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We studied the occurrence of extreme weather events and their effects on the carbon dioxide and water exchange
of two subarctic forest stands. One study site was a Scots pine site in eastern Finnish Lapland (Värriö), and the
other was a Norway spruce site in western Finnish Lapland (Kenttärova). We compared short-term meteoro
logical data with long-term data and found that the pine forest had experienced extremely warm, wet and dry
years as well as cold spells during the growing season in the studied period of 2012–2018. The spruce forest was
studied during the period 2003–2013, during which time it experienced extremely warm and wet summers, and
dry periods, although the dry times were not statistically defined as such. The spruce forest was less resilient to
warm and dry periods, as its total ecosystem respiration and respiration potential decreased during warm and dry
summers, while the same effect was not seen in the pine forest. The decreased respiration values may have
occurred due to slowed decomposition of organic matter. The pine forest experienced two cold spells during the
studied period. One of these cold periods was more of a continuation of the previous cold spring and late start of
the growing season in 2017, while the other one occurred after a warm period in 2014. The ecosystem respiration
rates and gross primary production in 2017 remained low for the whole July–August time period likely due to
cold-inhibited growth of ground vegetation, while in 2014 no such effect could be seen. We saw no effect of
extreme weather events in the water exchange related measurements in either of the forests. Overall, both
forests, especially the trees, were resilient to the weather extremes and experienced no long-term damage.

1. Introduction
Increasing air temperature and prolonged growing season, occurring
due to climate change (Hartmann et al., 2013), will likely favour forest
growth in the northern latitudes (Menzel and Fabian, 1999; Lindner
et al., 2010). However, extreme weather events will presumably become
more frequent in these regions (Karl et al., 1995; Beniston, 2004;
Hartmann et al., 2013), potentially causing harm and damage to forests
growing on the edge of their distribution limits. Although the ecosys
tems are generally very resilient towards short-term climate extremes,
the earlier start of the growing season may increase the risk of frost
damage to vegetation and notably disturb growth (Gu et al., 2008).
Moreover, precipitation-related changes may also affect high latitude
forests. Previously, drought has not been common in northern regions,
and climate simulations predict increased precipitation rates in North
ern Europe in the future. However, evidence of drought-related change

has occurred in the boreal region in recent years. For instance, so-called
browning (i.e. loss of productivity) of evergreen and mixed forest types
has been linked to drought stress (Bunn et al., 2005; Lotsch et al., 2005;
Verbyla, 2008; Beck and Goetz, 2011). Additionally, some climate
models show that amplified evapotranspiration (ET) can outweigh the
predicted increase in precipitation and cause intermediate drying of soil
in the boreal forests (Ruosteenoja et al., 2017). As the precipitation
patterns in boreal forests have remained rather stable, these ecosystems
may be sensitive to the increased variability in rainfall (Peltoniemi et al.,
2015).
Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) are very
common and are commercially used conifer tree species in Northern
Europe. Scots pine is traditionally considered a pioneer species domi
nating in poor soils, whereas Norway spruce is more competitive in rich
substrates. Many previous studies have reported Scots pine to tolerate
moderate drought well (Lebourgeois et al., 2012; Eilmann and Rigling,
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2012; Baumgarten et al., 2019), whereas Norway spruce is more sensi
tive to it (e.g. Lebourgeois et al., 2012; Lévesque et al., 2013; van der
Maaten-Theunissen et al., 2013). Consequently, a decrease in precipi
tation is suggested to slow the growth of Norway spruce more than Scots
pine, but in the very north, the positive effect of rising temperature on
growth will outweigh the negative impact of decreased precipitation
(Briceño-Elizondo et al., 2006). Norway spruce is more susceptible to
frost than Scots pine because it tends to grow on sites which are prone to
frost, and its new shoots are sensitive to frost (Lundmark and Hällgren,
1987). It also seems to reactivate photosynthesis earlier in the spring
than Scots pine (Linkosalo et al., 2014). Nevertheless, Scots pine in the
subarctic region is also impaired by cold weather as Linkosalmi et al.,
(2016) reported that a cold spell halted leaf development and even
reduced the greenness of leaves in Scots pine. At the same time, Kulmala
et al. (2019) noticed how a cold spell caused a temporary dip in the
carbon dioxide (CO2) uptake rates of a subarctic pine forest.
Extreme weather events can potentially severely affect the CO2 ex
change between forested ecosystems and the atmosphere. Europe
experienced broad heatwaves in concurrence with drought in 2003 and
in 2006. The 2003 heatwave led to a strong decrease in gross primary
production (GPP) across Europe (Ciais et al., 2005), while the 2006
heatwave also affected northern parts of Europe and western parts of
Russia. It resulted in, for instance, the driest summer in Finland in 30
years (Gao et al., 2016) and the hottest July ever measured (since 1859)
in southern Sweden (Rosner et al., 2018). The impacts of the drought
were clearly visible in southern Finland, where the GPP and ET of a Scots
pine forest reached their minimum values on record during the drought
event (Gao et al., 2017). In southern Scandinavia, the 2006 drought
caused deformation of tracheid cells in Norway spruce (Rosner et al.,
2018). Even though drought is not considered a key driver in the
temperature-limited subarctic zone, recent findings (Linkosalmi et al.,
2016; Aakala et al., 2018; Kulmala et al., 2019) imply that extreme
weather events may play an important role also in subarctic forests. For
example, Aakala et al. (2018) discovered that dry summers have
weakened the growth of both Scots pine and Norway spruce in this area
through history. This finding agrees with the drought-related studies
from Alaskan white spruce (Picea glauca) forests (Barber et al., 2000;
Wilmking et al., 2004).
In addition to plant processes, there are complex interactions and
feedbacks affecting other parts of ecosystems as well. It is well known
that decomposition of soil organic matter is temperature dependent
(Davidson and Janssens, 2006) and thus there is concern that increased
temperature will accelerate decomposition and turn the northern soils
from a carbon sink into a source in the future (Crowther et al., 2016).
However, it is equally well known that microbial decomposition of soil
organic matter is inhibited in low soil moisture (Moyano et al., 2013;
Sierra et al., 2015) as lack of water (H2O) restricts the transport of
substrates to microbial communities. Thus, possible droughts in future
climates may not only affect the plants but also hinder or slow down the
effect of increasing soil temperatures on the decomposition rates, which
in turn could reduce the ecosystem respiration rates.
The concept of resilience is widely used in forest sciences. Although
it is somewhat hard to define, it is a term used to describe an uncertain
future (Nikinmaa et al., 2020). It can be further divided into three cat
egories: engineering, ecological and socioecological resilience, of which
the two first ones are most suitable for studies that have a purely bio
logical or ecological point of view. Engineering resilience deals with
short-term impacts after single disturbances (Pimm, 1984), such as how
fire or drought affect the growth of trees or vegetation cover, while
ecological resilience takes into account broader, long-term impacts of,
for instance, climate change on vegetation cover or tree density (Hol
ling, 1973). Resilience studies which take into account carbon and H2O
dynamics of forests in relation to climatic extremes have to our knowl
edge not been published before.
Our aim was to further investigate the resilience, and interspecific
differences, of subarctic Scots pine and Norway spruce forests to extreme

weather events (heat and cold spells, dry and wet periods) in field
conditions using long-term data on ecosystem gas exchange and climate
variables. The category of resilience utilized here is engineering resil
ience (hereafter referred to as resilience), as the extreme weather events
are single, short-term events. The objective was to reveal the responses
in the CO2 and H2O fluxes of the two conifer species during extremely
dry, wet, warm or cold summers and cold spells during the growing
season. We had three research questions:
1) How frequently have extreme weather events occurred at our sites
during recent years?
2) Have these events affected the actual CO2 and H2O exchange and
water use efficiency (WUE), or photosynthetic or respiration poten
tial of our sites and for how long?
3) Do the responses to events differ between Scots pine and Norway
spruce stands?
To answer these questions, we analysed meteorological and H2O and
CO2 exchange data measured with shoot chambers and the eddy
covariance (EC) method from a Scots pine stand and a Norway spruce
stand located in northern Finland.
2. Materials and Methods
2.1. Study sites
The Värriö Scots pine forest (hereafter referred to as Pine forest) is
near the Värriö Subarctic Research Station (67◦ 46′ N, 29◦ 35′ E) in
eastern Finnish Lapland. The site is located at the Station for Measuring
Ecosystem–Atmosphere Relations (SMEAR I) (Hari et al., 1994) on top of
Kotovaara hill, 400 m above sea level. The mean annual temperature
and mean annual precipitation for the climatological normal period
1981–2010 were − 0.5◦ C and 601 mm, respectively (Pirinen et al.,
2012). The growing season, i.e. the period when the daily average
temperature exceeds 5◦ C, generally lasts from June to September. The
mean tree height, weighted with basal area, is 10 m, the stem diameter is
14.0 cm and the all-sided leaf area index (LAI) approximately 3.2 m2
m− 2 at the site. The trees are of natural origin with varying age, with a
mean of approximately 70 years, and the density is ~750 trees ha− 1. The
forest floor vegetation is a combination of different mosses and lichen,
such as Pleurozium schreberi, Dicranum scoparium and Cladina rangiferina,
as well as dwarf shrubs, most commonly Vaccinium myrtillus, Vaccinium
vitis-idaea and Empetrum nigrum. The soil type is haplic podzol with
sandy tills (FAO, 1988). The stand is practically homogeneous at least
200 m in all directions from the flux tower (300-400 m in the prevailing
wind direction), farther away the trees gradually get older and taller.
The Kenttärova Norway spruce forest (hereafter referred to as Spruce
forest) is found at the Pallas Atmosphere-Ecosystem Supersite (67◦ 59′
N, 24◦ 15′ E) in western Finnish Lapland (Aurela et al., 2015). The site is
located 347 m above sea level on a hilltop plateau, which is circa 60 m
above the surrounding planes. Deciduous trees (mainly Betula pubescens,
some Populus tremula and Salix caprea) are also present (Aurela et al.,
2015). The mean annual temperature and accumulated precipitation
during the climatological normal period (1981–2010) were − 1.0◦ C and
521 mm, respectively (Pirinen et al., 2012). The LAI for spruce was
estimated to be 4.2 m2 m− 2. The mean stand density was 643 and 68 live
stems per hectare and the dominant tree height was 14.5 and 10.3 m for
spruce and deciduous trees, respectively, in 2011. The forest floor
vegetation consists mainly of the mosses P. schreberi, Hylocomium
splendens and Dicranum polysetum, and the dwarf shrubs V. myrtillus, E.
nigrum and V. vitis-idaea. The soil type is podzolic till (Aurela et al.
2015).
We used data from 2003–2013 from the Spruce forest and
2012–2018 from the Pine forest.
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2.2. Meteorological measurements

temperature. The partitioning parameters were estimated for periods of
5 days at both sites. Momentary CO2 and H2O fluxes respond to
instantaneous weather, but here we were interested in slower changes in
the photosynthetic and respiration potential. Thus, we calculated
photosynthetic potential, P1200, using the site-specific GPP models at
photosynthetically active radiation of 1200 μmol m− 2 s− 1. The
long-term change in respiration potential, R10, was calculated with the
site-specific parameters for TER using a temperature of 10◦ C. In the
analyses, we used measured data and calculated potentials and capac
ities from May to August.
ET fluxes were gap-filled using a similar approach to CO2 flux gap
filling: missing data and measurements during inadequate turbulent
conditions were replaced utilizing linear regression between net radia
tion and ET in acceptable conditions. Approximately 33 % of the 30-min.
averaged CO2 flux data from the Pine forest were gapfilled (from JulyAugust time period, all years included), and 4 % of the H2O data.
From the Spruce forest, 69 % of the CO2 flux data and 20 % of the H2O
data were gapfilled. We calculated the difference between precipitation
and ET to help us find the dry summers. We calculated WUE as the ratio
between GPP and ET as it should increase during drought stress for the
May–August period. In addition, we analysed the ratio between ET and
VPD, which should decrease during dry periods.

The extreme events that we were interested in were drought, heavy
rain, heat and frost during the summer months from the beginning of
May until the end of August only. We defined heavy rain as 50 mm of
precipitation during three consecutive days and searched for droughts or
prolonged dry periods with the help of precipitation and soil moisture
data. According to the Intergovernmental Panel on Climate Change
(IPCC) (Seneviratne et al., 2012), a climatological weather extreme is an
event which does not fit between the 10th and 90th percentile of climate
events at a certain place at a certain time. We compared long-term
meteorological data with the years that we studied and calculated
these percentiles.
We used the Finnish Meteorological Institute’s (FMI) definition of a
thermal growing season as a starting point for analysing whether there
have been cold spells during the growing season at our study sites. Ac
cording to the definition, the thermal growing season begins when the
mean daily temperature exceeds +5◦ C for at least ten consecutive days.
We checked both the long-term data (1981–2010) and the data from the
study years to see whether the minimum temperature had been below
+1◦ C or below 0◦ C, and if so, how long this period had lasted.
At the Pine forest, air temperature and precipitation were measured
at the FMI weather station at the Värriö research station. It is located on
the slope of Kotovaara hill, 40 m lower than the main research site. The
rest of the meteorological measurements were conducted at the main
site at SMEAR I. Relative humidity was measured with an MP106A
sensor and air temperature at 9 m with a PT-100 sensor (Rotronic,
Switzerland). Three ThetaProbe ML2x sensors (Delta-T Devices, UK)
measured soil volumetric H2O content in the uppermost 5 cm near the
EC tower (see section 2.3).
For the Spruce forest, precipitation was measured at the nearby FMI
weather station of Alamuonio. The other meteorological measurements
that we used were conducted at the Kenttärova site. Air temperature and
relative humidity at 18 m were measured with PT-100 and HMP series
sensors (Vaisala, Finland), respectively. Soil humidity was measured
with an ML2x ThetaProbe (Delta-T Devices, UK) from 3 to 10 cm below
the surface.
Water vapour pressure deficit (VPD, kPa) was calculated with the
following equation:
VPD =

100 − RH
∗ es ,
100

2.4. Shoot chamber measurements and data processing at Värriö pine
forest
In order to make a detailed analysis of photosynthesis and transpi
ration of Scots pine, we used CO2 and H2O exchange data from shoot
cuvette measurements at Värriö from years 2012–2018. Four one-yearold pine shoots from the top canopy were enclosed inside dynamic cy
lindrical acrylic plastic chambers (volume = 3.5 dm3) for automatic gas
exchange measurements. There was no shoot growth inside the cham
bers as they were debudded prior to installation. The same shoots were
usually measured for 2 years until new ones were chosen. The change of
shoots was done after the needle growth had ended in late summer /
early autumn. The chambers closed for one minute approximately 180
times a day, whereas the rest of the time they were open. Momentary
transpiration and CO2 exchange rates were calculated from the change
in CO2 and H2O concentrations during the closure. For a more detailed
description of the chamber measurements see Hari et al. (1994) and
Kulmala et al. (2019).
The optimal stomatal control model (Hari and Mäkelä, 2003; Kolari
et al., 2007) was fitted to these measurements daily to achieve param
eters describing the saturation and initial slope of the light response
curve, the temperature response of respiration, and the cost of transpi
ration. In particular, we were interested in the photosynthetic capacity,
β, which is the saturation value of the light response curve per unit
substomatal CO2. In further analysis, we used a running mean of these
parameters over 3 days. We calculated the WUE for the chamber mea
surements (WUEshoot) as the ratio of CO2 flux and transpiration (H2O
flux).

(1)

where RH is relative humidity (%) and es is saturation vapour pressure
(kPa) calculated as
7.5∗T

es = 610.7 ∗ 10237.3+T

(2)

where T is air temperature (◦ C).
2.3. Eddy covariance measurements and data processing
The EC method was used at both sites to estimate ecosystem–atmo
sphere CO2 and H2O fluxes from continuous measurements. At the Pine
forest the LI-7200 closed-path CO2/H2O Analyser (LI-COR Biosciences)
and the METEK USA-1 ultrasonic 3D anemometer (METEK, Elmshorn,
Germany) were used at 16.6 m height, at the top of the EC flux tower, to
estimate the fluxes. For more details about the measurement system, see
Kulmala et al. (2019). At the Spruce forest the METEK USA-1 ultrasonic
3D anemometer and the closed-path LI-7000 (LI-COR Biosciences)
CO2/H2O gas analyser were used to estimate the fluxes at a height of 23
m. For more details about the EC system in the Spruce forest, see Aurela
et al. (2009) and Aurela et al. (2015).
We partitioned the accepted EC fluxes into GPP and total ecosystem
respiration (TER), see Kulmala et al. 2019 for the Pine forest and Aurela
et al. 2015 for the Spruce forest. In short, GPP was estimated with
saturating light response function and TER as exponential response to

2.5. Statistical analyses
We did statistical comparison between the years for values of pa
rameters P1200 and R10, as well as measured TER and GPP. For TER and
GPP we took the 3-day moving averages of the daily values. We included
values from the period July–August and then used one-way analysis of
variance to compare their inter-annual differences. If significant differ
ences were discovered, we used Tukey’s honest significant difference for
post-hoc analyses.
To compare the inter-annual differences of the WUE, we again
selected the daily July-August values and used one-way analysis of
variance. In all analyses, a p-value of 0.05 was used as a limit. All ana
lyses were performed in R version 3.6.1 (R Core Team 2019).
3
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3. Results

but did not stand out as much as the others even though the summer was
warm and the precipitation sum relatively low.
In the Spruce forest, 13 out of 30 summers during 1981–2010
experienced a cold spell during the growing season and in all of those
years, the temperature dropped below 0◦ C (Table S3). During the flux
campaign years, five out of 11 experienced a cold spell with freezing
temperatures. Most often, it was cold for only one night. Both sites
experienced summers when the temperature went back and forth from
around 0–1◦ C to warmer, returning back to cold after a couple of days.
These occasions seemed to be slightly more common in the Pine forest
where in 9 out of 30 years during the current climatological normal
period (1981–2010), some kind of a cold spell occurred after the start of
the thermal growing season. In 8 of those years, the temperature drop
ped below 0◦ C during the cold spell. All summers in 2012–2018 in the
Pine forest had at least short cold and even snowy periods during late
spring or early summer (late May–early June), also after the start of the
thermal growing season. These periods lasted mostly only a couple of
days (Table S4), except for the summers of 2014 and 2017 when the cold
phases were longer. A closer examination of summer 2014 showed that
the cold spell occurred after the start of the growing season and that this
period lasted for 11 days starting from 14 June. The minimum tem
perature was less than +1◦ C for most of the 11 days but only one day
experienced freezing minimum temperatures. The cold spell of 2017 had
11 days of freezing temperatures. However, it occurred very early in the
growing season and the temperatures before it had been rather low
compared with the situation in 2014.
As a result of this initial screening, we chose 2003, 2006, 2009 and
2013 from the Spruce forest, and 2013, 2014, 2017 and 2018 from the
Pine forest as the summers with the most potential for seeing effects of
extreme weather events and for closer examination.

3.1. General overview of the weather and the occurrence of extreme
events
The long-term statistics of climatological measures (1980–2010)
showed great temporal variability in local conditions as well as between
the sites. In the summer months (May–August), the mean temperature
was 9.3◦ C (range 7.7–10.7◦ C) and 10.2◦ C (range 8.4–12.3◦ C), and the
mean accumulated precipitation 272 mm (range 140–420 mm) and 249
mm (range 90–390 mm) in the Pine forest and the Spruce forest,
respectively (Figure 1). During the 30-year period, anomalies in the
temperatures and accumulated precipitation of the summer months
occurred more frequently in the Pine forest than in the Spruce forest
(Table S1, Figure 1). After 2010, especially extremely warm summers
could be distinguished in our data set (Figure 1). The summers of 2011
and 2013 were considered extremely warm (11.5 and 12.2◦ C, respec
tively) in the Spruce forest whereas in the Pine forest, the summers of
2013, 2016 and 2018 were extremely warm (12.0, 11.4 and 12.3◦ C,
respectively) and that of 2017 extremely cold (8.2◦ C) (Figure 1,
Table S1). In the Pine forest, the summer of 2013 experienced extremely
low precipitation (167 mm), while in the summer of 2016, precipitation
was extremely high (365 mm). Otherwise, the precipitation was be
tween the 10th and 90th percentile after 2010 in both sites.
The soil moisture data (Figure S1) and the difference between pre
cipitation and ET (Figure 2) indicated that during the campaign years for
flux measurements, summers 2013 and 2018 were the driest ones in the
Pine forest. In the Spruce forest, the soil moisture data indicated that
summer 2006 was the driest whereas the difference between precipita
tion and ET indicated that summers 2003, 2006, and 2009 were the
driest ones. The summer of 2013 was the fourth driest in this measure

Figure 1. Accumulated precipitation (a, b) and mean
air temperature (c, d) at the study sites during May
–August from the climatological normal period
1980–2010 and the studied years (2003–2013 at the
Spruce forest and 2012–2018 at the Pine forest). The
studied years are marked with black boxes, the black
line is the mean value from 1980–2010, and the sur
rounding grey area represents the 10th and 90th per
centiles of the measured values from 1980–2010. The
summers outside the grey area were considered
extreme.
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Figure 2. Difference between accumulated precipitation (mm) and evapotranspiration (ET, mm) at Värriö pine forest (a) and Kenttärova spruce forest (b) dur
ing May–August.

Figure 3. Mean July–August values of mean daily gross primary production (GPP) and total ecosystem respiration (TER) in the Pine forest (a and b) and in the
Spruce forest (c and d). Values are 3-day moving averages. Extreme years are marked with red colour, and the different letters denote statistically significant dif
ferences (p < 0.05) between the years. In the Pine forest, summer 2013 was extremely dry and warm, 2016 and 2018 extremely warm and 2017 extremely cold. In the
Spruce forest summer 2003 was dry and warm, 2004 wet, 2006 dry and warm, 2009 dry, and 2011 and 2013 warm.
5
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3.2. Carbon exchange

In the Pine forest, the daily patterns of mean daily values of TER
(Figure S2) in the extreme years 2013 and 2018 were similar to those in
the other years. There were statistically significant differences between
the years (Figure 3), but cold 2017 was the only extreme year with
statistically lower values than all the other years except for the nonextreme 2015. The mean daily GPP during July and August in the
hottest and driest years 2013 and 2018 did not visually stand out from
the other years (Figure S2). There were no statistical differences be
tween the GPP of extremely warm and other years either, but the GPP of
cold 2017 and non-extreme 2015 was significantly lower than in any
other year (Figure 3). The P1200 and R10 of the Pine forest (Figure S3) did
not show such clear differences between hot and dry 2013 and 2018 and
the other studied years, and there were no statistically significant dif
ferences between the years in either parameter with a p-value limit of
0.05 (p = 0.1 for P1200 and p = 0.06 for R10) (Figure 4).
The seasonal patterns of β in the shoot cuvettes followed the changes
in temperature in the Pine forest in years with and without the cold spell
(Figure 5). The cold spells in 2014 and 2017 were clearly visible in β
which, however, increased rapidly together with rising temperature

In the Spruce forest, the daily TER decreased during July–August in
the hot and dry years 2006 and 2013 compared with other studied years
(Figure S2) and showed statistically significantly lower values than all
other years, except for 2012 (p < 0.05) (Figure 3). However, hot and dry
2003 was neither visibly nor statistically different from the other years.
The extremely wet summer of 2004 had significantly higher daily TER
values (p < 0.05) than the other studied years, except for 2007 and 2011
(Figure 3). The hot and dry year 2003 showed high GPP values in the
time period July–August (Figure S2), and it statistically differed from
years 2004, 2012 and 2013 (p < 0.05) (Figure 3). Other hot and dry
years (2006 and 2013) did not stand out from the rest of the years in the
daily GPP either visually or statistically (Figures 4, S2). The P1200 values
in 2006 and 2013 were mainly the lowest ones (Figure S3), but none of
the extreme years stood out in the statistical analysis (p > 0.05)
(Figure 4) in the Spruce forest. The lowest R10 values occurred in the
warm years 2003, 2006 and 2013 (Figure S3), and years 2006 and 2013
differed statistically (p < 0.05) from most of the other years (Figure 4).

Figure 4. Mean July–August values of photosynthetic potential (P1200) (a) and respiration potential (R10) (b) in the Pine forest and in the Spruce forest in the
different study years. Extreme years are marked with red colour, and the different letters denote statistically significant differences (p < 0.05) between the years. In
the Pine forest, summer 2013 was extremely dry and warm, 2016 and 2018 extremely warm and 2017 extremely cold. In the Spruce forest summer 2003 was dry and
warm, 2004 wet, 2006 dry and warm, 2009 dry, and 2011 and 2013 warm.
6
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Figure 5. Mean daily temperature (◦ C) inside the cuvette and the seasonal pattern of photosynthetic capacity (shoot-derived parameter β/βmax) in Värriö pine forest
in the spring and summer of 2014 and 2017 (upper panels), when the longer cold spells occurred, and in warm years 2013 and 2018 (lower panels). The photo
synthetic capacities in 2017 and 2018 are derived only from one shoot.

without notable delay after the cold spell. P1200 also followed the
changes in temperature without a notable delay after cold spells at both
sites even though the pattern is not as clear as in the shoot-derived β
(Figures S4, S5). Some kind of an effect of low temperature could also be
seen in the P1200 in the Pine forest during the 2014 cold spell, although
the P1200 did not drop as much as β did (Figure S4).

trend was not as clearly seen as it was in the ecosystem-scale data from
the Spruce forest. These visually defined results were also confirmed
with the one way analysis of variance performed for the July-August
values of WUE, as they did not differ from each other in a statistically
significant way in either of the forests. The ratio of ET/VPD seemed to
follow the precipitation patterns at both sites by peaking during rain
events and thereafter decreasing and stabilizing at a certain level
without showing any signs of drought stress (data not shown).

3.3. Water use efficiency

4. Discussion

In general, there were no signs of H2O-related restriction of photo
synthesis at either of the sites. The values associated with low soil
moisture fell into the same trend without signs of increased WUE
(Figure 6). In the Spruce forest, there were no signs of increased WUE
during dry periods either, as ET reached its highest point with the lowest
soil moisture. The pine shoots also showed highest ET with the driest soil
and highest GPP with a slightly wetter soil (Figure S6), although the

The climate of subarctic regions varies a lot and consequently affects
ecosystem functioning; however, the general assumption is that peren
nial ecosystems are rather resilient to transient climate impacts. Here,
we studied how resilient the two studied subarctic coniferous forests
were to the effects of extreme weather events in terms of carbon and H2O
7
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Figure 6. Water use efficiency in the warm and dry years at Värriö pine forest (left panels) and at Kenttärova spruce forest (right panels) from the period July
–August. Grey dots mean that soil moisture data were missing. Note that the colour scale is slightly different for each year. The unit for gross primary production
(GPP) is μmol m− 2 s− 1 and the unit for evapotranspiration is mmol m− 2 s− 1. SW is soil water content in m3 m− 3.

exchange rates. The concept of resilience utilized here was engineering
resilience (Pimm, 1984). We utilized both long- and short-term meteo
rological data together with flux data from EC measurements and shoot
chambers to figure out how frequent the weather extremes were, how
they affected the CO2 and H2O dynamics of our sites, and whether the
Pine and Spruce forests responded differently to the events.
Defining extreme weather events is not always straightforward, and
identification of extremes using statistical definitions depends on the
length of the climate record. Thus, an event may be extreme in a 50-year
record but not in a 100-year record (Niu et al., 2013). The long-term
record used in this study was from a 30-year period. A plain statistical
approach to climate extremes may not be descriptive enough, since it
does not take into consideration the vegetation and its responses (Smith,
2011). Some of the summers that we picked were extreme in comparison
with the 30-year average (Table S1) based on the statistical definition
from the IPCC (Seneviratne et al., 2012). In addition, we used the dif
ference in precipitation and ET (Figure 2) as well as recorded soil
moisture data (Figure S1) to support our selection of years for closer
examination. As stated by, for instance, Gutschick and BassiriRad (2003)
a weather event can be extreme also when organisms lose their normal
resistance capabilities. As an answer to our first research question, there
were extreme weather events at our study sites. If the extreme weather
events were defined by a plain statistical manner, four out of eight and
six out of 11 study years were extreme in a way or another at the Pine
and Spruce forests, respectively, during the flux campaign years. This

indicates that the frequency of extreme years, especially the warm ones,
has increased during past two decades. Kivinen et al. (2017), who
studied long-term climate trends and extreme events in northern Fen
noscandia near our research sites, obtained similar results. They found
that during the period from 1994 to 2013 the occurrence of rarely warm
spring and autumn seasons had increased but rarely warm summers had
not become more frequent compared with the two previous 20-year time
windows. However, the forests that we studied have functioned in quite
regular and inevitable manner based on the flux data, indicating that
these outermost weather events have not yet been too extreme for them.
As extremely warm springs have become more frequent, the risk of frost
damage to vegetation at our sites increases because cold spells in the
growing season are still rather common in the northern regions.
Referring to our second research question, we could see that the
extreme weather events such as cold spells affected the CO2 fluxes as
well as the photosynthetic capacity (β), although the effects were mainly
mild. The cold spell of 2017 in the Pine forest was a continuation of a
cold spring and it occurred at the beginning of the growing season when
the temperatures, in general, were still relatively low. Its effects were
different from those of the cold spell in 2014, when a warm period had
preceded the cold spell. It is debatable whether the cold spell of 2017
should even be called a cold spell, since the whole summer was
extremely cold. Nevertheless, both TER and GPP in July–August 2017
were lower than those in most of the other studied years in the Pine
forest. This probably does not result from the cold spell itself but from
8
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the overall cold early summer and late start of the growing season,
which encourage possibly less plant growth in the ground vegetation
than usual. The role of ground vegetation in the Pine forest of Värriö is
relatively high as it can contribute roughly 45% of the total ecosystem
photosynthetic uptake (Kulmala et al., 2019). Although the cold spell in
2014 lasted for a relatively long time, with temperatures shifting back
and forth, the lack of sub-zero temperatures was likely the reason why
the effects on CO2 exchange were only temporary. Instead, a frequent
cycle of freezing and thawing would be harmful for the vegetation and
possibly initiate changes in carbon fluxes, as bursts of CO2 have been
found to occur from trees during freezing (Lintunen et al., 2014).
Saunders et al. (2014) found that a Sitka spruce forest in Ireland turned
from a net sink of carbon to a net source when the period of freezing
temperatures lasted approximately 6 days. It is well known that − 5◦ C is
the temperature limit when the extracellular H2O freezes and photo
synthesis stops in frost-hardy plants (Bauer et al., 1975). It is also known
that it takes a while, one to two days in favourable conditions (Strand
and Öquist, 1985), for the plants to reactivate their photosynthesis after
thawing.
Temperature drives respiration, and changes in temperature gener
ally affect respiration more than photosynthesis (Ryan, 1991). During a
heatwave in 2003 in Europe, the ecosystem respiration dropped, but not
as dramatically as GPP (Ciais et al., 2005; Reichstein et al., 2007; Vetter
et al., 2008). In a heatwave in western Russia in 2010, autotrophic
respiration remained unchanged or increased, while GPP decreased. In
this heatwave, the forests were more affected by heat than drought
(Bastos et al., 2014; Sippel et al., 2018). The ecosystem respiration (TER)
and especially the temperature normalized respiration (R10) values we
got from the Spruce forest decreased in the extremely warm 2003, 2006
and 2013, which were also among the four driest years according to the
difference between precipitation and ET (Figure 2).
Warm temperatures are generally considered to accelerate decom
position (Davidson and Janssens, 2006; Lin et al., 2008), while dry
conditions have been found to slow down the activity of decomposing
microbes (Sierra et al., 2015). However, depending on the substrate
quality, site type, season and soil moisture conditions, a higher tem
perature might not affect heterotrophic respiration at all (e.g. Suseela
et al., 2012). Nevertheless, it seems that a thin layer of topsoil dried in
these years at our study sites even though it is mainly not visible in the
soil moisture measurements. Such drying possibly led to a decrease in
the decomposition of litter as TER and R10 were low in the warm and dry
years in the Spruce forest whereas such phenomenon was not visible in
the Pine forest. It remains open, why we did not see a regular decrease in
soil moisture during the presumable dry periods. We cannot rule out the
possibility that the soil moisture data set had some flaws as the mea
surement sensors are rather sensitive and even small errors may cause
the whole time series to be unreliable. In addition, measurements in a
single point do not necessary represent the overall soil moisture status of
the whole ecosystem due to spatially heterogenous nature of soil water
holding capacity and roots. The difference between precipitation and ET
might not reveal the whole truth either if the distribution of precipita
tion over the summer months is irregular such as in 2013 when June and
early July were relatively rainy (Table S2). A drier period started near to
20 July (not shown), around the same time as R10 also started
decreasing, and continued for the whole of August (Figure S3). As GPP
and photosynthetic capacity (P1200 and β) did not notably decrease
during dry and warm periods, it seems that the ecosystem level
parameter R10 decreased in particular due to changes in other than
plant-related processes i.e. in the decomposition of soil organic matter.
As an answer to our third research question, it seems like the Pine
forest is more tolerant to extreme events than the Spruce forest, as we
saw no particular response in the actual fluxes or the photosynthetic and
respirational potential to the extreme summers there. The higher
tolerance of Scots pine and its understorey vegetation to drought is
widely known (e.g. Innes, 1991; Cregg and Zhang, 2001; Lebourgeois
et al., 2012; Baumgarten et al., 2019), which could also be partly the

reason why TER and R10 did not decrease in the Pine forest unlike in the
Spruce forest during the summer 2013. Thus, we conclude that espe
cially R10 as well as actual respiration of the Spruce forest are more
sensitive to warm and dry periods than those of the Pine forest.
Our results differed from those measured in a boreal and more
southern Scots pine forest in Finland (Gao et al., 2017), where both GPP
and ET decreased when it was an extremely dry and warm year in 2006.
We saw that GPP peaked at a different time than ET in the Spruce forest,
whereas in the Pine forest, the GPP and ET derived from the EC data
were more linearly connected. The relationship of CO2 flux and H2O flux
from the pine shoots was somewhere between those EC-based ratios of
the Pine and Spruce forests. This again underlines our finding that the
soil was not dry enough for the trees and most of the understorey
vegetation to suffer from it. The photosynthetic response of forests to
temperature anomalies has been found to differ between different sea
sons and weather extremes (Sippel et al., 2016; Xiao et al., 2016; Xu
et al., 2019). Xu et al. (2019) used EC data from 34 different sites in
North America including both coniferous and broadleaved forests and
found that in coniferous forests, summer heat reduced gross ecosystem
production (GEP) and thus also net ecosystem production (NEP), but
drought reduced both GEP and TER, resulting in a neutral response in
NEP. They also found that managed and young forests were more sen
sitive to heat and drought stress than natural and old forests. As our sites
are neither intensively managed nor young, they might be more tolerant
to weather extremes than other types of forests in the same region.
5. Conclusions
We analysed summer-time climatological drivers of ecosystem car
bon and H2O exchange in two subarctic evergreen forests over 18 site
years and found some extremely dry, wet, warm and cold summers, as
well as cold spells during the growing season. Our results imply that
northern forest ecosystems are resilient towards cold, hot and dry pe
riods. In the future, such extreme weather events may occur more
frequently in the northern latitudes. It seems that dry periods may
inhibit the otherwise increasing decomposition of soil organic material
at least in spruce forests without simultaneously disturbing photosyn
thesis but this observation still requires further studies and supportive
measurements for example by soil greenhouse gas chambers. Overall,
the H2O and carbon fluxes of the studied Scots pine and Norway spruce
forests were only affected by the extreme weather events for a short
time, and the vegetation in the forests was not damaged. However,
stronger or more frequently occurring weather extremes might turn
these short-term effects into long-term ones.
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Charabi, Y., Dentener, F. J., Dlugokencky, E. J., Easterling, D. R., Kaplan, A., Soden,
B. J., Thorne, P. W., Wild, M., Zhai, P. M.: Observations: Atmosphere and Surface, in:
Climate Change 2013: The Physical Science Basis, Contribution of Working Group I
to the Fifth Assessment Report 80 of the Intergovernmental Panel on Climate
Change, editeb by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K.,
Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P. M., Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA,TS8.
Holling, C.S., 1973. Resilience and stability of ecological systems. Annu. Rev. Ecol. and
Syst. 4, 1–23. https://doi.org/10.1146/annurev.es.04.110173.000245.
Innes, J., 1991. High-altitude and high-latitude tree growth in relation to past, present
and future global climate change. Holocene 1, 168–173. https://doi.org/10.1177/09
5968369100100210.
Karl, T.R., Knight, R.W., Plummer, N., 1995. Trends in high frequency climate variability
in the twentieth century. Nature 377, 217–220. https://doi.org/10.1038/377217a0.
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Lévesque, M., Saurer, M., Siegwolf, R., Eilmann, B., Brang, P., Bugmann, H., Rigling, A.,
2013. Drought response of five conifer species under contrasting water availability
suggests high vulnerability of Norway spruce and European larch. Glob. Change Biol.
19, 3184–3199. https://doi.org/10.1111/gcb.12268.
Lin, G., Ehleringer, J.R., Rygiewicz, P.T., Johnson, M.G., Tingey, D.T., 2008. Elevated
CO2 and temperature impacts on different components of soil CO2 efflux in Douglasfir terracosms. Glob. Change Biol. 5, 157–168. https://doi.org/10.1046/j.136
5-2486.1999.00211.x.
Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, A., Garcia-Gonzalo, J.,
Seidl, R., Delzon, S., Corona, P., Kolström, M., Lexer, M.J., Marchetti, M., 2010.
Climate change impacts, adaptive capacity, and vulnerability of European forest
ecosystems. Forest Ecol. Manag. 259, 698–709. https://doi.org/10.1016/j.
foreco.2009.09.023.
Linkosalmi, M., Aurela, M., Tuovinen, J.-P., Peltoniemi, M., Tanis, C.M., Arslan, A.N.,
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measurements show stronger cold inhibition of photosynthetic light reactions in
Scots pine compared to Norway spruce as well as during spring compared to autumn.
Front. Plant Sci. 5, 1–8. https://doi.org/10.3389/fpls.2014.00264.
Lintunen, A., Lindfors, L., Kolari, P., Juurola, E., Nikinmaa, E., Hölttä, T., 2014. Bursts of
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Strand, M., Öquist, G., 1985. Inhibition of photosynthesis by freezing temperatures and
high light levels in cold-acclimated seedlings of Scots pine (Pinus sylvestris). I.
Effects on the light-limited and light-saturated rates of CO2 assimilation. Physiol.
Plantarum 64, 425–430. https://doi.org/10.1111/j.1399-3054.1985.tb08517.x.
Suseela, V., Conant, R.T., Wallenstein, R.T., Dukes, J.S., 2012. Effects of soil moisture on
the temperature sensitivity of heterotrophic respiration vary seasonally in an oldfield climate change experiment. Glob. Change Biol. 18, 336–348. https://doi.org/1
0.1111/j.1365-2486.2011.02516.x.
van der Maaten-Theunissen, M., Kahle, H.-P., Maaten, E., 2013. Drought sensitivity of
Norway spruce is higher than that of silver fir along an altitudinal gradient in
southwestern Germany. Ann. For. Sci. 70, 185–193. https://doi.org/10.100
7/s13595-012-0241-0.
Verbyla, D.L., 2008. The greening and browning of Alaska baded on 1982–2003 satellite
data Global Ecol. Biogeogr 17, 547–555. https://doi.org/10.1111/j.1466-8238.200
8.00396.x.
Vetter, M., Churkina, G., Jung, M., Reichstein, M., Zaehle, S., Bondeau, A., Chen, Y.,
Ciais, P., Feser, F., Freibauer, A., Geyer, R., Jones, C., Papale, D., Tenhunen, J.,
Tomelleri, E., Trusilova, K., Viovy, N., Heimann, M., 2008. Analyzing the causes and
spatial pattern of the European 2003 carbon flux anomaly using seven models.
Biogeosciences 5, 561–583. https://doi.org/10.5194/bg-5-561-2008.
Wilmking, M., Juday, G.P., Barber, V.A., Zald, H.S., 2004. Recent climate warming forces
contrasting growth responses of white spruce at treeline in Alaska through
temperature thresholds. Glob. Change Biol. 10, 1724–1736. https://doi.org/10.
1111/j.1365-2486.2004.00826.x.
Xiao, J.F., Liu, S.G., Stoy, P.C., 2016. Preface: Impacts of extreme climate events and
disturbances on carbon dynamics. Biogeosciences 13, 3665–3675. https://doi.
org/10.5194/bg-13-;3665-2016.
Xu, B., Altaf Arain, M., Black, T.A., Law, B.E., Pastorello, G.Z., Chu, H., 2019. Seasonal
variability of forest sensitivity to heat and drought stresses: A synthesis based on
carbon fluxes from North American forest ecosystems. Glob. Change Biol. 00, 1–18.
https://doi.org/10.1111/gcb.14843.

Pimm, S.L., 1984. The complexity and stability of ecosystems. Nature 307, 321–326. htt
ps://doi.org/10.1038/307321a0.
Pirinen, P., Simola, H., Aalto, J., Kaukoranta, J.-P., Karlsson, P., Ruuhela, R., 2012. In:
Tilastoja Suomen ilmastosta 1981–2010, Ilmatieteen laitos, Raportteja 2012:1.
Finnish Meteorological Institute, p. 94. Available at. https://helda.helsinki.fi
/handle/10138/35880. Last accessed: 7 April 2020.
Core Team, R, 2019. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available at. https://www.
R-project.org/. Last accessed 8 September 2020.
Reichstein, M., Ciais, P., Papale, D., Valentini, R., Running, S., Viovy, N., Cramer, W.,
Granier, A., Ogée, J., Allard, V., Aubinet, M., Bernhofer, Chr., Buchmann, N.,
Carrara, A., Grünwald, T., Heimann, M., Heinesch, B., Knohl, A., Kutsch, W.,
Loustau, D., Manca, G., Matteucci, G., Miglietta, F., Ourcival, J.M., Pilegaard, K.,
Pumpanen, J., Rambal, S., Schaphoff, S., Seufert, G., Soussana, J.-F., Sanz, M.-J.,
Vesala, T., Zhao, M., 2007. Reduction of ecosystem productivity and respiration
during the European summer 2003 climate anomaly: a joint flux tower, remote
sensing and modelling analysis. Glob Change Biol 13, 634–651. https://doi.org/10.
1111/j.1365-2486.2006.01224.x.
Rosner, S., Gierlinger, N., Klepsch, M., Karlsson, B., Evanse, R., Lundqvist, S.-O.,
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