from the northern part of WBP’s range in Canada because climate projections
from the Multivariate Adaptive Constructed Analogs (MACA) data (Abatzoglou and Brown,
2012) do not extend above approximately 49°N latitude.

A total of 490 monitoring transects with observations containing WBP from 2004 to
2022 were analyzed from 9 national parks including Crater Lake NP (CRLA), Glacier NP
(GLAC), Yellowstone NP and surrounding federal lands (GYE), King’s Canyon (KICA),
Lassen Volcanic Monument (LAVO), Mount Rainier NP (MORA), Northern Cascades NP and
Lake Chelan NRA (NOCA LACH), Sequoia NP (SEQU), and Yosemite NP (YOSE), as well
as monitoring data contributed by BLM (BLM _ID) and US Forest Service (Sawtooth NF)
partners (Table 4). Monitoring efforts differ between land management units in factors such

as number of species monitored (multiple conifers or just WBP), sample design (sample frame,
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Figure 12. Map of study plots included in analysis. Existing WBP range from Keane et al.
(2012) shown in grey.

use of transects or plots as sampling units, size of transects or plots), dates of implementation,
amount of data collected (i.e., WPBR status, mountain pine beetle status), and availability
of repeat observations or single visits. More detailed information about each monitoring
program can be found in Greater Yellowstone Whitebark Pine Monitoring Working Group
(2011) (GYE), Rochefort et al. (2010) (MORA, NOCA_LACH), McKinney et al. (2012)
(CRLA, YOSE, SEQU, KICA, LAVO), Jenkins et al. (2020) (GLAC), Mancuso (2022)
(Sawtooth NF), and Rust and Gurvich (2018) (BLM ID). An assessment of observation

errors in the GYE monitoring program found a mean WPBR detection probability of 0.739
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across observers (Shanahan et al., 2021); similar assessments are not available for the other
monitoring units.

Our dataset combines observations from these monitoring programs that recorded tree-
level data including: WPBR symptoms, DBH, tree status (live/dead), and year of data
collection for WBP. WPBR symptoms include fruiting blister rust bodies (aecia), rodent
chewing and gnawing, flagging of branches, blisters, cankers, and defoliation (Hoff, 1992;
Six and Newcomb, 2005). To prepare the monitoring data for analysis, WPBR infection
presence was recorded for each tree if clear signs or symptoms (e.g., cankers) were present
or developed during repeat visits. For example, if cankers were recorded on any part of the
tree, or if an uninfected tree was recorded as having cankers during a subsequent visit the
tree was recorded as infected for purposes of this analysis. Because our interest is in climatic
correlates of infection, and not survival, trees that were recorded as infected during any visit
were placed in the infected category, even if during later visits trees did not show symptoms,
because infected branches may have been removed from wind, snow, self-pruning, or animal
damage. Observations where trees were recorded as dead or did not have DBH recorded were
not included. These rules classified each live WBP tree with DBH data available as infected

or uninfected during the 2004-2022 monitoring period.

Historical climate data

To characterize the climate relevant to WPBR infection at each transect, we obtained
daily climate data for August and September to represent climatic conditions during
the WPBR basidiospore transmission season from the gridMET 4 km gridded surface
meteorological dataset (Abatzoglou, 2013). We included climate data from 2000 to 2022; this
period starts four years prior to the first field observation (2004) to account for potential
lags in the appearance of visible infection symptoms (Hoff, 1992). We calculated combined

August and September mean daily temperature, mean daily relative humidity, total daily
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Monitoring Area Transects Trees asP (mm) asT (°C) asVPD (kPa) asRH (%) DBH (cm) Inf. rate (%)

GYE 181 5502 90.27 10.51 0.88 46.33 15.80 45.80
GLAC 64 2125 119.66 10.51 0.75 54.55 15.55 75.06
MORA 31 862 104.58 10.54 0.60 62.41 16.34 46.71
Sawtooth NF 12 665 60.25 11.52 0.99 43.09 16.25 11.57
NOCA LACH 52 1478 89.55 10.83 0.76 50.35 13.34 54.89
BLM ID 3 152 69.12 11.44 0.89 49.05 32.25 46.84
CRLA 30 1251 49.74 12.15 0.83 55.14 15.04 43.24
LAVO 30 833 41.15 12.00 1.05 42.79 13.95 51.82
KICA 41 5035 13.42 9.62 0.82 38.97 11.06 5.94
SEQU 11 386 6.08 10.46 1.00 34.08 20.40 1.51
YOSE 35 4003 24.28 11.15 0.96 36.67 8.39 3.82
Western U.S. 490 22292 60.74 10.98 0.87 46.68 16.22 35.2

Table 4. Summary of monitoring data. August and September climate averages were

calculated for the period included in analysis (2000-2022). DBH (cm) is the average DBH of
all trees in all transects in each monitoring area included in the analysis. Infection rate shows
average rates of WPBR infection in WBP trees across all transects in each monitoring area.
The Western U.S. row shows total number of transects and trees included in analysis as well
as averages of asP, asT, asVPD, asRH, DBH, and infection rates across all monitoring areas.

precipitation, and mean daily vapor pressure deficit for each year in the 2000-2022 period.
Finally, we averaged these annual combined August and September metrics across the entire
2000-2022 period to generate climate normals for each transect location: 2000-2022 August
and September temperature (asT, °C'), relative humidity (asRH, %), precipitation (asP,

mm), and vapor pressure deficit (asVPD, kPa).

Correlation analysis

The probability of WPBR infection in individual trees (tree-level model) was estimated
using Generalized Linear Mixed Models (GLMMs) using a logit link function. A series of
tree-level models were fit with blister rust status (infected or not) as a response variable and
predictors including log(DBH) (log-transformed DBH) and August and September climate
variables as well as a spatial random field. Observations of tree diameter at breast height
(DBH) were right-skewed (positive skewness), but approximately normally distributed after
a log transformation was applied (Figure 14). Correlation between pairs of climate variables

was calculated, and pairs of climate variables that exceeded a threshold correlation (R >
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0.65) were excluded from the same model to limit multicollinearity but were included in
separate models without other highly correlated variables.

Second-order terms were included for some variables such as temperature to allow
for a hump-shaped effect where the climate is outside the range suitable for successful
infection. Interactions between climate variables were included as previous work has identified
significant interactions between variables such as asT and asRH (Thoma et al., 2019b). When
second-order terms or interactions were included, all first-order terms were maintained, even
when strength of evidence for the coefficients of these terms was weak in order to maintain
interpretability of coefficients following the marginality principle in regression analysis (Nelder,
1977).

To account for spatial autocorrelation (SAC) in both monitoring and climate data, a
spatial random field was included in models which explicitly models the spatial structure in
the data including spatially varying but temporally consistent processes that are not included
as fixed effects in the model. In the context of this study, these processes could include
factors such as proximity to WPBR alternate hosts which were not included in the monitoring
data. Ecological data observed across space are inherently autocorrelated, as observed in
the patches and gradients that form naturally in the landscape. However, SAC presents
issues for statistical testing because it violates assumptions of independence needed for many
statistical procedures and inflates estimates of confidence in statistical testing, leading to
spurious significance and underestimated uncertainty (Legendre, 1993).

Spatial random fields have been shown to improve model performance in Species
Distribution Models which did not explicitly model spatial relationships in the data (Mielke
et al., 2020). The spatial random field was estimated with a Stochastic Partial Differential
Equation (SPDE) approach using a Matérn covariance function (Anderson et al., 2024).
Parameters for the SPDE mesh were selected to approximately place mesh vertices equally

distributed within clusters of points where data were collected, and mesh vertices were
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increased until the estimates for the variance of the Matérn range were approximately
minimized but no further to minimize the risk of overfitting (Anderson et al., 2024; Righetto
et al., 2020), which resulted in a 2-dimensional SPDE mesh with a cutoff of 10km, inner
and outer section max triangle lengths of 75 and 100 km, respectively, and inner and outer
section border widths of 75 and 100 km, respectively (Figure 13). Observation coordinates
were reprojected on a Lambert conformal conic projection to minimize distortion of distance
to improve accuracy of the spatial random effect generated with the SPDE mesh (Anderson
et al., 2024). Comparison of similar models fit with and without a spatial random field showed
that the spatial random field effectively removed all visible evidence of SAC in diagnostic
plots.

Our model estimating probability of WPBR infection can be written as follows:

ys ~ Bernoulli(yus),
s = logit™ (X33 + w,),

w ~ MVNormal(0, X,).

where stnain represents a matrix of main effect covariates (intercept, first- and second-order
terms for climate variables, variable interactions, and tree size), [ represents a vector of
estimated main effect coefficients, and w, represents the estimated spatial random field at
a location s. w is drawn from a multivariate random distribution with a covariance that is
determined by the Matérn covariance function, which describes how spatial covariance decays
with distance. The spatial random field represents the effect of latent spatial variables that
are otherwise not accounted for in the model. In other words, this is spatially correlated noise
arising from unmodeled processes such as proximity to WPBR alternate hosts (i.e., Ribes or
Castilleja spp.), local soil characteristics, and other factors affecting disease transmission,

such as proximity to streams or other water sources (Kearns et al., 2014).
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Model predictive strength was evaluated with AICc (Table 5). The performance of
the best-performing model was evaluated with an 8-fold cross-validated confusion matrix to

quantify model performance (Figure 15).

Figure 13. Stochastic partial differential equation (SPDE) mesh used to generate spatial
random field in sdmTMB. Black points show locations of monitoring transects within the
mesh. Connections between mesh knots are shown in grey. Inclusion of a spatial random
field in GLMs can help minimize spatial autocorrelation (SAC).

Projections of white pine blister rust hazard

Projections of white pine blister rust hazard (probability of WPBR infection) were
developed using the top model and future climate data from the 4 km Multivariate Adaptive
Constructed Analogs (MACA) gridded climate data product (Abatzoglou and Brown, 2012).
Average August and September daily temperature (asT) and relative humidity (asRH) were
calculated from daily temperature and relative humidity minimum and maximum for 12

general circulation models (GCMs) and representative concentration pathways (RCPs; RCP4.5
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Figure 14. Exploratory data analysis of variables used in modeling white pine blister rust
(WPBR) infection in whitebark pine (WBP). The pairs plot displays scatter plots
illustrating the relationships between different climate variables (2000-2022 August and
September temperature [asT, °C|, precipitation |asP, mm], relative humidity [asRH, %], and
vapor pressure deficit [asVPD, kPa]) and tree diameter at breast height (log_dbh cm, em),
along with histograms and boxplots showing the distribution of each variable and its
distribution across trees with and without WPBR infection (br_status, True if tree showed
signs of infection else False). Tree DBH (c¢m) was log-transformed (log_dbh_c¢m) to address
its right-skewed distribution to meet assumptions of normality in linear models. The figure
also presents Pearson correlation coefficients (R) between pairs of variables; pairs with a
correlation |R| > 0.65 were exclude from being included in the same statistical models to
mitigate multicollinearity. This exploratory analysis informed the selection of predictor
variables for the WPBR infection models.
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and RCP8.5) across twenty-two-year-long periods to match the length of the climate normals
used to train the model: current (2007-2029), near-term (2030-2052), mid-term (2053-2075),
and end-of-century conditions (2077-2099). The ensemble average asT and asRH for RCP4.5
and RCP8.5 scenarios were also calculated from the same 12 GCMs. The MACA dataset
provides projections for 13 GCMs; however, the temperature minimum dataset from the
CCSM4 GCM could not be accessed and this GCM was excluded from this analysis.
Probability of WPBR infection was estimated using the model selected in the above
analysis (br_status ~ asT? x asP + log(DBH) + w;) for the four time periods for each GCM
and ensemble averages for each RCP. Areas in the projections were masked with the “existing”
WBP Distribution layer provided by the WPEF (Keane et al., 2012) to limit projections
only to areas currently known to contain WBP in order to quantify changes in probability of
infection within the current distribution of WBP. To quantify areal changes in disease hazard,
projected probability of WPBR infection was classified into low-hazard rate (p(infection) <
0.10), medium-hazard rate (0.25 > p(infection) > 0.10), and high-hazard rate (p(infection)
> 0.25) within existing WBP habitat. The percentage of area classified as each hazard rate
class out of the range of WBP in the contiguous United States (total area 311,643.8 km?)

was calculated.

Computational environment

The analysis was conducted in R version 4.4.3 (R Core Team, 2024) using the packages
terra (Hijmans, 2024) and sf (Pebesma, 2018) for spatial analysis, tidyverse (Wickham
et al., 2019) for tabular data manipulation, and ggplot2 (Wickham, 2016), GGally (Schloerke
et al., 2024), visreg (Breheny and Burchett, 2017), and tidyterra (Hernangémez, 2023)
for plotting. Logistic regression models with spatial random fields were fit using the sdmTMB
package (Anderson et al., 2024). The fmesher package was used to create the Stochastic

partial differential equation (SPDE) mesh used by sdmTMB (Lindgren, 2024). Models were
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compared using the model.sel function from the MuMIn package(Barton, 2025). Model
performance was assessed with confusion matrices made using the cvms package (Olsen and

Zachariae, 2024). Spatial autocorrelation was assessed with semivariogram plots (Gotelli and

Ellison, 2013).

Results

Climatic correlates of WPBR infection in WBP

WPBR infection rates across monitoring units varied from 1.51% of trees in SEQU to
75.06% of trees in GLAC (Table 4). A linear model relating average 2000-2022 August and
September precipitation and temperature to infection rates in monitoring units (inf rate ~
asT? x asP) had an R? of 0.64, suggesting that up to 64% of the variation in infection rates
between monitoring units could be explained by the interaction between asT and asP.

We found that probability of WPBR infection in individual trees was best estimated by
a model including average 2000-2022 August and September temperature (first and second-
order effects) and precipitation (first-order), as well as the interaction between temperature
and precipitation, with a spatially varying random effect (Table 6). The model has a Matérn
range (range at which points become spatially independent for the estimated spatial random
field) of 65.09 km (Figure 13). The second-best-performing model included first and second-
order effects of August and September Temperature and tree DBH, with a delta AICc of
78.63 (Table 5).

Cross-validation (based on the confusion matrix resulting from an 8-fold cross-validation
of the top model) showed the top model had a predictive accuracy of 80.9%, a sensitivity of
63.3% (percent of infected trees that were correctly identified as infected), and a specificity of
88.2% (percent of uninfected trees that were correctly identified as uninfected) (Figure 15).

Increasing tree DBH was associated with higher risk of WPBR infection after accounting

for the effect of asT, asP, and latent spatial variables (Figure 16) resulting in a higher
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Model df logLik AICc AAICc
asT? x asP 4 log DBH 9 -8624.2 17266.4 0.0
asT? x asRH +logDBH 9  -8637.3 17292.7  26.3
asT x asP + log DBH 7 -8655.0 17323.9  57.6
asT x asRH + log DBH 7 -8664.5 17343.1 76.7
asT? 4+ log DBH 6 -8666.5 17345.0  78.6
asT + asP + log DBH 6 -8667.1 173462  79.8
asVPD? + log DBH 6 -8667.5 17346.9  80.6
asP + log DBH 5 -8670.3 17350.6  84.2
asT 4 log DBH 5 -8670.7 173514  85.0
asT +asRH +logDBH 6 -8670.5 17353.0  86.6
asVPD + log DBH 5 -8674.2 173583  92.0
log DBH 4 -8679.6 17367.2  100.9
asRH + log DBH 5 -8678.7 17367.5 101.1
asRH? + log DBH 6 -8677.9 17367.9 1015

Table 5. Model selection table. The response variable for all models is blister rust status (1
for infected, 0 for not) and all models included a spatial random field (w;). Models with
second order terms also include first-order terms for the same variables following the
hierarchical principle. The top-performing model as evaluated by AICc is

br_status ~ asT? x asP + log(DBH) + ws.

Term Coefficient estimate Coefficient SE
Intercept -2.63 0.52
log DBH 0.64 0.02
asT -48.74 15.08
asT? 83.61 11.02
asP 0.00 0.00
asT x asP 0.96 0.19
asT? x asP -0.97 0.15

Table 6. Estimated coeflicients and standard errors for selected model
(br_status ~ asT? x asP + log(DBH) + w;).
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Figure 15. 8-fold cross-validated confusion matrix for the selected model

(br_status ~ asT? x asP 4 log(DBH) + w,). Percentages and numbers in center of boxes are
the percent and absolute numbers, respectively, of all observations classified in that quadrant.
Percentages at bottom of boxes are column-wise classification rates showing prediction
accuracy within target classes, i.e., the percentage of infected trees that were correctly
classified as infected (True positives) or incorrectly classified as uninfected (False negatives).

probability of infection for mature trees (Figure 17b) compared to seedlings (Figure 17a)
for any combination of asT and asP. The effect of asT varies at different levels of asP, and
vice versa (Figure 17). At lower levels of precipitation (0 mm precipitation during August
and September), asT has a U-shaped relationship with probability of WPBR, infection, with
lowest probability of infection observed around 11°C. The effect of asT on probability of
infection is parabolic as precipitation in August and September increases, leveling out around
100 mm asP and then becoming parabolic at higher levels of asP with highest infection rates
observed around 11°C. asP has an estimated coefficient of 0 (Table 6). Therefore, asP itself
has no direct linear effect on probability of infection besides through its interaction with asT
(Est. coef. 0.96) and asT? (Est. coef. -0.97) (Table 6). Thus, as temperature changes, the

change in probability of WPBR infection for a given tree size and location will depend on
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asP (Figure 17).
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Figure 16. Effect of tree-size predictor DBH (cm) on probability of infection holding other
fixed effects at their median values (asT: 10.67 °C, asP: 50.41 mm) and after accounting for

latent spatial variables.
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Figure 17. Effect of interaction between asT and asP on probability of infection for a)
seedlings (1 cm DBH) and b) mature trees (40 cm DB), after accounting for other spatially
varying processes. asP is visualized as the effect of asT at different levels of asP.

Mean August and September temperature for 2000-2022 did not vary much between

monitoring areas, but there was considerable variability in August and September precipitation



62

with a range of 6.08 to 119.66 mm (Table 4). SEQU in particular experiences very dry
summers, with almost no precipitation occurring during August and September in most years
(Figure 18), which could be associated with the low infection rates in the monitoring area
(mean infection rate 1.51%) as mean temperatures in the region (10.46 °C) are near the

temperature that minimum infection rates are predicted at low levels of asP (Figure 17).
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Figure 18. Monthly sum of precipitation (mm) for GLAC and SEQU across all years in
study. These locations were chosen as examples of a wet region with high infection rates
(GLAC) and a dry region with low infection rates (SEQU) (Table 4). Vertical lines are
placed to highlight the August and September period that is understood to be the WPBR
basidiospore transmission season.

Projections of WPBR disease hazard in WBP

Projections of WPBR hazard for WBP seedlings (1 cm DBH) generally show an increase
in the area classified as high-hazard over time, while the area classified as medium-hazard

decreases; however, projections vary significantly depending on the combination of GCM and
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RCP (Figure 19a). Projections for mature trees (40 cm DBH) generally show a decrease in the
area classified as high-hazard and an increase in area classified as low- and medium-hazard,
but again with significant variability between projections (Figure 19b).

Geographic patterns of modeled probability of WPBR infection under RCP4.5 and
RCP8.5 end-of-century ensemble projections vary between seedlings (Figures 20a & 20b)
and mature trees (Figures 20c & 20d). A general increase in probability of infection is
modeled across WBP’s range for seedlings, with lower projected probability of infection in
both scenarios for areas such as the Western Cascade range, Sierra Nevada, GLAC, and
high-elevation regions of Idaho and the GYE. For mature trees, much smaller proportions of
the landscape are projected to remain low disease hazard compared to seedlings, with smaller
areas in the same regions that show low disease hazard for seedlings also showing low disease

hazard for mature trees under both RCP4.5 and RCP8.5 ensemble projections.

Discussion

Bioclimatic controls of WPBR infection in WBP

We found that probability of WPBR infection in individual WBP trees across CONUS
was best estimated by a model including average 2000-2022 August and September
temperature (first and second-order effects) and precipitation (first-order) and their
interactions, tree size (log(DBH)), and a spatially varying random effect (Table 6). These
variables represent the climatic conditions during the basidiospore transmission season which
is the period of time that WPBR is able to transmit from an alternate host to WBP.

Consistent with previous work in the GYE (Thoma et al., 2019b) and Canada (Shepherd
et al., 2024), larger diameter trees are predicted to be more likely infected than smaller trees,
which is consistent with the hypothesis that greater leaf area in larger trees presents more
opportunities for basidiospore entry through stomata (Figure 16). (Shepherd et al., 2024)

also specifically modeled seedling infection, finding that for WBP it was explained by canopy
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Figure 19. Changes in projected area classified as low (p(infection) < 0.1), medium (0.1 <
p(infection) < 0.25), and high (p(infection) > 0.25) WPBR hazard classes under each GCM
and Pathway studied for a) seedlings (1 cm DBH) and b) mature trees (40 cm DBH).
Percents of landscapes are calculated using from the total area of WBP range in the
Contiguous United States in the WPEF “Existing” distribution data (311,643.8 km?)
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Figure 20. End-of-century probability of WPBR infection projected under the 12 GCM

ensemble conditions for a,b) seedlings (1 cm DCH) and ¢,d) mature trees (40 cm DBH) for

RCP4.5 and RCPS&.5 emissions scenarios. Predictions include all fixed and random effects.
Projections are limited to the existing WBP range from Keane et al. (2012).
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kill, growing degree days, elevation, heat load, latitude, spring precipitation, and spring
solar radiation. We applied our model to seedlings by adjusting DBH but do not derive
seedling-specific climatic drivers beyond the general model.

The effect of temperature on August and September temperature was found to vary
at different levels of August and September precipitation, and vice versa, similar to the
interaction between August and September temperature and relative humidity in the GYE
found by Thoma et al. (2019b). At higher levels of precipitation (approximately or greater
than 100 mm asP), maximum infection rates are predicted around 11 °C average August
and September temperature. Conversely, at lower levels of precipitation (0 to around 100
mm asP), this relationship inverts and minimum infection rates are predicted around 11 °C
average August and September temperature and highest infection rates at low (around 7 °C)
or high (around 13 °C) temperatures. This relationship that is predicted at lower precipitation
levels should be interpreted with caution due to the limited number of observations at these
combined low temperature and precipitation values. Additionally, as WPBR infection is
fundamentally dependent on adequate moisture for basidiospore survival, germination, and
entry into needles through open stomata, this finding of very high probability of infection
under conditions of low precipitation at temperature extremes is biologically implausible as
insufficient moisture would inhibit these critical steps. (Thoma et al., 2019b) included only
a first-order effect for temperature, but likewise found that maximum infection probability
in the GYE was predicted around August and September average temperatures of 11 °C,
after accounting for August and September average relative humidity, tree size, and transect-
to-transect variability. The inclusion of a second-order term for temperature in our model
improved model performance because it allows for infection probabilities to drop beyond the
peak temperature where conditions become either too hot or too cold for optimal infection
(Figure 5).

It is widely understood that infection rates vary regionally. For example, infection
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rates in GLAC were much higher than SEQU over 20002022 (Table 4). We hypothesized
that infection rates are related to the climate conditions that are more conducive to WPBR
transmission, as evidenced by the linear model at the monitoring unit level relating infection
rates to the interaction between asT? and asP which has an R? of 0.64. This suggests that up
to 64% of the variation in WPBR infection rates at the monitoring unit level is explained by
interactions between asP and asT. We hypothesized that climate would also explain individual
tree infection probability because the accumulation of individual tree infections results in
differences in infection rates at the monitoring unit level. We chose not to model transect-level
infection rates (if any tree in a transect is infected the whole transect is classified as infected)
because Thoma et al. (2019b) and Shepherd et al. (2024) showed a strong dependence of
infection of individual trees on tree DBH, which required analyzing the monitoring at the
level of individual trees. This dependence of tree size as a predictor of WPBR infection
results in divergent model predictions for different tree sizes, with much lower probability
of infections predicted for seedlings (1 cm DBH) than mature trees (40 cm DBH) for any
combination of August and September temperature and precipitation (Figures 16 & 17)
resulting in very different projections of end-of-century disease hazard for seedlings and
mature trees (Figure 20). The tree size-dependent effect on infection hazard has significant
implications for managers.

Our findings build on previous regional studies of the effect of climate on WPBR
infection. In the GYE, the interactions of August and September relative humidity and
temperature were found to be the strongest predictors of WPBR infection in WBP, with
similar infection optimums occurring around average August and September temperatures of
11°C (Thoma et al., 2019b). RH could predict infection rates by explaining the “wetness” that
drives basidiospore production or germination due to control on stomatal closure, leading to
lower infection rates when RH was low. At the broader spatial scale examined here, we found

that August and September precipitation better explained this “wetness” than RH, as was



68

found in the GYE, after accounting for August and September temperature, tree size, and
other spatially varying processes. Other studies in the Sierra Nevada and Rocky Mountains
identified twenty-year averages of VPD (Dudney et al., 2021) or four-year averages of August
and September maximum VPD (Burns et al., 2023) to be key predictors of WPBR infection
in WBP and other white pines. VPD, precipitation, and relative humidity are interconnected
measures of atmospheric moisture or dryness important for WPBR infection. In the northern
reaches of WBP’s range in Canada, which was excluded from this analysis for reasons noted
above, WPBR infection was associated with high spring precipitation, cool/wet summers, and
high September relative humidity (Shepherd et al., 2024). (Shepherd et al., 2024) also found
that low solar radiation was associated with higher infection rates, which was hypothesized
to be a result of low leaf temperatures with higher solar radiation creating temperatures
unsuitable for WPBR infection, consistent with our finding that high temperatures, at least at
high precipitation, reduce modeled infection probability. While higher summer temperatures
may limit probability of infection, it is also associated with higher WPBR-related mortality
in WBP in mountain ranges in California (Young et al., 2023).

Conditions of high atmospheric moisture, whether indicated by high RH, low VPD,
or high precipitation, prevent basidiospore desiccation and promote open stomata in WBP
needles, facilitating infection (Dudney et al., 2021; Thoma et al., 2019b). Our finding that
increased August and September precipitation is correlated with higher infection probability
(Figure 17) supports this. While rainfall could physically wash spores from needles, potentially
reducing infection (Kearns et al., 2014), our broad-scale analysis identified August and
September precipitation as the strongest moisture-related predictor. This contrasts with
finer-scale studies where annual VPD or August and September RH were better-performing
predictors of infection (Dudney et al., 2021; Thoma et al., 2019b). Such scale-dependent
differences in predictor importance might reflect varying infection processes or genetic

resistance across populations, factors potentially captured entirely or in part by the spatial
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random effect in our model.

Projections of future disease hazard and uncertainty in projections

Projected disease hazard is generally higher across WBP’s range for mature trees than
for seedlings, with smaller locations in those same regions that are low disease hazard for
seedlings also projected to remain lower disease hazard for mature trees (Figure 20). In
general, areas that recently had low rates of infection, such as the Sierra Nevada in California
(Table 4), are projected to maintain low rates of infection for all sizes of trees in higher
elevations, with increases in probability of infection at lower elevations. On the contrary,
the Crown of the Continent ecosystem containing Glacier National Park, which has among
the highest recent infection rates, is projected to show low probabilities of infection under
some climate projections. Lower rates of infection for all size classes of tree in this region
are notably projected under the higher-emissions RCP8.5 scenario than the lower-emissions
RCP4.5.

Given planting objectives that seek to establish trees that will survive to cone-bearing
age around the end of the century, those areas with lower disease hazard for mature trees
(dark blue areas in Figures 20c & 20d) should be selected for seedlings outplanted today.
However, we note that given the uncertainty both in the effect of climate on modeled
probability of WPBR infection (Figure 17) as well as in the projected ranges of temperature
and precipitation that result in divergence in disease hazard classes made using this model to
predict probability of WPBR infection using different GCMs and RCPs (Figure 19), that
recommendations for specific areas to plant today using this model can be made only with
low certainty.

Another source of uncertainty comes from the spatial random field included in the model
that is time-invariant in modeled projections (Figure 13). This component of the model

accounts for spatially-varying biotic and abiotic factors affecting WPBR disease incidence
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that are not otherwise accounted for by climate terms and DBH. This includes factors such as
proximity to alternate hosts of WPBR that are significant drivers of WPBR infection and can
interact with climate to produce non-linear shifts in disease prevalence (Dudney et al., 2021;
Geils et al., 2010). The model assumes that these spatially-varying factors are time-invariant,
but it is likely that at least some of these factors incorporated as a spatial random effect in
the model such as distribution of WPBR alternate hosts are likely to change in the future.
Projections made with this model could be improved by incorporating monitoring data for
some of these spatially-varying factors as well as incorporating longitudinal data to allow
modeling how these factors vary through time as well as through space.

Monitoring data are lacking from some parts of WBP’s range (Figure 12), such as
portions of the Cascade Range, much of Idaho, and the Northern Rockies outside of GLAC,
which limits accuracy of the SPDE mesh in those areas, and therefore accurate estimation of
the spatial random effect and overall model accuracy. The model will perform most accurately
in areas with many sampling points well distributed in the region, such as the GYE and
Sierra Nevada (Figure 12), and least accurately in areas in which sufficient sample points
are lacking for accurate interpolation of the SPDE mesh or areas in which climate varies

significantly from the training data and extrapolation of the model is required.

Study strengths and limitations

This study represents a significant advancement by providing the first comprehensive
analysis of climatic drivers influencing WPBR infection in WBP across the species range in
CONUS. We synthesized extensive, long-term monitoring data from diverse federal and state
agency partners producing a novel dataset that enabled the largest-scale study of climatic
drivers of WPBR infection in WBP to date. The application of spatial generalized linear
mixed models using sdmTMB enabled incorporation of climatic interactions while explicitly

accounting for spatial autocorrelation through a spatial random field. Spatial autocorrelation
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is a critical consideration often overlooked in large-scale ecological analyses that introduces
potential bias in coefficient estimates and inference (Legendre, 1993). This work provides a
robust foundation for understanding range-wide WPBR dynamics and generating spatially
explicit projections of disease hazard relevant to the conservation of the threatened WBP.

Despite these strengths, limitations in our monitoring and climate data as well as
modeling approach warrant consideration. The monitoring data used to train our model
are not longitudinal (although repeat measures are available for some monitoring units);
therefore, we cannot know the exact timing of infection in monitored trees. This restricts our
ability to relate infection to climate normals (climate data averaged over relatively long time
frames). The consequence is loss of information that would allow us to tie optimal climate
conditions for infection to wave years of infection when most infections likely occurred. It also
forces infections to be associated with climate conditions that aren’t conducive to infection.
For example, in SEQU, precipitation during August and September is low most years,
averaging 6.08 mm of precipitation (Table 4). However, despite low summer precipitation
most years, infections could have primarily occurred during “wave years” when there was
sufficient moisture for transmission (Figure 18). For example, during El Nino years, there
is considerably more summer monsoonal activity in the Sierra Nevada which could create
conditions more conducive to spread of WPBR (Goddard and Gershunov, 2020).

The mean detection probability of WPBR infection was found to be 0.739 across
observers in the GYE (Shanahan et al., 2021), which leads to lower estimated prevalence of
WPBR when not considered in the modeling framework. While this error can be accounted
for with model-based approaches where data on observation error are available, this is not
possible across WBP’s range because similar estimates of observer bias are not available for
monitoring units outside the GYE.

The climate data used for this analysis are relatively coarse (4 km) compared to biological

scales and perform poorly in mountainous areas, where the elevation used by gridMET can
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vary significantly from actual elevations occurring within the grid cell. Temperature and
precipitation are estimated by these gridded climate datasets with lapse rates (Tercek et al.,
2021a), resulting in error in estimates of these variables in stand locations that can be at a
significantly different elevation than the grid cell mean elevation. For instance, consider a
tree located somewhere in a 4 km climate grid cell in which it is 1000 m lower in elevation
than the mean elevation of the grid cell. If the lapse rate is 6 °C/km (here km is vertical
relief), the estimated average temperature at the tree associated with the mean grid cell
average temperature could be biased low by 6 °C (1000 m x 6 °C / 1000 m). If the tree were
another location in the 4 km grid cell at a higher elevation, the bias could be similar in the
opposite direction. The consequence of this is that uncertainty in the tree-level temperature
and precipitation adds error that cannot be modeled, even by the spatial random field used
in our models.

This work reveals the need in ecological studies involving climate for gridded climate
data with the properties of the gridMET and MACA datasets (i.e., data products that allow
for the comparison of historical and projected modeled climate data without bias correction
that are available at biologically relevant scales) but that also provide larger spatial coverage
than what is offered by those datasets. The gridMET and MACA datasets are only available
for CONUS with north boundaries around 49° N and south following the US border reaching
a minimum around 26° N. These spatial limits are based on political boundaries and limit
use of these products when using these climate data to study species with distributions that
cross either the north or south borders of the US, such as WBP which has a distribution
through the western US and Canada that reaches as far north as 55° N in west-central British
Columbia. In the case of our study, this is a range of 6 degrees of latitude that represent
more of the climate diversity inhabited by WBP where WPBR monitoring data was available
but which could not be used to train our models. Gridded climate datasets that cover the

entirety of North America such as the 1 km Daymet dataset (Thornton et al., 2014) exist,
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however these datasets are historical only and comparisons with projected climate data such
as MACA require bias correction that requires advanced statistical knowledge and substantial
computational effort. The WorldClim 2.1 (Fick and Hijmans, 2017) dataset provides a unified
data product with historical and projected climate data that are comparable without bias
correction at a monthly timestep and 30 arc-second resolution (approximately 1 km grid
spacing at the equator) which is an adequate spatiotemporal resolution for our project and
cover the entirety of the range of WBP, but the product does not provide projections for
water vapor pressure that can be used to calculate climate variables such as RH (Thoma
et al., 2019b) and VPD (Dudney et al., 2021) which have established links to WPBR infection
in WBP. Selecting climate data for ecological studies remains a complicated process that
ultimately requires tradeoffs in at least one quality, such as spatiotemporal resolution, spatial
extent, or availability of relevant climate variables.

Our models use a spatial random field that robustly accounts for spatial autocorrelation
and unmeasured latent spatial variables. However, it represents an additional source of
uncertainty due to the model’s sensitivity to the parameters used to create the SPDE mesh
which is used to estimate the spatial random field (Figure 13). Formal procedures to specify
an optimal mesh are still being developed; however, it is clear that the mesh has a large
impact on both model fitting and inference (Righetto et al., 2020). Cross-validation could be
used to tune mesh parameters to optimize model variance and bias, while avoiding overfitting.

We conducted our model selection process with dual goals of achieving explanatory
power of the causal mechanisms of blister rust infection in WBP as well as predictive power
to project blister rust hazard across the landscape into the future. We made choices such as
limiting multicollinearity, which improved explanatory power of the model but also potentially
hindered its predictive performance (Graham, 2003). Model explanatory power and predictive
performance represent tradeoffs in model performance and require different choices during

model creation (Shmueli, 2010). It is possible that models with less explanatory power such
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as random forests or other machine learning approaches could improve predictive performance

under future climate scenarios, at the expense of explanatory power.

Implications for WBP conservation and management

This first large-scale analysis of climatic drivers of WPBR infection in WBP provides a
foundation to plan conservation and management of the threatened WBP. Our CONUS-wide
maps of projected disease hazard can inform restoration by identifying potentially lower-risk
planting sites or prioritizing areas for conserving existing resistant trees. When considering
management objectives for different tree sizes it is important to consider the increasing risk of
infection as tree DBH increases, a factor accounted for in our model of probability of WPBR
infection. However, recommendations of specific areas for management actions using this
model can only be made with low certainty. This is due to the significant uncertainty in both
our modeled influence of climate and tree size on WPBR infection probability (Figures 16 &
17) and the projected trajectories of disease hazard, which become increasingly uncertain
further into the future (Figure 19). This uncertainty necessitates adaptive management
strategies and possibly diversifying planting locations.

The model performance assessed by the confusion matrix shows better performance
predicting absence of disease than presence (Figure 15). If this model is used to identify
refugia from WPBR, this is fortuitous because the model can be used to accurately identify
areas that would have lower disease pressure for management objectives like planting. This is
important because outplanted seedlings are resistant but not necessarily immune to WPBR

(Sniezko et al., 2024).

Conclusions

We found that mean temperature and total precipitation during August and September

were the best indicators of WPBR infection in WBP after accounting for tree DBH and
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other spatially varying processes across its range in the contiguous United States. We could
only model the effect of climate on blister rust infection with a large amount of uncertainty
given the available data. Most projections of WPBR disease hazard show increasing risk of
infection by the end of the century, with a large degree of variability between projections,
especially for projections made at later time periods.

This is the first study of the climatic drivers of WPBR infection in WBP across its
range in the contiguous United States. As WBP is both a foundational and keystone species
of high-elevation forests, its decline has widespread consequences for forest composition and
ecological functions. Because WPBR is a primary agent in the precipitous decline of WBP,
conservation of WBP will require consideration of WPBR disease hazard. Our maps of
projected probability of WPBR infection in WBP are a foundational tool for land managers
interested in conservation of this important tree species. Our maps of projected probability
of WPBR infection can be used to identify areas of low disease hazard where WBP seedlings

can be outplanted or resources should be allocated to conserve existing stands.
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Abstract

Successful planting of long-lived tree species can benefit from consideration of the future
climate conditions at the individual tree scale (microclimates). Current gridded climate data
products available at resolutions ranging from 800 m to 4 km provide climate data that can be
used to screen large areas for climate suitability. However, the spatial scale of these products
is not well-suited to identifying microclimates that may provide a benefit to planted seedlings.
A high-resolution 1 m water balance model (downscaled from coarser resolution gridded
climate data) is developed to examine high-resolution variability in microclimates. This model
of microclimate modifies a regional climate grid cell of temperature and precipitation using
slope, aspect, and soil properties to estimate actual evapotranspiration and climatic water
deficit. Fine-scale patterns in these variables can improve the ability to identify planting sites
that have lower drought stress and more plant-available water that increases likelihood of
establishment. Burroughs Creek in Shoshone National Forest, WY USA, which was identified
for whitebark pine planting in 2024, is used as a case study to illustrate these fine-scale
patterns. At macroclimate scales, projections show the site transitioning to a climate that
is likely to be unfavorable for whitebark pine. Although projections of climate change at
the end of the century reveal potential for extreme drought stress across the entire area,
topoedaphic features that could potentially shelter planted tree seedlings from high drought
stress are identified as microrefugia based on the modeled water balance at microclimate
scales, which may be overlooked with coarser methods. Microrefugial sites included steep
north aspects and locations with higher water holding capacity, both of which promote higher

soil moisture during the summer dry season.
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Introduction

Whitebark pine (WBP; Pinus albicaulis Engelm.) is a foundational and keystone species
of high-elevation ecosystems. It is considered foundational because it is an early pioneer
species of these ecosystems where it serves as a nurse tree, promoting establishment of other
sympatric species. It is also a keystone species because it is a critical food source for wildlife
due to its seeds which are a rich source of protein and fat (Tomback et al., 2001). In recent
years, it has undergone a precipitous decline, with over half of standing WBP trees dead
as of 2016 (Goeking and Izlar, 2018). This decline is driven by climate-driven disturbances
including wildfire, mountain-pine beetle (Dendroctonus ponderosae Hopkins, 1902), and
white pine blister rust (WPBR; Cronartium ribicola J.C.Fisch.). WPBR is a non-native
pathogen and other than genetic resistance in some WBP individuals, there are no known
natural defenses against it (Sniezko and Liu, 2023). The pathogen has become the primary
existential threat against WBP because it attacks trees before individuals reach reproductive
age as well as reducing the reproductive capacity of older trees through topping, which is the
killing of upper, cone-producing portions of the tree. For these reasons, a core component
of WBP restoration strategies involves the planting of WPBR-resistant seedlings (Tomback
et al., 2022), which are costly to produce due the need for identifying disease resistant trees,
propagating seedlings from seeds collected from their cones, and outplanting seedlings in the
field. Ensuring the survival of outplanted seedlings is paramount to a successful restoration
program.

Site selection for planting long-lived trees, such as WBP which has a lifespan of 400 to
1,000 years (Tomback et al., 2001), based on current and projected climate presents challenges
for land managers. Successful planting of such species requires selecting sites that are not
only conducive for seedling establishment at the time of planting, but also suitable into the

future at least until the trees reach reproductive age, which can take upwards of 50 years
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(Tomback et al., 2001).

The work presented here addresses two important scales relevant to successful
outplanting: regional macroclimate (> 1 km?) and local microclimate (< 1 km?). Current
prescriptions recognize the need for favorable macroclimatic conditions for planting, for
example the prescription of a maximum 1.0 °C mean annual temperature currently
recommended for WBP planting in the U.S. Rocky Mountains which accounts for potential
future warming in upper-elevation zones (Bower and Aitken, 2008; McCaughey et al., 2009).
In most cases, this temperature guideline is probably adequate because water is generally
not a limiting factor in cold environments (Zscheischler et al., 2014), however, water can be
seasonally limiting in dry years and dry areas of the landscape even where cold temperatures
are not limiting. Moreover, it is well established that plants require simultaneous availability
of heat, water, sunlight, and nutrients for growth and establishment, which is not accounted
for by temperature alone (Stephenson, 1998). Whitebark pine grows best with full sun
exposure and is growth-restricted when shaded by competition with sympatric trees such
as subalpine fir (Abies lasiocarpa (Hook.) Nutt.) (Tomback et al., 2001). For this reason,
planters often target recently burned WBP stands where competition from other species is
reduced. Whitebark pine grow in shallow and rocky soils in a wide variety of geologic parent
materials including limestone, granite, and schist where other tree species cannot survive -
however, once established, WBP is a “survivor” that can persist even in otherwise unfavorable
conditions (Tomback et al., 2001). Seedlings are more sensitive to drought than mature trees
due to their shallow, poorly developed root systems (Johnson et al., 2011). Therefore, it is
important to select outplanting sites that reduce drought stress for successful establishment.

Both spatial and temporal aspects of water availability for establishment and growth
need to be considered when selected regional and tree-level outplanting sites. The more
favorable locations with more plant-available water and lower drought stress are microclimates

that have been referred to as climate microrefugia and have been proposed as targets for
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management of climatically sensitive species because they can allow species to persist even
when regional macroclimates are unfavorable (Dobrowski, 2011; Morelli et al., 2016). At
fine scales, site characteristics influenced by slope, aspect, and soil properties can create
microclimates that modify regional macroclimate making some local climates more suitable for
establishment and growth and avoidance of climatic extremes resulting in stress or mortality.
The opposite is also true where site characteristics can modify regional climate in the opposite
direction making some microsites less favorable for survival.

Establishment windows for seedlings are narrow and episodic in high-elevation
environments. Plant establishment occurs during years of favorable climate but increased
aridity or extreme summer drought prevent recruitment and establishment of younger cohorts.
This concept has been termed the “climate ratchet” and provides a temporal framework to
understand how climate change can gradually and irreversibly constrain establishment that
eventually results in population collapse (Jackson et al., 2009). The concept of the climate
ratchet highlights the importance of identifying and protecting climatic microrefugia for
outplanting and conservation of climatically sensitive species. Without the buffering from
unfavorable regional climates provided by microrefugia, seedlings may fail to reach maturity
if summer drought stress exceeds physiological thresholds during early life stages. These
microrefugia can prevent species extirpation and maintain sources for subsequent regional
colonization and expansion if macroclimate conditions become favorable again.

The climatic water balance can be used to identify optimal planting microclimates
because it accounts for the simultaneous availability of water and energy as well as the influence
of terrain and soils on climate in a way that directly reflects the biophysical environment
experienced by plants (Stephenson, 1998). This research focuses on two measures from the
climatic water balance: Actual Evapotranspiration (AET), which represents the length and
magnitude of growing conditions favorable to plants, and Climatic Water Deficit (CWD),

which is a measure of drought stress representing plant water needs unmet by available water.
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As indicators of plant water use (AET) and plant water need (CWD), these two variables
are more robust predictors of vegetation distributions than other climate variables such as
temperature or precipitation and are well correlated with vegetation distributions across local
to continental spatial scales (Dilts et al., 2015; Stephenson, 1998, 1990). AET is directly
correlated with growth rates in WBP seedlings and selecting planting sites with high AET
can promote establishment (Laufenberg et al., 2020). Although no evidence of mortality
caused by CWD has been observed in WBP, it is likely that high summer CWD could be
detrimental to WBP establishment.

The climatic water balance has been used to model environmental variability within
relatively coarse climate grid cells and to model tree and shrub distributions in the Western
U.S. The water balance model downscales and transforms grid cell-scale temperature and
precipitation data to biologically relevant scales and variables such as AET and CWD (Lutz
et al., 2010). This downscaling within a grid cell is accomplished by incorporating site
characteristics available at scales finer than the grid cell resolution into a water balance
model, therefore transforming temperature and precipitation into variables that are more
proximal to the plant experience. For example, the water balance model accounts for within
grid cell variation in soil properties that affect soil water holding capacity and slope and
aspect which modulate solar radiation to increase or decrease evapotranspiration rates. Water
balance variables are more proximal to the climate experienced by plants because they account
for the simultaneous availability of water and energy. For example, plants cannot use rainfall
directly; it is only accessible as soil moisture. However, water stored as soil moisture is not
available to plants year-round. Soil moisture can only be used by plants when sufficient energy
is available to drive transpiration. For these reasons, the downscaling accomplished via water
balance results in a model of plant-relevant climate that more accurately represents the plant
experience and explains why water balance variables generally provide more explanatory

power for plant distributions than temperature and precipitation or other climate variables
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(Lutz et al., 2010; Stephenson, 1998, 1990)

Fine-scale terrain features can create climatic microrefugia, which are landscape features
that are decoupled from regional climates and have allowed populations of species to persist
through unfavorable climate regimes in the past (Dobrowski, 2011). For example, during cold
periods, species limited by minimum temperatures could find refuge on south-facing slopes
where stronger solar insolation increases air temperature and affects snow/ice pack duration.
Alternatively, during warm periods survival of cold-adapted species is promoted in convergent
locations where cold air pooling occurs or more northerly aspects where there is weaker solar
insolation. The fine-scale terrain features needed to create these refugia may only be apparent
at fine spatial scales (1-10 m), and may be masked by coarser terrain models. For example, a
water balance model using the 30 m SRTM DEM showed aridification across a landscape
under projected climatic conditions, however, when a 3 m LiDAR DEM was used, fine-scale
features that reduced CWD were revealed that could enable the persistence of mesic plant
species (Dyer, 2019).

Regional evaluation of the current and future geography of the recommended maximum
mean annual temperature of 1.0 °C is possible using available gridded climate data, which
are available at daily time steps and spatial resolutions between 800 m to 4 km. However,
these spatial and temporal scales present issues when used to select sites for tree planting
based on climatic suitability. Scale has been described as the “central problem in ecology”
(Levin, 1992), and failure to account for spatial scale may be a source of apparent discord
between ecological studies that are actually in agreement (Hernandez, 2020). The relatively
coarse spatial scale of gridded climate data products exceeds the physical scale of individual
organisms and can result in a mismatch between the scale of climate predictors and biological
responses (Moudry et al., 2023). Different resolutions of climate data can result in different
model predictions about species responses to climate, with finer resolutions associated with

lower prediction error (Gillingham et al., 2012).
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In this study, we developed a high-resolution 1 m water balance model to examine the
influence of fine-scale variation in soils and topography on climate with the intent to identify
microrefugia for outplanting WPBR-resistant seedlings. Burroughs Creek in the Shoshone
National Forest, WY USA (Figure 21) was selected as a case study to demonstrate this
methodology. Two planting units, RL1 and WB2, were identified for planting and direct
seeding of whitebark pine in 2024 for reforestation after the Burroughs wildfire of August 30,
2013 (Monitoring Trends in Burn Severity Fire ID wy4368810966320130830).

Given the planting prescription of 71-121 seedlings per hectare (Tomback et al., 2022)
to achieve the cone densities needed to attract Clark’s nutcracker (Nucifraga columbiana
Wilson, 1811), the primary dispersal agent of WBP, planters at Burroughs Creek would need
to plant a total of 1,697-2,892 seedlings in planting unit RL1 and 3,245-5,530 in unit WB2
to achieve this density. This is an approximate cost of $17,600.00 for the 8,422 seedling plugs
needed to achieve the higher limit of this planting density at $2.09 per seedling estimated by
the National Whitebark Pine Restoration Plan in 2021 (National Whitebark Pine Restoration
Plan, 2021). Planters can more efficiently use this costly resource by focusing planting on
landscape features that provide favorable growing conditions. This work helps to address the

question: where should these seedlings be planted to optimize survival and establishment?

Methods

Macroclimate of Burroughs Creek

Planting suitability of Burroughs Creek for WBP was evaluated at a macroclimate (1
km) scale to compare the location to other regions where WBP grows and to assess whether
it meets guidelines such as a the maximum mean annual temperature of 1.0°C (Bower and
Aitken, 2008; McCaughey et al., 2009).

Historical (2000-2019) and ensemble end-of-century (2070-2099) RCP4.5 and RCP8.5

averages of annual AET and CWD were retrieved from the NPS 1 km Gridded Water Balance
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Model (Tercek et al., 2023, 2021b) for WBP monitoring points located in the contiguous
United States (CONUS) from the White Pine Blister Rust monitoring dataset (Chapter
3). WBP monitoring data located in Canada were excluded because they are not covered
by the 1 km NPS Gridded Water Balance Model. The data were used to plot the current
and projected climate of Burroughs Creek and other known locations of whitebark pine in a
two-dimensional climate space characterized by the relationship between AET and CWD.
Mean annual temperature for Burroughs Creek was retrieved from the Multivariate
Adaptive Constructed Analogs (MACA) dataset (Abatzoglou and Brown, 2012) to compare
historical and future conditions at the site with the 1.0 °C maximum mean annual
temperature planting guideline (Bower and Aitken, 2008; McCaughey et al., 2009). Because
Burroughs Creek overlaps the intersection of four 4 kmm MACA grid cells, a point was chosen
(43.7061975°N, 109.6778133°W) from the MACA grid cell that is closest to the mean elevation
of the location (2814 m; Table 9). The gridMET/MACA grid cell has an elevation of 2,813.28
m which is similar to the average of approximately 2,814 m for both planting units (Table 9).
Therefore, while temperature lapse rates would cause temperature to vary within the grid
cell at different elevations as described in the lapse rate corrections below, this point should

accurately represent temperature on average at the site.

Sensitivity analysis

A sensitivity analysis was used to examine drivers of modeled microclimate variability
caused by each individual topoedaphic modifier of macroclimate at the site. A daily climate
time series from the planting unit centroid for 1980 to 2020 from the Daymet gridded climate
product (Thornton et al., 2014) and ranges of slopes, aspects, and soil WHC at the proposed
planting site were used as input to the water balance model. The mean slope (14.8°), aspect
(175°) and soil WHC (44 mm) for the WB2 planting unit (Table 9) were used to determine

baseline AET (mm) and CWD (mm) for comparison against influence of other values of slope,
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aspect, and WHC site modifiers in the simulation. While holding other variables constant,
the range of slopes observed at the site from 0° to 47°, aspects from 0° to 360°, and soil WHC

from 30 to 80 mm were entered into the water balance model and average annual sums of

AET and CWD recorded.

High-resolution water balance model

A 1 meter raster (gridded) Thornthwaite-style water balance model (Thornthwaite,
1948) was developed at a daily time step for the area within the bounding box surrounding
the two planting units selected for Burroughs Creek (Units RL1 and WB2, Figure 21).
Topographic and elevation data were obtained from the 1 meter LiDAR digital elevation
model (DEM) provided by the USGS 3DEP (U.S. Geological Survey, 2020). Slope and aspect
were calculated from the LiDAR DEM using tools provided in QGIS (QGIS Development
Team, 2024).

The daily water balance at a 1 m resolution was modeled using the source code used to
generate the NPS 1 km Gridded Water Balance product for the coterminous United States
(Tercek et al., 2021b), modified to use 1 m DEM data as input with lapse rate corrections
described below. PET was estimated using the Oudin method (Oudin et al., 2010) and was
adjusted for variable heat loading based on 1 m resolution slope, aspect, and latitude as
well as day of year (Equation 3 from McCune and Keon, 2002). Annual sums of AET and
CWD were calculated for the historical dataset as well as for each GCM/RCP combination.
Ensemble averages for annual sums of AET and Deficit were created.

Soil water holding capacity (WHC) was estimated for the top 25 cm of the soil profile
using the “available water storage from 0-25cm” (aws025wta) data from SSURGO (Soil
Survey Staff, 2024). This soil depth was selected to represent the rooting depth of outplanted
WBP plugs. The SSURGO soil surveys were mapped at 1:24,000 and provided as polygons

which were converted to a 1 m raster in QGIS using the 1 m LiDAR DEM raster as a spatial
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Figure 21. Burroughs Creek hillshade from 1 m USGS LiDAR data, which uses slope and
aspect to simulate shadows to enhance visualization of topography, with outlines of the two
WBP planting units selected for planting in 2024. A sun angle of 45° and direction of 0° were
used to generate the hillshade.

reference where each 1 m cell sampled values from the aws025wta data.

Historical daily climate data (maximum temperature, minimum temperature, precipi-
tation) from 1979 to 2022 were obtained from the Gridded Surface Meteorological dataset
(gridMET) at a 4 km resolution (Abatzoglou, 2013). Projected climate data for the same
variables were obtained from MACA at the same timestep and spatial resolution (Abatzoglou
and Brown, 2012). The MACA dataset was downscaled using gridMET, so time series
between 1979 and 2099 can be treated as continuous with no breaks between past and future

and with no need for bias correction (Tercek et al., 2023).
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Burroughs Creek is smaller than the 4 km gridMET climate grid cells and overlaps the
intersection of four climate grid cells. To remove spatial discontinuities in the modeled water
balance for the site, the climate grid cell with an elevation closest to the mean elevation for
the site was selected and climate data from this grid cell was applied across the site. The
same point located in a gridMET/MACA grid cell with an elevation of 2,813.28 m that was
used to retrieve MACA mean annual temperature data for the macroclimate analysis above
was used to represent the entire site (43.7061975°N, 109.6778133°W).

Gridded climate products such as gridMET and MACA assign an elevation to each grid
cell, which can vary considerably from the actual elevation of any point within the cell, with
commensurate influence on the accuracy of the temperature estimates for any point within
that grid cell due to lapse in temperature with elevation (Tercek et al., 2021a). Spatially
variable temperatures were determined within the 4 km grid cell using lapse rates estimated
using temperature datalogger measurements of Mt. Washburn in Yellowstone National Park
(Tercek et al., 2021a), located approximately 135 km from Burroughs Creek. The north and
south monthly high and low lapse rates were averaged from Tercek et al. (2021a) to estimate
a lapse rate that could be applied to aspects from 0° to 360° (Table 7). Daily temperature
data for each 1 m LiDAR DEM pixel was adjusted using these monthly lapse rates based on
the difference between the 1 m LiDAR elevation and the elevation used by the 4 km gridMET

and MACA datasets, using the following equation:

Tlm = T4km + Ls * (Elm - E4km)

Where T4y, (°C) is the temperature adjusted for estimated lapse rate for a 1 m LiDAR
DEM pixel, Ty is gridMET/MACA temperature (°C) at 4 km resolution, Lg is the monthly

lapse rate (°C * km™) from table 7, Ey,, is the elevation of the 1 m LiDAR DEM pixel, and
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Month N S Mean Month N S Mean
Jan. -0.98  -5.91  -5.945 Jan. -1.62 -0.92  -1.27
Feb. -6.49 -789  -7.19 Feb. -2.03 -246 -2.245
Mar. -7.33 -10.52 -8.925 Mar. -2.78 -2.65 -2.715
Apr. -9.28 -11.29 -10.285 Apr. -4.08 -4.52  -4.3
May -9.03 -10.78  -9.905 May -3.50 -3.23 -3.3365
Jun. -8.28 -10.02  -9.15 Jun. -1.67 -0.70 -1.185
Jul. -7.82  -9.65 -8.735 Jul. -0.34 -0.32  -0.33
Aug. -7.32 -840  -7.86 Aug. -0.68 0.41 -0.135
Sep. =771 -8.99  -8.35 Sep. -0.63 -0.37  -0.5
Oct. -8.47  -9.20  -8.835 Oct. -2.42 -3.31 -2.865
Nov. -6.67 -797  -7.32 Nov. -2.62 -295 -2.785
Dec. -6.24  -6.33  -6.285 Dec. -2.68 -2.51 -2.595
(a) Monthly high temperature lapse rates (b) Monthly low temperature lapse rates

Table 7. Monthly a) high and b) low temperature lapse rates applied to 1 m grid cells within
the 4 km climate grid cell. Units for lapse rates are °C * km™. Lapse rates from Tercek et al.
(2021a) for north and south aspects were averaged to approximate a spatially continuous
lapse rate that could be applied to aspects from 0° to 360°. Monthly lapse rates were applied
to daily high and low temperatures based on month and 1 m elevation bias (difference
between elevation in 4 km gridMET cell and USGS 1 m LiDAR data).

Future GCM/RCP Note

Warm/Wet MRI-CGCM3 RCP8.5

Hot/Wet CanESM2 RCP8.5 Best-case AET scenario (highest)

Warm/Dry MRI-CGCM3 RCP4.5 Worst-case AET scenario (lowest), best-case CWD scenario (lowest)

Hot/Dry HadGEM2-CC365 RCP8.5 Worst-case CWD scenario (highest)

Table 8. Future climate scenarios used to model projected water balance in Burroughs
Creek. GCM/RCP combinations were chosen to bracket extremes of hot/warm and wet/dry
regions in Fig. 22 above. Projections representing the “best” case (i.e., high AET and low
CWD) and “worst” case scenarios (i.e., low AET and high CWD) for tree planting are noted.

Exm 18 the elevation of the 4 km gridMET /MACA grid cell.

To illustrate this process, given a 1 m LiDAR DEM pixel with an elevation of 2500 m
within a 4 km gridMET climate cell with an assigned elevation of 2000 m (elevation bias 0.5
km) and an estimated lapse rate for daily high temperatures in January of -5.945 °C * km™,
all daily high temperatures for January for this pixel would be lowered by 2.9725 °C (-5.945

°C *km™! * 0.5 km = -2.9725 °C correction factor).
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Figure 22. Change in Yellowstone National Park average temperature and precipitation by
2050 by General Circulation Model (GCM) and Representative Concentration Pathway
(RCP) run. The GCM/RCP combinations that are most extreme in temperature and
precipitation change from each quadrant (Lawrence et al., 2021) were selected for this study
(Table 8). Selected GCM/RCP combinations are marked with an asterisk (*). While
Burroughs Creek is not located within Yellowstone National Park, it is assumed to have a
similar climate to the park due to their proximity (approximate distance from Mt.
Washburn, YNP is 135 km) and co-location within the Greater Yellowstone Ecosystem.
Figure from Mike Tercek, personal communication, 12 June 2024.

For comparisons with projected conditions, current climatic conditions are represented
by average annual sum of AET and CWD for the period from 2002 to 2022. In addition, 1988
is included as an historical year of extreme drought, when record low summer rainfall resulted
in widespread wildfire through the Greater Yellowstone Ecoregion (Christensen et al., 1989).
Four projected GCM/RCP combinations were selected to bracket the range of plausible future
climates based on ‘Warm/Wet’, ‘Warm/Dry’, ‘Hot/Wet’, and ‘Hot/Dry’ scenarios determined
by extremes in projected changes in annual temperature and precipitation in the region

(Figure 22, Lawrence et al. (2021)). From these four scenarios, the scenarios that resulted in
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the highest or lowest projected mean annual sums of AET and CWD were selected as “best”
and “worst” case scenarios (Table 8). However, because these best- and worst-case scenarios
were originally selected based on extremes of changes in temperature and precipitation, it is
possible that they do not represent the most extreme AET and CWD out of all GCM/RCP
combinations available in the MACA dataset (Figure 22). AET and CWD were not calculated
for all GCM/RCP combinations due to computational resource constraints. Higher AET is
assumed to promote plant growth, while higher CWD is assumed to be detrimental to plant
growth through increased drought stress. Climate projections for annual sums of AET and
CWD are averaged across the years 2075-2099 to represent “end-of-century” conditions for
each of the four selected scenarios. Given the slow rate of development of WBP trees and
time needed to reach reproductive maturity, this is approximately when trees planted today
would begin producing cones.

Low interannual moisture variability is a feature of potential microrefugia (Morelli et al.,
2016). These features could maximize tree longevity because adult trees can survive periods of
unfavorable conditions if they are adapted to them but extreme swings in climatic conditions
cause mortality in poorly adapted trees (Neumann et al., 2017). Interannual variability in
projections of AET and CWD is quantified by the standard deviation (SD) across the whole

period included in the MACA projections (2006-2099).

Results

Macroclimate of Burroughs Creek

Historical AET and CWD (2000-2019) of Burroughs Creek at the broad spatial scales
provided by the 1 km NPS Gridded Water Balance Dataset are situated within the historical
climate space of other known whitebark pine locations in the GYE and across the specie’s
range in the contiguous United States (Figure 23). Projections at the macroclimate scale

show Burroughs Creek transitioning to the edge or outside historical climate conditions of
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WBP in the GYE. However, the 1 km water balance projections show a transition under
RCP4.5 conditions of the site to the edge of the climate space of the GYE or under RCP8.5
conditions to outside the current climate space of the species.
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Figure 23. Macroclimate space of whitebark pine at 1 km scale. Whitebark pine observations
in CONUS from the white pine blister rust monitoring dataset (Chapter 3) were used to
create a bioclimatic niche of the species from historical (2000-2019) average annual AET and
CWD from the NPS 1 km gridded water balance model (Tercek et al., 2023, 2021b).
Historical 20002019 average annual AET and CWD for points located in the Greater
Yellowstone Ecosystem are highlighted in blue and all other WBP locations in the
monitoring dataset across CONUS are grey. Cross symbols indicate Burroughs Creek
historical 20002019 (black) and projected end-of-century (2070-2099) ensemble averages for
RCP4.5 (orange) and RCP8.5 (red) from the NPS Gridded Water Balance Model.

The 2024 mean annual temperature of Burroughs Creek is 2.5 °C under RCP4.5 average
and 2.7 °C under RCP8.5 average conditions, exceeding the 1.0 °C maximum mean annual
temperature planting guideline (Bower and Aitken, 2008; McCaughey et al., 2009), and
projections show continued increases in temperature under both RCP4.5 and RCP8.5 ensemble

averages (Figure 24). However, confidence intervals for 2024 overlap the 1 °C guideline.
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Figure 24. Mean annual temperature for Burroughs Creek under historic and ensemble
average of projected RCP4.5 and RCP8.5 scenarios from the MACA dataset. A current
maximum mean annual temperature of 1.0 °C is recommended for planting of WBP in the
U.S. Rocky Mountains by Bower and Aitken (2008); McCaughey et al. (2009). Temperature
values are not adjusted for elevation bias in the 4km grid cell using the equation described in
the methods section.

Hegewisch, K.C., Abatzoglou, J.T., ‘Future Time Series’ web tool. Climate Toolbox
(https://climatetoolbox.org/) accessed on 5 Apr 2025.

Topoedaphic characteristics

Considerable variability in topography between the planting units is revealed by the
high-resolution LIDAR DEM (Table 9). Planting unit WB2 shows more intra-unit variability
in topography, as well as higher extremes in slope and a more southern aspect, overall than
planting unit RL1. Planting unit RL1 is less variable in topography than unit WB2, with
lower maximum slope and a general south-southeast aspect throughout. These differences
in topography are represented in the heat load layer developed from the 1m LiDAR data,
with WB2 presenting more variability in heat load within the planting unit than unit RL1
(Figure 25).
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Unit  Area (ha) Mean elev. [min, max| (m) Mean slope [min, max] (°) Mean aspect (°) Mean soil WHC [min, max| (mm)

RL1 239 2814 [2786, 2850] 7.8 [.03, 40| 132 36 (30, 42|
WB2  45.7 2814 [2724, 2946 14.8 [0.02, 47] 175 44 (35, 79]

Table 9. Topoedaphic statistics of the two planting units selected for WBP outplanting in
2024 located in Burroughs Creek summarized from 1 m LiDAR DEM and SSURGO soil
survey data. Both planting units have aspects ranging from 0° to 360°.
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Figure 25. Heat load layer developed with topography derived from 1m LiDAR data for
Burroughs Creek. The heat load is an estimate of maximum potential annual direct incident
solar radiation based on slope, aspect, and latitude (Equation 3 from McCune and Keon,
2002). The heat load is a unitless multiplier of PET following Appendix S1 in Lutz et al.
(2010). PET is estimated by the Oudin method (Oudin et al., 2010) which accounts for air
temperature, latitude, and day of year. The site contains two small lakes (grey).

Soil WHC also varies between the two planting units. Unit RL1 is dominated by lower
WHC Worock-Storm family soils, while soil WHC through WB2 is generally higher with
Garlet-Presa family soils dominating the site as well as higher WHC Cryaquepts, Cryaquolls,

and Cryofluvents soils present in drainages (Figure 26, Soil Survey Staff (2024)).
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Figure 26. Soil water holding capacity (WHC) (25cm depth) for Burroughs Creek. The site
contains two small lakes (grey) where soil data are unavailable.

Sensitivity analysis

The sensitivity analysis of the water balance model using the range of topoedaphic
characteristics observed in planting unit WB2 (Table 9) showed wide variability in average
annual sums of AET and CWD due to site characteristics (Figure 27).

Within unit WB2, AET varied by 36 mm (min: 163 mm, max: 199 mm) when soil
WHC varied between 30 and 80 mm. Slope and aspect played less significant roles that
caused variation in AET of 8 mm when slope was varied between 0° and 47° (min: 168 mm,
max: 176 mm) and 23 mm when aspect was varied between 0° and 360° (min: 156 mm, max:
179 mm).

CWD varied by 54 mm (min: 91 mm, max: 145 mm) when aspect varied between 0° and

360°.
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Slope and soil WHC played less significant roles that caused variation in CWD of 20
mm when slope was varied between 0° and 47° (min: 116 mm, max: 136 mm) and 36 mm

when soil WHC was varied between 30 and 80 mm (min: 113 mm, max: 149 mm).
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Figure 27. Water balance model sensitivity analysis showing average annual sum of a) AET
and b) CWD for Burroughs Creek using a single 1 km Daymet gridcell daily time series from
1980-2020. AET and CWD at the mean slope (14.8°), aspect (175°) and soil WHC (44 mm)
for the WB2 planting unit (Table 9) are shown with red dots. Slope, aspect, and WHC were
each varied across the full range of these values in WB2 while holding all other variables
constant at the WB2 planting unit means. A smoothed line was fit to points using a LOESS
function. Absolute values of AET and CWD calculated using Daymet climate data in these
figures should not be directly compared with AET and CWD calculated using the gridMET
or MACA climate data products elsewhere in the analysis without bias correction.

Historical 1 meter water balance

Greater extremes of modeled historical AET and CWD are found in the WB2 unit
(Figures 28 & 29). Higher AET areas of Burroughs Creek are modeled along the higher WHC
soils present in the drainages and lakeside in WB2 where the locations with highest AET

and lowest CWD are found. North-facing aspects on hillsides in WB2 have lower modeled
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historical AET, but are also sheltered from the high extremes of CWD modeled elsewhere in
the planting unit.

Conditions modeled in 1988 are extreme relative to the 2002-2022 historical conditions.
Low precipitation in 1988 resulted in minimal modeled average annual AET throughout both
planting units, except where high WHC soils are found (Figure 28). The maximum modeled
annual CWD for 1988 is around 250 mm, compared with a maximum average annual CWD
around 160 mm for 2002-2022, indicating a high magnitude of drought stress during 1988
(Figure 30b). However, the model shows that north to northeast aspects were sheltered
from extremes of CWD in 1988, with low CWD modeled in these locations similar to the
2002-2022 normals (Figure 29).

Annual AET and CWD during 2013 when the Burroughs wildfire occurred were similar
to the average annual AET and CWD from 2002-2022 (Table 10; Figure 30).

Projected 1 meter water balance

Projections of AET and CWD in the Burroughs Creek units at the end of the century
(2075-2099) vary considerably (Figures 28, 29, & 30). Drought stress is projected to increase
across the units under all projections, with average annual CWD in the hot/dry future far
exceeding CWD modeled during the 1988 drought. AET is likewise projected to increase
across the site under all projections, however climate projections showing large increases in
AET such as the hot/wet future also project increases in CWD. North to northeast aspects
are projected to remain sheltered from high CWD values, even in the worst-case highest
CWD hot/dry future, as they were during the 1988 drought (Figure 29).

All climate projections show an increase in AET and CWD from the 2002-2022 baseline,
and Warm /Wet, Hot/Wet projections approaching the CWD experienced during the 1988

drought year and the Hot/Dry projection far exceeding it (Table 10).
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Figure 28. 1 meter historical and projected average annual AET for Burroughs Creek.
Historical 1988 annual AET, historical 2002-2022 average annual AET, projected 2075-2099
hot /wet average annual AET, and projected 2075-2099 warm/dry average annual AET are
displayed. Color ramps are shown on the same scale to enable direct comparison between
scenarios.

Year(s) GCM/RCP Mean AET (mm) Mean CWD (mm)

1988 (Drought Year) 123 198
2013 (Fire Year) 169 127
2002-2022 179 123
Warm Wet 2075-2099 MRI-CGCM3 RCP8.5 238 164
Hot Wet 2075-2099 CanESM2 RCP8.5 340 177
Warm Dry 2075-2099 MRI-CGCM3 RCP4.5 207 138
Hot Dry 2075-2099 HadGEM2-CC365 RCP8.5 236 294

Table 10. Summary of climate conditions for historical and projected water balance.
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Figure 29. 1 meter historical and projected average annual CWD for Burroughs Creek.
Historical 1988 annual CWD, historical 2002-2022 average annual CWD, projected
20752099 warm /dry average annual CWD, and projected 2075-2099 hot/dry average
annual CWD are displayed. Color ramps are shown on the same scale to enable direct
comparison between scenarios.

Interannual variability in climate projections

Interannual variability (SD) in projections of AET and CWD from 2006 to 2099 vary
between GCM/RCP combinations (Figures 31 & 32). Hot/wet has the highest and warm/dry
has the lowest maximum SD in projected annual AET. Hot/dry has the highest and warm/dry

has the lowest maximum SD in projected annual CWD. There is considerable overlap in
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Figure 30. Historical and projected average annual a) AET (mm) and b) CWD (mm) for
Burroughs Creek. Historical modeled AET and CWD are shown for the 1988 drought year,
2013 fire year, and 20022022 period. All pixels in the Burroughs Creek bounding box are
included in box plot distributions, including pixels outside of the WB2 and RL1 planting
units.

areas that have low-SD in both annual AET and CWD, with the same north-eastern slopes

minimizing interannual variability in both variables.

Discussion

General considerations for WBP planting site selection

Here, fine-scale patterns in AET and CWD are mapped to help identify microrefugia
for outplanting whitebark pine seedlings that will enhance likelihood of establishment and
persistence as refugia long enough for planted seedlings to reach reproductive maturity.
Outplanting WPBR-resistant seedlings is a core component of WBP restoration strategies
due to the threat the pathogen poses (Tomback et al., 2022). The expense of planting WPBR-

resistant seedlings justifies careful consideration of planting sites and microsite climates to
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Figure 31. Interannual variability (standard deviation) in projected annual AET
(2006—2099). These maps show the year-to-year consistency of projected AET. Lower
standard deviation indicates more stable growing conditions across years, which may favor
the establishment and longevity of long-lived species like whitebark pine by reducing
exposure to variable resource availability.

maximize return on investment. Climate uniquely affects each life stage of whitebark pine
development from germination to reproductive success. Seedlings of tree species are generally
less tolerant of drought stress than mature trees (Johnson et al., 2011), and WBP seedlings
in particular are less tolerant of warm-dry conditions than mature trees (Hansen et al., 2021).
Increased AET is directly correlated with faster growth and establishment of WBP seedlings

(Laufenberg et al., 2020). Climate-driven disturbance agents such as wildfire (Riley et al.,
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Figure 32. Interannual variability (standard deviation) in projected annual CWD
(2006—2099). These maps show the year-to-year consistency of projected CWD. Lower
standard deviation indicates more stable drought stress conditions across years, which is a
characteristic of potential climate microrefugia that can buffer sensitive species like
whitebark pine from climatic extremes and potentially increase longevity.

2013), mountain pine beetle (Buotte et al., 2016), and WPBR (Thoma et al., 2019b) affect
tree growth and survival at all life stages.

Tree planting sites are typically selected based on historical climatic conditions, without
explicit consideration of climate projections. For example, the 1.0 °C planting prescription for
whitebark pine in the Northern Rockies is intended to account for potential climate warming

in upper elevations (Bower and Aitken, 2008) but does not account for differential warming
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between regions of the Northern Rockies or between microclimates. Selecting planting sites
based on historical climate conditions may be counter productive if the climate conditions
have moved or will move outside the historic range of conditions that supported whitebark
pine stands in the past (Rammer et al., 2021). For example, south facing sites selected based
on recent fires in whitebark pine stands may not be suited to establishment due to warming
combined exacerbating effects of high heat load on south aspects that dries soil faster than
on other aspects.

This study uses coarse-scale 4 km gridded climate data available in remote areas and
leverages the capability of water balance modeling to estimate sub-grid variability of climate
in a way that is important to plants (Lutz et al., 2010). The modification of regional climate
is achieved by accounting for physical processes that affect abundance and duration of water
available for plants. Soil properties determine the quantity of water that can be stored and
made available to plants. Given equal precipitation, plants growing in soils with lower soil
water holding capacity would experience a drier environment than those growing in higher
WHC soils, as the lower WHC soils would more quickly deplete storage of plant-available
water between precipitation events and have less capacity to recharge during precipitation
events before excess water runs off. Slope and aspect affect the duration of water availability
for a given amount of soil water storage by modifying heat load that models the effect of solar
radiation on sloping surfaces described by McCune and Keon (2002). At a given latitude,
southwest aspects receive higher heat loading and experience more evapotranspiration than
northwest exposures. Steeper slopes accentuate the heat load effect lessening load on north
aspects and increasing load on southwest facing aspects. The climatic water balance integrates
the effects of variable soil water storage, slope, and aspect to develop estimates of water
availability and drought stress that are more proximal to the wetness or dryness experienced

by plants than temperature or precipitation alone (Stephenson, 1998).
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Microsite controls on water availability and drought

The sensitivity analysis revealed that at Burroughs Creek, soil WHC is the strongest
control on AET while aspect is the strongest control on CWD (Figure 27). Deeper soils
are associated with higher AET, which is directly correlated with growth rates in WBP
(Laufenberg et al., 2020). North to northeast aspects minimize CWD and therefore also
reduce drought stress in plants. These sensitivity findings will vary in other locations because
different ranges of slope and soil WHC may be present and will interact with different regional
climate inputs to affect water balance estimates.

Modeled CWD during the 1988 drought year is more spatially variable than modeled AET
during the same year (Figures 28 & 29). Record low precipitation during 1988 (Christensen
et al., 1989) likely limited AET while CWD has no upper limit and can increase indefinitely
with temperature. Because CWD is not limited by precipitation in the model during this
year, it is more spatially variable than AET due to topographic features, especially aspect
(Figure 27b). Therefore, if avoidance of drought stress during years with low precipitation
is a consideration for planters, it may be more important to consider CWD when selecting
planting sites as it is more spatially variable than AET in those years.

The fine-scale patterns of water availability and the results of the sensitivity analysis
identify specific features on the Burroughs Creek landscape as ideal planting environments.
Water availability is critical for seedling establishment and will support continued growth
that increases the likelihood of seedlings reaching reproductive maturity. Plant-available
water for a given amount of precipitation is most strongly controlled by soil WHC which is
highest in planting unit WB2 where Cryaquepts, Cryaquolls, and Cryofluvents soils occur
(Figure 26). Conversely, CWD is most strongly controlled by aspect thus planting seedlings
on northeast facing slopes will reduce drought stress with further reductions on those slopes
where soil WHC is highest in Cryaquepts, Cryaquolls, and Cryofluvents or Garlet-Presa

family soils. These conditions which maximize water availability and minimize drought stress
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are primarily found along northeast slopes in positions along the lower parts of the drainages
present in unit WB2. These patterns are spatially and temporally consistent. The spatial
pattern is controlled by topoedaphic features that are unlikely to change over time barring
severe erosion of soil that alters water holding capacity. The patterns are also temporally
consistent in a relative way. That is, due to the topoedaphic controls on water availability
and drought the spatial patterns of higher water supply or lower drought stress hold through

time for any temperature or precipitation regime (Figures 28, & 29).

Strengths

The strength of this approach lies in its ability to detect relative differences in wetness
and dryness across a landscape in a way that directly reflects the growing environment of
plants. These relative patterns in the water balance across the landscape come with a higher
degree of certainty than absolute estimates of AET and CWD. The model can help identify
microclimates in locations where ideal combinations of soil and topography exist relative to
other positions on the landscape. These locations may be difficult to identify visually, even
for trained and experienced observers. For example, two hillslopes may have similar slope
and aspect but different soil water holding capacities that lead to drier conditions on one
than the other. In addition, planters may be skillful at identifying suitable planting sites
based on current climatic conditions, but the methodology can quantify the potential change
in a landscape position under plausible future climates relative to current conditions. The
model reveals the potential for extreme drought stress in some landscape positions based
on future climates, relative to current and past climatic conditions at the site (Figure 30b).
Therefore, planting site selection based on current conditions alone is unlikely to result in

plantings that avoid this stress in the future.
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Limitations

This work examines the variability of microclimates within relatively coarse climate grid
cells due to sub-grid cell topograhic and edaphic features. These methods likely present a
more accurate representation of climate at fine scales relevant to tree planting compared with
unmodified use of gridded climate data products. However, several caveats and limitations
exist with the use of these methods. These limitations reveal the potential for future work to
enhance the accuracy and precision of these methods that could improve map products for
tree planting site selection.

Climate data from a single gridMET/MACA grid cell were used to represent the entire
Burroughs Creek site. These products are designed to show broad-scale patterns at regional
scales that hold across large groups of pixels (Abatzoglou, 2013). Uncertainty increases when
these climate data products are applied to sub-grid cell scale locations such as point-scale
data or the relatively small area examined here.

Temperature and precipitation data are not available at high resolutions in this study
system and all available gridded climate data products have uncertainty in areas of complex
topography such as mountains regions (Behnke et al., 2016). The model and its climate
inputs do not consider some sub-grid cell phenomena affecting air temperature such as
temperature inversions and cold air drainage. Precipitation also varies at sub-grid cell
scales due to topographic effects such as orographic precipitation (Lin et al., 2001). Snow
accumulation and melt were modeled at the scale of the entire site, and not downscaled based
on topography. In reality, snow accumulation and melt is affected by factors such as slope,
aspect, as well as horizontal movement through snow drift (Dingman, 2015). Future analyses
could incorporate the high-resolution topographic data used here to improve accuracy of
snow melt and accumulation dynamics at fine scales.

Holden et al. (2011) presented a methodology to downscale gridded temperature

measurements using networks of low-cost temperature dataloggers. This is a low-cost method
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that could be applied to areas targeted for planting to develop local corrections for gridded
climate datasets could improve temperature estimates in light of sub-grid cell phenomena
such as temperature lapse rates and effects such as temperature inversions and cold-air
drainage. This would improve estimates of spatial variation in temperature in the model but
absolute accuracy in estimates of the water balance is not necessary as noted above. While
this method has been applied as a modification of historical climate data, the stationarity of
the downscaling method should be considered when applied to projected climate data. This
method could also be applied using precipitation gauge network to improve modeling spatial
patterns of precipitation inputs by developing estimates of precipitation lapse rates similar to
the temperature lapse rate adjustments applied here.

Soil survey data provided by the SSURGO database is intended to be used at scales of
1:24,000. There is likely considerable variation in the soil characteristics observed at the fine
spatial scales that is not captured in these surveys. Soils are treated as areas with discrete
rather than continuous WHC between 1 m pixels. However, there is likely to be considerable
gradation between and heterogeneity within soil types. In situ, trees can also access features
like subsurface flows and water in bedrock (McCormick et al., 2021), which are not accounted
for in this model. Planting decisions made using this data should consider observed soil
characteristics in the field in conjunction with data presented here. The sensitivity analysis
can serve as an indicator of the effect of changing soil WHC on modeled AET and CWD
(Figure 27).

While the climate and topoedaphic inputs to the model are imperfect, in ways described
above, even perfect climate data may not allow for absolute determination of measures such
as AET and CWD. PET is estimated here using the physiology of a reference agricultural
grass species (Zotarelli et al., 2024), which is an unrealistic vegetation type in subalpine
environments. PET calculated based on the physiology of whitebark pine, if such data were

available, would change model output. In addition, whitebark pine would likely be growing



110

among other plant species, all of which have different water demands and would all contribute
to spatial patterns of water use. Absolute drought tolerances of whitebark pine are also not
known, so even perfect climate inputs would not allow us to identify suitable microclimates
for this species with absolute certainty. A strength of this approach is the ability to assess
relative suitability of a location for planting suitability in the context of plausible future
climates. However, given these limitations and the fact that the future climate inputs are also
imperfect and need to be interpreted in that context, relative assessments of spatial patterns
of water use and availability may be the highest degree of certainty that is achievable with
current available data and modeling techniques.

The relative nature of the water balance model used here can make direct comparisons
with existing research difficult. For example, Laufenberg et al. (2020) reported a threshold
of 250 mm of annual AET above which whitebark pine growth accelerates, recommending
that whitebark pine planting projects target locations that exceed this value. However, their
work was based on the Daymet gridded climate dataset, instead of gridMET which was used
here, and therefore climate values provided in this product cannot be compared directly to
that threshold without bias-adjustment as well as accounting for the non-linear nature of
calculations in the water balance model. The general trend of increasing AET leading to
more rapid plant growth reported in Laufenberg et al. (2020) can be assumed to apply here
even though the specific recommended AET threshold may not.

In addition to considering the fine-scale patterns in the climatic water balance which the
model identifies, planters should consider current planting prescriptions for whitebark pine
which recommend avoiding competition with understory or overstory trees such as lodgepole
pine and subalpine fir, swales or frost pockets, high snow loads, snags, and targeting areas
that provide shade and wind protection and adequate growing space (McCaughey et al.,

2009; Scott and McCaughey, 2006).
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Planting recommendations for Burroughs Creek

We propose that WBP planting at Burroughs Creek should recognize the likelihood that
the macroclimate at this location may be unfavorable to WBP by 2099 when trees planted
today would reach reproductive age (Figure 23). The site also currently slightly exceeds the
maximum mean annual temperature of 1.0 °C recommended by Bower and Aitken (2008)
for WBP planting in the U.S. Rocky Mountains that accounts for potential warming in
upper-elevation zones and projections show continued increases in mean annual temperature,
assessed here with temperature from the MACA dataset (Figure 24). If trees will be planted
there despite the unfavorable projected climate, successful planting will require consideration
of the fine-scale favorable microclimates that the model can identify. The sensitivity analysis
reveals the potential for wide variability in microclimates created by topoedaphic features
which could modify unfavorable macroclimates, making them potentially more suitable for
WBP planting (Figure 27).

Depending on management objectives, optimal site characteristics may vary and these
results can be interpreted in different ways. For example, when planting in a marginal site

like Burroughs Creek, if management goals are to:

1. Maximize survival rates of seedlings — planters should choose planting locations that
maximize AET to achieve higher seedling growth rates and minimize CWD to reduce
drought stress. Increased AET is associated with faster growth rates of WBP seedlings,
with a sharp increase around 350 mm annual AET (Laufenberg et al., 2020). Although
direct comparisons with this work cannot be made without bias correction between the
different climate datasets used, in general higher AET can be assumed to correlate with
faster seedling growth and establishment. While there are no known direct downsides
to high AET, indirect negative impacts could occur if higher AET levels are associated

with factors such as climatic conditions conducive to white pine blister rust infection.
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An algorithm could be developed to highlight the union of high AET and low CWD
based on maps produced by the model. The CWD threshold may vary based on the
risk tolerance of a manager. Pixels that are identified as ideal based on these conditions
could then have their suitability tracked through time based on projected climatic

conditions.

2. Grow trees to cone-bearing age as quickly as possible — choose planting locations
that maximize AET over the duration needed for trees to reach reproductive age,
approximately 25-50 years. This objective is similar to the first, however, this objective
would place a higher priority on AET to achieve optimal growth rates, possibly at the
expense of some increased drought stress and subsequent seedling mortality if high AET
landscape positions are also associated with higher CWD. Locations with maximal

AET satisfy this planting criterion (Figure 28).

3. Maximize longevity of adult trees — select planting locations that minimize interannual
variability in stressors. It is thought that trees can survive unfavorable conditions if
they are adapted to them, and extreme swings in climatic conditions cause mortality in
trees that are not adapted to those extremes (Neumann et al., 2017). Locations with

low interannual variability in CWD would satisfy this planting criterion (Figure 32).

Regardless of specific planting objectives, extreme CWD is likely to threaten tree survival
on the site in the future through drought stress and wildfire potential. In 1988, a year in
which severe drought led to widespread wildfire through the greater region, the Burroughs
Creek site (defined by the bounding box surrounding the two planting units, e.g., Figure 21)
experienced an average annual CWD of 198 mm (Table 10), with some locations experiencing
higher or lower deficit depending on the effects of topoedaphic features (Figure 29). A wildfire
occurred at Burroughs creek in 2013; however, annual AET and CWD in 2013 were not
notably different from the 2002-2022 average annual AET and CWD (Table 10; Figures
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30a & 30b). As demonstrated in the wildfire ignition danger rating system for the Greater
Yellowstone Ecosystem (Chapter 2), wildfire ignitions in this ecoregion are best predicted by
a short window (three day rolling sum) of CWD and it is likely that the annual average CWD
calculated here smooths out short-term peaks in CWD that resulted in the 2013 wildfire. All
of the projections of CWD exceed the 2002-2022 historical baseline average CWD of 123 mm
across the site, with Warm/Wet and Hot/Wet futures approaching the 1988 drought year
CWD and the worst case Hot/Dry scenario far exceeding it with an average CWD of 294
mm (Table 10).

Planters can utilize topoedaphic features to plant in locations that buffer from extreme
CWD (Figure 29), which will reduce tree stress and promote survival of planted seedlings.
High CWD is characteristic of summers of the region when soil moisture and precipitation
are generally low, which may stress small trees with shallow or poorly developed root systems
(Johnson et al., 2011). The persistence of these lower deficit locales through time within a
matrix of relatively high deficit may be evidence of microrefugia (Dobrowski, 2011; Morelli
et al., 2016). Microrefugia may allow climatically sensitive species to persist in future climate
regimes that are regionally unfavorable. These microrefugia would be valuable for the purposes
of planting long-lived tree species such as whitebark pine.

Unit WB2 has large areas of soils with higher WHC present at the bottom of drainages
in the unit (Figure 26). The relatively higher soil WHC present in these soils has the effect of
increasing AET and decreasing CWD where they are present. However, these soils currently
support riparian plant communities (Soil Survey Staff, 2024), and are not likely to be locations

that whitebark seedlings could be competitive.

Conclusion

While the environmental sensitivities for the life-stage of WBP establishment are not

quantitatively known, drought during establishment is not conducive for survival. For this
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reason, even a relative mapping of potential for drought stress can be a useful guide for
regional and microsite selection for planting. Given that current WBP planting sites are
selected based on where WBP currently grows or was killed by fire, this model can be used to
select sites within those locations that are equally or less drought prone compared to historical
conditions. The sensitivity analysis reveals that at Burroughs Creek, AET is affected most by
soil WHC and CWD is affected most by aspect. This microsite model can be used to identify
planting locations with maximal AET to maximize seedling growth rates and establishment,
minimal CWD to minimize drought stress, or minimize interannual variability in AET or

CWD to select sites with stable microclimates to maximize planted seedling longevity.
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CONCLUSION

Whitebark pine and climate change

Whitebark pine plays a critical role in subalpine environments of North America and
its successful conservation has far-reaching benefits for other organisms and downstream
ecosystems. These benefits are a result of its widespread distribution and the important
ecological services it provides, such as creating a critical source of food for animals, facilitating
establishment of other plant species, and stabilizing soils. The recent listing of the species
as threatened under the Endangered Species Act recognizes the broad consequences of its
ongoing decline (Levin, 2022). The threats whitebark pine faces are widespread. Climate
is a strong secondary influence on its decline, which is primarily caused by threats such
as white pine blister rust, mountain pine beetle, and wildfire. Successful conservation of
whitebark pine presents many challenges for land managers, in part due to the difficulties
of understanding and predicting impacts of a changing climate on whitebark pine across
multiple, biologically relevant scales to inform effective management. The research presented
here aims to solve these challenges by developing and applying climate-based models and

tools addressing specific gaps in our knowledge of climate impacts to whitebark pine.

Summary of key findings

Wildfire refugia in the Greater Yellowstone Ecosystem

Chapter 2 presented a wildfire ignition danger rating system for the Middle Rockies
ecoregion based on percentiles of 3-day rolling sums of climatic water deficit (CWD) or
vapor pressure deficit (VPD), measures of dryness reflecting drought stress in plants and
atmospheric dryness, respectively. The percentile function captures the spatial and temporal

context of the dryness metrics at each location, facilitating direct comparison of dryness
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between locations. Wildfire danger is then determined by comparing current local conditions
to the distribution of conditions under which historical wildfire ignitions occurred, thus
providing the means to determine if conditions on a given day are dry enough to ignite.
Projections of wildfire danger for forests in the GYE made using this method show
increases in annual number of days with high fire danger from the near-future to the end
of century across the ecoregion. These increases are minimized under the lower-emissions
RCPA4.5 climate projections, with persistence of some lower-risk areas at high elevations
across the ecosystem. However, under the “business as usual” RCP8.5 projections, virtually

no areas with lower fire that could serve as wildfire refugia for whitebark pine remain.

Climatic drivers of white pine blister rust infection

Chapter 3 presented a spatially explicit model of probability of white pine blister rust
infection in whitebark pine that was developed using a novel dataset assembled from long-term
white pine blister rust monitoring data from land management agencies across the Western
U.S. The best performing model predicts the probability of white pine blister rust infection
with August and September mean temperature, total precipitation, and their interaction, as
well as tree size (DBH). The model also includes quadratic terms for temperature, allowing
for a parabolic/U-shaped effect of temperature, which allows for an optimal temperature
where temperature is neither too high nor too low to limit infection. At higher levels of
precipitation (> 100 mm precipitation during August and September), the highest rates of
infection are found around 11 °C mean temperature during August and September. However,
at lower levels of precipitation, the parabolic relationship of temperature inverts and minimal
infection rates are predicted at 11 °C with highest rates at low and high temperatures—a
relationship that should be interpreted with caution due to the low number of observations
with combined August and September temperature and precipitation values at these levels.

Projections of white pine blister rust disease hazard made across whitebark pine’s range in



117

the Western US to 2099 show shifts in geographic patterns of disease hazard, with significant
variability across regions and emissions scenarios. The region with the lowest rates of infection
in recent history—the Sierra Nevada in California—is projected to maintain low rates of
infection for all tree sizes at higher elevations with increases in probability of infection at
lower elevations. On the contrary, the Crown of the Continent ecosystem containing Glacier
National Park, which has among the highest recent infection rates, is projected to show low
probabilities of infection under some climate projections. Lower rates of infection for all tree
sizes in this region are notably projected under the higher-emissions RCP8.5 scenario than

the lower-emissions RCP4.5.

Planting microsite selection using a high-resolution water balance model

Chapter 4 presented a case study of a method to identify microclimates that may
potentially be suitable for planting white pine blister rust resistant seedlings. The method
uses a high-resolution water balance model that incorporates fine-scale terrain and soil
survey data to downscale relatively coarse climate grid cell data to biologically relevant
scales. The “downscaling” is achieved by accounting for the influence of topoedaphic features
(slope, aspect, and soil water holding capacity) on temperature and precipitation to produce
biologically relevant indicators of climate: actual evapotranspiration, an estimate of plant
water use, and climatic water deficit, a measure of evaporative demand and drought stress.
This method revealed the potential for wide variability within a single climate grid cell at
the study site based on topoedaphic variation and site properties that modify the grid cell
climate when considering water balance variables. This variability can be leveraged to inform
planting site selection by identifying small-scale features—potential climate microrefugia—that
minimize drought stress under projections of climate that may be unfavorable at macroclimate
scale. The microsite features that were identified as potential microrefugia tended to include

northern aspects, minimizing climatic water deficit, and high water holding capacity soils,
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maximizing actual evapotranspiration. These microsites can potentially minimize projected
drought stress as well as year-to-year variability in growing conditions that can promote tree
longevity. The microclimate maps can be used to select planting sites based on projected

future conditions, not just historical ones.

Implications for whitebark pine conservation and management

The findings of this research are of great practical value to land managers interested in
whitebark pine conservation, which benefits from efficient use of costly and limited resources of
time, funding, and disease-resistant seedlings. Climate projections and ecological responses to
future climate are inherently uncertain, a fact recognized by adaptive management frameworks
such as Resist-Accept-Direct (RAD) (Lynch et al., 2021; Williams and Brown, 2024). This
research provides data-driven insights that can support these strategies across multiple spatial
scales.

The broad-scale maps of white pine blister rust disease hazard (Chapter 3) and wildfire
risk (Chapter 2) allow managers to prioritize resources based on specific threats. Areas with
low projected risk from these major threats can be prioritized for Resist strategies, such
as focusing on protecting existing stands. Conversely, locations with high projected risk
might lead managers to Accept ecological change or to Direct the system towards the desired
future conditions, perhaps by prioritizing other locations or by considering strategies such as
assisted migration to more favorable areas. Furthermore, maps of white pine blister rust and
fire danger can be interpreted in tandem to identify areas with combined high or low risks
across multiple threats.

These broad-scale hazard maps can help select priority areas for conservation and within
these areas the planting microsite selection model based high-resolution water balance can
be used to better understand site suitability at spatial scales relevant to individual trees.

The high-resolution water balance planting microsite model identifies microrefugia that allow
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hedging against climate uncertainty by targeting locations with potentially more stable
climatic conditions that might be more resilient to future climate variability and extremes.
Within areas targeted for Resist or Direct conservation actions, the planting microsite model
can identify specific planting locations that buffer seedlings from drought stress or interannual
climatic variability. Targeting plantings to these optimal planting microsites can maximize the
likelihood of establishment and survival of costly and limited disease resistant whitebark pine
seedlings. This method allows for evaluation of planting sites based on explicit consideration of
climate at fine scales to the end of the century, not just based on historical climate conditions
which may not reflect the suitability of the climate in the future as seedlings mature.

This research provides probabilistic assessments of risk to threats such as white pine
blister rust, wildfire, and drought which can support decision-making under adaptive
frameworks such as RAD that also include other factors in addition to climate threats. These
data-driven insights into climate-linked risks across spatial scales can help inform management
decisions and optimize allocation of limited time, funding, and disease resistant seedling
resources to increase the likelihood of successful, long-term whitebark pine conservation

outcomes.

Limitations and future research

Study limitations

Uncertainty in available historic and projected climate data is a limiting factor across
all the work presented here. Some of this uncertainty comes from the application of gridded
climate data, which is provided at spatial and temporal scales that present issues for some
ecological applications such as models of individual organism response or susceptibility.
Available gridded climate data products also have inherent bias in areas of complex terrain
where weather stations are sparse, such as the mountainous, subalpine habitat of whitebark

pine, which affects the accuracy of temperature and precipitation due to processes such as
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lapse-rate effects (Tercek et al., 2021a) and orographic rainfall (Lin et al., 2001). Furthermore,
models trained on historic climate data in this analysis are subject to assumptions of
stationarity which assumes that the underlying spatial processes will interact with novel
future climates as they did with the historical climate.

The white pine blister rust study was limited by available monitoring data. Because
monitoring is performed at coarser time steps (4 years) than the time span at which white pine
blister rust infection occurs (a single August/September basidiospore transmission period),
this study was limited to analyzing conditions over broad temporal scales that may miss
important white pine blister rust infection dynamics such as wave years where spikes in
certain climatic factors promote higher-than-normal infection rates. In addition, while the
monitoring dataset assembled for the study broadly covers whitebark pine’s distribution in
CONUS, there are areas where monitoring data was not available as well as areas where
monitoring data was available, but climate data facilitating the creation of projections was
not.

Ecological processes are inherently complex and present many challenges to efforts to
model them. Some factors may be impossible to accurately account for in models, such as
presence of alternate hosts for white pine blister rust infection or the human component of
wildfire behavior. These unmodeled processes introduce another source of uncertainty in this
work.

The high-resolution water balance model presents a powerful tool to select ideal planting
microsites, but its predictions have not been validated against actual planting outcomes. This
model can be used to guide planting within fire or white pine blister rust refugia, however this
use is limited by uncertainty in the broad-scale models of those factors, resulting in great part
from uncertainty in the direction of future anthropogenic greenhouse gas emissions—whether
humanity chooses a path of lowered emissions as predicted in the RCP4.5 scenario or where

emissions continue to rise as the RCP8.5 scenario predicts.
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Future research directions

These findings and limitations reveal avenues for productive future work.

The high-resolution water balance model should be validated with field monitoring and
planting trials to build confidence in its predictions. In addition, the accuracy of the model
could be improved by incorporating refinements of other fine-scale processes that affect the
water balance such as shade, downslope water flow, and snow accumulation.

This work can be integrated to assess broad-scale risk from white pine blister rust
and wildfire as well as fine-scale site suitability for whitebark pine. Other major threats to
whitebark pine such as mountain pine beetle should be integrated into this work to allow for
a more thorough vulnerability assessment of whitebark pine and all of its threats.

The model of climatic drivers of white pine blister rust infection in whitebark pine has
several avenues for improvement. Longitudinal data could refine the temporal aspect of
infection to more biologically relevant scales. In addition, the work should be extended to
the full range of whitebark pine in Canada if a suitable gridded climate data product can be
developed that allows projections of white pine blister rust disease hazard.

The wildfire ignition danger rating system models only one aspect of wildfire behavior—
ignition—but does not consider wildfire spread or severity which also have ecological effects.
This model could also be further evaluated against existing wildfire danger models.

This work could be improved by refinements to gridded climate data. Climate products
with higher resolution and improvements in accuracy and precision in mountainous terrain
could resolve many of the limitations of applying these data in areas of complex, mountainous
terrain. Until broad-scale climate data is available with better accuracy in areas of complex
terrain, methods such as the use of temperature sensor networks present a solution to improve

the accuracy of existing climate products for smaller regions (Holden et al., 2016).
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Overall conclusions

Whitebark pine, a foundational and keystone species of western North American
subalpine ecosystems, faces existential threats from climate-mediated disturbances which are
driving its rapid decline. Successful conservation of whitebark pine requires understanding
how climate change will impact the species. Explicit consideration of potential future climate
is essential for successful management and conservation of long-lived, climate-sensitive species
like whitebark pine. This work allows multi-scale and climate-informed estimates of risks to
whitebark pine under future climates as well as tools to plan management at both coarse and
fine scales. While whitebark pine faces grave and potentially intensifying future threats, this
work provides quantified assessments and projections of some of its major threats, offering

tools to inform management and promoting successful conservation of this iconic tree species.
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