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Climate change and disturbance threaten forested ecosystems across the
globe. Our ability to predict the future distribution of forests requires

understanding the limiting factors for regeneration. Forest canopies buffer
against near-surface air temperature and vapour pressure deficit extremes,
and ongoing losses of forest canopy from disturbances such as wildfire can

exacerbate climate constraints on natural regeneration. Here we combine
experimental, empirical and simulation-based evidence to show that soil
surface temperatures constrain the low-elevation extent of forests in the
western United States. Simulated potential soil surface temperatures
predict the position of the low-elevation forest treeline, exhibiting
temperature thresholds consistent with field and laboratory studies.
High-resolution historical and future surface temperature maps show that
107,000-238,000 km? (13-20%) of currently forested area exceeds the
critical thermal threshold for forest regeneration and this area s projected
to more than double by 2050. Soil surface temperatureis animportant
physical control on seedling survival at low elevations that will likely be an
increasing constraint on the extent of western United States forests as the

climate warms.

Forests are the dominant terrestrial ecosystem on the planet. They
are critical stores of carbon, reservoirs of biodiversity and provide
invaluable ecosystem services for society'>. Risks to forests are now
more widespread than in the recent past owing, in part, to changes in
the Earth’s climate, which is becoming increasingly inhospitable to
sustaining forests in some regions®*. Changes in forest area can have
profound consequences for the hydrology, biogeochemistry, ecology
and regional economies of forested regions globally’. Theimportance
of disturbance and post-disturbance recovery dynamics has become
increasingly clear as increases in the frequency of heat and drought
events have been linked to increased area burned®, forest mortality*”

and recruitment limitations®’, all of which increase the likelihood of
ecosystem transitions if trees are unable to regenerate at sites they
previously occupied™.

Semi-arid forests near low-elevation treelines are particularly
vulnerable to climatic effects because they occupy marginal conditions
for tree recruitment owing to drought and heat stress. In contrast to
upper treelines, which have been the focus of decades of research'-*2,
the climatic drivers of low-elevation treeline are less well understood.
Nonetheless, theimportance of this ecosystemboundary is clear; rela-
tive to upper treeline, small deviations in the lower treeline position
result in large changes in forested area owing to greater land area at
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lowelevation®. Treeline dynamics are a function of multiple vital rates
including growth and mortality responses in adult trees—processes
that, in the short term, influence the current treeline position. In the
longterm, biophysical processes thatinfluence the capacity of trees to
regenerate better reflect the requirements for population persistence
and expansion'" and thus the extent of future forests.

Two principal biophysical mechanisms drive seedling mortality in
semi-arid forests: loss of hydraulic function and lethal soil surface tem-
peratures (SSTs)'*". Relative to conspecific adults, seedlings are prone
to succumb to drought and heat stress because of limited access to soil
water, which reduces carbon acquisition for growth, metabolism and
defence. Alternating periods of cool and wet versus hot and dry condi-
tions drive episodicrecruitment pulses, resultinginexpansionand con-
traction of forests at lower treeline'®', This suggests that hydroclimatic
variation and recruitment dynamics play a prominent role in the areal
extent of forests. Additionally, forest cover interacting with soil moisture
creates microclimates that buffer temperature extremes near the ground
surface’ 2 Disturbance-driven loss of canopy cover canresultin large
increases in SST and vapour pressure deficit*, which can kill seedlings
bybothincreasing evaporative demand (and therefore hydraulic stress)
and by directly damaging tissue where young plants are in contact with
hot soil surfaces®. For example, in recently disturbed forests, SSTs can
readily exceed 55 °C (ref. 25). Exposure to such extreme temperatures for
evenshort periods of timekills young seedlings through the development
of temperature-induced lesions on the stem".

Understanding the proximal mechanisms of seedling mortality
isimportant for assessing, monitoring and forecasting risks to forest
ecosystems. However, the linkages among drought, heat stress and
mortality are complex and depend on biophysical processes that vary
atfine spatio-temporal scales. Experimental research at the plant level
hasidentified water potential thresholds in the soil and within the plant
below which hydraulic function is compromised®*?. These thresholds
have been used to map forest mortality risk using empirically derived
stress metrics”*® and, to a more limited extent, using mechanistic
models that simulate plant hydraulics®. Similarly, a long history of
experimental work with conifer seedlings has focused on the develop-
ment of time-dose response functions, which identify temperature
thresholds at the soil surface that lead to seedling mortality*’. Despite
an extensive body of experimental and plant physiological research
linking lethal temperatures to plant mortality, there has been limited
work mapping these risks to forests.

Here, we combine experimental, empirical and simulation-based
evidence toshow that SSTs constrain the low-elevation extent of forests
in the western United States through their direct effects on conifer
seedling mortality. We introduce the concept of ‘potential’ SST (PSST)—
the maximum temperature the ground surface would experience in
the absence of overstory vegetation—as a means of assessing forest
vulnerability. We simulate and map PSST using an ecohydrological
model for the western United States, where PSST is defined as the 95th
percentile annual 1982-2018 maximum SST that a site would experience
given 10% forest canopy cover. Using 30 m resolution PSST maps, we
(1) quantify its relationship to both existing tree cover and post-fire
conifer recruitmentacross the western United States, (2) collate exist-
ing experimental data to define the thermal sensitivity of Ponderosa
pine (Pinus ponderosa (PIPO)) and Douglas fir (Pseudotsuga menziesii
(PSME)) seedlings to lethal surface temperatures, (3) demonstrate that
the response functions in these experiments show congruent thresh-
old behaviour with sharp declines in seedling survivorship, post-fire
recruitment and forest cover when PSST is between 50 °C and 60 °C
and (4) quantify potential changes in PSST as an indicator of future
forest vulnerability to climate change.

Seedling sensitivity to extreme SSTs
Seedling mortality experiments with PSME and PIPO show sharp
declinesin survivorship withincreasing SSTs between 50 °C and 60 °C
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Fig.1|SST response functions. Results derived from logistic regression models
from seedling experiments (bottom), post-fire regeneration data (middle) and
remotely sensed forest cover (top), with s.d. for 95th percentile confidence
intervals (shaded bands). Post-fire recruitment models include data representing
space-for-time substitution (blue), where PSST represents the 1982-2018 95th
percentile maximum SST, and annual recruitment data (red), where PSST is the
annual maximum SST for each year and site. The PSST for the forest cover models
represents the 1982-2018 95th percentile annual maximum. Temperatures

inthe historical seedling experiment data are a subset from Rank etal.** and
include data for PIPO and PSME. The RAP forest cover fraction and MODIS VCF
canopy fraction were classified as forest using 10% and 20% thresholds. The EVT
(Landfire) cover is categorical and includes conifer and mixed conifer-deciduous
vegetation type classes.
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Fig.2|Soil surface temperatures contain low elevation forests. a, PSST
and satellite-derived forest cover maps at low-elevation treeline positions a-f

across the western United States: historical (Hist.) RAP forest cover data (20%
threshold) (left column), the GWR model fit for the historical reference period
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(middle column) and the future (2050) projection (right column). b, Historical
(1982-2018) and projected 2050 95th percentile annual maximum PSST for forest
margins shownina.

(Fig.1). These experiments, summarized by Rank et al.*° were conducted

under well-watered conditions and thus isolate the effects of surface
temperature on seedling mortality from hydraulic stress. Additionally,
we find that logistic models of post-fire regeneration success that rely
on space-for-time substitution’ (V=10,108, area under the receiver
operating characteristics curve (AUC) of 0.74; Supplementary Table 1)
and annually resolved recruitment data® (V=1,840, AUC of 0.70; Sup-
plementary Table 2) show sharp declines in the probability of post-fire
conifer recruitment as PSST approach 50-60 °C. (Fig. 1). Finally, we
compare simulated PSST and satellite-derived tree cover using logistic
geographically weighted regression (GWR) (n =210,000, GWR AUC of
0.91and generalized linear model (GLM) AUC of 0.76-0.82). The forest
cover response to PSST is congruent with both lab and field observa-
tions (Fig.1), but demonstrates variation among canopy cover products
and thresholds chosen to classify forest cover.

Overall, our findings support the hypothesis that conifer seed-
lings have a distinct thermal boundary defining the lower treeline
and areal extent of western North American forests. Young seedlings
are sensitive to elevated soil temperatures as first year germinants
are poorly lignified and do not have well-developed bark or access to
deeper soil moisture". Heat conducted from the soil surface can cause
irreversible damage to enzymes and proteins in the protoplasm and
cell membranes, leading to stem damage and death®. Indeed, high
SSTs have been recognized as a direct cause of seedling mortality
since the early twentieth century®. High SSTs, in some instances, are
aprimary constrainton conifer regeneration. In other instances, they
are probably a secondary indicator of dry soils. We cannot identify
in all instances the specific mechanism of mortality—lethal surface

temperatures or associated dry soils—as these variables are physically
linked and highly correlated. Nonetheless, PSST provides a potentially
important and useful indicator of the thermal constraints on western
United States forests.

Mapping forest vulnerability to extreme surface
temperatures

High-resolution maps of PSST, used as a predictor of forest cover, show
agreement with low-elevation forest margins across the western United
States (AUC of 0.91; Fig. 2). Comparing modelled and observed for-
est cover maps, we estimate that between 107,000 and 238,000 km?
(dependent on forest cover product and threshold; Supplementary
Table 3) of currently forested area has experienced PSST extremes that
exceed threshold values as determined during our historical simula-
tion period from 1982 to 2018 (Fig. 3). Projected estimates of PSST for
2050 exceeds historical values by more than 2 °C in most areas, with
larger increases where soil moisture is projected to decline (Supple-
mentary Figs.1and 2). These projections suggest that the area that
can no longer support forest regeneration nearly doubles by 2050,
with 333,000-450,000 km? of current forests experiencing lethal
temperatures during the 2050 mean period (Fig. 2). To compare our
results with recent research onlow-elevation regeneration dynamics’,
weintersect our projected forest cover maps with range maps for PIPO
and PSME. We find that more than 41,000 km? of PIPO and 23,000 km?
of PSME forests have experienced threshold PSST events during the
1982-2018 period. We anticipate that, by 2050, the area that can sup-
port either species will decline by an additional 60,000 km? for both
species (Supplementary Table 4).
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Fig. 3 | Projected change in modelled forest cover between1982-2018 and
2050. The areas in red show currently forested areas where the PSST (°C) exceeds
the limits for forest establishment. The areas in white indicate developed and
agricultural areas according to Landfire EVT classes.

Soil temperature constraints on treeline dynamics have long been
proposed for upper treelines'2. Here, we extend this work to high SSTs
and lower treelines. SST is a biophysical metric that integrates both
the water and energy balance atasite and is governed primarily by net
radiation and soil moisture. SST isrelated to land surface temperature
(LST), whichisadirect radiometric measure of the temperature at the

Earth’s surface®**. SST and LST should be similar for bare soils, but
deviate in vegetated areas and particularly forests, where canopies
buffer temperature effects via latent heat exchange (Supplementary
Figs. 3 and 4). LST can be observed via satellite allowing for analysis
at multiple temporal and spatial scales****. However, direct measure-
ments of LST for understanding the near-surface conditions that tree
seedlings experience will be limited to post-disturbance observations
inwhich overstories donot obscure directinspection of these environ-
ments. In contrast, PSST is a simulated metric of temperature at the
soil surface in the absence of an overstory and thus can be used for
predicting potential for regeneration failurein undisturbed sites andin
novel temporal and spatial domains. We demonstrate the consistency
between LST and PSST (Supplementary methods and Supplementary
Figs. 3 and 4) in non-forest areas to validate the performance of the
ecohydrologic model we use (Ech20).

Simulating elements of the energy and water balance of post-fire
environments is critical for understanding climate risks to regenera-
tioninforests. PSST provides a direct mechanistic link to the multiple
stressors currently affecting western United States forests including
increased temperatures® and drought"”. The gridded historical and
future PSST maps developed here were designed to capture important
physiographic details including cool areas of convergent terrain and
cooler temperatures on shaded slopes; features of the landscape that
managers use to maximize tree planting survival. These maps are
available and intended to assist practitioners and land managers with
adaptive management decisions.

Future climate projections portend drier and warmer summers®
and enhanced wildfire activity®. The same factors that drive wildfires
will challenge seedling survival following disturbance. As the planet
warms, we expect the area that exceeds lethal temperature thresholds
willincrease, shifting low-elevation treeline upwards in elevation and
decreasing the areal extent of forests. This process will not be gradual
or linear but will unfold as an ‘ecological ratchet’ catalysed by hot
anddryyearsthatdrive fireactivity and burned area, which will erode
the extent of mature forests while simultaneously constraining the
area where regeneration can occur®?. As such, PSST can be used by
scientists and managers alike to better define the biophysical bound-
ary for feasible forest regeneration and to prioritize mitigation as the
climate continues to change.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
areavailable at https://doi.org/10.1038/s41561-024-01577-0.
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Methods

We used the spatially distributed ecohydrological model Ech20”"** to
develop a 30 mresolution model of 95th percentile PSST across the
western United States for the 37 year period from 1982 to 2018. The
surface energy balance component of Ech2o is a first-order local clo-
sure of radiative, conductive and turbulent energy fluxesinasoil layer
ofvariable thickness. Soil heat capacity and conductivity is modulated
by soil moisture. Equations for latent heat and sensible heat fluxes
are based on similarity theory under neutral conditions. Latent heat
fluxes fromevaporation and from transpiration are solved separately
using different heat conductance formulations. We simulated 3-hourly
surface temperatures at a set of 61,200 randomly selected points,
stratified by elevation, solarinsolation and topographic wetness, with
a50%reductioninsampling density in areas with low-elevation relief.
Spatial inputs for each point were created using the 30 m National
Elevation Dataset and gridded soil maps* adjusted spatially based on
calibration at existing soil moisture monitoring stations (Supplemen-
tary Figs. 5-9). We ran each simulation using a 210 m buffer around
each focal point (7 x 7 grid cells of 30 m) to allow lateral water flow to
sites in convergent terrain. Input temperature, humidity and radia-
tion data were extracted from 250 m resolution daily weather grids*
converted to hourly data following previously described methods®.
Precipitation data were extracted from 4 km resolution daily PRISM
grids® with hourly precipitation distributed uniformly for days with
rain. We defined the vegetation for each point as a uniform bed of
PIPO seedlings, with a canopy fraction of 10% and leaf area index of 1.
We summarized hourly simulations of soil moisture and SST to daily
minimum and maximum, respectively. We then calculated annual
maximum and finally PSST, the 95th percentile annual maximum SST
from1982t02018.

Climate futures

We used data from the Sixth Coupled Model Intercomparison Project
(CMIP6)*° and aweather generator adapted from the Rlibrary rweather-
gen* to simulate daily time series of weather for the 2050 period using
the Shared Socioeconomic Pathway 2-4.5 from the IPCC sixth assess-
ment report. This scenario assumes that current emissions continue
until 2050, with some reductions by 2100. Our selection of models
was based primarily on data availability and considering guidance
fromrecent downscaling work*>**, We searched the Pangeo repository
(https://pangeo.io/ accessed March 2022) for monthly timestep gen-
eral circulation model (GCM) simulation runs containing five or more
replicate historical and SSP2-4.5 pairs and identified ten models meet-
ing that criterion. We further screened these experiments, dropping
the CANESMS5, UKESM1 and IPSL-CSM6 models because they project
increased warm season precipitationinconsistent with most other mod-
els (Supplementary Fig. 12). Additionally, we dropped the CSRM-MP6
infavour of the more advanced CSRM-ESM2 (ref. 43) and likewise chose
the EC-Earth3 over the related EC-Earth3-veg model experiments*.
The five models used to construct our ensemble mean are describedin
Supplementary Table 5. For eachreplicate withinamodel, we calculated
monthly normals for the periods 0f1984-2014 and 2035-2065. We then
averaged over thereplicates to get meanvalues for each GCM and again
averaged the five GCM means to obtain aglobal mean. Delta values were
calculated from the global means as the difference between future and
historical for temperature and humidity, and asratio of future/historical
for precipitation, wind and solar radiation. Mean projected changes for
our ensemble mean relative to the full set of available models are shown
in Supplementary Fig. 12. Our five-model average is cool when com-
pared with a larger ensemble, thus our PSST projections are probably
somewhat conservative with respect to alternative future scenarios.
Using a weather generator*, we integrated projected monthly mean
deltas with historical daily weather data extracted at each sample point
tosimulate 40 year daily weather inputs adjusted for the 2050 period.
Using identical spatial and vegetation inputs as the historical runs, we

simulated 3-hourly SSTs and then summarized the hourly data to obtain
the PSST for the 2050 period.

Spatial mapping of PSST

We used GWR with a Gaussian kernel to interpolate the 95th percentile
annual maximum surface temperature from 61,200 point simulations
for the western United States using 30 m resolution elevation, solar
radiation and topographic wetness as predictors*®. This point-based
simulation and mapping approach using a spatial buffer allows us
to retain important model physics within a feasible computational
expense. GWR models were evaluated across a range of adaptive band-
widths using leave-one-out cross-validation and root mean squared
error (r.m.s.e.) as the objective function. We found that, while very
small adaptive bandwidths produced the lowest error statistics, they
gaveimplausible coefficient estimates (for example, positive elevation
coefficients) with high spatial variability. Therefore, we subjectively
selected bandwidths that gave competitive error stats and plausible
coefficient estimates. The accuracy of the model was R>=0.77 withan
r.m.s.e.of 1.42 °C using the full dataset and R*= 0.75 with anr.m.s.e. of
1.42 °Cusing withheld observations. We used the final fitted model to
project historical PSST at a spatial resolution of 30 m for the western
United States. Sample points located in areas with high topographic
convergence (>95th percentile TWI) were modelled separately and
combined with the GWR maps (see Supplementary information for
additional details). Projected 2050 PSSTs were first calculated as
departures from historical (that is, deltas) at the sample point, then
interpolated using GWR and added to the historical 30 m PSST map.

PSST and historical forest cover

We evaluated relationships between PSST and forest cover fromthree
different 30 mresolution forest cover products: the Landfire Existing
Vegetation Type (EVT), the MODIS vegetation continuous fields prod-
uct (VCF)*¢ and the Rangeland Analysis Platform (RAP)*. We combined
annual forest cover fraction maps from RAP (1986-2018) and VCF
(2002-2018) into annual maximum forest cover fraction maps to mini-
mize effects from historical disturbances and then classified the com-
posite maximuminto binary (forest or non-forest) using 10% and 20%
thresholds. We then used GWR (binomial family, logit link function) to
model the relationship between PSST and forest occurrence. Models
were evaluated across a range of bandwidths using leave-one-out
cross-validation and using AUC as the objective function. Again, we
selected bandwidths that were a compromise between fit statistics
and reasonable coefficient estimates. The final 30 m resolution GWR
prediction fit was then classified into abinary forest presence/absence
map using anoptimization functionin theR library PresenceAbsence*®
toselectasingle threshold that maximized agreement with RAP forest
cover. The optimal classification threshold ranged from 0.56 to 0.61
depending on whether overall accuracy, Kappa or AUC were used to
optimize agreement. We used the median value of 0.58 to convert
continuous GWR fitinto a binary forest-no forest map.

Logistic survival model

We evaluated relationships between simulated SST and observations
of heat-induced mortality summarized by Rank et al.*°. The seedling
survival datarepresent the proportion of trees surviving various dura-
tion and magnitude surface temperature exposures. From this larger
dataset, we subset data to observations for PIPO and PSME from two
historical studies***° that shared a similar experimental design (20
seedlings per trial and similar heating apparatus) and had adequate
replication (PIPO, 48 replicates and PSME, 103 replicates). These two
species are widespread dominant conifers of low-elevation forests of
the western United States. We fitted a binomial logistic regression using
proportional survival as the response and measured SST as a predictor.
The functional response of seedling survival to SSTis thus represented
as aprobability of survival.
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Post-fire conifer regeneration models

We analysed SST effects on post-fire conifer recruitment with datafrom
two recent western United States studies. First, we extracted the 95th
percentile annual maximum surface temperature from the 30 mreso-
lutioninterpolated PSST model at 10,108 post-fire plots used by Davis
etal.’. Werefer to these as ‘spatial’ recruitment data, as the analysis uses
a space-for-time substitution and the precise year (and annual condi-
tions) of recruitmentis unknown. We then re-fitted the all-species linear
mixed effects model described inref. 9 but with PSST included as a fixed
predictor while excluding heatload index. We evaluated a set of candi-
date LME models thatincluded interactions describedinref.9 aswell as
interaction terms suggested during exploratory analysis using boosted
regression trees. A final mixed effects regression modelincluded fire as
arandom effects and PSST, 30 year mean annual climatic water balance
deficit, distance tolive tree, fire severity and surrounding tree cover as
fixed effects (AUC of 0.73; Supplementary Table1).

Last, we re-analysed annual post-fire recruitment data for PIPO
and PSME collected across the western United States™. This dataset
includes 89 sites from 32 unique fires but resolves the annual year of
recruitment, such that estimated climatic conditionsin each year can
be correlated directly with seedling establishment. Here, we simulated
SST at each plot from 1982 to 2015 and then summarized the 3-hourly
data to return the maximum annual SST for each plot and year. We
analysed SST effects on annual recruitment using LME models with
random intercept terms for fire and plots within fires to account for
repeated annual measurements at each sample site. A final mixed
effectsregressionmodelincluded annual SST, distance to seed source
and time since fire (AUC of 0.70; Supplementary Table 2).

Data availability

Alldatathat support the findings of this study are openly available at the
references provided. New and derived datasets, including seedling experi-
ments and 30 mgridded surface temperature predictions, are available
viaFigshare at https://doi.org/10.6084/m9.figshare.26950843 (ref. 51).

Code availability
The dataand code that support the findings of this study are available
viaFigshare at https://doi.org/10.6084/m9.figshare.26950843 (ref. 51).
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