
Forest Ecology and Management 524 (2022) 120533

Available online 18 September 2022
0378-1127/© 2022 Elsevier B.V. All rights reserved.

Microclimate complexities at the trailing edge of the boreal forest 

Neil A. Gilbert a,1,*, Nicholas M. Anich b, Mike Worland c,2, Benjamin Zuckerberg a 

a Department of Forest and Wildlife Ecology, University of Wisconsin-Madison, Madison, WI 53706, USA 
b Wisconsin Department of Natural Resources, 2501 Golf Course Road, Ashland, WI 54806, USA 
c Wisconsin Department of Natural Resources, 107 Sutliff Ave, Rhinelander, WI 54501, USA   

A R T I C L E  I N F O   

Keywords: 
Black spruce 
Climate change 
Microclimate 
Refugia 
Trailing-edge populations 

A B S T R A C T   

Microclimates play a prominent role in efforts to conserve species in the face of climate change. However, 
climate-change research often relies on macroclimate data to predict species’ responses to climate change and 
may not accurately represent the temperatures actually experienced by organisms. Our objective was to char-
acterize microclimates near the southern boundary of the boreal biome, a region seeing rapid declines and 
poleward range shifts of many boreal animal and plant species. We deployed sixty temperature loggers within 
three boreal sites in northern Wisconsin, USA, over a span of nine months. We used generalized additive models 
to assess how environmental factors influenced the recorded microclimates and how the recorded microclimates 
compared to weather station and macroclimate data. We also compared these empirical microclimates with 
predicted microclimates within the geographic range of black spruce (Picea mariana), the dominant tree species 
at the sampled sites. Averaged over nine months of sampling, we recorded consistent variation—up to 2.6 ◦C and 
3.3 ◦C for minimum and maximum temperature—among sensors within several hundred meters of each other. 
Canopy cover was associated with the largest share (~2.7 ◦C) of this variation. Minimum temperatures averaged 
0.32 ◦C cooler than predicted by a common macroclimate product, whereas maximum temperatures were 
1.15 ◦C degrees warmer than predicted. Finally, the empirical trailing-edge microclimates tended to be warmer 
than biome-wide microclimates, especially for maximum temperature in the spring and summer months. An 
important implication of our work is that the best locations to avoid thermal stress may shift over diel or seasonal 
cycles, creating a challenge for sessile organisms or for mobile ones with spatially anchored life-history events (e. 
g., nesting). In addition, our results (microclimate temperatures > 1 ◦C warmer than macroclimate data) suggest 
that ecological studies may underestimate the effects of climate change on trailing-edge boreal organisms. 
Identifying and managing microclimates that can slow the toll of climate change on organisms is a complex 
undertaking, and future work should evaluate whether animals exhibit the behavioral flexibility to capitalize on 
these microclimates and whether such decisions enhance fitness or survival.   

1. Introduction 

Species’ ranges show a trailing edge as they shift poleward in 
response to climate change (Chen et al., 2011; Hampe and Petit, 2005; 
Parmesan et al., 1999). Trailing-edge populations, through exposure to 
suboptimal climatic conditions, may be highly vulnerable to climate 
change while harboring important genetic diversity relevant to climate 
adaptation (Hampe and Petit, 2005; Sexton et al., 2009; Thomas, 2010). 
Microclimates may influence the fate of trailing-edge populations—-
whether they become extirpated or persist as holdouts—since 

temperatures can vary dramatically at the fine spatiotemporal scales at 
which organisms experience climate (Hannah et al., 2014; Potter et al., 
2013). However, we have a poor understanding of the operative tem-
peratures actually experienced by organisms. 

Microclimatic variation is associated with diverse landscape features 
(Bramer et al., 2018; Bütikofer et al., 2020; Latimer and Zuckerberg, 
2017). Trees, for example, intercept solar radiation and wind while also 
trapping infrared radiation from Earth’s surface, creating cooler day-
time microclimates during summer but warmer daytime microclimates 
during winter (De Frenne et al., 2021; Latimer and Zuckerberg, 2017). 
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Additionally, topography influences microclimate; for example, cold air 
pools in low positions on the landscape (Ashcroft et al., 2012; Bennie 
et al., 2010; Pastore et al., 2022). Microclimates may serve as refugia 
that buffer organisms from regional climate trends or variability (Mor-
elli et al., 2020; Scheffers et al., 2014), potentially facilitating the 
persistence of trailing-edge populations. Despite the relevance of mi-
croclimates to climate-change research, many studies rely upon mac-
roclimate data—gridded climate products with coarse spatiotemporal 
resolution (>1 km) that do not account for factors such as vegetation 
and topography that influence near-surface temperatures—hampering 
our ability to understand and predict species’ responses to climate 
change (Hannah et al., 2014; Lembrechts et al., 2019). 

Beyond resolution mismatch, macroclimate data are biased towards 
open, flat environments where weather stations are located (De Frenne 
and Verheyen, 2016). Recognizing that “weather stations lack forest 
data” (De Frenne and Verheyen, 2016), scientists are increasingly 
studying microclimates within forests (De Frenne et al., 2021; Lem-
brechts et al., 2019). Importantly, forests are heterogeneous, with 
different forest habitats likely displaying different microclimates (De 
Frenne et al., 2021). The boreal forest is one such forest habitat that is 
poorly represented by macroclimate data (Estevo et al., 2022; Greiser 
et al., 2020), despite being one of the largest terrestrial biomes in the 
world (Ruckstuhl et al., 2008) and harboring many species that are 
shifting their ranges poleward (Hällfors et al., 2021; Krebs et al., 2019; 
Virkkala et al., 2008; Waite and Strickland, 2006). In the upper Great 
Lakes Region of North America (Fig. 1), the boreal forest reaches its 
southernmost limit and displays a community shift to a hemiboreal 
system that maintains characteristics of a boreal forest (e.g., dominance 
of coniferous trees) but also shares features with temperate-zone de-
ciduous forests to the south. However, little is known about the micro-
climates within these southernmost pockets of boreal forest, where the 

effects of climate change are expected to be strongest (Greiser et al., 
2020; Stralberg et al., 2020). 

Our goal was to characterize microclimates at the trailing edge of the 
boreal biome. Our first objective was to determine the influence of forest 
structure on microclimates and how those influences vary seasonally, 
hypothesizing that canopy cover, tree composition, and topography 
mediate microclimates within boreal ecosystems. We predicted that sites 
with high canopy cover would be cooler in summer (due to shading) but 
warmer in the winter (due to snow interception and entrapment of 
infrared radiation), that sites with more deciduous canopy cover would 
experience comparatively limited winter buffering (due to leaf drop), 
and that comparatively low-lying sites would be cooler year-round due 
to cold air pooling. Our second objective was to compare microclimate 
measurements with temperature predictions from weather stations and 
macroclimate products. We hypothesized trailing-edge boreal forests 
represent ecosystem-mediated refugia (Stralberg et al., 2020) and that 
factors such as canopy cover would drive deviations from station data 
and macroclimate predictions. We further predicted that microclimates 
would be more stable than macroscale data, resulting in warmer winter 
temperatures and cooler summer temperatures. Finally, our third 
objective was to compare the empirical microclimates with microcli-
mate predictions from the broader boreal biome, as characterized by the 
geographic range of black spruce (Picea mariana). We hypothesized that 
the empirical microclimates, coming from the southern margin of the 
boreal biome, would generally be warmer than predicted microclimates 
within the boreal biome, but expected that such differences might vary 
seasonally. 

2. Methods 

2.1. Site selection and iButton deployment 

We measured microclimates at sites near the southern margin of the 
hemiboreal zone in northern Wisconsin, USA (Fig. 1). In this region, 
contiguous boreal vegetation occurs primarily in peat bogs (Janowiak 
et al., 2014), and thus we selected three bogs in the Chequame-
gon–Nicolet National Forest that host trailing-edge populations of boreal 
species (Anich, 2013) such as spruce grouse (Canachites canadensis), 
Canada jay (Perisoreus canadensis), boreal chickadee (Poecile hudsonicus), 
woodland jumping mouse (Napaeozapus insignis), snowshoe hare (Lepus 
americanus) bog fritillary (Boloria eunomia), subarctic darner (Aeshna 
subarctica) and black spruce. Several of these species are experiencing 
dramatic declines and northward range shifts to the point of being 
locally extirpated or nearly so (Anich, 2013; Menebroeker et al., 2016; 
Sultaire et al., 2016). Black spruce—the dominant tree species within 
the bogs—are forecasted to experience regional reductions in habitat 
suitability and biomass due to climate change (Janowiak et al., 2014). 
The bogs (~46◦N; Fig. 1) were 0.5–1.25 km2 in size and dominated by 
black spruce and tamarack (Larix laricina), with a few northern white 
cedar (Thuja occidentalis) and speckled alder (Alnus incana ssp. rugosa). 
Ground cover was dominated by mosses (Sphagnum spp.), bog Labrador 
tea (Ledum groenlandicum), and leatherleaf (Chamaedaphne calyculata). 
United States Forest Service reconnaissance data indicate that the 
conifer stands within the bogs are relatively old with no indications of 
recent forest management (mean stand origin date = 1917; range =
1870–1946; n = 7). Upland stands adjacent to the bogs varied from old 
to relatively young and were more likely to have received management 
treatments such as thinning (mean stand origin date = 1947; range =
1917–1997; n = 10). We selected 20 locations within each bog (for a 
total of 60 locations) to measure microclimates (Fig. 1, Fig. 2) using a 
stratified random design based on qualitative assessments of vegetation 
structure. To select locations, we used ArcMap 10.0 (ESRI, Redlands, 
CA) to create a buffer 50 m outside the edges of bogs and created random 
points (n = 200, with additional generated if more points were needed 
within stratification categories; see below) within the polygons. Using 
aerial imagery and field knowledge of the bogs, we selected random 

Fig. 1. Top: the range of black spruce (Picea mariana) with points at which we 
predicted microclimate using a downscaled climate model shown in salmon 
points. The sampled bogs are shown in yellow points, and the inset shows their 
location relative to the southern range edge of black spruce. Bottom: on-the- 
ground view of one of the sampled bogs showing a site with high canopy 
cover dominated by black spruce. 
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points until we had four points from each of the following five vegeta-
tion categories (Fig. 2): 1) tall trees (>3 m) with uniform canopy, 2) tall 
trees with variable canopy, 3) short trees (<3 m) with uniform canopy, 
4) short trees with variable canopy, and 5) upland conifer edge (with 
trees 2–8 m in height). 

We used iButton (Maxim Integrated, San Jose, CA) temperature 
loggers (32 DS1923 iButtons and 28 DS1922L iButtons) programmed to 
record temperature every hour. Both models were deployed within each 
bog. To shield the iButtons from solar radiation (Maclean et al., 2021), 
we used two nested, white plastic funnels (8 oz. and 16 oz., Arrow Plastic 
Manufacturing Co., Elk Grove Village, IL), with air holes drilled in the 
inner funnel. This housing shows comparable performance with more 
expensive radiation shields (Hubbart, 2011), though iButtons—even 
shielded ones—may provide inflated temperature measurements in non- 
shaded settings (Maclean et al., 2021; Terando et al., 2017). When 
deploying the iButtons, we walked to the randomly selected location 
and, for consistency, affixed the iButton to the nearest tree (~1.8 m from 
the ground) under an overhanging branch on the north side of the tree to 
further shield the iButton from solar radiation and precipitation 
(Lundquist and Huggett, 2010; Maclean et al., 2021). We chose this 
height to characterize the microclimates experienced by several boreal 
wildlife species of management interest (e.g., birds that forage and nest 
close to, but not on, the ground) and to facilitate comparisons to mac-
roclimate data, which measure temperatures within several meters of 
the ground. We deployed the iButtons in late September (two bogs) and 
early October (one bog) 2013. We retrieved the iButtons in early July 
2014. 

2.2. Predictors 

We measured three environmental predictors that we hypothesized 
would explain variation in microclimates: canopy cover, prevalence of 
deciduous trees, and relative elevation at each iButton location. For 
canopy cover, we walked the circumference of a circle with an 11.3-m 
radius (0.04 ha) centered on each iButton and used a vertical densi-
tometer to take a canopy reading each step (Stumpf, 1993). For decid-
uous tree prevalence, we counted the number of trees—identified to 

species—in the aforementioned circular plot, and then calculated the 
proportion of those trees that were deciduous (primarily tamarack, but 
also small numbers of angiosperm trees, e.g. paper birch Betula papy-
rifera). Finally, we calculated the relative elevation of each iButton 
location using a 10 m digital elevation model (WDNR, 2019). We 
calculated relative elevation by subtracting the maximum elevation 
within 500 m of the iButton from the elevation of the iButton location 
(Ashcroft et al., 2012; Bennie et al., 2010). Because tree heights, branch 
heights, and branch arrangement varied at each location, there were 
often minor differences in the site of the iButton at the tree level. 
Therefore, in addition to the environmental predictors, we also collected 
two sampling predictors to account for minor deviations from our 
iButton deployment protocol that might influence recorded tempera-
tures: iButton height (cm) and iButton aspect (degrees). 

2.3. Macroclimate data 

We compared temperature measurements (four variables: minimum, 
mean, maximum, and range; Table 1) from the iButtons with predictions 
from Daymet (Thornton et al., 2021)—a macroclimate product—ex-
tracted from each iButton location (Table 1). Daymet is commonly used 
in ecological studies of the influence of weather and climate on organ-
isms (Behnke et al., 2016; Cohen et al., 2020; Latimer and Zuckerberg, 
2017; Zylstra et al., 2021). Daymet provides daily temperature pre-
dictions for North America by interpolating measurements from ~ 
10,000 weather stations and is available at daily temporal resolution 
(since 1980) and 1-km spatial resolution (Thornton et al., 2021). We also 
compared iButton temperatures (minimum, maximum, range) to 
empirical temperatures recorded by the nearest weather stations (dis-
tances = 18, 21, and 36 km), which we downloaded via the “Daily 
Summaries” data product from the National Oceanic and Atmospheric 
Administration (NOAA). We focus on the Daymet comparison in the 
main text because results for the weather station comparison were very 
similar (Fig. S1). 

Fig. 2. One of the bogs (coordinates: 46.03442, − 90.84676) showing how sampling locations were stratified based on qualitative assessments of canopy cover (left). 
Right: spatially interpolated relative temperatures (averaged over the entire year). Note the patterns associated with vegetation structure, e.g., the cooler minimum 
(TMIN) and warmer maximum (TMAX) temperatures on the left side of the bog where trees are short (<2 m) compared to upper-right side where trees are taller 
(>4 m). 
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2.4. Analysis: Spatial interpolation of microclimates within bogs 

To visualize spatial variation in microclimates within bogs, we used 
the kriging() function from the R package kriging (Olmedo, 2022) to 
interpolate daily minimum, mean, and maximum temperature—and 
temperature range—within the bogs. We used a spherical variogram 
model, 9 lags, and 50 pixels along each of the x- and y-axes (i.e., the 
geographic coordinates) of the locations. We then subtracted each 
pixel’s interpolated temperature for each day from the mean interpo-
lated temperature across all pixels for that day to produce a relative 
temperature for each pixel and averaged these relative temperatures 
across the year to map broad spatial patterns of relative temperature 
within bogs. 

2.5. Analysis: Influence of environmental predictors on microclimates 

We used generalized additive models (GAMs; Wood 2017) to conduct 
two analyses: a microclimate analysis and a macroclimate comparison. 
For the microclimate analysis, we wished to characterize the influence of 
the environmental predictors on recorded iButton temperatures and any 
temporal variation in those influences. For the macroclimate 

comparison, we wanted to measure the association between the envi-
ronmental predictors and iButton–Daymet differences to identify the 
areas of bogs most similar to macroclimate predictions. GAMs are useful 
for describing nonlinear relationships between responses and predictors 
with smooth curves, which are the sum of multiple smaller basis func-
tions (Pedersen et al., 2019; Wood, 2017). In general, larger numbers of 
basis functions allows more complex relationships to be fit; for each 
predictor variable, we selected a number of basis functions that we 
judged would describe the underlying relationship between the pre-
dictor and temperature while also maintaining computation efficiency 
(Wood, 2017). 

For the microclimate analysis (Table 1), we modeled daily mini-
mum (TMIN), mean (TMEAN), maximum (TMAX), and 24-hour daily 
temperature range (TRANGE) as smoothed functions of date (with 20 
basis functions, which corresponds to one basis per two weeks of data), 
canopy cover (with 5 basis functions), proportion deciduous (5 basis 
functions), relative elevation (5 basis functions), iButton height (5 basis 
functions), and iButton aspect (10 basis functions and a cyclic cubic 
smoother). Moreover, we included tensor product interaction terms 
between date and the other predictors to evaluate temporal variation in 
the influence of these predictors. Finally, we included a random effect 
for bog (recall that three separate bogs were sampled) and a first-order 
autoregressive correlation structure in the model errors to account for 
the repeated measurements through time (Table 1). For the macro-
climate comparison, we used the same predictors and model structure 
but used the differences between 1) iButton and Daymet and 2) iButton 
and weather station temperature metrics as the response variables and 
included 10 basis functions for the date smooth (since there was less 
temporal variation in the temperature differentials than in raw tem-
perature). We fit models with the R package mgcv (Wood, 2017) using 
restricted maximum likelihood. See Table 1 for a summary of the 
analysis; data and code are available at https://github.com/n-a-gilber 
t/microclimate_supplement. 

2.6. Comparison to broader boreal biome 

A secondary goal was to compare microclimates from the trailing- 
edge boreal bogs with microclimates from the broader boreal zone; 
since empirical sampling at this scale was not feasible, we predicted 
microclimate within the boreal biome with the R package NicheMapR 
(Kearney et al., 2020; Kearney and Porter, 2017). We used the 
geographic range of black spruce (Little Jr, 1971) as an approximation of 
the boreal biome and generated a systematic grid of points (n = 200) 
within the range map at which to predict microclimate (Fig. 1). We used 
the micro_ncep() function within the NicheMapR package, which predicts 
hourly microclimate by downscaling broad-scale climate reanalysis 
models while accounting for local topography and user-input variables 
such as height and canopy cover (Kearney et al., 2020, 2014; Kearney 
and Porter, 2017). We predicted biome-wide microclimates over the 
same temporal window over which we sampled microclimates, pre-
dicting microclimate at 1.8 m (the average height at which the iButtons 
were positioned) and 0 % canopy cover (reasoning that this would 
provide a conservative comparison of the empirical and predicted 
microclimates). 

3. Results 

3.1. Summary 

Across all iButtons and sampling days (September 2013–July 2014), 
the average range of the four temperature variables was 6.37, 3.03, 6.13, 
and 9.89 ◦C for TMIN, TMEAN, TMAX, and TRANGE, respectively 
(Fig. S2). Within bogs, certain iButtons recorded consistently warmer or 
cooler temperatures than others (e.g., the warmest iButton in one bog on 
average recorded daily maximum temperatures 1.86 ◦C warmer than the 
average iButton for that bog, while the coolest iButton on average 

Table 1 
Models used in the analyses. The “Smooth terms” column provides the model 
formula; bold items are predictors. s() indicates a smooth term, while ti() is a 
tensor product interaction. k is the number of basis functions, while bs is the type 
of smoother used (with tp = thin plate regression spline, re = random effect, cc 
= cyclic cubic regression spline). The TMIN, TMEAN, TMAX, and TRANGE 
columns provide the adjusted R2 for the model and the p-values for each smooth 
term.  

Smooth terms TMIN TMEAN TMAX TRANGE 

Microclimate model R2 -adj: 
0.77 

R2 -adj: 
0.85 

R2 -adj: 
0.85 

R2 -adj: 
0.30 

s(date, k = 20, bs = “tp) p < 0.01 p < 0.01 p < 0.01 p < 0.01 
s(canopy cover, k = 5, bs =

“tp”) 
p < 0.01 p = 0.52 p < 0.01 p < 0.01 

s(proportion deciduous, k 
= 5, bs = “tp”) 

p = 0.39 p = 0.40 p = 0.07 p = 0.03 

s(relative elevation, k = 5, 
bs = “tp”) 

p = 0.29 p = 0.87 p = 0.03 p < 0.01 

s(iButton height, k = 5, bs =
“tp”) 

p = 0.58 p = 0.78 p = 0.55 p < 0.01 

s(iButton aspect, k = 10, bs 
= “cc”) 

p = 0.98 p = 0.99 p = 0.68 p = 0.07 

ti(date, canopy cover) p = 0.37 p = 0.28 p = 0.01 p < 0.01 
ti(date, proportion 

deciduous) 
p = 0.82 p = 0.83 p = 0.86 p = 0.23 

ti(date, relative elevation) p = 0.03 p = 0.26 p = 0.35 p = 0.01 
ti(date, iButton height) p = 0.22 p = 0.40 p = 0.28 p = 0.48 
ti(date, iButton aspect) p = 0.49 p = 0.71 p = 0.64 p = 0.27 
s(bog, bs = “re”) p = 0.23 p = 0.86 p = 0.55 p < 0.01  

Macroclimate comparison 
model 

R2 -adj: 
0.10 

R2 -adj: 
0.15 

R2 -adj: 
0.36 

R2 -adj: 
0.20 

s(date, k = 10, bs = “tp) p < 0.01 p < 0.01 p < 0.01 p < 0.01 
s(canopy cover, k = 5, bs =

“tp”) 
p < 0.01 p = 0.03 p < 0.01 p < 0.01 

s(proportion deciduous, k 
= 5, bs = “tp”) 

p < 0.01 p < 0.01 p < 0.01 p < 0.01 

s(relative elevation, k = 5, 
bs = “tp”) 

p = 0.83 p < 0.01 p < 0.01 p < 0.01 

s(iButton height, k = 5, bs =
“tp”) 

p = 0.49 p < 0.01 p < 0.01 p < 0.01 

s(iButton aspect, k = 10, bs 
= “cc”) 

p = 0.77 p = 0.08 p < 0.01 p < 0.01 

ti(date, canopy cover) p = 0.02 p < 0.01 p < 0.01 p < 0.01 
ti(date, proportion 

deciduous) 
p = 0.13 p = 0.40 p < 0.01 p = 0.01 

ti(date, relative elevation) p < 0.01 p < 0.01 p < 0.01 p < 0.01 
ti(date, iButton height) p = 0.20 p = 0.44 p < 0.01 p = 0.83 
ti(date, iButton aspect) p = 0.31 p = 0.74 p < 0.01 p = 0.01 
s(bog, bs = “re”) p < 0.01 p < 0.01 p < 0.01 p < 0.01  
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recorded daily maximum temperatures 1.30 ◦C cooler than average for 
that bog), leading to spatial patterns of warmer and cooler temperatures 
within bogs (Fig. 2, Figs. S3, S4). 

3.2. Microclimate analysis 

Canopy cover was strongly associated (p < 0.01) with variation in 
minimum temperature, maximum temperature, and temperature range 
but not associated (p = 0.52) with mean temperature (Fig. 3, Table 1). 
Higher canopy cover was associated with warmer minimum tempera-
tures, a pattern that showed limited seasonal variation (p = 0.37 for the 
canopy–date term; Table 1); the most-canopied sites recorded minimum 
temperatures about 2.18 ◦C (winter) to 2.8 ◦C (summer) warmer than 
the least-canopied sites (Fig. 3). Canopy cover showed a strong rela-
tionship with daily maximum temperature with evidence of seasonal 
variation (p = 0.01 for the canopy–date term); sites with greater canopy 
cover recorded cooler maximum temperatures, but this trend was 
dampened during the winter (Fig. 3). For example, the most-canopied 

sites were predicted to be 3.72 ◦C cooler than the least-canopied sites 
during the summer but only 2.07 ◦C cooler than the least-canopied sites 
during the winter (Fig. 3). Finally, canopy cover showed a strong and 
seasonal (p < 0.01 for the canopy–date term) relationship (dampened in 
the cold season) with daily temperature range (Fig. 3); the least- 
canopied sites showed 3.21 ◦C and 5.84 ◦C greater temperature range 
during the winter and summer, respectively, than the most-canopied 
sites (Fig. 3). In summary, higher canopy cover generally promoted 
warmer minimum temperatures, cooler maximum temperatures, and 
less variable microclimates, although these relationships were damp-
ened during winter. 

Proportion of deciduous trees surrounding an iButton location 
showed either no evidence for, or weak, relationships with the tem-
perature metrics, although for most plots the proportion of deciduous 
trees was small. The smooth term for proportion deciduous showed 
some evidence of an effect (p = 0.07) on TMAX such that the most de-
ciduous sites recorded maximum temperatures 0.51 ◦C (summer) and 
0.64 ◦C (winter) warmer than the least deciduous sites (Fig. 3). The 

Fig. 3. Influence of canopy cover, proportion of deciduous trees at iButton site, relative elevation, iButton height, and iButton aspect—on the coldest and warmest 
day sampled, respectively—on predicted microclimate. The y-axis is the amount by which the predicted temperature is adjusted based on the environmental pre-
dictor and the interaction between date and predictor variables. 
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relative elevation smooth term did not have a significant association 
with minimum temperature, but the relative elevation–date interaction 
was significant (p = 0.03), indicating seasonal variation in the influence 
of topography in microclimate. This result may arise due to relative 
elevation acting as a proxy for other variables (e.g., vegetation, soil 
moisture) which vary primarily at the edges of the bogs where relative 
elevation was highest. Higher locations recorded warmer minimum 
temperatures (by 1.46 ◦C) in summer but cooler temperatures (by 
1.85 ◦C) in winter (Fig. 3). This seasonal effect was dampened for mean 
temperature (Fig. 3) and disappeared for maximum temperature such 
that higher locations recorded warmer maximum temperatures in both 
summer (by 1.44 ◦C) and winter (by 0.67 ◦C; Fig. 3). Finally, of the two 
sampling predictors (iButton height and aspect), the only significant 
term was iButton height for TRANGE such that higher buttons recorded 
larger temperature ranges (by 1.50 ◦C in winter and 1.94 ◦C in winter). 

3.3. Macroclimate comparison 

iButtons tended to record cooler minimum temperatures but warmer 
mean and maximum temperatures (and thus a greater temperature 
range) than predicted by Daymet (Fig. 4). Across days and iButtons, 
iButtons recorded minimum temperatures 0.32 ◦C cooler than Daymet 
(Fig. 4); the average difference (across iButtons for a given date) was 
negative (i.e. iButtons recorded cooler temperatures) on 61.3 % of days. 
Mean temperatures recorded by iButtons were 0.57 ◦C warmer than 
Daymet overall (Fig. 4), and the average difference was positive (i.e. 
iButtons warmer) on 59.9 % of days. iButton maximum temperatures 
were 1.15 ◦C warmer than Daymet overall (Fig. 4), and iButton 
maximum temperatures were warmer than Daymet on 84.2 % of days. 
iButtons tended to record larger temperature ranges than Daymet (by 
1.47 ◦C on average), with iButtons recording larger temperature ranges 

on 70.1 % of days. Similar to the Daymet comparison, in comparison to 
weather stations, iButtons tended to record cooler minimum tempera-
tures but warmer maximum temperatures, as well as larger daily tem-
perature ranges (Fig. S1). Across days and iButtons, iButtons recorded 
minimum temperatures 0.14 ◦C cooler than weather stations and 
maximum temperatures 1.56 ◦C warmer than weather stations (Fig. S1). 
Thus, the effect of relatively lower minimum temperatures by iButtons 
was dampened in comparison to Daymet, while the effect of relatively 
warmer maximum temperatures by iButtons was accentuated (Fig. 4, 
Fig. S1). 

The microclimates that were most similar to macroclimate pre-
dictions and weather station data changed depending upon season and 
the temperature metric under consideration (Fig. 5, Fig. S5). Of the three 
predictors, canopy cover was most strongly associated with variation in 
the observed differences between iButton and Daymet temperatures 
(Fig. 5, Fig. S5). For daily minimum temperature, iButtons with inter-
mediate levels of canopy cover recorded the most similar temperatures 
to Daymet, with the most-canopied sites generally recording warmer 
minimums than Daymet and the least-canopied sites recording cooler 
minimums than Daymet (Fig. 5). Canopy cover showed a weaker asso-
ciation with the difference between mean temperatures; the most- 
canopied sites tended to be the warmest in the winter, but in the sum-
mer, they tended to be a bit cooler than Daymet predictions (Fig. 5). For 
daily maximum temperature, the least-canopied sites recorded warmer 
temperatures than Daymet predictions, while the most-canopied sites 
were the most similar to the macroclimate predictions (Fig. 5). Finally, 
the least-canopied sites showed a much greater daily temperature range 
than the most-canopied sites, which were most similar to Daymet pre-
dictions. Similar effects of canopy cover emerged in the weather station 
comparison (Fig. S5). 

In comparison to canopy cover, deciduous prevalence had a weaker 

Fig. 4. Differences between temperature variables recorded by iButtons and predicted by Daymet at daily and monthly scales. The horizontal red line represents no 
difference between the two sources. Positive values indicate warmer temperatures measured by iButtons than predicted by Daymet. The teal line is the predicted 
mean value from a generalized additive model with temporal smooth (10 and 5 basis functions for the daily and monthly comparisons, respectively). In the bottom 
panels, the black points are the monthly averages for each iButton, while the yellow points are monthly averages (across iButtons) of the differences. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Seasonal influences of environmental predictors on the differences between iButton and Daymet temperatures. In each panel, the predicted difference is 
shown at the minimum, mean, and maximum value of the focal predictor (other predictors held at their mean values); for iButton aspect, Min = East, Mean = West, 
Max = North. Dashed red line indicates no difference between iButton and Daymet temperatures; positive values indicate warmer temperatures recorded by iButtons 
than predicted by Daymet. 
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influence on temperature differences between iButton and Daymet. 
Overall, the most deciduous sites were the most unlike Daymet pre-
dictions (Fig. 5), generally showing warmer temperatures (across met-
rics). Daily maximum temperatures at the most deciduous sites were the 
most unlike Daymet predictions during the autumn and winter; by 
summer, the TMAX difference between iButton and Daymet was similar 
across all levels of deciduous prevalence (Fig. 5). Relative elevation 
showed a weak and complex relationship with the temperature differ-
ence between iButtons and Daymet; for example, sites with average 
relative elevation were predicted to record disproportionately warm 
maximum temperatures in comparison to the lowest and highest sites 
(Fig. 5). iButton height did not show a strong relationship with the 
iButton–Daymet differences for TMIN or TMEAN, but higher iButtons 
recorded disproportionately warm maximum temperatures (and larger 
temperature ranges) compared to Daymet (Fig. 5). Finally, iButton 
aspect did not show a relationship with the iButton–Daymet differences 
(Fig. 5). The effects of all these variables were similar in the weather 
station comparison (Fig. S5). 

3.4. Comparison to the boreal biome 

The empirical temperatures within the bogs were generally warmer 
(and showed larger daily ranges) than the predicted microclimates 
within the boreal biome (Fig. 6). Daily maximum temperatures within 
the bogs were particularly warm compared to biome-wide predictions 
by NicheMapR (Fig. 6). iButton temperatures (averaged across locations 
per day) were warmer than the 97.5th percentile (i.e., mean + 2 SD) of 
biome-wide temperatures on 5 %, 12 %, and 31 % of days for minimum, 
mean, and maximum temperature, respectively (Fig. 6). These 

comparatively warm days were not uniformly distributed throughout 
the year; for example, iButton maximum temperatures were especially 
likely to be warmer than biome-wide predictions from spring (late 
March) through summer (Fig. 6). 

4. Discussion 

We found considerable microclimate spatial variation within hemi-
boreal bogs; for example, over nine months, some sensors recorded 
maximum temperatures > 3 ◦C warmer than other sensors only several 
hundred meters away (Fig. 2). As anticipated, canopy cover exhibited a 
strong stabilizing influence on microclimate (high canopy cover was 
associated with warmer minimum and cooler maximum temperatures) 
but—contrary to our expectations—showed fairly minor seasonal vari-
ation in its influence (Fig. 3); for example, the difference in maximum 
temperature between the most-canopied and least-canopied sites was 
dampened from about 3.6 ◦C during summer to 2.3 ◦C in the winter. This 
buffering effect of canopy is similar in magnitude to estimated in-
fluences of canopy cover on microclimate in another region near the 
southern margin of the boreal biome (Estevo et al., 2022). The micro-
climate sensors recorded cooler minimum temperatures but warmer 
mean and maximum temperatures (and thus larger temperature ranges; 
Fig. 4) than predicted by a macroclimate product (Daymet) and as 
recorded by nearby weather stations. Sites with intermediate levels of 
canopy cover showed the most similar minimum temperatures to Day-
met, while sites with highest levels of canopy cover recorded the most 
similar maximum temperatures to Daymet (Fig. 5). Finally, the empir-
ical microclimates tended to be warmer than predicted biome-wide 
microclimates, especially with regard to daily maximum temperature 

Fig. 6. Comparison of empirical microclimates in northern Wisconsin (orange) and predicted microclimates within the range of black spruce (purple). The lines are 
the daily means (across points) and the shaded regions are the mean ± 1 (dark) and 2 (light) standard deviations. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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in spring and summer (Fig. 6). The microclimate complexities we doc-
ument—including seasonal variation in the influence of landscape fea-
tures and varying similarity of a site to macroclimate predictions 
according to temperature metric evaluated—hint that identifying sites 
serving as holdouts for trailing-edge populations is a complex 
undertaking. 

As the climate warms and winters are shortened in the hemiboreal 
region, the distributions of conifers are predicted to continue receding 
northward (Janowiak et al., 2014), shifting forests to more open can-
opies and a greater deciduous component, although bogs are predicted 
to be relatively resilient to warming due to eco-hydrological feedbacks 
(Stralberg et al., 2020; Waddington et al., 2015). Our results suggest that 
this shift would result in warmer maximum temperatures and greater 
temperature variation in forest microclimates, which may exert an 
amplifying effect on species’ declines beyond the direct effects of 
vegetation composition (Caro et al., 2022). In addition, previous work in 
peatland bogs indicates that bogs may record cooler nocturnal temper-
atures but warmer daytime high temperatures than the surrounding 
landscape (Słowińska et al., 2022), a contrast that might be accentuated 
if stands within bogs are harvested and conifers fail to regenerate. While 
stands within the three bogs we sampled have not been harvested over 
the past century, spruce and tamarack stands within bogs are harvested 
in the region, particularly amid concerns over forest pests such as dwarf 
mistletoe (Arceuthobium pusillum) in black spruce (Anderson et al., 2020) 
and eastern larch beetle (Dendroctonus simplex) in tamarack (Ward and 
Aukema, 2019). Post-harvest regeneration and seedling growth and 
survival (Boucher et al., 2020) may be hampered by thermal stress after 
canopies are opened, and since we observed warmer maximum tem-
peratures within bogs as compared to macroclimate and weather station 
data, forecasts of black spruce range shifts may be underestimating the 
rate of their decline (Janowiak et al., 2014). Management actions that 
reduce structural diversity in bogs, such as clearcutting or height-limit 
cuts (Baker and Knowles, 2004), will reduce microclimate diversity 
and thus disrupt wildlife’s ability to track thermal refugia over daily or 
seasonal scales. 

A key implication of our study is that the best locations to ameliorate 
thermal stress shift over diel or seasonal cycles (Woods et al., 2015). For 
example, during summer heatwaves, animals could minimize heat stress 
by occupying open portions of the bogs during the night (where mini-
mum temperatures are lowest) and then moving into areas with high 
canopy cover during the day (where maximum temperatures are 
lowest). Importantly, mobility is a prerequisite for microclimate- 
tracking, meaning that sessile or non-vagile organisms may be 
exposed to and therefore adapted to a broader range of temperatures 
(Foden et al., 2013; Schloss et al., 2012). However, mobile organisms 
may be unable to capitalize on dynamic microclimates if critical be-
haviors or life-history events are spatially anchored. For example, birds 
cannot move their nests, and thus temperature-sensitive eggs and young 
experience the microclimate of one point in space; therefore, even if 
adults can thermoregulate by tracking microclimates, populations may 
decline due to reductions in fecundity (Facey et al., 2020; Lundblad and 
Conway, 2021). 

Spatial anchoring of temperature-sensitive phenomena may explain 
population declines of two boreal bird species in Wisconsin, the spruce 
grouse and Canada jay (Anich et al., 2013; Menebroeker et al., 2016). 
Spruce grouse eggs desiccate at a faster rate than those of the sympatric 
ruffed grouse (Bonasa umbellus; Bendell and Bendell–Young 2006), 
suggesting that this species may be particularly sensitive to spring and 
summer droughts or heatwaves. Canada jays cache perishable food 
during autumn to support themselves and their nestlings during their 
late-winter breeding season (Waite and Strickland, 2006). Dramatic 
declines in Canada jays over the last several decades are linked to 
warming weather—especially increased incidence of freeze–thaw events 
in late autumn—which causes their caches to spoil and dampens 
fecundity (Strickland et al., 2011; Sutton et al., 2021). These examples 
illustrate that identifying and managing refugia for trailing-edge 

populations requires specifying the taxa—and ideally, climate-sensitive 
behaviors or processes—to be conserved, as well as specifying the 
dimension(s) of climate vulnerability to prioritize when identifying 
refugia (Kling et al., 2020; Michalak et al., 2020). 

Another key implication of our work is that macroclimate products 
and weather station data may provide an imperfect picture of the tem-
peratures experienced by trailing-edge populations (Lembrechts et al., 
2019; Potter et al., 2013). In contrast to our expectation that microcli-
mates would be more stable than macroclimate predictions, the daily 
mean and maximum temperatures recorded by microclimate sensors 
were consistently warmer than macroclimate predictions (however, 
daily minimums were generally cooler than macroclimate predictions, 
resulting in greater temperature heterogeneity than predicted by mac-
roclimate; Fig. 4). Indeed, when aggregated to a monthly scale, micro-
climate maximum temperatures were between 0.1 and 2.1 ◦C warmer 
than macroclimate predictions (Fig. 4) and 0.3 and 3.0 ◦C warmer than 
weather station data (Fig. S1). For context, global temperatures have 
warmed by approximately 1 ◦C since the pre-industrial era (Schurer 
et al., 2017). Thus, biological assessments and species distribution 
models based solely on macroclimate data likely underestimate tem-
peratures and thermal heterogeneity that may influence animals 
through processes like egg desiccation or cache spoilage. 

An outstanding challenge for microclimate studies is designing 
sampling schemes that accurately represent microclimates (Maclean 
et al., 2021). Our results suggest that, to gain a representative picture of 
a landscape’s microclimate diversity, it is important to stratify sampling 
by habitat classes; canopy cover, which was represented in our quali-
tative stratification categories, was associated with considerable tem-
perature variation (Fig. 3). We found small but not inconsequential (e.g., 
~0.5 ◦C) effects of iButton height and aspect—even with a largely 
standardized sampling protocol—highlighting a need to account for 
such variables (Fig. 3). More broadly, we recorded considerable varia-
tion in microclimate temperatures—especially maximum temper-
ature—beyond the influences of environmental predictors like canopy 
cover and sampling predictors like iButton height. For example, the 
average daily range of TMAX across iButtons was 6.1 ◦C, and canopy 
cover was associated with ~ 3.7 ◦C of variation (in summer). We suspect 
that this variation, particularly for maximum temperature, is due to 
solar radiation, despite our efforts to limit its effect (Maclean et al., 
2021; Terando et al., 2017). Thus, our findings, especially those per-
taining to maximum temperature, should be interpreted with caution. 

Finally, evaluating the efficacy of microclimates as refugia for 
trailing-edge populations requires quantifying linkages between micro-
climate and metrics of demographics or body condition (Michalak et al., 
2020). We provide a first step by characterizing the microclimates 
potentially experienced by boreal species and comparing them to pre-
dicted microclimates within the broader boreal biome. The next step is 
to measure whether animals alter their behaviors to take advantage of 
microclimates and whether this flexibility confers any benefits. Future 
work could, for example, evaluate whether boreal animals demonstrate 
behavioral plasticity by selecting the coolest portions of landscapes for 
activities such as nesting or denning, and whether such choices are 
associated with physiological measures of fitness (e.g., body condition) 
or survival. Conventional wisdom has historically placed greater 
emphasis on conserving habitat and thermal refugia at regional scales to 
facilitate range shifts (Heller and Zavaleta, 2009); an additional 
approach might focus on managing local-scale habitat features (e.g., 
canopy cover, forest composition) associated with cooler or more stable 
microclimates that facilitate species persistence or fitness (Morelli et al., 
2020, 2016). Finally, future work might calibrate macroclimate data to 
generate microclimate maps for entire landscapes; such an undertaking 
would be facilitated by longer-term collection of microclimate data (e.g., 
over multiple years) and fine-resolution remote sensing of ecological 
variables such as canopy cover that influence microclimate (Lembrechts 
et al., 2019). Such efforts could help elucidate the degree to which mi-
croclimates slow climate-change impacts on species’ distributions. 
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