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Abstract
Trees in northern latitude ecosystems are projected to experience increasing drought
stress as a result of rising air temperatures and changes in precipitation patterns
in northern latitude ecosystems. However, most drought-related studies on high-
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latitude boreal forests (>50°N) have been conducted in North America, with few
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tested how daily whole-tree transpiration (Q, Liters day−1) and Q normalized for mean
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studies quantifying the response in European and Eurasian boreal forests. Here, we
daytime vapor pressure deficit (QDZ, Liters day−1 kPa−1) were affected by the historic
2018 drought in Europe. More specifically, we examined how tree species, size, and
topographic position affected drought response in high-latitude mature boreal forest
trees. We monitored 30 Pinus sylvestris (pine) and 30 Picea abies (spruce) trees distributed across a topographic gradient in northern Sweden. In general, pine showed
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a greater QDZ control compared to spruce during periods of severe drought (stand-
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ter are more sensitive to drought. Overall, QDZ reductions (using non-drought QDZ as
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ardized precipitation–evapotranspiration index: SPEI < −1.5), suggesting that the latreference) were less pronounced in larger trees during severe drought, but there was
a species-specific pattern: QDZ reductions were greater in pine trees at high elevations and greater in spruce trees at lower elevations. Despite lower QDZ during severe
drought, drought spells were interspersed with small precipitation events and overcast conditions, and QDZ returned to pre-drought conditions relatively quickly. This
study highlights unique species-specific responses to drought, which are additionally
driven by a codependent interaction among tree size, relative topographic position,
and unique regional climate conditions.
KEYWORDS

drought, Norway spruce, sap flow, Scotts pine, topographic position, tree size, tree
transpiration
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trees in Fennoscandian boreal forests will respond to drought. For
example, in central Sweden, reductions in soil moisture and high

The historical 2018 drought registered across Central and Northern

vapor pressure deficit (VPD, kPa) have shown to reduce transpira-

Europe, and considered the most severe in the last 250 years (MSB,

tion in mature Norway spruce (Picea abies, hereafter spruce) and

2017; Schuldt et al., 2020), had major impacts on northern boreal

Scots pine (Pinus sylvestris, hereafter pine) trees (Čermák et al., 1995;

forests, including severe tree-level stress, record low stream flows,

Cienciala et al., 1997, 1999; Lagergren & Lindroth, 2002), and similar

and changes in water and carbon fluxes (Gómez-Gener et al., 2020;

trends have been observed in other conifers in Siberian (Kropp et al.,

Hari et al., 2020; Lindroth et al., 2020; Schuldt et al., 2020). Globally,

2017) and Russian boreal forests (Oltchev et al., 2002). However, no

boreal forests cover approximately 12% of the earth's surface

studies have addressed the relationships between tree size, species,

(Launiainen et al., 2019), representing the second largest biome be-

and the effect of these factors on trees response to drought (but see:

hind tropical forests (Bonan, 2008). They are located between 45°

Lagergren & Lindroth, 2004). Additionally, because of ecological and

and 70° north latitude, with two-thirds of all boreal forests located

environmental differences driven by the air stream over the Atlantic,

in Eurasia (Larsen, 1980). Given their wide distribution, boreal for-

specifically warmer temperatures and higher precipitation (Boonstra

ests regulate water and energy fluxes over a vast area and thus play

et al., 2016), it is likely that forests in Fennoscandia and other

an important role in global hydrology and climatology (Baldocchi

Eurasian boreal forests may respond differently to drought than

et al., 2000; Bonan, 2008; Chalita & Le Treut, 1994; Chen et al.,

those in North America, yet we have little empirical data for testing

2018; Price et al., 2013). Boreal forests also play a critical role in the

mechanistic models projecting the response of Fennoscandian bo-

global carbon cycle (Goodale et al., 2002); sequestering ca. 0.5 peta-

real forests to a warmer and drier future.

grams of carbon per year, and storing approximately one-third of the

Spruce trees tend to grow and thrive in more fertile, mesic en-

global terrestrial carbon (Bradshaw & Warkentin, 2015; Bradshaw

vironments, and are thus dominant at lower topographic positions

et al., 2009; Pan et al., 2011).

compared to pine trees, which can grow in more nutrient-poor,

Boreal forests are experiencing rapid climate change including

xeric environments that are often in upland areas within a wa-

rising temperatures (Choi & Kim, 2018; Price et al., 2013), altered

tershed (Cienciala et al., 1999; Gartner et al., 2009; Lagergren &

precipitation patterns (Kjellström, 2004), and an increased frequency

Lindroth, 2002). It has also been shown that drought stress tends

of summer drought stress (Ma et al., 2012). High latitude ecosystems

to increase with elevation (Hawthorne & Miniat, 2018), which re-

are projected to experience the greatest rise in temperatures (IPCC,

sults from gravitational forces moving water toward the lower parts

2013), and correspondingly this could result in an increase in the

of the watershed (Fetter, 2001; Hillel, 2004). Yet, how different

evaporative demand leading to enhanced drought stress for plants

species will respond to drought based on their topographic loca-

(Angert et al., 2005; Dai, 2013; Williams et al., 2013). Additionally,

tion, has not been fully studied. Thus, species characteristics and

several studies indicate that water availability from precipitation

site-specific factors including topography indicate that pine should

may also become limiting for tree growth in boreal forests in a fu-

be more resilient to drought stress compared to spruce. Previous

ture climate (Christidis et al., 2015; D'Orangeville et al., 2018; Dai,

studies have also shown that trees of different size respond dif-

2013; Huang & Xia, 2019; Price et al., 2013; Walker et al., 2015; Way

ferently to drought, with larger trees being more vulnerable to

et al., 2013). Although the total amount of summer precipitation is

drought as a result of greater exposure to atmospheric evaporative

not projected to change significantly in the future, the timing and

demand (Bennett et al., 2015; Pretzsch et al., 2018; Stovall et al.,

magnitude of summer precipitation are expected to be altered with

2019). However, how all these factors, tree species, tree size, and

longer periods without precipitation interspersed with large, infre-

topographic position, influence drought responses remain largely

quent rain events (IPCC, 2013; Kjellström, 2004). Such changes to

unknown, particularly within the Fennoscandian context. The ef-

the hydrological cycle may have profound consequences on tree

fects of tree size in particular have not been well studied, in part

transpiration and forest growth.

due to the even-aged diameter distribution commonly observed in

From a phytocentric perspective, drought can be described as
an extended period of stress resulting from enhanced atmospheric

Swedish managed forests (Cienciala et al., 1997, 1999; Kozii et al.,
2020; Laudon et al., 2013).

demand (i.e., atmospheric drought) and low soil moisture (for further

In this study, we take advantage of 3 years of continuous mea-

readings, see: McDowell et al., 2008; Rowland et al., 2015). In North

surements from a large network of sap flow sensors in a boreal for-

American boreal forests, increasing frequency of drought stress has

est in northern Sweden to address the following questions: (1) did

led to tree mortality (Peng et al., 2011) as well as an overall reduc-

the severe drought in 2018 result in enhanced drought stress as indi-

tion in carbon storage and forest productivity (Barber et al., 2000;

cated by reduced whole-tree transpiration?, (2) was there a species-

Hogg et al., 2008; Ma et al., 2012; Silva et al., 2010). Additionally,

specific and tree size-specific response to severe drought?, and

droughts can have severe negative socioeconomical and ecological

(3) did topographic position within the watershed played a role in

consequences at local, regional, and global scales (Hogg et al., 2002;

drought response? Measurements of whole-tree transpiration were

Van Loon et al., 2016; Vörösmarty et al., 2010). In contrast to the

made between 2017 and 2019, which represents a cold, wet sum-

relatively well-studied conditions in North America (e.g., Peng et al.,

mer (2017), a historical severe summer drought (2018), and a warm

2011; Price et al., 2013; Way et al., 2013), less is known about how

year (2019). We hypothesized (H1) that mean annual whole-tree

|
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transpiration would be reduced during the 2018 drought as a result

snow, with snow accumulation beginning in early November and last-

of abnormally high temperatures and enhanced atmospheric drought

ing until the end of April.

and low soil moisture. Additionally, we expected pine to be more

Soils within the C2 subcatchment are dominated by glacier till

resilient to drought stress compared to spruce due to their docu-

(84%), with an organic layer that is on average 8 cm thick (Ivarsson &

mented higher tolerance to low soil moisture (Sutinen & Middleton,

Johnsson, 1988). The subcatchment is characterized by a near con-

2020) and lower water use requirements due to a lower leaf area,

tinuous cover of old (>120 year) mixed forest of Picea abies (61%),

compared to spruce. We further hypothesized that (H2) larger trees

Pinus sylvestris (34%), and Betula spp. (5%; Laudon et al., 2013). The

of both species will be more sensitive to drought stress because of

understory consists of a rich layer of bilberry (Vaccinium myrtillus)

larger water needs and overall greater exposure to evaporative de-

and lingonberry (Vaccinium vitis-idaea) with mosses (Pleurozium

mand than smaller trees. Finally, we hypothesized that (H3) trees in

schreberi and Hylocomium splendens) in the bottom layer. In 2014,

higher elevations (i.e., upland locations) will show greater reductions

the integrated carbon observation system (ICOS) ecosystem–

in transpiration, compared to trees in lower topographic positions,

atmosphere station was established within the subcatchment which

because of lower soil moisture in upland locations during extreme

provides continuous data on greenhouse gases, water, and energy

drought conditions.

fluxes as well as meteorological, vegetation, and soil environmental
variables (ICOS, 2019).

2

|

M ATE R I A L S A N D M E TH O DS

2.1 | Study site

2.2 | Measurements of stand characteristics and
sapwood area

This study was conducted in the 14 ha C2 subcatchment, within the

Measurement of site characteristics, which include stand den-

2

larger 67 km Krycklan Catchment study area (Kozii et al., 2020; Laudon

sity, basal area, and sapwood area (AS, m2), was made from seven,

et al., 2013) in northern Sweden (64.256°N, 19.775°E, Figure 1). The

10 m radius permanent plots distributed across the subcatchment

Krycklan catchment is one of the most well-instrumented catch-

(Figure 1). These permanent plots are part of a larger scale, long-

ments in northern latitudes with continuous climatic and hydrological

term forest monitoring program across the entire Krycklan water-

measurements dating back to the early 1980s (Laudon et al., 2013).

shed, which consists of a total of 556 permanent plots arranged in

Mean annual temperature is 2.1°C and mean annual precipitation

a square grid with 350 m spacing between adjacent plots. In the fall

is 619 mm year−1 based on 33 years of measurements (1985–2019).

of 2014 and spring of 2015, DBH, height, and species identity were

Approximately 40% of the annual precipitation falls in the form of

recorded for each tree within each of the 556 permanent plots. In

(a)

(b)

60º

Krycklan watershed
C2 catchment
●

●

55º

●
●

50º

0

5

2.5
km

45º

●

40º

0

250
m

500

●
●

W10º

Prime meridian

E10º

E20º

Nodes
ICOS Tower

E30º

F I G U R E 1 (a) Geographical location of the study site (red star). Yellow line indicates the polar circle. (b) Location of C2 subcatchment
inside the Krycklan Experimental Watershed. Blue dots show the relative position of each the monitoring nodes the green circle the ICOS
tower
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sensors in the four cardinal directions on the stems of six selected

the sapwood depth (DS, cm) of both pine and spruce (n = 30 per spe-

trees (n = 3 per species). In total, we installed 150 sap flow sensors

cies). For each tree core, DS was estimated visually and recorded on

on 60 trees (20 trees per node). Differential voltage (DiffV, mV)

site using a light-diffusion method (Long & Dean, 1986; Wengert,

between the heated and the reference probe was read every 30 s

1976). DS was then converted to sapwood area (AS, m2). Equation and

and stored as 30-minute averages using a data logger (CR1000X,

parameters are shown in Appendix S1.

Campbell Scientific) per node.

2.3 | Environmental data

2.5 | Wounding drift correction for sap flux
measurements

Environmental data used in this study include photosynthetic active
radiation (PAR, μmol m−2 s−1; Apogee SQ110), air temperature (AirT,

To correct for wounding drift, that is, the cumulative changes in sen-

°C; Rotronic MP201H), relative humidity (RH, %; Rotronic MP201H),

sor sensibility over time due to the formation of scar tissue or tyloses

−2 −1

net radiation (NetRad, W m s ; CNR4 Kipp & Zonen), vapor pres-

(Flo et al., 2019; Kitin et al., 2010; McElrone et al., 2010; Peters et al.,

sure deficit (VPD, kPa), soil heat flux (G, Joules m−2 s−1; Hukseflux

2018), we deployed eight additional HD sensors in the Spring of

HFP01SC), and volumetric water content at four soil depths (5, 15,

2019 on eight trees (n = 4 per species) that already had HD sensors

25, and 50 cm; DeltaT Devices ML2). All environmental data were

from the beginning of this study. New HD sensors were installed

obtained from the ICOS portal, Svartberget station (ICOS, 2019).

in the outer 0–20 mm of sapwood and data were collected during

Volumetric water content was converted to soil saturation (S, unit-

the entire 2019 growing season (May–October). Comparison of old

less), according to van Genuchten (1980). Soil saturation was esti-

versus new JS and equations used to correct for wounding drift are

mated for the four soil depths in which volumetric water content

shown in Appendix S2.

was measured, but in this study, we primary focused on S within the
upper 15 cm of the soil profile.
Due to differences in day-length conditions during the grow-

2.6 | Data processing

ing season, we estimated mean day-length-normalized PAR (PAR Z,

μmol m−2 s−1) and VPD (DZ, kPa). First, daytime was defined as the

All data were processed with scripts developed for R 3.6.3 (R Core

time when PAR was higher than 20 μmol m−2 s−1 (which was suffi-

Team). Using environmental data obtained from the ICOS-Sweden,

cient to eliminate false positives, i.e., overcast conditions with low

Svartberget station, we calculated potential evapotranspiration at

light). Once the length of a day was defined, we estimated mean

30 min of intervals (ET0, mm day−1) following the Penman–Monteith

PAR Z or DZ, by multiplying their mean by the ratio of the day length

equation:

(i.e., the proportion of 24 h that were labeled as day).

2.4 | Sap flux measurements
−1

)
(
(
)
u es − ea
0.408Δ Rn − G + 𝛾 TAir900
+ 273 2
ET0 =
,
(
)
Δ + 𝛾 1 + 0.34u2

(1)

where Δ is the slope of the vapor pressure curve (kPa °C−1), Rn the net

Whole-tree transpiration (Q, L day ) was estimated using a network

radiation (MJ m−2 day−1), G the soil heat flux density (MJ m−2 day−1), γ

of continuous sap flux measurements. Within the C2 subcatchment,

the psychometric constant (0.065 kPa °C−1) estimated at an elevation

we selected three locations (hereafter: nodes) to measure tree-level

of 275 m a.s.l. Air temperature (TAir, °C), wind speed (u2, m s−1), satu-

transpiration. Each node was located along a topographic gradi-

ration vapor pressure (es, kPa), and the actual vapor pressure (ea, kPa).

ent: shoulderslope (high), backslope (middle), and footslope (low)

After an initial filter to remove outliers and to clean up data, raw

(285–260 m a.s.l., respectively). Within each node (25 m radius), we

data (DiffV, mV) from HD sensors were converted to JS using the

selected 20 trees (10 pine and 10 spruce) that represented the di-

empirical equation (Granier, 1985), adjusted to our desired units (i.e.,

ameter distribution of trees in the entire C2 subcatchment. Sap flux

cm3 cm−2 h−1) as:

3

−2

−1

density (JS, cm cm h ) was measured at breast height (1.3 m above
the ground) using custom-made heat dissipation-t ype sap flow sensors (Granier, 1985, 1987; Gutiérrez López, 2015). These sensors

Js = 42.8 ×

(

DiffVm − DiffV
DiffV

)1.231

,

(2)

were installed on selected trees and all sensors were covered with
reflective insulation to minimize the effect of natural temperature

where DiffVm is the maximum voltage difference under zero flow con-

gradients. To account for radial and circumferential variability in JS

ditions which occur at night and when ET0 is low. DiffVm was deter-

(Berdanier et al., 2016; Caylor & Dragoni, 2009; Granier et al., 1994;

mined by first selecting raw DiffV data that occurred when ET0 was

Wullschleger & King, 2000), we installed sensors at four sapwood

zero for at least two consecutive hours. We then fitted a LOESS line

depths (i.e., 0–20 mm, 20–4 0 mm, 40–60 mm, and 60–8 0 mm) in a

(Cleveland, 1979, 1981; R parameters: Gaussian, surface = direct, sta-

subset of trees (five per species per node). Additionally, we installed

tistics = exact, span = 0.02) through the selected DiffV data, which

3070
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effects of species, tree size, and topographic position, we fitted

during contrasting environmental conditions that are typical of north-

a mixed model using JMP PRO 15 (SAS Institute Inc.), where D Z ,

ern latitude ecosystems (i.e., extreme temperature changes and varia-

PAR Z , S, SPEI range, tree size, and topographic position were the

tion of daylight hours).

independent variables. To account for natural variability over

Radial JS profiles’ functions were fit to each measurement (at

time, and among trees, individual trees and week of the year were

30 min of intervals) following the protocols defined for conifers

considered random variables. Additionally, we tested the effects

(Caylor & Dragoni, 2009). Sapwood area (AS, in cm2) was estimated

of all relevant interactions, including species + SPEI range + tree

for each of the 60 monitored trees using the respective allometric

size and species + SPEI range + topographic position. The model

equations for each species (Appendix S1). Q (L day−1) for each tree

was fitted for all monitored years (2017, 2018, and 2019) to

was estimated as follows: first, we split each sapwood depth (DS,

highlight year-s pecific effects, and merging all years to further

cm) into 50 equal subsections, then we integrated the product of JS

increase the predicting power of the model and interactions of

(predicted with radial profile equations) and AS of each DS subsec-

interest. Further details and mixed model outputs are shown in

tion. Q was estimated for each 30 min of interval, and then summed

Appendix S4.

up per day. Finally, daily Q for each tree was normalized for DZ (Q DZ,
L day−1 kPa−1) by dividing daily Q by DZ (mean day-length-normalized

VPD, kPa). Q DZ minimizes phenological and seasonal effects of Q and
thus was used to assess species-specific drought responses of pine
and spruce during the 2018 drought. Q DZ is also an approximation to

3

|

R E S U LT S

3.1 | Environmental conditions

canopy conductance (without accounting for the conductance coefficient as a function of temperature; Phillips & Oren, 1998), and it is

In 2018, annual average ET0 was 7% higher than the 33 years of long-

similar to uses in several previous studies (Damour et al., 2010; Dang

term mean (1.55 and 1.44 ± 2.5 mm day−1; respectively). Moreover,

et al., 1997; Ewers & Oren, 2000; Kropp et al., 2017; Lagergren &

during the severe drought in 2018, there were two periods (May 15–

Lindroth, 2002).

June 17, and June 28–July 22) in which the SPEI drought index was
the lowest during the 33 years of record (Figure 2a). In general, soil

2.7 | Long-term environmental records and
drought index

saturation (S) was highest during spring after snow melt. As a result
of rapid warming in early spring, S was greater in 2018 compared to
2017 and 2019 (Figure 2b). In 2018, mean annual temperature was
ca. 30% higher than the 33 years of period (3.2 and 2.28 ± 0.95°C;

Long-term (1985–2019) precipitation (pp, mm day−1), RH, AirT,

respectively) with the highest mean daily temperature (24.7°C) dur-

and calculated VPD (Zotarelli et al., 2009) were obtained from the

ing the last 33 years being recorded on July 17, 2018 (Appendix S3).

Svartberget Research Station, located 1.2 km from our study site.

Annual precipitation in 2018 was 16% lower than the long-term av-

To estimate long-term ET0, we fitted an exponential model between

erage (543 mm year−1) and was the fourth driest year since 1984

VPD and ET0 for the 2016–2019 time period (see Appendix S3 for

(Figure 2c). During April–October, total precipitation was 18% lower

details) and used this model to predict long-term ET0 between
1985 and 2015. Using ET0 and precipitation data from the 33 years

in 2018 compared to the long-term average (328 and 371 mm year−1,
respectively). There were no differences in PAR Z among years, and

period (1985–2019), we calculated a standardized precipitation–

in general, annual mean PAR Z was 350 μmol m−2 s−1 (Figure 2d).

evaporation index on a weekly timescale (SPEI, Vicente-S errano

Annual DZ was on average 35% higher in 2018 compared to 2017

et al., 2010). Environmental data during the 2018 drought are

and 2019 (p < 0.001; Figure 2d).

compared to the long-term averages in Appendix S3. To assess
the effects of drought, weekly SPEI estimates in 2018 were split
into the four standard ranges: severe drought (SPEI ≤ −1.5), mild

3.2 | Whole-tree transpiration

drought (−1.5 > SPEI < −0.5), normal (−0.5 ≥ SPEI < 0.5), and wet
(SPEI ≥ 0.5).

In general, mean whole-tree transpiration (Q, L day−1) including all
monitored trees and across years was lower in 2017 (4.9 L day−1)

2.8 | Statistical analyses

compared to 2018 and 2019 (5.44 and 5.8 L day−1, respectively),
although their difference was only marginally significant (p = 0.05.
Figure 3). Mean whole-tree transpiration was reduced during the

Prior to statistical analyses, all datasets were tested for normal

first severe drought period in 2018 (May 15–June 17), yet quickly

distribution using Shapiro–W ilk test. Data used in most statistical

recovered in response to c. 40 mm of cumulative precipitation at

analyses corresponded to the snow-f ree period (April–O ctober).

the end of the drought period. After normalizing Q for variations

Additionally, for statistical analyses, we omitted data from over-

in DZ (Q DZ), mean daily Q DZ during the snow-free period was sig-

cast days which were days that met any of the following criteria:

nificantly lower (p < 0.0001) in 2018 (13 L day−1) compared to 2017

PAR Z < 30 μmol m−2 s−1, D Z < 0.1 kPa, pp > 1 mm. To assess the

(17.8 L day−1) and 2019 (14.9 L day−1).

|
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SPEI
Normal

(a)

Wet

−1

(d)

PARz

0

400

Dz

(c)

PP < 10

2018

2018

2019

ANOVA
F = 3.69
p < 0.05554

10

15

20

2017

2019

Date

5

4.96

5.44

5.81

0

Mean sap flow (Q, Liters day −1)

800

PP > 10

(b)

S < 0.2

PARz (umol m−2 s−1)

pp (mm w−1)
Saturation (%)
0.4
0.8 −3
20 40 60 0.0

S > 0.2

2017

F I G U R E 3 Weekly average of daily
whole-tree transpiration (Q, L day−1)
during the snow-free period (April–
October). The area inside dotted lines is
the mean average deviation for all the
values within that week. Boxplots on
the right side show the average for each
year (April–October). Overcast days (i.e.,
precipitation greater than 1 mm day−1
and DZ < 0.1 kPa) were omitted from the
analysis

Mild

1

Severe

Dz (kPa)
0.0 0.4 0.8 1.20

F I G U R E 2 Summary of environmental
variables within C2 subcatchment
during the study period; (a) weekly SPEI
drought index, (b) average soil saturation
(S, unitless) in the top 15 cm of the soil
profile, (c) weekly precipitation with
precipitation <10 mm week−1 in red and
precipitation >10 mm week−1 in blue, and
(d) day-length-normalized mean VPD (DZ)
and PAR (PAR Z)
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May

Jul

3.3 | Tree size and species response

SPEI:

Severe

Sept

May

Mild
Jul

Sept

Normal
May

Wet
Jul

Sept

2017

2018

2019

the analysis showed that while not significantly different for pine
nor spruce (p = 0.59; Appendix S4), the reduction in Q DZ of pine

In 2018, Q DZ in both tree species (including all tree sizes) was re-

during severe drought was more pronounced in large compared to

duced by c. 30% during severe drought conditions (33% and 29%,

medium and small trees. Conversely, the opposite was observed

for pine and spruce, respectively, p < 0.0001 for both species) rela-

for spruce and a greater reduction in Q DZ was observed in small

tive to normal drought conditions (i.e., SPEI: −0.5 to 0.5; Figure 4).

spruce trees compared to medium and large trees as shown in

According to our mixed model, Q DZ was significantly different (and

Figure 4.

lower during severe drought) across drought ranges in 2018 and
2019, and by-species analysis showed that spruce was consistently
and significantly lower across years (Appendix S4). The combined
analysis of drought range and tree size (DR + Tree size interaction,

3.4 | Effects of topographic position on
tree response

Appendix S4) showed that in 2018 tree size played a key role in
drought response with both large and small trees of both species

There was a general difference in mean Q DZ (including both spe-

showing a greater response to drought. Further split by species,

cies) by topographic position that was reflected in the significant
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F I G U R E 4 Response of VPD-normalized sap flow (Q DZ, Liters day−1 kPa−1) to different drought severity conditions in 2018: (severe
drought: SPEI <−1.5, mild drought: SPEI ≥ −1.5 and <−0.5, normal: SPEI ≥ −0.5 and <0.5, wet: SPEI ≥ 0.5) among different size trees
(large > 25 DBH; medium = 15 < x > 25 DBH, and small < 15 DBH) Numbers on top of the severe drought bars indicate the respective
percent difference with respect to Q DZ under normal SPEI
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F I G U R E 5 Response of VPD-normalized sap flow (Q DZ, Liters day−1 kPa−1) to different drought severity conditions in 2018 (severe
drought: SPEI < −1.5, mild drought: SPEI ≥ −1.5 and <−0.5, normal: SPEI ≥ −0.5 and <0.5, wet: SPEI ≥ 0.5) among different topographical
locations within the C2 subcatchment (backslope = 285, shoulderslope = 270, and footslope = 260 m a.s.l., approx.). Numbers on top of the
severe drought bars indicate the respective percent difference with respect to Q DZ under normal SPEI
difference observed by our analysis (p < 0.0001, all years, Appendix

Further analysis by species showed that pine had the largest reduc-

S4). Overall, mean Q DZ was greater at shoulderslope (high elevation)

tion in Q DZ in shoulderslope (−45%) compared to backslope and foot-

and lower at backslope (medium elevation). However, the combined

slope (31% and 33%; respectively). In contrast, Q DZ in spruce trees

analysis of drought range and topographic position showed that

was reduced by 45% in footslope, whereas the reductions in Q DZ in

Q DZ was generally lower at all topographic positions during severe

the shoulderslope and backslope were not as great during severe

drought in 2018 (p = 0.002; Appendix S4), as shown in Figure 5.

drought conditions (32% and 30%, respectively; Figure 5).
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carryover effect after a drought period (Ewers et al., 1999). Such carryover effect may include the time required for a recovery of xylem

Although mean annual whole-tree transpiration (Q, L day−1) was

function and improved root–soil contact. Indeed, when a drought

lower in 2018 compared to 2019, this reduction was only marginally

spell in central Sweden was interrupted by precipitation, reductions

significant. Interestingly, mean annual Q was greater in 2018 com-

in mature pine and spruce transpiration was observed (Cienciala

pared to 2017, but the lower mean annual Q of 2017 was the result

et al., 1997). However, in this study, we show that small, infrequent

of a higher number of overcast days. Taken together, these findings

rain events during the most severe drought conditions in 2018 were

led us to reject our first hypothesis that the severe drought in 2018

sufficient to maintain tree transpiration, highlighting the ability of

would result in enhanced drought stress as indicated by reduced tran-

small precipitation and overcast days to reset drought spells.

spiration. Although this finding is in contrast to previous studies that

Higher water demands due to higher leaf area or tree size can in-

have reported reduced transpiration in response to drought in North

fluence the way species respond to drought. In Scandinavian boreal

America (Hogg et al., 2002, 2008), northern Europe (Gartner et al.,

forests, spruce tends to have a higher leaf area compared to pine of

2009), and southern Sweden (Cienciala et al., 1997, 1999; Hasper

a given size, and commonly grows in stands reaching higher leaf area

et al., 2016; Lagergren & Lindroth, 2002), it is consistent with results

index (LAI; Cienciala et al., 1997; Goude et al., 2019). Spruce, however,

showing nearly invariable transpiration in both temperate and boreal

has lower stomatal conductance, as indicated by its lower QDZ (Figures

stands (Oishi et al., 2010; Tor-ngern et al., 2017; Ward et al., 2018).

4 and 5). Furthermore, as previously mentioned, age- or size-related

One possible explanation for why transpiration remains relatively in-

leaf morphology and function, such as reductions in conductance (Lai

variable over large range of annual or growing seasons may be due to

et al., 2000; Schäfer et al., 2000), can compensate for hydraulic risk

the common occurrence of overcast conditions and small frequent rain

potentially associated with higher LAI or conductance. The way in

events that in turn can influence VPD and atmospheric water demand,

which trees are able to access available soil water also plays an im-

which ultimately regulate stomatal conductance as VPD increases. As

portant role in the way different tree species respond to drought and

consequence, normalizing whole-tree transpiration by daily variations

may override previous factors. In boreal forest, rooting depth and the

in DZ (QDZ, L day−1 kPa−1), we found that the 2018 drought resulted in a

ability to use deeper soil water do not play a main role in the way trees

significant reduction in QDZ in 2018 compared to 2017 and 2019, con-

respond to drought because the majority of fine root biomass is found

sistent with reductions in conductance observed in central Sweden

near the soil surface and is drastically reduced below 40 cm, as it was

(Cienciala et al., ,1997, 1999; Lagergren & Lindroth, 2002).

observed at our site and nearby forests (Finér et al., 2007; Helmisaari

In addition to atmospheric conditions, the period of time without

et al., 2007; Persson, 1983; Solly et al., 2018). However, differences

precipitation is also likely to affect how trees respond to drought. In

among species in total root biomass and root density distribution are

2018, there were two severe drought periods (SPEI ≤ −1.5), with the

likely factors that contribute more to species-specific drought re-

first one from May 15 to June 17 and the second period between

sponse. In general, pine has an overall higher fine root biomass and

June 28 and July 22 (Figure 2a). During both drought periods, there

higher fine root density in the top 15 cm of the soil profile compared

were minor precipitation events (max 2.5 mm day−1), whereas the

to spruce (Finér et al., 2007). Additionally, root biomass increases with

end of each drought period was characterized by large rain events

time at a greater rate in pine compared to spruce (Børja et al., 2008;

which recharged the soil water content (Figure 2b). Several studies

Finér et al., 2007). This would result in higher root-to-leaf area ratio

point to a growing risk of tree mortality in northern latitude eco-

for pine, and facilitate water extraction under a given soil moisture

systems as a result of increasing temperatures and extended peri-

(Ewers et al., 2000). Thus, it appears that pine may be better adapted

ods without precipitation (Hogg et al., 2002; Montwé et al., 2016;

to take advantage of the small but frequent rain events during the

Williams et al., 2013; Peng et al., 2011; Price et al., 2013; Soja

two major drought periods in 2018, supporting our second hypothesis

et al., 2007; Way et al., 2013). However, using a long-term dataset

that pine trees are more resilient to drought stress than spruce trees,

(1983–2019), we found that continuous clear sky conditions with

especially in the more water-limited upland locations.

no precipitation are extremely rare at our study site, with <1% of

It is also known that trees of different size respond differently

the periods analyzed comprised of 10 successive days, or longer, of

to drought (Bennett et al., 2015; Pretzsch et al., 2018; Stovall et al.,

clear sky (Appendix S3). While there is no general consensus on how

2019). At a global scale, Bennett et al. (2015) reported that larger

long drought conditions have to persist in order to cause hydraulic

trees are more sensitive to drought, yet later studies show that sen-

failure and plant death, trees regulate water use such that hydraulic

sitivity to drought is independent of tree size (Pretzsch et al., 2018;

failure is avoided while maintaining some photosynthesis. Such reg-

Stovall et al., 2019). However, most of these previous studies have

ulation is strongly driven by species-specific factors such as trees

been conducted in temperate forests below 50°N, where precipi-

behavior along the iso/anisohydric continuum (for topic review see:

tation patterns differ and drought is more clearly defined (Slette

Martínez & Garcia, 2017; McDowell et al., 2008), or size- and age-

et al., 2019). In this study, we observed a nonlinear response of Q to

related changes in leaf morphology and function (Niinemets, 2002).

increase in DZ (Appendix S5), and when Q was normalized for vari-

Regardless of the behaviors, the increase in transpiration following

ations in VPD, Q DZ was lower during severe drought across all tree

drought-breaking precipitation may trigger a delayed response on

sizes (Figure 4), suggesting an ecosystem-level regulation mechanism

available soil moisture and atmospheric conditions, resulting in a

in northern boreal forests during severe drought. Q DZ did not differ
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between the two species (F-Ratio = 0.77, p = 0.59). Our analyses

response in the location to which it is best suited. These findings are

(Appendix S4) show (F-Ratio = 6.63, p < 0.0001) that small and large

consistent with previous studies that have shown the distribution of

pine and spruce trees responded differently to the severe drought

pine and spruce commonly follows species-specific adaptations to

periods in 2018. For pine trees, the reduction in Q DZ during severe

soil type and nutrient concentration patterns according to their ex-

drought periods in 2018 was more pronounced in large compared to

pected age-and size-related stomatal conductance and age-related

medium and small trees, consistent with our hypothesis that larger

CO2 assimilation rates (Martínez & Garcia, 2017; Niinemets, 2002).

trees are more sensitive to drought than smaller trees. In contrast,

Pine tends to establish in dryer and more nutrient-poor locations,

and opposite to our hypothesis, larger spruce trees appeared less

and spruce is more frequently observed in mesic, nutrient-rich sites

sensitive to drought than smaller trees, indicated by a greater reduc-

(Sutinen & Middleton, 2020). Our results suggest that each species

tion Q DZ in small compared to large spruce trees (Figure 4). This may

responded most to the drought in the location for which is best

be partially explained by tree size, water demand, and the relation-

adapted. Thus, these findings provide further evidence on how to-

ship between total tree volume and its sapwood area volume, which

pography may influence the response of boreal trees to drought

can act as a buffer for transpiration during short periods of drought

(Peng et al., 2011), highlighting the need to account for species-

(McCulloh et al., 2014; Meinzer et al., 2003). Age- and tree size-

specific responses to severe drought along small-scale topograph-

related reductions in stomatal conductance and net CO2 assimilation

ical gradients, and suggesting that three-dimensional scale models

rates have been documented in pine and spruce (Niinemets, 2002).

may be needed to estimate biosphere–atmosphere fluxes over such

Overall, lower stomatal conductance and assimilation rates in larger

ecosystems.

and older pine and spruce seem to increase tolerance to higher water
potentials between the soil and the needles under normal environmental conditions (Niinemets, 2002), but it is not well understood if
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this will hold true under environmental conditions associated with
severe drought. At the root level, tree size is also related to root

This study takes advantage of a large network of tree-level meas-

distribution, with larger trees having greater total fine root biomass

urements of transpiration to assess how trees growing in a head-

which in turn may provide better access to soil water when soil mois-

water catchment in northern Sweden responded to the historic

ture in the top soil layers becomes limiting (Canadell et al., 1996;

2018 summer drought. Despite the drought being one of the most

Persson, 1983), yet this needs to be weighed against larger water

severe in northern Europe and the Fennoscandian peninsula dur-

use due to larger leaf area. Given these species-and size-specific ef-

ing the past 250 years, whole-tree transpiration remained largely

fects on whole-tree transpiration in response to drought, changes in

unaffected. Such a finding led us to reject our first hypothesis that

forest stand structure, either through forest management practices

tree transpiration was reduced during the historic 2018 drought.

or natural disturbances (i.e., wildfire, thinning, clearcutting), could

However, the lack of response in whole-tree transpiration may,

lead to unforeseen large cascading effects on the water balance of

in part, be due to the continuous presence of small precipitation

headwater catchments in high-latitude boreal forests.

events, and overcast conditions, and stomatal response to VPD, to-

Topographic position is also often considered a strong driving

gether maintaining a relatively invariant interannual transpiration

variable in how trees respond to drought (Hawthorne & Miniat,

rates regardless of precipitation amounts. After normalizing whole-

2018; Roland et al., 2019), with greater mortality frequently ob-

tree transpiration for mean daily D Z (Q DZ ), thus producing an index

served at higher elevations (i.e., upland locations) as a result of

of mean crown conductance, we observed a significant reduction

greater water limitation (Seibert et al., 2007), caused by the grav-

in Q DZ for both species in 2018 compared to 2017 and 2019, dem-

itational gradient moving water toward the lower parts of the wa-

onstrating that indeed, stomata regulated transpiration against in-

tershed (Fetter, 2001; Hillel, 2004). Results from our study partially

creasing VPD during the 2018 drought. Moreover, the reduction in

supported our third hypothesis that trees growing at higher topo-

Q DZ during severe drought periods of 2018, differed among tree

graphical positions will be more affected by drought. Our results

species, tree size, and topographical positions. The reduction in

showed that there was a difference by topographic position. Both

Q DZ during severe drought periods in 2018 was more pronounced

mean Q and Q DZ were higher in higher topographic positions (shoul-

in large pine trees compared to medium and small trees, which

derslope), compared to lower topographic positions (footslope), and

supports our second hypothesis that larger trees are more sensi-

these patterns were observed in all studied years. Nonetheless,

tive to drought than smaller trees. However, the opposite was ob-

after accounting for the differences by topographic position, it

served for spruce trees where larger trees appeared less sensitive

was observed that Q DZ reductions were species-specific. At higher

to drought compared to smaller trees. Lastly, our results provide

topographical locations, pine showed the greatest reduction in Q DZ

qualified support for our third hypothesis that topography plays an

during the severe drought periods in 2018 (Figure 5), suggesting

important role in how trees respond to drought; the response var-

stronger regulation mechanisms compared to spruce. Conversely,

ied among species, consistent with the sites to which each is best

at lower topographical positions, the greatest reduction in Q DZ

suited. Taken together, our study adds to the limited data available

was observed in spruce trees (Figure 5). A possible explanation for

for assessing how whole-tree transpiration in high-latitude (>50°N)

the opposite responses, is that each species showed the greater

Fennoscandian boreal forests might respond to future climate
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scenarios, and the role of frequently occurring overcast conditions and precipitation on drought response. Furthermore, our
results highlight the importance of accounting for variation in the
responses to summer drought of different species, tree size, and
topographical locations, suggesting increased accuracy if these factors are incorporated, into preferably, watershed models when predicting how these ecosystems will respond to projected increases
in summer drought conditions.
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