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Abstract
Aim: Fine-scale topography and canopy cover can play an important role in mediating 
effects of regional-scale climate change on the below-canopy environment in moun-
tain forests. The aim of this study was to determine how below-canopy temperatures 
in a high-elevation Rocky Mountain forest have been affected by canopy change re-
sulting from severe wildfire and spruce beetle outbreak within the last 10–15 years.
Location: Eastern San Juan Mountains, Colorado, USA.
Taxon: Picea engelmannii, Abies lasiocarpa, Dendroctonus rufipennis.
Methods: We used a network of sensors to record temperatures for a full year in 
burned and beetle-impacted areas. Using a Bayesian model that accounted for spatial 
structure in temperatures, we derived covariate parameters to determine the relative 
influence of topographic variables (elevation, aspect, slope, topographic position and 
solar radiation), live tree basal area and burned/unburned status on average daily 
maximum and minimum temperatures (Tmax, Tmin) in summer and winter.
Results: Model parameters indicated that burned areas were warmer than unburned 
forest, with three of four average temperature variables (summer Tmax, winter Tmax, 
and winter Tmin) having >95% likelihood of a positive temperature difference in 
burned versus unburned locations. Mean temperature changes for these variables 
ranged from 0.41 to 0.74°C. Conversely, canopy loss in unburned, beetle-killed for-
ests did not meaningfully affect Tmax but resulted in slight cooling of Tmin. Modelled 
temperature changes resulting from 100% overstorey mortality were −1.29°C for 
summer Tmin (95% credible interval: −0.027 to −2.56°C) and −1.31°C for winter Tmin 
(95% credible interval: 0.17 to −2.79°C).
Main Conclusions: Our results indicate that severe wildfire may exacerbate effects 
of climate change and increase the probability of ecosystem transitions. However, 
the effects of bark beetle outbreaks are more complex. Cooling of overnight mini-
mum temperatures may counteract warming trends, but an increase in diurnal tem-
perature ranges may have uncertain ecological consequences.
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1  | INTRODUC TION

Spatial variability in warming trends can strongly influence biotic 
community responses to climate change (Ackerly et al., 2010). This 
is particularly true in mountain regions, where broad-scale warm-
ing patterns may be substantially buffered or exacerbated by vari-
ations in elevation, aspect, exposure and cold air drainage across 
small geographic areas (Dobrowski,  2011; Lenoir et  al.,  2013). 
Canopy structure in mountain forests plays an additional role in me-
diating surface-level microclimates (Ashcroft & Gollan, 2012; Chen 
et  al.,  1999; Geiger,  1950). Understanding the effects of climate 
change on fine-scale biotic processes, such as seedling establish-
ment and survival, therefore depends on accurate representation 
of fine-scale temperature patterns determined by physiography 
and overstorey condition. Disturbances may create abrupt changes 
in overstorey composition and structure that may result in shifts in 
below-canopy temperatures even when physiographic conditions 
remain constant over time. However, effects of canopy disturbance 
on microclimates are not well-understood.

Disturbances such as fires, insect outbreaks, blowdowns and 
drought-related die-offs alter the below-canopy environment by 
removing both overstorey and understorey vegetation. Overstorey 
loss increases the amount of daytime shortwave radiation reach-
ing the ground surface, which can elevate daytime maximum tem-
peratures and evapotranspiration potential. Such changes may 
exacerbate broader warming trends and limit seedling recruitment 
in locations where dominant species are at risk of warming-related 
decline (Dobrowski et al., 2015). However, canopy loss can also lead 
to greater overnight cooling, as forest canopies intercept outgoing 
ground-surface longwave radiation (Geiger,  1950). Although some 
studies have demonstrated that canopy cover plays a significant role 
in buffering extreme daytime maximum temperatures and overnight 
minimum temperatures (Davis et al., 2019; Frey et al., 2016; Holden 
et al., 2016; Ma et al., 2010), it is not clear how overall below-canopy 
microclimates are altered by varying disturbance types or severities. 
The importance of disturbance on microclimate has not typically 
been considered at the landscape scale, or only at very broad spatial 
scales using satellite remote sensing (Cooper et  al.,  2017; Maness 
et al., 2013).

Investigating the effects of disturbance and topographic vari-
ation on below-canopy temperatures is limited by a scarcity of 
long-term temperature data in forest stands. However, a number of 
recent studies have investigated the use of inexpensive tempera-
ture logger networks to create high-resolution topoclimate mod-
els in topographically complex areas (e.g. Ashcroft & Gollan, 2012; 
Bruening et al., 2017; Davis et al., 2019; Greiser et al., 2018; Holden 
et  al.,  2016; Isaak et  al.,  2017; Meineri & Hylander,  2017). These 
studies used detailed physiographic data and remotely-sensed can-
opy variables to model climate variability at resolutions of <1 km. 
Detailed climate models in mountain regions are valuable for un-
derstanding species-climate relationships at fine scales, as well 
as for identifying potential microrefugia where species may be 
protected from climate stress in the near future (Ashcroft,  2010; 

Dobrowski,  2011). Additionally, understanding how disturbances 
influence these fine-scale patterns is increasingly important as an-
thropogenic climate change causes forests to experience increasing 
disturbance frequency and severity (Seidl et al., 2017).

Mountain forests in the western United States are currently fac-
ing risks of decline and species transitions as a result of warming and 
associated disturbance. Over the past century the region has seen a 
temperature increase of ~1.5°C (González et al., 2018), with result-
ing increases in wildfire area (Abatzoglou & Williams, 2016) and tree 
mortality from bark beetles and drought (Allen et al., 2010; Meddens 
et al., 2012) in the last few decades. Many of these changes are tak-
ing place in topographically complex landscapes with high spatial 
variability in warming patterns. Whether these disturbances drive 
permanent transitions to new forest cover types, or from forest to 
non-forest, will depend on the extent to which disturbance sever-
ity and climate shifts will overcome resilience mechanisms favour-
ing ecosystem stability (Johnstone et al., 2016; Turner, 2010). It is 
largely thought that disturbances reduce forest resilience to climate 
change, and will ultimately accelerate forest adaptations by allowing 
species to migrate to more suitable climates (Overpeck et al., 1990; 
Thom et al., 2017).

There is evidence that recent climate shifts are limiting forest 
regeneration and allowing for expansion of warm-adapted species in 
severely disturbed areas in the southern Rockies (Bell et al., 2014a; 
Landhaeusser et al., 2010; Rother & Veblen, 2016). However, a thor-
ough understanding of the effect of climate on post-disturbance 
ecosystem change is limited when coarse-scale climate data are 
used to explain fine-scale biotic processes (Austin & Van Niel, 2011). 
Microrefugia may play a more important role in buffering climate 
change than what has previously been assumed, while topographic 
exposure to high temperatures on low-elevation, southwest-facing 
slopes may accelerate change (Wilkin et al., 2016). Extensive, severe 
forest disturbances have the potential to modify these patterns of 
climate change exposure for biota affected by temperatures below 
the canopy.

In this study, we used a network of temperature loggers to collect 
a 2-year record of below-canopy temperatures in a topographically 
complex mountain forest recently affected by severe disturbances. 
Our study region in the San Juan Mountains, southwest Colorado, 
USA, was impacted by the West Fork Complex wildfire in 2013 and 
by severe overstorey mortality from a spruce beetle (Dendroctonus 
rufipennis) outbreak beginning c. 2004. The outbreak was in the early 
gray stage at the time of sampling, in which dead trees remained 
standing but had lost needles and fine twigs from the canopy. The 
area is dominated by subalpine spruce-fir forests which are expected 
to decline by the end of the 21st century as a result of shifting cli-
mate suitability (Bell et  al.,  2014b). The goal of the study was to 
quantify differences in temperature in burned versus unburned for-
est and across a gradient of beetle kill severity in unburned forest. 
We used spatially structured Bayesian multiple regression models in 
order to determine the relative influence of topographic gradients 
and disturbance type and severity, while accounting for the inherent 
spatial structure of landscape temperature patterns.
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2  | MATERIAL S AND METHODS

2.1 | Study area

The study focused on an approximately 25  ×  25  km area in the 
Rio Grande National Forest in the San Juan Mountains, Colorado 
(37°31′ N, 106°46′ W). Elevations of study sites ranged from ~2,700 
to 3,300 m a. s. l. The forest in this area is dominated by subalpine 
species including Engelmann spruce (Picea engelmannii) and subal-
pine fir (Abies lasiocarpa) with lower abundances of white fir (Abies 
concolor), Douglas fir (Pseudotsuga menziesii), blue spruce (Picea pun-
gens) and lodgepole pine (Pinus contorta) (Peet,  2000). Most sites 
in the study area consist of co-dominant spruce and fir stands, and 
pure spruce stands are more common at higher elevations. Quaking 
aspen (Populus tremuloides) is present at lower-elevation sites north 
of the Continental Divide. The high-elevation climate is character-
ized by cool summers (12°C average July mean), cold winters (−8°C 

average January mean) and high precipitation (1,200 cm annual aver-
age; PRISM climate data, prism.oregonstate.edu). Most precipitation 
falls as winter snow or in monsoonal rainstorms in July and August.

The West Fork Complex fire burned over 44,500 ha of spruce 
and fir-dominated forest in June–July, 2013. Our study area included 
one of the three distinct burn areas making up the complex, the 
West Fork burn (Figure 1). Most of the burn area was high-severity, 
consuming nearly all overstorey vegetation (MTBS,  2013). By the 
time of the fire much of the burn area had already experienced sig-
nificant mortality from a spruce beetle outbreak, which had caused 
up to 100% mortality of overstorey P. engelmannii in some stands 
(CSFS, 2018). The forest outside of the burn area has similarly ex-
perienced a large degree of beetle-caused mortality. The greatest 
outbreak severity occurred in the Weminuche Wilderness area, with 
severity decreasing towards the eastern portion of the study area 
(Carlson et al., 2017). Pure spruce stands have experienced very se-
vere overstorey loss, while mixed spruce-fir stands have retained a 

F I G U R E  1   Study area map with study sites and West Fork burn area indicated (perimeter map from Monitoring Trends in Burn Severity 
[mtbs.gov]). Star in inset map indicates the location of the study area within the western United States. Green shaded area in study area 
map and inset indicates the extent of subalpine conifer forest classes mapped by the LANDFIRE program (landfire.gov) [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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higher proportion of live fir overstorey. Severely impacted stands 
consist mostly of standing dead trees, with the live canopy domi-
nated by advance regeneration of spruce and fir.

2.2 | Site selection

We selected 90 sites in burned and unburned forest to evaluate tem-
peratures in relation to topography and canopy cover. We selected 
sites manually in a Geographic Information System (GIS) to achieve 
roughly equal representations of elevations, aspects, slope positions 
and spruce beetle outbreak severities. We used a fire perimeter map 
from Monitoring Trends in Burn Severity (mtbs.gov) to select areas 
inside and outside of the burned area. A 30 m-resolution digital el-
evation model (DEM; US Geological Survey, 2017) was used to map 
elevation, slope and aspect across the study area. Sites were chosen 
at locations that were easily accessible from roads, at a minimum dis-
tance of 30 m from the road. Because our goal was to evaluate how 
temperatures were influenced by varying canopy cover in beetle-
killed forest, in addition to evaluating overall differences between 
burned and unburned forest, we placed a greater number of sites 
in unburned areas (30 burned, 60 unburned). Beetle-killed spruce 
trees were present in 52 of the unburned sites (87%). We recorded 
the precise location of sites (within ~3 m) in the field using a Garmin 
GPSMap® handheld Global Positioning System (GPS) device.

2.3 | Temperature data

We used Logtag TRIX-8® temperature sensors with onboard data 
loggers to record below-canopy temperatures at each study site. 
Sensors were programmed to record every 3  hr beginning at mid-
night. We housed sensors within plastic shields covered in reflec-
tive tape so that they would not be encased in snow and so that 
readings would not be influenced by direct solar radiation (Holden 
et al., 2013). Sensor shields were attached to the trunks of live trees 
at a height ~2 m above the ground. We placed sensors at this height to 
avoid insulating effects from snowpack, allowing us to collect records 
of ambient air temperature throughout the winter, spring and early 
summer. All sensors were placed on the north-facing sides of trees.

We initially placed sensors in September of 2016 and down-
loaded all temperature data in the summer of 2019. Temperature 
records were summarized as a daily time series of maximum and 
minimum temperatures (Tmax, Tmin). Of the 90 sensors placed in 
the field, 85 were successfully recovered with a complete data re-
cord during the summer of 2018 (27 burned, 58 unburned). An addi-
tional five sensors were lost or had incomplete data records during 
the second data collection in 2019. Furthermore, we were unable to 
use data from the winter of 2016–2017 due to the influence of snow 
insulation at many sites, which resulted in all temperature recordings 
being ~0°C. However, data from the winter of 2017–2018 did not 
show this effect, presumably due to drought and high winter tem-
peratures in that year.

In order to use the data records representing the greatest number 
of sites, we only performed analysis on data from the two seasons with 
the greatest number of complete records, which included summer 
2017 and winter 2017–2018. For the purpose of our analysis, we con-
sidered “summer” as the months largely free of accumulated snowpack 
(June–October) and “winter” as months when significant snowpack 
was present (November–May). When we compared mean tempera-
tures from the summer of 2017 to the summer of 2018 for sites where 
data from both years was available, we found that both Tmax and Tmin 
values were very strongly correlated between the 2 years (Figure S1; 
R2 > 0.97). This strong correlation indicates that relative temperature 
differences between sites are consistent from year to year, despite in-
terannual differences in overall mean temperatures. Our models de-
termining influences of site-level topography and canopy structure on 
temperatures should therefore provide consistent results regardless of 
the year in which temperature data are collected.

2.3.1 | Data checking/cleaning

Some sites showed anomalously high daytime temperatures which 
were perhaps influenced by direct solar radiation penetrating the radia-
tion shield (Figure S2a). We checked for temperature anomalies at each 
site by plotting a time series of daily maxima and minima against data 
recorded at the Wolf Creek Summit Snow Telemetry (SNOTEL) weather 
station (NRCS, 2018). There was a strong linear correlation between 
Logtag® data and SNOTEL data, and we were able to visually identify 
outliers (Figure S2b). Outlying values were removed from the dataset.

Because missing values at certain sites influence seasonal tem-
perature averages derived from 3-hourly records, we filled in the 
manually removed records using ordinary least squares regression. 
For each site, we fit a regression function between the Logtag® 
daily maximum/minimum temperatures and corresponding SNOTEL 
temperatures. Fit was high for all sites (R2  >  0.8). The regression 
function was then used to predict the removed daily values from 
corresponding SNOTEL values. We used this procedure to fill data 
gaps no longer than 12 consecutive days and no more than 12 days 
out of the complete record for any site.

2.4 | Field data

Basal area of live trees was used as a proxy for canopy cover at each 
temperature sensor site. Canopy cover is well-correlated with basal 
area for P. engelmannii and A. lasiocarpa (Cade, 1997), and these meas-
urements allowed us to obtain comparable measurements for both 
live and dead trees following canopy loss. We measured basal area 
within a 20 × 20 m plot area centred on the sensor and oriented along 
north-south and east-west axes. We measured diameter at breast 
height (DBH) of all trees rooted within the plot area and recorded spe-
cies and live/dead status. DBH measurements were then converted 
to total live and dead basal area for each species. We additionally 
recorded slope and aspect at plot centres. Aspect was transformed 
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along a northeast to southwest-facing scale according to the following 
formula: Taspect = sin(aspect + 45) + 1 (Beers et al., 1966).

2.5 | Topographic variables in GIS

We used a DEM to calculate elevation, relative elevation and equinox 
solar radiation at plot centre locations. All variables were calculated in 
ArcMap 10.4 (ESRI, 2016). We calculated relative elevation by subtract-
ing elevation of the DEM cell overlaying the plot centre from the mean 
of a 500  m-radius neighbourhood (method described by Ashcroft & 
Gollan, 2012). This method gives an estimate of slope position along a 
numeric scale, with more negative values indicating valley bottoms and 
higher values indicating peaks. Slope position serves as an indicator of 
cold-air drainage, as valley bottoms collect cool, dense air and thereby 
may experience lower nighttime and winter temperatures compared 
to surrounding upslope locations (Bergen, 1968). Similarly, sites with 
greater topographic exposure to solar radiation may experience higher 
daytime maximum temperatures (Bristow & Campbell, 1984). Solar ra-
diation was calculated in ArcMap using the Solar Radiation tool.

2.6 | Analysis

We used a Bayesian multiple linear regression approach to de-
termine relative influences of each explanatory variable (Table 1) 
on temperature averages. We fit models using four different 
averages of daily temperatures as the response variable – sum-
mer Tmax, summer Tmin, winter Tmax, and winter Tmin. For each 
temperature summary, we fit models using two different formu-
lations. The first included all burned and unburned sites and in-
cluded a binary ‘Burned’ covariate (0 = unburned, 1 = burned). 
These models were designed to determine the overall tem-
perature difference between the burned area and surrounding 
unburned forest, and did not include a live canopy covariate be-
cause the majority of burned sites contained no live canopy. The 

second set of models included a live canopy covariate and used 
unburned sites only. All non-binary predictor variables were 
standardized (mean = 0; SD = 1).

The linear regression equation for each model takes the form

where yi is the observed average temperature for a given site, i in 
{1, … n}, derived from the Logtag record, µ i and σ2 are the mean 
and variance of the normal distribution from which yi is drawn, 
β0 is a random intercept, X is a matrix of observed explanatory 
variables, and β is a vector of unknown coefficients. We assumed 
temperatures and explanatory variables were measured without 
error.

2.6.1 | Spatial modelling with INLA/SPDE

While we expected that topography and canopy variables would 
explain observed temperature patterns well, temperatures are also 
influenced by large-scale atmospheric processes which are not ex-
plicitly modelled here. We therefore expected that model residuals 
would show spatial autocorrelation, and that a modelling approach 
accounting for spatial covariance in the data was needed. We ad-
dressed this by adding a spatial random effects term to the model 
using the stochastic partial differential equation (SPDE) approach 
described by Lindgren et  al.  (2011). The SPDE method represents 
space as a continuous Gaussian field and uses Matérn covariance 
functions to derive a discrete Gaussian Markov random field (GMRF) 
from observed point locations, using GPS coordinates as spatial 
indices. The GMRF is defined by creating a mesh over the spatial 
domain using Delaunay triangulation, allowing for a finite combina-
tion of piecewise functions based on Matérn covariance parameters 
which are used to populate a sparse precision matrix (Lindgren & 

yi∼normal
(
�i, �

2
)

�i=�0+�X
�

i

Variable Description

Topography

Elevation DEM values

Relative elevation Elevation of sites relative to the mean elevation of 
neighbouring DEM grid cells within a 5 × 5 cell 
neighbourhood

Slope Measured in the field at plot centres

Solar radiation at equinox Calculated from a DEM using ArcMap Solar Radiation tool

Taspect Transformation of aspect measured in the field at plot centers 
(Beers et al., 1966)

Disturbance

log(Canopy) Total basal area of all live trees >1 m in height within 
20 × 20 m plot areas, log-transformed (measured in 
unburned plots only)

Burned/Unburned Binary variable (0 – unburned, 1 – burned)

TA B L E  1   Variables used in Bayesian 
multiple regression models
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Rue, 2015; Figure 2). The sparse precision matrix allows for compu-
tationally efficient model fitting based on approximations of spatial 
covariance parameters.

The Bayesian linear predictor model including the GMRF spatial 
effects term, ui is written as

where ui is approximated from a 0-mean GMRF with precision matrix, 
Q, with the equation

where κ and τ are parameters for the Matérn covariance function 
used to populate Q. The spatial process for all points in the spa-
tial domain (s) is modelled as a continuous field u (s) where the 
Gaussian white noise process is modelled with a stationary solu-
tion to the Mátern covariance function. The solution is given by 
the equation

where κ is the spatial scale parameter, Δ is the Laplacian differential 
operator, α is a smoothness parameter (set to 2), τ is a variance pa-
rameter and Ω is the spatial domain. For a set of discrete locations 
i = {1,…n} in a 2-dimensional spatial field, u (s) can be estimated by 
the equation

where � i (⋅) are piecewise linear basis functions and u =  {u1,…un} are 
fitted on covariances between observed data points (see Lindgren 
et al., 2011).

The full model expression for the posterior and joint distribution 
is as follows:

where y are observed temperature averages for each site and n 
is the number of observed sites (n  =  87 for all sites, n  =  58 for 
unburned sites). The model was fit using Integrated Nested 
Laplace Approximation (INLA) with the R package ‘INLA’ (R Core 
Team, 2019; Rue et al., 2009). The observed data, y, was modeled 
with a Gaussian likelihood, with the mean predicted by the linear 
function and variance (σ2) as an unknown parameter. Prior distri-
butions for parameters β, σ2, κ and τ were set using a Penalized 
Complexity (PC) method developed for SPDE spatial models by 
Fuglstad et al. (2018; also see Simpson et al., 2017). PC priors are 
designed to shrink unknown parameters to an effect of 0, result-
ing in weakly informative priors for the fixed effects, the variance 
and the spatial field. In R-INLA, the SPDE parameters κ and τ are 

reformulated as r and σ, which can be more intuitively defined as 
the empirical range and marginal standard deviation of the GMRF 
(see Lindgren & Rue, 2015).

Hyperparameters ro, rp, σ2 and σp are defined such that 
Pr

(
r< ro

)
= rP and Pr

(
σ<σo

)
=σP. We specified values ro = SD(y)/10, 

rp = 0.5, σo = 12, and rp = 0.5, according to the method suggested 
by Bakka et al. (2018) in which the standard deviation is about 20% 
of the diameter of the study region and range is about 10% of the 
standard deviation of the data. We set weakly informative PC priors 
for the fixed effects parameters and random error, β and σ2.

2.6.2 | Model evaluation

We used threefold cross-validation to evaluate the predictive 
performance of our models. For each model, we withheld ob-
served values at 1/3 of sites (n = 29 for burned/unburned models, 
n = 19 for beetle-killed models). Models were fit using the remain-
ing observations, and predictions were compared to the with-
held observed data using log-predictive densities (LPD; Gelman 
et al., 2014) of M = 10,000 posterior samples. LPD gives the total 
probability density of the observed out-of-sample data, y oos con-
ditioned on predictions made by a model fit with withheld data, 
and is defined by the equation

where y is the observed data used to fit the model, and �(m) is the full 
set of parameters for the kth sample. We withheld a different random 
subset of sites in each cross-validation run and averaged log-predic-
tive densities across all three runs. We additionally performed diag-
nostics for models fit to the complete dataset using the probability 
integral transform (PIT; Angus, 1994), computed using a leave-one-out 
cross-validation procedure included in the R-INLA package. PIT gives 
the likelihood of an observation being less than or greater than the 
predicted value, such that a uniform distribution indicates a lack of 
model bias.

2.6.3 | Estimating change in temperature due to 
beetle-kill

In order to estimate the temperature effect of partial canopy loss 
from spruce beetles, we used models to estimate the difference in 
temperatures before and after beetle kill. After fitting initial models 
using field measurements of live canopy basal area, we generated 
predictions of mean seasonal Tmax and Tmin using the sum of live 
tree basal area and standing dead spruce basal area (representing 
approximate pre-outbreak live basal area). n = 1,000 samples were 
drawn from the posterior distribution of estimated y values and sub-
tracted by observed y values to obtain a posterior for the tempera-
ture difference for each site.

�i=�0+�X i+ui

u∼multivariate normal (0,Q−1(�, �))

(
�2−Δ

) 1

2 (�u (s)) , s∈Ω

u (s)=

n∑

i=1

� i(s)ui

[
� , �2, �, �|y

]
∝

n∏

i=1

[
yi|� ,X

�

i
, ui, �

2
] [
u|0,Q−1

(�, �)
]
[�]

[
�2

]
[�] [�]

log[y����y]≈ log

�∑M

m=1
[y����y, �(m)]

M
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3  | RESULTS

The mean of all temperatures for June 2017–May 2018 for all sites 
was 5.0°C (SD  =  8.3°C). The mean temperature for sites in the 
burned area was 5.4°C (SD = 8.2°C) and mean temperature for sites 
in unburned forests was 4.8°C (SD = 8.3°C). Temperature ranges for 
all burned and unburned sites were as follows: mean summer Tmax: 
12.2–20.6°C; mean summer Tmin: 1.8–8.2°C; mean winter Tmax: 
−0.5 to 9.8°C; mean winter Tmin: −10.8 to −3.8°C. Our Logtag®-
recorded mean temperature is similar to the mean of monthly PRISM 
temperatures for June 2017–May 2018 (5.3°C), and is 1.7°C warmer 
than the 1981–2010 normal annual mean temperature for Wolf 
Creek Pass (PRISM online data; prism.nacse.org).

3.1 | Model performance

Validations using withheld sites indicated a good overall correlation 
between predicted values (95% credible intervals) and observed 
values (Figure 3). Fit was highest for summer mean Tmax for both 
burned/unburned and beetle-killed models (mean LPDs of 1,398 and 
947, respectively) and lowest for winter Tmin (mean LPDs of 894 and 
537, respectively). PIT plots revealed a uniform distribution for all 
models, indicating no significant model bias. However, most models 
tended to slightly underestimate temperatures at higher values and 
overestimate at lower values (Figure 3).

3.2 | Parameter estimates

We determined the relative effects of each explanatory variable on 
temperatures by plotting the posterior means and equal-tailed 95% 
credible intervals (CIs) for β’s from models fit using standardized co-
variates (Figure  4). Elevation had a strong negative effect on Tmax 

(>95% probability that β < 0) but not on Tmin. Relative elevation had 
a strong effect on Tmin (>95% probability that β > 0), such that tem-
peratures increased with increasing topographic relief (conversely, 
temperatures were colder in valley bottoms). Temperatures were also 
higher in burned than in unburned areas (>95% probability that β > 0) 
for all temperature variables except summer Tmin. In unburned-only 
models, live canopy basal area had a positive effect on Tmin (>95% 
probability that β > 0 for summer Tmin; >90% probability that β > 0 for 
winter Tmin) but did not have a strong effect on Tmax. Temperatures 
additionally increased with increasing solar radiation and with de-
creasing Taspect, corresponding with more southwest-facing slopes, 
although these effects were variable (<90% probability that β ≠ 0). 
There was no strong effect of the field-measured slope on Tmax or 
Tmin in either season, although DEM-derived slope is a component 
of the solar radiation calculation. Posterior means and 95% CIs for β’s 
based on unstandardized covariate values are listed in Table S1.

3.3 | Effects of canopy gradients on temperature

In unburned beetle-killed forest sites, we observed a very slight de-
crease in predicted summer Tmax with increasing live tree basal area 
when all other standardized covariates were held at zero (Figure 5). 
Predicted summer and winter Tmin increased with increasing live 
tree basal area. Modelled temperature changes resulting from the 
maximum observed change in live overstorey basal area (~45 cm2/
m2) were −1.29°C for summer Tmin (95% credible interval: −0.027 to 
−2.56°C) and −1.31°C for winter Tmin (95% credible interval: 0.17 to 
−2.79°C). Figure 6 shows simulated temperature changes from pre- 
to post-beetle outbreak for sampled sites along an axis of overstorey 
P. engelmannii percent mortality (dead spruce basal area as a percent 
of total live plus dead basal area). Simulated values gave a maximum 
difference in winter Tmin of ~1.5°C at sites with 100% beetle-caused 
mortality.

F I G U R E  2   Delaunay triangulations 
of point data, used to build Gaussian 
Markov Random Field precision matrices 
in Bayesian SPDE models for (a) all burned 
and unburned sites and (b) unburned 
sites only [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  3   Comparisons of predicted versus observed values for four temperature summaries, from threefold model cross-validation runs 
using randomly withheld sites. Left column: models fit using all sites and a binary Burned variable; right column: models fit using unburned 
sites only and a live canopy basal area variable. (a, b): average summer Tmax, (c, d): average summer Tmin, (e, f): average winter Tmax, (g, 
h): average winter Tmin. Dashed lines indicate 1:1 relationships. Error bars indicate equal-tailed 95% credible intervals for predicted value 
posterior distributions; points indicate posterior means. Point symbols correspond to individual validation runs

prism.nacse.org
www.wileyonlinelibrary.com
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4  | DISCUSSION

Our SPDE model results indicate that canopy-removing disturbances 
influence below-canopy microclimates, although the nature and 
magnitude of the change varies with disturbance type and sever-
ity. Burned sites (which had no or extremely low live canopy) were, 
on average, ~0.5°C warmer than unburned sites when accounting 
for topographic variation. Conversely, beetle-killed sites experience 
mean overnight cooling of ~1.0°C compared to sites with abundant 
live canopy in comparable topographic settings, but do not experi-
ence significantly warmer daytime maximum temperatures. These 
temperature effects are small but significant in relation to the overall 
range of temperatures resulting from topographic variation (~10°C 
difference between highest and lowest-elevation sites).

4.1 | Importance of topography and 
canopy variables

Our modelled coefficients for topographic variables are mostly con-
sistent with those of previous studies modelling topoclimate at fine 
spatial scales. Working in the Sierra Nevadas, Dobrowski et al. (2009) 
similarly found that elevation was a strong driver of daytime 

maximum temperatures but that relative elevation was a more sig-
nificant driver of overnight minimum temperatures. Additionally, we 
found that increasing Taspect (i.e., more northeast-facing slopes) 
was associated with lower wintertime maximum temperatures but 
did not have as great an effect on summertime temperatures. This 
may be because north-facing slopes retain more snowpack at high-
elevation Rocky Mountain sites, which may contribute more sub-
stantially to cooling in the winter than in the summer when snow has 
melted on both north and south-facing slopes (Tennant et al., 2017). 
Our temperature records represent a year with exceptionally low 
snowpack and a warm winter, so it is not clear whether these effects 
would be seen in years with normal snowpack. However, winters like 
the one of 2017–2018 may be indicative of normal conditions in the 
next few decades if recent temperature trends continue.

Previous studies have shown that forest canopies have a signifi-
cant cooling effect on daytime maximum temperatures (Ashcroft & 
Gollan, 2012; Greiser et al., 2018), whereas we did not find a sub-
stantial influence of increasing live canopy on mean Tmax in bee-
tle-killed sites. A key difference between our study and previous 
studies is that we examined the effect of canopy variation due to 
spruce beetle disturbance as opposed to harvesting or variations 
in forest versus non-forest. Spruce beetle-killed sites contain 
many dead standing trees which may still play a functional role in 

F I G U R E  4   Posterior means (points) 
and equal-tailed 95% credible intervals 
(vertical lines) for predictor variable 
coefficients (β) in models predicting each 
of four temperature summaries (average 
summer Tmax, average summer Tmin, 
average winter Tmax, and average winter 
Tmin). Top plot shows results for models 
fit using all sites and a binary Burned 
variable; bottom plot gives results for 
models fit using unburned sites only and 
a live canopy basal area variable (Live 
BA). Coefficient values are based on 
standardized predictor variables
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shading the ground surface, while a lack of soil disturbance allows 
for greater understorey vegetation cover which may reduce tem-
peratures through evapotranspiration (Geiger,  1950; Jonášová & 
Prach, 2004). It is also important to note that our study sites were 
all located in stands which had been impacted by bark beetle in ap-
proximately the last decade, and that killed spruce trees still retain 
larger twigs and branches after losing their needles (Figure 7). The 
burned area also contained many standing dead trees, but the fire 
had consumed most canopy material leaving only boles (Figure 7). 
Furthermore, Ashcroft and Gollan (2012) noted that cooling effects 
were only significant when canopies were very dense (>90% can-
opy cover). While our study sites included undisturbed canopies, 
it is possible that coniferous forest at our maximum measured live 
basal area (~45 m2/ha) was not sufficient to create an observable 
cooling effect.

Our finding that live canopy loss in more severely beetle-af-
fected stands led to lower daily minimum temperatures is consistent 
with previous studies that have found that forest canopy buffers 
both maximum and minimum temperature extremes (Ashcroft & 
Gollan, 2012; Davis et al., 2019; Greiser et al., 2018). It would appear 
from this finding that standing dead trees with no live needles re-
maining do not prevent this overnight radiative heat loss. However, 
we did not observe the same cooling of Tmin in burned areas. This 
difference may be attributable to effects of local water balance on 
the buffering capacity of forest canopies (Davis et al., 2019). Because 
recently burned areas may retain less soil moisture compared to un-
burned areas (Certini, 2005), loss of canopy shading may result in 
greater heating of the ground surface from incoming solar radiation 

compared to sites with an intact understorey and less severe canopy 
loss (i.e. unburned, beetle-killed stands).

4.2 | Ecological implications

We found that sites within sampled areas of the West Fork Complex 
burn are experiencing warmer maximum and minimum daily tem-
peratures compared to sites in similar topographic settings in for-
ested area outside the burned area. This warming can potentially 
exacerbate broader warming trends, leading to reduced snowpack, 
earlier snowmelt and greater soil drying throughout the summer 
(González et  al.,  2018). This drying effect may limit germination, 
survival and growth of P. engelmannii and A. lasiocarpa seedlings in 
years where precipitation is too low to provide adequate moisture 
(Andrus et al., 2018). However, snowpack depletion and limitations 
in seedling establishment will vary along elevational gradients rang-
ing from ~2,700–3,600 m. Lower-elevation, more southwest-facing 
sites are more likely to experience depleted snowpack and limited 
seedling re-establishment than higher-elevation, northeast-facing 
sites. Furthermore, our results suggest that sites with low relative 
elevation (i.e., valley bottoms) experience cooler minimum and win-
tertime maximum temperatures, though they will not necessarily 
mitigate extreme summer maximum temperatures. These cooler 
temperatures may favour snowpack retention and reduce overall 
soil moisture loss, creating more favourable conditions for spruce-
fir regeneration and refugia for forest species during periods of 
drought.

F I G U R E  5   Marginal effects plots showing the effect of increasing live tree basal area on summer mean Tmax and Tmin and winter 
mean Tmax and Tmin at mean values of all topographic variables in models fit using unburned, spruce beetle-affected sites only. Black line 
indicates mean of the posterior distribution for predicted temperature values, gray ribbon indicates 95% credible interval
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Our results indicate that disturbance from spruce beetle out-
break, in contrast with disturbance from high-severity fire, does not 
exacerbate local warming trends within the decade or so following 
outbreak. Rather, partial canopy removal appears to reduce mean 
temperatures by increasing overnight cooling. This disturbance may 
therefore favour continued seedling germination for P. engelmannii 
and A. lasiocarpa despite the declines predicted by species distribu-
tion models based on projected shifts in annual mean temperature 
(Bell et al., 2014a). This cooling may also favour snowpack retention, 
reduce growing-season soil moisture losses through evapotrans-
piration, and buffer against warming-related shifts in understorey 
vegetation composition (De Frenne et al., 2013). These effects may 

increase the favourability of micro-site conditions for conifer regen-
eration, given availability of seeds (Andrus et  al.,  2018). However, 
the increase in diurnal temperature ranges resulting from cooling of 
overnight temperatures may produce a number of less predictable 
ecological effects. For example, broader warming trends may con-
tribute to early spring snowmelt which may increase risks of frost 
damage to vegetation in beetle-killed stands experiencing colder 
overnight temperatures (Williams et al., 2015).

Changes in microclimate will also impact other bioclimate vari-
ables such as snow cover and local water balance, which were not 
quantified in this study. Decreased overnight temperatures in bee-
tle-killed forests may help sites retain soil moisture throughout the 

F I G U R E  6   Simulated difference in 
summer Tmax and winter Tmin in spruce 
beetle-affected sites, plotted along an axis 
of spruce overstorey mortality %. Points 
indicate means of posterior distributions 
for predicted values, gray ribbon indicates 
95% confidence intervals

F I G U R E  7   Left: A typical beetle-killed 
Engelmann spruce (Picea engelmannii) 
stand in the eastern San Juan Mountains, 
with fine material attached to standing 
dead trees. Right: Burned trees with only 
boles and large branches remaining after 
the West Fork Complex fire [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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growing season and prevent invasions by more warm-adapted spe-
cies. This cooling effect also has the potential to help sites retain 
snowpack throughout winter and spring. However, needle loss from 
bark beetle outbreaks has been shown to accelerate snowmelt as 
a result of increased below-canopy solar radiation, resulting in de-
pleted overall snowpack in spite of the fact that needle loss also re-
duces snowfall interception (Pugh & Small, 2013). These effects of 
changes in forest structure on soil moisture snowpack may result in 
substantial impacts on watershed hydrology.

4.3 | Implications for climate-driven ecosystem 
transitions

Disturbances have the potential to accelerate shifts in forest spe-
cies composition and ecosystem properties in response to climate 
change (Overpeck et al., 1990; Thom et al., 2017). Abrupt and wide-
spread mortality in dominant canopy species alters competitive 
interactions, opens up opportunities for new species to establish 
on forest floors, and may reduce rates of dispersal and regenera-
tion, allowing species to be more rapidly replaced by more warm-
adapted species (Johnstone et al., 2016). Our results indicate that 
disturbance also plays an important role in regulating how organisms 
beneath the forest canopy experience warming trends. Because our 
study area is located in a region where climate suitability for subal-
pine forest species is projected to decline substantially by the end 
of the 21st century (Bell et al., 2014b), microclimate buffering from 
both topography and disturbance may have an important influence 
on when and where climatic tipping points are reached.

Average seasonal temperature differences of ~+0.5°C (in burned 
areas) or ~−1.0°C (in beetle-killed areas) can have a significant ef-
fect on seedling establishment by P. engelmannii, which is sensitive 
to ground surface temperature (Alexander, 1987). Bark beetle out-
breaks may mitigate trends in increasing minimum temperatures for 
a few years following outbreak. Because minimum temperatures 
have increased more rapidly than maximum temperatures over the 
last several decades in the central San Juans (which have undergone 
an overall mean temperature increase of ~1°C over the 20th century; 
Rangwala & Miller, 2010), spruce beetle outbreaks have the poten-
tial to partially offset warming trends and reduce climatic stress on 
forests. The role of disturbance in buffering or exacerbating mi-
croclimates against regional warming is likely to have the greatest 
effects in settings where species may already be at the warmest lim-
its of tolerable conditions, such as low-elevation, southwest-facing 
slopes (Hoylman et al., 2018).

The warming observed within the West Fork Complex burn 
perimeter, in which most sampled sites experienced 100% canopy 
mortality, suggests that severe wildfires may be important pro-
cesses accelerating climate-driven ecosystem transitions. Increased 
exposure to extreme high temperatures and soil drying may lead to 
reduced seedling establishment, predicting a decline in the previ-
ously dominant forest community (Stevens-Rumann et  al.,  2018; 
Turner, 2010). These shifts towards warmer and drier microclimates 

compound additional limitations on forest community resilience 
resulting from reduced seed dispersal within large, high-severity 
burn patches (Carlson et  al.,  2020; Harvey et  al.,  2016) and alter-
ations to soil water-holding capacity and biota (Certini, 2005; Savage 
et al., 2013).

It is less clear from our results how spruce beetle outbreak 
may interact with broader warming patterns to influence spe-
cies persistence. Previous research has shown that regeneration 
is not typically inhibited in bark beetle-killed stands, although 
post-outbreak harvesting may shift regeneration dominance away 
from shade-tolerant species when more shade-intolerant species 
are present (e.g. lodgepole pine; Collins et al., 2011). Our results 
suggest that unmanaged beetle-killed stands may be sufficiently 
shaded by standing dead trees to not experience an increase in 
daytime maximum temperatures. However, management actions 
such as salvage logging may result in post-disturbance conditions 
more closely mimicking those of a severely burned site with ele-
vated daytime temperatures, thereby increasing the likelihood of 
regeneration failures due to increased soil surface warming and 
drying (Hood et al., 2017). Furthermore, standing dead trees will 
continue to fall with increasing time since outbreak, which may 
further elevate below-canopy temperatures. Rising tempera-
tures may impact advance regeneration by understorey trees and 
saplings, a critical factor in post-beetle-outbreak stand develop-
ment (DeRose & Long, 2010; Veblen et al., 1991). Post-outbreak 
forest regeneration will be a complex, long-term process, as tree 
re-establishment will be simultaneously be influenced by regional 
climate shifts, changes in the below-canopy environment with 
continued treefall, reductions in seed availability with continued 
canopy loss, and changes in the abundance of favourable micro-
sites for seedling germination as trees fall and decompose (Carlson 
et al., 2020).

5  | CONCLUSIONS

Our below-canopy temperature records indicate that forest mi-
croclimates are influenced by fine-scale topography as well as by 
canopy disturbance patterns in a mountain landscape impacted by 
wildfire and spruce beetle outbreaks. Severely burned sites ex-
perienced an overall temperature increase compared to unburned 
forest in similar topographic settings. However, decreasing can-
opy cover in unburned, beetle-killed sites was associated with 
decreases in overnight minimum temperatures and no significant 
change in daytime maximum temperatures. These results indi-
cate that wildfires may play a role in accelerating climate-driven 
species transitions in mountain forests by compounding regional 
warming trends, particularly at the warm edges of distributions 
for high-elevation species. Reductions in minimum temperatures 
in severely beetle-killed forests may play some role in mitigating 
warming trends, at least as long as sites are dominated by stand-
ing dead trees with an undisturbed ground surface. These dif-
fering effects of disturbance on fine-scale temperatures greatly 
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complicate patterns of climate change exposure on forests, par-
ticularly in landscapes with complex topography.

ACKNOWLEDG EMENTS
This research was supported by a grant from the USDA Forest 
Service, Rocky Mountain Research Station, Forest and Woodlands 
Ecosystems (No. 14-JV-11221633-097). We thank Tom Hobbs for 
help with modelling design and Caryln Perovich for designing tem-
perature sensor shields. No permits were needed.

DATA AVAIL ABILIT Y S TATEMENT
All data and code referenced in this paper are available online at 
the KNB Ecoinformatics repository. Data citation: Amanda Carlson. 
2020. Effects of wildfire and spruce beetle outbreak on below-can-
opy temperatures in the West Fork Complex fire and surrounding 
forest near Wolf Creek Pass, Rio Grande NF, Colorado. Knowledge 
Network for Biocomplexity. urn:uuid:45eb554d-12a7-4bf2-933e-
3e60a064882f. Permanent data link: https://knb.ecoinformatics.
org/view/urn%3Auuid%3A45eb554d&#x02010;12a7&#x02010;4b
f2&#x02010;933e&#x02010;3e60a064882f

ORCID
Amanda R. Carlson   https://orcid.org/0000-0002-0450-2636 

R E FE R E N C E S
Abatzoglou, J. T., & Williams, A. P. (2016). Impact of anthropogenic cli-

mate change on wildfire across western US forests. Proceedings of 
the National Academy of Sciences, 113(42), 11770–11775. https://doi.
org/10.1073/pnas.16071​71113

Ackerly, D. D., Loarie, S. R., Cornwell, W. K., Weiss, S. B., Hamilton, 
H., Branciforte, R., & Kraft, N. J. B. (2010). The geography 
of climate change: Implications for conservation biogeogra-
phy. Diversity and Distributions, 16(3), 476–487. https://doi.
org/10.1111/j.1472-4642.2010.00654.x

Alexander, R. (1987). Ecology, Silviculture, and Management of the 
Engelmann Spruce-Subalpine Fir Type in the Central and Southern Rocky 
Mountains (Agricultural Handbook, Washington, DC: Vol. No. 659). 
U.S. Dept. of Agriculture, Forest Service.

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, 
N., Vennetier, M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, 
E. H. (. T., Gonzalez, P., Fensham, R., Zhang, Z., Castro, J., Demidova, 
N., Lim, J.-H., Allard, G., Running, S. W., Semerci, A., & Cobb, N. 
(2010). A global overview of drought and heat-induced tree mortal-
ity reveals emerging climate change risks for forests. Forest Ecology 
and Management, 259(4), 660–684. https://doi.org/10.1016/j.
foreco.2009.09.001

Andrus, R. A., Harvey, B. J., Rodman, K. C., Hart, S. J., & Veblen, T. T. 
(2018). Moisture availability limits subalpine tree establishment. 
Ecology, 99(3), 567–575. https://doi.org/10.1002/ecy.2134

Angus, J. (1994). The probability integral transform and related results. 
SIAM Review, 36(4), 652–654. https://doi.org/10.1137/1036146

Ashcroft, M. B. (2010). Identifying refugia from climate change. Journal 
of Biogeography, 37(8), 1407–1413. https://doi.org/10.1111/ 
j.1365-2699.2010.02300.x

Ashcroft, M. B., & Gollan, J. R. (2012). Fine-resolution (25 m) topoclimatic 
grids of near-surface (5 cm) extreme temperatures and humidities 
across various habitats in a large (200 × 300 km) and diverse region. 
International Journal of Climatology, 32(14), 2134–2148.

Austin, M. P., & Van Niel, K. P. (2011). Improving species distribu-
tion models for climate change studies: Variable selection and 
scale. Journal of Biogeography, 38(1), 1–8. https://doi.org/10.1111/ 
j.1365-2699.2010.02416.x

Bakka, H., Rue, H., Fuglstad, G. A., Riebler, A., Bolin, D., Illian, J., & 
Lindgren, F. (2018). Spatial modeling with R-INLA: A review. Wiley 
Interdisciplinary Reviews: Computational Statistics, 10(6), e1443.

Beers, T., Dress, P., & Wensel, L. (1966). Notes and observations: Aspect 
transformation in site productivity research. Journal of Forestry, 
64(10), 691–692.

Bell, D. M., Bradford, J. B., & Lauenroth, W. K. (2014a). Early indicators 
of change: Divergent climate envelopes between tree life stages 
imply range shifts in the western United States. Global Ecology and 
Biogeography, 23(2), 168–180. https://doi.org/10.1111/geb.12109

Bell, D. M., Bradford, J. B., & Lauenroth, W. K. (2014b). Mountain land-
scapes offer few opportunities for high-elevation tree species 
migration. Global Change Biology, 20(5), 1441–1451. https://doi.
org/10.1111/gcb.12504

Bergen, J. (1968). Cold air drainage on a forested mountain slope. Bulletin 
of the American Meterological Society, 49(3), 301-.

Bristow, K., & Campbell, G. (1984). On the relationship between incom-
ing solar-radiation and daily maximum and minimum temperature. 
Agricultural and Forest Meteorology, 31(2), 159–166. https://doi.
org/10.1016/0168-1923(84)90017​-0

Bruening, J. B., Tran, T. J., Bunn, A. G., Weiss, S. B., & Salzer, M. W. 
(2017). Fine-scale modeling of bristlecone pine treeline position in 
the Great Basin, USA. Environmental Research Letters, 12(1). https://
doi.org/10.1088/1748-9326/aa5432

Cade, B. S. (1997). Comparison of tree basal area and canopy cover in 
habitat models: Subalpine forest. The Journal of Wildlife Management, 
61(2), 326–335. https://doi.org/10.2307/3802588

Carlson, A. R., Sibold, J. S., Assal, T. J., & Negron, J. F. (2017). Evidence of 
compounded disturbance effects on vegetation recovery following 
high-severity wildfire and spruce beetle outbreak. PLoS One, 12(8). 
https://doi.org/10.1371/journ​al.pone.0181778

Carlson, A. R., Sibold, J. S., & Negrón, J. F. (2020). Canopy structure 
and below-canopy temperatures interact to shape seedling re-
sponse to disturbance in a Rocky Mountain subalpine forest. Forest 
Ecology and Management, 472, 118234. https://doi.org/10.1016/j.
foreco.2020.118234

Certini, G. (2005). Effects of fire on properties of forest soils: A review. 
Oecologia, 143(1), 1–10. https://doi.org/10.1007/s0044​2-004-1788-8

Chen, J., Saunders, S. C., Crow, T. R., Naiman, R. J., Brosofske, K. D., 
Mroz, G. D., Brookshire, B. L., & Franklin, J. F. (1999). Microclimate 
in Forest Ecosystem and Landscape Ecology: Variations in local 
climate can be used to monitor and compare the effects of differ-
ent management regimes. BioScience, 49(4), 288–297. https://doi.
org/10.2307/1313612

Collins, B. J., Rhoades, C. C., Hubbard, R. M., & Battaglia, M. A. (2011). 
Tree regeneration and future stand development after bark bee-
tle infestation and harvesting in Colorado lodgepole pine stands. 
Forest Ecology and Management, 261(11), 2168–2175. https://doi.
org/10.1016/j.foreco.2011.03.016

Cooper, L. A., Ballantyne, A. P., Holden, Z. A., & Landguth, E. L. (2017). 
Disturbance impacts on land surface temperature and gross 
primary productivity in the western United States. Journal of 
Geophysical Research: Biogeosciences, 122(4), 930–946. https://doi.
org/10.1002/2016J​G003622

CSFS. (2018). 2017 Report on the Health of Colorado’s Forests: Meeting the 
Challenge of Dead and At-Risk Trees (p. 21). Colorado State Forest Service.

Davis, K. T., Dobrowski, S. Z., Holden, Z. A., Higuera, P. E., & Abatzoglou, J. 
T. (2019). Microclimatic buffering in forests of the future: The role of 
local water balance. Ecography, 42(1), 1–11. https://doi.org/10.1111/
ecog.03836

https://knb.ecoinformatics.org/view/urn%3Auuid%3A45eb554d-12a7-4bf2-933e-3e60a064882f
https://knb.ecoinformatics.org/view/urn%3Auuid%3A45eb554d-12a7-4bf2-933e-3e60a064882f
https://knb.ecoinformatics.org/view/urn%3Auuid%3A45eb554d-12a7-4bf2-933e-3e60a064882f
https://orcid.org/0000-0002-0450-2636
https://orcid.org/0000-0002-0450-2636
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1073/pnas.1607171113
https://doi.org/10.1111/j.1472-4642.2010.00654.x
https://doi.org/10.1111/j.1472-4642.2010.00654.x
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1002/ecy.2134
https://doi.org/10.1137/1036146
https://doi.org/10.1111/j.1365-2699.2010.02300.x
https://doi.org/10.1111/j.1365-2699.2010.02300.x
https://doi.org/10.1111/j.1365-2699.2010.02416.x
https://doi.org/10.1111/j.1365-2699.2010.02416.x
https://doi.org/10.1111/geb.12109
https://doi.org/10.1111/gcb.12504
https://doi.org/10.1111/gcb.12504
https://doi.org/10.1016/0168-1923(84)90017-0
https://doi.org/10.1016/0168-1923(84)90017-0
https://doi.org/10.1088/1748-9326/aa5432
https://doi.org/10.1088/1748-9326/aa5432
https://doi.org/10.2307/3802588
https://doi.org/10.1371/journal.pone.0181778
https://doi.org/10.1016/j.foreco.2020.118234
https://doi.org/10.1016/j.foreco.2020.118234
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.2307/1313612
https://doi.org/10.2307/1313612
https://doi.org/10.1016/j.foreco.2011.03.016
https://doi.org/10.1016/j.foreco.2011.03.016
https://doi.org/10.1002/2016JG003622
https://doi.org/10.1002/2016JG003622
https://doi.org/10.1111/ecog.03836
https://doi.org/10.1111/ecog.03836


     |  229CARLSON et al.

De Frenne, P., Rodriguez-Sanchez, F., Coomes, D. A., Baeten, L., 
Verstraeten, G., Vellend, M., Bernhardt-Romermann, M., Brown, C. 
D., Brunet, J., Cornelis, J., Decocq, G. M., Dierschke, H., Eriksson, O., 
Gilliam, F. S., Hedl, R., Heinken, T., Hermy, M., Hommel, P., Jenkins, M. 
A., … Verheyen, K. (2013). Microclimate moderates plant responses 
to macroclimate warming. Proceedings of the National Academy 
of Sciences, 110(46), 18561–18565. https://doi.org/10.1073/
pnas.13111​90110

DeRose, R. J., & Long, J. N. (2010). Regeneration response and seedling 
bank dynamics on a Dendroctonus rufipennis-killed Picea engelmannii 
landscape. Journal of Vegetation Science 21, 377–387.

Dobrowski, S. Z. (2011). A climatic basis for microrefugia: The influence 
of terrain on climate. Global Change Biology, 17(2), 1022–1035.

Dobrowski, S. Z., Abatzoglou, J. T., Greenberg, J. A., & Schladow, S. G. 
(2009). How much influence does landscape-scale physiography 
have on air temperature in a mountain environment? Agricultural and 
Forest Meteorology, 149(10), 1751–1758. https://doi.org/10.1016/j.
agrfo​rmet.2009.06.006

Dobrowski, S. Z., Swanson, A. K., Abatzoglou, J. T., Holden, Z. A., Safford, 
H. D., Schwartz, M. K., & Gavin, D. G. (2015). Forest structure and 
species traits mediate projected recruitment declines in western 
US tree species. Global Ecology and Biogeography, 24(8), 917–927. 
https://doi.org/10.1111/geb.12302

ESRI. (2016). ArcGIS Desktop (Version 10.4). Enviornmental Research 
Systems Institute.

Frey, S. J. K., Hadley, A. S., Johnson, S. L., Schulze, M., Jones, J. A., & 
Betts, M. G. (2016). Spatial models reveal the microclimatic buffering 
capacity of old-growth forests. Science Advances, 2(4). https://doi.
org/10.1126/sciadv.1501392

Fuglstad, G.-A., Simpson, D., Lindgren, F., & Rue, H. (2018). Constructing 
priors that penalize the complexity of gaussian random fields. Journal 
of the American Statistical Association, 1–8.

Geiger, R. (1950). The climate near the ground, Cambridge, MA: . Harvard 
University Press.

Gelman, A., Hwang, J., & Vehtari, A. (2014). Understanding predictive 
information criteria for Bayesian models. Statistics and Computing, 
24(6), 997–1016. https://doi.org/10.1007/s1122​2-013-9416-2

Gonzalez, P., Garfin, G. M., Breshears, D. D., Brooks, K. M., Brown, H. 
E., Elias, E. H., Gunasekara, A., Huntly, N., Maldonado, J. K., Mantua, 
N. J., Margolis, H. G., McAfee, S., Middleton, B. R. and Udall, B. H. 
(2018). Southwest. In D. R. Reidmiller, C. W. Avery, D. R. Easterling, 
K. E. Kunkel, K. L. M. Lewis, T. K. Maycock, and B. C. Stewart (Eds.), 
Impacts, risks, and adaptation in the United States: Fourth National 
Climate Assessment, Volume II (pp. 1101–1184). U.S. Global Change 
Research Program. https://doi.org/10.7930/NCA4.2018.CH25

Greiser, C., Meineri, E., Luoto, M., Ehrlen, J., & Hylander, K. (2018). 
Monthly microclimate models in a managed boreal forest land-
scape. Agricultural and Forest Meteorology, 250, 147–158. https://doi.
org/10.1016/j.agrfo​rmet.2017.12.252

Harvey, B. J., Donato, D. C., & Turner, M. G. (2016). High and dry: Post-
fire tree seedling establishment in subalpine forests decreases with 
post-fire drought and large stand-replacing burn patches. Global 
Ecology and Biogeography, 25(6), 655–669. https://doi.org/10.1111/
geb.12443

Holden, Z. A., Klene, A. E., Keefe, R. F., & Moisen, G. G. (2013). Design 
and evaluation of an inexpensive radiation shield for monitoring sur-
face air temperatures. Agricultural and Forest Meteorology, 180(Suppl. 
C), 281–286. https://doi.org/10.1016/j.agrfo​rmet.2013.06.011

Holden, Z. A., Swanson, A., Klene, A. E., Abatzoglou, J. T., Dobrowski, S. 
Z., Cushman, S. A., & Oyler, J. W. (2016). Development of high-reso-
lution (250 m) historical daily gridded air temperature data using re-
analysis and distributed sensor networks for the US Northern Rocky 
Mountains. International Journal of Climatology, 36(10), 3620–3632.

Hood, P. R., Nelson, K. N., Rhoades, C. C., & Tinker, D. B. (2017). 
The effect of salvage logging on surface fuel loads and fuel 

moisture in beetle-infested lodgepole pine forests. Forest 
Ecology and Management, 390, 80–88. https://doi.org/10.1016/j.
foreco.2017.01.003

Hoylman, Z. H., Jencso, K. G., Hu, J., Martin, J. T., Holden, Z. A., 
Seielstad, C. A., & Rowell, E. M. (2018). Hillslope topography medi-
ates spatial patterns of ecosystem sensitivity to climate. Journal of 
Geophysical Research: Biogeosciences, 123(2), 353–371. https://doi.
org/10.1002/2017J​G004108

Isaak, D. J., Wenger, S. J., & Young, M. K. (2017). Big biology meets mi-
croclimatology: Defining thermal niches of ectotherms at landscape 
scales for conservation planning. Ecological Applications, 27(3), 977–
990. https://doi.org/10.1002/eap.1501

Johnstone, J. F., Allen, C. D., Franklin, J. F., Frelich, L. E., Harvey, B. J., 
Higuera, P. E., Mack, M. C., Meentemeyer, R. K., Metz, M. R., Perry, G. 
L. W., Schoennagel, T., & Turner, M. G. (2016). Changing disturbance 
regimes, ecological memory, and forest resilience. Frontiers in Ecology 
and the Environment, 14(7), 369–378. https://doi.org/10.1002/fee.1311

Jonášová, M., & Prach, K. (2004). Central-European mountain spruce 
(Picea abies (L.) Karst.) forests: regeneration of tree species after a 
bark beetle outbreak. Ecological Engineering, 23(1), 15–27.

Landhaeusser, S. M., Deshaies, D., & Lieffers, V. J. (2010). Disturbance 
facilitates rapid range expansion of aspen into higher eleva-
tions of the Rocky Mountains under a warming climate. Journal 
of Biogeography, 37(1), 68–76. https://doi.org/10.1111/j.1365- 
2699.2009.02182.x

Lenoir, J., Graae, B. J., Aarrestad, P. A., Alsos, I. G., Armbruster, W. S., 
Austrheim, G., Bergendorff, C., Birks, H. J. B., Bråthen, K. A., Brunet, 
J., Bruun, H. H., Dahlberg, C. J., Decocq, G., Diekmann, M., Dynesius, 
M., Ejrnaes, R., Grytnes, J.-A., Hylander, K., Klanderud, K., … 
Svenning, J.-C. (2013). Local temperatures inferred from plant com-
munities suggest strong spatial buffering of climate warming across 
Northern Europe. Global Change Biology, 19(5), 1470–1481. https://
doi.org/10.1111/gcb.12129

Lindgren, F., & Rue, H. (2015). Bayesian spatial modelling with R-INLA. 
Journal of Statistical Software, 63(19), 1–25.

Lindgren, F., Rue, H., & Lindstrom, J. (2011). An explicit link between 
Gaussian fields and Gaussian Markov random fields: The stochastic 
partial differential equation approach. Journal of the Royal Statistical 
Society Series B-Statistical Methodology, 73(4), 423–498. https://doi.
org/10.1111/j.1467-9868.2011.00777.x

Ma, S., Concilio, A., Oakley, B., North, M., & Chen, J. (2010). Spatial vari-
ability in microclimate in a mixed-conifer forest before and after thin-
ning and burning treatments. Forest Ecology and Management, 259(5), 
904–915. https://doi.org/10.1016/j.foreco.2009.11.030

Maness, H., Kushner, P. J., & Fung, I. (2013). Summertime climate  
response to mountain pine beetle disturbance in British Columbia. 
Nature Geoscience, 6(1), 65–70. https://doi.org/10.1038/ngeo1642

Meddens, A. J. H., Hicke, J. A., & Ferguson, C. A. (2012). Spatiotemporal 
patterns of observed bark beetle-caused tree mortality in British 
Columbia and the western United States. Ecological Applications, 
22(7), 1876–1891. https://doi.org/10.1890/11-1785.1

Meineri, E., & Hylander, K. (2017). Fine-grain, large-domain climate 
models based on climate station and comprehensive topographic 
information improve microrefugia detection. Ecography, 40(8), 1003–
1013. https://doi.org/10.1111/ecog.02494

MTBS. (2013). Monitoring trends in burn severity [online data]. Retrieved 
from mtbs.gov

Overpeck, J. T., Rind, D., & Goldberg, R. (1990). Climate-induced changes 
in forest disturbance and vegetation. Nature, 343(6253), 51–53.

Peet, R. K. (2000). Forests of the Rocky Mountains. In M. G. Barbour 
& W. D. Billings (Eds.), North American terrestrial vegetation (pp. 63–
102). Cambridge University Press.

Pugh, E. T., & Small, E. E. (2013). The impact of beetle-induced conifer 
death on stand-scale canopy snow interception. Hydrology Research, 
44(4), 644–657. https://doi.org/10.2166/nh.2013.097

https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1016/j.agrformet.2009.06.006
https://doi.org/10.1016/j.agrformet.2009.06.006
https://doi.org/10.1111/geb.12302
https://doi.org/10.1126/sciadv.1501392
https://doi.org/10.1126/sciadv.1501392
https://doi.org/10.1007/s11222-013-9416-2
https://doi.org/10.7930/NCA4.2018.CH25
https://doi.org/10.1016/j.agrformet.2017.12.252
https://doi.org/10.1016/j.agrformet.2017.12.252
https://doi.org/10.1111/geb.12443
https://doi.org/10.1111/geb.12443
https://doi.org/10.1016/j.agrformet.2013.06.011
https://doi.org/10.1016/j.foreco.2017.01.003
https://doi.org/10.1016/j.foreco.2017.01.003
https://doi.org/10.1002/2017JG004108
https://doi.org/10.1002/2017JG004108
https://doi.org/10.1002/eap.1501
https://doi.org/10.1002/fee.1311
https://doi.org/10.1111/j.1365-2699.2009.02182.x
https://doi.org/10.1111/j.1365-2699.2009.02182.x
https://doi.org/10.1111/gcb.12129
https://doi.org/10.1111/gcb.12129
https://doi.org/10.1111/j.1467-9868.2011.00777.x
https://doi.org/10.1111/j.1467-9868.2011.00777.x
https://doi.org/10.1016/j.foreco.2009.11.030
https://doi.org/10.1038/ngeo1642
https://doi.org/10.1890/11-1785.1
https://doi.org/10.1111/ecog.02494
http://mtbs.gov
https://doi.org/10.2166/nh.2013.097


230  |     CARLSON et al.

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from http://
www.R-proje​ct.org/

Rangwala, I., & Miller, J. R. (2010). Twentieth century temperature 
trends in Colorado’s San Juan Mountains. Arctic, Antarctic, and Alpine 
Research, 42(1), 89–97. https://doi.org/10.1657/1938-4246-42.1.89

Rother, M. T., & Veblen, T. T. (2016). Limited conifer regeneration fol-
lowing wildfires in dry ponderosa pine forests of the Colorado Front 
Range. Ecosphere, 7(12). https://doi.org/10.1002/ecs2.1594

Rue, H., Martino, S., & Chopin, N. (2009). Approximate Bayesian in-
ference for latent Gaussian models by using integrated nested 
Laplace approximations. Journal of the Royal Statistical Society: 
Series B (Statistical Methodology), 71(2), 319–392. https://doi.
org/10.1111/j.1467-9868.2008.00700.x

Savage, M., Mast, J. N., & Feddema, J. J. (2013). Double whammy: High-
severity fire and drought in ponderosa pine forests of the Southwest. 
Canadian Journal of Forest Research, 43(6), 570–583. https://doi.
org/10.1139/cjfr-2012-0404

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., 
Vacchiano, G., Wild, J., Ascoli, D., Petr, M., Honkaniemi, J., Lexer, 
M. J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A., 
& Reyer, C. P. O. (2017). Forest disturbances under climate change. 
Nature Climate Change, 7(6), 395–402. https://doi.org/10.1038/nclim​
ate3303

Simpson, D., Rue, H., Riebler, A., Martins, T. G., & Sorbye, S. H. (2017). 
Penalising model component complexity: A principled, practical ap-
proach to constructing priors. Statistical Science, 32(1), 1–28. https://
doi.org/10.1214/16-STS576

Stevens-Rumann, C. S., Kemp, K. B., Higuera, P. E., Harvey, B. J., Rother, 
M. T., Donato, D. C., Morgan, P., & Veblen, T. T. (2018). Evidence for 
declining forest resilience to wildfires under climate change. Ecology 
Letters, 21(2), 243–252. https://doi.org/10.1111/ele.12889

Tennant, C. J., Harpold, A. A., Lohse, K. A., Godsey, S. E., Crosby, B. T., 
Larsen, L. G., Brooks, P. D., Van Kirk, R. W., & Glenn, N. F. (2017). 
Regional sensitivities of seasonal snowpack to elevation, aspect, and 
vegetation cover in western North America. Water Resources Research, 
53(8), 6908–6926. https://doi.org/10.1002/2016W​R019374

Thom, D., Rammer, W., & Seidl, R. (2017). Disturbances catalyze the ad-
aptation of forest ecosystems to changing climate conditions. Global 
Change Biology, 23(1), 269–282. https://doi.org/10.1111/gcb.13506

Turner, M. G. (2010). Disturbance and landscape dynamics in 
a changing world. Ecology, 91(10), 2833–2849. https://doi.
org/10.1890/10-0097.1

U.S. Geological Survey. (2017). 1 Arc-second Digital Elevation Models 
(DEMs) - USGS National Map 3DEP Downloadable Data Collection. U.S. 
Geological Survey.

Veblen, T. T., Hadley, K. S., Reid, M. S., & Rebertus, A. J. (1991). The re-
sponse of subalpine forests to spruce beetle outbreak in Colorado. 
Ecology, 72, 213–231. https://doi.org/10.2307/1938916

Wilkin, K. M., Ackerly, D. D., & Stephens, S. L. (2016). Climate change 
refugia, fire ecology and management. Forests, 7(4). https://doi.
org/10.3390/f7040077

Williams, C. M., Henry, H. A. L., & Sinclair, B. J. (2015). Cold truths: 
How winter drives responses of terrestrial organisms to climate 
change. Biological Reviews, 90(1), 214–235. https://doi.org/10.1111/
brv.12105

BIOSKE TCHE S
Amanda Carlson is a spatial ecologist currently based at the 
University of Wisconsin-Madison. Her research focuses on 
landscape-scale analysis of disturbance impacts on forested 
ecosystems.

Jason Sibold is a biogeographer with research interests in how 
ecological disturbances, climate variability and change, land use, 
and topography interact to shape forests.

Jose Negron is a Research Entomologist with the Rocky Mountain 
Research Station. His research interests are the biology and 
ecology of bark beetles and interactions with other disturbance 
agents.

Author contributions: Amanda R. Carlson: Conceptualization, 
Data curation, Formal analysis, Investigation, Methodology, 
Project administration, Software, Supervision, Validation, 
Visualization, Writing - original draft, Writing - review & edit-
ing. Jason S. Sibold: Conceptualization, Funding acquisition, 
Methodology, Project administration, Resources, Supervision, 
Visualization, Writing - review & editing. José F. Negrón: 
Conceptualization, Funding acquisition, Project administration, 
Writing- review & editing

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Carlson AR, Sibold JS, Negrón J. 
Wildfire and spruce beetle outbreak have mixed effects on 
below-canopy temperatures in a Rocky Mountain subalpine 
forest. J. Biogeogr. 2020;48:216–230. https://doi.org/10.1111/
jbi.13994

http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1657/1938-4246-42.1.89
https://doi.org/10.1002/ecs2.1594
https://doi.org/10.1111/j.1467-9868.2008.00700.x
https://doi.org/10.1111/j.1467-9868.2008.00700.x
https://doi.org/10.1139/cjfr-2012-0404
https://doi.org/10.1139/cjfr-2012-0404
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1214/16-STS576
https://doi.org/10.1214/16-STS576
https://doi.org/10.1111/ele.12889
https://doi.org/10.1002/2016WR019374
https://doi.org/10.1111/gcb.13506
https://doi.org/10.1890/10-0097.1
https://doi.org/10.1890/10-0097.1
https://doi.org/10.2307/1938916
https://doi.org/10.3390/f7040077
https://doi.org/10.3390/f7040077
https://doi.org/10.1111/brv.12105
https://doi.org/10.1111/brv.12105
https://doi.org/10.1111/jbi.13994
https://doi.org/10.1111/jbi.13994

