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Forests face accelerating threats due to increases in the severity and frequency of
drought and heat stress associated with climate change. In particular, changing patterns
of forest regeneration after disturbance will be important in predicting future forest
distribution across the western United States, where patterns of recurring fire and
regrowth are important in establishing landscape dynamics. To predict shifting landscape
patterns, it will be important to identify environmental boundaries for forest regeneration
using environmental variables with clear consequences for seedling survival. Here, we
explore soil surface temperature as an environmental variable with direct consequences
for seedling survival and forest regeneration potential. We conducted a literature search
to identify five previous laboratory experiments, spanning a period of 1924 to 1986, that
exposed conifer seedlings to elevated soil surface temperatures for varying durations.
We then synthesized the data from these studies to explore the survival of western U.S.
conifer species in response to differing surface temperature levels. We found mortality
thresholds consistent with previously reported measurements in field and lab studies, but
found that as surface temperatures reach these lethal thresholds the duration of exposure
matters greatly to survival outcomes. This work leverages an intuitive climate metric with
clear consequences for seedling survival as an indicator of forest regeneration potential.

Keywords: seedling survival, surface temperature, heat stress, Bayesian modeling, logistic regression

1. INTRODUCTION

Forests play a central role in global water, energy, and biogeochemical cycles, serve as important
sources of biodiversity, are the focus of climate change mitigation strategies, and provide essential
ecosystem services to communities around the globe (Bonan, 2008; Pan et al., 2013; Anderegg et al.,
2015; Bastin et al., 2019). Forests also face accelerating threats due to increases in the severity and
frequency of drought and heat stress associated with climate change which are changing forest
extent and composition (Allen et al., 2010, 2015). These permanent changes to forested landscapes
occur through both mature die-off events (Allen et al., 2010; Coop et al., 2016) and through
reductions in forest regeneration after disturbance (Anderson-Teixeira et al., 2013; Savage et al.,
2013; Donato et al., 2016).
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Forest regeneration is increasingly garnering the attention
of researchers and managers given that seedlings are uniquely
sensitive to climate trends and weather extremes. Viewing forest
distribution through the lens of regeneration is particularly useful
when forests are in disequilibrium with climate, as is the case
with long-lived woody vegetation during periods of directional
climate change (Bertrand et al., 2016). Mature forest stands, with
deeper access to groundwater resources and greater tolerance to
high temperature, may persist at a site long after local conditions
have passed thresholds suitable for the growth of seedlings, which
have smaller thermal and hydrologic niches (Bell et al., 2014;
Dobrowski et al., 2015; Bertrand et al., 2016). This disequilibrium
will persist until the current cohort dies and is not replaced.
Disturbances such as a stand-replacing fire can accelerate this
process by killing mature trees (Johnstone et al., 2016). Predicting
future changes in forest extent thus necessarily requires an
explicit focus on forest regeneration.

Given that disturbances are accelerating mortality, a focus on
regeneration will be even more important for predicting future
forest distributions in the western United States, where patterns
of recurring wildfire and recovery are important in establishing
landscape dynamics (Johnstone et al., 2016). These landscapes
are expected to experience more frequent and severe fires in
the coming decades (Flannigan et al., 2009; Westerling et al.,
2011; Littell et al., 2018), which may further accelerate landscape
transformations. A growing body of evidence suggests that
under directional climate change, post-disturbance landscapes
at the drier, hotter edges of current species ranges are
becoming unsuitable for regeneration, facilitating conversions
from forest to non-forest (Donato et al., 2016; Stevens-Rumann
et al, 2018; Walker et al, 2018; Davis et al., 2019; Coop
et al, 2020). Predictions of future landscape conversion will
require identifying the environmental conditions under which
regeneration is possible.

Regeneration after disturbance relies on seedling recruitment,
in which viable seeds are dispersed and seedlings successfully
establish. Once established, tree seedling survival has been
traditionally understood as an interaction between hydraulic
stress, temperature stress, carbon starvation, and biotic agent
attack (McDowell et al., 2008, 2011). Models of seedling
survival, mortality, or recruitment have relied on a variety
of environmental predictors, like vapor pressure deficit or
soil moisture, to capture some element of the climatologic
or hydrologic conditions contributing to seedling growth and
survival. Here, we assess soil surface temperature (hereafter,
surface temperature) as a predictor of seedling survival.

Surface temperatures are a measurements of the energy
balance at the Earth’s surface that are governed by net radiation
and soil moisture (Jin and Dickinson, 2010; Mildrexler et al.,
2011). They can differ substantially from air temperatures
measured just centimeters above the ground (Vaartaja, 1949;
Silen, 1960; Jin and Dickinson, 2010), and high surface
temperatures have been recognized as a direct cause of seedling
mortality since the early 20th century (Hartley, 1918). Incoming
radiation heats the soil surface, while soil water content increases
the thermal heat capacity of the soil. Thus, as soil moisture
increases, the same amount of incoming radiation will result

in lower heating of the soil surface. Importantly, satellite-based
radiometric measures of surface temperature provide continuous
spatial coverage, although they can only provide information on
surface temperature in unvegetated areas. If surface temperatures
can be used to predict seedling survival, it would enable the
assessment of forest regeneration potential at multiple spatial
scales. In a single, easily retrievable measurement, surface
temperature incorporates information about the energy and
water balance at a site, providing potentially useful information
about seedling viability.

There is reason to suspect that surface temperatures will
serve as a reliable predictor of seedling survival. Tree seedlings
are extremely sensitive to elevated surface temperatures—first
year germinants do not have well-developed bark or access
to deep groundwater reserves and are more sensitive to heat-
induced lesions and mortality than more established individuals.
Heat conducted from soil surrounding the seedling causes
irreversible damage to enzymes and proteins in the protoplasm
and cell membranes, leading to stem damage and death (Gates,
2012). Thus, at high surface temperatures, small changes in
the duration of heat exposure greatly impact seedling survival
(Seidel, 1986). These short-term dynamics are experienced by
seedlings in the field, where surface temperatures undergo high-
frequency variations over hourly to diurnal time scales (Jin
and Dickinson, 2010, Supplementary Figure S9). However, field
studies of seedling survival do not typically account for these
fine temporal dynamics, which limits our understanding of
seedling sensitivity to high surface temperatures. While it has
long been recognized that the duration of exposure to high
surface temperatures impacts survival outcomes (Bates and
Roeser, 1924), threshold responses to temperature, sensitivity
across species, and the relative importance of exposure duration
remains unclear.

Here, we examine seedling tolerances to surface temperature
intensity and duration at fine spatio-temporal scales in
common conifer species of the western United States.
Multiple experiments have measured seedling survival while
exposing seedlings to high surface temperatures in controlled
environments. However, it remains unclear how conifer species
respond when exposed to high surface temperatures, and how
this response varies among species. We synthesized the results
from past surface temperature exposure experiments and used
Bayesian inference to construct a hierarchical generalized linear
model to measure the response of western U.S. conifer seedlings
to surface temperature intensity and duration, and to quantify
the variation in these responses across eight species. We use our
model to characterize the environmental boundaries for suitable
seedling survival in the western U.S.

2. METHODS
2.1. Data Collection

We conducted a literature search to gather previously published
data relating seedling survival to surface temperature intensity
and duration. To be included in this analysis, studies had
to expose seedlings to a constant surface temperature for a
specified duration, and report seedling survival at sub-hourly
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TABLE 1 | Summary of information from the five studies used in this analysis.

Reference Number of Heating method Seedling age Temperature Exposure duration Species
observations range (days) range (oC) range (minutes)

Baker, 1929 10 Electric Heater 21 48.9-54.5 1-15 Pinus radiata

Bates and Roeser, 1924 106 Electric heater 46-90 25.9-56.8 5-128 Pinus ponderosa, Pinus
contorta, Pseudotsuga
menziesii, Picea
engelmannii

Daubenmire, 1943 25 Radiant heat lamp 47 40-60 360 Pinus ponderosa, Pinus

and heating cable contorta, Pseudotsuga

menziesii, Pinus edulis

Seidel, 1986 192 Dry water bath 14/28 48.8-62.8 1-300 Pinus ponderosa,
Pseudotsuga menziesii,
Abies grandis, Picea
engelmannii

Silen, 1960 55 Dry water bath 7-20 or 90-95 47.8-66.7 1-610 Pseudotsuga menziesii

intervals. In addition, studies had to include conifer species
found in the western U.S. Ultimately, we found five articles
that included the appropriate published data, and they span a
period from 1924 to 1986 (Bates and Roeser, 1924; Baker, 1929;
Daubenmire, 1943; Silen, 1960; Seidel, 1986). The relationship
between seedling survival and surface temperature was captured
experimentally by using an external heat source to maintain
elevated surface temperatures and measuring seedling survival
at specific intervals of exposure. Experimental procedures varied
(Table 1), but all took place in a greenhouse or laboratory
setting—no publications were found that recorded field data
at a fine enough temporal resolution for this analysis. To
isolate the effect of surface temperature on seedling survival,
these studies maintained well-watered soil throughout their
experiments. One study, Daubenmire (1943), repeatedly exposed
the same seedlings to higher surface temperatures, allowing
for possible seedling hardening. In the rest of the studies,
seedlings were only measured once. Data were obtained from
tables or figures in published manuscripts: values from tables
were directly transcribed, while values from figures were
estimated by using a ruler to identify where data points crossed
figure axes. Ultimately, we obtained 390 observations of eight
different conifer species, with the majority of observations
consisting of ponderosa pine (Pinus ponderosa, 84/390), Douglas-
fir (Pseudotsuga menziesii, 135/390), Engelmann spruce (Picea
engelmannii, 80/390), or grand fir (Abies grandis, 48/390)
(Figure 1). Here, an observation refers to a population of conifer
seedlings subjected to an experimental treatment consisting of a
specific surface temperature exposure with a specified duration
and intensity. Only one observation exposed seedlings to elevated
temperatures for longer than 400 min—this observation was
excluded from our dataset when fitting the model.

2.2. Statistical Model of Seedling Survival

The experimental data used here come from studies designed
in a similar fashion to a clinical trial—a treatment (surface
temperature) was applied to a population of seedlings for a
known length of time, and survival was measured at varying
time intervals. These experiments resulted in right-censored

observations, or populations of seedlings that did not experience
complete mortality during the period of observation. Because
of the structure of these data, we initially explored a survival
analysis, a class of statistical models commonly used in clinical
studies or studies of mechanical failure which focus on the
expected duration of time until an individual experiences
some event of interest. We compared the performance of a
multi-level Weibull proportional hazards model to a multiple
logistic regression more common in tree mortality studies, and
found that the multiple logistic regression provided a better
fit to our data (Supplementary Results). Logistic models are
one of the most widely used techniques in predicting post-
fire tree mortality, and have been used to represent fire and
environmental effects on seedling survival (Woolley et al., 2012).
For this analysis, we constructed a hierarchical multiple
logistic regression using Bayesian inference. We calculated
seedling survival probability using a generalized linear model
where the conditional probability P that a population of seedlings
experiences complete mortality (Y = 1), given a specific surface
temperature value and exposure duration, is represented as

1
+ e~ ((Bo+Ba)+P1Xr+P2Xp+B3X1XD)

P(Y=1|Xr,Xp) = N (1)

where Xt is surface temperature in degrees Celsius, and Xp
is exposure duration in minutes. The linear function, By +
B1XT + B2Xp + B3XrXp, is the logit link function, where S
is an intercept term, f; is the surface temperature coefficient,
B> is the exposure duration coefficient, and B3 is an interaction
term between surface temperature and exposure duration. To
determine whether observations from each study demonstrated
bias, we included the term B4, which represents the effect of each
study on the model intercept.

This model was written and implemented using the R
package rstanarm (Goodrich et al., 2020), and Bayesian inference
was performed using the Hamiltonian Markov Chain Monte
Carlo (MCMC) scheme in Rstan (Stan Development Team,
2020). The model was fit using four Markov chains with a
2,000 iteration burn-in period and a 2,000 iteration sampling
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FIGURE 1 | Summary of seedling populations used in each of the studies from the literature search. Most experimental designs included four types of seedlings, with

include Abies grandis (ABGR), Abies lasiocarpa (ABLA), Pinus contorta (PICO), Pinus

edulis (PIED), Picea engelmannii (PIEN), Pinus ponderosa (PIPO), Pinus radiata (PIRA2), and Pseudotsuga menziesii (PSME).

period. We evaluated the convergence of Markov chains by
visually inspecting plot traces and using Gelman Rubin R-hat
statistics (values < 1.1). We used weakly informative priors for
all model parameters (normal distribution with mean 0 and
standard deviation 2.5), as we had no information on reasonable
prior values.

Our model predicts survival for an individual (seedling)
that belongs to a group (species). To account for the
differences between groups and measure inter-species variation
in survival curves, we used a hierarchical prediction framework
in estimating the posterior distribution of the intercept
parameter, Bo. This hierarchical structure allows us to construct
a pooled intercept parameter that informs species-specific
intercepts, which are allowed to vary. This makes it possible
to estimate model parameters for species with very few
observations and evaluate the inter-species variation in modelled
survival responses.

3. RESULTS

Our model adequately fits observed data as measured by receiver
operating curves (ROC) and k-fold validation. We constructed
ROCs of predicted and observed mortality for 4,000 posterior

predictive draws from the model, and the mean area under the
curve (AUC) is 0.73 £ 0.02SD (Figure 2A). Using repeated k-
fold validation with 10 folds and 20 repetitions, we find that
model mean square error (MSE) for the proportion of surviving
seedlings is 0.1 &= 0.03SD and mean absolute error (MAE) is
—0.1 £ 0.04SD (Figures 2B,C). Model parameters suggest that
studies did exert a strong influence over survival outcomes,
modifying the model intercept to result in a range of survival
probabilities from 0.32 to 1 when surface temperature and
exposure duration are held constant at their mean values for each
study. While the bias of most studies is similar, (Daubenmire,
1943) accounts for most of the range in these survival outcomes
(Supplementary Figure S8), severely overestimating survival
probabilities at high temperatures. For the rest of the paper,
we present model results using the bias correction for (Seidel,
1986) and ignore offsets from all other studies, as Seidel (1986)
accounts for the greatest percentage of observations (49%). In
addition, this bias correction (2.2) is close to the averaged
corrections of all studies (3.8), so will not bias the presentation
of survival outcomes.

When plotted against surface temperature as measured
in degrees Celsius, survival probabilities using mean model
parameters from posterior distributions show predicted survival
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AUC

FIGURE 2 | (A) The distribution of AUC values for 4,000 draws from the posterior distribution, where the solid line represents mean AUC, and dashed lines represent 1
standard deviation. Also shown are the distributions of (B) mean square error (MSE) values and (C) mean absolute error (MAE) values from repeated k-fold validation.
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beginning to decrease past 40°C (Figure 3). These survival
curves are moderated by exposure time. At the low and
high end of surface temperatures represented in this study,
seedling survival does not vary greatly over the duration of
exposure. However, between approximately 45°C and 60°C,
the duration of exposure greatly modifies predicted survival
outcomes (Figure 3). Ultimately, this means that as surface
temperatures approach these threshold values, there is a greater
range of modeled survival outcomes depending on the exposure
duration, until surface temperatures reach extreme values at
or above 60°C. If the exposure duration is unknown at these
transitional surface temperatures, we have lower confidence in
our predictions of survival probability.

When using modeled outcomes to investigate common
population-level mortality thresholds, a few patterns emerge.
Firstly, there is very little inter-species variation in surface
temperatures required to meet progressively higher mortality
thresholds in any of the species represented (Figure 3). When
surface temperature and exposure duration are held constant
at their mean values in our data set, species-level intercept
values predict differences in survival probabilities from 0.11 to
0.17 over all eight species. In addition, as surface temperature
increases, the duration of heat exposure required to cross lethal
dosage thresholds for 50% (LD50), 75% (LD75), and 90%
(LD90) mortality is reduced (Figure4). However, the curves
that correspond to these three lethal dosage thresholds begin to
converge on a common duration value as surface temperature
increases (Figure 4). This experimental duration converges on
0 min of exposure for each species. As surface temperature

increases, exposure duration matters less to survival outcomes
(Figure 4).

4. DISCUSSION

Field studies of post-disturbance seedling survival rarely measure
high-frequency dynamics in surface temperature, and lab or
greenhouse studies of this phenomenon have not—until now—
been synthesized to construct a more complete picture of conifer
seedling sensitivity to elevated surface temperatures. Fine-scale
surface temperature variability, in space and time, is mostly
due to variation in solar insolation driven by changes in cloud
cover. Surface temperatures can vary at fine temporal scales in
the hottest parts of the day (Supplementary Figure S8), and the
research presented here suggests that as surface temperatures
reach lethal temperatures, those small-scale changes in duration
have biologically meaningful impacts on survival (Figure 3).
For example, our model predicts that at a surface temperature
of 55°C, a Douglas fir seedling will cross the 50% mortality
threshold, with estimated probability of death increasing from
49% to 51%, in 5 min. A further 30 min of exposure will increase
the probability of mortality to 60%. When we broaden our
scope, the convergence of these 50% lethal dosage thresholds
on common exposure duration values (Figure 4) may indicate
a common limit of tolerance to thermal damage across species.
In the well-watered conditions maintained in these studies, a
common temperature sensitivity across species is not surprising
given that all plants share similar cellular machinery. However,
these tree species would exhibit much greater variability in their
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temperature response in-situ, where water and heat stress are
coupled (McDowell et al., 2011).

Previous research has shown that surface temperature
measurements from 52°C to 66°C signify the onset of seedling
mortality (Helgerson, 1989). Using the model constructed here,
if we plot the surface temperature vs. duration curves that
correspond to 75% seedling mortality, it is clear that the concept
of a lethal temperature strongly depends on the duration of
exposure (Figure 3). For example, a lethal surface temperature
could be as low as 52°C or as high as 58°C. This range of
values is still consistent with previously reported temperature
thresholds, so we can assume that surface temperature on its
own still contains valuable information about the potential for
seedling mortality. However, our synthesis quantifies the extent
to which the duration of heat exposure also impacts seedling
mortality across conifer species (Bates and Roeser, 1924; Baker,
1929; Daubenmire, 1943; Silen, 1960; Seidel, 1986; Helgerson,
1989; Kolb and Robberecht, 1996). Accordingly, information on
surface temperature exposure duration may improve predictions
of forest regeneration potential.

One of the most important insights of this model is that
small changes in the duration of heat exposure matter more
as surface temperature reaches lethal temperatures, until it
reaches about 60°C (Figure 3). We can again return to our
hypothetical Douglas-fir seedling. According to our model, at
a surface temperature of 50°C, a Douglas-fir seedling requires
200 min of exposure to cross the 50% mortality threshold. At
55°C, that seedling would only require 25 min of exposure,
while only 1 min of exposure to a surface temperature of 60°C
is needed to pass this 50% mortality threshold. The choice of
temperature values here is arbitrary but illustrative of the larger
pattern in model outcomes (Figure 3). Surface temperatures
in these ranges are not uncommon during summer in many
temperate regions. Indeed, large areas of the western U.S.—most
of the southwest and the semiarid interior stretching north—
reach yearly maximum surface temperatures at or above 50°C
(Mildrexler et al., 2011). Even high-elevation locations within the
western US can reach lethal temperatures. In one area of Rocky
Mountain National Park dominated by lodgepole pine, subalpine
fir, and Douglas-fir, surface temperature values measured by
the National Ecological Observatory Network (NEON) regularly
exceeded 60°C in the summer (Supplementary Figure S10).

Surface temperature varies dramatically with land cover, soil
moisture content, evapotranspiration rates, albedo, and other
environmental factors (Jin and Dickinson, 2010; Mildrexler et al.,
2011; Li et al., 2015, 2016). Because surface temperature is tightly
coupled to the surface energy balance of the Earth, the highest
surface temperatures are typically found in areas of low canopy
cover where soil is exposed to high levels of solar radiation.
These conditions are common in semi-arid environments and
in a range of other ecosystems after stand replacing disturbances
such as fire. Recent evidence suggests that measurable increases
in surface temperature follow fire-induced forest loss across the
globe (Liu et al.,, 2019). As warmer, drier conditions persist in
the western U.S. along with a projected increase in the frequency
and severity of wildfire (Flannigan et al., 2009; Westerling et al.,
2011; Littell et al., 2018), surface temperatures may become an
increasingly important limiting factor in regeneration success

(Bell et al., 2014; Enright et al., 2015; Hankin et al., 2019), and
sites that currently experience temperatures suitable for post-fire
recruitment may be too warm to do so in the future (Davis et al.,
2019).

This work represents an important step toward identifying
inter-species variation in the environmental boundaries for
forest regeneration based on surface temperature. However,
much remains unknown. Only four species—ponderosa pine,
Douglas-fir, Engelmann spruce, and grand fir—dominate our
experimental data. These species occur in many of the
mixed-conifer forests of the western U.S.,, and just two—
ponderosa pine and Douglas-fir—are the most widespread and
commercially important conifer species in the western U.S. Their
representation in this dataset makes it more informative about
West-wide forest response to elevated surface temperatures, even
though species that occur in more xeric environments, like Pifion
pine, represent a small proportion of total observations. While
seedling response to surface temperature showed very little inter-
species variation (Supplementary Figure S8), the exclusion of
water stress in this analysis limits our ability to make inference
under in-situ conditions due to coupled water and heat stress.
Although the latter explanation seems plausible, we fitted a
statistical model with a predefined distribution that has very
few parameters and should be robust to sparse data. While this
model is a promising start, it lacks representations of more xeric
conifer species, and more research is required to determine if
conifer species across the western U.S. have similar tolerances
with respect to elevated surface temperatures.

There are other limits of this study that point to promising
directions for future research. First, the effects of seedling
hardening are not accounted for here. Only one study repeatedly
exposed the same seedlings to higher surface temperatures,
allowing for seedling hardening to possibly impact survival
results (Daubenmire, 1943). Those observations account for 6%
of the total data, and we do not account for that experimental
hardening in our analyses. This may impact the utility of lab
or greenhouse studies compared to field studies, as most seeds
germinate in April and May and are subjected to gradually
increasing surface temperatures as the soil dries. In addition, all
studies maintained well-watered soil during their experiments,
so the survival curves presented here may not transfer to field
settings where soil moisture is limiting and seedlings may not be
able to avoid heat damage through transpirational cooling (Kolb
and Robberecht, 1996).

Other limitations of these data are technical, and stem from
the age of this body of work. Surface temperatures were measured
with thermocouples or thermometer bulbs buried in the soil
surface, which are less accurate methods than a modern thermal
imaging camera. This also makes it hard to determine whether
surface temperatures remained constant throughout the duration
of experiments, as variations in measured temperature resulting
from the error associated with these devices could obscure actual
changes in surface temperature. Our model suggests that this
may be the case in Daubenmire (1943), which is associated with
much higher survival outcomes at extreme temperatures than
any other study (Supplementary Figure S8). These technical
limitations point to a need for experiments using more accurate
methods of measurement on a wider range of species, in both
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the lab and field. The model presented here can inform future
research, without which the general response of western U.S.
conifers to changes in surface temperature intensity and duration
remains unclear.

Overall, this research helps elucidate the mechanisms that may
be responsible for the susceptibility of forests to regeneration
failure at drier, lower-elevation limits of their current ranges,
driving changes in forest extent and composition across the
western U.S. (Dobrowski et al., 2015; Donato et al., 2016;
Stevens-Rumann et al., 2018; Davis et al., 2019; Simeone et al.,
2019; Wolf et al., 2021). Lethal surface temperatures may occur
more frequently in drier, hotter post-fire landscapes in the
coming decades (Liu et al., 2019), where surface temperature
can serve as a valuable source of information when predicting
forest regeneration. Surface temperature is a valuable indicator
of the risk of regeneration failure as it has well-understood
consequences for seedling survival, and this work suggests there
is little inter-species variation in seedling response to surface
temperature. Moreover, surface temperature measurements by
Earth-observing satellites can be incorporated into ongoing
monitoring frameworks and mapped easily across landscapes.
Going forward, soil surface temperatures have great potential
as an intuitive metric of mortality risk for seedlings under a
warming climate.
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