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The Nordic region was subjected to severe drought in 2018 with a particularly
long-lasting and large soil water deficit in Denmark, Southern Sweden and
Estonia. Here, we analyse the impact of the drought on carbon and water
fluxes in 11 forest ecosystems of different composition: spruce, pine, mixed
and deciduous. We assess the impact of drought on fluxes by estimating the
difference (anomaly) between year 2018 and a reference year without drought.
Unexpectedly, the evaporation was only slightly reduced during 2018 compared to the reference year at two sites while it increased or was nearly
unchanged at all other sites. This occurred under a 40 to 60% reduction in
mean surface conductance and the concurrent increase in evaporative
demand due to the warm and dry weather. The anomaly in the net ecosystem
productivity (NEP) was 93% explained by a multilinear regression with the
anomaly in heterotrophic respiration and the relative precipitation deficit as
independent variables. Most of the variation (77%) was explained by the
heterotrophic component. Six out of 11 forests reduced their annual NEP
with more than 50 g C m−2 yr−1 during 2018 as compared to the reference
year. The NEP anomaly ranged between −389 and +74 g C m−2 yr−1 with a
median value of −59 g C m−2 yr−1.
This article is part of the theme issue ‘Impacts of the 2018 severe drought
and heatwave in Europe: from site to continental scale’.

1. Introduction
Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
c.5077867.

Forests play an important role in the global carbon cycle by absorbing about
29% of anthropogenic emissions [1]. Maintaining this sink capacity is accordingly very important in order to limit the increase of carbon dioxide in the
atmosphere. The forest sink is however vulnerable to disturbances such as
© 2020 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.

2. Material and methods
(a) Sites and flux data
The location of the study sites and the drought index, SPEI—Standardized Precipitation Evapotranspiration Index (https://spei.csic.
es/index.html), are shown on maps of the Nordic region (figure 1).
Basic information about the sites and flux instrumentation are presented in electronic supplementary material, table S3 and S4,
respectively. Calculation of half-hourly flux data as well as quality
control and assurance were made by the site principal investigators
(PIs). In addition to the data from 2018, each site provided 3–4 years
of data without obvious effects of drought or other disturbances
according to judgement by PIs. Gap filling and partitioning of net
fluxes in ecosystem respiration and gross primary production
were made using the Jena tool [22] for all sites except for Hyytiälä
and Värriö for which in-house software was used. Data filtering
based on friction velocity (u*) was applied to all sites in order to
exclude periods of low turbulence conditions and potential underestimation of measured fluxes. We used both the standardized
precipitation evapotranspiration index [21] and precipitation deficit
(see below) to characterize the drought conditions.

(b) Data analyses
(i) Growing season data
The definition of growing season was generalized to 1 April to
30 September for the southernmost sites Sorø, Hyltemossa, Rumperöd and Skogaryd. For all other sites, it was defined as 1 May
to 31 August.
Measured half-hourly flux data under well-mixed conditions
(friction velocity, u* greater than 0.3 m s−1) were used for the
calculation of variables that were expected to have an impact on
responses to drought. The surface conductance, Gs (m s−1), was
calculated for dry daytime conditions using the Penman–Monteith
equation [23] omitting energy storage by:
Gs ¼

Rn  g
,
r  cp  de(1 þ b) þ Rn (D  b  g)  ra

ð2:1Þ
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A regional analysis of Canada’s boreal forests based on biomass increment by Ma et al. [19] found a decreasing sink in the
Western region but no such effect in the Eastern region, over
the time span 1963 to 2008. They concluded that the decreasing sink was caused by changes in the climate of which
drought-induced water stress was the dominating cause.
They expressed concern that large parts of Canada’s forests
could turn into carbon sources if drought conditions continued
to intensify in the future. Similar conclusions were reached by
Walker et al. [20] who found widespread drought-induced
stress on black spruce in the interior of Alaska. They used
stable isotopes from tree rings for their analyses.
The aim of this study is to better understand the impact of
drought on the annual forest carbon and water fluxes in
boreal, hemi-boreal and temperate forests in Scandinavia and
in the Baltic region. This region experienced severe drought in
2018 which, in several locations, was even stronger than the
drought that occurred in central Europe in 2003. We used eddy
covariance flux measurements from 11 forests in the region of
which three are spruce, three are pine, four are mixed and one
is a beech forest. We base the analyses on comparison between
selected reference years (without drought) and 2018. We analyse
the anomalies in the main carbon fluxes in relation to expected
change drivers such as surface conductance, evaporative
demand, precipitation deficit and heterotrophic respiration.

royalsocietypublishing.org/journal/rstb

storms, fires, insect infestation, diseases and management,
but also to extreme weather events such as excessive heat,
drought or flooding [2–5]. Extreme weather events are projected to increase in frequency in the future because of
higher temperatures and intensified hydrological cycles [6].
Thus, it is important to understand how disturbances and
extreme weather are affecting the carbon exchanges in forests.
Drought is typically a consequence of longer periods of
warm and sunny weather leading to high evaporative
demand on ecosystems. The effects of drought are multifaceted: forest trees change their use and allocation of
nutrients which in turn affects exchanges of carbon dioxide
and evaporation [4], both ecosystem respiration (Reco) and
gross primary productivity (GPP) are affected with different
responses in deciduous and coniferous stands, as demonstrated in North American studies [7–9]. The net effect on
the carbon balance also depends on the timing and severity
of drought events [10]. Warm and sunny weather during
spring, when water supply is adequate, can also compensate
for reduced carbon uptake later in the season leaving the
annual net ecosystem productivity (NEP; positive when
ecosystem gains carbon) unchanged [11,12].
An example of the effect of a severe drought on carbon
fluxes is shown by the European heatwave that occurred in
2003. Ciais et al. [13] used carbon dioxide flux measurements,
crop yields, remote sensing and modelling to assess continental-scale changes in GPP and NEP and found a 30% reduction
in GPP which, combined with a smaller decrease in Reco,
resulted in a net source of carbon dioxide to the atmosphere.
The impact was highly significant, reversing the effect of the
four preceding years of net carbon uptake. It can be noted
that the decline in respiration occurred in spite of the increase
in temperature, being in accordance with autotrophic respiration being mainly controlled by photosynthate production
[14]. Reichstein et al. [15] also analysed water use efficiency
(WUE, defined as GPP/evaporation (E)) for local flux sites
in 2003 and found a small decrease in WUE for most sites
indicating a larger effect on GPP than on E by the drought.
Von Buttlar et al. [16] analysed the impacts of drought and
high temperature and its timing on carbon exchange across a
range of ecosystems and climatic zones using flux data from
102 sites. They did not find large differences in responses of
the plant functional types: evergreen broadleaf, evergreen
needle, deciduous and mixed forests. Dryness without extraordinary heat reduced both GPP and Reco which resulted in a
small impact on NEP. Drought in combination with high
temperature reduced GPP more than Reco, especially noticeable for evergreen broadleaf forests, but the timing of these
events was crucial for how they impacted the fluxes. However, the spread in the data was large, and it was therefore
difficult to obtain conclusive evidence of differences among
forest types. Noormets et al. [17] found that even a moderate
drought during the period between bud break and full leaf
expansion reduced annual NEP by 40% in a mixed oak and
maple forest in the USA. The reduction in NEP was caused
by 16% reduction in GPP and 11% in Reco. In the boreal
region, Grant et al. [18] used flux data from nine forests
spread across Canada and they concluded that a 3-year
long-lasting drought adversely affected well-drained broadleaf forests but not poorly drained conifer forests. They
attributed this difference to the lower evaporation rate in
the conifers and to subsurface water recharge in the poorly
drained soils.

(a)
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(b)
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Figure 1. (a) Geographic locations of flux sites; spruce—yellow, pine—green, mixed forests—red and beech—orange. (b) Map of SPEI 6-month drought index
from Global Drought Monitor (https://spei.csic.es/map/maps.html) [21] during the summer of 2018 (April–September). Bottom: SPEI drought scale where dark red is
the most severe drought conditions. (Online version in colour.)
where Rn is the net radiation (W m−2), γ is the psychrometric constant (Pa K−1), ρ is the air density (g m−3), cp is the specific heat at
constant pressure (J g−1 K−1), δe is the water vapour pressure deficit (Pa), Δ is the slope of the saturation vapour pressure curve at air
temperature (Pa K−1), β is the Bowen ratio (−) and ra is the aerodynamic resistance under near-neutral conditions (s m−1). The ra
was calculated as [24]
ra ¼

uz
þ rb
u2

ð2:2aÞ

and

RPD ¼

(Pc  P2018 )
,
Pc

ð2:4Þ

where Pc is the 30-year (1981–2010) average sum during growing
season and P2018 is the corresponding sum for 2018.

(ii) Annual data

rb ¼ 6:2  u2=3
,


ð2:2bÞ

where uz is wind speed (m s−1) at a reference height in the
atmospheric boundary layer, rb is excess resistance (s m−1). Here,
we omitted the stability correction of ra because the aerodynamic
resistance is typically an order of magnitude smaller than the
surface resistance.
The evaporative demand, ED (W m−2), or potential evaporation, which gives an integrated measure of the meteorological
forcing by radiation, temperature, air humidity and wind
speed was calculated from the Monteith equation [23] with
zero surface resistance:
ED ¼

2019, personal communication) between reference year and
2018 as a proxy for precipitation deficit for this site. For all
other sites, RPD was calculated as

Rn  D þ r  cp  de=ra
:
Dþg

ð2:3Þ

We took the growing season relative precipitation deficit
(RPD) between 30-year averages and 2018 from the nearest
weather station (electronic supplementary material, table S1) to
be the most robust drought index that was expected to have an
impact on carbon fluxes. This was made for all sites except
Skogaryd where the 2018 precipitation from nearby weather
stations was found not to be representative of the local conditions. Because of problems with precipitation measurements,
we used the relative change in water runoff (L. Klemedtsson

We defined NEP and GPP as positive when the ecosystem is
gaining carbon, and accordingly, ecosystem respiration (Reco)
as positive when the ecosystem is losing carbon. Thus
NEP ¼ GPP  Reco:

ð2:5Þ

We then estimated autotrophic respiration (Ra) following Litton
et al. [25] as
Ra ¼ 0:57  GPP,

ð2:6Þ

and heterotrophic respiration (Rh) as:
Rh ¼ Reco  Ra:

ð2:7Þ

The impact of the dry and warm season on carbon fluxes and
evaporation was evaluated by estimating anomalies between
the selected reference year and 2018. The anomaly in flux X
was calculated as
X diff ¼ X (2018)  X (reference year):

ð2:8Þ

If more than one year was accepted as a reference, we used the
mean of those years and we also denote such an average—‘reference year’. The reference years are listed in electronic
supplementary material, table S2. The selection of reference year
was based on the cumulated difference in precipitation between
the 30-year average for the nearest weather station and the actual

Table 1. Relative precipitation deﬁcit during growing season for all sites.
The site name acronym is also shown in the table.

0.52
0.55

Kenttärova (Ken)
Hyytiälä (Hyy)

0.1
0.32

Rosinedal (Ros)

0.38

Värriö (Var)
Rumperöd (Rum)

0.22
0.47

Soontaga (Son)
Norunda (Nor)

0.45
0.36

Svartberget (Svb)
Sorø (Sor)

0.38
0.38

ED relative diff (–)

Hyltemossa (Htm)
Skogaryd (Skg)

0.6
0.5
0.4
0.3
0.2
0.1
0

Htm Skg Ken Hyy Ros Var Rum Son Nor Svb Sor

Figure 2. The relative difference in mean growing season evaporative
demand (ED) between year 2018 and the reference year. Colour code:
yellow—spruce, green—pine, red—mixed and orange—beech. (Online
version in colour.)

Htm Skg Ken Hyy Ros Var Rum Son Nor Svb Sor
0

3. Results

–0.1
Gs relative diff (–)

year for the period from beginning of the year until the end of the
growing season. The initial aim was to find reference years without
precipitation deficit during this period but it turned out to be difficult. For all sites, we found reference years with precipitation
deficit less than 13 mm for the period specified above excepting
Kenttärova (29 mm), Hyytiälä (30 mm) and Sorø (41 mm). At all
of these sites, however, the deficit occurred at the very end of
their respective growing seasons. In addition, all three sites also
had another year with negligible deficit and we therefore accepted
them as reference years.

–0.2
–0.3
–0.4
–0.5
–0.6
–0.7

Figure 3. The relative difference in mean growing season surface conductance (Gs) between year 2018 and reference year. Colour code as in
figure 2. (Online version in colour.)

(a) Weather and water relations
500
evaporation (mm)

The mean monthly air temperature during the growing season
of 2018 was higher than the 30-year average at all sites (electronic supplementary material, figure S1). The southernmost
site had winter temperatures slightly above or close to zero
and maximum monthly summer temperatures reaching 20°C
while the corresponding values for the northernmost sites
were between −10 and −15°C and 15–20°C, respectively. The
site-specific seasonal course of air temperature, soil moisture
and respiration components for reference year and 2018 are
shown in electronic supplementary material, figure S2a–f.
The monthly SPEI varied between sites (electronic supplementary material. figure S1) and it should be pointed
out that this is an average index for the grid where each
site is located. The spatial resolution of the grids is 1°, and
therefore, it does not give a precise value at the exact location
of each site. The precipitation-based drought index, RPD,
varied between 0.55 for Skogaryd and 0.10 for Kenttärova
(table 1).
The mean growing season evaporative demand was higher
during the drought year as compared to the reference year for
all sites but with quite large variation (figure 2). Hyltemossa,
Soontaga and Sorø showed a relatively modest increase with
about 12–20% while it was very high for Hyytiälä with an
excess demand of 66%.
In contrast with the ED, the surface conductance (Gs) was
lower for all sites in 2018 as compared to the reference year,
differences ranging between 39 and 58% (figure 3). Here,
the variation between sites was smaller, with the lowest
decrease for Kenttärova and the highest for Hyltemossa.

400
300
200
100
0
Htm Skg Ken Hyy Ros Var Rum Son Nor Svb Sor
ref

2018

Figure 4. Annual evaporation for the reference year and year 2018 for all
sites. The dashed vertical lines separate sites into forest types; from left to
right: spruce, pine, mixed and beech, respectively. (Online version in colour.)
The increase in ED in combination with a lowering of Gs
resulted in approximately equal or higher annual evaporation
(E) for nine of the sites while Hyltemossa and Norunda
showed a marked decrease in annual E (figure 4).

(b) Carbon fluxes
The response in NEP to the 2018 weather conditions varied
strongly within the studied region from strong decrease
in annual NEP (e.g. the two spruce sites Hyltemossa and Skogaryd) to an increased NEP (e.g. the spruce forest Kenttärova;
figure 5). Also, the annual NEP at Rumperöd, Svartberget,
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RPD (−)
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site (acronym)

0.7

Rh (g C m–2 yr–1)

reference year
1200 y = 0.5168x – 9.5698
1000
R2 = 0.4282
800
p = 0.029
600
400
200
0
–200
0
200
400
600
800

5

1200

1400

1000

1200

1400

Ra (g C m–2 yr–1)
Htm Skg Ken Hyy Ros Var Rum Son Nor Svb Sor
(b)

2018

C-flux diff (g m–2 yr–1)

Figure 5. Cumulated NEP for the reference year (see electronic supplementary material Table S2) and 2018 for all sites. Note that the values that seem
to be missing are zero or very close to zero fluxes. The dashed vertical lines
separate sites into forest types; from left to right: spruce, pine, mixed and
beech, respectively. (Online version in colour.)

500
400
300
200
100
0
–100
–200
–300
–400
–500

spruce

pine

mixed

Rh (g C m–2 yr–1)

ref yr

2018
1200
1000
800
600
400
200
0
–200

y = 0.8815x – 214.53
R2 = 0.6493
p = 0.003

0

200

400

600

800

Ra (g C m–2 yr–1)

beech

Figure 7. (a) Heterotrophic respiration (Rh) plotted against autotrophic respiration (Ra) for the respective reference year (see electronic supplementary
material Table S2). (b) Similar plot but for the year 2018. The colour code as
in figure 2. The size of the symbols for 2018 corresponds to the magnitude of
the relative precipitation deficit (see also legend in figure 8). (Online version
in colour.)
Htm Skg Ken Hyy Ros Var Rum Son Nor Svb Sor
Reco diff

80

GPP diff

Figure 6. Anomalies in C-fluxes between reference year and 2018 for NEP,
Reco and GPP for all sites. (Online version in colour.)

Soontaga and Norunda decreased during 2018, but to a much
smaller extent. Several sites showed a more limited response
in annual NEP to the 2018 weather conditions, i.e. the three
pine sites Hyytiälä, Rosinedal and Värriö, and the beech
site in Denmark. The two northernmost sites, Kenttärova
and Värriö, showed increases in NEP and Kenttärova even
turned from a source to a sink. Also Hyytiälä increased
NEP slightly and Värriö turned from a small source to neutral. The annual values of all C-fluxes can be found in
electronic supplementary material, table S2.
Most sites showed a decrease in annual net ecosystem
productivity ( purple bars with negative values in figure 6),
but for different reasons; in Hyltemossa, the decrease in
NEP was explained by a relatively large decrease in GPP
accompanied by an increase in Reco; in Skogaryd, practically
the whole decrease in NEP was explained by an increase in
Reco; in Rumperöd, there was a decrease in both GPP and
Reco, but the decrease in GPP was larger than in Reco; and
in Sorø both GPP and Reco decreased strongly but Reco
decreased slightly more resulting in the relatively small
decrease in NEP (figure 6). Out of the three sites that
showed increases in NEP, Kenttärova and Värriö behaved
similarly by having a slightly larger increase in GPP as compared to Reco but in Hyytiälä both GPP and Reco decreased
with a larger decrease in Reco (figure 6).
The heterotrophic respiration, Rh, was about 50% of the
autotrophic respiration, Ra, but with quite large variation
between sites during the reference year (figure 7a). The pine

60
E_diff (mm)

NEP diff

y = 4722.7x + 44.488
R2 = 0.1317

40
20
0
–20
–40
–60
–0.014 –0.012

–0.010 –0.008 –0.006 –0.004 –0.002

0

Gs_diff (m s–1)

Figure 8. Evaporation difference (E_diff ) plotted against the surface conductance difference (Gs_diff ). The size of the symbols is proportional to the
relative precipitation deficit, RPD (table 1). The largest symbol corresponds
to RPD= 0.55 (Skogaryd) and the smallest corresponds to RPD=0.1 (Kenttärova). The colour of the symbols represents the different forest types (see
legend in figure 2). (Online version in colour.)

forests (green symbol) seemed to be best correlated to each
other while spruce (yellow) and mixed (red) showed larger
deviations from a linear relationship. The beech forest was
also close to the 50% value. During the drought year, the
Rh fraction of Ra increased particularly for the forests with
the larger precipitation deficit (figure 7b).

(c) Flux anomalies
The anomaly in evaporation, E_diff, between 2018 and reference year was poorly explained by all tested single variables.
The best, but still with non-significant results, was obtained
for the anomaly in surface conductance, Gs_diff (figure 8).
However, combination of three independent variables,
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NEP (g C m–2 yr–1)

(a)

700
600
500
400
300
200
100
0
–100
–200
–300
–400

Table 2. The result of the multiple linear regressions (MLR) for annual anomalies of NEP, Reco, GPP and E. Parameters RPD and Gs_diff are mean values
during growing season, GPP_diff and Rh_diff are annual totals. The MLR was performed using the statistic package in Sigmaplot 12.5 [26].
parameter

coefﬁcient

standard error

p

adjusted r 2

NEP_diff
(g C m−2 yr−1)

constant
RPD (−)

134
−495

35.2
96.9

0.005
<0.001

0.934

Reco_diff

Rh_diff (g C m−2 yr−1)
constant

−0.584
−212

0.093
69.2

<0.001
0.015

RPD (−)

868

194

0.002

1.31
474

0.188
107

<0.001
0.002

RPD (−)
Gs_diff (m s−1)

−526
44 060

203
10 672

0.032
0.003

constant
GPP_diff (g C m−2 yr−1)

228
−0.347

38.7
0.0690

<0.001
0.002

Gs_diff (m s−1)

19 530

3685

0.001

RPD (−)

−243

−4.53

0.003

(g C m

−1

yr )

GPP_diff (g C m
constant

GPP_diff

E_diff
(mm yr−1)

NEP_diff (g C m–2 yr–1)

200

−1

yr )

y = –0.8319x – 40.182
R2 = 0.7713
p = 0.0004

100
0
–100
–200
–300
–400
–500
–200

–100

0

100

200

300

400

500

Rh_diff (g C m–2 yr–1)

Figure 9. The anomaly in net primary productivity, NEP_diff, plotted against
the anomaly in heterotrophic respiration, Rh_diff. Symbols as in figure 8.
(Online version in colour.)

GPP_diff (g C m–2 yr–1)

300
200
100

y = 48089x + 307.87
R2 = 0.5849
p = 0.006

0
–100
–200
–300
–400
–0.014 –0.012 –0.01 –0.008 –0.006 –0.004 –0.002

0

Gs_diff (m s–1)

Figure 10. The anomaly in gross primary productivity, GPP_diff, plotted
against the anomaly in surface conductance, Gs_diff. Symbols as in
figure 8. (Online version in colour.)

Gs_diff, RPD and GPP_diff in a multiple linear regression
resulted in an increased explanation to 75% (adjusted r 2;
table 2).
The NEP anomaly was strongly correlated with the
anomaly in heterotrophic respiration, Rh_diff, with 77% of
the variation explained (figure 9). Adding the relative

500
y = 0.8392x + 76.538
400
R2 = 0.5109
300
p = 0.0134
200
100
0
–100
–200
–300
–400
–400 –300 –200 –100
0
100
GPP_diff (g C m–2 yr–1)

0.826

0.718
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(g C m−2 yr−1)

−2

Reco_diff (g C m–2 yr–1)

−2

0.749

200

royalsocietypublishing.org/journal/rstb

dependent variable

6

300

Figure 11. The anomaly in ecosystem respiration, Reco_diff, versus the
anomaly in gross primary productivity, GPP_diff. Symbols as in figure 8.
(Online version in colour.)

precipitation deficit, RPD, in a multiple linear regression
increased the explanation to 93% (table 2). Thus, the drought
expressed as RPD did not contribute that much to the variations in NEP but still resulted in a significant improvement.
The anomaly in gross primary productivity, GPP_diff,
was reasonably well explained (58%) by the anomaly in surface conductance, Gs_diff (figure 10). Also here, adding RPD
to a multiple regression increased explanation up to 71% of
the variations, i.e. about the same improvement as for
NEP_diff when introducing RPD in the regression.
The anomaly in ecosystem respiration, Reco_diff, correlated well with the anomaly in GPP (figure 11). Adding
RPD to the MLR regression improved the correlation significantly from 51% to 83% (table 2).

4. Discussion
(a) Drought and evaporation
During 2018, the Nordic region probably experienced one of
the most severe droughts for many decades, according to the
SPEI drought index [21]. In North-Western Europe, the

(b) Drought effects on carbon fluxes
The drought in 2003 had a dramatic impact on the European
carbon balance resulting in a net source of 0.5 Pg yr−1 of
carbon into the atmosphere, counterbalancing four years
of carbon sink [13]. The range in NEP anomalies among the
twelve forests which were part of that study and which reported
annual numbers was −155 to +366 g C m−2 yr−1 with a median
value of −43 g C m−2 yr−1. The corresponding values in
our study were NEP anomalies in the range of −389 to
+74 g C m−2 yr−1 with a median value of −59 g C m−2 yr−1.
Thus, the variation between sites was of the same magnitude
but the 2018 drought had an even greater negative impact on
NEP compared to the 2003 extreme drought.
We did not expect to find a consistent explanation for the
changes in NEP between sites but rather for the changes in
the underlying processes, GPP and Reco. The NEP is then
rather to be understood as consequential. Three of the sites
that showed a relatively large negative impact on NEP (Hyltemossa, Skogaryd and Norunda), showed an increase in Reco,
but of very different magnitude (figure 6), while five sites (Rosinedal, Rumperöd, Soontaga, Svartberget and Sorø) showed a
decrease in Reco. The response of Reco to drought conditions
is complex because Reco is composed of fluxes with very different individual responses, i.e. heterotrophic respiration and
autotrophic respiration (the latter including aboveground
canopy and belowground root components). The relative contribution from autotrophic and heterotrophic respiration to
soil respiration may vary substantially but is commonly about
50% each in forest ecosystems (e.g. [14]). The vast majority of
the aboveground respiration represents autotrophic respiration,
thus it is very likely that the majority of Reco represents autotrophic respiration. It is also well documented that GPP has a
major influence on Reco [33] in total as well as soil respiration
specifically [34]. This strong linkage between Reco and GPP is
well illustrated by our result showing that about half of the
anomaly in Reco is explained by the corresponding anomaly
in GPP (figure 11). We also demonstrate that the drought,
expressed as the relative precipitation deficit during the
growing season, explained additionally 30% of this anomaly.
An increase in Reco due to warmer weather is according
to expectations, but soil moisture and oxygen level in the soil
are also affecting Reco through their effects on soil respiration. We observed a shift in the relationship between Rh
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being able to effectively maintain the water flows, even in largely variable weather situations. Interestingly, when the GPP
anomaly was added, the degree of explanation increased
significantly (table 2). One explanation is that stomatal
regulation is intricately linked with photosynthesis, as the
overwhelming empirical evidence at leaf scale shows. Empirical stomatal conductance models make Gs dependent on
photosynthesis, corrected for the effects on the leaf of air
water vapour concentration difference, acting to stabilize
water use efficiencies. The correlation can thus be both
ways, where cause and effect cannot be distinguished. In
any case, our results confirm the strong interrelation between
Gs and GPP. Another possibility could be that the GPP
anomaly better reflects the whole year than the Gs and ED
anomalies which only represent the growing season and
dry conditions. This must be of particular importance for
temperature-limited sites, where the warmer climate even
increases GPP.

royalsocietypublishing.org/journal/rstb

drought in 2018 was more pronounced than the one in 2003.
The drought was especially severe in Denmark, the southern
part of Sweden and Estonia (figure 1 and electronic supplementary material, figure S1) where five of the studied
sites were located: Sorø, Hyltemossa, Rumperöd, Skogaryd
and Soontaga. All of these sites had at least a 3-month-long
period of severe drought during the early part and peak of
the growing season (May–July) while the other sites had a
recovery in June with mild or no drought during that
month (electronic supplementary material. figure S1). Soontaga was exceptional with drought throughout the whole
year, while Norunda experienced the strongest drought for
a single month with an SPEI index of −4.3 in May.
Unexpectedly, the drought reduced annual E at only two of
the sites: Hyltemossa and Norunda (figure 4). At all other sites,
annual E was higher than or equal to the reference year.
This occurred despite a strong reduction of surface conductance at all sites (figure 3). Surface conductance is known to
constitute an important control of transpiration rate but, in a
drought situation, increased evaporative demand counteracts
this by increasing the evaporation rate per unit stomatal conductance due to higher surface heating and high vapour
pressure deficit, all of which are acting to enhance evaporation.
This is reflected in the observed increases in evaporative
demand (figure 2) which thus contributed to reducing the
negative impact of drought on evaporation.
The results show that the majority of forest could cope
well with the drought and maintain close to normal or
even higher evaporation rates. Pine stands tended to reduce
Gs less and thus increased E in extreme drought, an indicator
of a more wasteful pattern of water use.
Many studies have shown that surface conductance and
transpiration become reduced when soil moisture drops
below some threshold (e.g. [27,28]). However, total evaporation is constituted not only by tree transpiration but also
transpiration from forest floor vegetation (if present), interception evaporation and soil evaporation. Drought can affect these
components differently, although in forests with closed canopies, the transpiration is normally the largest component.
During extensive drought, it is still likely that transpiration is
dominating the total evaporation since there is no or little
rain and thus no intercepted evaporation and soil evaporation
is most likely also diminished because of the drying topsoil.
For species with shallow root systems such as spruce,
hydraulic lift of water from deeper horizons below the rooting
zone [29,30] could also be part of the explanation to the sustained evaporation rates. It has also been suggested that
changes in carbon allocation patterns due to the drought
could stimulate root growth into deeper soil layers. Mackay
et al. [31] tested this hypothesis for conifer trees using a new
modelling framework, and they concluded that the trees
shifted water uptake among existing roots rather than growing
new roots. Oishi et al. [32], who studied water relations of an
oak-hickory forest in North Caroline, USA, for several years
including 1 year with severe drought, also found that the
canopy transpiration was not reduced by drought for the
same reason
For reasons discussed above, it was not entirely unexpected that the Gs anomaly did not explain the anomaly in
evaporation, E_diff (figure 8). Even adding more factors,
like the relative precipitation deficit only, or the anomaly in
evaporative demand, ED_diff, to the regression did not
improve the results. This is an indication for the stands

on both Reco and GPP, therefore resulting in a neutral
impact on NEP, while in deciduous forests, the decrease in
NEP was mostly driven by a decrease in GPP. We do not
find such clear distinction in responses between forest types
but it should be pointed out that many of the forests in this
study were mixed conifer/deciduous trees (electronic supplementary material, table S2).

5. Conclusion

— 77% of the NEP anomaly is explained by the anomaly in
heterotrophic respiration, Rh, and 16% by the relative precipitation deficit during the growing season.
— 51% of the Reco anomaly is likewise explained by GPP
anomaly and 31% by the relative precipitation deficit.
— 58% of the GPP anomaly is explained by the anomaly in
surface conductance during the growing season and 14%
by the relative precipitation deficit.
Evaporation actually stayed the same or even increased at the
majority of sites in spite of the drought and in spite of the
strong reductions in surface conductance. The evaporation
anomaly could only be explained by a linear combination
of three variables: the surface conductance anomaly, the relative precipitation deficit and the GPP anomaly. Together
these three variables explained 75% of the variation in the
evaporation anomaly.
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We conclude that the drought in 2018 was severe across the
Nordic region and much more distinct than the drought in
2003. We found that despite the drought being the most
severe over the last five decades (according to the SPEI) the
effect on annual NEP was not always drastic and instead
varied considerably between the 11 forests included in the
study. However, it should be pointed out that eight out of
the 11 forests still acted as annual C sinks. In six out of 11 forests, the annual net ecosystem productivity was reduced by
more than 50 g C m−2 yr−1. In one forest, the net uptake
was reduced by as much as 389 g C m−2 yr−1. But we also
found that two of the forests in the north benefited from
the favourable weather conditions (i.e. increased Tair)
during the drought and actually increased their net uptake.
The main conclusions regarding the drivers of C-flux
anomalies during drought are:

8

royalsocietypublishing.org/journal/rstb

and Ra towards relatively higher Rh during 2018 compared
to the reference year (figure 7). We attribute this shift to an
effect of the drought, resulting in a lowering of Ra and an
increase of Rh at most of the sites (electronic supplementary
material, table S2). Sierra et al. [35] conducted an incubation
experiment using a boreal soil demonstrating how the combination of temperature, soil moisture and oxygen level affected
respiration rates. Low soil moisture generally decreased
respiration, more at low oxygen levels than at high, but the
temperature sensitivity was always maintained. It is thus
the balance between these factors that determine whether
the respiration will increase or decrease for certain conditions
in soil and weather.
Litton et al. [25] analysed productivity and respiration from
a large range of diverse forest ecosystems and for 23 of these
they could estimate the relationship between GPP and
autotrophic respiration, Ra. The relationship Ra = 0.57 x GPP
explained 95% ( p < 0.01) of the variation. We used this relationship to estimate Ra in our study and it turned out that the NEP
anomaly was largely explained by the anomaly in Rh (figure 9).
Rh alone explained 77% of the variation in NEP and adding
relative precipitation deficit to the regression increased explanation to 93% (table 2). However, it should be pointed
out that there was indeed some variation between sites in
the Litton et al. [25] study with a range of 0.42 to 0.71 for the
fraction of GPP partitioned to Ra. Wu et al. [36] determined a
slightly but insignificantly higher value of 0.62 ± 0.08 for
the Sorø beech forest over 5 years. We also plotted the Rh
values on a daily scale (electronic supplementary material,
figure S2a–f ) but these values should be interpreted with care
since the relationship used was developed for annual values
and, thus, does not represent possible seasonal variation in
relationship between Ra and GPP.
There were large variations in GPP anomalies between
sites with a range of −325 g C m−2 (Sorø) to +191 g C m−2
(Norunda) (figure 6). Out of the sites that showed a decrease
in NEP, Norunda was the only site that showed an increase
in GPP. All others showed a decrease, from very minor
(Skogaryd; −17.5 g C m−2) to quite large (Sorø; −325 g C m−2).
The anomaly in GPP was expected to be well explained by
the anomaly in surface conductance, Gs_diff (figure 11), since
surface conductance is an integrated measure of stomatal conductance, and stomatal conductance and photosynthesis are
mechanistically linked (e.g. [37,38]). However, the explained
variation in GPP was not more than 58% and adding the relative precipitation deficit to the multilinear model only
improved the explanatory degree by 14% (table 2). As shown
by Gourlez de la Motte [39], the enzymatic processes of carboxylation can also be directly downregulated if the relative
extractable water falls below a critical threshold; this would
explain a direct role of water deficits for the GPP.
An additional reason could be that our estimate of surface conductance was made only for dry daytime conditions during the
growing season and that the shoulder seasons, which are
included in the GPP anomaly, are influencing this relationship
in a different way.
The most common type of response in our study was a
decrease in both GPP and Reco, with a smaller decrease in
the latter resulting in a decrease in NEP. Such responses are
in line with those found in the European drought study
[13] as well as in a recent study on North American forest
ecosystems [9]. In the latter study, they concluded that in
coniferous forests drought had a similar dampening effect
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