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Northern forest ecosystems are exposed to rapid climate change, i.e., climate warming,
extended growing seasons, increasing greenhouse gases, and changes in precipitation
and water availability, accompanied by increasing pressure of herbivores and pathogens.
Silver birch (Betula pendula Roth) is an important deciduous trees species in the
boreal zone, with extensive distribution across Eurasia. Silver birch is an excellent
model system for the adaptation of northern trees to climate change due to recent
advances in genomics, high genetic variation, and intensive studies with different
abiotic and biotic stress factors. In this paper, the current understanding about
the responses and acclimation mechanisms of birch to changing environment is
presented, based on Fennoscandian studies. Several complementary experiments in
laboratory, semi-field and natural field conditions have shown that warming climate
and increasing CO» is expected to increase the growth and biomass of birch, but the
risk of herbivore damage will increase with negative impact on carbon sink strength.
Deleterious impacts of high humidity, soil drought and increasing ozone has been clearly
demonstrated. All these environmental changes have led to metabolic shifts or changes
in carbon/nutrient balance which may have further ecological impacts. However, high
plasticity and genotypic variation predict excellent acclimation capacity in rapidly
changing environment and a rich genetic pool for sustainable forestry. Because the trees
and forest ecosystems are exposed to multiple environmental factors simultaneously, it
is necessary to continue research with multiple-stress interaction studies.

Keywords: birch, warming, air humidity, water stress, CO,, ozone

INTRODUCTION

White birches (Betula sp.) are among the key species in the northern ecosystems which are strongly
affected by current climate warming, increased pests and pathogen damage, land-use changes
and forest fragmentation (Gauthier et al., 2015; IPCC, 2019). These factors may reduce genetic
diversity and make forests more fragile and sensitive to other threats. Betula pendula (silver birch)
and B. pubescens (downy birch) are the most common broad-leaved tree species in Fennoscandia
and found in most other parts of Europe (Kuuluvainen et al., 2017). B. pendula is economically
important in plywood, fiber and furniture production particularly in Finland due to fast growth and
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good stem form (Verkasalo, 2002; Hynynen et al., 2010; Dubois
et al., 2020). Besides the development of industrial potential
in wider areas of Europe, the ecological and societal (aesthetic
and recreational) value of B. pendula and B. pubescens has been
recognized and evaluated (Dubois et al., 2020). Due to efficient
seed propagation, birches are strong pioneer species in colonizing
forest gaps in diverse climates and soils, enhancing biodiversity
and soil functioning and improving the forest resilience e.g.,
against climate change, forest fires, and wind and herbivore
damage (Mauer and Palatova, 2003; Kanerva and Smolander,
2007; Ascoli and Bovio, 2010; Rosenvald et al., 2011; Lehnert
etal., 2013; Dubois et al., 2020). Besides many opportunities, high
sensitivity to wood rot, crown competition and aero-allergenic
properties of birches must not be ignored (Panula et al., 2009;
Hynynen et al., 2010; Vanhellemont et al., 2016; Dubois et al,,
2020).

Silver birch (B. pendula) is an excellent model system for
the adaptation of northern trees to climate change due to
recent advances in birch genomics (Salojirvi et al, 2017),
intensive long-term studies e.g., for herbivory resistance, nitrogen
economy, photosynthetic efficiency and phenology, and high
genetic variation (Heimonen et al., 2016; Silfver et al., 2020;
Tenkanen et al, 2020). In general, northern tree species of
the boreal zone are adapted to cool climate with four seasons.
Therefore, rapid climate warming is expected to strongly modify
the function, phenology and development of these species.
In addition to warming, changes in precipitation, drought
and increasing greenhouse gases, and increasing herbivore and
pathogen pressure are the most important factors affecting the
boreal and subarctic forest trees and ecosystems (IPCC, 2019;
Oksanen et al, 2019). The aim of this review is to present
and discuss what we have learned about the impacts of these
environmental factors on birch species growing in northern
parts of Europe.

RESPONSES TO WARMING

Heating Experiments

Artificial heating experiments with infra-red heaters have
provided basic knowledge about the direct physiological and
biochemical responses and mechanisms of plants to warming
environment (Mienpad et al., 2011; Silfver et al., 2020). Field
experiments using infra-red heaters with silver birch saplings
revealed that elevated temperature (ambient +1.2°C) increased
whole-plant photosynthesis, leaf area, specific leaf area (SLA),
biomass, stem height and delayed autumnal leaf abscission,
while stomatal conductance was declined (Riikonen et al.,
2009; Midenpad et al, 2011). Gas exchange profiles along
the vertical axis of the saplings showed that the leaves near
the top of the plant were the most responsive to warming
(Midenpdd et al., 2011). Improved defence capacity of birch
due to warming was demonstrated by higher total antioxidant
capacity and redox state of ascorbate (Riikonen et al., 2009).
Elevation of night-time temperature in the growth chamber
conditions increased the leaf level respiration and shifted
the metabolic profiles, depending strongly on the genotypes

(Méenpad et al., 2013). The most clear responses were seen
as increased concentrations of triperpenoids, hydrolysable
tannins, certain phenolic compounds such as DHPPG (3,4'-
dihydroxypropiophenone-3-3-D-glucopyranoside) and fructose
(Méenpad et al, 2013). Metabolic shifts were also observed
in VOC emissions, with the clearest increases in homoterpene
DMNT and several sesquiterpenes (SQT) (Ibrahim et al., 2010).
Higher emissions of certain volatile compounds were related to
improved thermotolerance (Ibrahim et al., 2010).

Another open-air warming experiment using infra-red heaters
in Subarctic area demonstrated the positive impacts of warming
(2.3 and 1.2°C increases in air and soil temperature, respectively)
on four native Betula species (silver birch, B. pendula; downy
birch, B. pubescens, dwarf birch, B. nana; and mountain birch,
B. pubescens subsp. Czerepanovii) (Silfver et al., 2020). Warming
treatment increased the plant height growth, leaf chlorophyll
concentration, CO;, uptake potential, and advanced the bud
break. When the warming was combined with insecticide
treatment reducing the pressure from insect feeding, the carbon
sink strength of birches was even stronger, indicating the
counteractive and negative impact of herbivores on carbon fluxes
(Silfver etal., 2020). It is therefore expected that birch populations
in the northern boreal and subarctic areas are vulnerable to
climate warming and increasing herbivore pressure, as predicted
earlier e.g., by Poyry et al. (2011). Further, competition with the
more southern genotypes can affect the genetic structure of the
northern silver birch populations.

Translocation Experiments

A recent translocation experiment with 26 different silver birch
genotypes simulating rapid climate warming across Finland has
provided ecologically relevant information about the acclimation
traits and capacity of birch as well as interactions with the
other biotic and abiotic factors, such as herbivorous insect
communities and nutrient availability (Heimonen et al., 2015a,b,
2016; Tenkanen et al, 2020, 2021). The results of herbivory
studies show that climate warming can change the composition
of herbivorous insect communities on birch, many herbivores can
feed on novel host plant genotypes and the herbivory community
composition is dependent on the physical size of plants and the
phenological pattern of the genotypes (Heimonen et al., 2015a,b,
2016). Most severe herbivore damage was found in the small-
size (height, leaf area) genotypes characterized by late bud burst
and early growth cessation, and originating from high-latitude
provenances (Heimonen et al., 2016).

Long-term field experiments have shown that Finnish silver
birch populations can be divided into northern and southern
groups according to several physiological traits, reflecting the
evolutionary history of this species (Salojirvi et al, 2017;
Tenkanen et al., 2020). Northern birch genotypes showed
higher stomatal conductance (g;) rates but lower water-use
efficiency (WUE) accompanied by more efficient N acquisition
compared to southern genotypes (Ruhanen, 2018; Tenkanen
et al.,, 2020). Clear differences in the chemical profiles of the
leaves have been confirmed between the northern and southern
groups (Deepak et al., 2018). Complementary laboratory studies
in equal growth conditions revealed also different biomass
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accumulation strategies between the northern and southern birch
origins (Tenkanen et al., 2021): while southern trees invest in
canopy biomass and leaves, northern trees show more efficient
photosynthetic capacity per leaf area (higher gas exchange, higher
Fv/Fm) and relatively more investment in the below-ground
fraction of the plant, but have a shorter total growth period.
High root biomass is assumed to be an adaptation to better
exploit and store the scarce nutrients and water resources in
poor northern and arctic soils, safeguarding the leaf burst in the
spring (Tenkanen et al., 2021). On the other hand, high soil N
availability seems to increase the survival of silver birch plantlets,
and growth and phenology may be adapted to soil N and day
length rather than to temperature (Possen et al.,, 2014, 2021).
Therefore, it is expected that the role of root compartment and
root processes will be more important for birches in rapidly
changing environment. Transfer of silver birch provenances in
field experiments has, however, produced mixed results for fitness
and survival and more research is needed for resistance traits.
Viherd-Aarnio et al. (2013) indicated that long transfers (>2
latitudes) lead to a sharp decrease in survival and growth, while
successful long-distance transfers of Finnish birches have been
reported in North America and South Korea (Han et al., 1985;
Rousi et al., 2012).

RESPONSES TO WATER STRESS
Soil Drought and Wetness

Impacts of soil drought on ozone-sensitive and ozone-tolerant
silver birch genotypes have been studied in short-term and high-
stress chamber experiment and long-term and mild-stress open-
field experiment together with the ozone fumigation (Pidkkonen
et al,, 1998a,b). In both experiments, reduced leaf area, dry mass
of leaves, stem and roots, gas exchange, transpiration rate, the
number of stomata and starch was observed, accompanied by the
higher contents or activity of Rubisco and chlorophyll, depending
on the genotype (Padkkonen et al., 1998a,b). Improved water-
use-efficiency (WUE) developed in the open-field conditions
(Padkkonen et al., 1998a,b), while the induction of transcript
levels for stress-protein PR-10 occurred in the chamber study
(Paakkonen et al, 1998c). Drought treatment mitigated the
negative ozone effects in the acute chamber study, whereas
negative interaction on the two stresses was detected in the
open-field study (Péikkonen et al., 1998a,b). Accordingly, high
plasticity and a substantial variation in physiological and
morphological responses, particularly in stomatal conductance,
net photosynthesis, WUE, leaf carbon isotope composition, leaf
osmotic potentials, leaf area indicators, root-to-shoot ratio and
fine root growth have been detected among the silver birch
clones exposed to drought in a common garden experiment
by Aspelmeier and Leuschner (2004, 2006).

A semi-field experiment with three silver birch genotypes
exposed to three soil moisture conditions (wet-control-dry)
showed that drought stress reduced the growth, biomass, shoot-
to-root ratio and gas exchange, while the wet treatment has
opposite effects (Possen et al., 2011). Although there was a clear
variation between the genotypes, the maintenance of the foliar

processes as increasing number of leaves and high SLA during
the stress treatments was observed for all genotypes (Possen
et al.,, 2011). Silver birch seedlings have been also investigated
for the impacts of waterlogging and soil freezing throughout
the year, showing better tolerance against waterlogging during
the winter dormancy compared to growing season (Repo et al.,
2021). However, without the proper insulating snow cover,
the downy birch seedlings suffered from the impaired growth
and carbohydrate metabolism during the next following season
(Domisch et al., 2019).

High Humidity
Responses of silver birch under long-term exposure to high
humidity (low VPD) have been studied with the Free Air
Humidity Manipulation (FAHM) facility in Estonia (Lihavainen
et al., 2016b; Sellin et al., 2016; Oksanen et al., 2019). The
results show that atmospheric humidity is an important climatic
factor for birch trees affecting metabolism, physiology, water
and nutrient cycling and balance, structure and development
of leaf, roots and stem and growth properties (Sellin et al.,
2016; Oksanen et al, 2019). At the whole-tree level, high
humidity reduced the above-ground growth, total leaf area, leaf
biomass, sap flux, slenderness, bud size, LAI (leaf area index)
and soil respiration, delayed leaf fall and enhanced spring-
term bud break, while increases in root biomass was detected
concomitant with the higher number of root tips, increased
fine root biomass, hydraulic conductance and hydrophilic
ectomycorrhiza (Sellin et al., 2016; Oksanen et al., 2019). At the
leaf level, high humidity increased starch, antioxidants (ascorbate
metabolites, tocopherols), phenolic compounds and SLA, while
glandular trichome density, N and P contents, leaf size, dark
respiration, photosynthetic capacity and hydraulic conductance
were declined (Lihavainen et al, 2016b; Sellin et al., 2016;
Oksanen et al., 2019). In the stem, N and P contents and number
of living parenchyma cells were increased, while wood density
was reduced and wood chemistry altered (Sellin et al., 2016).
Short-term complementary laboratory experiments with
high humidity (low VPD) provided more detailed information
about metabolic responses and nutrient cycling of silver birch
(Lihavainen et al., 2016a). In addition to starch, high humidity
increased the foliar concentrations of quercetin glycosides,
raffinose and glutamate, whereas the levels of amino acids
alanine and valine, several citric acid cycle intermediates,
glutamine-to-glutamate ratio, shikimic acid, ribonic acid,
nutrient concentrations (N in particular) and glandular
trichome density were reduced (Lihavainen et al, 2016a).
This metabolic adjustment and limited nutrient availability
shifted the balance towards carbohydrates and phenolics. Leaf
surface wax composition shifted towards less hydrophobic
waxes, with lower alkane and hydrophobic flavonoid contents,
but the responses were mitigated by high N availability
(Lihavainen et al., 2017). The two different experimental
approaches revealed also some differences in plant responses
between the field and laboratory studies (Lihavainen et al.,
2016a). For instance, the transient increase in biomass, height,
leaf number, whole-plant leaf area, stem diameter and root
growth was observed in the laboratory, along with the higher
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stomatal conductance rates, while antioxidants were unaffected
(Lihavainen et al., 2016a; Oksanen et al., 2019). Increasing leaf
wettability was considered predisposing the leaves to pathogen
and pest damage (Lihavainen et al., 2017).

RESPONSES TO GREENHOUSE GASES

Increasing CO»

Impacts of increasing CO; level has been studied in young
in silver birch trees growing in open-top-chambers and in
paper birch (Betula papyrifera) growing in the Aspen FACE site
(Riikonen et al., 2004, 2005; Kontunen-Soppela et al., 2010a,b).
High CO; (2 x ambient) increased biomass, growth and leaf area
of the trees and lengthened the duration of the green leaves at
the end of the season (Riikonen et al., 2004). Responses of net
photosynthesis rates varied from considerable increase measured
at high-CO; environment to decline measured at the ambient-
CO;, level, accompanied by reduced leaf N content, lower activity
and amount of Rubisco and accumulation of starch (Riikonen
et al., 2005). Genetic studies have supported these physiological
and biochemical results and revealed the CO, caused down-
regulation of the expression of several genes relating to the
light reactions of the photosynthesis (Oksanen et al., 2005;
Kontunen-Soppela et al., 2010a,b). Shift in secondary compound
profiles due to high CO, was observed as increased phenolic
acid and decreased flavonone aglycon and DHPPG contents

(Peltonen et al., 2005). At the leaf structural level, increased
size of starch grains and chloroplasts and higher number of
mitochondria was observed at high CO, treatment, while SLA
was reduced (Oksanen et al, 2005). Further, leaf chemistry
was altered, reflecting lower nutrient contents, and cell wall
composition was affected, containing a higher proportion of
hemicellulose but lower proportion of a-cellulose, uronic acids,
acid-soluble lignin and acetone-soluble extractives (Oksanen
etal., 2005). As a whole, high CO, was considered strengthening
the oxidative stress tolerance of silver birch trees through
increased carbon pool for phenolic compounds, detoxification
and cell wall structural modifications, but also exposing the trees
to nutrient imbalance (Oksanen et al., 2005; Riikonen et al., 2005;
Kontunen-Soppela et al., 2010a,b).

Increasing Ozone

Responses of silver birch to increasing tropospheric ozone,
alone and in combination with other environmental factors
such as CO,, warming, soil nitrogen and drought, have been
extensively investigated (e.g., Oksanen et al., 2007 and references
therein). Harmful impacts of ozone has been reported as impaired
growth and photosynthesis, declined Rubisco and chlorophyll
content, altered shoot-to-root ratio at the expense of roots,
visible leaf injuries, H,O, accumulation (indicating oxidative
stress) and related ultrastructural injuries particularly in the
chloroplasts, altered cell wall chemistry, and disturbed nutrient

Warming

+ Stem height, above-ground biomass

+ Leaf area, SLA

+ Photosynthesis, chlorophyll

+ Cell respiration

+ Ascorbate metabolism, triperpenoids,
hydrolysable tannins, phenolic compounds,
fructose, VOC emissions

+ Earlier bud break

- Stomatal conductance
- Leaf senescence

High air humidity

+ Root biomass

+ Root hydraulic conductance

+SLA

+ Starch, carbohydrates

+ Ascorbate metabolism, tocopherols,
phenolic compounds

- Stem height, above-ground biomass

Increasing CO,

+ Stem height, above-ground biomass
+ Leaf area

+ Leaf duration

+ Phenolic compounds

+/- Photosynthesis

-SLA

-N, K, Cu, S and Fe contents (nutrient imbalance)
- Rubisco

- Starch

- Flavonones, DHPPG

Increasing ozone

+ Visible and ultrastructural injuries

+ Ascorbate metabolism, phenolic compounds
+ Leaf senescence

- Stem height, above-ground and root biomass
- Leaf area

- Photosynthesis

- Chlorophyll, Rubisco

- Mn, Zn, and Cu contents (nutrient imbalance)
- Delayed bud break

- Leaf area

- Photosynthesis, dark repiration

- Sap flux =

- Leaf hydraulic conductance Soil drought

- Leaf senescence + Chlorophyll, Rubisco
- N and P contents (nutrient imbalance) +WUE

- Trichome density + Stress proteins

- Stem height, above-ground
and root biomass

- Leaf area

- Gas exchange, transpiration

- Starch

Soil wetness

+ Stem height, above-ground
and root biomass

+ Leaf area

+ Gas exchange, transpiration

+ Stress genes

FIGURE 1 | The impacts of warming, high air humidity, soil drought and wetness, increasing CO, and ozone on birch. Positive responses are indicated with (+),
negative responses with (—) and variable (both positive and negative) with (+). ‘Above-ground biomass’ includes stem and leaf biomass.
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cycling and phenology through slower bud break and earlier leaf
senescence (Oksanen et al., 2005, 2007; Oksanen and Kontunen-
Soppela, 2021). These changes have been accompanied by shifted
metabolic profiles towards phenolic compounds and increased
antioxidative capacity through ascorbate metabolism (Yamaji
et al., 2003; Kontunen-Soppela et al., 2007; Riikonen et al,
2009). Genetic variation in ozone responses is large, allowing the
identification of ozone sensitive and ozone tolerant genotypes
(Oksanen et al., 2007). Similar ozone responses have been
reported also for paper birch growing in the Aspen FACE site in
the temperate zone of the United States (Oksanen et al., 2003;
Kontunen-Soppela et al., 2010b).

DISCUSSION

The present understanding about the impacts of warming, high
air humidity, soil drought and wetness, increasing CO, and
ozone on birch is shown in Figure 1, based on Fennoscandian
studies. Warming climate is expected to increase the growth
and biomass of birch, but the risk of herbivore damage will
increase with negative impact on carbon sink strength (Maenpaa
et al., 2011; Heimonen et al., 2015a,b, 2016; Silfver et al., 2020;
Figure 1). Deleterious impacts of high humidity, soil drought
and increasing ozone on birch has been clearly demonstrated
(Padkkonen et al., 1998a,b; Oksanen et al., 2007; Possen et al.,
2011; Lihavainen et al., 2016b, 2017; Figure 1), as well as the
positive impact of increasing CO, on growth (Riikonen et al.,
2004). All these environmental changes have led to metabolic
shifts which have been regarded as stress protection mechanisms,
or changes in carbon/nutrient balance which may have further
ecological impacts (Peltonen et al, 2005; Kontunen-Soppela
et al, 2007; Mienpdd et al., 2013; Lihavainen et al., 2016a).
Practically all experiments described above have shown high
plasticity and genotypic variation in silver birch, predicting
excellent acclimation capacity in rapidly changing environment
and a rich genetic pool for sustainable forestry (Possen et al,
2015,2021; Deepak et al., 2018; Tenkanen et al., 2020, 2021). High
net assimilation rate, investment in leaf mass and high shoot-to-
root ratio could be related to the fast growth rate of young birch
trees (Possen et al., 2015), while high soil fertility (N content in
particular) promoted the survival of birch in rapidly changing
conditions (Possen et al., 2021).
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