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Abstract
A warmer climate will shift species distributional range margins poleward, but near-ground microclimates may modify 
these shifts. Cold-adapted northern species at their rear edge may survive locally in microrefugia with a colder microclimate, 
and warm-adapted southern species at their leading edge may colonize stepping stone habitats with a warmer microclimate. 
However, we do not always know if species ranges are limited by climate and which role microclimate variation plays in 
modifying range margins. This is especially true for lowland forests, where forest structure and composition have relatively 
large influences on near-ground microclimates.

In this thesis, I explored patterns and drivers of forest microclimate at the southern margin of the boreal zone in 
central Sweden, where many northern and southern species meet. First, I measured, modelled and mapped near-ground
temperatures across ca. 20 000 km2 of forested land (Paper I). Second, I tested if cold and warm microclimates favour 
northern and southern understory species, respectively. To answer this, I investigated the occurrence and performance 
patterns of understory vascular plants, bryophytes and lichens across microclimate gradients at the species’ northern or 
southern range margins (Paper II-IV). I performed both correlational analyses on natural populations and experimental 
testing with transplanted populations. Third, I derived recommendations and tools for biodiversity conservation and forest 
management (Paper I-IV).

I found high spatial and temporal variation of forest microclimate, which was in the summer mainly linked to differences 
in forest density and in the cold season to terrain effects (Paper I). Cold and warm microclimates were occupied by natural 
edge populations of northern and southern species, respectively (Paper II and IV). However, in the transplant experiments 
with removed competition other factors were more important for the species performance. The southern herb appeared 
to cope well with the range of microclimate at its current northern range margin and instead seems to be limited by soil 
and light in northern conifer-dominated forests (Paper IV). The northern transplanted bryophytes and lichens showed no 
or a positive response to warmer temperature, but also to higher moisture, to more conifers in the overstory and to less 
gastropod grazing (Paper III). The results indicate that competition with southern species, herbivory, leaf litter and water 
scarcity might be more important than temperature as direct limiting factors at the species’ current southern range margin. 
To conclude, microclimate influences the occurrence and performance of range edge populations, but it likely does so 
indirectly via effects on water availability and biotic interactions.

Forest management heavily modifies near-ground temperature and humidity and hence likely impacts the climate-
driven range shifts of understory species. I call for considering these effects in conservation and management actions, e.g. 
by protecting valuable microclimates, moving from clear-cutting to selective logging, reducing forest fragmentation and 
drainage and favouring either broad-leaved or coniferous trees in the overstory - depending on the local conservation target 
(Paper I-IV). Climate-change induced biodiversity loss may thus be slowed down by responsible forest management that 
provides stepping stone habitats for advancing southern species as well as microrefugia for retreating northern species.
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"Between every two pines
there is a doorway to a new
world."
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Abstract 
 
A warmer climate will shift species distributional range margins poleward, but near-
ground microclimates may modify these shifts. Cold-adapted northern species at 
their rear-edge may survive locally in microrefugia with a colder microclimate, and 
warm-adapted southern species at their leading edge may colonize stepping stone 
habitats with a warmer microclimate. However, we do not always know if species 
ranges are limited by climate and which role microclimate variation plays in modify-
ing range margins. This is especially true for lowland forests, where forest structure 
and composition have relatively large influences on near-ground microclimates.  

In this thesis, I explored patterns and drivers of forest microclimate at the 
southern margin of the boreal zone in central Sweden, where many northern and 
southern species meet. First, I measured, modelled and mapped near-ground tem-
peratures across ca. 20 000 km2 of forested land (Paper I). Second, I tested if cold 
and warm microclimates favour northern and southern understory species, respec-
tively. To answer this, I investigated the occurrence and performance patterns of 
understory vascular plants, bryophytes and lichens across microclimate gradients at 
the species’ northern or southern range margins (Paper II-IV). I performed both cor-
relational analyses on natural populations and experimental testing with trans-
planted populations. Third, I derived recommendations and tools for biodiversity 
conservation and forest management (Paper I-IV). 

I found high spatial and temporal variation of forest microclimate, which was 
in the summer mainly linked to differences in forest density and in the cold season 
to terrain effects (Paper I). Cold and warm microclimates were occupied by natural 
edge populations of northern and southern species, respectively (Paper II and IV). 
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However, in the transplant experiments with removed competition other factors 
were more important for the species performance. The southern herb appeared to 
cope well with the range of microclimate at its current northern range margin and 
instead seems to be limited by soil and light in northern conifer-dominated forests 
(Paper IV). The northern transplanted bryophytes and lichens showed no or a posi-
tive response to warmer temperature, but also to higher moisture, to more conifers 
in the overstory and to less gastropod grazing (Paper III). The results indicate that 
competition with southern species, herbivory, leaf litter and water scarcity might be 
more important than temperature as direct limiting factors at the species’ current 
southern range margin. To conclude, microclimate influences the occurrence and 
performance of range edge populations, but it likely does so indirectly via effects on 
water availability and biotic interactions. 

Forest management heavily modifies near-ground temperature and humidity 
and hence likely impacts the climate-driven range shifts of understory species. I call 
for considering these effects in conservation and management actions, e.g. by pro-
tecting valuable microclimates, moving from clear-cutting to selective logging, re-
ducing forest fragmentation and drainage and favouring either broad-leaved or co-
niferous trees in the overstory - depending on the local conservation target (Paper 
I-IV). Climate-change induced biodiversity loss may thus be slowed down by respon-
sible forest management that provides stepping stone habitats for advancing south-
ern species as well as microrefugia for retreating northern species. 

 
Keywords:  
microclimate, species distribution, range dynamics, boreal forest, canopy cover,  
topography, soil moisture, air humidity, bryophytes, lichens, vascular plants,  
biotic interactions, forest management, biodiversity conservation  
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Definitions 
 
Asymmetric Abiotic Stress Level (AASL) hypothesis: Species are limited towards 
higher altitudes and latitudes by abiotic stress (e.g. harsh climate), but towards lower 
altitudes and latitudes they are mainly limited by biotic stress (therefore “asymmet-
ric” abiotic stress, Normand et al. 2009). 
Boreal forest: Conifer-dominated forest growing at high-latitudes, freezing temper-
atures occur for 6-8 months. 
Climate, Macroclimate: Describes the long-term characteristics of the free atmos-
phere, mainly temperature and humidity, monitored by standard weather stations 
at ca 1.5 – 2 m height on flat open ground. 
Deciduous trees: Trees that seasonally shed their leaves; in this thesis, the term is 
used for broadleaf trees. 
Demographic models: Models that represent demographic processes, here also 
called vital rates, in the form of mathematical functions. Examples of demographic 
processes for plants are germination, survival, growth, flowering and seed produc-
tion. 
Distribution: The patterns how species occur in space, both large scale (boreal vs. 
temperate forest) and small scale (wet depressions vs. dry hilltops). 
Diurnal: From day to night. 
Freezing degree days, FDD: An index of accumulated frost, the sum of all degrees 
below 0°C, assuming that more severe frost (longer periods, more often, lower tem-
peratures) have more severe impacts on warm-adapted species. 
Growing degree days, GDD: An index of accumulated heat, the sum of all degrees 
above a certain threshold (here 5°C), often used in ecological studies to account for 
the fact that plants develop to a certain degree faster when temperature increases, 
thus “time” for them is not absolute but relative to temperature. 
Leading edge: Range edge where a species is currently (potentially) expanding, as-
suming a current warming climate trend and as a response a general poleward shift 
by species (Slaton 2015). In this thesis it is also referred to as the northern range 
margin or cold range margin.  
Limiting factor: The biotic or abiotic factor that limits a species from spreading into 
other areas beyond its current range. 
Microclimate: A spatially defined area with its own climate. The climate near the 
ground from centimetres to meters above ground, depending on the ecosystem and 
vegetation height, but always below the vegetation canopy. Horizontally, microcli-
mates extend from one to several hundred meters. In this thesis I measure microcli-
mate on forested land at 5 and 100 cm above ground and model microclimate and 
its effect on understory species at a 25 m and 50 m resolution. I focus mainly on 
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temperature variables and sometimes air humidity, but microclimate sensu latu in-
cludes also other variables, e.g. precipitation, evaporation or radiation. The microcli-
mate variables used in this thesis are: minimum and maximum temperatures 
(“Tmin”, “Tmax”), growing degree days (GDD), freezing degree days (FDD), date of 
last snowmelt, climate stability (difference between Tmin and Tmax) and vapour 
pressure deficit (VPD). 
Microrefugia: Areas hosting “relict” (rear-edge) populations of retreating species. I 
hypothesize microrefugia to be habitats with favourable microclimates for retreating 
northern cold-adapted species, e.g. relatively colder spots compared to their sur-
rounding matrix. 
Temperate forest: Forests dominated by frost resistant deciduous broadleaf trees. 
Climate is temperate with short frost periods. 
Physiographic features/terrain features: Landform features. In the context of mi-
croclimate, features that can modify near-ground temperatures. Here I include topo-
graphic features that are related to elevation (e.g. slope, aspect, elevation, solar ra-
diation) and also distance to waterbodies and soil moisture. Mostly, I use the term 
“terrain features”, because it may be easier to understand.  
Range: The total distributional area covering the overall extent of occurrence of a 
species (Gaston 2003). 
Range margin, range edge, range limit, border: The outermost limits to the extent 
of occurrence of a species (Gaston 2003). Range margins can be abrupt when they 
coincide with sharp landscape changes, e.g. land-sea transitions, but here I investi-
gate more gradual range margins over continuous landscapes.  
Rear edge: Range edge where a species is currently (potentially) retreating, assuming 
a current warming climate trend and as a response a general poleward shift by spe-
cies (Slaton 2015). In this thesis it is also referred to as the southern range margin or 
the warm range margin.  
Species distribution model: A spatial model linking species presences and absences 
to maps of environmental predictors. 
Stepping stones: Areas hosting “pioneer” (leading-edge) populations of advancing 
species. In this thesis, I hypothesise stepping stones to be habitats with favourable 
microclimates for advancing southern warm-adapted species, e.g. relatively warmer 
habitats compared to their surrounding matrix (Hannah et al. 2014, Lembrechts et 
al. 2017). 
Understory plants: Plants growing below the tree canopy. My study species include 
ground-dwelling vascular plants, bryophytes (mosses, liverworts) and lichens; the 
latter are associations between a fungi, a green algae and/or a cyanobacterium. 
Vapour pressure deficit, VPD: Evaporative demand of the atmosphere; the differ-
ence between the actual water content of the air and the water content at saturation 
(i.e. 100% relative air humidity).  
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Introduction 
 

Climate-driven range shifts 
 
All living beings have a range of climate conditions, in which they survive, grow and 
reproduce. We call this “comfort zone” their climatic niche. The climatic niche deter-
mines - among other factors - where species occur, i.e. how they are distributed 
across the globe. Species distributional range margins, if not coinciding with sharp 
geographic borders like mountains or coastlines, occur often along climate gradients, 
but ultimately limiting factors for single species ranges are still largely unknown. As 
climate has changed throughout the earth’s history, species shifted their range to 
track their climatic niche. In turn, species range shifts documented in the fossil rec-
ord have been used as proxies for changing climate in the past, before humans 
started measuring temperatures (Birks and Birks 2003). Also currently, species are 
moving to higher altitudes and latitudes in response to ongoing rapid climate change 
(Thuiller et al. 2005, Chen et al. 2011, Vilà-Cabrera et al. 2019): Northern cold-
adapted species retreat at their rear edge, whereas southern warm-adapted species 
advance at their leading edge (Fig.  1). However, in heterogeneous landscapes near-
ground temperatures can change several degrees over only a couple of meters. Thus, 
climate-driven range shifts may be modified by near-ground microclimates, which 
can be substantially different from conditions in the free atmosphere. Near-ground 
temperatures are influenced by local terrain and vegetation (Geiger et al. 2012), cre-
ating relatively warmer and colder sites. For example, sites that are shaded by to-
pography or vegetation become less hot during the day, depressions in the landscape 
pool cold heavy air during the night and are thus colder than the surrounding ridges.  

The climate near the ground, not the climate in the free atmosphere, is what 
most organisms actually experience. Yet, many climate-species relationships and fu-
ture predictions of species distributions are inferred from coarse/low resolution cli-
mate grids (> 1 km grain size) that describe free-atmosphere conditions (Fig.  2). By 
that we likely miss a large proportion of range dynamics, where northern species at 
their rear edge may survive in microrefugia, locally colder spots in the landscape, and 
where southern species at their leading edge may track the warming front by colo-
nizing stepping stone habitats, locally warmer spots in an otherwise cooler matrix 
(Dobrowski 2011, Keppel et al. 2012, Hannah et al. 2014, Lembrechts et al. 2017; Fig.  
1). However, these concepts are based on the assumption that species ranges are 
climate-limited, which may or may not be true.  
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Fig.  1. Conceptual figure of range shifts in Sweden in a warmer climate and how microclimate 
heterogeneity can create a patchy distribution at species’ range margin with warm-adapted 
southern species colonizing stepping stone habitats, i.e. relatively warm microclimates, and 
cold-adapted northern species surviving in microrefugia, i.e. relatively cold microclimates.  

 
One observed and predicted effect of climate change is the loss of species diversity 
(Thomas et al. 2004, Urban 2015), because species cannot move or adapt fast 
enough compared to the pace of climate warming (Loarie et al. 2009). If we know 
the potential of microclimates to slow down climate-driven species loss, we can pro-
tect and even create favourable microclimates and in doing so “buy time” for species 
to move or adapt to a changing environment (Suggitt et al. 2018, Morelli et al. 2020). 
We know, though, relatively little about the microclimatic requirements of warm-
edge and cold-edge populations and many questions remain open in the field of bi-
odiversity conservation under climate change: Do species at their warm range mar-
gin prefer colder microclimates? Do species at their cold range margin prefer warmer 
microclimates? Which life cycle stages are most affected by climate? How do we in-
fluence microclimate? Are the warm and cold range margins set by other factors 
than climate?  

When it comes to cold range margins, a harsh climate or other abiotic factors are 
commonly thought to be the main limitation, whereas warm range margins are 
thought to be predominantly set by biotic factors e.g. competition or natural ene-
mies (Normand et al. 2009, Louthan et al. 2015) .This theory is called the Asymmetric 
Abiotic Stress Limitation (AASL) hypothesis for which some support exist. For exam-
ple, warm potential (physiological) thermal limits are often higher than realized 
warm limits, likely due to biotic pressure (Araújo et al. 2013). Moreover, species have 
generally more variable tolerances against cold temperatures than against warm 

retreating
cold-adapted species 
survive in cold microclimates ?

advancing 
warm-adapted species 
colonize warm microclimates ?
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temperatures (Lancaster and Humphreys 2020), indicating that if species distribu-
tions are at all driven by climate, only cold range margins may be linked to direct 
physiological constrains, whereas warm range margins must have other drivers. The 
AASL hypothesis suggests therefore, that species do not occupy their full potential 
spectrum of habitats in presence of competition or other biotic stressors. In other 
words, the species realized climate niche (the range of temperature where it occurs) 
covers only parts of the fundamental climate niche (the physiologically tolerated 
temperature range, Fig.  3, Hutchinson 1957, Austin 1990). 
 

 
Fig.  2. Low-resolution, coarse-grained standard climate maps obscure fine-scale microclimate 
heterogeneity.  

  

microclimate mapmacroclimate map

warm

cold



8 

Throughout its life time, a species can change its form and size and therefore its cli-
mate tolerance and habitat requirements. A dry seed may survive cold winters, but 
a seedling could be killed by a late spring frost. A grown up tree may survive at its 
cold range margin, but may not reproduce (Pigott and Huntley 1981, Pigott 1991). A 
tiny seedling may also be challenged by other competitors and herbivores than a 
flowering adult plant. Hence, fundamental and realized climate niches can look dif-
ferent for each life cycle stage (Pironon et al. 2018). Only by integrating all life cycle 
stages and vital rates (e.g. seed germination, seedling survival, growth, reproduc-
tion), one can evaluate, if a range-edge population is stable or declining in its current 
environment and if a habitat is truly suitable (Box 1).  
 

 
Fig.  3. Realized climate niches of southern (orange) and northern (blue) species along a tem-
perature gradient. Blue dashed line: fundamental climate niche of northern species in absence 
of competition (southern species). Blue solid line: Realized climate niche in presence of com-
peting southern species. The grey part marks the observation window and different slopes for 
the northern species niches. A positive response to temperature in a competition-exclusion ex-
periment would indicate limitation by e.g. competition and a fundamental niche being much 
broader than the realized niche. Whereas a negative response to warmer temperatures would 
indicate a direct climate limitation (realized = fundamental niche). 
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Box 1. The study of climate-driven range shifts 
 
Climate-driven range shifts of long-lived sessile species are often slow and therefore not di-
rectly observable. We therefore need to find other ways to study species distributions, range 
dynamics and their relation to climate. Traditionally, researchers apply the species distribu-
tion modelling approach (SDM), linking species occurrence data to maps of environmental 
variables, mainly climate but also soil pH, moisture, vegetation type, land use, etc. (Fig.  4). 
These correlative models have the advantage of covering large geographic areas and longer 
time periods, incorporating rare climate events and their potential effect on range margins. 
They also make efficient use of already existing data, e.g. species observations from a citizen 
science database, thus discovering patterns with relatively low effort. On the other hand, 
these models suffer from extinction and colonization lags, especially for bad-dispersed and 
long-lived species. In other words, species occurrences do not necessarily prove habitat qual-
ity (Guisan and Zimmermann 2000, Pulliam 2000, Austin 2007). Further, they only correlate 
presences and absences with environmental gradients and these correlations can be mislead-
ing. Particularly climate correlates often with other factors, e.g. vegetation type, soil fertility, 
land use intensity, distribution of herbivores, competitors or pests. At last, a species’ occur-
rence reflects at best its realized niche (Fig.  3) in its ecological context and thus does not 
necessarily tell something about the species’ thermal tolerances (fundamental niche). With-
out biotic stress, species may perform well beyond their current climate range. 

Transplant experiments along microclimatic gradients and with removed competition, on 
the other hand, can identify the species fundamental climate niche and test causal relation-
ships between climate and performance (Ehrlén and Morris 2015, Fig.  3). Additionally, full 
demographic transplant experiments allow to explore, which life cycle stages are most af-
fected by limiting environmental factors and integrated population performance measures 
across several vital rates (survival, growth, reproduction) can inform, if populations are stable 
or declining. Simple presence/absence or even abundance data, in contrast, cannot provide 
this information. Combining full demographic transplant experiments with manipulative treat-
ments of e.g. soil quality break up natural correlations and helps to disentangle effects of cli-
mate from other factors. 

 
Fig.  4. Framework of species distribution modelling (left) and a full demographic transplant 
experiment (right). The outputs of the transplant experiment are similar to those of the SDM, 
but based on different input data.  

Species Distribution Model

Species response functions

Maps of 
environmental 
variables, e.g.
o climate
o forest type
o soil pH

Species
occurences

Variable importance Habitat suitability

on-site measured
environmental

variables

site soil garden soil

transplanted populations

Transplant Experiment
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Forest microclimate  
 
Microclimate modelling is currently experiencing increasing attention with the ad-
vent of relatively cheap temperature and humidity loggers, the availability of high-
resolution remote-sensing maps of vegetation and terrain and growing computa-
tional power (Bramer et al. 2018). The field has moved from describing temperature 
profiles of single sites or transects to mapping temperature over large geographical 
areas at a high spatial resolution (Dobrowski 2011, Ashcroft and Gollan 2012, 
Maclean et al. 2016). Much recent microclimate modelling and downscaling of mi-
croclimate grids has been done in mountains or other low-vegetated areas, where 
terrain features have strong and clear effects on near-ground temperatures 
(Scherrer and Körner 2010, 2011, Ashcroft and Gollan 2012, Maclean et al. 2016), 
but relatively little is known about how microclimate is shaped in forests outside 
mountains. Large gradients in forest density, tree composition, canopy cover and 
stand structure create a patchy temperature landscape below the canopy (Chen et 
al. 1996, Frey et al. 2016, Kovács et al. 2017, Zellweger et al. 2019a, Fig.  5, Fig.  6 
lower panel). Under forest canopies, direct incoming sunlight and wind speed are 
reduced, creating a more humid and stable microclimate that buffers hot and cold 
temperatures (Geiger et al. 2012, Jucker et al. 2018, Senior et al. 2018, De Frenne et 
al. 2019).  

 
Fig.  5. Near-ground microclimate in the forest is affected by terrain and vegetation. Left: slop-
ing forest edge showing topographic and vegetation shading. Right: Snowmelt patterns can 
visualize small-scale temperature differences. Photos: C. Greiser 

 
Climate is usually described by temperature and humidity measurements taken from 
standard weather stations at 1.5 – 2 m height in open fields. Thus, standard climate 
data and maps are little useful for studying forest understory microclimates and for 
studying climate-species relationships of understory plants (De Frenne and Verheyen 
2015). Another important feature of forest microclimate compared to mountain mi-
croclimate is, how we humans influence it. Any management activity – planting, thin-
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ning, selective logging or clearing – changes the thermal landscape of the forest un-
derstory (Lin 2007, Kovács et al. 2018). Forest microclimates are therefore not static 
but highly dynamic. They don’t only change across management cycles, but also from 
day to night and from summer to winter, yet only few studies have taken this tem-
poral variation into account (but see Zellweger et al. 2019).  
 

Boreal forests in a changing climate 
 
The boreal forest, also called the “taiga”, has a circumpolar distribution at high north-
ern latitudes, comprises 11% of terrestrial surface and stores one third of all terres-
trial carbon (Bonan and Shugart 1989, Kasischke and Stocks 2000, Pan et al. 2011, 
Fig.  6). 

 

 
Fig.  6.Upper left: Global distribution of boreal forests. Upper right: Climate space of the boreal 
forest biome (adapted from Whittaker, 1970). Middle left: Spruce-dominated forest with eri-
caceous shrubs and feathermoss in the understory. Middle right: Pine-dominated forest. Bot-
tom: Highly managed forest landscape with clear cut in the foreground creating steep micro-
climate gradients. Photos: C. Greiser, L.Widenfalk. 

Boreal forest / Taiga Sweden

data from https://glad.geog.umd.edu/projects/gfm/boreal/data.html

adapted from Navarras-Own work, CC0, 
https://commons.wikimedia.org/w/
index.php?curid=61120531

Boreal 
forest
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The taiga biome is characterized by long harsh winters, frequent snow cover, a short 
growing season, a dominance of conifers in the tree layer and ericaceous dwarf 
shrubs, mosses and lichens in the field layer (Nilsson and Wardle 2005). Future cli-
mate change projections show, that boreal forests are expected to experience a 
much stronger warming than any other forest biome (IPCC 2013). At the same time, 
large parts are intensively managed, mainly for wood production (Fig.  6). Currently 
more than 60 % of the boreal forest is under some sort of management, in Fen-
noscandia even 90 % (Gauthier et al. 2015). Yet, boreal forests have been largely 
neglected by microclimate research, despite the strong pressure of global anthropo-
genic warming and human land use on these important ecosystems.  
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Aims 
 
In this thesis I explore forest microclimate and its impact on the range margin of 
understory plants at the southern margin of the boreal zone in central Sweden. To 
fill the aforementioned knowledge gaps, I focus on three aims (Fig.  7):  
 

First, I wanted to explore forest microclimate, quantify its temporal and spatial 
variation and examine the relative importance of terrain and vegetation drivers 
across the seasons (I). Within this sub-project, I created high-resolution monthly mi-
croclimate maps, which were further used in paper II.  

Second, I aimed at investigating the effect of microclimate on understory plants 
at their range margin. I wanted to find out, if northern species at their southern range 
margin occur and perform better in colder microclimates (II, III), and if southern spe-
cies at their northern range margin occur and perform better in warmer microcli-
mates (IV). I ultimately wanted to find out, if the species are limited by climate at 
their range margin or if other biotic or abiotic factors are limiting. I performed both 
observational studies with natural edge populations and transplant experiments 
with artificial populations.  

Third, I wanted to derive recommendations and tools for biodiversity conserva-
tion and responsible forest management in a warming climate (I-IV). Which places 
do we need to conserve, when we want to protect valuable microclimates? How can 
we adapt forest management in order to protect and create valuable microclimates 
for northern species (microrefugia) and southern species (stepping stones)? What 
management practices are needed in order to aid species tracking their climate 
niche? 

 
Fig.  7. Conceptual overview of the thesis and its three aims focusing on 1. forest microclimate, 
2. effects of microclimate on understory species and 3. conservation and management advices. 
The Roman numerals mark the different manuscripts.  

1. Forest 
microclimate

I

natural 
edge populations

transplant
experiments

3. Conservation 
and management

II, IV III, IV I-IV

2. Biological role of microclimate



14 

Methods 
 

Study system 
 
My study system is the southern edge of the boreal forest in central Sweden around 
60°N. The boreal-temperate forest ecotone in Sweden is a rather sharp transition 
zone, called “Limes Norrlandicus” (norrlandsgränsen) – the border of the North. 
Here, the southern mixed forest meets the northern conifer-dominated forest (Fig.  
8). The entire landscape, including how humans use(d) it, changes along a gradient 
from Southeast to Northwest. The land becomes higher, the climate colder and more 
humid, the soils less deep and fertile and human settlements more sparse. Moving 
across this “borderland”, several plant species disappear, others appear, but general 
species diversity decreases (Gustafsson and Ahlén 1996). Traditionally, the northern 
range margin of the oak (Quercus robur) marks the Limes Norrlandicus, but the re-
gion also constitutes the range margin of many other southern and northern plant 
and animal species (Gustafsson and Ahlén 1996). Climate change is expected to shift 
species range margins further north, but pronounced microclimate patchiness due 
to terrain and vegetation mosaics may modify these range shifts. 
 

  
Fig.  8. The study area is stretching over the transitional zone “Limes Norrlandicus” in central 
Sweden, where the temperate mixed forest in the south (left) meets the boreal coniferous for-
est in the north (right). Photos: C. Greiser and L. Widenfalk. 

 
The three study areas are nested around the Limes Norrlandicus, with a polygon cap-
turing the core of the transitional zone (59-61°N, 12.5-17°E), excluding the maritime-
influenced parts in the east and west (study area 1, Fig.  9). This area was used to 
model forest microclimate, to characterize microrefugia and to create maps of both. 
The largest area (study area 2) includes an entire section of Sweden between 58 and 
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61° N, and from its western to eastern border (12 to 19° E). This area was used for a 
species distribution model of a southern herb and was larger in order to capture 
enough occurrence data. The third study area (study area 3) used for two transplant 
experiments is only 16 × 16 km large and lies approximately central in the first two 
areas, at 60°N (Fig.  9). 
 

 
Fig.  9. Study areas in Sweden along the transitional zone of Limes Norrlandicus, which deline-
ates the range margin of many northern and southern species. Left: Overview map. Study area 
1: polygon following the Limes Norrlandicus; study area 2: large rectangle embracing edge 
populations of the southern study species; study area 3: small rectangle used for the transplant 
experiments. Right: Study areas, location of natural edge populations of northern and southern 
species and location of microclimate loggers from paper I and II.  

 
The climate is cold-humid with a short growing season and mean annual tempera-
tures of 5°C in the Southeast and 3°C in the Northwest. The mean annual precipita-
tion increases from east (600 mm) to west (800 mm, SMHI 2017). Most precipitation 
falls in the summer; in the winter between December and March it falls often as 
snow. Also snow cover duration is longer in the northwest. The region has an eleva-
tional difference of 552 m and a mean elevation of 180 m (core study area).  

The landscape is a mosaic of forests, lakes, rivers, wetlands, settlements and ag-
ricultural fields. In this thesis I focus on forests, which dominate the area and which 
cover half of Sweden. The main tree species are spruce and pine, but also broadleaf 
trees occur, e.g. on early successional patches. The understory is made of ericaceous 
shrubs, mosses, and lichens. On richer places herbs and grasses are growing. Fires 
are a natural source of disturbance in the boreal forests and have been changing in 
the past in extent, severity and frequency due to climate fluctuations and human 

Northern species, logger – paper II
Southern species – paper IV
Climate logger – paper I
Study areas

1

2

3

2

1 3
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land use history (Granström and Niklasson 2008). Zackrisson (1977) writes, that hu-
mans have likely been impacting the landscape already since the deglaciation (e.g. 
via wood extraction, cattle and reindeer grazing and fire control) and therefore no 
forest in Sweden is “natural”, i.e. uninfluenced. After a heavy exploitation of the for-
ests in the study area by charcoal-requiring iron industry, intensive timber extracting 
started in the late 1800s, followed by modern silviculture from 1950 (SNA 1995). 
Since the 19th century wildfires were actively suppressed and prescribed burning for 
biodiversity reasons occurred only at small scales.  Almost all forest in Sweden is of 
secondary nature and most patches have been cleared at least once in the last 100 
years (Östlund et al. 1997). Clear-cutting became the main management strategy, 
creating sharp gradients in stand density, canopy cover and therefore near-ground 
temperatures. In addition, drainage measurements (e.g. ditching) for increasing for-
est productivity has decreased the water in the forest soils with possible conse-
quences on forest microclimate.  
 

Data 
 
Microclimate data 
 
Whenever possible, I tried to use own on-site measurements of temperature and 
relative air humidity from small loggers, installed at forest sites at ca. 5 cm or 1 m 
above the ground (Fig.  10). In total, I compiled and analysed data from 418 loggers 
in 3-hourly intervals over one or more years. Additionally, I used high-resolution grid-
ded microclimate data from a national downscaled microclimate model (50 m reso-
lution, considering only terrain effects, Meineri and Hylander 2017) and from self-
created monthly temperature maps (25 m resolution, considering both terrain and 
vegetation effects, I).  
 
Environmental data 
 
At each of the above-mentioned 418 logger sites, I gathered other environmental 
data on canopy cover, tree basal area, mean tree height, proportion of conifers and 
broadleaf trees, distance to the nearest forest edge, and soil moisture. As a comple-
ment to these on-site measured data, I used a number of remote sensing products, 
i.e. maps of forest density, forest age and forest type (Larsson et al. 2016) and vari-
ous derivates from the national digital elevation model (Lantmäteriet 2009), e.g. so-
lar radiation, topographic wetness index and relative elevation. These mapped vari-
ables were used to predict microclimate over a larger area (I), and to model the hab-
itat requirements of warm-edge (II) and cold-edge populations (IV).   
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Species data 
 
I analysed existing occurrence data from a citizen science database (www.artpor-
talen.se) for twelve northern species (99 populations, II) and one southern species 
(556 populations, IV). The occurrence of the northern species were confirmed in field 
and detailed on-site environmental data were gathered at these sites (see above). 
On top of that, I gathered performance data of three northern and one southern 
species transplanted to 58 sites, measuring vitality, survival, growth and reproduc-
tion (III, IV).  

 
Fig.  10. Microclimate logger installed in an inverted plastic cup, protecting it in field from direct 
sunlight and rain. 

 

1. Forest microclimate – temporal and spatial variation, drivers 
 
In the first part of my thesis (I), I studied forest microclimate, its temporal and spatial 
variation and the environmental drivers that create these variations. I put out 203 
microclimate loggers across 16 000 km2 of forest covering gradients of well-known 
microclimate-forcing factors (study area 1 in Fig.  9, Fig.  10). The loggers measured 
near-ground temperature every 3 hours across 15 months from June 2015 to August 
2016. I then tried to explain monthly averages of daily minimum and maximum tem-
peratures of the snow-free season with site features describing terrain (e.g. eleva-
tion, solar radiation, distance to waterbodies, soil moisture,…) and vegetation (can-
opy cover, basal area, proportion of conifers, …) using multiple linear regressions as 
the most simple but easily interpretable approach to model microclimate. More ad-
vanced techniques, e.g. regression kriging or including non-linear relationships and 
interactions, were not applicable due to the spatial structure of the data and the 
limited sample size. Finally, I created high-resolution maps (25 m grain size) of 
monthly minimum and maximum temperatures over the entire study area using only 
remotely sensed and mapped predictors. Modelling and mapping microclimate in 
this way equals the species distribution modelling approach (Box. 1) where point 
data (temperature, species occurrence) are related to mapped environmental varia-
bles (e.g. forest density, altitude). 
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2. Impact of microclimate on understory plants 
 
Northern species 
 
In study II and III, I investigated the impact of microclimate on northern species at 
their southern range margin. I wanted to find out, a) if warm-edge populations are 
restricted to certain (cold?) microclimates, b) to what extent cold microclimates gov-
ern the local persistence of populations at their warm range margin, and c) which 
features constitute boreal climate microrefugia.  

I did first an observational study on natural edge populations (II) and then tested 
the performance of northern species in different microclimates with a transplant ex-
periment (III). All “northern” species in this studies are more common in northern 
Sweden and decline or disappear south of Limes Norrlandicus. For paper II, I studied 
99 natural edge populations of 12 northern species (bryophytes, lichens, vascular 
plants, Fig.  11), which represent different life forms, substrates and habitats, and 
which include species growing on rock surfaces or soil and species preferring wet or 
mesic forests. 

 
Fig.  11. Northern species from study II (natural edge populations, microrefugia). 

 
Within each population I installed a microclimate logger, the same way as I did in 
paper I, recording temperature over one full year (“species logger”). I examined the 
differences of the populations' microclimates with the mean and range of available 
microclimates in the landscape, and identified the typical climate, vegetation and 
topographic features of these habitats. For comparison, I used overlapping records 
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from 110 logger sites from our first study (“climate logger”) and randomly drawn 
sites from the high-resolution microclimate maps of paper I. I explored a large num-
ber of microclimate variables (monthly Tmin, Tmax, daily and annual variation, snow-
melt date, GDD,…) and investigated also differences between single species. The 
basic idea of this correlative modelling approach is the same as in species distribution 
modelling (Box. 1). However, as many climate variables were changing in parallel, I 
chose instead to test the microclimate distinctiveness of the northern species popu-
lations with a permutational multivariate analyses of variance (PERMANOVA), which 
can handle collinear variables (Anderson 2001), and to visualize the microclimate 
niche in principle component analyses (PCA). I used the standardized coefficients to 
identify the most differentiating microclimate variables. Once I found out the core 
microclimate features of boreal microrefugia, which were low maximum tempera-
ture in August and October, I combined them into a high-resolution map of refugia 
potential.  

 
Fig.  12. Three northern species that were transplanted at their southern range margin across 
microclimate gradients after two growing seasons. The plot is covered with litter and other 
plants started to invade the bare garden soil. Species: Dicranum drummondii (moss), Bar-
bilophozia lycopodioides (liverwort), Nephroma arcticum (lichen). The bubble shows a slug 
grazing on a lichen. 

 
In paper III, I experimentally tested if northern species grow better in colder micro-
climates by transplanting them to 58 sites with strong microclimate gradients (study 
area 3 in Fig.  9). We transplanted a moss (Dicranum drummondii), a lichen 
(Nephroma arcticum) and a liverwort (Barbilophozia lycopodioides) into standard 
garden soil with removed competition (Fig.  12). All three non-vascular species have 
in common, that they do not have roots to take up water from deeper soil layers, nor 
have they leaf-openings (stomata) or proper wax-layers (cuticles) to prevent water 
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loss. As a result, they dry out quickly and remain often dormant until water becomes 
available again in form of vapour, fog, rain, dew or surface run-off. This life-form is 
called “poikilohydric” and means, that the plant changes its body-water content pas-
sively with the available water in its immediate surrounding.  

The experiment ran over three growing seasons (2016-2018), of which the last 
one was exceptionally hot and dry. I used this natural drought to test for the role of 
water and the effect of extreme weather events on warm-edge populations. Two 
loggers, one near-the ground at 5 cm height (similar as in paper I and II) and one at 
1 m height measured temperature. The logger at 1 m height also measured relative 
air humidity and was attached to a tree in a horizontal white plastic tube (Fig.  13). 
For each year and each species, I modelled growth (gain in area or height) and vitality 
as a function of temperature, moisture, proportion of conifers and - in case of the 
lichen - grazing damage by slugs (Fig.  12). Grazing gastropods, i.e. slugs and snails, 
are more common in the south and can therefore play a role as a range-limiting fac-
tor for northern species (Asplund and Gauslaa 2010). I used generalized linear mixed 
effect models and standardized model coefficients to evaluate the relative im-
portance of the environmental variables.  
 
Southern species 
 
In the last paper (IV), I examined a southern species at its northern range margin, 
how it makes use of warmer microclimates, and if it is limited by cold climate or by 
other factors. I combined two approaches: a species distribution model with natural 
populations and a full demographic transplant experiment with artificial populations 
(Box. 1). I worked with the spring pea, Lathyrus vernus (Fabaceae) as a model organ-
ism representing southern species that decline towards the northwest. This species 
has been extensively studied by our working group and thus knowledge and material 
were readily available for a demographic transplant experiment. L. vernus is a per-
ennial forest herb in broadleaf or mixed forests of Europe and parts of northern Asia. 
L. vernus prefers mesic and base-rich soils. It emerges in spring before canopy clo-
sure, grows up to 40 cm in height and has purple flowers. The fruits contain rather 
large seeds, which are dispersed several decimetres to metres via an abrupt opening 
mechanism of the fruit. The species has several natural enemies, the most important 
being grazing deer, slugs, snails and seed-eating beetles.  

First, in the species distribution model, I correlated 556 natural occurrences of L. 
vernus with mapped environmental variables at a high resolution: climate, pH of the 
bedrock, forest age and type, solar radiation and topographic wetness index (study 
area 2 in Fig.  9). I averaged over four different model algorithms to make results 
more robust and extracted response curves and variable importances to compare 
the strength and direction of the effects of climate against the other predictors. 
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Second, I transplanted seeds, seedlings and adult plants to 58 sites (same sites as in 
paper III, study area 3 in Fig.  9) with contrasting microclimate, light and soil condi-
tions. On each site, half of the artificial population was planted in standard garden 
soil simulating conditions where soil quality or competing plants are not limiting and 
enabling us to study the interaction between soil and other variables. I followed the 
transplants over one year and measured and modelled survival, growth and repro-
duction in order to find out, which life stages are affected by which environmental 
variables. I then integrated all vital rates to an overall population performance index 
(λ, “lambda”, population growth rate) and related it to microclimate, light and soil 
conditions. Population growth rate was estimated using integral projection models 
(Easterling et al. 2000, Merow et al. 2014), which, opposed to classical population 
matrix models, make more efficient use of the demographic data, because they are 
based on a continuous state variable (here: size) rather than discrete classes (e.g. 
seeds, small plants, large plants).  

 

 
Fig.  13. Lathyrus vernus, spring pea -  a southern species transplanted along microclimate 
gradients at its cold range margin (IV). Background: Transplanted population. Individuals are 
marked with a white plastic stick. A logger in a white plastic tube measured temperature and 
relative air humidity at 1 m height. Right: Flowering individual.  

 

3. Management and conservation advice 
 
From each single study I derived concrete suggestions and recommendations for for-
est management and nature conservation practices. I also provide high-resolution 
maps of microclimate and refugia potential as a tool for spatially explicit conserva-
tion and management planning.  
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Results and insights 
 

1. Forest microclimate – temporal and spatial variation, drivers 
 
Forest microclimate was highly variable over space and time (I). Temperatures close 
to the forest floor could differ several degrees over tenths of meters. The contrasts 
were largest on summer days, where the monthly average of daily maximum tem-
perature ranged from 15°C to 35°C (coldest and hottest logger site in study area 2, 
Fig.  14)! During the cold season, maximum temperature differences across the area 
were much smaller. Minimum temperatures differences between the warmest and 
coldest site were consistently 3-4 °C throughout the year (Fig.  14). During summer, 
places that were relatively cool during day could be relatively warm during night (Fig.  
15) due to the strong buffering effects of forest canopy and stand density on near-
ground temperatures (Jucker et al. 2018, De Frenne et al. 2019, Zellweger et al. 
2019a). During the day, the canopy shades the ground from direct sunlight (incoming 
shortwave radiation), making sites with denser canopies colder than more open 
sites. During the night, on the other hand, a dense canopy blocks the heat loss of the 
ground towards the open sky (outgoing longwave radiation). Forest canopies provide 
therefore thermal refuges not only from too high (Scheffers et al. 2014) but also too 
low temperatures, e.g. by decreasing the risk of spring frost damage on tree regen-
eration (Kollas et al. 2014). 

During the cold season, near-ground maximum temperatures are instead driven 
by terrain features, mainly altitude, but also topographic solar radiation index and 
distance to water (Fig.  14, Fig.  15). Here, relatively colder sites were cold during day 
and night and were found on higher altitudes, on northern slopes or shady ravines, 
where the sun didn’t reach the ground, or in depressions, where cool heavy air pools 
(Dobrowski 2011).  

Also, water had a moderating effect on maximum and minimum temperatures, 
both short-term and long-term. Soil moisture reduced temperature fluctuations 
from day to night, whereas the large lake Vänern southwest of the study area de-
layed warming up in the beginning of the season and cooling down in the end of the 
season. Both phenomena are typical for latent heat fluxes, where incoming solar en-
ergy is used up to heat and phase-change water (e.g. evaporation) instead of imme-
diately heating up the ground and the near-ground air. The heat is then stored in the 
water (latent) and released slowly when water is cooling down or when water vapour 
condensates. Water in the form of air humidity, soil moisture, melting snow, lakes 
or streams plays therefore an important role in the microclimate landscape under 
forest canopies and can increase the buffering capacity of forests in a warmer cli-
mate (Davis et al. 2019). In conclusion, finding warm and cold microclimates depends 
on the time of the day and the season (Fig.  15).  
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The described processes that drive near-ground temperatures were consistent with 
earlier findings in the field of microclimatology (Vanwalleghem and Meentemeyer 
2009, Dobrowski 2011, Frey et al. 2016), but my study contributes with spatially ex-
plicit models in boreal forests over a large geographic area and across different sea-
sons. I will now turn to the question, if microclimate actually matters, i.e. how bio-
logically meaningful the revealed temperature differences are for species at their 
range margin. 

 
Fig.  14. Left: Density plots of microclimate variation of 203 forest sites during (July) and outside 
(November) growing season. Tmin/Tmax = monthly average of daily minimum/maximum tem-
peratures. Right: Relative importance of microclimate-forcing factors, expressed as contribu-
tion to explained variation (R2). Below: examples of where to find cold microclimates. Terrain 
and forest icons created by MD RIDUWAN MOLLA and Econceptive from Noun Project.  
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Fig.  15. Section maps of minimum (Tmin) and maximum (Tmax) temperatures in July and No-
vember (in °C, I), forest density (basal area in m2 ha-1) and refugia potential (II). All maps show 
the same section and are at a 25 m resolution. Mind the different temperature scales. Small 
circle in upper left corner shows a natural occurrence of a northern species at its southern 
range margin (II). 

 

2. Impacts of microclimate on understory plants  
 
When looking at distribution patterns of natural populations at species northern or 
southern range margin, I found clear effects of microclimate (II, and SDM in IV). 
Northern species were associated with colder microclimates (II) and the southern 
species was associated with warmer microclimates (IV). However, in transplant ex-
periments with removed competition, these climate preferences were either re-
versed (III) or outcompeted by other biotic or abiotic factors (III, IV). This indicates, 
that microclimate may rather play an indirect role in modifying species range dyna-
mics via controls on dominant tree species, soil development, competing species or 
natural enemies.  
 
Northern species 
 
Natural warm-edge populations of northern cold-adapted species occurred at sites 
with cooler summer and autumn maximum temperatures, warmer minimum tem-
peratures, more seasonally and diurnally stable microclimates, later snowmelt dates 
and fewer growing degree days (II, Fig.  16). Boreal microrefugia, defined as places 
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with edge populations of the studied northern understory species, could be charac-
terized by colder and more stable microclimates. These were primarily topograph-
ically shaded sites with high forest density (Fig.  15e and Fig.  15f, Fig.  16). This study 
revealed clear general patterns, but left open the mechanisms behind the microcli-
matic preferences. I also found differences among species and tested therefore in a 
consequent study the microclimate dependency of three northern species in a trans-
plant experiment (III).  

Fig.  16. Visualisation of the full 
range of possible microclimate 
combinations in the landscape (or-
ange circle) and the niche that the 
northern species occupied (blue 
circle) in a principle component 
analysis, showing the two main 
axes (PC1 and PC2). The arrows 
mark only some important micro-
climate gradients, since most vari-
ables were highly correlated (i.e. 
parallel arrows in the figure). Ex-
ample, how to read the graph: 
maximum temperatures in Au-
gust, Tmax8, increase along the 
arrow. Snow melt = date of latest 
snow melt. Tmin1/Tmin4 = mini-
mum temperature in Janu-
ary/April, annual range = differ-
ence between Tmin of coldest 
month and Tmax of hottest 
month, GDD = growing degree 
days.  

In the transplant experiment I found strong support for the theory that warm edges 
are set by biotic interactions (III): the northern species performed better in warmer 
places, suggesting that, at their natural range margin, they might be restricted to 
cold sub-optimal microclimates because of lower competition levels, rather than 
having an actual preference for colder temperatures. The species also grew better in 
moist places. Further, biotic effects were stronger than those of temperature, e.g. 
gastropod grazing on the lichen heavily diminished growth, and two species per-
formed better at coniferous sites, maybe because they are better adapted to needle 
litter, which covers the slow-growing species less effectively and which hampers 
growth of competitive herbs due to its low pH. During the extremely dry and hot year 
2018, the positive effects of temperature on the liverwort disappeared and soil mois-
ture improved growth and vitality of the moss. Drought, leaf litter, natural enemies 
and competitors may therefore be more likely direct range limiting factors for these 
three northern species and microrefugia habitats may need to provide shelter from 
these factors (Krawchuk et al. 2020).  

snow melt

Tmin 4
GDD

Tmin 1

annual range
Tmax 8

comparison sites
species sites

PC2

PC1



26 

Southern species 
 
Lathyrus vernus, representing southern warm-adapted species in this thesis, was 
well correlated with warmer microclimates and climate was the most dominant var-
iable explaining the species’ distribution at its cold range margin (IV). This result was 
expected according to the AASL hypothesis. However, it was based on natural occur-
rences of the species across a large geographic area and on microclimate maps de-
veloped with terrain variables only. In the transplant experiment across a much 
smaller area, light and soil had a larger impact on plant performance, while effects 
of microclimate were weak but still positive (Fig.  17).  
 

 
Fig.  17. Results of the demographic transplant experiment with a southern forest herb, Lathy-
rus vernus. Population growth rate (y-axis) increased with increasing light (canopy openness), 
soil moisture and temperature (growing degree days), but in interaction with soil type. For 
example, the positive effect of canopy openness was particularly pronounced when plants 
grew in high-quality garden soil. 
 
I also found strong interactions between soil type with all other environmental vari-
ables, e.g. plants grew better with more light under open canopies, but only when 
growing in good soil. The results indicate, that forest type via effect on light and soil 
conditions may currently limit L. vernus towards the north. In other words, the spe-
cies does not thrive in conifer-dominated stands that lack a shade-free period in 
spring and create acidic litter. L. vernus may therefore be dependent on deciduous 
broadleaf tree species moving into the boreal zone improving understory light and 
soil conditions. Alternatively, dispersal limitation has caused L. vernus distributions 
to lag behind the warming front, explaining why it copes well with the climate be-
yond its current range margin (Cain et al. 1998, Hargreaves et al. 2014, Lee-Yaw et 
al. 2016). The latter explanation would still be in concordance with the AASL hypoth-
esis, whereas the previous one is only concordant with this hypothesis if one consid-
ers forest type and its effect on soil and understory light to be an abiotic factor. In 
any case, the species proved to be warm-loving in both the SDM and the experiment 
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but is currently not able to track the warming front due to other habitat restrictions. 
Stepping stone habitats at the species leading edge therefore require more than just 
a relatively warm microclimate, namely appropriate soil and light conditions and be-
ing within dispersal reach.  

The experiment demonstrated further, how important it is to include different 
life stages and vital rates in range limitation studies, because they can react differ-
ently to the environment (Merow et al. 2017, Pironon et al. 2018, Töpper et al. 2018). 
In contrast to common belief, that early life stages are most affected by harmful cli-
mate, I found that only growth and survival - but not seed germination - were nega-
tively affected by low temperatures.  
 

3. Management and conservation advice 
 
Forests cover one third of the Earth’s land surface (FAO 2020) and across the globe 
forest tree canopies buffer understory microclimates against macroclimate temper-
ature extremes (De Frenne et al. 2019) with consequences on understory communi-
ties. Changes in canopy cover can amplify or moderate the effects of macroclimate 
change on understory communities (Zellweger et al. 2020). With this thesis I provide 
a case study for the boreal forest, how microclimate is driven by canopy cover and 
tree density and thus forest management (I), and how microclimate impacts under-
story species at their range margin (II-IV). From my results, I can derive tools and 
recommendations for protective area management and for considerate forest man-
agement with the general aim to preserve species and genetic diversity in a changing 
climate. However, any conservation and management strategy needs to be moti-
vated and adapted to certain goals and therefore my recommendations differ de-
pending on the target species. 

If we want to help a southern species, like L. vernus, to move, to shift its range 
and track its climate niche, we may need to facilitate deciduous tree species, which 
will improve soil quality and light availability during the species’ main growing time 
in spring (IV). Supporting northern species, on the other hand, involves the conser-
vation of cold and/or humid forest habitats in conifer stands. In concrete terms, this 
could include keeping dense old-growth forests on topographically shaded sites, e.g. 
ravines, keeping buffer strips of continuous forests around cold microclimates or re-
ducing forest fragmentation and microclimatic edge effects. Apart from low and 
buffered temperatures, moisture seems to be an important microclimate compo-
nent of boreal forest microrefugia. It affects species directly as an essential growing 
resource (III, IV) and indirectly via evaporative cooling (I, II). Adaptive forest man-
agement could therefore aim at keeping water in the forest landscape, e.g. by reduc-
ing soil drainage and keeping continuous forest stands maintaining a humid air layer 
below the canopy. 
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If the target is to protect habitats for many different species, we may want to in-
crease the microclimate heterogeneity, for example by facilitating dense forests on 
northern slopes and more open forests on southern slopes. However, I believe, we 
make best use of the forests microclimate potential by maintaining continuous forest 
landscapes, thus moving from our major managing schemes from clear-cutting (Fig.  
18) back to selective logging. These forests do not necessarily have to look homoge-
neous, but can be a mosaic of broadleaved and coniferous stands in different suc-
cessional states and with different structural composition, meeting the needs of both 
northern and southern species. At the same time, we may want to allow for some 
natural disturbances like wild fires, which contribute to shaping a mosaic landscape 
including habitats for fire-adapted species. Continuous forest stands also come with 
other benefits as they are less prone to wind  and frost damage and have a lower risk 
of drying out (Chen et al. 1993, Matlack 1993, Laurance and Williamson 2001, Scott 
and Mitchell 2005, Heinonen et al. 2009). 
 

 
Fig.  18. The boreal forests in Sweden do not form a continuous forest cover, but are a mosaic 
of stands in different age classes and clear cuts. The picture shows the north-eastern part of 
the transplant area (III, IV).  

 
As much of the said focusses on preserving and restoring habitats, I would like to 
underline the necessity to maximise conservation and management effort for north-
ern species on locations, where the species already exists, since we cannot count on 
new colonisations. Many understory species are very limited in their dispersal (Cain 
et al. 1998), and even if they were not, habitat abundance and connectivity is likely 
decreased at the species rear-edge. I created maps of various microclimate variables 
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(I) and of boreal refugia potential (II), which can be a planning guide for further spe-
cies inventories and management strategies (Fig.  15). With the microclimate maps 
one can visualize the thermal structure and connectivity of the forest landscape from 
the viewpoint of any chosen target organism (e.g. cold-adapted understory plants) 
and the microrefugia map could aid in prioritizing areas for set-aside schemes. Here 
again, there are likely differences between species and, ideally, species-specific maps 
could be created when conservation efforts focus on specific species. 
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Future perspectives 
 
The study of range dynamics in a warming climate is complex and the search for the 
factors that set recent and future range margins has many facets. Ranges can be set 
by other abiotic and biotic factors than the ones investigated in this thesis. Biotic 
interactions, like competition or herbivores, may play a significant role in determin-
ing species regional and local distribution and performance (III, IV) and I only 
scratched the surface of this topic in my thesis. Range edge populations come also 
with internal density-dependent dynamics and are part of a network of source and 
sink populations (Levins 1968, Hanski 1999), which complicates distinguishing vital 
from non-vital populations. Edge populations may as well have significant genetic 
features that allow or hamper local adaptation to a changing environment (Hampe 
and Petit 2005, Abeli et al. 2018). At last, no optimal microhabitat is relevant, if a 
species cannot reach it, thus dispersal biology puts a strong filter on habitat occu-
pancy at range margins. In this thesis I put all these view points aside and instead 
zoomed in with a microclimate perspective on range margins, microrefugia and step-
ping stones. And even within this very narrow angle of view, I discovered more 
knowledge gaps and am left with more questions and ideas of analysing existing data 
or gathering new data. Below, I list the topics that I am particularly curious about 
and which I believe would advance the field of microclimatology and biogeography.  
 

Microclimate modelling 
 
Temporal variation 
 
Microclimate variation across space must be related to variation across time and 
across a range of weather conditions. A generally more overcast sky will create more 
even temperature landscapes during day and night (“clouds kill microclimates”). In 
seasonal environments, microclimate variation and drivers change considerably 
throughout the day and year (I, Zellweger et al. 2019a) and as many ground-dwelling 
organisms have also diurnal and seasonal activity patterns, we need to model micro-
climate for different time windows (Kearney and Porter 2017, Maclean et al. 2018, 
Kearney et al. 2019). One special seasonal feature of boreal forests compared to 
other forest types is snow cover in the winter with drastic consequences on surface 
albedo, soil moisture, ground-temperatures and living processes (Wahren et al. 
2005, Wundram et al. 2010, Vercauteren et al. 2014, Blume-werry et al. 2016, 
Niittynen and Luoto 2017). I could not model near-ground air temperatures during 
the snowy season, because many of our climate loggers in project I were covered by 
snow. Modelling snow cover and accounting for snow cover in microclimate and spe-
cies distribution models of forested landscapes is one of the future challenges (Storck 
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et al. 2002). Rising temperatures and changing precipitation patterns are also alter-
ing snow cover distributions with feedbacks on temperature and moisture at the for-
est floor.  

At the same time, climate change leads to more unpredictable weather patterns 
and more extreme events (IPCC 2013). We therefore need long-term microclimate 
data in order to explore, if patterns hold also for other weather contexts. From a 
microrefugia perspective, we may also want to locate sites that do not warm up as 
fast as the macroclimate (“decoupled” sites sensu Lenoir et al., 2017; De Frenne et 
al. 2019).  
 
Vegetation data 
 
Spatial microclimate modelling needs vegetation data, which is especially crucial for 
forested areas (I). This can be achieved, for example, by installing comparison sites 
to standard weather stations below adjacent canopies. Another way is to use the 
increasingly accurate remote sensing products e.g. vegetation height and density 
maps from satellite images or Lidar scans from planes or drones (Turner et al. 2003, 
He et al. 2015, Zellweger et al. 2019b). Especially in highly managed forest land-
scapes, the direct thermal impact of forestry measures needs to be further investi-
gated and communicated to land use owners and decision makers. Another ne-
glected aspect is the vertical profile of temperature and humidity under tree cano-
pies. For example, depending on tree species and canopy density, maximum tem-
peratures can peak in the canopy or at the forest floor. Epiphytic lichens and mosses 
may therefore experience a very different microclimate than ground-dwelling spe-
cies in the boreal forest (Fig.  19). 
 
Instrumentation 
 
Modern microclimate models are often done by ecologists, which are in need of cli-
mate data on organism-relevant scales. As ecologists are no experts in meteorology 
(and we would very much benefit from collaborations with meteorologists), we 
make amateur mistakes, for example using non-standardized instrumentation for 
measuring ambient air temperature (Terando et al. 2017). I used iButton loggers, 
metal-chips at the size of a finger nail (Fig.  10). They absorb direct sunlight and heat 
up, which is why I hide most of them in an inverted plastic cup, taped to a wooden 
stick. But in that position, the logger is not ventilated enough, and the cup trapped 
heat radiated from the forest floor at the same time it heated up because of the low 
albedo of the silver tape. Different microclimate scientists used different logger 
types and invented different solutions for protecting their loggers in field, thus data 
across studies are not directly comparable. Improved radiation shields (Holden et al. 
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2013) and specialized sensors (https://tomst.com/web/en/systems/tms/tms-4/) for 
near-ground temperature and soil moisture were developed during the course of 
this thesis. The new hardware together with a rising effort in developing a standard 
protocol for microclimate monitoring will hopefully contribute to build a global da-
tabase of comparable microclimate datasets (Lembrechts et al. 2020). 
 

 
Fig.  19. Temperature fluctuations at 5 cm (red line) and 100 cm (blue line) height on a semi-
open forest site over 6 months. The air is warmer at 5 cm above ground, when sun angle is 
high and ground is dry (high sensible heat fluxes). The air is warmer at 100 cm above ground, 
when sun angle is low (i.e. the sun does not reach the 5 cm logger, e.g. some days in early May) 
and the ground is wet (high latent heat fluxes). When the 5 cm logger was covered with snow 
(March and April), temperatures are stagnating and completely decoupled from ambient air 
temperatures.  

 

The role of microclimate at species range margins 
 
Tight climate-species relationships are often found in large-scale correlative studies 
(II, IV), but do not hold when experimentally tested on small scales (III, IV). Instead, 
those relationships are mostly indirect: climatic effects arise via climate controls on 
soil, competitors or dominant canopy tree species (III, IV). Generally, at range mar-
gins, support for climate as a limiting factor declines when moving from studies look-
ing at patterns (presences) to studies looking at processes (e.g. population growth, 
Sexton et al. 2009). I conclude from my results, that climate and microclimate play 
mostly an indirect role on the current range margins of the studied understory spe-
cies. However, more empirical biological data are needed, especially on warm-
adapted species, of which I only studied one in my thesis. Directly comparing micro-
climate requirements of closely related northern and southern species could reveal 
a clear niche segregation along temperature gradients (Martin 2001, Vetaas 2002). 
Also here, long-term observational data could prove or disprove, if habitat ranking 
holds for different weather conditions across years. For example, I will follow up the 
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transplant experiment with the southern species (IV) with data from three more 
years, investigating also the effects of herbivory and fungal pathogens (Fig.  20).  
 

   
Fig.  20. Biotic limiting factors. Left: Lathyrus vernus, heavily grazed by deer or moose. Middle: 
Fungal disease found on L. vernus transplants in 2018. Right: Transplanted moss buried under 
broadleaf litter. 

I would like to see transplant experiments at leading edges to be replicated across 
larger gradients, i.e. from range interior, to range edge and over-the-edge (Stanton-
Geddes et al. 2012, Lee-Yaw et al. 2016). This would be a stronger design to test the 
microclimatic preferences of a species whose distribution currently may lag behind 
the warming front due to dispersal limitation. As other abiotic and biotic factors 
seem important in setting range margins (III, IV, Fig.  20), we need to further investi-
gate their interaction with climate variables. A plant may perceive negative biotic 
interactions, e.g. herbivory, more stressful when growing in suboptimal microcli-
mates (Louthan et al. 2015).  

Despite their many short-comings, we do not have to discard species distribution 
models, but need to make use of better predictor maps of e.g. microclimate, vege-
tation density or soil moisture at the right temporal and spatial resolution (II, IV; Mod 
et al. 2016, Lembrechts et al. 2018). One of the major challenges remains to identify 
the right (micro)climate variable for ecological and biogeographical studies, which 
has been greatly pictured by (Körner and Hiltbrunner 2018), who found 90 ways to 
describe plant temperature as combinations of the three aspects: Where? (air, plant, 
soil), When? (hour, day, month, season, …) and What? (extreme, means, thermal 
sums, …). That many microclimate variables correlate with each other and with light 
and moisture (II-IV), does not help in the process of identifying the biological rele-
vant ones. Physiological laboratory studies on single species can help in identifying 
the fundamental temperature niche (Bennett 2018) and in disentangling effects of 
temperature, light and air humidity. Yet, eventually we need to study species in their 
ecological context in order to make predictions and suggest conservation measures. 
As there is some evidence for the effect of extreme climate events on range limits 
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(III, Breshears et al. 2005, Zimmermann et al. 2009, Camarero et al. 2015) and as 
extreme events are per definition rare, every opportunity of studying the impact of 
an extreme event should be grasped.    
 

The role of water for microclimate and microrefugia 
 
My initial focus was on understory temperatures, but soil moisture and air humidity 
kept being equally or more relevant in controlling plant performance in my experi-
mental studies (III, IV). Global rising temperatures may also increase the dryness of 
the air (increasing vapour pressure deficit, Breshears et al. 2013, Restaino et al. 2016) 
and the water demand of plants. Available water in the soils increases the tempera-
ture buffering capacity of forests (I), because solar energy is used for water evapo-
ration instead of warming the ground (Davis et al. 2019). Consequently, drought de-
creases the capacity of trees to cool down a location via evapotranspiration. Spatially 
explicit microclimate modelling requires therefore high-resolution maps of soil mois-
ture, which are difficult to get from boreal forest landscapes where soil moisture 
cannot be easily derived from topographic position (“high is dry”).  

 

   
Fig.  21. Left: Old drainage ditch in the forest, overgrown by peat moss. Right: Fresh clear cut 
at one of our transplant sites with dried out and sun-burned ground vegetation. 

On the other hand, we need to look at the hydrological dimension of microclimate 
and climate refugia (McLaughlin et al. 2017, Mclaughlin et al. 2020), since northern 
species are not only adapted to a colder but also to a more humid climate. Water 
scarcity as a result of warmer temperatures and a higher evaporative demand will 
particularly impact boreal bryophytes and lichens, which lack most of the water-re-
gulating features of vascular plants (III), but even the boreal forest ecosystem may 
remain in refugia with increased water supply (Stralberg et al. 2020). Forest drainage 
and fragmentation, additional to global rising temperature, increases the risk of 
drought exposure of understory plants and trees (Fig.  21, Chen et al. 1993, Laurance 
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and Williamson 2001, Laurance et al. 2002, Buras et al. 2018). Drought can kill trees 
directly or via secondary effects like higher insect or fungal pathogen attacks 
(Anderegg et al. 2015, Schuldt et al. 2020), with feedbacks on understory tempera-
tures and moisture. It may therefore be time to rethink our management schemes 
and to put all effort into keeping water below-ground and maintaining continuous 
forest stands above-ground, while allowing for natural disturbance dynamics, e.g. 
fires.  

 

 
Fig.  22. Top left: Forest with many dead spruces after a record year of bark beetle attacks in 
2018, which was extremely dry and hot. Bottom left: Close-up of spruces killed by bark beetles. 
Top right: Landscape five years after Sweden’s largest forest fire in the last century. Bottom 
right: Burned forest. Photos: B. Gustafsson, C. Greiser and K. Hylander. 

Even though an active fire suppression has decreased the overall frequency of wild-
fires, large stand-replacing and life-threatening wildfires in boreal forests are pro-
jected to become more frequent due to a combination of drier and warmer sum-
mers, more frequent thunderstorms and fuel accumulation resulting from fire sup-
pression or insect killing (Stephens et al. 2013, Drobyshev et al. 2015, Abatzoglou 
and Williams 2016, Fig.  22). Drought, insect outbreaks and wildfires thus all interact 
and potentially increase in severity in a warmer future (Gustafsson et al. 2019, 
Krawchuk et al. 2020). Although being natural disturbances and facilitating some 
early-successional low-competitive species, fires can be detrimental for understory 
vegetation and potentially wipe out vulnerable rear-edge populations of cold-
adapted species. Therefore, climate-change refugia would to some extent need to 
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overlap with disturbance refugia, places that are protected from fire, drought or in-
sect attacks (Meddens et al. 2018, Krawchuk et al. 2020). Fire refugia, for example, 
can be found in humid depressions, where water accumulates and wind speed is re-
duced (Zackrisson 1977), thus sharing some landscape features with boreal climate-
change refugia (II, III). An active fire management (including prescribed burnings and 
reducing drainage in order to create fire breaks) may nevertheless be necessary to 
protect valuable microclimates and potential climate-change refugia.  
 
 

Take home message 
 
To conclude, there are many ways to address the uncertainties in climate-driven 
range dynamics and most of them are purely scientifically motivated. However, the 
most important thing, I want the reader to take home, is that humans are currently 
changing not only global macroclimate but also the local microclimate. All land use, 
from clearing a forest, to planting crops, draining a wetland or building a city, alters 
the thermal landscape that we and many other species directly experience. Some 
natural features of the earth’s surface, like forest canopies, may buffer the effects of 
global climate change and in this context we need to think of our forests as an addi-
tional resource as they provide shade and shelter from the rising heat. My work pro-
vides a thermal landscape perspective on boreal forests and I hope that this perspec-
tive contributes to a more considerate use of our forests.  
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Svensk sammanfattning 
 
I ett varmare klimat börjar arter förflytta sina utbredningsgränser, men mikroklima-
tiska skillnader nära marken kan påverka denna dynamik. Nordliga arter, som är 
anpassade till ett kallare klimat, skulle kunna överleva i lokalt kallare mikroklimat 
(mikrorefugier). Sydliga arter, som är anpassade till ett varmare klimat, skulle kunna 
kolonisera varmare platser norr om sina nuvarande utbredningsområden. Ett sådant 
mönster förutsätter dock att arternas utbredning begränsas av klimatet, och det vet 
vi oftast inte. Därutöver saknas i forskning om mikroklimat oftast koppling till orga-
nismer och biologiska processer och särskilt för den nordliga barrskogen är det okänt 
vilken roll mikroklimatet spelar för utbredningsförändringar som följer den globala 
uppvärmningen.  
 I min avhandling studerade jag mikroklimat och dess påverkan på arters utbred-
ningsgränser längs den sydliga kanten av den nordliga barrskogen i centrala Sverige 
(”norrlandsgränsen”). Jag mätte och modellerade temperatur nära skogsmarken 
med hjälp av små loggrar (I), och undersökte den biologiska rollen av mikroklimat för 
arter (kärlväxter, bladmossor, levermossor och lavar) på deras nordliga (IV) eller syd-
liga (II, III) utbredningsgräns. Jag gjorde korrelationsanalyser med naturliga kantpop-
ulationer (II, IV) och undersökte hur arter reagerar på olika mikroklimat i trans-
planteringsförsök (III, IV).  
 Jag fann att temperaturen nära marken kan variera starkt över korta avstånd och 
att det mikroklimatiska landskapet ändras över dygnet och året (I). Tempera-
turskillnaderna är störst under soliga sommardagar men är mycket små i kallt och 
mulet höstväder. Under växtsäsongen påverkar skogens täthet och krontäckning 
mikroklimatet mer än de flesta terrängfaktorer, medan på hösten och våren 
dominerar terrängfaktorer (t.ex. nord- eller sydsluttning, avstånd till vattnet).    
 Naturliga kantpopulationer av nordliga och sydliga arter, som har sin naturliga 
utbredningsgräns i mitt undersökningsområde, var tydligt associerade med mikro-
klimatet: Sydliga arter växte på varmare platser (IV) och nordliga arter på kallare 
platser (svala sommartemperaturer, stabila klimat, sen snösmältning, II). Dock var 
det oftast andra faktorer än mikroklimatet som påverkade arterna som transplante-
rades längs temperaturgradienter. Den sydliga kärlväxten vårärt, Lathyrus vernus, 
grodde, växte, blommade och bildade frukt i alla slags mikroklimat, men verkar däre-
mot begränsad av ljus och jordkvalitet när den flyttades in i den nordliga barrskogen 
(IV). De nordliga arterna (en bladmossa, en levermossa och en lav) växte faktiskt bät-
tre i varmare mikroklimat, men också på platser med mer fuktighet, mer barrträd 
och mindre snigelbete (III). Resultaten indikerar att konkurrens, bete, förna och brist 
på vatten kanske är viktigare än temperatur som direkt begränsande faktorer vid 
arternas sydliga gräns. Slutsatsen är att mikroklimatet påverkar arters förekomst och 
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populationstillväxt vid utbredningsgränser men på ett mer indirekt sätt via dess ver-
kan på vattentillgänglighet, konkurrens och naturliga fiender.  
 Skogsskötsel och skogsbruk påverkar skogarnas temperaturlandskap och med 
min avhandling vill jag uppmana till att hänsyn ska tas till dessa effekter i skogs-
planering och naturvård. Det kan innebära till exempel att skydda mikroklimatet för 
hotade arter, lämna bufferzoner, växla från det traditionella trakthyggesbruket till 
olika former av hyggesfritt skogsbruk, minska skogsfragmenteringen och dikning och 
att välja rätt träslagssammansättning – beroende på skyddsmålet. På detta sett kan 
vi säkerställa värdefulla mikroklimat för både nordliga och sydliga arter och däri-
genom minska förlusten av biologisk mångfald som följer med klimatförändringen.  
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Deutsche Zusammenfassung 
 
Durch die globale Klimaerwärmung werden südliche Arten nach Norden vordringen 
und nördliche Arten dorthin zurückweichen. Es ist aber nicht überall gleich warm und 
bodennahe Mikroklimate könnten die Verbreitungsgrenzen beeinflussen, indem 
zum Beispiel nördliche Arten in relativ kalten Plätzen (Mikrorefugien) überleben und 
südliche Arten relativ warme Plätze (Trittstein-Habitate) besiedeln. Das würde al-
lerdings vorraussetzen, dass Arten in ihrer Ausbreitung zuallererst durch Klima be-
grenzt sind, was wir nicht immer wissen. Mikroklima und dessen Auswirkung auf die 
Verbreitung von Pflanzen und Tieren wurde bisher meist in Gebirgen erforscht, aber 
sehr wenig ist über Wälder im Flachland bekannt.  

Mein Untersuchungsgebiet ist die südliche Grenze des Borealen Nadelwalds in 
Schweden. Ich habe erforscht, wie die Temperaturlandschaft auf dem Waldboden 
aussieht, wie sie sich über die Zeit verändert und welche Faktoren die bodennahen 
Temperaturen beeinflussen (I). Außerdem habe ich versucht herauszufinden, ob 
Waldboden-Arten (Moose, Flechten, Kräuter) an ihren nördlichen oder südlichen 
Ausbreitungsgrenzen durch Klima begrenzt sind und wie sie Mikroklima ausnutzen 
(II-IV). Dazu habe ich sowohl natürliche Randpopulationen untersucht also auch  
künstlichen Populationen in Verpflanzungs-Experimenten getestet.  

Ich habe herausgefunden, dass die grössten Temperatur-Unterschiede am 
Waldboden an Sommertagen entstehen und dass diese Unterschiede meist durch 
den Wald selber hervogerufen werden (z.B. schattiger, dichter Wald vs. warmer, 
lichter Wald vs. sehr warmer Kahlschlag, I). In der kalten Jahreszeit sind die Tempe-
ratur-Unterschiede geringer und sie werden meist durch das Landschaftsrelief 
hervorgerufen (z.B. schattige Nordhänge vs. sonnige Südhänge). 

Natürliche Populationen von nördlichen und südlichen Arten, die sich beide in 
meinem Gebiet begegnen, waren stark mit Mikroklima assoziiert. Die südliche Art 
kam in relativ warmen Plätzen vor (IV) und die nördlichen Arten in relativ kühlen 
Plätzen mit geringen Temperaturschwankungen und später Schneeschmelze (II). Als 
ich die Arten jedoch in verschiedene Mikroklimate verpflanzt habe, ergaben sich an-
dere Muster. Hier hat die südliche Art stärker positiv auf Bodenqualität und Licht 
reagiert (IV), was darauf hindeutet dass die Art aktuell nach Norden nicht durch ein 
harsches Klima begrenzt ist, sondern eher durch den generellen Übergang zum 
Nadelwald mit sauren armen Böden und starker Beschattung im Frühling. Die nörd-
lichen Arten wuchsen besser im warmen Mikroklima, ein Anzeichen dafür dass sie 
nach Süden hin womöglich durch konkurrenzstarke südliche Arten begrenzt werden 
(III). Individuelles Wachstum war ausserdem geringer an trockenen Plätzen, an 
Plätzen mit mehr Laubbäumen und bei viel Schneckenfrass. Die nördlichen Arten 
scheinen demzufolge vor allem an das Ökosystem Nadelwald gebunden zu sein.  
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In der Schlussfolgerung spielt Klima und Mikroklima schon eine Rolle für Arten an 
ihren Ausbreitungsgrenzen, aber eher auf eine indirekte Art, z.B. über den Einfluss 
auf verfügbares Wasser, konkurrierende Arten und natürliche Feinde.  

Waldbewirtschaftung hat einen enormen Einfluss auf das Mikriklima und in dieser 
Arbeit zeige ich, wie dieser Einfluss in Naturschutz und Waldmanagement 
berücksichtigt werden kann. Dazu gehören z.B. die Unterschutzstellung von wertvol-
len Mikroklimaten, das Einrichten von Rand- und Pufferstreifen, selektiver Holzein-
schlag statt Abholzen ganzer Bestände, Vermindern von Waldfragementierung und 
Entwässerung und das Fördern von Nadel- oder Laubbäumen – je nachdem welche 
Arten(gruppen) im Schutzziel stehen. Eine verantwortliche Waldbewirtschaftung, 
die Habitate für nördliche und südliche Arten sicherstellt, könnte den klima-
wandelbedingten Biodiversitätsverlust verlangsamen. 
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