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Boreal pollinators in a changing climate —
the effects of forest composition, structure,
and microclimate

Abstract

The boreal biome, the world's largest contiguous forested region, is undergoing significant
changes due to rising global temperatures. This warming is impacting the interactions between
trees, understory plants, and pollinators, which determine the species composition of understory
plants and their pollinators, as well as essential ecosystem services such as berry production and
pollination. However, our current knowledge is insufficient to predict how changes in climate
and land use, the main drivers of global change, will affect this system. The objective of this
thesis was to enhance our understanding of the interplay between forest structure, microclimate,
and pollinators. My studies highlighted the limited understanding of climate change effects on
boreal pollinators (I), emphasized the crucial roles of forest density and overstory species
composition in regulating understory microclimates (II), which in turn impacted pollinator
foraging behaviour (III) and their species diversity (IV). When assessing the effects of climate
change on boreal plant-pollinator interactions, most studies use proxies to measure pollinators,
omitting their taxonomic identities and limiting our ability to evaluate the resilience of specific
interactions (I). Forests buffer extreme temperatures, providing refugia for species affected by
warming, with higher forest density offering the best temperature regulation relative to
macroclimate. Both broadleaf and conifer trees provided these benefits, though most broadleaf
trees allow more light (II). Since most boreal pollinators are ectothermic insects, ambient
temperature was the most important factor driving their foraging rates, while microclimate
affected their foraging duration (IIT). However, the richness of flower-visiting arthropods was
positively influenced by low forest density and broadleaf dominance, whereas microclimate may
play a smaller role (IV). Collectively, these findings suggest that forest management could
enhance pollinator habitats and resilience against climate change, but further research is needed

to refine these strategies and understand species-specific responses.

Keywords: forest management, Diptera, Syrphidae, understory, temperature buffering, climatic

refugia, phenological mismatch



Boreala pollinatorer i ett foranderligt
klimat — effekter av skogens
tradslagssammansattning, struktur och
mikroklimat

Sammanfattning

Det boreala biomet, virldens storsta sammanhingande skogsomrdde, genomgér betydande
fordndringar pa grund av stigande globala temperaturer. Uppvdrmningen péaverkar samspelet
mellan trdd, markvegetation och pollinatorer, samt viktiga ekosystemtjénster som bérproduktion
och pollinering. Vér nuvarande kunskap ar dock otillrdcklig for att forutséiga hur forandringar i
klimat och markanvéndning, kommer att paverka detta system. Syftet med denna avhandling var
att 0ka var forstaelse for samspelet mellan skogsstruktur, mikroklimat och pollinatérer. Mina
studier belyste den begrdnsade forstdelsen av klimatfordndringens effekter pa pollinatdrer i
boreala omraden (I) och betonade den avgdrande roll som skogens téthet och artsammanséttning
i tradskiktet spelar for att reglera mikroklimatet under trddkronorna (II), vilket i sin tur paverkade
pollinatdrernas fodosoksbeteende (III) och deras artrikedom (IV). Niar man beddmer
klimatforandringarnas effekter pa interaktioner mellan vixter och pollinatérer i boreala omraden
anvinder de flesta studier proxyer for att méta pollinatdrers frekvens, det vill sdga uteldmnar
deras taxonomiska identiteter och ddrmed begrinsar var forméga att utvirdera motstandskraften
hos artspecifika interaktioner (I). Skogar buffrar extrema temperaturer och erbjuder refugier for
arter som paverkas av uppvdrmningen, dir en hogre tithet av skogen ger den bésta
temperaturregleringen i forhallande till makroklimatet. Bade 16v- och barrtrad ger dessa fordelar,
dven om de flesta 16vtrdd slépper in mer ljus (II). Eftersom de flesta pollinatorer i boreala
omraden dr ektoterma insekter var omgivningstemperaturen den viktigaste faktorn for deras
fodosokshastighet, medan mikroklimatet paverkade fodosokets varaktighet (III). Rikedomen av
blombesdkande leddjur paverkades positivt av 1dg skogstithet och 16vtridsdominans, medan
mikroklimatet verkar spela en mindre roll (IV). Sammantaget tyder dessa resultat pa att férandrad
skogsforvaltning kan forbattra pollinatdrers livsmiljder och motstandskraft —mot
klimatforandringar, men ytterligare forskning behdvs for att forfina dessa strategier och forsta

effekterna dérav pa specifika arter.

Keywords: skogsforvaltning, Diptera, Syrphidae, markvegetation, temperaturbuffring,

klimatiska refugier, fenologisk missmatchning



Pol-linitzadors boreals en un clima canviant
— els efectes de la composicid, I'estructura i
el microclima del bosc

Resum

El bioma boreal, la regié boscosa contigua més gran del moén, esta experimentant canvis
significatius a causa de I'augment global de les temperatures. Aquest escalfament esta afectant
les interaccions entre els arbres, les plantes del sotabosc i els pol-linitzadors. Aixd, alhora,
determina la composici6 d'espécies de les plantes del sotabosc i la dels seus pol-linitzadors, aixi
com serveis ecosistémics essencials com la produccié de baies i la pol-linitzacid. No obstant, el
nostre coneixement actual ¢s insuficient per predir com els canvis en el clima i en I'us del sol —
els principals motors del canvi global — afectaran aquest sistema. L'objectiu d'aquesta tesi és
millorar la nostra comprensi6 sobre la interaccid entre I'estructura del bosc, el microclima i els
pol-linitzadors. Els meus estudis manifesten la poca comprensio que tenim sobre els efectes del
canvi climatic en els pol-linitzadors boreals (I), aixi com el paper crucial de la densitat forestal i
la composici6 d'espécies arborees en la regulacio del microclima del sotabosc (II), que al seu
torn afecta el comportament de pecoreig dels pol-linitzadors (III) i la seva diversitat d'espécies.
(IV). Quan s'avaluen els efectes del canvi climatic en les interaccions entre plantes boreals i els
seus pol-linitzadors, la majoria dels estudis realitzats fins ara utilitzen métodes indirectes per
mesurar els pol-linitzadors, ometent la seva identitat taxonomica i limitant la nostra capacitat
d'avaluar la resiliéncia d'interaccions planta-pol-linitzador especifiques vers el canvi climatic (I).
Els boscos regulen les temperatures ambientals extremes, proporcionant refugi a especies
afectades per l'escalfament global. Una densitat forestal alta ofereix la millor regulacio de la
temperatura en relaciéo amb el macroclima. Aquests beneficis son proporcionats tant pels arbres
de fulla ampla com per les coniferes, tot i que la majoria dels arbres de fulla ampla permeten que
més Ilum es filtri al sotabosc (II). Com que la majoria dels pol-linitzadors boreals son insectes
ectotérmics, la temperatura ambiental és el factor més important que impulsa la seva freqiiéncia
de pecoreig, mentre que el microclima afecta la durada de les seves visites florals (IIT). No
obstant aixo, la riquesa dels artropodes que visiten flors esta influenciada positivament per baixes
densitats forestals i la dominancia d’arbres de fulla ampla, mentre que el microclima en té un
paper menor (IV). Col-lectivament, aquestes troballes suggereixen que la gestio forestal podria
millorar els habitats dels pol-linitzadors i la seva resiliencia davant el canvi climatic, pero fa falta

més recerca per refinar aquestes estratégies i entendre les respostes especifiques de cada espécie.






Dedication

To my younger self — look what we did!



There are always flowers for those who want to see them.

— Henri Matisse
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1. Introduction

1.1 Climate change and the boreal biome

The boreal biome is the largest contiguous forested region of the world,
positioned in a circumpolar zone situated between the temperate and arctic
or alpine biomes (Tuhkanen, 1984). Global mean surface temperatures have
increased by on average 1.1 °C for the period 2011-2020 above those of the
pre-industrial period of 1850-1900 (IPCC, 2023). Temperature increase is
not uniform across the globe. Land areas are experiencing more warming
than the global average, having increased by about 1.59°C and increasing
even faster in some boreal regions (SMHI, 2023). Recent evaluations,
including the Arctic Climate Impact Assessment (ACIA, 2005), warn that
climate change may significantly alter the function and structure of boreal
forests more than any other biome on Earth.

In response to climate change, species can either adapt locally, for example,
by changing their phenology, or shift their distribution into cooler, more
suitable environments, thereby increasing their presence in regions where
they were once rare or absent. These distribution shifts typically occur pole-
wards (Taheri et al., 2021) or towards higher altitudes (Frei et al., 2010). As
a result, some species are colonizing new areas, while others that fail to do
s0, or to adapt to novel climatic conditions, may face local or total extinction.
Additionally, when species are hindered to disperse to new areas or their
current suitable area shrinks due to environmental change, this may result in
a reduction in species’ distribution area. Evidence of these distributional
changes is increasingly being reported across various biotic groups (Pecl et
al.,, 2017) and geographical regions (Chen et al., 2011), but are more
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pronounced and occur more rapidly at higher latitudes (Virkkala &
Lehikoinen, 2014), such as in the boreal biome. In fact, boreal forests show
an increase in vegetation productivity at their coldest northern limits, and a
decrease at their warmest southern limits, consistent with the shift of this
biome northwards (Berner & Goetz, 2022). Additionally, in response to
climate change, the local abundance of some species may change. This does
not necessarily involve colonization or extinction events but rather occurs as
species are pushed or pulled away from their environmental optima (Antdo
et al., 2022). This adjustment involves species moving to areas within their
existing range that better match their climatic preferences as conditions
change. Therefore, in response to warming, the composition of species
communities can shift, favoring species that thrive in warmer conditions over
those that prefer colder environments. This process is known as
"thermophilization" (De Frenne et al., 2013). In European boreal forests, two
of the most abundant understory shrub species (Vaccinium myrtillus L. and
V. vitis-idaea L.), are expected to have their climatic niches shrunk due to
climate change, and consequently, their geographic distribution (Nielsen et
al., 2007; Puchatka et al., 2023). These shrubs are considered foundation
species (Hedwall et al., 2019), since they play a crucial role in maintaining
the structure, stability, and function of boreal forest ecosystems. The decline
of these shrubs could lead to cascading effects throughout the ecosystem,
potentially reducing biodiversity and altering ecosystem processes.

Species may react differently to a warming environment. For instance, when
they use different environmental cues or have different adaptive capabilities
and phenotypic plasticity. For species that depend on other species for
survival or reproduction (e.g., predators and prey, plants and pollinators),
this can lead to spatial or temporal mismatches. Spatial mismatch takes place
when interacting species shift their distributions in a diverging way that
prevents them from interacting (e.g., Schweiger et al., 2008). In contrast,
temporal mismatch arises when there is a misalignment in the timing of key
events in the life cycles of interacting species (Visser & Gienapp, 2019). This
can appear as changes in the timing of migration, reproduction, or flowering,
disrupting the synchrony between species. Both these types of mismatch are
distinct dimensions of climate change-driven disruptions that can
compromise the survival of the affected species, and ultimately ecosystem
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functioning (Beard et al.,, 2019), as this depends largely on species
interactions rather than on biodiversity per se (Stanworth et al., 2024).

Depending on pollinator availability (or lack thereof), some plants have
evolved local adaptations that may differ within their distribution range and
determine the population responses to climatic fluctuations (Boulanger-
Lapointe et al., 2017) or even their reproductive strategies. For instance,
Orthilia secunda (L.) House (Ericaceae) reproduces successfully in the
absence of pollinators in New Brunswick, Canada (Barrett & Helenurm,
1987) but not in Scandinavia (Knudsen & Olesen, 1993).

1.2 Climate change and pollinating insects

Declines in arthropod abundance have been reported and attributed to global
warming (Fitzgerald et al., 2021) and other anthropogenic disturbances, yet
population trends and responses to warming may differ between different
arthropod groups or areas (Haye et al., 2021). Although climate change is
only one factor of the multifaceted causes of insect decline, its negative effect
on insect pollinator populations across the Northern Hemisphere may have
been underestimated thus far (Vasiliev & Greenwood, 2021).

Despite these declines, some pollinators may also take advantage of climate
change and expand their distribution (Ghisbain et al., 2021). For such
expansions to occur, a general flexibility in dietary and nesting requirements
are often needed, although exceptions do occur (Bogusch et al., 2021).
General habitat associations may also influence the extent of such
expansions. For instance, in Northern Europe, forest butterfly species show
greater range expansions than species associated with open habitats
(Betzholtz et al., 2013).

As explained above, changes in spatial or temporal patterns can cause a
mismatch in the synchrony between interacting species. In this regard,
pollination is a particularly sensitive ecosystem service, since temperature is
considered the main driver of spring phenology for plants in temperate and
boreal ecosystems (Kramer et al., 2000). When the synchrony between
flowering and pollinator phenology is disrupted, the fitness of both plants
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and pollinators can suffer (Kudo & Cooper, 2019). Over the past 130 years,
spring emergence of certain bees and bumblebees in North America has
advanced by approximately 10 days (Bartomeus et al., 2011), and by 5 days
over the past 20 years in Sweden (Blasi et al., 2023). Meanwhile, warmer
springs have led to an advancement in flowering time by 0.49 days per
decade in Sweden (Auffret, 2021) and by 2.4 days per degree Celsius in
north-central North America (Calinger et al., 2013). However, plant
phenological responses to warming and changes in precipitation appear to be
species-specific (Rice et al., 2021). Despite both pollinators and plants
having accelerated their emergence and flowering, it is when the extent of
these responses differs that mismatch takes place.

Since specialization in mutualistic interactions tends to increase with latitude
(Schleuning et al., 2012), the rapidly warming boreal regions — already
characterized by low diversity in both plants and pollinators (Esseen et al.,
1997) — are particularly vulnerable to shifts in species composition that can
disrupt plant-pollinator interactions (Antdo et al., 2022). Furthermore, this
vulnerability can be compounded by concurrent changes in habitat and the
decline of resources or other species. For example, it seems that the potential
nectar production of the herb layer in temperate forests can potentially
decline due to climate change (De Schuyter et al., 2024). Moreover, the forest
understory vegetation used by queen bumblebee foundresses as an early
resource to start their colonies (a critical phase in bumblebee demography)
is declining in both North America and Europe (Hedwall et al., 2021;
Jonsson et al., 2021; Mola, Richardson, et al., 2021), which may intensify
the negative effects of phenological mismatch on plant and pollinator
populations.

Although research on multi-species plant-pollinator assemblages suggest
that the overall structure of pollination networks is probably resistant to the
extent of climatic change experienced in the early decades of this century
(Hegland et al., 2009), a degradation in both the structure and function of
plant-pollinator networks over time has nevertheless been documented in
some temperate forests in North America (Burkle et al., 2013). Similarly,
Kudo and Ida (2013) report a reduction in seed production by an understory
plant species owing to phenological mismatch in a cold-temperate forest in
Japan. This indicates that some pollination networks may already be
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deteriorating due to current climatic stressors, and the resilience of other
networks is likely to diminish under additional climatic pressure. However,
the implications of phenological mismatch for plant and pollinator
demographics, as well as for ecosystem functionality, remain unclear both
inside and outside forests.

1.3 The importance of forests for pollinators

In many cold-temperate and boreal forests, wind pollination dominates over
other types of pollination among trees, being the strategy followed by many
coniferous and deciduous species in these forests (Kevan et al., 1993).
Despite this, wind-pollinated trees can serve as a pollen source for some bees
during the early part of the season when the availability of resources is
typically low (Saunders, 2018; Yourstone et al., 2021). However, it is still
not very clear how nutritionally beneficial this particular pollen is for
pollinators, nor what conditions make this pollen preferred over other pollen
sources (Wood et al., 2022). On the other hand, the herbaceous and woody
understory vegetation of the boreal forest is dominated by species which
have conspicuous flowers and rely on insect pollination as a pollination
strategy. Many of these understory flowering plants are crucial for the
establishment of bumblebee colonies, as they are the only resource available
when queens emerge from hibernation (Mola, Hemberger, et al., 2021).
Moreover, forests also provide other essential resources besides flowering
plants, such as dead wood for nesting, tree resins, and various non-floral
sugar sources, like honeydew (M. Ulyshen et al., 2023).

Forests support a diverse range of pollinators, including forest-dependent
species, and even play a crucial role in enhancing pollination in nearby
habitats, such as croplands (M. Ulyshen et al., 2023). Nevertheless, not all
types of forests may benefit pollinators in the same way. Bees and butterflies
typically prefer open forest habitats (Hanula et al., 2016), and some groups
benefit from a high canopy composition diversity (Traylor et al., 2024).
Moreover, given the temperature buffering capacity of forests, these
environments can provide favourable abiotic conditions that can ameliorate
climate change (Mola, Hemberger, et al., 2021).
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1.4 Forest microclimatic temperature buffering

The microclimate a species experiences may clearly differ from the
macroclimate. In fact, the variation in microclimate over just a few meters
can be as pronounced as the differences in macroclimates across 5,000
kilometers (Ackerly et al., 2010; Stoutjesdijk & Barkman, 2014), meaning
that the thermal extremes in which some species may live can be found at
rather local scales.

Tree canopies buffer ambient temperatures, decreasing high temperatures
and increasing low temperatures. Under forest canopies, maximum and
average temperatures are typically cooler than the macroclimate, while
minimum temperatures are warmer compared to more open habitats (De
Frenne et al., 2019). This creates microclimatic conditions that affect
organisms inhabiting the forest understory (De Frenne et al., 2013).
Therefore, forests may serve as climatic microrefugia, enabling the existence
of species unable to survive in the surrounding areas, thereby potentially
reducing the pace or impact of thermophilization on understory communities
(De Frenne et al., 2013; Zellweger et al., 2020). The microclimate buffering
capacity of boreal forests is expected to increase due to climate change by
the end of this century (De Lombaerde et al., 2022). Consequently, the
significance of microclimate buffering for the boreal biome, as well as their
role as microclimatic refuge, is anticipated to grow.

Forest understory microclimate is influenced by a multitude of factors,
including canopy openness, vegetation type, and soil properties. Canopy
openness plays a critical role by regulating light penetration, temperature,
and moisture levels in the understory. Dense canopies can reduce light
availability and lower temperatures, while also maintaining higher humidity
by limiting evaporation (Geiger et al., 1995). Moreover, forest structure
offers resistance to wind, hindering the mixing of air with the surrounding
atmosphere, which creates a temperature insulating effect (Geiger et al.,
1995). The type of vegetation in the understory, such as shrubs and
herbaceous plants, can further modify microclimate conditions through their
own evapotranspiration and by affecting ground shading (Stickley &
Fraterrigo, 2021). Moreover, deciduous species in both the overstory and
understory produce litter, which contributes to regulate soil microclimate
(Fekete et al., 2016). Soil properties, including composition and moisture
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content, also significantly impact the microclimate by influencing heat
retention and water availability (von Arx et al., 2013). Additionally,
topographical features like slope and orientation can cause variations in
sunlight exposure and water drainage, thereby altering microclimate
conditions (Hoylman et al., 2018).

Identifying what factors contribute to understory forest microclimate is
crucial to achieve forest management goals that benefit biodiversity under
climate change strains. Climate-smart management has been suggested as a
decision-making framework for forest landscape management, focusing on
the understanding of landscape vulnerability to future climatic change
(Sterck et al., 2021; Pradhan et al., 2023). However, there are still significant
gaps in our knowledge regarding the factors that contribute to the understory
forest microclimate, their functioning scale, and how they interact with the
biotic and abiotic requirements of understory biota.

1.5 Microclimate in plant-pollinator interactions

Insect activity is largely regulated by temperature (Williams, 1961).
Therefore, microclimate can affect insect abundance and activity (Beattie,
1971). For instance, solar exposure and temperature are key factors
influencing insect activity (Bovee et al., 2021), and insects may only be
available for pollination during short time spans when the sun is shining
directly over the forest floor where the flowers are located (Beattie, 1971).
Open forest canopies have correspondingly been related to a higher number
of pollinator visits (Eckerter et al., 2019). This can be driven, not only by the
increase in pollinator activity linked to a higher light availability and direct
sunshine, but also by different factors affecting understory vegetation. Plants
under open canopies have a higher flowering probability, and also produce
more flowers (Eckerter et al., 2019). Then, a higher flower abundance has
been related to an increased pollinator density and diversity (Blaauw &
Isaacs, 2014), and flowers on low density forest areas may be easier to spot
by pollinators compared to flowers in more closed areas. Therefore,
depending on the forest structure and microclimate at a plant individual’s
location, the plant may be more or less likely to be visited by an insect
(Herrera, 1995). However, different pollinators may respond differently to
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the forest floor irradiance depending on their thermal requirements (Herrera,
1997).

Additionally, microclimate can also alter plant growth and the insects’
development. For instance, Pieris napi L. caterpillars that are located just a
few meters apart can differ by more than a week in the timing of pupation
because of microclimatic differences caused by forest canopies (Greiser et
al.,, 2022). These effects of microclimate on insects’ physiology can
ultimately have an impact on their phenology, potentially leading to
phenological mismatch. Similarly, flowering phenology can be driven by
microclimate, e.g., when flowering time is determined by degree day
accumulation (Jagadish et al., 2016); or by forest structure, e.g., when
flowering is triggered by photoperiod (Johansson & Staiger, 2015). See
Figure 1 for a conceptual model of the relationship between forest structure,
microclimate and plant-pollinator interactions.

N Fo W B

Overstory

Forest structure ‘

Light availability «—— - Forest density pollinator activity
e ereeeeas .| - Species composition (direct sunlight)

v
phenology < Microclimate -« phenology

flowering probability
: + number of flowers : plant growth activity

- \4 ¥
i : ‘ Understory vegetation Pollinators |

A

Pollination

----attractk/eness to pollinators «+«--xsseeseeiaees

Figure 1. Conceptual model of the relationship between forest structure, microclimate
and plant-pollinator interactions. Direct interactions are depicted with solid lines and
involve immediate relationships between elements, such as between forest structure
and microclimate. Indirect interactions, shown with dotted lines, represent
relationships that are mediated by other factors, like how forest structure influences
pollinators through light availability.
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As climate change continues to reshape ecosystems, the complex dynamics
between plants and pollinators in boreal regions are becoming more
apparent, mainly by the species-specific responses to warming and the lack
of data on the pollinator side. However, we currently lack the knowledge to
be able to predict how climate change will affect plant-pollinator interactions
in boreal forests, their resilience, and the role of forest canopies in mitigating
the negative impacts of warming.
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2. Thesis aims

Current research on the relationship between climate, forest composition and
boreal pollinators reveals significant gaps in our understanding. These
knowledge gaps include the specific responses of species to climate change
and the potential for phenological mismatch in their interactions, insufficient
understanding of how forest structure buffer temperatures, the role of
microclimate in shaping pollinator behaviour in boreal forests, and the
impact of forest structure and microclimate on the diversity of flower-
visiting arthropods. The overall objectives of this thesis were to address these
gaps in order to provide some of the information necessary to develop
effective forest management strategies that support biodiversity and
ecosystem services in the face of ongoing climate change. The specific aims
of each chapter are the following:

L To identify research gaps on the impacts of climate change on
plant-pollinator interactions in the boreal forest, focusing on
species responses at individual and community levels.

1L To wunderstand how forest structure and composition,
specifically the density and proportion of conifers and
broadleaves, influence the buffering of understory microclimatic
temperatures against macroclimate changes across a broad
latitudinal gradient.

I11. To identify the effects of macroclimate, microclimate, and forest
vegetation on pollinator visitation rates, foraging duration, and
overall activity using a novel approach that combines camera
traps with standardized artificial flowers.

Iv. To study the impact of forest structure and microclimate on the
diversity of flower-visiting arthropods in a mixed forest using
eDNA from flower samples.
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3. Methods

This section provides an overview of the methodology used in each of the
papers that comprise this thesis. In Paper I, a systematic review was
conducted on the effects of climate change on boreal plant-pollinator
interactions. In Paper II, models were built to assess the effect of forest
density and overstory species composition on the microclimate buffering
capabilities of forests. In Paper III, time-lapse cameras were used in
combination with artificial plastic flowers and high resolution microclimate
data to monitor pollinator activity and find its drivers in the forest understory.
In Paper 1V, flower eDNA was used to reveal arthropod flower visitor
richness and relate it to forest structure. For further details, see the
corresponding papers.

Note that despite referring to the insects recorded with the artificial plastic
flowers or eDNA as pollinators, it is important to keep in mind that we never
recorded any evidence of pollination in our experimental sites. Therefore,
visiting insects should be considered as potential pollinators or just flower
visitors.

3.1 Literature review (Paper I)

In this chapter, I gathered a baseline of information regarding the effects of
climate change on plant-pollinator interactions that have been reported in
literature. For this, I conducted a literature review based on peer-reviewed
articles including all databases available to the Swedish University of
Agricultural Sciences through the Web of Science, namely: the Web of
Science Core Collection, BIOSIS Citation Index, Current Contents Connect,
CABI: CAB Abstracts®, Data Citation Index, Derwent Innovations Index,
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KCI-Korean Journal Database, MEDLINE®, ProQuest™ Dissertations &
Theses Citation Index, SciELO Citation Index and Zoological Record.
Results from the Preprint Citation Index were excluded. Only works written
in English were considered.

I conducted four complementary searches in November 2023. All search
queries (see i-vii in Table 1) included a section on (i) climate change, (ii)
forest categories, and (iii) regions for inclusions and (iv) exclusion (e.g.,
tropical forests). In addition, depending on the focus of the search, an
additional section criteria was added that included (v) pollinators, or (vi)
understory vegetation, including the common and scientific name of the most
common species, or both (v) and (vi). The primary search included both
pollinators and understory vegetation (i.e., elements i-vi in Table 1). To
ensure no relevant studies involving pollinators were missed, a secondary
search focused solely on pollinators (i.e., elements i-v in Table 1) was
performed. Additionally, a search for review articles specifically about
understory vegetation in boreal forests was conducted. This involved two
separate searches using elements i-iv + vi in Table 1. In one search, review
articles were filtered from the results using Web of Science's ‘review articles’
feature. In the final search, a new section (vii in Table 1) was added to the
query, incorporating keywords such as "review" and "meta-analysis."

3.2 Study area (Papers II-1V)

To increase the generality of the findings, five mixed forests within a
latitudinal gradient in North-Western Europe were selected, spanning from
49° N to 64° N (ca. 1,800 km and 7°C difference in mean annual
temperature). Of these five forest areas (“sites” from now on), three were
located in Sweden, spreading over the north (NS), mid (MS) and south (SS)
of the country. The other two sites were located in western Germany (G) and
eastern Belgium (B) (Figure 2A). The forests in sites G and B are temperate,
whilst SS is hemiboreal and MS and NS are in the boreal zone (Ahti et al.,
1968). All sites had a similar overstory species composition and were similar
in their successional stage. The dominating conifer species was Norway
spruce (Picea abies H. Karst), and the dominating broadleaf was birch
(Betula pendula Roth and B. pubescens Ehrh.). However, in B, oak (Quercus
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robur L. and Q. petraea (Matt.) Liebl.) was the most common broadleaved
species.

Within each of these sites, 40 plots were established along gradients of forest
density (i.e., from open to closed canopies) and overstory species
composition (from conifer-dominated plots to broad-leaf dominated plots;
Figure 2B). In the center of each plot, we established a microclimate station
that recorded microclimatic temperature in the understory (see details in
section 3.3). Data for Paper II was collected in all sites, data for Paper III in
MS and SS, and data for Paper IV in SS.

B NS (64° N) MS (60°N) & SS(56°N) ¢ B(50°N) * G(49°N)
100 A : o™ R 4 ERGEC
.
= ry N
L% 4
A g *
—~ e
°\° 75 = A .. -
o A, A .
g A A * *
.
> A‘.‘ * o .o L™
M 50 - %>
[} AA . * e
5 A t A >
1] A A‘ ATpe * o ®
o ’: " 3 .
m o5 A vy
.
A A " .
AAA A 5 *4 5
A Pa .
0 L o Am e o » * %
10 20 30 40

Basal Area (m2 2 ha'1)

Figure 2. A. Geographical location of sites used across Europe to discern how
understory microclimate is affected by tree species composition and density. The sites
were located in North Sweden (NS), Mid Sweden (MS), South Sweden (SS), Germany
(G) and Belgium (B). B. Forest density estimated by basal area (m? - ha™') and share
(% of basal area) of broadleaved trees in 200 plots from the 5 sites (40 in each)
included in the study
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3.3 Microclimate stations and measurements

Microclimate stations consisted of a wooden pole with a well-ventilated
radiation shield attached at approximately 1.2 m from the ground level. This
shield did not affect microclimatic measurements compared to temperature
measured through weather stations. Two HOBO Pendant® MX Water
Temperature Data Loggers (Onset Computer Corp, Bourne, MA, USA) were
placed in each microclimate station: one inside the shield (air logger) and
one in the humus layer (soil logger). The soil logger was placed in a jar to
protect it from humidity and animals, and the jar was attached to the pole
through fishing wire, both to make the logger easier to find and to avoid
animals taking the jar. No soil loggers were established in B due to frequent
wild boar rooting in this site. Microclimatic temperature measurements were
taken every 15 minutes between August 2019 and June 2023, except in SS,
where air loggers recorded temperature every 30 minutes. For Paper 11, only
the microclimate data from the warmest and coldest months in 2020 and/or
2021 in each site were used. For Paper III, data collected in SS and MS
between July and September 2021 were used. For Paper IV, data from site
SS collected in June and July 2022 were used.

®
\ Pendant

MX Temp

Figure 3. Microclimate station.
Loggers (top left) recorded both
air (top yellow arrow) and soil
(bottom yellow arrow)
temperatures. A radiation shield
(top) was used to protect the air
temperature loggers from direct
exposure to sunlight and
animals. Soil loggers were
placed inside hermetic plastic
jars to protect them from direct
contact with the soil.
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3.4 Macroclimate data (Papers Il & Ill) and temperature
offsets (Paper Il)

Macroclimate data was used in Papers II and III. In Paper II, we calculated
daily averaged macroclimatic temperatures from three different sources: the
closest available weather stations to each site, the ERA5-Land climatic
model (Hersbach et al., 2020) downloaded for reanalysis from the
Copernicus Climate Data Source (cds.climate.copernicus.eu), and ERAS
data downloaded through the ‘mcera5’ R package (Klinges et al., 2022). The
‘mcera5’ package applies an inverse distance weighting calculation and
diurnal temperature range corrections to the ERAS data. Daily temperature
offsets (i.e., difference between macroclimate and microclimate) were
calculated based on the temperatures extracted from these three different
macroclimatic sources. Temperature offsets were calculated by subtracting
the macroclimate temperature from the microclimate temperature, so that
negative offset values showed days in which the forest temperature was
lower than the ambient temperature, and positive value days in which the
forest temperature was higher. Weather station data followed microclimatic
trends better and was therefore used in the analyses of Paper II. Soil
temperature offsets were calculated only from ERAS data, as macroclimate
soil temperature was not available through the other sources. Additionally,
for Paper II, three meteorological variables were downloaded from the ERAS
climatic model: maximum wind gust per day, daily snow depth and daily
precipitation. Previous averaged temperature and previous averaged
precipitation were calculated as a five-day rolling mean, i.e., temperature and
precipitation of the past five days.

In Paper IIlI, macroclimatic temperature and precipitation data were
downloaded from the ERAS5 climatic model using the ‘mcera5’ R package.
These variables were downloaded at an hourly resolution and matched with
the microclimatic measurements. Moreover, total precipitation was
calculated per day.

3.5 Overstory measurements (Papers II-1V)

For all trees within a 10-meter radius (20 meters in site B) from the
temperature loggers, we documented the species, diameter at breast height
(DBH), and the distance to the logger. These measurements were used to
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calculate the total basal area (indicating forest density) per plot, as well as
the percentage of basal area composed of broadleaved trees per plot (referred
to as the “proportion of broadleaves” hereafter). This data was used for
Papers II-IV. However, in Paper 11, in order to determine the scale at which
the overstory affects understory microclimate, we computed basal area and
the proportion of broadleaves at various radii between 4 and 10 meters (4
and 20 meters in site B), meter by meter.

In addition, hemispherical photographs were taken in each plot during
summer to determine canopy openness, using a Nikon D5300 camera
equipped with a fish-eye lens and tripod. All photographs were captured
from above the air temperature logger, at an approximate height of 1.75
meters. Pictures were taken either on clear days with no clouds or on overcast
days to ensure that the contrast between the trees and the sky was optimal.
These images were processed and analyzed in R following the method
outlined by ter Steege (2018).

Therefore, we used two different proxies for forest density: basal area and
canopy openness. There are two reasons for this. While basal area is a
common forestry metric and is used in decision support systems, canopy
openness is more easy to interpret ecologically and, in some cases, predicts
forest understory microclimate better (Meeussen et al., 2021; Zellweger et
al., 2019). Furthermore, canopy openness data may be more readily available
due to remote sensing. In our data, these two variables were found to be
correlated with an r = -0.44.

3.6 The flower problem (Paper Il and V)

Flowers were not naturally present in all plots in the forest. As both in Paper
III and Paper IV we were interested in measuring flower-related variables
across our double gradient of forest density and overstory species
composition, we had to devise a methodological solution to address this
issue.

In Paper III we wanted to determine how forest structure and microclimate
influenced pollinator foraging rates and durations, and to do so we needed to
record the potential presence of pollinators in the plots of SS and MS. For
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this, we built artificial plastic flowers. These artificial plastic flowers were
inspired by the design used in Thomson et al. (2012) and consisted of a
plastic jar filled with a saturated sucrose solution. This solution was in
contact with a weighted cotton thread that supplied sucrose to an upper knot,
functioning as a nectary. The upper knot was located within a tube
representing the base of the flower's corolla, and it would automatically refill
the sucrose solution through capillary action whenever it was depleted. To
attract pollinators, the lid of the jar was painted with UV-reactive colors,
including blue, yellow, and white (Figure 4). Two artificial flowers of each
color were then placed in a tray partially filled with water to avoid ant
visitation, since ants can negatively affect pollinator flower visitation by
insects in both real (Junker et al., 2007) and artificial flowers (Cembrowski
etal., 2014).

Figure 4. Structure and function of the
artificial plastic flowers. A plastic jar is filled
with a saturated sucrose solution, which is in
contact with a weighted cotton thread that
provides sucrose to an upper knot that works
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1
1
1
i

as anectary. This upper knot is found in a tube
that represents the bottom of the flower’s
corolla, and will refill the sucrose solution
through capillary action every time it gets
depleted. The lids of the jars were painted in

UV-reactive colours (blue, yellow and white)
to attract pollinators.

In Paper IV, we translocated flowering plants grown in a greenhouse into the
plots of SS. For this, two different flowering plant species were chosen: wild
strawberry (Fragaria vesca var. semperflorens Jamin) and red clover
(Trifolium pratense L.). These particular species were selected based on their
diverging flower morphology, which may make them available to different
sets of pollinators. Moreover, this particular variety of wild strawberry
produces flowers throughout the growing season. Both plant species are also
commercially grown, which facilitated procurement. We grew T. pratense
from seed indoors until seedlings reached approximately five centimeters of
height. Then, these seedlings were potted in 20 cm pots and moved outdoors.
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Grown F. vesca seedlings were purchased directly, placed in the greenhouse
and transplanted to the same type of pots as T. pratense. Potted plants were
placed in a sunny spot to induce flowering and were monitored daily. Once
the plants developed flower buds, but before any flowers opened, the entire
pot was covered with a mesh bag (mesh size ~0.3 mm) to prevent insect
visitation prior to placement in the forest. Before covering, the plants were
thoroughly checked for insects, including between the leaves. Once the
plants flowered, they were relocated to the forest stand. The pots were placed
in holes in the ground to prevent them from drying out or tipping over. Two
pots of each flowering plant species were positioned in each plot, as close as
possible to the microclimate station, resulting in a total of 80 strawberry and
80 red clover plants. In the field, the mesh bag was removed from one pot of
each plant-species pair, allowing insect visitation to the flowers, while the
other pot remained covered (Figure 5). This paired design served as a control
for false-positive detections of insects by accounting for airborne eDNA and
any insect DNA already present on the plant before the experiment, such as
from the outdoor greenhouse (see 3.8 for details).

Microclimate logger Figure 5. Experimental setup for the
eDNA experiment. In the center of
each plot, a microcliamte station
measuring understory temperature
was installed, and two pots of planted

Field control Trifolium pratense and Fragaria
(pollinator exclusion) ¢ . were placed, one of which was
covered with a 0.3 mm mesh to avoid
pollinator visitation (field control),
and the other was uncovered and thus
available to all pollinators (open
pollination treatment).

Open pollination
treatment

As wildflowers still may have contributed to pollination attraction in the
plots where they could be found, we recorded the species richness of
flowering plants and abundance of individual flowers within a five-meter
radius of each artificial flower station in Paper IIl. In Paper IV, we used
flower abundance data from another experiment that was running in the same
forest stand.
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3.7 Camera traps and vision Al model (Paper III)

In Paper III, we used time-lapse cameras (Wingscapes TimelapseCam Pro
WCTO00126, Pradco Outdoor Brands, AL, USA) with an automatic LED
flash to record pollinator activity in all plots from MS and SS. Cameras
captured images of the artificial flowers (Figure 6A-B) every 10 seconds
from 7 am to 8 pm. The flash was activated only under low light conditions.
The images were taken at a resolution of 4224x2376 pixels.

To prevent pollinators, particularly social species such as bumblebees, from
memorizing the locations of the artificial flowers and thereby biasing our
results through repeated visitation (Keasar, 2000), we utilized 13 cameras
and sets of artificial flowers, which we relocated among 39 plots in each
forest every 3-4 days according to a pre-set schedule. The color order of the
artificial flowers was randomized each time they were moved. Whenever the
cameras and flowers were relocated, camera batteries and memory cards
were exchanged, and the sucrose solution levels of the artificial flowers were
replenished if needed. Each camera was rotated among a subset of three
plots.

The YOLOVS vision Al model (Jocher et al., 2022) was trained to detect
pollinators in our images. This machine-learning model uses a convolutional
neural network as its backbone and functions as an object detection tool,
creating features from input images and passing them through a prediction
system that draws boxes around objects and identifies their classes. YOLOVS
has previously been successful in detecting insects in camera trap images
(Bjerge et al., 2023; Stark et al., 2023).

Before training our YOLOvVS model, we cropped the background of all
images to reduce noise from different background vegetation types and cover
(Figure 6C). To achieve this, we created masks for each combination of plot,
camera, and recording date, and automated the clipping process using a
MACROS script with the ImageJ software (Abramoft et al., 2004). We then
selected a subset of 250 pictures in which pollinators were present as the
training dataset for the YOLOv5 model. This dataset included images
representative of the pollinators found in the study area (Diptera,
Hymenoptera, Coleoptera) in various positions and under different lighting
conditions. Each image was labelled using the Yolo Label software (Kwon,
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2023), drawing a bounding box around all pollinators. These labelled images
were used as a training dataset in the YOLOVS model (v7.0-240-g84ec8b5),
splitting those in 80% for training and 20% for validation.

Once the vision Al model processed all images, those in which pollinators
were detected (e.g., Figure 6D) were checked manually, and false positives
removed. Meta-data such as forest site, plot, date, and time were extracted
from the selected pictures. Due to varying picture quality, precise taxonomic
identification was not always possible, so pollinators were sorted into
families or the finest taxonomic resolution achievable. Flies (Diptera) were
categorized into two groups: hoverflies (Syrphidae) and non-syrphid flies (all
other families). The duration of each pollinator visit was estimated by
counting the number of consecutive pictures in which the pollinator appeared
and multiplying by the picture interval of ten seconds up to a maximum of
20 minutes.

Figure 6. A. Camera and artificial flower setup. B. Example of a photo of a pollinator
obtained through the camera trap. C. Processed photo through the YOLOVS vision Al
model. The background has been removed and the model finds potential pollinators
in the image. D. A zoom in on a fly detected by the vision AI model. Detection
accuracy appears on top of the detection square.

3.8 Flower eDNA metabarcoding (Paper V)

Environmental DNA (eDNA) refers to genetic material obtained indirectly
from environmental samples such as soil, water, or air, rather than from an
individual organism. This DNA can be sourced from cells, tissues,
secretions, and excretions shed by organisms into their surroundings
(Ruppert et al., 2019). In Paper IV, we filtered, extracted, and sequenced
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arthropod eDNA from Trifolium pratense and Fragaria vesca flowers (see
3.6 for details).

3.8.1 Flower collection

Flowers of F. vesca and T. pratense were collected from both the plants that
were meshed (field controls) and the ones that were not (open-pollinated
plants) during their flowering period from June 17% to July 29%, 2022.
Flowers were sampled every third day, with nitrile gloves that were changed
between collections to avoid cross-contamination. Samples were stored in
individual sterile vials and kept in ice in the field and were later transferred
to a -20°C freezer until it was time to process them.

3.8.2 Environmental DNA filtering and extraction

Samples belonging to the three most open and three most dense plots were
processed individually, whilst the rest were pooled by plot and plant species.
Field controls were pooled by collection date across all plots. Flowers were
vigorously shaken in milliQ water to suspend the eDNA found on their
surface. This water was then filtered through a nylon mesh to remove big
pieces of debris, and finally through a polycarbonate membrane (Whatman,
Pittsburg, PA) to capture the eDNA. If filters became clogged (e.g., due to
an excess of pollen), the water was passed through a second polycarbonate
filter. Negative controls with only milliQ water were included for every ten
flower samples. Filters were stored at -20°C until DNA extraction using the
Qiagen DNeasy Blood and Tissue kit, with careful attention to maintaining
sterile conditions throughout the process. The manufacturer’s protocol for
animal tissue was followed, except for the final elution step, where we split
the 200 pl elution volume into two steps of 100 pl to maximize DNA
recovery.

3.8.3 PCR amplification

Mini-barcode arthropod-specific primers for the Cytochrome Oxidase I
(COI) gene were used. These primers — see Zeale et al. (2011) for details —
produce an amplicon of 157 bp and perform well for amplifying degraded
DNA while still maintaining the ability to resolve taxa to species level.
Primers were ordered with attached Illumina adapters with a separation of 3,
5 or 7 random nucleotides to increase sequence diversity and throughput (Wu

43



et al., 2015). PCR reactions were carried out in volumes of 25 ul consisting
of 3 pl of template DNA, 12.3 ul of ddH20, 1 pl of each primer (10 uM)
and 7.7 ul of AmpliTag Gold™ 360 Master Mix (Applied Biosystems;
catalog no. 4398881). Thermocycler parameters were 95°C for 10 min, 55
cycles of 94°C for 30 s, 54°C for 30 s, 72°C for 1 min, and a final elongation
of 72°C for 7 min. Reactions were performed in duplicates to maximize
detected diversity. Negative controls with water instead of template DNA
were used in each PCR plate. PCR products were then verified on agarose
gel and pooled for sequencing.

3.8.4 Library building and sequencing

Library construction and Illumina sequencing were conducted by Macrogen
(Amsterdam), producing 171 libraries across various categories. Libraries
were built using the Herculase II Fusion DNA Polymerase Nextera XT Index
Kit V2 and following the 16S Metagenomic Sequencing Library Preparation
Part # 15044223 Rev. B. A total of 171 libraries were built, one for each plot
with pooled flowers (34 for F. vesca and 32 for T. pratense), one for each
individual flower in the most open and most dense plots (49 for F. vesca and
42 for T. pratense), one for each field control (six for F. vesca and four for
T. pratense), three PCR blanks and one filter negative control. These libraries
were then sequenced on using Illumina NovaSeq (150 bp) for comprehensive
analysis.

3.8.5 Bioinformatics and taxonomic annotation

Sequences were demultiplexed using dual unique indices and processed with
the nfcore/ampliseq bioinformatics pipeline V2.8 (Straub et al., 2024), which
included quality control with FastQC (Andrews, 2010), primer trimming
with Cutadapt (Martin, 2011), and ASV inference with DADA?2 (Callahan et
al., 2016). A length filtration of 15746 bp was applied, as we detected a peak
of sequences at 149 bp corresponding to the co-amplification of strawberry
chloroplasts. ASVs were clustered using Swarm v3 (Mah¢ et al., 2015) with
a conservative threshold to prevent over-clustering. Taxonomic assignment
was performed with BOLDigger (Buchner & Leese, 2020) for species-level
matches and Sintax (Rognes et al., 2016) for probabilistic assignments, with
a consensus classification approach for disagreements. Non-arthropod
sequences, herbivores (e.g., Aphididae), and sequences found in the lab
control samples were removed. Sequences from field controls were also

44



filtered to account for airborne eDNA contamination by subtracting twice the
highest read count found in controls from all samples.

3.9 Data analyses

All analyses for Papers I-IV were run in R version 4.2.2-4.3.3 (R Core Team,
2022, 2023, 2024). For Paper III, Python 3.10.12 (Van Rossum & Drake,
2009) was used to build the YOLOVS5 vision model.

3.9.1 Paperll

We utilized the R package ‘synthesisr’ (Westgate & Grames, 2020) to
eliminate duplicates from each of the four searches in the literature review.
Initially, duplicates were identified by exact title matches. Subsequently, we
applied optimal string alignment distance calculations to all titles to identify
potential duplicates. To do so, titles were transformed to lowercase and
punctuation marks were disregarded. These were manually reviewed and
removed as needed. Afterwards, we calculated the overlap between the
results found in our four searches and identified additional duplicates across
the entire pool of articles collected from all searches by repeating the same
process.

3.9.2 Paperll

To explore the effects of forest structure and macroclimate on temperature
offsets, we used Generalized Additive Mixed Models (GAMMSs). These
models extend Generalized Linear Mixed Models (GLMMs) by relaxing the
assumption of a linear relationship between predictors and the response
variable. We also ran Linear Mixed Models (LMMs) to compare their
performance against the GAMMs. Daily mean, minimum, and maximum
offsets for air temperature, and daily mean offsets for soil temperature, were
the response variables. Predictors included forest density (as canopy
openness or basal area) and the proportion of broadleaves, which were used
interactively and non-interactively in LMMs and within two-dimensional
smoother terms in GAMMSs. Models were run for both the warmest (July)
and coldest (January) months, accounting for temporal autocorrelation using
date as a unidimensional smoother term. Plot nested within site was used as
a random intercept effect, and model selection was based on Akaike’s
Information Criterion (AIC). Once the best smoother configuration was
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identified, additional covariates like wind, previous averaged temperature
and previous averaged precipitation for air models, as well as previous
averaged temperature and snow depth for soil models, were included.

This study also assessed the scale at which overstory affects air and soil
temperature offsets by running GAMMs with basal area and proportion of
broadleaves calculated at different plot radii (4 to 10 m), both in all
combinations of these metrics and with each predictor alone. These analyses
were conducted for mean daily air and soil temperatures, using either
bidimensional smoothers for both metrics or unidimensional smoothers
when used alone. In site B, trees were measured within a 20 m radius,
allowing for independent analysis of this site with data combinations from 4
to 20 m. A minimum radius of 4 m was chosen based on data availability to
avoid significant reduction in the number of plots with trees.

3.9.3 Paperlll

In this study, we assessed the factors influencing pollinator foraging rates
and duration using Generalized Linear Mixed Models (GLMMSs) with the
'elmmTMB' function in the R package with the same name (Brooks et al.,
2017). The analysis focused particularly on flies (Diptera), with separate
evaluations for hoverflies (Syrphidae) and non-syrphid flies (all other
families). Additionally, the analyses included the most common and easily
identifiable single-species Episyrphus balteatus (De Geer, 1776). A Hurdle
GLMM approach was employed due to the dataset's characteristics,
including zero inflation and positively skewed duration data. The model
included two components: a binomial model with logit link function that
estimated the probability of a zero in our data (i.e., the probability of an insect
not being on the artificial plastic flowers), and a continuous component
(Gamma distribution with log link) that predicted the duration of foraging
events once insects visited artificial flowers. Therefore, in the binomial
component, a negative estimate should be interpreted as a positive effect of
a specific variable on the occurrence, and vice versa. Fixed effects included
flower species richness and flower abundance at the plot level, daily and
hourly precipitation, time since rain, and either microclimatic or
macroclimatic temperature. Random effects accounted for plot nested
within-site variability.
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To ensure robust analysis, multiple model configurations were tested.
Temperature variables (microclimate and macroclimate, first and second
degree polynomials) were included in different components of the model due
to their high correlation (r = 0.81). This led to four main model structures,
each tested with and without additional predictors such as basal area and
proportion of broadleaves, resulting in a total of 12 models. All predictors
were standardized for comparability, and model selection was based on
Akaike's Information Criterion (AIC). Model performance was assessed
using simulated residuals from the 'DHARMa' V0.4.6 package (Hartig,
2022) to evaluate goodness-of-fit. Finally, the predicted binomial response
for the models with the lowest AIC values was plotted as an effect of
macroclimate.

3.94 PaperlV

Rarefaction curves were generated for the three most dense and three most
open plots for each flower species, treating individually collected flowers as
independent samples. The INEXT' V3 package (Hsieh et al., 2022) was
utilized to estimate asymptotic diversity estimates and their standard errors
via bootstrapping with 999 replicates.

To investigate the influence of environmental factors on pollinator richness,
Generalized Additive Models (GAMs) with a poisson error distribution and
log-link function were applied separately for F. vesca and T. pratense.
Models were built using the 'gamm4' function from the gamm4 V0.2-6
package (Wood & Scheipl, 2020). These models incorporated a
bidimensional smoother term for forest density (basal area or canopy
openness) and percentage of broadleaves. Parametric covariates included the
number of flowers sequenced, plot type (used for rarefaction or not), and
wildflower abundance within plots. The best model for each plant species
was selected based on likelihood ratio tests with the function ‘buildgamm4’
in the buildmer V2.11 package (Voeten, 2023).

Additionally, General Linear Models (GLMs) were fitted, using a poisson
distribution and log-link function. Initially, a full model was run including
microclimate variables, number of sequenced flowers, plot type, and wild
flower abundance. To handle collinearity between the microclimate
variables, a full model was run separately for the mean, minimum, and
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maximum microclimatic temperatures over the study period. Model selection
was based on likelihood ratio tests using the 'drop1' function from the stats
package. Residuals were also evaluated for overdispersion in these models.

Finally, to assess airborne eDNA contamination in field controls and its

potential increase over time, arthropod richness in these controls was
compared using sequence data.
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4. Main results and discussion

4.1 Boreal pollinators (Paper I)

Knowledge regarding the effect of climate change on boreal pollinators is
quite limited. In Paper I, an information baseline on the consequences of
climate change on boreal pollinators and their interactions with flowering
plants was created by conducting a literature review. However, only 11 out
of 5,198 articles fulfilled our search criteria.

Among the limited number of articles that were relevant to our research
question, hardly any studies identified pollinators to the taxonomic level of
species. For instance, most articles use plant reproductive success as a proxy
for pollinator effectiveness, which successfully assesses ecosystem
functionality, but overlooks species roles and potential changes in species
communities that may be relevant to projecting climate change related
impacts. Increasing temperatures may result in species extirpations and
extinctions, as well as colonization of new species (Ghisbain et al., 2021). It
is possible that a pollinator species that is shifting its distribution because of
climate change takes the role of another species that has become locally
extinct, especially since warming promotes more generalized pollinator
foraging (de Manincor et al., 2023). In this case, we might not see any
differences in plant reproduction success (e.g., through seed set). Therefore,
if pollinator identity is not taken into account, we might miss whether
conservation measures towards any pollinator species should be taken to
avoid its decline and subsequent possible extinction. In addition, knowing
the interactions between plants and pollinators may be advantageous from a
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plant conservation point of view, since different pollinators may be affected
differently by climate change (Kudo et al., 2004).

In this review, we suggested two main potential reasons for this lack of
information regarding boreal pollinators and their interactions with
flowering understory plants: the frequent omission of flies as important
pollinators at higher latitudes, likely because they are not as charismatic as
other insects, and the difficulties in recording pollinators in low temperature
areas.

Despite flies being more abundant flower visitors than bees and other
pollinators at higher latitudes (Elberling & Olesen, 1999) and elevations
(McCabe et al., 2019), they are often neglected in pollinator studies (Orford
et al.,, 2015). Moreover, considering that bees remain understudied in
northern Europe (Leclercq et al., 2023; Marshall et al., 2024), it is to be
expected that other pollinators that have historically received less attention
are likely understudied as well. Flies also appear to be frequent flower
visitors under cold conditions where other pollinators are inactive or have
reduced activity (Kearns, 2001). The dominance of flies over bees at high
elevations may be due, at least partially, to greater environmental restrictions
on bees when it comes to their adaptation to colder environments (Elberling
& Olesen, 1999; McCabe et al., 2019). In fact, flies seem to be more resilient
to environmental constraints than bees in some cases. For instance, Kudo et
al. (2004) observed that seed production did not decrease in fly-pollinated
plants in an early flowering year, when it drastically decreased for bee-
pollinated plants.

Another interesting group of insects that are related to flies are mosquitoes,
which are highly abundant in boreal forests when snow melts and water
accumulates in vernal ponds (Danks & Foottit, 1989). Mosquitoes typically
feed on sugary secretions for energy, suggesting that they could also function
as pollinators (Peach & Gries, 2016), and more research is needed on plant-
mosquito interactions to better understand their role as potential pollinators
(Peach, 2024). Some research suggests that mosquitoes and other small
Diptera are nectar thieves that do not contribute to the pollination of the
flowers they visit. However, being so abundant, their potentially higher
flower visitation rates may result in comparatively higher pollen deposition
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than that of other pollinators, as happens with flies when compared to non-
fly pollinators (Kearns, 2001). Moreover, even if mosquitoes and other
Diptera do not contribute to pollination directly, and are instead nectar
thieves, this may increase the foraging rate of the actual pollinators through
nectar competition, ultimately increasing fruit set (Hunter et al., 2000).

Another possible reason for the current lack of information on boreal
pollinators is the difficulty of recording insects due to their limited activity
at low temperatures (Beattie, 1971). Recording pollinator diversity and
interactions in these conditions may be time-consuming, as pollinators may
only be available when specific environmental conditions are met (Herrera,
1995). This may be particularly challenging in heterogeneous forests, where
structural complexity creates a wide arrange of microclimates (Kovéacs et al.,
2017). Nevertheless, recent advancements in technology have introduced
new approaches to overcome these challenges and record insect activity and
their interactions with relatively low efforts. For instance, high resolution
cameras can be used to capture images or videos of insects visiting flowers
(see Paper III), offering a non-invasive and efficient way to monitor
pollinator populations. Additionally, flower eDNA can be used to detect the
presence of flower-visitors (see Paper IV), which may be potential
pollinators. These two alternative sampling methods provide valuable
insights into plant-pollinator interactions and insect diversity without the
need for direct observation.

4.1.1 Climate change effects

Although the omission of pollinator identities in most studies restricts our
capacity to assess the resilience of specific plant-pollinator interactions to
climate change, some impacts of increasing temperatures were reported in
the articles we selected for our review. Warmer temperatures and altered
snowmelt patterns can disrupt the synchronized timing between flowering
plants and their pollinators, leading to phenological mismatches as observed
in studies such as Kudo & Cooper (2019), Kudo & Ida (2013) or Nishikawa,
(2009). These mismatches can result in reduced plant reproductive success
when pollinators are not available during critical flowering periods, or in low
resources for pollinators if their emergence from hibernation takes place
prior to flowering (Mola, Richardson, et al., 2021). Plants and pollinators
may respond differently to climate change depending on their sensitivity to
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temperature and precipitation patterns, adaptive capacity, and the nature of
their mutualistic relationships and other dependencies. When it comes to
phenology, species whose environmental cues are related to temperature will
be more affected by global warming than those that use other cues (i.e.,
photoperiod) to regulate the timing of their activities. For instance, a plant
that relies on photoperiod for flowering may not react strongly
phenologically to an increase in temperature, while insects may alter their
emergence time and activity, as temperature drives the phenology and
activity of most pollinating insects (Williams, 1961). Moreover, responses to
increasing temperature can be species-dependent. For instance, Rivest &
Vellend (2018) observed that different plant species that rely on distinct
pollinator groups respond uniquely to environmental changes. This
highlights the complexity of species-specific responses to climate change,
and stresses the importance of recording pollinator identity in order to be
able to assess the resilience of specific interactions.

Finally, pollen limitation was documented in six out of the 11 articles in the
literature review (Barrett & Helenurm, 1987; Blinova, 2002; Kudo &
Cooper, 2019; Kudo & Ida, 2013; Nishikawa, 2009; Rivest & Vellend,
2018), and attributed this to reduced pollinator activity due to low
temperatures, in-turn limiting seed set. However, cold temperature can
constrain plant reproductive success beyond its limiting effects on pollinator
activity. For instance, low temperatures can negatively affect pollen viability
(Huang et al., 2022), stigma receptivity or photosynthetic activity (Banerjee
& Roychoudhury, 2019), amongst other physiological processes. These
factors fluctuate annually with climatic conditions, together with variation in
temperature and snowmelt timing. With increasing temperatures, these cold-
related issues are expected to decrease, and pollinator activity to increase,
thus lessening the limitations related to plant reproductive success. However,
this increase in pollinator activity may be mostly driven by thermophilic
species that are able to cope with higher temperatures, and at the expense of
cold-adapted pollinators that fail to do so. Therefore, our focus should be on
how climate change currently affects and reshapes pollinator communities,
so that we are better able to predict its impacts on specific plant-pollinator
relationships. Research on multi-species plant-pollinator assemblages
suggests that the overall structure of pollination networks has likely
remained resilient to the extent of climatic changes experienced so far
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(Hegland et al., 2009). However, studies conducted in the temperate forests
of Illinois (USA) show a decline in both the structure and function of plant-
pollinator networks over time (Burkle et al., 2013). This indicates that some
pollination networks may already be degrading under current climatic
stressors, and the resilience of other networks is likely to diminish with
additional climatic pressure. In the case of the boreal biome, it seems that we
are lacking the information baseline to be able to assess such impacts at a
multi-species network point of view, since data on insect flower visitation at
the species level is scarce.

4.2 The effect of forest structure on understory
microclimate (Paper II)

In this chapter, an assessment on how forest density and overstory species
composition influenced soil and air ambient temperature buffering was done.
Here, "buffering" refers to forest microclimates that maintain a narrower
temperature range compared to the broader macroclimate, irrespective of the
season. A greater buffering capacity for maximum temperatures results in
cooler forest understory temperatures relative to the macroclimate, whereas
for minimum temperatures, it results in warmer forest temperatures (De
Frenne et al., 2021).

According to our models, forest density was the strongest factor affecting
microclimate, and interacted with the proportion of broadleaves when
driving understory temperatures. The largest buffering of forest temperatures
occurs with high basal area and broadleaf proportion in summer, and high
basal area with low broadleaf proportion in winter (Figure 7). With increased
forest density, mean air temperatures are cooler in summer and warmer in
winter, with broadleaves amplifying this effect in the warmest month (Figure
7 A-B). Maximum temperatures in winter are minimally impacted by
broadleaves but increase linearly with density in summer, maximizing
cooling effects in dense forests (Figure 7C-D). On the other hand, for the
minimum air temperatures, the proportion of broadleaves affects offsets
differently by season: higher proportions enhance insulation in the warmest
month but increase energy loss in the coldest month due to leaf loss. When
it comes to soil temperatures, these exhibit greater sensitivity to broadleaf
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proportion in summer, moderating offsets, while basal area consistently
influences offsets across seasons (Figure 8).

Despite our ca. 1,800 km macroclimatic gradient, the effects of forest density
and tree species composition on understory microclimate were independent
of the macroclimatic differences between sites. Therefore, our results may
be relevant and applicable beyond our specific study sites. Additionally,
since our primary overstory tree species (spruce and birch) were chosen to
respectively represent late successional evergreen conifers and early
successional broadleaves, our findings offer insights applicable to other
forest systems with tree species that have similar ecological and structural
characteristics.

A) Mean air temp offset coldest month

B) Mean air temp offset warmest month
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Figure 7. Model predictions for the mean and maximum air temperature offsets (forest
temperatures minus weather station data) for the warmest and coldest months in our
study. In these predictions, basal area was used as a proxy for forest density. The numbers
on the isolines indicate the predicted offsets in degrees Celsius. The predictions are
centered at the mean and the zero isoline thus depicts the mean of the model predictions.
The offsets of these models were calculated from weather station macroclimatic data.
The colours represent a gradient from more positive (red) to more negative (blue) offsets.
Gaps (i.e., white spaces) represent the model predictions that were too far from our data
points.
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A) Mean soil temp offset coldest month B) Mean soil temp offset warmest month
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Figure 8. Model outputs for the mean soil temperature offsets for the warmest and
coldest months in our study, using basal area as a proxy for forest density. The numbers
on the isolines indicate the predicted offsets in degrees Celsius where the zero isoline
depicts the mean of the predictions of the model. The offsets of these models were
calculated from the ERAS macroclimatic data. The colours represent a gradient from
more positive (red) to more negative (blue) offsets. Gaps (i.e., white spaces) represent
the model predictions that were too far from our data points.

4.2.1 Managing microclimate and potential of forests as climatic
refugia (Paper II)

To assess the scale at which the overstory affected air and soil temperature
offsets, we calculated the minimum radial distance from a temperature logger
in which all trees should be measured in order to predict temperature offsets.
For air temperature, the distance from the data loggers for which basal area
and the proportion of broadleaves best predicted mean air temperature in
both the warmest and coldest months was close to 10 m (i.e., the maximum
we measured). Neither basal area nor the proportion of broadleaves was more
important in determining this area of influence, as the most parsimonious
models included both variables. For soil temperature, the best summer
models included the proportion of broadleaves at its maximum resolution,
and basal area between 7-9 m. However, winter models did not include the
proportion of broadleaves, and the distance at which basal area best predicted
temperature offsets was 6-8 m.

Our findings suggest that managing microclimate through forest density and
broadleaf proportion adjustments could be doable for conservation and
climate change adaptation strategies. For instance, our models suggested that
in a northern Sweden forest with a basal area of 25 m?ha and 50%
broadleaves, increasing basal area to 40 m%*ha could lower maximum
summer temperatures by 1.3°C to 2.5°C. Similar cooling effects could be
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achieved by replacing all trees with broadleaves under comparable basal area
conditions. However, increasing forest density may reduce light availability
in the understory, and despite achieving microclimate goals, it may end up
negatively impacting understory plant diversity and ecosystem function.
Broadleaves, on the other hand, may offer climate buffering and biodiversity
benefits without compromising light availability as much as spruce (Felton
et al., 2010, 2016)

However, temperature buffering may be detrimental to some thermophilic
species. For instance, microclimate cooling has been identified as a threat to
thermophilic butterflies (Oliver et al., 2012; Filz et al., 2013), despite
macroclimate warming. It is for this reason that management decisions
should be taken from a holistic perspective, considering both the benefits of
temperature buffering and the potential negative effects on light-dependent
and thermophilic species. Careful planning and monitoring are essential to
ensure that climate-smart management practices support specific targeted
species, biodiversity in general, and ecosystem health. Future research
should explore these dynamics further, particularly how different forest
management practices influence microclimate at varying spatial scales, and
what are the implication of temperature buffering for the organisms living in
the understory. Ultimately, integrating such insights into forest management
plans can optimize the role of forests as climate refugia amidst changing
environmental conditions.

4.3 The effect of microclimate and forest structure on
pollinator activity (Paper IlI)

Paper Il evaluated the effect of macroclimate, microclimate and forest
structure on pollinator flower visitation rates and foraging duration. In total,
the camera traps took 2,185,092 pictures (1,111,818 in MS and 1,073,274 in
SS), representing a total of 6,070 h of sampling. Potential pollinators were
found in roughly 6.5% of these pictures. Of these, 97% were flies, mostly
from the Muscidae, Phoridae and Syrphidae families. As already explained
in 4.1, flies are expected to dominate plant-pollinator networks at high
latitudes (Elberling & Olesen, 1999), and therefore their predominance in the
samples was not unexpected.
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The models with the lowest AIC values for hoverflies (Syrphidae), non-
syrphid flies, and Episyrphus balteatus included microclimate in the
continuous component of the model and macroclimate in the binomial one,
indicating that macroclimate best predicted fly presence (or, rather:
[artificial] flower visitation rate), while microclimate was the best predictor
of their foraging duration (Figure 9). Flies are mostly ectothermic, and thus
rely heavily on external temperatures to regulate their activity (Heinrich,
1973). Higher macroclimatic temperatures increased the likelihood of flower
visitation, having a greater influence than any other variable and suggesting
that rising temperatures due to climate change will affect flower visitation
rates by insects more than changes in other macroclimatic variable such as
the rain regime. According to the predicted responses of our models, the
probability of a flower visit increased steeply between ca. 10°C - 15°C, with
no or little change at higher temperatures (Figure 10). These responses were
similar for all groups of flies, but especially between Syrphidae and E.
balteatus. On the other hand, higher microclimatic temperatures decreased
foraging duration in Syrphidae and E. balteatus, but lengthened it in non-
syrphid flies. Although temperature plays a crucial role in insect flight,
foraging behaviour may likely involve a balance of costs and benefits rather
than strict adherence to absolute temperature thresholds. For instance,
pollinators may need to gather more energy when temperatures are low,
prompting them to forage for a longer duration. Microclimate temperature
varies largely in space and time, and changes on small scales depending on
factors such as direct sunlight or shade (Kovéacs et al., 2017). It is possible
that the effect of this small-scale variation on an insect’s thermics may be
smaller while it flies through a forest than after landing in a certain place,
which may explain the discrepancy between the effects of macro- versus
microclimate.

Considering the strong response of pollinators to macroclimatic temperatures
in our study, we expect changes in flower visitation rates under climate
change to be significant, potentially increasing pollination rates. A rise in
macroclimatic temperatures will also likely cause a rise in microclimatic
temperature inside forests, which may reduce the foraging time of some
groups of pollinating flies, while lengthening it in others. These changes in
foraging duration may boost pollination rates, as more flowers are being
visited per unit of time. However, shorter flower visits caused by increases
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in microclimatic temperatures may lead to smaller pollen loads, since
foraging time on flowers is associated with the pollen loads carried by
pollinating insects (Baur et al., 2019). This may potentially impact
pollination negatively. Moreover, prolonged exposure to higher
temperatures might exceed optimal thermal limits of insects, likely reducing
visitation rates over time, provided that such temperature increases do not
lead to a phenological mismatch.

Non-syrphid flies Syrphid flies Episyrphus balteatus
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Figure 9. Standardized estimates of the fixed effects of the selected GLMMs for non-
syrphid flies (left), syrphid flies (center) and Episyrphus balteatus (right). Blue
estimates are positive and red estimates are negative. Note that the estimated model
coefficients of the binomial part of the models indicate the probability of a zero-
observation and thus a negative estimate should be interpreted as a positive effect of
a specific variable on the occurrence, and vice versa. Lines departing from each point
correspond to one standard error. Asterisks represent statistical significance (*) P <
0.05, (**) P <0.01, (***) P <0.001.

Forest structure also influenced pollinator foraging activity (Figure 9). Forest
density negatively impacted fly visitation rates regardless of the proxy used
for forest density (e.g., basal area or canopy openness). Forest patches with
a high canopy openness have been related to higher pollinator activity and
flower abundance than denser forest patches (Eckerter et al., 2019),
presumably due to increased light availability. This suggests that some
management practices that increase canopy openness could enhance
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pollinator habitats, which may be especially relevant for maintaining or
increasing biodiversity in managed forests. Mixed-species forests and
broadleaf dominance also positively influence pollinator communities
(Knuff et al., 2020; Traylor et al., 2024). In this study, tree species
composition did not have an effect on pollinator activity, although a trend
could be observed where the proportion of broadleaves negatively influenced
fly foraging duration across the different groups.

Figure 10. Predicted flower
visitation rates from the
: selected models for non-

— Episyrphus balteatus . .
— non-Syrphidae Syrphidae, Syrphidae and
Syrphidae Episyrphus balteatus against
macroclimatic temperatures.
Note that the  model
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probability of a  zero-
observation and thus a
probability of 1 (=100%)
should be interpreted as the
total absence of pollinators
10 20 visiting the artificial flowers,
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Increased wildflower species richness decreased pollinator visitation rates to
artificial flowers, and higher wildflower abundance reduced the foraging
time of all groups of flies (Figure 9). This suggests that abundant natural
floral resources can divert pollinators away from artificial flowers, likely
because wildflowers are more attractive or rewarding (Fowler et al., 2016).
Moreover, pollinators prefer visiting large patches of wildflowers (Santos et
al., 2021) but spend less time there, as finding unvisited flowers is easier in
smaller patches (Goulson, 2000).

Precipitation disrupted pollinator foraging activity (Figure 9), possibly by
lowering insect activity and affecting sensory mechanisms related to flower
attraction. Rain dilutes nectar and degrades pollen, reducing flower
attractiveness (Lawson & Rands, 2019). In this study, rain decreased both
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artificial flower visitation rates and foraging duration of all flies, but post-
rain periods increased flower visitation rates.

Finally, it was found that the artificial plastic flower design from Thomson
etal. (2012) is effective for use outside greenhouses and suitable for studying
a broader range of pollinators, particularly flies. However, most insects
visiting the artificial flowers did not appear interested in the sucrose solution,
often staying on the lid without approaching the fake nectaries. This could
be due to the rainy experimental period causing the sucrose solution to
overflow and leave an attractive coating on the lid, or because insects were
using the lid’s reflective surface for thermoregulation. The reasoning for the
use of sucrose was to keep insects busy within the camera’s frame during the
time needed for the time-lapse camera to take a picture. Some automated
monitoring systems use UV-colored platforms to attract insects without a
reward solution (Sittinger et al., 2024), indicating that color alone can attract
insects. However, these systems typically monitor their targets continuously
and need constant power, which was not feasible for our setup. Further
exploration is needed to understand the advantages and disadvantages of
different approaches to using artificial flowers outdoors.

In conclusion, the findings of this study reveal that macroclimatic
temperature is the primary factor influencing flower visitation rates by
pollinators, with a much stronger impact than precipitation. As climate
change leads to rising temperatures, significant shifts in pollinator behaviour
are expected. Although increased temperatures may extend or reduce the
foraging times of different pollinators, potentially boosting pollination rates,
shorter flower visits could decrease pollen loads, negatively affecting
pollination. Forests may act as climatic refugia, buffering some of the
temperature increases and mitigating climate change impacts on pollination.
The study also underscores that despite the often underappreciated role of
flies in pollination, they are one of the most abundant pollinator taxa in
northern forests, and therefore we call for a broader inclusion of these often-
overlooked insects in pollination research. However, since our study used
artificial flowers, it is important that future research explore whether patterns
in insect visitation differ when real flowers are used. The negative impact of
dense forests on pollinator presence suggests that some management
practices that increase canopy openness could enhance pollinator habitats.
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This is especially relevant for maintaining or increasing biodiversity in
managed forests. Additionally, understanding species-specific responses to
forest composition and understory vegetation can guide the selection of tree
species in reforestation or afforestation projects to support diverse pollinator
communities. This holistic understanding of pollinator behaviour and
ecology can inform more effective conservation strategies and forest
management practices aimed at maintaining healthy pollinator populations
and ecosystem resilience under a changing climate.

4.4 The effect of microclimate and forest structure on
flower-visiting arthropods assessed through flower
eDNA (Paper IV)

Paper IV assessed the effect of microclimate and forest density and overstory
species composition on arthropod flower-visitors detected through flower
eDNA. For this, 160 plants of wild strawberry (F. vesca) and red clover (7.
pratense) were grown in a greenhouse, and translocated to a forest in
southern Sweden once they were flowering.

The study demonstrated that a high diversity of flower-visiting arthropods
occurs in this forest, and that many of these insects were recorded only once,
resulting in highly specific communities in different samples. A total of 92
arthropod taxa were identified through flower eDNA: 34 in F. vesca, and 64
in T. pratense. Of these, only six taxa were shared between the two plant
species. Of the 40 plots sampled, 23 yielded amplifiable eDNA in F. vesca,
and 28 in 7. pratense. The maximum number of taxa per plot was nine in 7.
pratense and six in F. vesca. Notably, 12 F. vesca plots contained only a
single taxon, as did seven T. pratense plots. The mean number of taxa per
plot was 1.025 for F. vesca and 2.05 for T. pratense. Of the 49 flowers that
were sequenced individually for F. vesca, only 10 amplified arthropod DNA,
and of the 42 individual flowers from T. pratense, 25 amplified DNA.
Nevertheless, the number of taxa detected in our rather simplified system
was relatively high compared to the 216 taxa found in a Danish grassland
with many more plant species, following the same sampling procedure
(Thomsen & Sigsgaard, 2019). Based on the asymptotic diversity estimates
of single flowers, the expected number of flower-visiting taxa in F. vesca
and in 7. pratense across all plots was 24.40+15.39 and 341+£154.38,
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respectively. Specifically, in the most open plots, 24.50410.44 species were
expected for F. vesca, and 67+27.22 for T. pratense, whilst in the densest
plots, 12.5+5.88 species were expected for . vesca and 140.26+63.44 for T.
pratense.

The reasons behind the high turnover of flower visitor species across plots
remain unclear. One possibility is that in a large and evenly distributed
community of flower visitors, significant differences in species detected
through flower eDNA could arise simply due to stochastic processes.
Alternatively, it could be that eDNA does not accumulate on flower heads,
indicating a short residence time for genetic material. An ecological
explanation might be that these flower visitor communities are structured by
factors we failed to measure. Another possibility is that the environment is
so inhospitable or resource-poor that foraging for food becomes unviable,
which could also explain our observations of zero flower visitors. The
minimal overlap in flower-visiting species between F. vesca and T. pratense
samples might result from the turnover of potential pollinators captured at
different sampling times for these species.

Forest structure significantly affects the species richness of flower-visiting
arthropods, while microclimate seems to play a minimal role. Open plots and
broadleaf dominance were favorable for the number of taxa in F. vesca, while
T. pratense did not show any clear patterns. One advantage of using eDNA
is its ability to detect species interactions that may be overlooked by
traditional methods, such as identifying nocturnal pollinators. Moths, which
are key nocturnal pollinators, contribute to the seed set of T. pratense (Alison
et al., 2022) and were more frequently observed on 7. pratense flowers
compared to those of F. vesca (see Table S1 in Appendix). The vertical
structure of forests influences moth communities (De Smedt et al., 2019),
which could explain the expectation of higher flower visitor richness in
denser plots for 7. pratense. It is possible that the balance between diurnal
(more common in open plots) and nocturnal (potentially more common in
denser plots) flower visitors confounded the impact of forest structure on the
observed diversity of flower visitors for 7. pratense.

Given our low species detectability in the eDNA samples, it could be that
other ecological patterns might arise if more samples, PCR replicates or
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molecular markers were added to the experiment. In fact, it seems that some
pollinator groups, such as Hymenoptera do not amplify optimally with COI
primers, as they do with 16S (Thomsen & Sigsgaard, 2019), thus introducing
some bias to PCR amplification (Clarke et al., 2014). Similarly, we only used
the average, minimum or maximum microclimatic temperature values across
the experimental period as predictors. Perhaps, increasing the resolution of
microclimatic data and matching it with fine-scale flower-visitor data would
shed different results for this predictor.

The difference in the number of taxa detected between flower species, with
T. pratense attracting almost twice as many taxa as F. vesca might be due to
the different sampling times between plant species, the different levels of
attractiveness to pollinators, or the fact that flower heads were used in T.
prantense instead of single flowers as in F. vesca. However, one may
speculate that the flower structure of 7. pratense, which forces a more
intimate contact with pollinators, may result in more eDNA left behind.
Additionally, this flower shape may also potentially prevent DNA
degradation to some degree, as DNA inside flowers is less exposed to
environmental degrading factors such as UV radiation. Future research
should explore how flower shape affects the persistence of eDNA and its
implications for biodiversity monitoring.

Amongst the other methodological insights obtained through this work, we
show that the number of flowers pooled before DNA extraction positively
influences the number of arthropod species detected, both in 7. pratense and
F. vesca. On the other hand, sequencing flowers separately and pooling them
after seems to be an even better approach to detecting more diversity,
although there is also an increased risk of not amplifying any eDNA from
some samples, presumably due to lower eDNA concentrations. Increasing
the number of samples from where the eDNA will be extracted typically
yields higher amounts of genetic material (Hunter et al., 2019). By extracting
and sequencing samples separately, each sample is processed in an
independent PCR; hence the DNA is analyzed as many times as the number
of samples, compared to a single pooled sample. Moreover, different species
may amplify in different samples, while in pooled samples one species may
dominate in abundance regardless of the number of PCRs conducted.
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5. Conclusions of each paper

(I) The effect of climate change on boreal pollinators and their interactions
have so far been largely neglected by science. Most research to date uses
plant reproductive success as a proxy for pollinator effectiveness, which is
blind to any potential changes in pollinator community composition that
could be crucial for predicting the impacts of climate change. Moreover,
despite the high potential relevance of flies to successful pollination in
northern latitudes, there is limited knowledge about the role of flies in the
pollination of boreal plants.

(I Both forest density and overstory species composition play a role in
determining understory microclimatic buffering. These two variables
interact to drive understory temperatures. However, forest density is the main
driver of microclimate, both in the warmest and coldest periods, and for air
and soil temperature. Therefore, the same buffering capacity obtained
through conifers can be obtained through broadleaved species, although the
effectiveness in buffering temperatures of the latter is diminished in winter
due to leaf loss. Forest overstory affects soil microclimatic temperature at a
scale of around 6-7 m, and air temperature at a scale of at least 10 m.

(III) Macroclimate is the primary factor influencing pollinator foraging rate,
whilst microclimate explained foraging time the best. As climate change
leads to rising temperatures, significant shifts in pollinator activity are
expected. Dense forests negatively affected pollinator visitation, and high
wildflower abundance boosted pollinator presence but reduced foraging
time. The increasing proportion of broadleaves reduced hoverfly foraging
duration. Precipitation diminished pollinator activity, although post-rain
periods increased flower visitation.
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(IV) Forest structure, particularly forest density and the proportion of
broadleaves, positively affected the species richness of flower visitors in F.
vesca, while no significant effects were observed for 7. pratense. The
abundance of naturally occurring flowers negatively affected species
detection in F. vesca. Microclimate had no significant effect on arthropod
richness. Pooling flowers before DNA extraction and sequencing flowers
separately both increased species detection, although the latter had a higher
risk of failing to amplify DNA.
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6. Implications for forest management and
future research needs

The overall goal of this thesis was to address some of the knowledge gaps
between climate, forest structure and boreal pollinators in order to develop
effective forest management strategies that support biodiversity and
ecosystem services in the face of ongoing climate change. The results of this
thesis show that the tree layer plays a fundamental role in buffering the
microclimate temperatures inside the forest, potentially mitigating some of
the negative effects of climate change. These benefits can be equally
achieved by both conifers and broadleaves (II). This aligns with current
management strategies that focus on diversifying silviculture through the
replacement of conifer monocultures with broadleaved tree species in order
to adapt forests to climate change (LOf et al., 2012) and biodiversity
conservation (Felton et al., 2010). Broadleaved trees allow more light in the
forest understory than conifers, which benefits understory vegetation (Felton
et al., 2016), flower abundance (Eckerter et al., 2019), and ultimately,
pollinator activity (III) and diversity (IV). Our estimation of the scale at
which the overstory affects understory temperatures (II) offer valuable
guidance for climate-smart forest management. Specifically, to regulate
understory soil microclimates, the overstory should be managed within a
radius of approximately 6-7 meters around the targeted area. In contrast, to
impact understory air temperature, management should extend to a scale of
at least 10 meters. Nevertheless, in addition to microclimatic considerations,
different management strategies should be developed separately for conifer
and broadleaf forests to support pollinators, given the distinct ecological
characteristics of these forest types (Ulyshen et al., 2024). In conifer forests,
the dense canopy and lower light penetration typically result in fewer
flowering plants, which are essential for pollinators. Therefore, managing
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these forests to create gaps or increase the diversity of understory vegetation
can provide more resources for pollinators. On the other hand, broadleaf
forests often have a richer diversity of flowering plants and a more open
canopy, making them naturally more beneficial to supporting pollinators.

Forest density is also an important driver of microclimate that likewise
affects light availability in the understory. Increasing forest density improves
microclimate temperature buffering (II), however, it reduces pollinator
activity (III) and diversity (IV). Therefore, management strategies that aim
at reducing basal area might benefit pollinators (Hanula et al., 2016), as these
increase canopy openness and light availability (Tsai et al., 2018). Such
measures could improve understory plant reproduction and berry yields,
providing a cascade of benefits for biodiversity and the organisms that rely
on these resources for food (Eckerter et al., 2019). However, as reducing
basal area reduces the temperature buffering capacities of forests, perhaps
the best scenario would be to increase spatial heterogeneity in forest
structure, as this not only increases light availability, but also microclimate
variability (Kovacs et al., 2017; Menge et al., 2023). Future studies should
explore the microclimatic implications of forest management decisions that
aim to increase canopy openness in favour of pollinators. Additionally, these
studies should also consider the trade-offs between promoting pollinator
habitats by reducing forest density and other forest-related services such as
wood production.

Flower visitation rates of forest pollinators depend largely on macroclimate,
whilst microclimate influences how long insects forage on flowers (III). As
insect flower visitation rates respond very steeply to a rather narrow
macroclimatic temperature window (III), we expect significant changes in
pollinator activity with rising temperatures, at least within a specific
temperature range. Whether this will translate to higher or lower pollination
rates needs to be further explored.

In addition to microclimatic effects, managing the forest overstory can also
affect pollinators through the vegetation that is able to grow and flower in
the understory, as well as by affecting how attractive this vegetation is to
pollinators through visibility and other sensory cues (Figure 1). For example,
when the overstory allows abundant understory flowers, pollinators are
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likely to spend less time on individual flowers, resulting in increased
visitation rates (IIT) and potentially higher levels of pollination. Therefore,
forest management not only needs to be climate-smart, but it also needs to
consider the impact of decisions on understory vegetation, seeking to achieve
microclimatic goals while also preserving biodiversity.

To ensure that management decisions that mitigate the impacts of climate
change have a positive impact on pollinators, effective monitoring should be
implemented. So far, research has overlooked many potential changes in
boreal pollinator communities caused by climate change (I). Without such
data, it is difficult to predict the impacts of climate change on specific plant-
pollinator interactions, as well as to evaluate the benefits of climate-smart
forestry on pollinator health. Some of the potential reasons for this lack of
data include insufficient ecological knowledge about boreal pollinators, as
well as the difficulty of recording them under cool weather conditions. In
this thesis, we used two novel methodologies to record forest pollinators,
overcoming these shortfalls: camera traps with image recognition (IIT) and
flower eDNA metabarcoding (IV). Both approaches were successful,
providing high-resolution data on flower visits (III) and uncovering a diverse
range of flower visitors that would likely have been overlooked using
traditional surveying techniques (IV). Although these methodologies should
be further refined, we encourage their use to record plant-pollinator
interactions and monitor pollinator populations in boreal forests over time.
Establishing a baseline of information will help better predict the impacts of
climate change on boreal pollinators. Additionally, it is also important to
consider species-level responses to warming, as this information can be used
to target management decisions to the conservation of particular species.

In conclusion, this thesis highlights the complex connections between
climate, forest structure, and boreal pollinators. The findings underscore the
critical role of the overstory in regulating understory microclimate
temperatures, benefiting both vegetation and its pollinators. As forest
management evolves, it will be essential to balance tree density and
composition to create more heterogeneous forest structures that support
pollinators while maintaining temperature buffering. By implementing
innovative methodologies for monitoring pollinator populations and
interactions, we can build a robust baseline of ecological knowledge that
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informs future conservation efforts. Ultimately, fostering resilient boreal
ecosystems requires a proactive approach to management that prioritizes the
needs of pollinators, ensuring their survival and the continued provision of
the ecosystem services they provide in the face of current and future climate
change.

70



References

Abramoff, M. D., Magalhaes, P. J., & Ram, S. J. (2004). Image processing
with Imagel. Biophotonics International, 11(7), 36—42.

ACIA. (2005). Arctic climate impact assessment. Cambridge, UK:
Cambridge University Press.

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

Ahti, T., Himet-Ahti, L., & Jalas, J. (1968). Vegetation zones and their
sections in northwestern Europe. Annales Botanici Fennici, 5(3),
169-211.

Alison, J., Alexander, J. M., Diaz Zeugin, N., Dupont, Y. L., Iseli, E.,
Mann, H. M. R., & Heye, T. T. (2022). Moths complement
bumblebee pollination of red clover: A case for day-and-night insect
surveillance. Biology Letters, 18(7), 20220187.
https://doi.org/10.1098/rsbl.2022.0187

Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput
Sequence Data [Online].

Antdo, L. H., Weigel, B., Strona, G., Hillfors, M., Kaarlejérvi, E., Dallas,
T., Opedal, @. H., Heliolg, J., Henttonen, H., Huitu, O., Korpimaki,
E., Kuussaari, M., Lehikoinen, A., Leinonen, R., Lindén, A., Meril4,
P., Pietidinen, H., Poyry, J., Salemaa, M., ... Laine, A.-L. (2022).
Climate change reshuffles northern species within their niches.
Nature Climate Change, 12(6), Article 6.
https://doi.org/10.1038/s41558-022-01381-x

Auffret, A. G. (2021). Historical floras reflect broad shifts in flowering
phenology in response to a warming climate. Ecosphere, 12(7),
€03683. https://doi.org/10.1002/ecs2.3683

Banerjee, A., & Roychoudhury, A. (2019). Cold Stress and Photosynthesis.
In Photosynthesis, Productivity and Environmental Stress (pp. 27—
37). John Wiley & Sons, Ltd.
https://doi.org/10.1002/9781119501800.ch2

Barrett, S. C. H., & Helenurm, K. (1987). The reproductive biology of
boreal forest herbs. 1. Breeding systems and pollination. Canadian

71



Journal of Botany, 65(10), 2036-2046. https://doi.org/10.1139/b87-
278

Bartomeus, 1., Ascher, J. S., Wagner, D., Danforth, B. N., Colla, S.,
Kornbluth, S., & Winfree, R. (2011). Climate-associated
phenological advances in bee pollinators and bee-pollinated plants.
Proceedings of the National Academy of Sciences, 108(51), 20645—
20649. https://doi.org/10.1073/pnas. 1115559108

Baur, A., Strange, J. P., & Koch, J. B. (2019). Foraging Economics of the
Hunt Bumble Bee, a Viable Pollinator for Commercial Agriculture.
Environmental Entomology, 48(4), 799-806.
https://doi.org/10.1093/ee/nvz075

Beard, K. H., Kelsey, K. C., Leffler, A. J., & Welker, J. M. (2019). The
Missing Angle: Ecosystem Consequences of Phenological
Mismatch. Trends in Ecology & Evolution, 34(10), 885—888.
https://doi.org/10.1016/j.tree.2019.07.019

Beattie, A. J. (1971). Itinerant Pollinators in a Forest. Madrorio, 21(3),
120-124.

Berner, L. T., & Goetz, S. J. (2022). Satellite observations document trends
consistent with a boreal forest biome shift. Global Change Biology,
28(10), 3275-3292. https://doi.org/10.1111/gcb.16121

Betzholtz, P.-E., Pettersson, L. B., Ryrholm, N., & Franzén, M. (2013).
With that diet, you will go far: Trait-based analysis reveals a link
between rapid range expansion and a nitrogen-favoured diet.
Proceedings of the Royal Society B: Biological Sciences, 280(1750),
20122305. https://doi.org/10.1098/rspb.2012.2305

Bjerge, K., Alison, J., Dyrmann, M., Frigaard, C. E., Mann, H. M. R., &
Heoye, T. T. (2023). Accurate detection and identification of insects
from camera trap images with deep learning. PLOS Sustainability
and Transformation, 2(3), e0000051.
https://doi.org/10.1371/journal.pstr.0000051

Blaauw, B. R., & Isaacs, R. (2014). Larger patches of diverse floral
resources increase insect pollinator density, diversity, and their
pollination of native wildflowers. Basic and Applied Ecology, 15(8),
701-711. https://doi.org/10.1016/j.baae.2014.10.001

Blasi, M., Carrié, R., Féagerstrom, C., Svensson, E., & Persson, A. S.
(2023). Historical and citizen-reported data show shifts in
bumblebee phenology over the last century in Sweden. Biodiversity
and Conservation, 32(5), 1523-1547.
https://doi.org/10.1007/s10531-023-02563-5

72



Blinova, 1. (2002). A northernmost population of Cypripedium calceolus
L. (Orchidaceae): Demography, flowering, and pollination.
Selbyana, 23(1), 111-120.

Bogusch, P., Lukas, J., Slachta, M., Straka, J., Sima, P., Erhart, J., & Pfidal,
A.(2021). The spread of Colletes hederae Schmidt & Westrich, 1993
continues — first records of this plasterer bee species from Slovakia
and the Czech Republic. Biodiversity Data Journal, 9, e66112.
https://doi.org/10.3897/BDJ.9.e66112

Boulanger-Lapointe, N., Jarvinen, A., Partanen, R., & Herrmann, T. M.
(2017). Climate and herbivore influence on Vaccinium myrtillus
over the last 40 years in northwest Lapland, Finland. Ecosphere,
8(1). https://doi.org/10.1002/ecs2.1654

Bovee, K. M., Merriam, K. E., & Coppoletta, M. (2021). Mechanically-
created gaps promote flowering and seed set of rare Penstemon
personatus: Disentangling canopy opening from ground disturbance.
Forest  Ecology and  Management, 480, 118640.
https://doi.org/10.1016/j.foreco.2020.118640

Brooks, M. E., Kristensen, K., Benthem, K. J. van, Magnusson, A., Berg,
C. W.,, Nielsen, A., Skaug, H. J., Machler, M., & Bolker, B. M.
(2017). glmmTMB Balances Speed and Flexibility Among Packages
for Zero-inflated Generalized Linear Mixed Modeling. The R
Journal, 9(2), 378—400.

Buchner, D., & Leese, F. (2020). BOLDigger — a Python package to
identify and organise sequences with the Barcode of Life Data
systems. Metabarcoding and Metagenomics, 4, €53535.
https://doi.org/10.3897/mbmg.4.53535

Burkle, L. A., Marlin, J. C., & Knight, T. M. (2013). Plant-Pollinator
Interactions over 120 Years: Loss of Species, Co-Occurrence, and
Function. Science, 339(6127), 1611-1615.
https://doi.org/10.1126/science.1232728

Calinger, K. M., Queenborough, S., & Curtis, P. S. (2013). Herbarium
specimens reveal the footprint of climate change on flowering trends
across north-central North America. Ecology Letters, 16(8), 1037—
1044. https://doi.org/10.1111/ele.12135

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J.
A., & Holmes, S. P. (2016). DADA2: High-resolution sample
inference from Illumina amplicon data. Nature Methods, 13(7), 581—
583. https://doi.org/10.1038/nmeth.3869

Cembrowski, A. R., Tan, M. G., Thomson, J. D., & Frederickson, M. E.
(2014). Ants and Ant Scent Reduce Bumblebee Pollination of

73



Artificial Flowers. The American Naturalist, 183(1), 133-139.
https://doi.org/10.1086/674101

Chen, I.-C., Hill, J. K., Ohlemiiller, R., Roy, D. B., & Thomas, C. D.
(2011). Rapid Range Shifts of Species Associated with High Levels
of Climate Warming. Science, 333(6045), 1024-1026.
https://doi.org/10.1126/science.1206432

Clarke, L. J., Soubrier, J., Weyrich, L. S., & Cooper, A. (2014).
Environmental metabarcodes for insects: In silico PCR reveals
potential for taxonomic bias. Molecular Ecology Resources, 14(6),
1160—1170. https://doi.org/10.1111/1755-0998.12265

Danks, H. V., & Foottit, R. G. (1989). INSECTS OF THE BOREAL ZONE
OF CANADA. The Canadian Entomologist, 121(8), 625-690.
https://doi.org/10.4039/Ent121625-8

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B. R., Zellweger, F., Aalto,
J., Ashcroft, M. B., Christiansen, D. M., Decocq, G., De Pauw, K.,
Govaert, S., Greiser, C., Gril, E., Hampe, A., Jucker, T., Klinges, D.
H., Koelemeijer, I. A., Lembrechts, J. J., Marrec, R., ... Hylander,
K. (2021). Forest microclimates and climate change: Importance,
drivers and future research agenda. Global Change Biology, 27(11),
2279-2297. https://doi.org/10.1111/gcb.15569

De Frenne, P., Rodriguez-Sanchez, F., Coomes, D. A., Baeten, L.,
Verstraeten, G., Vellend, M., Bernhardt-Romermann, M., Brown, C.
D., Brunet, J., Cornelis, J., Decocq, G. M., Dierschke, H., Eriksson,
0., Gilliam, F. S., Hédl, R., Heinken, T., Hermy, M., Hommel, P.,
Jenkins, M. A., ... Verheyen, K. (2013). Microclimate moderates
plant responses to macroclimate warming. Proceedings of the
National  Academy of Sciences, 110(46), 18561-18565.
https://doi.org/10.1073/pnas.1311190110

De Frenne, P., Zellweger, F., Rodriguez-Sanchez, F., Scheffers, B. R.,
Hylander, K., Luoto, M., Vellend, M., Verheyen, K., & Lenoir, J.
(2019). Global buffering of temperatures under forest canopies.
Nature  Ecology &  Evolution, 3(5), Atticle 5.
https://doi.org/10.1038/s41559-019-0842-1

De Lombaerde, E., Vangansbeke, P., Lenoir, J., Van Meerbeek, K.,
Lembrechts, J., Rodriguez-Sanchez, F., Luoto, M., Scheffers, B.,
Haesen, S., Aalto, J., Christiansen, D. M., De Pauw, K., Depauw, L.,
Govaert, S., Greiser, C., Hampe, A., Hylander, K., Klinges, D.,
Koelemeijer, 1., ... De Frenne, P. (2022). Maintaining forest cover
to enhance temperature buffering under future climate change.
Science  of The Total Environment, 810, 151338.
https://doi.org/10.1016/j.scitotenv.2021.151338

74



de Manincor, N., Fisogni, A., & Rafferty, N. E. (2023). Warming of
experimental plant—pollinator communities advances phenologies,
alters traits, reduces interactions and depresses reproduction.
Ecology Letters, 26(2), 323-334. https://doi.org/10.1111/ele.14158

De Schuyter, W., De Lombaerde, E., Depauw, L., De Smedt, P.,
Stachurska-Swakon, A., Orczewska, A., Teleki, B., Jaroszewicz, B.,
Closset, D., Malis, F., Mitchell, F., Schei, F. H., Peterken, G.,
Decocq, G., Van Calster, H., Sebesta, J., Lenoir, J., Brunet, J.,
Reczynska, K., ... Verheyen, K. (2024). Declining potential nectar
production of the herb layer in temperate forests under global
change. Journal of  Ecology, 112(4), 832-847.
https://doi.org/10.1111/1365-2745.14274

De Smedt, P., Vangansbeke, P., Bracke, R., Schauwvliege, W., Willems,
L., Mertens, J., & Verheyen, K. (2019). Vertical stratification of
moth communities in a deciduous forest in Belgium. Insect
Conservation and Diversity, 12(2), 121-130.
https://doi.org/10.1111/icad.12320

Eckerter, T., Buse, J., Forschler, M., & Pufal, G. (2019). Additive positive
effects of canopy openness on European bilberry (Vaccinium
myrtillus) fruit quantity and quality. Forest Ecology and
Management, 433, 122-130.
https://doi.org/10.1016/j.foreco.2018.10.059

Elberling, H., & Olesen, J. M. (1999). The structure of a high latitude plant-
flower visitor system: The dominance of flies. Ecography, 22(3),
314-323. https://doi.org/10.1111/j.1600-0587.1999.tb00507.x

Esseen, P.-A., Ehnstrom, B., Ericson, L., & Sjoberg, K. (1997). Boreal
Forests. Ecological Bulletins, 46, 16-47.

Fekete, 1., Varga, C., Biro, B., Toth, J. A., Varbiro, G., Lajtha, K., Szabo,
G., & Kotroczo, Z. (2016). The effects of litter production and litter
depth on soil microclimate in a central european deciduous forest.
Plant and Soil, 398(1), 291-300. https://doi.org/10.1007/s11104-
015-2664-5

Felton, A., Lindbladh, M., Brunet, J., & Fritz, O. (2010). Replacing
coniferous monocultures with mixed-species production stands: An
assessment of the potential benefits for forest biodiversity in
northern Europe. Forest Ecology and Management, 260(6), 939—
947. https://doi.org/10.1016/j.foreco.2010.06.011

Felton, A., Nilsson, U., Sonesson, J., Felton, A. M., Roberge, J.-M.,
Ranius, T., Ahlstrom, M., Bergh, J., Bjorkman, C., Boberg, J.,
Drossler, L., Fahlvik, N., Gong, P., Holmstrom, E., Keskitalo, E. C.
H., Klapwijk, M. J., Laudon, H., Lundmark, T., Niklasson, M., ...

75



Wallertz, K. (2016). Replacing monocultures with mixed-species
stands: Ecosystem service implications of two production forest
alternatives in Sweden. Ambio, 45(2), 124-139.
https://doi.org/10.1007/s13280-015-0749-2

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial
resolution climate surfaces for global land areas. International
Journal of Climatology, 37(12), 4302-4315.
https://doi.org/10.1002/j0c.5086

Filz, K. J., Wiemers, M., Herrig, A., Weitzel, M., & Schmitt, T. (2013). A
question of adaptability: Climate and habitat change lower trait
diversity in butterfly communities in south-western Germany. EJE,
110(4), 633—642. https://doi.org/10.14411/eje.2013.086

Fitzgerald, J. L., Stuble, K. L., Nichols, L. M., Diamond, S. E., Wentworth,
T. R, Pelini, S. L., Gotelli, N. J., Sanders, N. J., Dunn, R. R., &
Penick, C. A. (2021). Abundance of spring- and winter-active
arthropods declines with warming. FEcosphere, 12(4), ¢03473.
https://doi.org/10.1002/ecs2.3473

Fowler, R. E., Rotheray, E. L., & Goulson, D. (2016). Floral abundance
and resource quality influence pollinator choice. [Insect
Conservation and Diversity, 9(6), 481-494.
https://doi.org/10.1111/icad.12197

Frei, E., Bodin, J., & Walther, G.-R. (2010). Plant species’ range shifts in
mountainous areas—All uphill from here? Botanica Helvetica,
120(2), 117-128. https://doi.org/10.1007/s00035-010-0076-y

Geiger, R., Aron, R. H., & Todhunter, P. (1995). The Climate Near the
Ground. Vieweg+Teubner Verlag. https://doi.org/10.1007/978-3-
322-86582-3

Ghisbain, G., Gérard, M., Wood, T. J., Hines, H. M., & Michez, D. (2021).
Expanding insect pollinators in the Anthropocene. Biological
Reviews, 96(6), 2755-2770. https://doi.org/10.1111/brv.12777

Goulson, D. (2000). Why do pollinators visit proportionally fewer flowers
in large patches? Oikos, 91(3), 485-492.
https://doi.org/10.1034/j.1600-0706.2000.910309.x

Greiser, C., von Schmalensee, L., Lindestad, O., Gotthard, K., & Lehmann,
P. (2022). Microclimatic variation affects developmental phenology,
synchrony and voltinism in an insect population. Functional
Ecology, 36(12), 3036-3048. https://doi.org/10.1111/1365-
2435.14195

Hanula, J. L., Ulyshen, M. D., & Horn, S. (2016). Conserving Pollinators
in North American Forests: A Review. Natural Areas Journal,
36(4), 427-439. https://doi.org/10.3375/043.036.0409

76



Hartig, F. (2022). DHARMa: Residual Diagnostics for Hierarchical
(Multi-Level / Mixed) Regression Models. R package version 0.4.6,
<https://CRAN.R-project.org/package=DHARMa>.

Hedwall, P.-O., Gustafsson, L., Brunet, J., Lindbladh, M., Axelsson, A.-L.,
& Strengbom, J. (2019). Half a century of multiple anthropogenic
stressors has altered northern forest understory plant communities.
Ecological Applications, 29(4), e01874.
https://doi.org/10.1002/eap.1874

Hedwall, P.-O., Uria-Diez, J., Brunet, J., Gustafsson, L., Axelsson, A.-L.,
& Strengbom, J. (2021). Interactions between local and global
drivers determine long-term trends in boreal forest understorey
vegetation. Global Ecology and Biogeography, 30(9), 1765-1780.
https://doi.org/10.1111/geb.13324

Hegland, S. J., Nielsen, A., Lazaro, A., Bjerknes, A.-L., & Totland, Q.
(2009). How does climate warming affect plant-pollinator
interactions? Ecology Letters, 12(2), 184-195.
https://doi.org/10.1111/j.1461-0248.2008.01269.x

Heinrich, B. (1973). Mechanisms of Insect Thermoregulation. In W.
Wieser (Ed.), Effects of Temperature on Ectothermic Organisms:
Ecological Implications and Mechanisms of Compensation (pp.
139-150). Springer. https://doi.org/10.1007/978-3-642-65703-0 11

Herrera, C. M. (1995). Microclimate and Individual Variation in
Pollinators: Flowering Plants are More than Their Flowers. Ecology,
76(5), 1516—1524. https://doi.org/10.2307/1938153

Herrera, C. M. (1997). Thermal Biology and Foraging Responses of Insect
Pollinators to the Forest Floor Irradiance Mosaic. Oikos, 78(3), 601—
611. https://doi.org/10.2307/3545623

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufioz-
Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D.,
Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G.,
Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., ... Thépaut, J.-N.
(2020). The ERAS global reanalysis. Quarterly Journal of the Royal
Meteorological Society, 146(730), 1999-2049.
https://doi.org/10.1002/qj.3803

Hoye, T. T., Loboda, S., Koltz, A. M., Gillespie, M. A. K., Bowden, J. J.,
& Schmidt, N. M. (2021). Nonlinear trends in abundance and
diversity and complex responses to climate change in Arctic
arthropods. Proceedings of the National Academy of Sciences,
118(2), €2002557117. https://doi.org/10.1073/pnas.2002557117

Hoylman, Z. H., Jencso, K. G., Hu, J., Martin, J. T., Holden, Z. A.,
Seielstad, C. A., & Rowell, E. M. (2018). Hillslope Topography

77



Mediates Spatial Patterns of Ecosystem Sensitivity to Climate.
Journal of Geophysical Research: Biogeosciences, 123(2), 353—
371. https://doi.org/10.1002/2017JG004108

Hsieh, T. C., Ma, K. H., & Chao, A. (2022). iNEXT: iNterpolation and
EXTrapolation for species diversity. R package version 3.0.0 URL:
http://chao.stat.nthu.edu.tw/wordpress/sofiware-download/.

Huang, M.-J., Hughes, A. C., Xu, C.-Y., Miao, B.-G., Gao, J., & Peng, Y .-
Q. (2022). Mapping the changing distribution of two important
pollinating giant honeybees across 21000 years. 39(NA).
https://doi.org/10.1016/j.gecco.2022.e02282

Hunter, F. F., Burgin, S. G., & Woodhouse, A. (2000). Shattering the
folklore: Black flies do not pollinate sweet lowbush blueberry.
Canadian  Journal  of  Zoology, 78(11), 2051-2054.
https://doi.org/10.1139/z00-133

Hunter, M. E., Ferrante, J. A., Meigs-Friend, G., & Ulmer, A. (2019).
Improving eDNA yield and inhibitor reduction through increased
water volumes and multi-filter isolation techniques. Scientific
Reports, 9(1), 5259. https://doi.org/10.1038/s41598-019-40977-w

IPCC. (2023). IPCC, 2023: Sections. In: Climate Change 2023: Synthesis
Report. Contribution of Working Groups I, 1l and III to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC,
Geneva, Switzerland, pp. 35-115, doi: 10.59327/IPCC/ARG-
9789291691647.

Jagadish, S. V. K., Bahuguna, R. N., Djanaguiraman, M., Gamuyao, R.,
Prasad, P. V. V., & Craufurd, P. Q. (2016). Implications of High
Temperature and Elevated CO2 on Flowering Time in Plants.
Frontiers in Plant Science, 7.
https://doi.org/10.3389/fpls.2016.00913

Jocher, G., Chaurasia, A., Stoken, A., Borovec, J., NanoCode012, Kwon,
Y., Michael, K., TaoXie, Fang, J., Imyhxy, Lorna, i X ‘Zeng
Yifu’, Wong, C., V, A., Montes, D., Wang, Z., Fati, C., Nadar, J.,
Laughing, ... Jain, M. (2022). ultralytics/yolov5: V7.0 - YOLOVS5
SOTA Realtime Instance Segmentation. Zenodo.
https://doi.org/10.5281/zenodo.7347926

Johansson, M., & Staiger, D. (2015). Time to flower: Interplay between
photoperiod and the circadian clock. Journal of Experimental
Botany, 66(3), 719—730. https://doi.org/10.1093/jxb/erud41

Jonsson, B. G., Dahlgren, J., Ekstrom, M., Esseen, P.-A., Grafstrom, A.,
Stahl, G., & Westerlund, B. (2021). Rapid Changes in Ground
Vegetation of Mature Boreal Forests—An Analysis of Swedish

78



National Forest Inventory Data. Forests, 12(4), Article 4.
https://doi.org/10.3390/f12040475

Junker, R., Chung, A. Y. C., & Bliithgen, N. (2007). Interaction between
flowers, ants and pollinators: Additional evidence for floral
repellence against ants. Ecological Research, 22(4), 665—670.
https://doi.org/10.1007/s11284-006-0306-3

Kearns, C. A. (2001). North American Dipteran Pollinators: Assessing
Their Value and Conservation Status. Conservation Ecology, 5(1).
https://doi.org/10.5751/ES-00262-050105

Keasar, T. (2000). The spatial distribution of nonrewarding artificial
flowers affects pollinator attraction. Animal Behaviour, 60(5), 639—
646. https://doi.org/10.1006/anbe.2000.1484

Kevan, P. G., Tikhmenev, E. A., & Usui, M. (1993). INSECTS AND
PLANTS IN THE POLLINATION ECOLOGY OF THE BOREAL
ZONE. Ecological Research, 8(3), 247-267.
https://doi.org/10.1007/bf02347185

Klinges, D. H., Duffy, J. P., Kearney, M. R., & Maclean, . M. D. (2022).
mcera5: Driving microclimate models with ERAS global gridded
climate data. Methods in Ecology and Evolution, 13(7), 1402—1411.
https://doi.org/10.1111/2041-210X.13877

Knudsen, J. T., & Olesen, J. M. (1993). Buzz-Pollination and Patterns in
Sexual Traits in North European Pyrolaceae. American Journal of
Botany, 80(8), 900-913. https://doi.org/10.1002/j.1537-
2197.1993.tb15311.x

Knuff, A. K., Staab, M., Frey, J., Dormann, C. F., Asbeck, T., & Klein, A.-
M. (2020). Insect abundance in managed forests benefits from multi-
layered vegetation. Basic and Applied Ecology, 48, 124-135.
https://doi.org/10.1016/j.baae.2020.09.002

Kovacs, B., Tinya, F., & Odor, P. (2017). Stand structural drivers of
microclimate in mature temperate mixed forests. Agricultural and
Forest Meteorology, 234-235, 11-21.
https://doi.org/10.1016/j.agrformet.2016.11.268

Kramer, K., Leinonen, 1., & Loustau, D. (2000). The importance of
phenology for the evaluation of impact of climate change on growth
of boreal, temperate and Mediterranean forests ecosystems: An
overview. International Journal of Biometeorology, 44(2), 67-75.
https://doi.org/10.1007/s004840000066

Kudo, G., & Cooper, E. J. (2019). When spring ephemerals fail to meet
pollinators: Mechanism of phenological mismatch and its impact on
plant reproduction. Proceedings of the Royal Society B-Biological
Sciences, 286(1904). https://doi.org/10.1098/rspb.2019.0573

79



Kudo, G., & Ida, T. Y. (2013). Early onset of spring increases the
phenological mismatch between plants and pollinators. Ecology,
94(10), 2311-2320. https://doi.org/10.1890/12-2003.1

Kudo, G., Nishikawa, Y., Kasagi, T., & Kosuge, S. (2004). Does seed
production of spring ephemerals decrease when spring comes early?:
Seed-set of spring ephemerals. Ecological Research, 19(2), 255—
259. https://doi.org/10.1111/j.1440-1703.2003.00630.x

Kwon, Y. (2023). Github repository:
Hittps://github.com/developerOhye/Yolo Label, accessed on: 23rd
October 2023.

Lawson, D. A., & Rands, S. A. (2019). The effects of rainfall on plant—
pollinator interactions. Arthropod-Plant Interactions, 13(4), 561—
569. https://doi.org/10.1007/s11829-019-09686-z

Leclercq, N., Marshall, L., Caruso, G., Schiel, K., Weekers, T.,
Carvalheiro, L. G., Dathe, H. H., Kuhlmann, M., Michez, D., Potts,
S. G., Rasmont, P., Roberts, S. P. M., Smagghe, G., Vandamme, P.,
& Vereecken, N. J. (2023). European bee diversity: Taxonomic and
phylogenetic patterns. Journal of Biogeography, 50(7), 1244—1256.
https://doi.org/10.1111/jbi.14614

Lof, M., Brunet, J., Hickler, T., Birkedal, M., & Jensen, A. (2012).
Restoring Broadleaved Forests in Southern Sweden as Climate
Changes. In J. Stanturf, P. Madsen, & D. Lamb (Eds.), 4 Goal-
Oriented Approach to Forest Landscape Restoration (pp. 373-391).
Springer Netherlands. https://doi.org/10.1007/978-94-007-5338-
9 14

Mahé, F., Rognes, T., Quince, C., Vargas, C. de, & Dunthorn, M. (2015).
Swarm v2: Highly-scalable and high-resolution amplicon clustering.
PeerJ, 3, e1420. https://doi.org/10.7717/peerj.1420

Marshall, L., Leclercq, N., Carvalheiro, L. G., Dathe, H. H., Jacobi, B.,
Kuhlmann, M., Potts, S. G., Rasmont, P., Roberts, S. P. M., &
Vereecken, N. J. (2024). Understanding and addressing shortfalls in
European wild bee data. Biological Conservation, 290, 110455.
https://doi.org/10.1016/j.biocon.2024.110455

Martin, M. (2011). Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet.Journal, 17(1), Article 1.
https://doi.org/10.14806/¢j.17.1.200

McCabe, L. M., Cobb, N. S., & Butterfield, B. J. (2019). Environmental
filtering of body size and darker coloration in pollinator
communities indicate thermal restrictions on bees, but not flies, at
high elevations. PeerJ, 7, €7867. https://doi.org/10.7717/peerj.7867

80



Meeussen, C., Govaert, S., Vanneste, T., Bollmann, K., Brunet, J., Calders,
K., Cousins, S. A. O., De Pauw, K., Diekmann, M., Gasperini, C.,
Hedwall, P.-O., Hylander, K., Iacopetti, G., Lenoir, J., Lindmo, S.,
Orczewska, A., Ponette, Q., Plue, J., Sanczuk, P., ... De Frenne, P.
(2021). Microclimatic edge-to-interior gradients of FEuropean
deciduous forests. Agricultural and Forest Meteorology, 311,
108699. https://doi.org/10.1016/j.agrformet.2021.108699

Menge, J. H., Magdon, P., Woéllauer, S., & Ehbrecht, M. (2023). Impacts
of forest management on stand and landscape-level microclimate
heterogeneity of European beech forests. Landscape Ecology, 38(4),
903-917. https://doi.org/10.1007/s10980-023-01596-z

Mola, J. M., Hemberger, J., Kochanski, J., Richardson, L. L., & Pearse, I.
S. (2021). The Importance of Forests in Bumble Bee Biology and
Conservation. BioScience, 71(12), 1234-1248.
https://doi.org/10.1093/biosci/biab121

Mola, J. M., Richardson, L. L., Spyreas, G., Zaya, D. N., & Pearse, I. S.
(2021). Long-term surveys support declines in early season forest
plants used by bumblebees. Journal of Applied Ecology, 58(7),
1431-1441. https://doi.org/10.1111/1365-2664.13886

Nielsen, A., Totland, @., & Ohlson, M. (2007). The effect of forest
management operations on population performance of Vaccinium
myrtillus on a landscape-scale. Basic and Applied Ecology, 8(3),
231-241. https://doi.org/10.1016/j.baae.2006.05.009

Nishikawa, Y. (2009). Significance of intra-inflorescence variation on
flowering time of a spring ephemeral, Gagea lutea (Liliaceae), under
seasonal fluctuations of pollinator and light availabilities. Plant
Ecology, 202(2), 337-347. https://doi.org/10.1007/s11258-008-
9493-7

Oliver, T. H., Thomas, C. D., Hill, J. K., Brereton, T., & Roy, D. B. (2012).
Habitat associations of thermophilous butterflies are reduced despite
climatic warming. Global Change Biology, 18(9), 2720-2729.
https://doi.org/10.1111/j.1365-2486.2012.02737.x

Orford, K. A., Vaughan, 1. P., & Memmott, J. (2015). The forgotten flies:
The importance of non-syrphid Diptera as pollinators. Proceedings
of the Royal Society B: Biological Sciences, 282(1805), 20142934.
https://doi.org/10.1098/rspb.2014.2934

Peach, D. A. H. (2024). Mosquito Pollination and Sugar Detection
Methods: An Overview. Cold Spring Harbor Protocols, 2024(4),
pdb.top107666. https://doi.org/10.1101/pdb.top107666

Peach, D. A. H., & Gries, G. (2016). Nectar thieves or invited pollinators?
A case study of tansy flowers and common house mosquitoes.

81



Arthropod-Plant Interactions, 10(6), 497-506.
https://doi.org/10.1007/s11829-016-9445-9

Pecl, G. T., Aratgjo, M. B, Bell, J. D., Blanchard, J., Bonebrake, T. C.,
Chen, L.-C., Clark, T. D., Colwell, R. K., Danielsen, F., Evengard,
B., Falconi, L., Ferrier, S., Frusher, S., Garcia, R. A., Griffis, R. B.,
Hobday, A. J., Janion-Scheepers, C., Jarzyna, M. A., Jennings, S.,
... Williams, S. E. (2017). Biodiversity redistribution under climate
change: Impacts on ecosystems and human well-being. Science,
355(6332), eaai9214. https://doi.org/10.1126/science.aai9214

Pradhan, K., Ettinger, A. K., Case, M. J., & Hille Ris Lambers, J. (2023).
Applying climate change refugia to forest management and old-
growth restoration. Global Change Biology, 29(13), 3692-3706.
https://doi.org/10.1111/gcb.16714

Puchalka, R., Paz-Dyderska, S., Woziwoda, B., & Dyderski, M. K. (2023).
Climate change will cause climatic niche contraction of Vaccinium
myrtillus L. and V. vitis-idaea L. in Europe. Science of The Total
Environment, 892, 164483.
https://doi.org/10.1016/j.scitotenv.2023.164483

R Core Team. (2022). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/.

R Core Team. (2023). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/.

R Core Team. (2024). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/.

Rice, K. E., Montgomery, R. A., Stefanski, A., Rich, R. L., & Reich, P. B.
(2021). Species-specific flowering phenology responses to
experimental warming and drought alter herbaceous plant species
overlap in a temperate-boreal forest community. Annals of Botany,
127(2),203-211. https://doi.org/10.1093/aob/mcaal 56

Rivest, S., & Vellend, M. (2018). Herbivory and pollen limitation at the
upper elevational range limit of two forest understory plants of
eastern North America. ECOLOGY AND EVOLUTION, 8(2), 892—
903.

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016).
VSEARCH: A versatile open source tool for metagenomics. Peer.J,
4, e2584. https://doi.org/10.7717/peerj.2584

Ruppert, K. M., Kline, R. J., & Rahman, M. S. (2019). Past, present, and
future perspectives of environmental DNA (eDNA) metabarcoding;:

82



A systematic review in methods, monitoring, and applications of
global eDNA. Global Ecology and Conservation, 17, ¢00547.
https://doi.org/10.1016/j.gecco.2019.¢00547

Santos, K. C. B. S., Souza, C. S., Arruda, R., & Araujo, A. C. (2021). Patch
size changes the composition of flower visitors and influences pollen
flow. Plant Ecology & Diversity, 14(5-6), 255-266.
https://doi.org/10.1080/17550874.2022.2037024

Saunders, M. E. (2018). Insect pollinators collect pollen from wind-
pollinated plants: Implications for pollination ecology and
sustainable agriculture. Insect Conservation and Diversity, 11(1),
13-31. https://doi.org/10.1111/icad.12243

Schleuning, M., Friind, J., Klein, A.-M., Abrahamczyk, S., Alarcon, R.,
Albrecht, M., Andersson, G. K. S., Bazarian, S., Bohning-Gaese, K.,
Bommarco, R., Dalsgaard, B., Dehling, D. M., Gotlieb, A., Hagen,
M., Hickler, T., Holzschuh, A., Kaiser-Bunbury, C. N., Kreft, H.,
Morris, R. J., ... Bliithgen, N. (2012). Specialization of Mutualistic
Interaction Networks Decreases toward Tropical Latitudes. Current
Biology, 22(20), 1925-1931.
https://doi.org/10.1016/j.cub.2012.08.015

Schweiger, O., Settele, J., Kudrma, O., Klotz, S., & Kiihn, 1. (2008).
Climate Change Can Cause Spatial Mismatch of Trophically
Interacting Species. Ecology, 89(12), 3472-3479.
https://doi.org/10.1890/07-1748.1

Sittinger, M., Uhler, J., Pink, M., & Herz, A. (2024). Insect detect: An
open-source DIY camera trap for automated insect monitoring.
PLOS ONE, 19(4), €0295474.
https://doi.org/10.1371/journal.pone.0295474

SMHI. (2023). Swedish Meteorological and Hydrological Institute.
Climate indicators. Temperature.
https://www.smhi.se/en/climate/climate-indicators/climate-
indicators-temperature-1.91472

Stanworth, A., Peh, K. S.-H., & Morris, R. J. (2024). Linking network
ecology and ecosystem services to benefit people. People and
Nature, 6(3), 1048—1059. https://doi.org/10.1002/pan3.10632

Stark, T., Stefan, V., Wurm, M., Spanier, R., Taubenbock, H., & Knight,
T. M. (2023). YOLO object detection models can locate and classify
broad groups of flower-visiting arthropods in images. Scientific
Reports, 13(1), Article 1. https://doi.org/10.1038/s41598-023-
43482-3

Sterck, F. (F), Vos, M. (A. E. ), Hannula, S. E. (S. E. ), de Goede, S. (S. P.
C.), de Vries, W. (W), den Ouden, J. (J), Nabuurs, G.-J. (G. J. ), van

83



der Putten, W. (W. H., & Veen, C. (G. F.). (2021). Optimizing stand
density for climate-smart forestry: A way forward towards resilient
forests with enhanced carbon storage under extreme climate events.
Soil Biology and Biochemistry, 162, 108396.
https://doi.org/10.1016/j.s011b10.2021.108396

Stickley, S. F., & Fraterrigo, J. M. (2021). Understory vegetation
contributes to microclimatic buffering of near-surface temperatures
in temperate deciduous forests. Landscape Ecology, 36(4), 1197—
1213. https://doi.org/10.1007/s10980-021-01195-w

Stoutjesdijk, P., & Barkman, J. J. (2014). Microclimate, Vegetation &
Fauna. In Microclimate, Vegetation & Fauna. KNNV Publishing.
https://brill.com/display/title/31909

Straub, D., Tangrot, J., Peltzer, A., Lundin, D., emnilsson, bot, nf-core,
Sateesh Peri, Bennett, A., Sundh, J., DiegoBrambilla, Peer, A., E,
T., Manoharan, L., Garcia, M. U., Minot, S., PhilPalmer, Patel, H.,
Malladi, V., Matthew, ... Menden, K. (2024). nf-core/ampliseq:
Ampliseq Version 2.8.0 (Version 2.8.0) [Computer software].
Zenodo. https://doi.org/10.5281/zenodo.10519258

Taheri, S., Naimi, B., Rahbek, C., & Aragjo, M. B. (2021). Improvements
in reports of species redistribution under climate change are
required. Science Advances, 7(15), eabel110.
https://doi.org/10.1126/sciadv.abe1110

ter Steege, H. (2018). Hemiphot.R: Free R scripts to analyse hemispherical
photographs for canopy openness, leaf area index and photosynthetic
active radiation under forest canopies. Unpublished Report.
Naturalis  Biodiversity Center, Leiden, The Netherlands.
https://github.com/naturalis/Hemiphot

Thomsen, P. F., & Sigsgaard, E. E. (2019). Environmental DNA
metabarcoding of wild flowers reveals diverse communities of
terrestrial arthropods. Ecology and Evolution, 9(4), 1665-1679.
https://doi.org/10.1002/ece3.4809

Thomson, J. D., Ogilvie, J. E., Makino, T. T., Arisz, A., Raju, S., Rojas-
Luengas, V., & Tan, M. (2012). Estimating pollination success with
novel artificial flowers: Effects of nectar concentration. Journal of
Pollination Ecology, 9, 108—114. https://doi.org/10.26786/1920-
7603(2012)14

Traylor, C. R., Ulyshen, M. D., Bragg, D. C., & McHugh, J. V. (2024).
Forest bees benefit from compositionally diverse broadleaf
canopies. Forest Ecology and Management, 566, 122051.
https://doi.org/10.1016/j.foreco.2024.122051

84



Tsai, H.-C., Chiang, J.-M., McEwan, R. W., & Lin, T.-C. (2018). Decadal
effects of thinning on understory light environments and plant
community structure in a subtropical forest. Ecosphere, 9(10),
€02464. https://doi.org/10.1002/ecs2.2464

Tuhkanen, S. (1984). A circumboreal system of climatic-
phytogeographical regions. Acta Bot. Fenn., 127, 1-50.

Ulyshen, M. D., Ballare, K. M., Fettig, C. J., Rivers, J. W., & Runyon, J.
B. (2024). The Value of Forests to Pollinating Insects Varies with
Forest Structure, Composition, and Age. Current Forestry Reports.
https://doi.org/10.1007/s40725-024-00224-6

Ulyshen, M., Urban-Mead, K. R., Dorey, J. B., & Rivers, J. W. (2023).
Forests are critically important to global pollinator diversity and
enhance pollination in adjacent crops. Biological Reviews, 98(4),
1118-1141. https://doi.org/10.1111/brv.12947

Van Rossum, G., & Drake, F. L. (2009). Python 3 Reference Manual.
Scotts Valley, CA: CreateSpace.

Vasiliev, D., & Greenwood, S. (2021). The role of climate change in
pollinator decline across the Northern Hemisphere is
underestimated. Science of The Total Environment, 775, 145788.
https://doi.org/10.1016/].scitotenv.2021.145788

Virkkala, R., & Lehikoinen, A. (2014). Patterns of climate-induced density
shifts of species: Poleward shifts faster in northern boreal birds than
in southern birds. Global Change Biology, 20(10), 2995-3003.
https://doi.org/10.1111/gcb.12573

Visser, M. E., & Gienapp, P. (2019). Evolutionary and demographic
consequences of phenological mismatches. Nature Ecology &
Evolution, 3(6), Article 6. https://doi.org/10.1038/s41559-019-
0880-8

Voeten, C. (2023). Buildmer: Stepwise Elimination and Term Reordering
for Mixed-Effects Regression. R package version 2.11,
<https://CRAN.R-project.org/package=buildmer>.

von Arx, G., Graf Pannatier, E., Thimonier, A., & Rebetez, M. (2013).
Microclimate in forests with varying leaf area index and soil
moisture: Potential implications for seedling establishment in a
changing climate. Journal of Ecology, 101(5), 1201-1213.
https://doi.org/10.1111/1365-2745.12121

Westgate, M., & Grames, E. (2020). Synthesisr: Import, Assemble, and
Deduplicate Bibliographic Datasets. R package version 0.3.0,
<https://CRAN.R-project.org/package=synthesisr>.

Williams, C. B. (1961). Studies in the effect of weather conditions on the
activity and abundance of insect populations. Philosophical

85



Transactions of the Royal Society of London. Series B, Biological
Sciences, 244(713), 331-378.
https://doi.org/10.1098/rstb.1961.0011

Wood, S., & Scheipl, F. (2020). Gamm4.: Generalized Additive Mixed
Models using ‘mgcv’ and ‘Ime4’. R package version (.2-6.
Https://CRAN.R-project.org/package=gamm4.

Wood, T. J., Vanderplanck, M., Vastrade, M., Vaudo, A. D., & Michez, D.
(2022). Trees for bees: Could woody plant pollen be used as a
consistent resource in bee-focused agri-environment schemes?
Entomologia Generalis, 42(3), 361-374.
https://doi.org/10.1127/entomologia/2021/1241

Wu, L., Wen, C., Qin, Y., Yin, H., Tu, Q., Van Nostrand, J. D., Yuan, T.,
Yuan, M., Deng, Y., & Zhou, J. (2015). Phasing amplicon
sequencing on Illumina Miseq for robust environmental microbial
community analysis. BMC  Microbiology, 15(1), 125.
https://doi.org/10.1186/s12866-015-0450-4

Yourstone, J., Karlsson, M., Klatt, B. K., Olsson, O., & Smith, H. G.
(2021). Effects of crop and non-crop resources and competition:
High importance of trees and oilseed rape for solitary bee
reproduction.  Biological = Conservation, 261, 109249.
https://doi.org/10.1016/j.biocon.2021.109249

Zeale, M. R. K., Butlin, R. K., Barker, G. L. A., Lees, D. C., & Jones, G.
(2011). Taxon-specific PCR for DNA barcoding arthropod prey in
bat faeces. Molecular Ecology Resources, 11(2), 236-244.
https://doi.org/10.1111/j.1755-0998.2010.02920.x

Zellweger, F., Coomes, D., Lenoir, J., Depauw, L., Maes, S. L., Wulf, M.,
Kirby, K. J., Brunet, J., Kopecky, M., Malis, F., Schmidt, W.,
Heinrichs, S., den Ouden, J., Jaroszewicz, B., Buyse, G., Spicher, F.,
Verheyen, K., & De Frenne, P. (2019). Seasonal drivers of
understorey temperature buffering in temperate deciduous forests
across Europe. Global Ecology and Biogeography, 28(12), 1774—
1786. https://doi.org/10.1111/geb.12991

Zellweger, F., De Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K.,
Bernhardt-Romermann, M., Baeten, L., Hédl, R., Berki, I., Brunet,
J., Van Calster, H., Chudomelova, M., Decocq, G., Dirnbdck, T.,
Durak, T., Heinken, T., Jaroszewicz, B., Kopecky, M., Mali§, F., ...
Coomes, D. (2020). Forest microclimate dynamics drive plant
responses to  warming. Science, 368(6492), 772-775.
https://doi.org/10.1126/science.aba6880

86



Popular science summary

The boreal biome, the world's largest contiguous forested region, is
experiencing significant changes due to rising global temperatures. This
warming is affecting the way trees, understory plants, and pollinators
interact. These interactions are crucial for providing some of the benefits we
humans get from such forests, like berry production or pest control. In
science, we call these benefits ecosystem services.

Understanding how climate and trees interact is crucial for maintaining
healthy ecosystems, especially in how these habitats support various plant
and animal species. Moreover, as we humans use forests for wood
production, we also need to consider how our management decisions affect
the plants and animals that live there. However, predicting how shifts in
climate and land use will impact these systems is challenging due to gaps in
our current knowledge.

Addressing these gaps is crucial for developing forest management strategies
that support biodiversity and ecosystem services in the face of climate
change, as well as for the conservation of species affected by warming. The
overall goal of this thesis is to provide some of the necessary information to
tackle these challenges and inform management practices. Each chapter of
the thesis focuses on different aspects of this complex relationship, aiming
to shed light on these important issues and help create strategies that enhance
the ability of both forests and their pollinators to bounce back from
disturbances and keep on thriving.

Now, imagine that you are enjoying a day in the forest. The sun is shining,
birds are chirping, and there is a gentle breeze rustling the leaves. You take
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a deep breath of fresh air, admire the blooming flowers that will become
berries in a few weeks, and maybe even spot a moose in the distance. It is a
beautiful scene, but let’s increase the temperature a bit. The sun is beating
down, and you start sweating. So, you would probably do what many other
animals would do: find a nice spot in the shade under a tree to keep on
enjoying your day. Even though you have only moved a few meters, the
temperature changes considerably. This is what we refer to as microclimate.
A microclimate is essentially a local zone where the climate differs from the
surrounding area. These differences can be influenced by various factors,
such as the density and the types of trees in a forest.

Forests, microclimate, understory vegetation and pollinators are
interconnected in complex ways. Most pollinators are insects, and just like
humans, they need to regulate their body temperature to function properly.
However, as insects cannot produce their own heat, they rely on external
sources of temperature. Therefore, as forests can shape the microclimate in
the understory, forests will also determine how many and which insect
pollinators we can find, as well as how insects move to find and collect food.
Furthermore, as pollinators feed on pollen and nectar in flowers, the
interaction between forest and microclimate will also determine the level of
pollination of understory plants, and how many fruits (including berries!)
and seeds are produced. In this regard, we found that ambient temperatures
are in charge of regulating pollinator foraging activities, while the local
microclimate determines how much time they spend on flowers.

Forests are therefore essential in moderating ambient temperatures and
creating a wide array of microclimates, which, in some cases, can serve as
climatic refugia for species affected by warming. Climatic refugia are places
where the local climate remains relatively stable and favorable even when
surrounding areas undergo significant climatic changes, such as during
droughts, or extreme heat. With the work of this thesis, we noticed that
denser forests are particularly effective at buffering ambient temperatures,
and that both broadleaf and coniferous trees offer the same benefits.
Broadleaf trees, in particular, besides achieving the same level of
temperature regulation as conifers, let more light reach the forest understory,
which is beneficial for many plants and associated organisms. However, the
ideal forest for pollinators may be one in which there are different types of
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trees and shrubs, which allow for open areas where pollinators can bask and
get warm, areas with flowers, and shaded areas where they can rest and take
shelter from rain or if temperatures rise too much. Interestingly, we also
identified that the number of insect species that visit flowers tends to be
higher in forests with more diverse structures, especially those where
broadleaf trees are more abundant, while the microclimate itself has a lesser
impact on the variety of these insects.

Sadly, despite the promising potential of forests as climatic refugia, we found
that many of the assessments of climate change impacts on boreal pollinators
that have been done so far do not measure pollinators directly. Instead, they
use indirect measures such as whether plants are being effectively pollinated
or not, overlooking specific pollinator species or how many pollinators are
needed for plants to produce seeds. This lack of detail limits our
understanding of how particular species might respond to climate change,
and therefore, limits our understanding of what to do to avoid their possible
decline.

By managing forests with their microclimates in mind, and considering how
both plants and pollinators use these areas, we can create better habitats for
pollinators and help them adapt to climate change. However, we need more
research to refine these management strategies and to understand how
different species respond to changing environmental conditions.
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Popularvetenskaplig sammanfattning

Det boreala biomet, virldens storsta sammanhingande skogsregion,
genomgér betydande fordndringar pd grund av stigande globala
temperaturer.  Uppvdrmningen péaverkar samspelet mellan trdd,
markvegetation och pollinatdrer. Dessa interaktioner &r avgorande for att
tillhandahélla nagra av de fordelar som vi ménniskor far fran véra skogar,
som bérproduktion eller kontroll av skadedjur. Inom vetenskapen kallar vi
dessa fordelar for ekosystemtjénster.

Att forstd hur klimat och trdd samverkar &r avgorande for att upprétthalla
hilsosamma ekosystem, sérskilt ndr det giller hur dessa fungerar som
livsmiljoer for olika véxt- och djurarter. Eftersom vi ménniskor anvinder
skogar for triproduktion maste vi ocksd ta hénsyn till hur vara
forvaltningsbeslut paverkar de véxter och djur som lever dir. Det dr dock
svart att forutse hur forédndringar i klimat och markanvéndning kommer att
paverka dessa system, eftersom det finns luckor i var nuvarande kunskap.

Att atgirda dessa luckor ér avgorande for att utveckla skogsskotselstrategier
som stoder biologisk mangfald och ekosystemtjinster infor
klimatférédndringarna, liksom for att bevara arter som paverkas av
uppvarmningen. Det &vergripande malet med denna avhandling ar att
tillhandahélla en del av den information som behdvs for att ta itu med dessa
utmaningar och forbéttra skotselmetoder. Varje kapitel i avhandlingen
fokuserar pé olika aspekter av detta komplexa forhallande och syftar till att
belysa dessa viktiga fragor och bidra till att skapa strategier som forbattrar
bade skogarnas och deras pollinatdrers formaga att aterhdmta sig fran
storningar och fortsitta att frodas.
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Forestdll dig nu att du njuter av en dag i skogen. Solen skiner, faglarna
kvittrar och en svag bris prasslar i 16ven. Du tar ett djupt andetag av frisk
luft, beundrar blommorna som kommer att bli bar om nagra veckor och
kanske till och med ser en &dlg i fjarran. Det dr en vacker scen, men 14t oss
hgja temperaturen en aning. Solen gassar och du borjar svettas. S& du skulle
formodligen gora som méanga andra djur: hitta en skon plats i skuggan under
ett trdd for att fortsdtta njuta av dagen. Trots att du bara har forflyttat dig
nagra meter dndras temperaturen avsevirt. Det dr detta som vi kallar
mikroklimat. Ett mikroklimat ar i princip en lokal zon dér klimatet skiljer sig
frén det omgivande omradet. Dessa skillnader kan paverkas av olika faktorer,
t.ex. titheten och typen av trdd i en skog.

Skogar, mikroklimat, markvegetation och pollinatdrer 4r sammankopplade
pa ett komplext sitt. De flesta pollinatorer ar insekter, och precis som
ménniskor méste de reglera sin kroppstemperatur for att fungera ordentligt.
Men eftersom insekter inte kan producera sin egen virme &dr de beroende av
externa temperaturkéllor. Eftersom skogarna kan forma mikroklimatet i
undervegetationen kommer skogarna darfor ocksa att avgora hur ménga och
vilka pollinerande insekter vi kan hitta, liksom hur insekterna forflyttar sig
for att hitta och samla in mat. Eftersom pollinerare livnir sig pé pollen och
nektar i blommor kommer samspelet mellan skog och mikroklimat ocksé att
avgora pollineringsnivan hos vixter i undervegetationen och hur manga
frukter (inklusive béar!) och fron som produceras. I detta avseende fann vi att
den storskaliga temperaturen &r ansvarig for att reglera pollinatérernas
fodosoksaktiviteter, medan det lokala mikroklimatet avgor hur mycket tid de
tillbringar p& blommorna.

Skogar ar darfor viktiga for att ddmpa omgivande temperaturer och skapa ett
brett utbud av mikroklimat, som i vissa fall kan fungera som klimatrefugier
for arter som paverkas av uppvarmningen. Klimatrefugier ar platser dir det
lokala klimatet forblir relativt stabilt och gynnsamt &ven nir omgivande
omraden genomgar betydande klimatforandringar, till exempel under torka
eller extrem varme. I arbetet med denna avhandling har vi lagt mérke till att
titare skogar dr sédrskilt effektiva ndr det géller att buffra omgivande
temperaturer, och att bade 16vtrdd och barrtrdd erbjuder samma fordelar.
Sarskilt 10vtrdd, forutom att de uppnar samma nivé av temperaturreglering
som barrtrid, later mer ljus né skogens undervegetation, vilket dr fordelaktigt
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for manga véxter och tillhorande organismer. Den ideala skogen for
pollinatdrer kan dock vara en skog dér det finns olika typer av trdd och
buskar, som mdjliggdr 6ppna omraden dir pollinatdrer kan sola och viarma
sig, omraden med blommor och skuggade omraden dir de kan vila och ta
skydd mot regn eller om temperaturen stiger for mycket. Intressant nog
identifierade vi ocksa att antalet insektsarter som besoker blommor tenderar
att vara hogre i skogar med mer varierande strukturer, sérskilt i skogar dér
det finns fler lovtrdd, medan mikroklimatet i sig har en mindre inverkan pé
mangfalden av insekter.

Trots skogarnas lovande potential som klimatrefugier fann vi tyvérr att
manga av de utvirderingar av klimatforandringarnas effekter pa pollinatorer
i boreala omrédden som hittills har gjorts inte artbestimmer pollinatorer.
Istéllet anvédnder de indirekta matt som huruvida vixter pollineras effektivt
eller inte, vilket forbiser specifika arter av pollinatdrer och hur manga
pollinatorer som behovs for att vixter ska producera fron. Denna brist pa
detaljkunskap begrinsar var forstaelse for hur vissa arter kan komma att
reagera pa klimatforandringarna, och dirmed ocksé vér forstéelse for vad vi
ska gora for att undvika att de minskar.

Genom att skota skogarna med mikroklimatet i dtanke och ta hénsyn till hur
bade vixter och pollinatorer anvinder dessa omraden kan vi skapa béttre
livsmiljoer for pollinatérer och hjidlpa dem att anpassa sig till
klimatférédndringarna. Vi behover dock mer forskning for att forfina dessa
forvaltningsstrategier och for att forsta hur olika arter reagerar pa fordndrade
miljoforhallanden.
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Appendix

Table S1. List of arthropod flower visitors identified through flower eDNA. The columns Trifolium and Fragaria show

whether a flower visitor was present (1) or absent (0) from the samples of each respective plant species.

Class Order Family Genus Species Trifolium  Fragaria
Arachnida Araneae Clubionidae Clubiona Clubiona comta 1 0
Arachnida Araneae Salticidae Neon Neon reticulatus 1 0
Arachnida Sarcoptiformes Chamobatidae Chamobates Chamobates borealis 1 0
Arachnida Sarcoptiformes Chamobatidae Chamobates Chamobates birulai 1 0
Arachnida Sarcoptiformes Oppiidae Oppiella Oppiella nova 1 0
Arachnida Trombidiformes  Anystidae Anystis Anystis sp. 1 0
Arachnida Trombidiformes  Triophtydeidae Triophtydeus Triophtydeus sp. 1 0
Collembola  Entomobryomor  Entomobryidae  Entomobrya Entomobrya nivalis 1 0
pha
Insecta Coleoptera Brentidae Protapion Protapion fulvipes 1 0
Insecta Coleoptera Byturidae Byturus Byturus sp. 1 0
Insecta Coleoptera Carabidae Pterostichus Pterostichus 1 0
oblongopunctatus
Insecta Coleoptera Carabidae Amara Amara consularis 1 0
Insecta Coleoptera Chrysomelidae Plagiodera Plagiodera 0 1
versicolora
Insecta Coleoptera Chrysomelidae Altica Altica ampelophaga 0 1
Insecta Coleoptera Chrysomelidae Altica Altica engstromi 0 1
Insecta Coleoptera Cryptophagidae ~ Micrambe Micrambe abietis 1 0
Insecta Coleoptera Curculionidae Tychius Tychius picirostris 1 0
Insecta Coleoptera Curculionidae Sitona Sitona lineatus 1 0
Insecta Coleoptera Curculionidae Pityogenes Pityogenes 1 0
chalcographus
Insecta Coleoptera Melyridae Dasytes Dasytes cyaneus 1 1
Insecta Coleoptera Nitidulidae Meligethes Meligethes 1 0
denticulatus
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Insecta Coleoptera Nitidulidae Lamiogethes Lamiogethes 0 1
pedicularius
Insecta Coleoptera Tenebrionidae Lagria Lagria hirta 1 0
Insecta Coleoptera Tenebrionidae Lagria Lagria sp. 1 0
Insecta Diptera Agromyzidae Liriomyza Liriomyza sp. 1 0
Insecta Diptera Asilidae Eudioctria Eudioctria propinqua 1 0
Insecta Diptera Brachystomatid ~ Trichopeza Trichopeza 0 1
ae longicornis
Insecta Diptera Cecidomyiidae Massalongia Massalongia sp. 1 0
Insecta Diptera Cecidomyiidae Asynapta Asynapta strobi 1 0
Insecta Diptera Cecidomyiidae Contarinia Contarinia sp. 0 1
Insecta Diptera Cecidomyiidae Aphidoletes Aphidoletes sp. 0 1
Insecta Diptera Ceratopogonida  Atrichopogon  Atrichopogon 1 0
e brunnipes
Insecta Diptera Ceratopogonida  Culicoides Culicoides scoticus 0 1
e
Insecta Diptera Chironomidae Halocladius Halocladius varians 1 0
Insecta Diptera Chironomidae Limnophyes Limnophyes habilis 1 1
Insecta Diptera Chironomidae Bryophaenocl  Bryophaenocladius 1 0
adius sp.
Insecta Diptera Chironomidae Thienemanni Thienemannimyia 1 0
myia carnea
Insecta Diptera Chironomidae Cricotopus Cricotopus vierriensis 0 1
Insecta Diptera Chironomidae Pseudosmittia  Pseudosmittia sp. 0 1
Insecta Diptera Chironomidae Pseudosmittia  Pseudosmittia 0 1
albipennis
Insecta Diptera Chloropidae Dasyopa Dasyopa triangulata 1 0
Insecta Diptera Chloropidae Conioscinella  Conioscinella 0 1
frontella
Insecta Diptera Culicidae Aedes Aedes communis 1 0
Insecta Diptera Dolichopodidae ~ Medetera Medetera sp. 0 1
Insecta Diptera Empididae Rhamphomyi ~ Rhamphomyia 0 1
a longipes
Insecta Diptera Heleomyzidae Suillia Suillia convergens 1 0
Insecta Diptera Hybotidae Hybos Hybos culiciformis 1 0
Insecta Diptera Lauxaniidae Lauxania Lauxania 0 1
cylindricornis
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Insecta Diptera Limoniidae Dicranomyia  Dicranomyia sp. 0 1
Insecta Diptera Limoniidae Molophilus Molophilus 0 1
bihamatus
Insecta Diptera Lonchaeidae Priscoearomy  Priscoearomyia 0 1
ia withersi
Insecta Diptera Muscidae Phaonia Phaonia angelicae 1 0
Insecta Diptera Muscidae Polietes Polietes lardarius 1 0
Insecta Diptera Rhagionidae Rhagio Rhagio scolopaceus 0 1
Insecta Diptera Sciaridae Scatopsciara Scatopsciara 1 0
atomaria
Insecta Diptera Sciaridae Bradysia Bradysia impatiens 1 0
Insecta Diptera Sciaridae Ctenosciara Ctenosciara 0 1
alexanderkoenigi
Insecta Diptera Tabanidae Tabanus Tabanus maculicornis 0 1
Insecta Diptera Tipulidae Tipula Tipula scripta 0 1
Insecta Ephemeroptera Baetidae Procloeon Procloeon sp. 0 1
Insecta Hemiptera Aphididae Aphis Aphis ruborum 1 1
Insecta Hemiptera Aphididae Aphis Aphis fabae 1 0
Insecta Hemiptera Aphididae Aphis Aphis nasturtii 1 0
Insecta Hemiptera Aphididae Macrosiphum  Macrosiphum 1 1
parvifolii
Insecta Hemiptera Aphididae Aulacorthum — Aulacorthum sp. 1 0
Insecta Hemiptera Aphididae Aulacorthum — Aulacorthum solani 1 1
Insecta Hemiptera Aphididae Myzus Myzus persicae 1 0
Insecta Hemiptera Aphididae Acyrthosipho  Acyrthosiphon pisum 1 0
n
Insecta Hemiptera Aphididae Nearctaphis Nearctaphis sp. 1 0
Insecta Hemiptera Miridae Pinalitus Pinalitus rubricatus 1 0
Insecta Hemiptera Tingidae Stephanitis Stephanitis oberti 0 1
Insecta Hymenoptera Braconidae Aphidius Aphidius ervi 1 0
Insecta Lepidoptera Coleophoridae Coleophora Coleophora glitzella 0 1
Insecta Lepidoptera Endromidae Endromis Endromis versicolora 1 0
Insecta Lepidoptera Erebidae Atolmis Atolmis rubricollis 1 0
Insecta Lepidoptera Erebidae Catocala Catocala fraxini 1 0
Insecta Lepidoptera Geometridae Macaria Macaria liturata 1 0
Insecta Lepidoptera Geometridae Macaria Macaria signaria 1 0
Insecta Lepidoptera Hesperiidae Ochlodes Ochlodes sylvanus 0 1
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Insecta Lepidoptera Incurvariidae Incurvaria Incurvaria pectinea 1

Insecta Lepidoptera Noctuidae Apamea Apamea crenata 1

Insecta Lepidoptera Pieridae Pieris Pieris napi 0

Insecta Lepidoptera Pyralidae Dioryctria Dioryctria abietella 0

Insecta Lepidoptera Tortricidae Epinotia Epinotia tedella 0

Insecta Lepidoptera Tortricidae Epinotia Epinotia 0
tetraquetrana

Insecta Lepidoptera Tortricidae Zeiraphera Zeiraphera 0
ratzeburgiana

Insecta Lepidoptera Tortricidae Cydia Cydia strobilella 0

Insecta Lepidoptera Tortricidae Gypsonoma Gypsonoma 0
oppressana

Insecta Lepidoptera Yponomeutidae  Yponomeuta Yponomeuta 0
evonymella

Insecta Psocodea Peripsocidae Peripsocus Peripsocus 1
subfasciatus

Insecta Psocodea Psocidae Metylophorus — Metylophorus sp. 0

Insecta Thysanoptera Thripidae Thrips Thrips tabaci 0
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Forest canopies buffer the macroclimate and thus play an important role in mitigating climate-warming impacts
on forest ecosystems. Despite the importance of the tree layer for understory microclimate buffering, our
knowledge about the effects of forest structure, composition and their interactions with macroclimate is limited,
especially in mixtures of conifers and broadleaves. Here we studied five mixed forest stands along a 1800 km
latitudinal gradient covering a 7°C span in mean annual temperature. In each of these forests we established 40
plots (200 in total), in which air and soil temperatures were measured continuously for at least one year. The
plots were located across gradients of forest density and broadleaved proportions (i.e. from open to closed
canopies, and from 100% conifer to 100% broadleaved tree dominance). Air minimum, mean and maximum
temperature offsets (i.e. difference between macroclimate and microclimate) and soil mean temperature offsets
were calculated for the coldest and warmest months. Forest structure, and especially forest density, was the key
determinant of understory temperatures. However, the absolute and relative importance of the proportion of
broadleaves and forest density differed largely between response variables. Forest density ranged from being
independent of, to interacting with, tree species composition. The effect of these two variables was independent
of the macroclimate along our latitudinal gradient. Temperature, precipitation, snow depth and wind outside
forests affected understory temperature buffering. Finally, we found that the scale at which the overstory affects
soil microclimate approximated 6-7 m, whereas for air microclimate this was at least 10 m. These findings have
implications for biodiversity conservation and forest management in a changing climate, as they facilitate the
projection of understory temperatures in scenarios where both forest structure and macroclimate are dynamic.
This is especially relevant given the global importance of ongoing forest conversion from conifers to broadleaves,
and vice versa.

1. Introduction (Monasterio et al., 2013) and behavior (Caraco et al., 1990; Angiulli

et al., 2020). These responses to temperature, in turn, influence species

Temperature is an important driver of biodiversity at different scales.
For instance, it affects the development of animals (Gillooly and Dod-
son, 2000) and plants (Porter and Delecolle, 1988), phenology (Zohner
and Renner, 2014; MacCannell and Staples, 2021), reproductive success
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interactions (Kordas et al., 2011) and shape species diversity (Cond-
amine et al., 2012; Zhou et al., 2016), composition (Macek et al., 2019)
and distribution (Woodward, 1988; Repasky, 1991), which ultimately
affects ecosystem functioning (Garcia et al., 2018). Since pre-industrial
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times, the world has warmed 1.1°C on average with some areas, such as
Europe, warming up considerably faster (IPCC, 2021). This temperature
rise is causing largely negative effects on biodiversity (Arneth et al.,
2020) and ecosystems (Ito et al., 2020). With global warming, species
are expected to shift their native distribution ranges pole-wards
(Thomas, 2010), or to higher altitudes (Frei et al., 2010), towards
cooler, more suitable environments. Therefore, as a response to warm-
ing, species community composition can change, favoring warm-affinity
species over cold-affinity species, leading to a process known as “ther-
mophilization” (De Frenne et al., 2013).

Temperatures and other meteorological variables can be distinctive
for very different spatial scales, from large regional scales to just a few
centimeters. Variations in temperature and other meteorological vari-
ables found within a small or restricted area (centimeters to meters) that
differ considerably from the macroclimatic conditions in a given
geographical region are referred to as “microclimate” (De Frenne et al.,
2021). Microclimatic conditions can shape the physiology, presence,
distribution and development of species (e.g. Ulrey et al., 2016). For
instance, local soil temperature and moisture conditions are important
for seed germination and seedling establishment (Egley, 1995; Green-
wood et al., 2015), as well as for plant growth, both directly and via their
effect on nutrient availability (Paul et al., 2002; Onwuka, 2018). Simi-
larly, development, occurrence and habitat selection of saproxylic bee-
tles is influenced by microclimatic conditions in dead wood found in
forests (Lindman et al., 2022). These microclimatic conditions can be
affected both by understory plant cover (Pierson and Wight, 1991) and
the forest overstory (Paul et al., 2002; De Frenne et al., 2019).

Trees are able to modulate the microclimate of their surroundings
near the forest floor (De Frenne et al., 2019). For example, forest can-
opies buffer ambient temperatures (i.e. decrease high temperatures and
increase low temperatures), creating microclimatic conditions that
affect understory vegetation and ecosystem processes (De Frenne et al.,
2013; Xu et al., 2022). Under forest canopies, maximum and mean
temperatures are generally cooler than the macroclimate, whereas
minimum temperatures are warmer compared to more open habitats
(De Frenne et al., 2019). Therefore, forests can act as climatic micro-
refugia, allowing the presence of species that could not survive under the
ambient macroclimate, and thereby slow down or mitigate the ther-
mophilization of understory communities (De Frenne et al., 2013;
Zellweger et al, 2020). In the microrefugia of boreal forests,
cold-adapted plants are favored by lower summer and autumn
maximum temperatures, late snow melt and higher climatic stability
(Greiser et al., 2020). As temperature is considered the main driver of
spring phenology in temperate and boreal ecosystems (Kramer et al.,
2000), these microrefugia may be of utmost importance to mitigating
the effects of phenological mismatches caused by climate change.

In many countries, the past widespread prioritization of conifer
monocultures within production forests is being challenged by growing
awareness of the potential benefits for biodiversity and ecosystem ser-
vices derived from diversifying silviculture to include practices that
better match natural forest disturbance regimes and tree species
composition (Bauhus et al., 2017; Felton et al., 2020; Berglund and
Kuuluvainen, 2021). This often involves the replacement of conifers
with broadleaved tree species, as motivated by the need to adapt forests
to climate change (Lof et al., 2012), current and future pathogen attacks
(Thom et al., 2017), biodiversity conservation (Felton et al., 2010), and
decreased soil acidification (Oostra et al., 2006). However, the micro-
climate implications from replacing the overstory species from conifer to
broadleaves are still largely unclear (but see Ellison et al., 2005).

Understanding the relationship between forest structure (e.g. the
interaction between forest density and composition) and macroclimate
temperature is essential in adapting forests and forest management to
climate change and for mitigating the impacts of rising temperatures on
understory communities. Forest structural complexity is a key deter-
minant of understory microclimates and structural differences among
forest stands (e.g. as caused by management practices or stand age) that
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may explain differences in microclimatic conditions (Kovacs et al., 2017;
Ehbrecht et al., 2019; Lindenmayer et al., 2022). For instance, forests
with denser canopies are better able to buffer macroclimate warming
during the growing season (De Frenne et al., 2013). However, high forest
densities may hamper biodiversity by reducing light availability (Hed-
wall et al., 2019b). Increasing spatial heterogeneity in forest structure
(and thus in light availability) is a preferable option to increasing forest
density, as it can increase microclimate variability (Kovacs et al., 2017;
Menge et al., 2023). Greiser et al. (2020) showed that the boreal forest
patches in which cold-adapted understory species occur have higher
basal area values and lower amount of incoming radiation reaching the
understory layer in spring and autumn, and are thereby acting as
microrefugia. Besides forest density, tree species composition can also
affect macroclimate buffering in forests (Zhang et al., 2022). For
example, higher tree species diversity in the overstory can create a more
diverse set of microclimates, with unique microhabitats that can
enhance understory biodiversity (Cavard et al., 2011) and even reduce
human thermal stress (Gillerot et al., 2022).

In forests managed for wood production, stand density and tree
species composition is largely governed by silvicultural activities.
Therefore, forest management decisions can affect forest microclimate
dynamics and hence forest efficacy as microclimatic refugia. This not
only occurs when choosing the overstory species mixture and stand
density, but also through thinning, harvesting or causing other distur-
bances that increase forest canopy openness. For instance, after a clear-
cut, thermophilization of the understory plant community regularly
takes place (Stevens et al., 2015; Christiansen et al., 2022), as there are
only a few trees left to buffer extreme temperatures. Subsequently, when
forest regeneration progresses and the overstory becomes dense enough
to buffer macroclimatic temperatures, the proportion of cold-adapted
species may increase again (Christiansen et al., 2022).

Despite the recognized importance of the tree layer for understory
microclimate, our knowledge about the interacting effects of forest
density, tree species composition, tree spatial arrangement, temperature
variation, and season remains limited. Here we used a large-scale nat-
ural experiment along a 1800 km latitudinal gradient to evaluate the
absolute and relative importance of the proportion of broadleaved trees
and forest density for understory temperature. We used 200 plots with
temperature measurements in five mixed forests along a macroclimatic
gradient spanning ca. 7°C difference in mean annual temperature, with
forest density and tree species composition (broadleaves-conifer) gra-
dients within each of these forests. Specifically, we proposed the
following hypotheses: (1) Forest density and the proportion of broad-
leaves interact in their microclimatic buffering effects (i.e. the buffering
effect from conifers is stronger than that one from broadleaves at a given
density), (2) The effect of forest density and the share of broadleaves on
the understory microclimate is independent of latitudinal temperature
differences in macroclimate, (3) Meteorological variables outside the
forest, such as the macroclimate temperature, precipitation and wind
affect the amount of climate buffering. Additionally (4), we hypothe-
sized that it is possible to quantify the area of influence at which trees
affect soil and air microclimate buffering, and thus the scale to be
considered when managing forests for macroclimate buffering.

2. Material and methods
2.1. Study sites and experimental setup

To increase the generality of our findings and to test whether the
understory temperature buffering effect varies depending on macro-
climate, five mixed forest areas (further referred to as “sites”) were
selected along a latitudinal gradient from 49° N to 64° N in North-
Western Europe. These sites all had a large within-site variation in
tree species composition and forest density, small altitudinal differences
and relatively homogeneous soil conditions. Three sites were located in
Sweden: spanning the north (NS), mid (MS) and south (SS) of the
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country. Additional sites were located in western Germany (G) and
eastern Belgium (B). These last two sites, albeit close in proximity,
presented rather different macroclimates (Fig. 1A, Table 1).

The forests in G, SS, MS and NS had similar overstory species
composition: the dominant conifer species was Norway spruce (Picea
abies H. Karst), and the dominant broadleaved species was birch (Betula
pendula Roth and Betula pubescens Ehrh.). The overstory species
composition in B differed to some extent, with oaks (Quercus robur L. and
Q. petraea (Matt.) Liebl.) as the most abundant broadleaved species. All
forest stands at the study sites originate from natural or artificial
regeneration of conifers and broadleaves following clear-cutting or
salvage harvesting after windthrow. We selected these species in our
mixtures as representatives of tree species with different characteristics:
Norway spruce as an evergreen, late-successional, shade-tolerant spe-
cies, birch (and to some extent oak) as a deciduous, early successional,
shade-intolerant species (Niinemets and Valladares, 2006). We believe
that our results can also be valid for other tree species in these groups. In
addition to spruce, birch and oak, other tree species were found to a
lesser extent (< 4% of each stand basal area across all plots; Table 1). A
shrub layer was generally lacking in all forest stands.

In all sites except B, we established 40 ten-meter radius plots. In site
B, as trees were larger and tree separation higher, a 20 m radius was used
instead. Plots were located along gradients of forest density and tree
species composition, i.e. ranging from evergreen conifer to deciduous
broadleaf dominance and from open to closed canopy, to maximize
variability across these two overstory variables (Fig. 1C). In the center of
each plot, two HOBO Pendant® MX Water Temperature Data Loggers
(Onset Computer Corp., Bourne, MA, USA) were placed (80 in total per
site): one recording air temperature at ca. 1.2 m height and the other
recording temperature in the top soil layer (0-5 cm). No soil loggers
were installed in site B due to frequent wild boar rooting at this site. Soil
loggers were placed inside hermetic plastic jars to protect them from
direct contact with the soil. Additionally, air loggers were protected by a
well-ventilated plastic radiation shield (Fig. 1B). Both air and soil tem-
perature measurements were taken every 15 min.

Broadleaves (%)

75

25

Agricultural and Forest Meteorology 341 (2023) 109684

2.2. Overstory measurements

For all trees within a 10 m radius (20 m in site B) from the temper-
ature loggers, we recorded the species identity, diameter at breast height
(DBH), and the distance and azimuth angle (circular degrees, with north
as 0° and south as 180°) to the logger. These data were used to calculate
the total basal area (i.e. forest density) per plot, as well as the percent
basal area of broadleaved trees per plot (i.e. proportion of broadleaves
from here on). To determine at which distance from the data logger
overstory tree species composition and basal area best accounted for
microclimate measurements, all tree species composition (i.e. propor-
tion of broadleaves) and basal area measurements were calculated at
different radii between 4 m and 10 m (4 m and 20 m in B), meter by
meter.

Hemispherical pictures were taken in each plot in summer to
calculate canopy cover, using a Nikon 5300 camera with a fish-eye lens
and tripod. All pictures were taken from above the air temperature
logger, at an approximate height of 1.75 m. Pictures were then processed
and analyzed in R as in ter Steege (2018). The blue channel in the RGB
channel was selected due to its high absorption by chlorophyl in green
leaves, resulting in a high contrast between the sky and tree foliage
(Brusa and Bunker, 2014). Black and white images were created using a
threshold of 0.55, from which canopy openness was calculated.

Besides basal area, canopy cover was also used as another proxy for
forest density. The reason for this was twofold. Whereas basal area is a
widely used metric in forestry and is used in decision support systems,
canopy openness is more ecologically relevant, and in some cases out-
performs basal area when predicting forest understory microclimate
(Zellweger et al., 2019; Meeussen et al., 2021). Moreover, canopy cover
data might be a more easily accessible explanatory variable due to
remote sensing and open data policies. In our study, these two variables
were correlated with an r = -0.44.

2.3. Microclimate and macroclimate temperature data

Microclimate temperature data recorded by our loggers during the
warmest (July) and coldest (January) month were selected between
2020 and 2021 for each plot in each site (Table S1). For each plot, daily
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Fig. 1. A. Geographical location of forest stands used across Europe to discern how understory microclimate is affected by tree species composition and density.
Stands were located in North Sweden (NS), Mid Sweden (MS), South Sweden (SS), Germany (G) and Belgium (B). B. Radiation shield used for air temperature loggers.
C. Forest density estimated by basal area (m? - ha™') and share (% of basal area) of broadleaved trees in 200 plots from the 5 sites (40 in each) included in the study.
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Description of the five forest sites across a 1800 km latitudinal gradient in which microclimate was measured. Tree species composition values represent the mean basal
area (m? - ha™') per species across all plots within site. Annual mean temperature and annual mean precipitation were extracted from the WorldClim version 2.1
climate data for 1970-2000 (Fick and Hijmans, 2017). Negative values for the elevational difference to the weather station indicate that the weather station was higher

than the forest stands, and vice versa.

Northern Sweden Mid Sweden (MS) Southern Sweden Germany (G) Belgium (B)
(NS) (SS)
Location 64°18'N, 19°44'E 60°50'N, 14°40'E 56°17'N, 13°58'E 49°36'N, 7°01'E 50°02'N, 5°13'E
Mean annual temperature (°C) 1.50°C 4.52°C 6.79°C 7.51°C 8.58°C
Total annual precipitation (mm) 599 mm 589 mm 738 mm 1029 mm 961 mm
Distance to used weather station ~ 6 km ~ 15 km ~1km ~ 17 km ~13km
Elevational difference to used weather ~ 35 m -39 m 9m -33m -161 m
station
Average tree diameter + SD (cm) 16.7 + 6.3 16.1 +5.3 129 + 4.6 139 + 6.4 35.7 +£ 14.0
Stem density (trees ha™') 1061.56 946.17 1356.0 1522.17 248.57
Average basal area (m* - ha™') 26.8 21.6 19.9 27.9 28.7
Conifer species  Picea abies 14.8m? - ha! 13.5m? - ha! 12.1m? - ha™! 13.7m? - ha! 14.6 m? - ha ™!
(55.2%) (62.4%) (60.7%) (48.8%) (50.8%)
Pinus sylvestris 1.0m?-ha'(3.8%) 0.1m* ha'(0.6%) - <0.1m?-ha?! -
(0.3%)
Pseudotsuga menziesii - - - 0.2m? - ha~! (0.7%) 0.5m?-ha! (1.8%)
Larix spp. - - - 1.1m? ha ' (3.8%) -
Picea sitchensis - - - 0.4m?-ha! -
(1.5 %)
Broadleaf Betula pubescens/pendula 11.0 m? - ha™! 8.0m? - ha™’ 7.1 m? ha™! 11.4m? - ha™! <0.1m?. ha™!
species (41.0%) (36.9%) (35.6%) (40.7%) (0.2%)
Alnus incana/glutinosa - - 0.4m?-ha™' (1.9%) <0.1m?-ha! -
(0.1%)

Fagus sylvatica - -
Carpinus betulus - -

Sambucus spp. - -
Quercus robur/petraea - -
Sorbus spp. - -

Salix spp. -

- 0.3m?-ha ! (1.1%)
<0.1m?-ha™! <0.1m?- ha™'

0.3m?- ha ! (1.0%)
<0.1m?-ha™!

(0.2%) (0.2%) (0.1%)
- <0.1m?. ha™! -
(0.2%)
0.3m?-ha' (1.7%) 0.3m?-ha'(1.1%) 13.2m>-ha’
(46.0%)
- 0.4m?-ha ' (1.5%) <0.1m? -ha!
(0.1%)

<0.1m?-ha! - - -

(0.1%)

mean air and soil temperature were calculated. Additionally, daily
maximum and minimum temperatures were calculated exclusively for
air loggers, as we expected little variation in the daily soil temperature
due to the additional insulating effect of the topsoil, litter layer and
understory vegetation. In fact, the soil minimum and maximum tem-
peratures were highly correlated with mean temperature. For loggers
with less than 10% of data missing, absent values were filled with the
mean of the temperatures recorded by the rest of the loggers from the
same site for the respective period. Loggers missing more than 10% of
data were removed from analyses (Table S1). Subsequently, daily tem-
perature offsets (i.e. difference between macroclimate and microcli-
mate) were calculated based on temperatures extracted from three
different sources: the closest available weather stations to each site, the
ERA5-Land climatic model (Hersbach et al., 2020) downloaded for
reanalysis from the Copernicus Climate Data Source (cds.climate.
copernicus.eu), and ERA5 data downloaded through the ‘mcera5’ R
package (Klinges et al., 2022). The ‘mcera5’ R package applies an in-
verse distance weighting calculation and diurnal temperature range
corrections (see Klinges et al. (2022) for details). Daily maximum and
minimum temperatures for all these macroclimatic data sets were
inferred from hourly mean temperature data. Temperature offsets were
calculated by subtracting the macroclimate temperature from the
microclimate temperature, so that negative offset values showed days in
which the forest temperature was lower than the macroclimate, and
positive values days in which temperature was higher. For a comparison
of the air temperature offset values for each of the macroclimate tem-
perature sources see Fig. S2. In the results, we refer to offsets calculated
from nearby weather station data, as they followed microclimatic trends
better than ERAS and ‘mcera5’ data (Fig. S1). Results for offsets calcu-
lated with other macroclimatic sources can be found in the supple-
mentary material, Table S3 and Figs. S6-9. Soil temperature offsets were

calculated only from ERA5 data downloaded from the Copernicus
Climate Data Source, as macroclimate soil temperature was not avail-
able from the other sources. Additionally, three meteorological variables
were downloaded from the ERA5 climatic model and used as explana-
tory variables: wind gust, snow depth and precipitation. The maximum
wind gust value per day was calculated. For snow depth data, values
were averaged to obtain daily means. For precipitation, hourly data was
summed to obtain daily values. Previous averaged macroclimatic tem-
perature (PAT) and previous averaged precipitation (PAP), i.e. tem-
perature and precipitation of the past 5 days, were calculated as a 5-day
rolling mean. These two variables were always calculated from the same
macroclimate data source as the response variable of each model, except
for the models that used temperature offsets calculated from weather
station data, as precipitation data were not available from all weather
stations. In these cases, the previous precipitation was calculated from
the ERAS data instead.

2.4. Data analyses

To account for non-linearity and allow flexible response shapes,
Generalized Additive Mixed Models (GAMMSs) were used to model the
effects of local forest structure and macroclimate on temperature offsets.
A GAMM is a generalization of a Generalized Linear Mixed Model in
which the assumption of a linear relationship between predictors and
the response variable (on the scale of the link function) is relaxed. Daily
mean, minimum and maximum offsets for air temperature and daily
mean offsets for soil temperature were used as response variables. Forest
density (i.e. canopy openness or basal area) and the proportion of
broadleaves were used as predictors in Linear Mixed Models (LMM),
both interactively and non-interactively for comparison with the
GAMMs. In the GAMMs, these two predictors were used within a
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bidimensional smoother term, with and without interaction with site, or
as separate smoother terms. All models were run with either canopy
openness or basal area as proxies for forest density and for both the
warmest (July) and coldest (January) months. To account for temporal
autocorrelation, all models included date in a uni-dimensional smoother
term. Finally, plots nested within site were used as a random intercept
effect. Model selection was based on the Akaike’s Information Criterion
(AIC). Once the best smoother configuration was found, wind, PAT and
PAP were added as covariates to the air models, and PAT and snow
depth were added as covariates to the soil models, as these variables
were assumed to affect the temperature offsets. See Table S2 for an
overview of all the covariate and smoother term combinations used in
the models and Table S3 for the models’ details.

To assess the scale at which the overstory affects air and soil tem-
perature offsets, GAMMs were run with basal area and proportion of
broadleaves calculated at plot sizes of different radii. These two metrics
were calculated at all possible combinations of radii between 4 and 10
m. Additionally, GAMMs with exclusively basal area or proportion of
broadleaves were also run for each of these radii. This was only assessed
for mean daily air and soil temperature. These models were run using
basal area and proportion of broadleaves in a bidimensional smoother,
and with date as a unidimensional smoother. In the cases where either
basal area or the proportion of broadleaves were used alone, a unidi-
mensional smoother was used instead. No covariates were used in these
models. In site B, trees were measured within a 20 m radii and therefore,
this site was analyzed independently from the other sites, including all
data combinations from 4 to 20 m. A minimum radius of 4 m was
selected in all sites based on the available data, as smaller radii resulted
in a significant reduction of the total number of plots with trees. The
GAMMs and LMMs were run using the ‘gamm4’ R package (Wood and
Scheipl, 2020) in R version 4.2.2 (R Core Team, 2022). Refer to
Tables S8 and S9 for further clarification of this analysis.

When reporting results we use the term “buffering” in relation to
forest microclimates that operate within a narrower average range than
macroclimate regardless of season (De Frenne et al., 2021). As such, a
larger buffering capacity for maximum temperatures would involve
cooler forest temperatures than the macroclimate, whereas a larger
buffering capacity for minimum temperatures would involve warmer
forest temperatures than the macroclimate.

2.5. Data and code availability

The data supporting this study are available upon request, and the
code used for analyses is found at https://github.com/JDiazCalafat/Fo
restMicroclimate Brodleaves and Density. For better reproduction of
our results, we recommend using the R package “checkpoint” (Ooi et al.,
2022) set to November 2022. This allows one to use the same version of
the R packages that were applied when analyzing our data.

3. Results
3.1. Model selection

According to the AIC values, GAMMs outperformed LMMs
(Table S3), indicating that non-linear models are needed to describe the
effects of forest density and percentage of broadleaves (Table S3).
Depending on the response variable and the season, either basal area or
canopy openness produced the models with lowest AIC, yet differences
in explained deviance were generally small (Table S3).

Generally, models with separate smoothers for forest density and
percentage of broadleaves had a higher AIC than bidimensional
smoothers, indicating an interactive effect of these two variables.
Models without any site interaction had lower AICs than models where
the effects of the overstory were allowed to vary between sites, which
indicates that the effects of the overstory are consistent along our
macroclimatic gradient. The only exception to this was for the mean air
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temperature models in the warmest month in which basal area was used
as a proxy for forest density. In these, a bidimensional smoother with site
interaction produced smaller AIC values. When canopy openness was
used as a proxy for forest density, a bidimensional smoother with no site
interaction was the best option in all cases, except in the coldest month
for soil temperature models, in which separate unidimensional
smoothers worked better (Table S3). The optimal models to predict the
maximum, mean and minimum air and mean soil temperature can be
found in Table 2. Output from the models can be found in Tables S4-S7.

Overall, differences between the AIC and Rgdj values of the models
with bidimensional smoothers without site interaction, and those with
two separate individual smoothers, were rather small and thus we
cannot assume that there were strong interactions between forest den-
sity and the proportion of broadleaves.

3.2. Air minimum temperature offset

Minimum air temperature offsets became larger with increasing
basal area (i.e. they became smaller with decreasing canopy openness)
in both the warmest and the coldest months. In other words, in both
months, increasing basal area led to higher minimum air temperatures
relative to the temperature outside the forest. The effect of the per-
centage of broadleaves, however, was different depending on the sea-
son: minimum temperature offsets became larger with a higher
proportion of broadleaves in the warmest month (i.e. broadleaves held
back longwave radiation released from the ground and understory
plants more effectively than conifers), and became smaller in the coldest
month (i.e. since broadleaves do not have leaves in winter, the energy
loss from longwave radiation released from the ground was larger with
an increasing proportion of broadleaves; Fig. 2A & B; Fig. S5A & B).
Therefore, although forest minimum temperatures were always higher
than those of the macroclimate ambient temperature, the maximum
buffering capacity of the forest was obtained when both forest density
and the proportion of broadleaves were high (in the warmest month) or
when forest density was high and proportion of broadleaves low (in the
coldest month, as broadleaves had no leaves). The amplitude of offsets
predicted by our models within our double forest gradient was similar:
0.8°C for the warmest month and 0.7°C in the coldest month when
assessing minimum temperature offsets through basal area and 0.5°C for
the warmest month and 0.7°C in the coldest month when assessing
temperature offsets with canopy openness.

3.3. Air mean temperature offset

Increasing forest density made mean air temperature offsets larger in
both the warmest and in the coldest month (although with a relatively
small effect, see below), making the forest cooler in summer and warmer
in winter. Increasing the percentage of broadleaves made mean tem-
perature offsets generally larger in the warmest month, while there was
no clear effect in the coldest month. Therefore, the maximum buffering
capacity of the forest with respect to mean air temperature was achieved
when forest density was high in the coldest month and when both forest
density and the proportion of broadleaves were intermediate or high in
the warmest month (Fig. 2C & D; Fig. S5C & D). The effect of forest
density on microclimate was consistently larger than that of the pro-
portion of broadleaves. The amplitude of mean air temperature offsets
predicted by the models was always higher in the warmest month than
in the coldest month: in the warmest month it was 0.6°C both when
considering basal area and canopy openness, and in the coldest month it
was 0.3°C in the basal area models and 0.4°C in the canopy openness
models. Therefore, despite our use of hemispherical pictures during the
summer to calculate canopy openness, the predicted offset amplitudes
during the coldest month were similar to those in the models where
basal area was used.
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Models predicting the daily maximum, mean and minimum air and mean soil temperature offsets through forest and climate variables. An offset is the difference in
temperature between the microclimate and the macroclimate (i.e. microclimate - macroclimate). Only the models with the lowest AIC values are shown. Air tem-
perature offsets were calculated from nearby weather stations as macroclimatic data sources. Soil temperature offsets were calculated form ERA5 data. Wind and snow
data was extracted from ERAS5 data. Previous averaged precipitation in the last five days (PAP) was extracted with the ‘mcera5’ R package. Previous averaged
temperature in the last five days (PAT) was calculated from weather station data (i.e. same macroclimate temperature source used for the offsets). Note that all models
were conducted with a bidimensional smoother term including forest density (i.e. either basal area (BA) or canopy openness (CO)) and the percentage of basal area
occupied by broadleaves. AIC values and R?,; are shown for the same models using basal area or canopy openness as a proxy for forest density. All models accounted for

adj
temporal autocorrelation.

Basal area Canopy openness
Logger location Response variable Covariates Period Rgdj AIC Rﬁdl AIC
Air Min temp offset site + wind + PAT + PAP Coldest month 0.67 16482 0.67 16491
Warmest month 0.48 17452 0.48 17477
Air Mean temp offset site + wind + PAT + PAP Coldest month 0.64 13403 0.64 13395
Warmest month 0.52 9658 0.53 9655
Air Max temp offset site + wind + PAT + PAP Coldest month 0.60 13124 0.59 13141
‘Warmest month 0.61 15168 0.60 15179
Soil Mean temp offset site + snow + PAT Coldest month 0.53 13018 0.53 13028
site + PAT ‘Warmest month 0.71 11191 0.71 11200

3.4. Air maximum temperature offset

Maximum air temperature offsets in the coldest month were affected
mainly by species composition and to a lesser extent by forest density.
The amplitude of this effect was overall rather small, though, of
approximately 0.15°C (Fig. 2E; Fig. S5E). However, in the warmest
month there was a linear response to density and a weak or absent
response to proportion of broadleaves. Increasing forest density made
maximum air temperature offsets larger (i.e. increased the cooling ef-
fect). In this month, the amplitude of the offsets predicted by our models
was about 3°C (Fig. 2F; Fig. S5F). The buffering effect of maximum
temperatures in the warmest month was maximal in high density plots
largely independent of the proportion of broadleaves.

3.5. Soil mean temperature offset

The proportion of broadleaves had a much stronger effect on forest
soil temperature in the warmest month than in the coldest month
(Fig. 3). A higher proportion of broadleaves made the soil temperature
offsets smaller in summer, but had little effect in winter (Fig. 3). When
taking into account canopy openness in the coldest month, the per-
centage of broadleaves had a similar effect as in the warmest month: a
higher proportion made the forest soil temperature offsets larger. Of
these two models (basal area model and canopy openness model), the
basal area model had the lowest AIC value (Table S3). In both the
warmest and the coldest month, a higher basal area (or a lower canopy
openness) made offsets larger (Fig. 3). Therefore, the temperature
buffering capacity was highest when canopy openness was low and the
proportion of broadleaves was low (in the coldest month) or when basal
area was highest and the proportion of broadleaves was lowest (in the
warmest month). The amplitude of the offsets predicted by our models
for soil mean temperature was always higher in summer than in winter:
in the basal area models it was 2°C, and in the canopy openness models
1.8°C, whilst in winter it was 1.1°C and 0.9°C, respectively.

3.6. Effects of macroclimate drivers on temperature offsets

Meteorological variables (averaged temperature and precipitation in
the last five days, wind and snow) generally had consistent effects on our
air temperature models regardless of the response variable (Table S4). In
these models, increasing PAP and wind decreased the absolute values of
the offsets and thereby reduced the temperature buffering effect of the
forest in both the warmest and the coldest month (both p < 0.001). On
the other hand, increasing PAT made the offsets smaller in the warmest
month and larger in the coldest month (p < 0.001), increasing the
general buffering effect of the forest in winter but reducing it in summer.

This variable had no significant effect on the maximum air temperature
offsets in the warmest month (p = 0.84).

Regarding soil temperature (Table S6), increasing snow depth made
the offsets larger and thus increased the buffering effect of the forest
canopy (p < 0.001) while higher PAT made the offsets larger in the
warmest month and smaller in the coldest month (both p < 0.001),
which is the opposite effect as on the air temperatures.

3.7. Distance analyses

These analyses aimed at clarifying the area of influence of the
overstory upon mean air and soil temperature offsets. That is, the min-
imum radial distance from a temperature logger in which all trees
should be measured in order to predict temperature offsets. The distance
from the data loggers for which basal area and the proportion of
broadleaves best predicted mean air temperature offsets in the warmest
month was 10 m for basal area and 9 m for the proportion of broad-
leaves. However, the second best model included both variables at their
maximum resolution (i.e. both 10 m) and the third best for basal area
was a 9 mradius and the proportion of broadleaves within an 8 m radius.
Differences in AIC values in these models were smaller than 0.6, and all
models had the same Rﬁdj (Table S8). For air mean temperature offsets in
the coldest month, the best model included basal area calculated in an 8
m radius and proportion of broadleaves within a 9 m, whilst the second
best model included broadleaves within 10 m and basal area within 8 m.
The third best model included basal area calculated within 7 m and
broadleaves in a 9 m radius (Table S8).

Regarding soil temperature offsets in the warmest month, the three
best models included broadleaves at the maximum distance at which
they were measured (i.e. 10 m) and basal area within these respective
radii (from best to worst models): 8 m, 9 m and 7 m (Table S8). During
the coldest month, the best models did not include percentage of
broadleaves, and the distance at which basal area best predicted tem-
perature offset was at 7, 8 and 6 m radius, respectively (Table S8).

In the case where only site B was considered in air temperature offset
models, the lowest AIC value was obtained when including basal area
calculated at the maximum radius (i.e. 20 m) and the proportion of
broadleaves within 10 m. The two next best models were similar, with
basal area calculated at 20 and 19 m, and broadleaves at 10 and 9 m,
respectively (Table S9). For the coldest month, the results of the two best
models were similar to those of the other sites: the percentage of
broadleaves was not relevant, yet the radii at which basal area was
calculated were 20 and 19 m, respectively. Contrastingly, the third best
model did not include basal area but included the percentage of
broadleaves within a 19 m radius (Table S9).
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Fig. 2. Model predictions for the minimum, mean and maximum air temperature offsets (forest temperatures minus weather station data) for the warmest and
coldest months in our study. In these predictions, basal area was used as a proxy for forest density. The numbers on the isolines indicate the predicted offsets in
degrees Celsius. The predictions are centered at the mean and the zero isoline thus depicts the mean of the model predictions. The offsets of these models were
calculated from weather station macroclimatic data. The colours represent a gradient from more positive (red) to more negative (blue) offsets. Gaps (i.e. white
spaces) represent the model predictions that were too far from our data points. For component smooths with confidence intervals that include the uncertainty on the

overall mean, see Fig. S3 in the supplementary material.
4. Discussion

Our results provide five important insights regarding the interaction
between macroclimate and the tree canopy on forest understory tem-
peratures. First, we found that both forest density and tree species
composition play important roles in determining understory tempera-
ture. Second, forest density (i.e. basal area and canopy openness) can act
independently or interact with the share of broadleaves to alter micro-
climate depending on the specific temperature metric assessed. Third,
we show that the effect of forest density and percentage of broadleaves
on microclimate seems to be consistent over a large latitudinal

macroclimate gradient. Fourth, the temperature buffering capacity of
forests is affected by meteorological variables such as the ambient
temperature, precipitation and wind which thus may affect their local
climate change mitigation potential. Finally, we found that the scale at
which the tree overstory affects local soil temperature offsets approxi-
mated 6-7 m, whilst for air temperature offsets this range was close to
10 m or more.

The temperature buffering effect of forest density was always
stronger than that provided by the proportion of broadleaves. According
to our models, increasing forest basal area cooled down soil mean
temperature and maximum and mean air temperatures in summer. In
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Fig. 3. Model outputs for the mean soil temperature offsets for the warmest and coldest months in our study, using canopy openness (A-B) and basal area (C-D) as a
proxies for forest density. The numbers on the isolines indicate the predicted offsets in degrees Celsius where the zero isoline depicts the mean of the predictions of
the model. The numbers on the isolines indicate the predicted offsets in degrees Celsius. The predictions are centered at the mean and the zero isoline thus depicts the
mean of the model predictions. The offsets of these models were calculated from the ERA5 macroclimatic data. The colours represent a gradient from more positive
(red) to more negative (blue) offsets. Gaps (i.e. white spaces) represent the model predictions that were too far from our data points. For component smooths with
confidence intervals that include the uncertainty on the overall mean, see Fig. S4 in the supplementary material.

contrast, increasing basal area increased minimum air temperatures in
both seasons, as well as mean air temperature in winter (Fig. 2). For
instance, our models suggest that an average density forest stand (e.g.
basal area of 25 m? - ha~!) with a share of broadleaves of 50% in
northern Sweden would drop the maximum temperature in the warmest
month by around 1.3°C, yet drop it by as much as 2.5°C if forest density
was increased to a basal area of 40 m? - ha™'. If all trees were to be
replaced by broadleaves, similar buffering effect would be achieved: a
cooling of 1.4°C at a basal area of 25 m? - ha™! and a cooling of 2.6°C at a
basal area of 40 m? - ha™!. In the case of mean atmospheric temperature
for the same site in the warmest month, a drop of around 0.4°C would be
achieved at a basal area of 25 m? - ha™' and 50% of broadleaves,
reaching a cooling of 0.8°C in optimal conditions of forest density and
broadleaves share. These projections of our models are similar to other
observations in temperate deciduous Central European forests. For
instance, Zellweger et al. (2019) found the average cooling effect of the
overstory in summer to be of 2.1°C in deciduous forests with an average
basal area of 33.2 m? - ha™!, and the average warming effect in winter of
0.4°C in the same forests. Similarly, in pine forests, Blumroder et al.
(2021) showed a cooling effect of ca. 2°C between their densest and most
open stands.

The range of temperature buffering we observed (which varies
within an heterogenous stand), could potentially have an impact on
phenology and voltinism of some ectothermic species, causing differ-
ences in their development rate compared to their counterparts outside
the buffering effect of the forest. For instance, Greiser et al. (2022) found
that the probability of diapause and the number of generations of Pieris

napi (L., 1758) changed within the same forest landscape based on
microclimatic variation, with potentially great impacts on survival and
fitness. Our results are in accordance with those of De Frenne et al.
(2019) and show the potential of forests to provide climate refugia to
mitigate the negative effects of warming on species’ fitness or
phenology.

Often, production forests are kept within narrow ranges of basal area
(although this depends on the applied silvicultural system) and therefore
their potential to provide variation in microclimatic conditions is
reduced. For example, the highest forest densities in our study are only
occasionally found in production forests of this region, and by increasing
basal area, this buffering potential can be exploited better. Our model
predictions show that the buffering effect of the forest is reduced at low
forest densities, which may be a result of higher insolation and wind
shelter in openings (Baker et al., 2013). In fact, reducing canopy cover is
shown to decrease the buffering effect of forest understory temperatures
both in coniferous and broadleaves stands (Blumroder et al., 2021). This
finding also has implications for choice of forest management system (e.
g. single tree, gap, shelterwood, clear-cut; Kermavnar et al., 2020;
Menge et al., 2023). For instance, Radler et al. (2010) observed that the
maximum air and soil temperature were 2.5°C and 6°C higher (respec-
tively) in a clearcut than in the surrounding spruce forest. However,
increasing forest density also decreases light availability, reducing un-
derstory plant diversity, reproduction and abundance of many under-
story species. Consequently, increasing forest density is one of the main
drivers behind species turnover and a decreasing understory plant cover
in Swedish forests (Hedwall et al., 2019a, 2021). Specifically, Eckerter
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et al. (2019) showed that increasing canopy cover decreases the number
of flowers, ovules, reproductive success and fruit quality of Vaccinium
myrtillus, L., which is one of the most common and ecologically impor-
tant understory shrubs in boreal systems, that also occurred in several of
our sites. Therefore, even though increasing forest density might show
some advantages when temperature buffering is pursued, it can also
compromise resource availability for more light demanding understory
species, regardless of whether the microclimatic conditions are more
suitable.

Our results also indicate that the effect of forest density on the
buffering of maximum temperatures in summer is rather independent of
the proportion of broadleaves (e.g. Fig. 2F and example in the previous
paragraph), which indicates that the same buffering capacity caused by
the shade-tolerant Norway spruce is also achieved by shade-intolerant
broadleaves (mostly birch and oak). These tree species categories
differ largely in their effects on understory light environments, for which
Norway spruce has a high leaf area index all year round (Verheyen et al.,
2012) and thus has considerably stronger effects on the understory light
environment (Hedwall et al., 2019b). Therefore, increasing the forest
basal area by increasing the proportion of certain broadleaved tree
species could reduce summer air temperatures without inducing the
same extent of negative effects on light availability and biodiversity as
shade tolerant conifers, while also providing a suite of additional
biodiversity, ecosystem services and climate change adaptation benefits
(Felton et al., 2010, 2016). Nevertheless, as deciduous trees do not have
leaves in winter, their buffering capacity may be lower, potentially
leaving frost-sensitive understory species less protected against late frost
events than they would be beneath a conifer canopy. In a mixed forest
scenario, however, fine-scale heterogeneity in light regimes, as provided
by the addition of broadleaves to otherwise conifer dominated stands,
benefits biodiversity in the forest understory (Helbach et al., 2022).
Given the current trend of replacing conifers with broadleaved tree
species (Lof et al., 2012), we recognize this temperature buffering as an
added benefit of such changes to silvicultural practice.

The similar buffering effect of broadleaves and Norway spruce on
summer maximum temperatures is surprising considering the generally
larger radiation transmittance under broadleaves. The reason for this
pattern is unknown but is perhaps related to differences in albedo and
evaporative cooling (Geiger et al., 1995; Bonn et al., 2020). Species
composition has a strong effect on albedo, with broadleaves generally
having a higher albedo than most conifer species (Lukes et al., 2013).
Therefore, the higher albedo of broadleaves could dissipate radiation in
a way that contributes to macroclimate temperature buffering (Bright
et al., 2013). On the other hand, differences in evapotranspiration rates
between these overstory species may alter water availability in the
surroundings and also affect evaporative cooling in different ways
(Moss et al., 2019). These differences in transpiration rate may result
from different rooting depth between deep-rooting broadleaves such as
oaks and the mostly shallow rooted Norway spruce. Ultimately, it may
also be the case that such differences are tree species-specific and
dependent on stand characteristics, as light transmittance can also be
quite low beneath broadleaf stands.

If the tree species diversity of the overstory is to be increased, this
should be done within reasonable limits if accompanied by concomitant
increases in forest density. For example, Hedwall et al. (2019b) showed
that stand density can override the benefits to understory biodiversity
from increasing the broadleaf proportion in the overstory. Moreover, in
the studied forests, the effect of the proportion of broadleaves on soil
mean temperature offsets was far stronger during summer than winter,
with a higher percentage of broadleaves warming up the forest soil
significantly. Potential factors driving the contrastingly limited influ-
ence of the proportion of broadleaves during winter may stem from an
overriding influence of snow and litter that insulated soil temperatures
against radiation (Hennon et al., 2010; Fekete et al., 2016). However, as
we did not measure differences in litter or snow between plots, this
explanation remains speculative. We can however expect that increasing
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forest density through the increase of broadleaves would have distinc-
tive effects on soil versus air microclimate. As our two primary overstory
tree species (spruce and birch) were selected as representatives of late
successional evergreen conifers and early successional broadleaves,
respectively, our results also provide insights applicable to other forest
systems with tree species possessing similar ecological and structural
attributes. Furthermore, our results were largely consistent across a
latitude gradient of ca. 7°C average annual temperature span, which
further strengthens the potential for extrapolating our results beyond
our specific sites. However, despite our similar results when using either
canopy openness or basal area as proxies for forest density, the effect of
these variables may differ in other forest systems in which their corre-
lation is less strong.

Allowing for a greater variability of microclimatic conditions can be
expected to benefit a greater range of understory biodiversity (Helbach
et al., 2022). Microclimatic variation can be enhanced in forest un-
derstories by mixing overstory tree species with different structures and
traits (Zhang et al., 2022), as well as by taking into account the spatial
scale at which the individual trees are mixed (Felton et al., 2022) or
allowing spatial coexistence of different forest developmental stages
within the landscape (Menge et al., 2023). Our results also show that soil
microclimate can be managed through the manipulation of forest den-
sity and the share of broadleaves at a scale of 6-9 m in radius (Table S8).
These results could be highly relevant for large-scale conversions of
conifer-dominated stands to broadleaf or mixed-broadleaf stands, as
well as for conservation purposes. Baker et al. (2013) hypothesized that
the re-establishment of species in harvested forest areas is in part
influenced by microclimate, and distance to the forest edge, which in
turn shapes temperature buffering. This was hypothesized to be espe-
cially important for vascular plants, bryophytes, lichens, amphibians
and reptiles. Therefore, elucidating at what scales microclimate works
opens a new door to microclimate management and microclimate
restoration, which enables us to target specific microclimatic goals of
expected benefit to a given set of species.

Our results were less clear with respect to air temperature, as we
were often unable to identify the scale at which understory air micro-
climate operates. This was because the optimum distance selected by the
models was at the limit of what we quantified in the field. This limitation
applied to both the analyses that included all sites except B (NS, MS, SS
and G; where trees were measured at 10 m; Table S8) and the analyses
confined to site B (where trees were measured at 20 m; Table S9). We
suggest that the key underlying difference is that soil temperature is
more dependent on local radiation, whereas local air temperature is
affected by air mixing from a larger surrounding area exposed to greater
variation in radiation. Air mixing is also most likely the cause of tem-
perature offsets reducing in size with increasing wind speed. In either
regard, more research is needed to clarify the scale at which overstory
structure affects understory microclimates. We also emphasize that the
forest canopy metrics assessed here capture only a subset of potential
influences on understory microclimates. In fact, Hedwall et al. (2019b)
showed that the optimal plot size at which forest structure had the
strongest influence on understory vegetation was well below 10 m. This
contrast between the scale at which forest structure alters temperature
(our results), and the scale at which forest structure influences under-
story vegetation (Hedwall et al., 2019b) would suggest that there are
additional microclimatic or ecological factors affecting vegetation
community structure at these scales (e.g. light availability; Tinya and
Odor, 2016). For example, in our forest stands an understory shrub layer
was generally lacking, but in forests with high shrub cover, their pres-
ence can decrease air mixing and therefore reduce the scale at which the
microclimate operates. In addition, tree crown dimensions and the
height of the canopy itself may play an important role dictating micro-
climatic scales of influence (Souza et al., 2010; Ehbrecht et al., 2019).
The taller the trees, the more evenly the radiation is spread, and thus the
larger the scale at which the microclimate can be operating. Our site in B
had a very high canopy compared to the other sites, but as we did not
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quantify this, we cannot draw any conclusions on the effect of this
parameter on the scale at which microclimate operates in our sites.
Additionally, soil characteristics may also be heterogeneous, and influ-
ence soil microclimate correspondingly. For instance, soil moisture is
related to temperature differences between open and forested areas
(von Arx et al.,, 2013). In our case, however, we do not expect large
differences among our plots, as soil temperature loggers were only
buried a few centimeters into the humus layer. In addition, the choice of
forest overstory species may affect soil composition differently (e.g. by
altering characteristics of the soil organic layer), and thereby change soil
microclimate. Such effects were however beyond the scope of our study
(Fekete et al., 2016). In conclusion, our results show that it is possible to
make predictions of understory temperatures in scenarios where both
forest structure and macroclimate are dynamic. This provides an op-
portunity to include these variables in forest management decision
support systems to exploit the potential of forests to act as climatic
refugia, and thereby mitigate potentially negative effects of climate
change. Importantly however, our results also indicate that macro-
climatic drivers like precipitation and wind may affect the buffering
capacity of forest overstories, which has implications for the temporal
and spatial consistency of these refugia in a changing climate. Moreover,
our results can be considered in forest restoration plans and when
choosing tree species for afforestation programs.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

This project was funded by the C. F. Lundstroms stiftelse (CF2019-
0030) from the Royal Swedish Academy of Agriculture and Forestry, as
well as Crafoordska stiftelsen 20190675 and 20200544. JDC’s salary
was funded by the Swedish University of Agricultural Sciences. AF, EO
and POH were funded in part by the Swedish Research Council FORMAS
(grant 2019-02007) and SC was funded by the Bolin Centre for Climate
Research.

We would like to thank the staff at Siljanfors and Svartberget’s
research stations, as well as the staff at the Hunsriick-Hochwald National
Park in Germany for their assistance and continuous support in the
maintenance of the temperature loggers. A special thanks to Matts
Lindbladh for assistance with the field work at site G. We are also
grateful to the landowners and managers of the different forest areas we
used in this study for allowing us to install microclimate stations there
and work in their property. We also acknowledge the Walloon forest
service (SPW-DNF) for allowing access to the site located in the Saint-
Hubert territorial division.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.agrformet.2023.109684.

References

Angiulli, E., Pagliara, V., Cioni, C., Frabetti, F., Pizzetti, F., Alleva, E., Toni, M., 2020.
Increase in environmental temperature affects exploratory behaviour, anxiety and
social preference in Danio rerio. Sci. Rep. 10, 5385. https://doi.org/10.1038/
$41598-020-62331-1.

10

Agricultural and Forest Meteorology 341 (2023) 109684

Arneth, A., Shin, Y.J., Leadley, P., Rondinini, C., Bukvareva, E., Kolb, M., Midgley, G.F.,
Oberdorff, T., Palomo, 1., Saito, O., 2020. Post-2020 biodiversity targets need to
embrace climate change. Proc. Natl. Acad. Sci. 117, 30882-30891. https://doi.org/
10.1073/pnas.2009584117.

Baker, S.C., Spies, T.A., Wardlaw, T.J., Balmer, J., Franklin, J.F., Jordan, G.J., 2013. The
harvested side of edges: effect of retained forests on the re-establishment of
biodiversity in adjacent harvested areas. For. Ecol. Manag. 302, 107-121. https://
doi.org/10.1016/j.foreco.2013.03.024.

Bauhus, J., Forrester, D.1., Pretzsch, H., Felton, A., Pyttel, P., Benneter, A., 2017.
Silvicultural options for mixed-species stands. In: Pretzsch, H., Forrester, D.I.,
Bauhus, J. (Eds.), Mixed-Species Forests: Ecology and Management. Springer, Berlin,
Heidelberg, pp. 433-501. https://doi.org/10.1007/978-3-662-54553-9_9.

Berglund, H., Kuuluvainen, T., 2021. Representative boreal forest habitats in northern
Europe, and a revised model for ecosystem management and biodiversity

conservation. Ambio 50, 1003-1017. https://doi.org/10.1007/s13280-020-01444-
3.

Blumrdéder, J.S., May, F., Hardtle, W., Ibisch, P.L., 2021. Forestry contributed to warming
of forest ecosystems in northern Germany during the extreme summers of 2018 and
2019. Ecol. Solut. Evid. 2, €12087. https://doi.org/10.1002/2688-8319.12087.

Bonn, B., Kreuzwieser, J., Magh, R.K., Rennenberg, H., Schindler, D., Sperlich, D.,
Trautmann, R., Yousefpour, R., Grote, R., 2020. Expected impacts of mixing
European beech with silver fir on regional air quality and radiation balance. Climate
8, 105. https://doi.org/10.3390/cli8100105.

Bright, R.M., Astrup, R., Stromman, A.H., 2013. Empirical models of monthly and annual
albedo in managed boreal forests of interior Norway. Clim. Change 120, 183-196.
https://doi.org/10.1007/510584-013-0789-1.

Brusa, A., Bunker, D.E., 2014. Increasing the precision of canopy closure estimates from
hemispherical photography: blue channel analysis and under-exposure. Agric. For.
Meteorol. 195-196, 102-107. https://doi.org/10.1016/j.agrformet.2014.05.001.

Caraco, T., Blanckenhorn, W.U., Gregory, G.M., Newman, J.A., Recer, G.M., Zwicker, S.
M., 1990. Risk-sensitivity: ambient temperature affects foraging choice. Anim.
Behav. 39, 338-345. https://doi.org/10.1016/50003-3472(05)80879-6.

Cavard, X., Macdonald, E.S., Bergeron, Y., Chen, H.Y.H., 2011. Importance of
mixedwoods for biodiversity conservation: evidence for understory plants,
songbirds, soil fauna, and ectomycorrhizae in northern forests. Environ. Rev 19
142-161.

Christiansen, D.M., Iversen, L.L., Ehrlén, J., Hylander, K., 2022. Changes in forest
structure drive temperature preferences of boreal understorey plant communities.
J. Ecol. 110, 631-643. https://doi.org/10.1111/1365-2745.13825.

Condamine, F.L., Sperling, F.A.H., Wahlberg, N., Rasplus, J.Y., Kergoat, G.J., 2012. What
causes latitudinal gradients in species diversity? Evolutionary processes and
ecological constraints on swallowtail biodiversity. Ecol. Lett. 15, 267-277. https://
doi.org/10.1111/j.1461-0248.2011.01737.x.

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B.R., Zellweger, F., Aalto, J., Ashcroft, M.
B., Christiansen, D.M., Decocg, G., De Pauw, K., Govaert, S., Greiser, C., Gril, E.,
Hampe, A., Jucker, T., Klinges, D.H., Koelemeijer, I.A., Lembrechts, J.J., Marrec, R.,
Meeussen, C., Ogée, J., Tyystjarvi, V., Vangansbeke, P., Hylander, K., 2021. Forest
microclimates and climate change: importance, drivers and future research agenda.
Glob. Change Biol. 27, 2279-2297. https://doi.org/10.1111/gcb.15569.

De Frenne, P., Rodriguez-Sanchez, F., Coomes, D.A., Baeten, L., Verstraeten, G.,
Vellend, M., Bernhardt-Romermann, M., Brown, C.D., Brunet, J., Cornelis, J.,
Decocq, G.M., Dierschke, H., Eriksson, O., Gilliam, F.S., Hédl, R., Heinken, T.,
Hermy, M., Hommel, P., Jenkins, M.A., Kelly, D.L., Kirby, K.J., Mitchell, F.J.G.,
Naaf, T., Newman, M., Peterken, G., Petiik, P., Schultz, J., Sonnier, G., Van
Calster, H., Waller, D.M., Walther, G.-R., White, P.S., Woods, K.D., Wulf, M.,
Graae, B.J., Verheyen, K., 2013. Microclimate moderates plant responses to
macroclimate warming. Proc. Natl. Acad. Sci. 110, 18561-18565. https://doi.org/
10.1073/pnas.1311190110.

De Frenne, P., Zellweger, F., Rodriguez-Sanchez, F., Scheffers, B.R., Hylander, K.,
Luoto, M., Vellend, M., Verheyen, K., Lenoir, J., 2019. Global buffering of
temperatures under forest canopies. Nat. Ecol. Evol. 3, 744-749. https://doi.org/
10.1038/541559-019-0842-1.

Eckerter, T., Buse, J., Forschler, M., Pufal, G., 2019. Additive positive effects of canopy
openness on European bilberry (Vaccinium myrtillus) fruit quantity and quality. For.
Ecol. Manag. 433, 122-130. https://doi.org/10.1016/j.foreco.2018.10.059.

Egley, G.H., 1995. Seed germination in soil: dormancy cycles. Seed Development and
Germination. Routledge.

Ehbrecht, M., Schall, P., Ammer, C., Fischer, M., Seidel, D., 2019. Effects of structural
heterogeneity on the diurnal temperature range in temperate forest ecosystems. For.
Ecol. Manag. 432, 860-867. https://doi.org/10.1016/j.foreco.2018.10.008.

Ellison, A.M., Bank, M.S., Clinton, B.D., Colburn, E.A., Elliott, K., Ford, C.R., Foster, D.R.,
Kloeppel, B.D., Knoepp, J.D., Lovett, G.M., Mohan, J., Orwig, D.A., Rodenhouse, N.
L., Sobczak, W.V., Stinson, K.A., Stone, J.K., Swan, C.M., Thompson, J., Von
Holle, B., Webster, J.R., 2005. Loss of foundation species: consequences for the
structure and dynamics of forested ecosystems. Front. Ecol. Environ. 3, 479-486.
https://doi.org/10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2.

Fekete, 1., Varga, C., Bird, B., T6th, J.A., Varbiré, G., Lajtha, K., Szabd, G., Kotroczé, Z.,
2016. The effects of litter production and litter depth on soil microclimate in a
central european deciduous forest. Plant Soil 398, 291-300. https://doi.org/
10.1007/511104-015-2664-5.

Felton, A., Felton, A.M., Wam, H.K., Witzell, J., Wallgren, M., Lof, M., Sonesson, J.,
Lindbladh, M., Bjorkman, C., Blennow, K., Cleary, M., Jonsell, M., Klapwijk, M.J.,
Niklasson, M., Petersson, L., Ronnberg, J., Sang, .7\.0., Wrethling, F., Hedwall, P.O.,
2022. Forest biodiversity and ecosystem services from spruce-birch mixtures: the
potential importance of tree spatial arrangement. Environ. Chall. 6, 100407 https://
doi.org/10.1016/j.envc.2021.100407.



https://doi.org/10.1016/j.agrformet.2023.109684
https://doi.org/10.1038/s41598-020-62331-1
https://doi.org/10.1038/s41598-020-62331-1
https://doi.org/10.1073/pnas.2009584117
https://doi.org/10.1073/pnas.2009584117
https://doi.org/10.1016/j.foreco.2013.03.024
https://doi.org/10.1016/j.foreco.2013.03.024
https://doi.org/10.1007/978-3-662-54553-9_9
https://doi.org/10.1007/s13280-020-01444-3
https://doi.org/10.1007/s13280-020-01444-3
https://doi.org/10.1002/2688-8319.12087
https://doi.org/10.3390/cli8100105
https://doi.org/10.1007/s10584-013-0789-1
https://doi.org/10.1016/j.agrformet.2014.05.001
https://doi.org/10.1016/S0003-3472(05)80879-6
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0011
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0011
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0011
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0011
https://doi.org/10.1111/1365-2745.13825
https://doi.org/10.1111/j.1461-0248.2011.01737.x
https://doi.org/10.1111/j.1461-0248.2011.01737.x
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1038/s41559-019-0842-1
https://doi.org/10.1038/s41559-019-0842-1
https://doi.org/10.1016/j.foreco.2018.10.059
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0018
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0018
https://doi.org/10.1016/j.foreco.2018.10.008
https://doi.org/10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2
https://doi.org/10.1007/s11104-015-2664-5
https://doi.org/10.1007/s11104-015-2664-5
https://doi.org/10.1016/j.envc.2021.100407
https://doi.org/10.1016/j.envc.2021.100407

J. Diaz-Calafat et al.

Felton, A., Lindbladh, M., Brunet, J., Fritz, 0., 2010. Replacing coniferous monocultures
with mixed-species production stands: an assessment of the potential benefits for
forest biodiversity in northern Europe. For. Ecol. Manag. 260, 939-947. https://doi.
0rg/10.1016/j.foreco.2010.06.011.

Felton, A., Lofroth, T., Angelstam, P., Gustafsson, L., Hjaltén, J., Felton, A.M.,
Simonsson, P., Dahlberg, A., Lindbladh, M., Svensson, J., Nilsson, U., Lodin, I.,
Hedwall, P.O., Sténs, A., Lamas, T., Brunet, J., Kalén, C., Kristrom, B., Gemmel, P.,
Ranius, T., 2020. Keeping pace with forestry: multi-scale conservation in a changing
production forest matrix. Ambio 49, 1050-1064. https://doi.org/10.1007/s13280-
019-01248-0.

Felton, A., Nilsson, U., Sonesson, J., Felton, A.M., Roberge, J.-M., Ranius, T.,
Ahlstrom, M., Bergh, J., Bjorkman, C., Boberg, J., Drossler, L., Fahlvik, N., Gong, P.,
Holmstrom, E., Keskitalo, E.C.H., Klapwijk, M.J., Laudon, H., Lundmark, T.,
Niklasson, M., Nordin, A., Pettersson, M., Stenlid, J., Sténs, A., Wallertz, K., 2016.
Replacing monocultures with mixed-species stands: ecosystem service implications
of two production forest alternatives in Sweden. Ambio 45, 124-139. https://doi.
org/10.1007/s13280-015-0749-2.

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37, 4302-4315. https://doi.org/
10.1002/joc.5086.

Frei, E., Bodin, J., Walther, G.R., 2010. Plant species’ range shifts in mountainous
areas—all uphill from here? Bot. Helvetica 120, 117-128. https://doi.org/10.1007/
500035-010-0076-y.

Garcia, F.C., Bestion, E., Warfield, R., Yvon-Durocher, G., 2018. Changes in temperature
alter the relationship between biodiversity and ecosystem functioning. Proc. Natl.
Acad. Sci. 115, 10989-10994. https://doi.org/10.1073/pnas.1805518115.

Geiger, R., Aron, R.H., Todhunter, P., 1995. The Climate Near the Ground. Vieweg+
Teubner Verlag, Wiesbaden. https://doi.org/10.1007/978-3-322-86582-3.

Gillerot, L., Landuyt, D., Oh, R., Chow, W., Haluza, D., Ponette, Q., Jactel, H.,
Bruelheide, H., Jaroszewicz, B., Scherer-Lorenzen, M., De Frenne, P., Muys, B.,
Verheyen, K., 2022. Forest structure and composition alleviate human thermal
stress. Glob. Change Biol. 28, 7340-7352. https://doi.org/10.1111/gcb.16419.

Gillooly, J.F., Dodson, S.I., 2000. The relationship of neonate mass and incubation
temperature to embryonic development time in a range of animal taxa. J. Zool. 251,
369-375. https://doi.org/10.1111/j.1469-7998.2000.tb01087.x.

Greenwood, S., Chen, J., Chen, C., Jump, A.S., 2015. Temperature and sheltering
determine patterns of seedling establishment in an advancing subtropical treeline.
J. Veg. Sci. 26, 711-721. https://doi.org/10.1111/jvs.12269.

Greiser, C., Ehrlén, J., Meineri, E., Hylander, K., 2020. Hiding from the climate:
characterizing microrefugia for boreal forest understory species. Glob. Change Biol.
26, 471-483. https://doi.org/10.1111/gcb.14874.

Greiser, C., von Schmalensee, L., Lindestad, O., Gotthard, K., Lehmann, P., 2022.
Microclimatic variation affects developmental phenology, synchrony and voltinism
in an insect population. Funct. Ecol. 36, 3036-3048. https://doi.org/10.1111/1365-
2435.14195.

Hedwall, P.O., Gustafsson, L., Brunet, J., Lindbladh, M., Axelsson, A.L., Strengbom, J.,
2019. Half a century of multiple anthropogenic stressors has altered northern forest
understory plant communities. Ecol. Appl. 29, e01874. https://doi.org/10.1002/
eap.1874.

Hedwall, P.O., Holmstrom, E., Lindbladh, M., Felton, A., 2019. Concealed by darkness:
how stand density can override the biodiversity benefits of mixed forests. Ecosphere
10, €02835. https://doi.org/10.1002/ecs2.2835.

Hedwall, P.O., Uria-Diez, J., Brunet, J., Gustafsson, L., Axelsson, A.L., Strengbom, J.,
2021. Interactions between local and global drivers determine long-term trends in
boreal forest understorey vegetation. Glob. Ecol. Biogeogr. 30, 1765-1780. https://
doi.org/10.1111/geb.13324.

Helbach, J., Frey, J., Messier, C., Morsdorf, M., Scherer-Lorenzen, M., 2022. Light
heterogeneity affects understory plant species richness in temperate forests
supporting the heterogeneity—diversity hypothesis. Ecol. Evol. 12, e8534. https://
doi.org/10.1002/ece3.8534.

Hennon, P.E., D’Amore, D.V., Witter, D.T., Lamb, M.B., 2010. Influence of forest canopy
and snow on microclimate in a declining yellow-cedar forest of southeast Alaska.
Northwest Sci. 84, 73-87. https://doi.org/10.3955/046.084.0108.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J.,
Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S.,
Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De
Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flemming, J.,
Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R.J., H6lm, E.,
Janiskova, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de
Rosnay, P., Rozum, 1., Vamborg, F., Villaume, S., Thépaut, J.N., 2020. The ERAS
global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999-2049. https://doi.org/10.1002/
qj.3803.

IPCC, 2021. IPCC, 2021: climate change 2021: the physical science basis. Contribution of
working group i to the sixth assessment report of the intergovernmental panel on
climate change. In: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C.,
Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M.I., Huang, M., Leitzell, K.,
Lonnoy, E., Matthews, J.B.R., Maycock, T.K., Waterfield, T., Yelekgi, O., Yu, R.,
Zhou, B. (Eds.). Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA. https://doi.org/10.1017/9781009157896. In press.

Ito, A., Reyer, C.P.0., Gideke, A., Ciais, P., Chang, J., Chen, M., Francois, L., Forrest, M.,
Hickler, T., Ostberg, S., Shi, H., Thiery, W., Tian, H., 2020. Pronounced and
unavoidable impacts of low-end global warming on northern high-latitude land
ecosystems. Environ. Res. Lett. 15, 044006 https://doi.org/10.1088/1748-9326/
ab702b.

Kermavnar, J., Ferlan, M., Marinsek, A., Eler, K., Kobler, A., Kutnar, L., 2020. Effects of
various cutting treatments and topographic factors on microclimatic conditions in

11

Agricultural and Forest Meteorology 341 (2023) 109684

Dinaric fir-beech forests. Agric. For. Meteorol. 295, 108186 https://doi.org/
10.1016/j.agrformet.2020.108186.

Klinges, D.H., Duffy, J.P., Kearney, M.R., Maclean, I.M.D., 2022. mcera5: driving
microclimate models with ERA5 global gridded climate data. Methods Ecol. Evol. 13,
1402-1411. https://doi.org/10.1111/2041-210X.13877.

Kordas, R.L., Harley, C.D.G., O’Connor, M.I., 2011. Community ecology in a warming
world: the influence of temperature on interspecific interactions in marine systems.
J. Exp. Mar. Biol. Ecol. 400, 218-226. https://doi.org/10.1016/j.
jembe.2011.02.029. Global change in marine ecosystems.

Kovdcs, B., Tinya, F., Odor, P., 2017. Stand structural drivers of microclimate in mature
temperate mixed forests. Agric. For. Meteorol. 234-235, 11-21. https://doi.org/
10.1016/j.agrformet.2016.11.268.

Kramer, K., Leinonen, I., Loustau, D., 2000. The importance of phenology for the
evaluation of impact of climate change on growth of boreal, temperate and
Mediterranean forests ecosystems: an overview. Int. J. Biometeorol. 44, 67-75.
https://doi.org/10.1007/5004840000066.

Lindenmayer, D., Blanchard, W., McBurney, L., Bowd, E., Youngentob, K., Marsh, K.,
Taylor, C., 2022. Stand age related differences in forest microclimate. For. Ecol.
Manag. 510, 120101 https://doi.org/10.1016/j.foreco.2022.120101.

Lindman, L., Ockinger, E., Ranius, T., 2022. Microclimatic conditions mediate the effect
of deadwood and forest characteristics on a threatened beetle species, Tragosoma
depsarium. Oecologia 199, 737-752. https://doi.org/10.1007/500442-022-05212-
w.

Lof, M., Brunet, J., Hickler, T., Birkedal, M., Jensen, A., 2012. Restoring broadleaved
forests in southern Sweden as climate changes. In: Stanturf, J., Madsen, P., Lamb, D.
(Eds.), A Goal-Oriented Approach to Forest Landscape Restoration, World Forests.
Springer Netherlands, Dordrecht, pp. 373-391. https://doi.org/10.1007/978-94-
007-5338-9_14.

Lukes, P., Stenberg, P., Rautiainen, M., 2013. Relationship between forest density and
albedo in the boreal zone. Ecol. Model. 261-262, 74-79. https://doi.org/10.1016/j.
ecolmodel.2013.04.009.

MacCannell, A.D.V., Staples, J.F., 2021. Elevated ambient temperature accelerates
aspects of torpor phenology in an obligate hibernator. J. Therm. Biol. 96, 102839
https://doi.org/10.1016/j.jtherbio.2021.102839.

Macek, M., Kopecky, M., Wild, J., 2019. Maximum air temperature controlled by
landscape topography affects plant species composition in temperate forests. Landsc.
Ecol. 34, 2541-2556. https://doi.org/10.1007/510980-019-00903-x.

Meeussen, C., Govaert, S., Vanneste, T., Bollmann, K., Brunet, J., Calders, K., Cousins, S.
A.O., De Pauw, K., Diekmann, M., Gasperini, C., Hedwall, P.O., Hylander, K.,
ITacopetti, G., Lenoir, J., Lindmo, S., Orczewska, A., Ponette, Q., Plue, J., Sanczuk, P.,
Selvi, F., Spicher, F., Verbeeck, H., Zellweger, F., Verheyen, K., Vangansbeke, P., De
Frenne, P., 2021. Microclimatic edge-to-interior gradients of European deciduous
forests. Agric. For. Meteorol. 311, 108699 https://doi.org/10.1016/j.
agrformet.2021.108699.

Menge, J.H., Magdon, P., Wollauer, S., Ehbrecht, M., 2023. Impacts of forest
management on stand and landscape-level microclimate heterogeneity of European
beech forests. Landsc. Ecol. 38, 903-917. https://doi.org/10.1007/510980-023-
01596-z.

Monasterio, C., Shoo, L.P., Salvador, A., Iraeta, P., Diaz, J.A., 2013. High temperature
constrains reproductive success in a temperate lizard: implications for distribution
range limits and the impacts of climate change. J. Zool. 291, 136-145. https://doi.
org/10.1111/jz0.12057.

Moss, J.L., Doick, K.J., Smith, S., Shahrestani, M., 2019. Influence of evaporative cooling
by urban forests on cooling demand in cities. Urban For. Urban Green. 37, 65-73.
https://doi.org/10.1016/j.ufug.2018.07.023. Green Infrastructures: Nature Based
Solutions for sustainable and resilient cities.

Niinemets, U., Valladares, F., 2006. Tolerance to shade, drought, and waterlogging of
temperate Northern Hemisphere trees and shrubs. Ecol. Monogr. 76, 521-547.
https://doi.org/10.1890/0012-9615(2006)076[0521:TTSDAW]2.0.CO;2.

Onwuka, B., 2018. Effects of soil temperature on some soil properties and plant growth.
Adv. Plants Agric. Res. 8 https://doi.org/10.15406/apar.2018.08.00288.

Ooi, H., de Vries, A., Microsoft, 2022. Checkpoint: install packages from snapshots on the
checkpoint server for reproducibility. R Package Version 102.

Oostra, S., Majdi, H., Olsson, M., 2006. Impact of tree species on soil carbon stocks and
soil acidity in southern Sweden. Scand. J. For. Res. 21, 364-371. https://doi.org/
10.1080/02827580600950172.

Paul, K.I,, Polglase, P.J., O’Connell, A.M., Carlyle, J.C., Smethurst, P.J., Khanna, P.K.,
2002. Soil nitrogen availability predictor (SNAP): a simple model for predicting
mineralisation of nitrogen in forest soils. Soil Res. 40, 1011. https://doi.org/
10.1071/SR01114.

Pierson, F.B., Wight, J.R., 1991. Variability of near-surface soil temperature on sagebrush
rangeland. J. Range Manag. 44, 491-497. https://doi.org/10.2307/4002751.

Porter, J.R., Delecolle, R., 1988. Interaction of temperature with other environmental
factors in controlling the development of plants. Symp. Soc. Exp. Biol. 42, 133-156.

R Core Team, 2022. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. URL. https://www.R-project.
org/.

Radler, K., Oltchev, A., Panferov, O., Klinck, U., Gravenhorst, G., 2010. Radiation and
temperature responses to a small clear-cut in a spruce forest. Open Geogr. J. 3,
103-114.

Repasky, R.R., 1991. Temperature and the northern distributions of wintering birds.
Ecology 72, 2274-2285. https://doi.org/10.2307/1941577.

Souza, W.de, Barbosa, O.R., Marques, J.de A., Costa, M.A.T., Gasparino, E.,

Limberger, E., 2010. Microclimate in silvipastoral systems with eucalyptus in rank
with different heights. Rev. Bras. Zootec. 39, 685-694. https://doi.org/10.1590/
$1516-35982010000300030.



https://doi.org/10.1016/j.foreco.2010.06.011
https://doi.org/10.1016/j.foreco.2010.06.011
https://doi.org/10.1007/s13280-019-01248-0
https://doi.org/10.1007/s13280-019-01248-0
https://doi.org/10.1007/s13280-015-0749-2
https://doi.org/10.1007/s13280-015-0749-2
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1007/s00035-010-0076-y
https://doi.org/10.1007/s00035-010-0076-y
https://doi.org/10.1073/pnas.1805518115
https://doi.org/10.1007/978-3-322-86582-3
https://doi.org/10.1111/gcb.16419
https://doi.org/10.1111/j.1469-7998.2000.tb01087.x
https://doi.org/10.1111/jvs.12269
https://doi.org/10.1111/gcb.14874
https://doi.org/10.1111/1365-2435.14195
https://doi.org/10.1111/1365-2435.14195
https://doi.org/10.1002/eap.1874
https://doi.org/10.1002/eap.1874
https://doi.org/10.1002/ecs2.2835
https://doi.org/10.1111/geb.13324
https://doi.org/10.1111/geb.13324
https://doi.org/10.1002/ece3.8534
https://doi.org/10.1002/ece3.8534
https://doi.org/10.3955/046.084.0108
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1017/9781009157896
https://doi.org/10.1088/1748-9326/ab702b
https://doi.org/10.1088/1748-9326/ab702b
https://doi.org/10.1016/j.agrformet.2020.108186
https://doi.org/10.1016/j.agrformet.2020.108186
https://doi.org/10.1111/2041-210X.13877
https://doi.org/10.1016/j.jembe.2011.02.029
https://doi.org/10.1016/j.jembe.2011.02.029
https://doi.org/10.1016/j.agrformet.2016.11.268
https://doi.org/10.1016/j.agrformet.2016.11.268
https://doi.org/10.1007/s004840000066
https://doi.org/10.1016/j.foreco.2022.120101
https://doi.org/10.1007/s00442-022-05212-w
https://doi.org/10.1007/s00442-022-05212-w
https://doi.org/10.1007/978-94-007-5338-9_14
https://doi.org/10.1007/978-94-007-5338-9_14
https://doi.org/10.1016/j.ecolmodel.2013.04.009
https://doi.org/10.1016/j.ecolmodel.2013.04.009
https://doi.org/10.1016/j.jtherbio.2021.102839
https://doi.org/10.1007/s10980-019-00903-x
https://doi.org/10.1016/j.agrformet.2021.108699
https://doi.org/10.1016/j.agrformet.2021.108699
https://doi.org/10.1007/s10980-023-01596-z
https://doi.org/10.1007/s10980-023-01596-z
https://doi.org/10.1111/jzo.12057
https://doi.org/10.1111/jzo.12057
https://doi.org/10.1016/j.ufug.2018.07.023
https://doi.org/10.1890/0012-9615(2006)076[0521:TTSDAW]2.0.CO;2
https://doi.org/10.15406/apar.2018.08.00288
https://doi.org/10.1080/02827580600950172
https://doi.org/10.1080/02827580600950172
https://doi.org/10.1071/SR01114
https://doi.org/10.1071/SR01114
https://doi.org/10.2307/4002751
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0064
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0064
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0066
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0066
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0066
https://doi.org/10.2307/1941577
https://doi.org/10.1590/S1516-35982010000300030
https://doi.org/10.1590/S1516-35982010000300030

J. Diaz-Calafat et al.

Stevens, J.T., Safford, H.D., Harrison, S., Latimer, A.M., 2015. Forest disturbance
accelerates thermophilization of understory plant communities. J. Ecol. 103,
1253-1263. https://doi.org/10.1111/1365-2745.12426.

ter Steege, H., 2018. Hemiphot.R: free R scripts to analyse hemispherical photographs for
canopy openness, leaf area index and photosynthetic active radiation under forest
canopies. Unpublished Report Naturalis Biodiversity Center. Leiden, The
Netherlands.

Thom, D., Rammer, W., Seidl, R., 2017. The impact of future forest dynamics on climate:
interactive effects of changing vegetation and disturbance regimes. Ecol. Monogr.
87, 665-684. https://doi.org/10.1002/ecm.1272.

Thomas, C.D., 2010. Climate, climate change and range boundaries. Divers. Distrib. 16,
488-495. https://doi.org/10.1111/j.1472-4642.2010.00642.x.

Tinya, F., Odor, P., 2016. Congruence of the spatial pattern of light and understory
vegetation in an old-growth, temperate mixed forest. For. Ecol. Manag. 381, 84-92.
https://doi.org/10.1016/j.foreco.2016.09.027.

Ulrey, C., Quintana-Ascencio, P.F., Kauffman, G., Smith, A.B., Menges, E.S., 2016. Life at
the top: long-term demography, microclimatic refugia, and responses to climate
change for a high-elevation southern Appalachian endemic plant. Biol. Conserv. 200,
80-92. https://doi.org/10.1016/j.biocon.2016.05.028.

Verheyen, K., Baeten, L., De Frenne, P., Bernhardt-Romermann, M., Brunet, J.,
Cornelis, J., Decocq, G., Dierschke, H., Eriksson, O., Hédl, R., Heinken, T.,

Hermy, M., Hommel, P., Kirby, K., Naaf, T., Peterken, G., Petiik, P., Pfadenhauer, J.,
Van Calster, H., Walther, G.-R., Wulf, M., Verstraeten, G., 2012. Driving factors
behind the eutrophication signal in understorey plant communities of deciduous
temperate forests. J. Ecol. 100, 352-365. https://doi.org/10.1111/j.1365-
2745.2011.01928.x.

von Arx, G., Graf Pannatier, E., Thimonier, A., Rebetez, M., 2013. Microclimate in forests
with varying leaf area index and soil moisture: potential implications for seedling
establishment in a changing climate. J. Ecol. 101, 1201-1213. https://doi.org/
10.1111/1365-2745.12121.

Wood, S., Scheipl, F., 2020. gamm#4: generalized additive mixed models using “mgcv”
and “lme4”. R package version 0.2-6. https://CRAN.R-project.org/package—gamm4.

12

Agricultural and Forest Meteorology 341 (2023) 109684

Woodward, F.I., 1988. Temperature and the distribution of plant species. Symp. Soc. Exp.
Biol. 42, 59-75.

Xu, X., Huang, A., Belle, E., De Frenne, P., Jia, G., 2022. Protected areas provide thermal
buffer against climate change. Sci. Adv. 8, eabo0119. https://doi.org/10.1126/
sciadv.abo0119.

Zellweger, F., Coomes, D., Lenoir, J., Depauw, L., Maes, S.L., Wulf, M., Kirby, K.J.,
Brunet, J., Kopecky, M., Malis, F., Schmidt, W., Heinrichs, S., den Ouden, J.,
Jaroszewicz, B., Buyse, G., Spicher, F., Verheyen, K., De Frenne, P., 2019. Seasonal
drivers of understorey temperature buffering in temperate deciduous forests across
Europe. Glob. Ecol. Biogeogr. 28, 1774-1786. https://doi.org/10.1111/geb.12991.

Zellweger, F., De Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K., Bernhardt-
Romermann, M., Baeten, L., Hédl, R., Berki, L., Brunet, J., Van Calster, H.,
Chudomelovd, M., Decocq, G., Dirnbock, T., Durak, T., Heinken, T., Jaroszewicz, B.,
Kopecky, M., Mdlis, F., Macek, M., Malicki, M., Naaf, T., Nagel, T.A., Ortmann-
Ajkai, A., Petfik, P., Pielech, R., Reczyniska, K., Schmidt, W., Standovar, T.,
Swierkosz, K., Teleki, B., Vild, O., Wulf, M., Coomes, D., 2020. Forest microclimate
dynamics drive plant responses to warming. Science 368, 772-775. https://doi.org/
10.1126/science.aba6880.

Zhang, S., Landuyt, D., Verheyen, K., De Frenne, P., 2022. Tree species mixing can
amplify microclimate offsets in young forest plantations. J. Appl. Ecol. https://doi.
org/10.1111/1365-2664.14158.

Zhou, J., Deng, Y., Shen, L., Wen, C., Yan, Q., Ning, D., Qin, Y., Xue, K., Wu, L., He, Z.,
Voordeckers, J.W., Nostrand, J.D.V., Buzzard, V., Michaletz, S.T., Enquist, B.J.,
Weiser, M.D., Kaspari, M., Waide, R., Yang, Y., Brown, J.H., 2016. Temperature
mediates continental-scale diversity of microbes in forest soils. Nat. Commun. 7,
12083. https://doi.org/10.1038/ncomms12083.

Zohner, C.M., Renner, S.S., 2014. Common garden comparison of the leaf-out phenology
of woody species from different native climates, combined with herbarium records,
forecasts long-term change. Ecol. Lett. 17, 1016-1025. https://doi.org/10.1111/
ele.12308.


https://doi.org/10.1111/1365-2745.12426
https://doi.org/10.1002/ecm.1272
https://doi.org/10.1111/j.1472-4642.2010.00642.x
https://doi.org/10.1016/j.foreco.2016.09.027
https://doi.org/10.1016/j.biocon.2016.05.028
https://doi.org/10.1111/j.1365-2745.2011.01928.x
https://doi.org/10.1111/j.1365-2745.2011.01928.x
https://doi.org/10.1111/1365-2745.12121
https://doi.org/10.1111/1365-2745.12121
https://CRAN.R-project.org/package=gamm4
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0078
http://refhub.elsevier.com/S0168-1923(23)00374-X/sbref0078
https://doi.org/10.1126/sciadv.abo0119
https://doi.org/10.1126/sciadv.abo0119
https://doi.org/10.1111/geb.12991
https://doi.org/10.1126/science.aba6880
https://doi.org/10.1126/science.aba6880
https://doi.org/10.1111/1365-2664.14158
https://doi.org/10.1111/1365-2664.14158
https://doi.org/10.1038/ncomms12083
https://doi.org/10.1111/ele.12308
https://doi.org/10.1111/ele.12308




AcTA UNIVERSITATIS AGRICULTURAE SUECIAE

Doctorar THESIS NO. 2024:65

The boreal biome, the world’s largest contiguous forested region, faces
significant changes due to rising global temperatures. These changes
affect the interactions between trees, understory plants, and their
pollinators, impacting essential ecosystem services. This thesis aims to
enhance the understanding of the interplay between forest structure,
microclimate, and pollinators. My findings highlight the crucial roles of
forest density and overstory composition in regulating microclimates
and influencing pollinator activity and diversity, emphasizing the need

for further research to develop effective forest management strategies.

Joan Diaz Calafat received his PhD education at the Southern
Swedish Forest Research Centre, SLU, Alnarp. He obtained his MSc
in Biology with specialization in biotic interactions from Wageningen
University and Research, and his BSc in Biology from the University of
the Balearic Islands.

Acta Universitatis agriculturae Sueciae presents doctoral theses from
the Swedish University of Agricultural Sciences (SLU).

SLU generates knowledge for the sustainable use of biological natural
resources. Research, education, extension, as well as environmental

monitoring and assessment are used to achieve this goal.

ISSN 1652-6880
ISBN (print version) 978-91-8046-356-0
ISBN (electronic version) 978-91-8046-392-8



	List of publications
	List of tables
	List of figures
	1. Introduction
	1.1 Climate change and the boreal biome
	1.2 Climate change and pollinating insects
	1.3 The importance of forests for pollinators
	1.4 Forest microclimatic temperature buffering
	1.5 Microclimate in plant-pollinator interactions

	2. Thesis aims
	3. Methods
	3.1 Literature review (Paper I)
	3.2 Study area (Papers II-IV)
	3.3 Microclimate stations and measurements
	3.4 Macroclimate data (Papers II & III) and temperature offsets (Paper II)
	3.5 Overstory measurements (Papers II-IV)
	3.6 The flower problem (Paper III and IV)
	3.7 Camera traps and vision AI model (Paper III)
	3.8 Flower eDNA metabarcoding (Paper IV)
	3.8.1 Flower collection
	3.8.2 Environmental DNA filtering and extraction
	3.8.3 PCR amplification
	3.8.4 Library building and sequencing
	3.8.5 Bioinformatics and taxonomic annotation

	3.9 Data analyses
	3.9.1 Paper I
	3.9.2 Paper II
	3.9.3 Paper III
	3.9.4 Paper IV


	4. Main results and discussion
	4.1 Boreal pollinators (Paper I)
	4.1.1 Climate change effects

	4.2 The effect of forest structure on understory microclimate (Paper II)
	4.2.1 Managing microclimate and potential of forests as climatic refugia (Paper II)

	4.3 The effect of microclimate and forest structure on pollinator activity (Paper III)
	4.4 The effect of microclimate and forest structure on flower-visiting arthropods assessed through flower eDNA (Paper IV)

	5. Conclusions of each paper
	6. Implications for forest management and future research needs
	References
	Popular science summary
	Populärvetenskaplig sammanfattning
	Acknowledgements
	Appendix
	Tom sida
	Tom sida
	Tom sida
	Tom sida


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.614 x 9.331 inches / 168.0 x 237.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20240821132217
      

        
     Shift
     32
            
       D:20240318112536
       671.8110
       168x237
       Blank
       476.2205
          

     Tall
     1
     0
     0
     No
     1934
     19
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     14.1732
     Left
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

        
     100
     212
     211
     212
      

   1
  

 HistoryList_V1
 qi2base





