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microclimate modeling can be expensive, labor intensive, and requires 
careful validation. As a consequence, the temporal consistency of 
microrefugia locations is often treated more as an assumption of ana
lyses, rather than as an essential component of identifying and modeling 
microrefugia (but see Von Arx et al. 2013). For example, a recent 
meta-analysis of forest microclimate temperature buffering (De Frenne 
et al. 2019) identified 74 relevant studies, but just one of these studies 
used more than 1,095 days (three years) of data (Renaud et al. 2011). 

Temporal consistency of microrefugia is likely critical to the survival 
of species’ populations, particularly for longer-lived, low-vagility spe
cies. Taxa generally fitting this profile include lichens, mosses, long- 
lived low dispersing herbaceous plants, tree seedlings, forest terrestrial 
amphibians, and many species of scorpions (Bryson Jr et al. 2013; 
Zellweger et al. 2020). Other species may also have restricted mobility. 
For example, red tree voles (Arborimus longicaudus) are arboreal rodents 
with maximum dispersal distance of ~75 meters (Swingle 2005; Linnell 
& Lesmeister 2019). Even species that travel long distances can be 
heavily reliant on microrefugia – depending on their phenology. For 
example, migratory birds require temporally consistent microrefugia in 
order for their movements to match the availability of resources in 
critical periods of their life cycle, with mismatches being linked to 
negative outcomes at the population level (Jones & Cresswell 2010; 
Miller-Rushing et al. 2010; Saino et al. 2010). Geographic factors may 
also predict species’ dependence on temporally consistent microrefugia. 
Species restricted to mountains or islands may be more reliant on 
microrefugia because they have reduced potential for range shifts (Elsen 
& Tingley 2015; Graae et al. 2018). Where high-severity disturbances 
are rare, animal species may be less mobile, and consequently more 
reliant on stable microrefugia (Betts et al. 2019). In summary, life his
tory traits, ecological community composition and biotic environment, 
and geography all interact to potentially predispose metapopulations to 
being dependent on temporally consistent microrefugia. Notably, spe
cies not presently dependent on microrefugia may be so in the future 
given climate and land-use change projections (Arneth et al. 2019). 

Previous work has established that forest vegetation structure can 
have strong influences on microclimate conditions; specifically, old- 
growth forest characteristics appear to moderate temperatures during 
both hot and cold periods over the short term (Frey et al. 2016). How
ever, the capacity of forests to buffer plant and animal populations from 
the negative effects of climate change depends on the temporal consis
tency of this thermal effect during periods of climatic extremes. Thus, 
temporal consistency of microrefugia is most important when macro
climate conditions are at the extremes of their distribution. Importantly, 
if forest structure itself can predict temporally reliable refugia, then 
conservation and management prescriptions can indirectly influence 
species responses to climate change (Betts et al. 2018). 

Here, we conducted a spatiotemporal analysis of microclimate and 
microrefugia using a decade-long temperature dataset from the H. J. 
Andrews Experimental Forest (HJA) in the Willamette National Forest of 
Oregon, United States (Johnson & Frey 2019). Our objectives were (1) to 
quantify the temporal consistency in thermal characteristics in a 
mountain landscape, thereby identifying microrefugia and (2) to 
determine the biotic and abiotic drivers of these putative thermal 
microrefugia. We hypothesized that the temporal consistency of sites’ 
thermal characteristics would depend on the extent to which they are 
governed by factors that are relatively stable across seasons and years 
(vegetation structure and topographic shading) versus the dynamics of 
local weather patterns and airflows, which vary on daily and seasonal as 
well as inter-annual time scales. 

2. Materials and methods 

2.1. Terminology 

Here, we provide definitions of the key concepts referenced in our 
analysis. All definitions except the ones related to microrefugia are 

adapted from those presented in De Frenne et al. (2021). Macroclimate 
temperatures are free-air temperatures associated with open conditions 
whereas (forest) microclimate temperatures are undercanopy tem
peratures. Temperature offsets refer to the differences between 
microclimate and macroclimate temperatures (microclimate minus 
macroclimate), whereas unadjusted temperatures refer to actual 
microclimate temperatures (see Supplementary Methods). When 
considering microclimate versus macroclimate temperatures, we 
distinguish between three possibilities for β, the regression slope of a 
model in which macroclimate temperatures are used to predict micro
climate temperatures: coupling (β=1), decoupling (β=0), and buff
ering (0 < β < 1) (De Frenne et al. 2021). A microrefugium (at a 
specific time) is an area with suitable temperatures and/or temperature 
offsets for a given organism. Finally, temporally consistent micro
refugia are microrefugia with stable locations across time. 

These definitions are intended to clarify our analysis and to align 
with standard usage, where appropriate (De Frenne et al. 2021). Ulti
mately, operationalized definitions, which may require specifying 
spatial and/or temporal scales (e.g., with regard to microrefugia or 
microclimate), are almost certainly context dependent. That is, they can 
vary depending on the focal organism(s) being considered, research 
questions being studied, processes involved, and so on. For example, 
microrefugia that are not temporally consistent in terms of their loca
tions over time, but rather shift around on a landscape, may be adequate 
for some highly mobile organisms. While we acknowledge such organ
ism dependence (Bütikofer et al. 2020), it is beyond the scope of our 
analysis (described below) to fully consider. Here, we consider micro
refugia with respect to (1) unadjusted temperatures, (2) offset temper
atures, and (3) their combination (our primary focus) because each may 
be relevant to different species. 

2.2. Study area 

Our study area (HJA) is a 6,400 ha experimental forest located in 
western Oregon, USA (44.23◦ N, 122.188◦ W). Elevation ranges from 
410-1630 m, and the forest is dominated by Douglas-fir (Pseudotsuga 
menziessii) and western hemlock (Tsuga heterophylla) at lower elevations 
and Pacific silver fir (Abies amabilis) at higher elevations. Variation in 
disturbance history, including fire, landslides, wind storms, and timber 
harvesting, produce a mosaic of forest ages, from 30-700 years. Steep, 
complex topography is common. At the primary meteorological station 
(elevation: 426 m), mean monthly temperatures range from 0.6◦C in 
January to 17.8◦C in July and annual precipitation averages 2.30 m 
(Bierlmaler & McKee 1989). Precipitation is highly seasonal, leading to a 
dry growing season. 

2.3. Data sources and processing 

We obtained fine-scale, undercanopy temperature data for the HJA 
from Johnson & Frey (2019). Specifically, we used undercanopy daily 
minimum, mean, and maximum temperatures between 2009 and 2018 
associated with 184 sites in the HJA (Supplementary Methods, 
Figure S1). As described in Frey et al. (2016), sampling locations were 
selected by stratifying by forest type, elevation, and distance to roads. 
We aggregated the data to the annual scale using six biologically rele
vant temperature metrics: spring minimum, mean, and maximum tem
perature, summer mean and maximum temperature, and winter 
growing degree days (GDD) (Table S1). While there are other temper
ature summaries that could be calculated, these six are associated with 
species phenology and survival (Supplementary Methods; Miller et al. 
2001; Sparks et al. 2005; Yang et al. 2017). 

Because fine-scale temperatures are influenced by regional weather 
patterns reflected in broad-scale, free-air (i.e., macroclimate) tempera
tures, we obtained ~4-km resolution daily minimum and maximum 
temperatures from the gridMET dataset (Abatzoglou 2013) to act as a 
region-wide baseline (Figure S2). GridMET synthesizes multiple climatic 
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had the highest mean correlation (1.00) and winter GDD had the lowest 
mean correlation (0.98). 

3.3. Predictors of microclimatic extremes and potential microrefugia 

The vegetation variables collectively were strongly predictive of 
microclimate temperature extremes, with combined relative influences 
ranging from 46.4% (spring minimum temperature) to 52.2% (winter 
GDD) (Fig. 3). Although variable relative influence estimates indicate 
that site-scale temperatures are dependent on elevation, micro
topography, and vegetation structure, there was substantial variability 
in covariate contributions across temperature metrics (Fig. 3). Elevation 
was most predictive of spring mean temperature (11.8%) and spring 
minimum temperature (7.36%). Microtopography variables collectively 
had relatively consistent influence, ranging from 41.4% for spring mean 
temperature to 47.7% for summer maximum temperature (Fig. 3). In 
general, elevation had the greatest relative importance at intermediate 

quantiles, and less importance at extremes, which were the primary 
focus of our analysis because they highlight the coldest (or hottest) areas 
across time (Figure S9). 

Potential microrefugia – locations with consistently low tempera
tures and temperature offsets (i.e., large negative offsets) occurred in 
many parts of the HJA, especially at higher elevations (Figs. 4, S10). 
Across the entire HJA, total microrefugia area, when calculated using a 
0.8 threshold for M, was smallest when temperatures were summarized 
using summer maximum (4.85 km2) and winter growing degree days 
(5.44 km2) and highest when spring minimum (8.08 km2) and spring 
mean (8.01 km2) were used (Fig. 4). This amounts to between 7.5% 
(summer max) and 12.5% (spring min) of the HJA. 

The vegetation variables were generally highly positively correlated 
with each other (Figure S11). This supported our decision to focus on the 
first two principal components for these variables when constructing 
accumulated local effects plots. Together, the first two principal com
ponents explained 69.7% of the total variance and were generally 

Fig. 2. Observed and predicted temperature metric values using cross-validation by year. The predicted values for each year were obtained using models fit to all 
other years of data (to guard against overfitting). For each temperature metric (Table S1), the left plot is based on undercanopy temperatures, while the right plot is 
for temperature offsets (differences between corresponding free-air and undercanopy temperature metric values). Taking the difference accounts for some years being 
overall hotter or colder than others (Figure S2), which improves the predictive performance of vegetation and topographic variables as indicated by mean absolute 
error (Figure S7). 
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successful in separating plantation sites from mature forest or old- 
growth sites (Figure S12). In particular, the first principal component 
was strongly associated with the plantation to mature forest or old- 
growth gradient, with scaled values greater than ~0.45 being associ
ated with mature forest or old-growth (Figure S12). 

The ALE plots show large variation in effect magnitudes and di
rections for the elevation, microtopographic, and forest structure and 
composition variables (Fig. 5). A shift from young plantations to older 
undisturbed forests (represented by the first vegetation principal 
component) tended to result in cooler spring and summer maximum 
temperatures (Fig. 5). As expected, the effect of elevation on tempera
tures was generally negative, even after subsetting to exclude incom
plete data (Figure S13). Patterns were also generally similar, especially 
for elevation and the first vegetation principal component, when using 
the VANMET free-air temperature baseline instead of gridMET 
(Figure S14). In contrast, the effects of microtopographic variables were 
mixed—possibly a consequence of the extent considered (10 m)— 
although topographic convergence index frequently had a negative ef
fect on temperatures. 

3.4. Spatial extent 

Elevation, microtopography, and vegetation all helped to explain 
microclimate temperatures (Figs. 4, S8). This shows that the importance 
of these variable groups holds over longer time scales. The robustness of 
these results may be partly attributable to the use of multi-extent 
modeling, with spatial extents of covariates ranging from 5 to 500 me
ters. The relative influence of these variable groups was frequently 
extent-dependent. Together, the vegetation-related variables declined in 
relative influence with increasing extent (Figure S15). In contrast, the 
microtopographic variables tended to maintain their relative influence 
across spatial extents, even out to 500 meters (Figure S15), although the 
associated relationships (i.e., effects on temperatures) likely depended 
on the extent considered. 

4. Discussion 

Our model R2 and MAE results show that spatial patterns in tem
peratures in the HJA tend to be consistent and predictable over the long 
term – a critical criterion for thermal refugia (Figs. 2, S7). The fact that 
temperatures for a given location (i.e., data logger position) in each year 

Fig. 3. Relative influence of vegetation (green) microtopography (orange), and elevation (blue) predictor variables on temperature extremes for different unadjusted 
annual temperature metrics (Table S1). The 90% quantile is modeled for all variables in order to focus on relationships between predictors and temperature metrics at 
temperature extremes (results for other quantiles are shown in Figure S9). The variable relative influences indicate that, across temperature metrics, micro
topography and vegetation are important predictors of undercanopy temperatures, even after accounting for elevation. 
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buffering derived using a global meta-analysis, which estimated the 
average forest buffering effect relative to macroclimate temperatures 
was 1.7◦C, 4.1◦C, and -1.1◦C for mean, maximum, and minimum tem
peratures respectively (De Frenne et al. 2019). However, our results for 
mean temperatures were more mixed (“PC 1” in Fig. 5). This discrepancy 
may be due to fine-scale variation in vegetation near the data loggers or 
to our focus on undercanopy temperatures in general, rather than forest 
versus non-forest temperatures (although sites on the upper left of the 
PC1-PC2 plot correspond to nearly open conditions). The observed 
patterns in summer maximum temperatures may be important for forest 
wildfire behavior and management. Recent evidence that high severity 
fires may be less likely in some types of older forests (Zald & Dunn 2018; 
Meigs et al. 2020) could, in part, be explained by the capacity of these 
old forests to temper extreme temperatures. This implies that the prev
alence of old-growth forest could help determine forest landscape 
resistance to high severity fire in the western Cascade Mountains. 

As expected, the relative influence and effects of microtopographic 
variables varied greatly depending on the temperature metric consid
ered (Figs. 3, 5). This is a consequence of the dynamic nature of the 
interaction between topography and local airflows (Daly et al. 2010). 
Among drivers of microclimate variability, some effects of topography 
(e.g., cold air flows and pooling) tend to be more transient than those of 
old-growth vegetation. Ultimately, the locations and stability of micro
refugia are dependent on complex interactions between predictors that 
vary at daily, seasonal, annual, and likely even centennial, and millen
nial (for topography) temporal scales. 

4.1. Future work 

While our analysis shows that certain spots have been consistently 
cool relative to free-air temperatures and other locations within the 
same watershed over the last decade (Fig. 4), in the future, it will be 
important to understand the varying and interacting drivers of micro
refugia consistency in order to accurately quantify the medium- and 
long-term stability of microrefugia. An important step toward improving 
assessments of microrefugia is to incorporate other response variables, 
such as measurements related to water balance, snow cover, snow depth, 
and snow duration (Lenoir et al. 2017; McLaughlin et al. 2017; Davis 
et al. 2019). Long-term temperature patterns under old-growth canopy 
in the HJA suggest that vegetation and topography combine to influence 
local air flow and understory temperature dynamics (Rupp et al. 2020) 
and that cold air pooling driven by local topography can lead to 
decoupling from free-air temperatures (Daly et al. 2010). These findings 
provide some potential mechanisms for buffering to climate change via 
combined vegetation and topographic influences, which can be helpful 
in refining our understanding of the strength and stability of micro
refugia in forested landscapes. This understanding will ideally be based 
on mechanistic models – for example, simulating the flow of air across 
the landscape and directly modeling shading and solar radiation (Ogée 
et al. 2003; Bennie et al. 2008; Dobrowski et al. 2009; Maclean et al. 
2019). Such mechanistic or process-based models may offer greater 
predictive power than purely statistical methods when generalizing to 
novel circumstances, including anthropogenic climate change (Cud
dington et al. 2013). This is supported by the promising results shown by 
recently developed, global microclimate models (e.g., Kearney et al. 
2020; Maclean, 2020), although these models do not incorporate the 
mechanistic approach of Ogée et al. (2003) and may have limited ability 
to predict forest microclimate (undercanopy) conditions [but see 
(Maclean and Klinges, 2021)]. Importantly, long-term studies, such as 
the one described here, offer an ideal data source for developing and 
validating such mechanistic models, which could then be linked to 
biodiversity responses (Supplementary Discussion). 

4.2. Conclusion 

For microrefugia to be effective in a changing climate, they must be 

temporally consistent. Generalizing our results over the last decade to 
long-term future climate conditions is difficult, but important for setting 
conservation priorities at the landscape-scale and broader scale. The 
strong elevational gradient in temperatures means that high-elevation 
sites are likely to be doubly important: first, they may function as 
microrefugia for species populations at lower elevations, and second, 
high-elevation sites with high temporal consistency due to factors such 
as topographic shading and vegetation structure are vital because spe
cies that are already dependent on high-elevation microrefugia may 
have little potential for further range shifts. Because vegetation is also 
predictive of microrefugia locations, when managing for and protecting 
microrefugia, old-growth in high elevation and high topographic posi
tion index areas should be conserved when possible (Morelli et al. 2016). 
Conversely, mid elevation old growth stands with low topographic po
sition might be equally important in managing species responses to 
climate change because they have the added benefit of being some of the 
locations that have served as fire refugia over the last 500 years, in 
contrast to a lot of the higher elevation forests in the HJA. While our 
analysis deals with the effects of vegetation on microclimate, microcli
matic conditions associated with forest can, in turn, promote tree 
recruitment (Badano et al. 2015). Thus, positive feedback loops wherein 
decreases in forest structural complexity and increases in undercanopy 
temperatures reinforce each other can lead to undesirable alternative 
stable states, providing additional motivation to conserve old-growth 
and mature forest (Schröder et al. 2005). 

Another management consideration is that minimum, maximum, 
and mean temperatures may be differentially affected by both climate 
change and the presence of old-growth (Dobrowski 2011; De Frenne 
et al. 2019; Zellweger et al. 2019). Thus, a holistic approach is needed to 
achieve conservation and other management goals. The availability and 
persistence of microrefugia must be considered alongside potential 
benefits of old-growth forests to biodiversity, including increased 
habitat diversity and vegetation structure (Mladenoff et al. 1993). Such 
an approach could consider the effects of microclimate on species’ 
populations more generally, accounting for inter-annual variability, 
including among less extreme years. For example, relatively short-term 
variation in climate can help or hinder tree regeneration, allowing for 
range expansion, maintenance, or contractions (Jackson et al. 2009). 
This implies that the temporal variation in microclimate is a key 
component for understanding historical and future species range shifts. 
By modeling microrefugia over a decade, our analysis represents a step 
toward taking a long-term view of microclimate (Lenoir et al. 2017), 
which will be necessary to ensure effective biodiversity conservation as 
climate change accelerates. 
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