Yellowstone National Park whitebark pine planting water balance
analysis
Version 2.0

*

Stephen Huysman
July 2, 2025

1 Executive Summary

Broad-scale macroclimate (1 km) projections show the four planting sites selected in Yellowstone National
Park (Avalanche Peak, Cub Creek, Chittenden (a), and Chittenden (b)) potentially transitioning to cli-
mates that are unlikely to be favorable for whitebark pine. However, despite end-of-century (2075-2099)
projections that reveal the potential for extreme drought stress at all three locations, topoedaphic fea-
tures that could potentially shelter planted tree seedlings from drought stress are identified as potential
microrefugia based on modeled water balance at microclimate scales (1 m). Chittenden (a) shows the most
extreme projected drought stress across the planting site, while larger areas of milder climate are projected
to persist in the Chittenden (b), Avalanche Peak, and Cub Creek locations. An algorithm to select planting
sites by maximizing projected Actual Evapotranspiration (a measure reflecting growing conditions favor-
able to plants) and minimizing projected Climatic Water Deficit (a measure of drought stress) across the
three planting units selected planting locations in Chittenden (b) followed by Cub Creek, and Avalanche
Peak, with no area selected in Chittenden (a). Chittenden (b) shows the lowest projected climatic water
deficit out of all sites but low projected actual evapotranspiration at the location may lead to slower plant
establishment and growth. Potential planting locations that seek to minimize drought stress under the
most extreme climate projections while maintaining growing conditions favorable for plants include the
northeastern hillslope in Chittenden (b), upper elevations in the eastern section of Avalanche Peak and the
northwest facing hillside in Cub Creek. The central depression in Chittenden (a) shows the most favor-
able modeled water balance in the location; however, Chittenden (a) shows higher drought stress under all
projections relative to the other planting locations.

2 Introduction

The suitability of planting sites in Yellowstone National Park that were selected for planting and seeding
of whitebark pine (WBP; Pinus albicaulis Engelm.) in 2025 is assessed using a water balance model.
First, the broad-scale macroclimatic suitability of the sites is assessed using a 1 km water balance model
(Tercek et al. 2021) by comparing the historical and projected water balance of the planting sites to
the climate found at other locations where whitebark pine is found across the contiguous United States
(CONUS). Then, a high-resolution 1 m water balance model based on USGS LiDAR data is used to assess
the suitability of planting sites selected in Yellowstone National Park by accounting for the influence of
fine-scale topoedaphic features (slope, aspect, soil water holding capacity) on microclimate. Such fine-scale
topoedaphic features have been shown to create significant variability in climates revealed by modeled local
water balance, variability which may not be apparent when using coarser climate or terrain models (Dyer
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2019). These microclimates may allow for the persistence of climatically sensitive species such as whitebark
pine, even when regional macroclimates are unfavorable, through the creation of climatic microrefugia which
are locally favorable climates (Dobrowski 2011).

Here, the biophysical environment of plants is characterized by Actual Evapotranspiration (AET)—
a measure of plant water use and favorable growing conditions—and Climatic Water Deficit (CWD)—a
measure of drought stress. 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 (Stephenson 1998). 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.

3 Planting site macroclimate

Planting suitability was evaluated at a macroclimate (1 km) scale to compare these sites to other regions
where WBP grows. 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 Model
(Tercek, Gross, and Thoma 2023; Tercek et al. 2021) for WBP monitoring points located in the contiguous
United States (CONUS) sourced from the white pine blister rust monitoring dataset (Huysman et al., in
prep). 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 the
planting sites analyzed in this report and other known locations of whitebark pine in a two-dimensional
climate space characterized by the relationship between AET and CWD.

Using CONUS-wide WBP data to define the species’ bioclimatic niche, macroclimate projections show
all three planting units transitioning to the edge or outside of the historical climate conditions observed
for WBP, particularly those within the Greater Yellowstone Ecosystem (GYE) (Figure 1). Chittenden (a)
shows the most extreme projected climate at this scale, with highest AET and CWD out of all three units
by 2070-2099 for both RCP4.5 and RCP8.5 ensemble projections. Chittenden (b) projections at this scale
are similar to those of Chittenden (a), but slightly less extreme.

4 Planting site microclimate

Figures 2 and 3 show the microclimatic variability in average annual AET and CWD for historical and
projected climate scenarios for the three planting units. The 1988 drought-year, where record low precipi-
tation resulted in widespread drought and wildfire across the Greater Yellowstone Ecosystem (Christensen
et al. 1989), shows much lower annual AET and much higher CWD for all three planting units compared
to the 2004-2024 historical baseline average annual values.

Four projected climate scenarios (combinations of General Circulation models [GCM] and Representa-
tive Concentration Pathways [RCP]) were chosen to bracket extremes of changes in annual temperature
and precipitation in Yellowstone National Park (Lawrence et al. 2021): warm-wet (MRI-CGCM3/RCPS8.5),
warm-dry (MRI-CGCM3/RCP4.5), hot-dry (HadGEM2-CC365/RCP8.5), and hot-wet (CanESM2/RCP8.5).
All of these projections show increases in average annual AET and CWD compared to the 2004-2024 his-
torical baseline. Three of the four projected scenarios show average annual CWD that are similar or greater
in magnitude to the annual CWD experienced during 1988. These projections show that AET is not likely
to be limiting at these sites but there is potential for extreme drought stress at all sites. Chittenden (a)
shows the highest potential for drought stress, with the highest projected CWD under the hot-dry scenario.

Given this potential for drought stress at all planting units, the scenario with the highest projected
CWD, hot-dry, will be used to represent the “worst-case” climate scenario, while warm-dry will represent
the “best-case” climate scenario because it shows the lowest increases in projected CWD.
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Figure 1: Macroclimate space of YELL whitebark pine at 1 km scale. Whitebark pine observations in
CONUS from the white pine blister rust monitoring dataset (Huysman et al., in prep) 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. 2021). Historical 2000-2019 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. The three planting units in Yellowstone
National Park analyzed in this report are shown as circles (Avalanche Peak), triangles (Chittenden [a]),
squares (Chittenden [b]), and crosses (Cub Creek). Historical 2000-2019 water balance for these planting
sites are shown in black and projected 2070-2099 water balance for the three planting units are shown in
orange (RCP4.5) and red (RCP8.5).

5 Modeled 1 m water balance at planting sites

Modeled 1 m water balance for these planting sites shows significant variability in microclimates created by
local terrain features. Figures 4, 5, 6, and 7 show the modeled 1 m water balance for historical and projected
climate scenarios for Avalanche Peak, Cub Creek, Chittenden (a), and Chittenden (b), respectively. Spatial
patterns of AET and CWD are consistent across time periods: more northern exposures and higher soil
water holding capacities maximize AET and minimize CWD and more southern exposures and lower soil
water holding capacities minimize AET and maximize CWD.
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Figure 2: Microclimatic variability in annual AET across historical and projected climate scenarios. Mod-
eled 1 m AET for two historical scenarios is shown: historical 2004-2024 historical average and drought-year
1988 annual AET. The average 2075-2099 average annual AET for four projections bracketing extremes of
changes in annual temperature and precipitation are shown: warm-wet (MRI-CGCM3/RCP8.5), warm-dry
(MRI-CGCM3/RCP4.5), hot-dry (HadGEM2-CC365/RCP8.5), and hot-wet (CanESM2/RCP8.5).

6 Planting site selection

Algorithmically selected planting locations that maximize AET and minimize CWD in end-of-century
(2075-2099) projections are shown for the worst-case (hot-dry) (Figure 8) and best-case (warm-dry) (Figure
9) climate scenarios. The worst-case planting sites are conservative recommendations, that seek to minimize
drought stress under the projection with highest CWD values (Figure 3). No planting locations are rec-
ommended by the algorithm in the Chittenden (a) location in either scenario because of its high projected
CWD. Under the best-case climate scenario, minimizing drought stress is less critical because the projected
drought stress is similar in magnitude to current conditions. However, the planting recommendations under
the best-case scenario still seek to optimize conditions of water availability and drought stress.

These selected planting locations highlight specific areas that optimize growing conditions across the
modeled microclimates found the planting units (Figures 8 and 9). Chittenden (b) has the lowest modeled
projected CWD (Figure 3) and the northeast corner of the unit would allow planters to utilize the mod-
erate projections of CWD here while maximizing AET to promote faster plant establishment and growth.
Likewise, the eastern portion of Avalanche Peak and the northwest facing hillslope of Cub Creek provide a
similarly optimal balance of AET and CWD. Chittenden (a) has a less favorable balance of AET and CWD
across the planting location, however a portfolio approach to planting (Cho et al. 2025) would encourage
planting some trees here, though perhaps less than the other locations, as a way to diversify risk and provide
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Figure 3: Microclimatic variability in annual Climatic Water Deficit (CWD) across historical and projected
climate scenarios. Modeled 1 m CWD for two historical scenarios is shown: historical 2004-2024 histor-
ical average and drought-year 1988 annual CWD. The average 2075-2099 average annual CWD for four
projections bracketing extremes of changes in annual temperature and precipitation are shown: warm-wet
(MRI-CGCM3/RCP8.5), warm-dry (MRI-CGCM3/RCP4.5), hot-dry (HadGEM2-CC365/RCP8.5), and
hot-wet (CanESM2/RCP8.5).

a hedge against the uncertainty in the range of climates that are projected.

The planting site recommendation algorithm works by selecting the 1,000,000 cells with highest AET
and 1,000,000 cells with lowest CWD, then taking the union of those locations. Because there are locations
with high AET that do not have low CWD, and vice-versa, the final area identified is smaller than the
initial 1,000,000 cells. For the worst-case scenario, the final identified area is approximately 0.08 km? and
for the best-case scenario is approximately 0.09 km?. The area selected in the best-case scenario is smaller
because there is less overlap between pixels with high AET and low CWD in this scenario. This algorithm
can be tweaked by increasing or decreasing the amount of cells to maximize AET /minimize CWD based
on planting objectives and management risk objectives. For example, if more seed stock is available, the
search area can be increased to find more suitable planting locations, at the cost of less optimal AET and
CWD for some locations in the final union.

The planting sites selected by this algorithm are recommendations but should not be taken as absolute
prescriptions. Planting decisions made using this data should consider observed soil characteristics in the
field in conjunction with data presented here. 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
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Figure 4: Modeled historical and projected average annual AET and CWD for Avalanche Peak. The
color ramps used for AET and CWD visualizations are kept the same between planting units and climate
scenarios to facilitate direct comparisons between units or time periods.
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Figure 5: Modeled historical and projected average annual AET and CWD for Cub Creek. The color ramps
used for AET and CWD visualizations are kept the same between planting units and climate scenarios to
facilitate direct comparisons between units or time periods.
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Figure 6: Modeled historical and projected average annual AET and CWD for Chittenden (a). The color
ramps used for AET and CWD visualizations are kept the same between planting units and climate scenarios
to facilitate direct comparisons between units or time periods.
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Figure 7: Modeled historical and projected average annual AET and CWD for Chittenden (b). The color
ramps used for AET and CWD visualizations are kept the same between planting units and climate scenarios
to facilitate direct comparisons between units or time periods.



the use of these methods.

Climate data from a single gridMET /MACA grid cell were used to represent each planting site analyzed
in this report. 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 moun-
tainous 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).

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. 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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Figure 8: Algorithmically selected planting locations (highlighted in pink) for the hot-dry (worst-case)
climate scenario. These are conservative planting location recommendations that seek to provide shelter
from the most extreme projected drought conditions while maintaining conditions promoting plant growth.
The final selected area is approximately 0.08 km?2. Note that no locations in Chittenden (a) were idenified
in this scenario. Tiles (C) Esri - Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid,
IGN, IGP, UPR-EGP, and the GIS User Community.
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Figure 9: Algorithmically selected planting locations (highlighted in pink) for the warm-dry (best-case)
climate scenario. There is only a slight increase in average CWD (drought stress) projected in this scenario,
so avoidance of drought stress is less critical. These recommendations seek to optimize the balance of
drought stress and water availability to promote plant growth and survival. Note that no locations in
Chittenden (a) were idenified in this scenario. The final selected area is approximately 0.09 km?. Tiles (©)
Esri - Source: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP, UPR-EGP,
and the GIS User Community.
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