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Abstract

Potential land-climate feedbacks in subarctic regions, where rapid warming is driving forest
expansion into the tundra, may be mediated by differences in transpiration of different plant
functional types. Here we assess the environmental controls of overstorey transpiration and
its relevance for ecosystem evapotranspiration in subarctic deciduous woodlands. We
measured  overstorey transpiration of mountain birch canopies and ecosystem
evapotranspiration in two locations in northern Fennoscandia, having dense (Abisko) and
sparse (Kevo) overstories. For Kevo, we also upscale chamber-measured understorey
evapotranspiration from shrubs and lichen using a detailed land cover map. Sub-daily
evaporative fluxes were not affected by soil moisture, and showed similar controls by vapour
pressure deficit and radiation across sites. At the daily timescale, increases in evaporative
demand led to proportionally higher contributions of overstorey transpiration to ecosystem
evapotranspiration. For the entire growing season, the overstorey transpired 33% of
ecosystem evapotranspiration in Abisko and only 16% in Kevo. At this latter site, the
understorey had a higher leaf area index and contributed more to ecosystem
evapotranspiration compared to the overstorey birch canopy. In Abisko, growing season
evapotranspiration was 27% higher than precipitation, consistent with a gradual soil moisture
depletion over the summer. Our results show that overstorey canopy transpiration in subarctic
deciduous woodlands is not the dominant evaporative flux. However, given the observed
environmental sensitivity of evapotranspiration components, the role of deciduous trees in
driving ecosystem evapotranspiration may increase with the predicted increases in tree cover

and evaporative demand across subarctic regions.
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Introduction

Northern high latitudes (boreal and arctic biomes) exert an important influence in global
biosphere-atmosphere interactions involving water, energy and atmospheric composition.
These interactions are globally relevant because of the large extent of these biomes (arctic
tundra and boreal forest cover ca. 1.24-108 km?) and the intense and rapid warming occurring
at northern high latitudes (0.5 K/decade since 1979; IPCC, 2013), which is partly driven by
regional positive feedbacks (Chapin et al., 2000). Warmer temperatures and longer growing
seasons are already inducing poleward and altitudinal treeline migration and shrub expansion
in the tundra zone, which may in turn drive considerable land-atmosphere feedbacks in these
latitudes (Kattsov et al., 2005; Swann, Fung, Levis, Bonan, & Doney, 2010; Zhang et al.,
2013)

Treelines across the subarctic vegetation belt are largely dominated by conifers, although
deciduous broadleaves occupy 18% of the forest area at latitudes above 60° across Eurasia
(Krankina et al., 2010) and can form the tundra-to-forest transition in many subarctic regions
with oceanic influence (Callaghan et al., 2005). The area of deciduous broadleaf woodlands is
increasing throughout the subarctic region (Hofgaard, Temmervik, Rees, & Hanssen, 2013;
Rundqvist et al., 2011; Tammervik et al., 2004; Wang et al., 2019), following a general trend
of iincreasing deciduous vegetation at northern high latitudes (Myers-Smith et al., 2011).
These vegetation changes are predicted to continue in the future (Mekonnen, Riley,
Randerson, Grant, & Rogers, 2019) and may cause substantial land-climate feedbacks
mediated by changes in albedo, in carbon sequestration and in evaporative fluxes (Bonan,
2008; Bonfils et al., 2012). Higher transpiration rates by deciduous broadleaf forests could
lead to stronger evaporative cooling locally (Chapin et al., 2000), although, in a regional
context, the effects of the expansion of deciduous broadleaf trees into the tundra zone can be
more complex and actually enhance Arctic warming (Swann et al., 2010). Moreover,
increased soil moisture uptake by deciduous trees could lead to faster depletion of snowmelt
water during the shoulder season, triggering further hydrological changes (Young-Robertson,
Bolton, Bhatt, Cristébal, & Thoman, 2016). Therefore, a greater understanding of the
magnitudes and controls of evapotranspiration in deciduous woodlands is needed to predict

future changes in land-atmosphere interactions in subarctic forest-tundra ecotones.

Syntheses addressing magnitudes and drivers of ecosystem evapotranspiration (ETeco) at

northern high latitudes show a paucity of data for deciduous broadleaf forests from subarctic
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locations (Brimmer et al., 2011; Kasurinen et al., 2014; McFadden, Eugster, & Chapin 11,
2003). These syntheses show that leaf area index (LAI), meteorological conditions and
physiological regulation by vegetation are the three major factors affecting ETeco in northern
high-latitude ecosystems. In these ecosystems, evapotranspiration is largely driven by vapour
pressure deficit (VPD), radiation and temperature, with soil moisture often playing a minor
role (Beringer, Chapin, Thompson, & McGuire, 2005; Brimmer et al., 2011). In deciduous
forests, growing season duration also affects seasonal evapotranspiration through the
influence on LAI phenology (Brimmer et al., 2012). Deciduous broadleaf forests from
northern high latitudes show higher evapotranspiration rates compared to conifer forests in
the same region (Brimmer et al., 2011; Kasurinen et al., 2014), but they may also display a
stronger stomatal control with increasing VPD (Welp, Randerson, & Liu, 2007). However, to
what extent do these patterns in the drivers of ETeco from northern high-latitude deciduous

forests reflect the transpiration regulation by the main canopy?

The partitioning of ETeco into transpiration and evaporation and the factors controlling this
partitioning are still poorly known (Schlesinger & Jasechko, 2014). Subarctic and northern
boreal woodlands typically show a low LAI of the dominant canopy species, meaning that the
contribution of understorey and soil evaporation to ecosystem evapotranspiration may be
moderate to high (Blanken et al., 2001; lida et al., 2009; Lafleur, 1992), although it will
depend on vegetation structure (Beringer et al., 2005). This substantial contribution of the soil
and understorey to ETeco implies that eddy flux-based estimates of ETeco in these forests may
well represent the mix of physical and biological controls on evaporative fluxes and will only
partially capture the physiological regulation exerted by the main canopy (lkawa et al., 2015;
Kasurinen et al., 2014). Evaporative fluxes of overstorey, understorey and the forest floor
may have contrasting hydroclimatic responses (lida et al., 2009) and a strong seasonal
variation (Blanken et al., 2001). Although several studies have addressed the magnitudes and
drivers of the different components of ETeco in northern boreal and subarctic forests (Blanken
et al., 2001; Grelle, Lundberg, Lindroth, Morén, & Cienciala, 1997; lida et al., 2009; Ikawa et
al., 2015), we are not aware of any study of these characteristics from subarctic deciduous

woodlands.

In this article, we quantify the magnitude and seasonal controls on ETeo and on the
transpiration of the main canopy in two deciduous broadleaf woodlands dominated by
mountain birch (Betula pubescens spp. czerepanovii (Orlova) Hamet- Ahti). This is a

representative species of subarctic woodlands covering 600000 ha throughout northern
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Fennoscandia (Haapanala et al., 2009). The Abisko site (N Sweden) displays a denser birch
woodland compared to the sparser Kevo site (N Finland), which is also slightly colder and
wetter. Therefore, the Abisko woodland would be representative of denser canopies which
are becoming common across the subarctic in response to warming and reduced browsing
(Callaghan et al., 2013). In both sites, we measured ETeco and birch transpiration per leaf area
(Tiear), Which was upscaled to the birch canopy level (Toirch). Our main goals were: (1) to
identify the drivers of ETeco and Tiear, t0 understand the environmental controls between the
two scales (ecosystem vs branch) and at sites, which differed substantially in stand structure
(denser in Abisko, sparser in Kevo); and (2) to investigate how variation in canopy structure
affects growing season values of ETe relative to growing season precipitation and to
quantify the contribution of Thirch t0 ETeco. TO further understand this evapotranspiration
partitioning in subarctic deciduous woodlands, at Kevo we also upscaled evaporative fluxes

from birch and understorey (ETupscated) to explore how this variable compares to ETeco.

2. Methodology
2.1. Study sites

Two mountain birch (Betula pubescens ssp. czerepanovii) forest sites within the northern
Fennoscandia sub-Artic vegetation belt were chosen for this study: Abisko (northern Sweden)
and Kevo (northern Finland). Both sites were located near the mountain birch/tundra ecotone,
where mountain birches are polycormic because of the harsh environmental conditions and
the frequent defoliation by autumn and winter moths (Epirrita autumnata and Operophtera
brumata). At both sites, we measured transpiration of mountain birch branches, ecosystem
evapotranspiration and other environmental drivers during the mountain birch leaf-on period,
hereby abbreviated as ‘growing season’, of 2007 (Abisko, DOY 153-241) and of 2008 (Kevo,
DOY 171-257).

In" Abisko (Figure 1a), measurements were undertaken at a location (68.326°N, 18.833°E,
519 m.a.s.l) ca. 3.2 km south-east of the Abisko Research Station. At the study site, mean
annual temperature is -0.9°C and mean annual precipitation is 335 mm (1980-2010,
temperature corrected assuming a lapse rate of 0.55 °C per 100 m of elevation). The
predominant substrate is coarse glacial till and soils are typically micro-podzols, with no
permafrost present (Hartley, Hopkins, Sommerkorn, & Wookey, 2010). The landscape

presents a relatively complex topography, which results in highly variable forest cover

This article is protected by copyright. All rights reserved.



(Nystrém, Holmgren, & Olsson, 2012) and stand structures (Table 1). Understorey vegetation
is dominated by the dwarf shrubs Empetrum nigrum ssp hermaphroditum, Vaccinium
myrtillus and Vaccinium uliginosum (Hartley et al., 2010; Poyatos, Gornall, Mencuccini,
Huntley, & Baxter, 2012).

In Kevo (Figure 1b), measurements were undertaken at a location (69.492°N, 27.234°E, 260
m.a.s.l.) ca. 40 km south of the Kevo Subartic Research Institute. Climate at the site (1978-
2007, data from the the Kevo Institute station, corrected for lapse rate) is colder and wetter
than in Abisko (-2.4°C and 422 mm mean annual temperature and precipitation, respectively)
and the substrate is composed of gneiss covered by glacial till, and no permafrost is present at
the forest site. Mountain birch forests in Kevo, located upon gentle slopes/ridges and
surrounded by mires in topographically depressed areas, were sparser and showed a more
homogeneous structure compared to Abisko (Table 1). Understorey vegetation showed a
higher LAI compared to Abisko (Table 1); it consisted of E. nigrum below mountain birch
canopies and distinct patches covered by Betula nana L. and Cladonia spp, lichens in the

open areas (Poyatos et al., 2012).

One forest inventory was established in the vicinity of each of the branch bags sites to
quantify stand structure at the plot level (a 10-m circular plot in Abisko and a 30 x 30 m plot
in Kevo). Another set of 30 x 30 m plots was measured in Abisko (N =5) and Kevo (N =7)
to quantify ecosystem-level stand structure and maximum leaf area index, LAlmax (M? leaf m-
2ground). Forest inventory plots were at an average distance from the eddy flux tower of 105
m in Abisko and 450 m in Kevo. Diameters and heights of all stems with diameter at breast
height DBH>12 mm within the plots were measured in 2007 at Abisko and in 2008 at Kevo.
For Abisko, we used published allometric equations predicting leaf biomass from stem basal
area and height (Dahlberg, Berge, Petersson, & Vencatasawmy, 2004) to convert leaf
biomass supported by each stem into leaf area using site-specific leaf mass per area. For
Kevo, we harvested N = 15 stems during the peak growing season in 2008, to measure their
leaf area and we obtained site-specific allometries between stem diameter and leaf area
(Table S1). Understorey LAImax Was obtained from 1 m? vegetation surveys (N = 5) in each of
the sites, following Fletcher et al. (2012).
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2.2. Branch-level transpiration measurements

At both sites, we selected eight mountain birch branches representative of low and mid-
canopy conditions for branch transpiration measurements. Branch transpiration was measured
using a multiplexed branch bag device based on the closed system approach (Rayment &
Jarvis; 1999; Wingate, Seibt, Moncrieff, Jarvis, & Lloyd, 2007). This system measures water
vapour concentration changes within eight 0.11 m? ventilated cuvettes enclosing individual
branches during 7.5 minutes. Branches were measured sequentially, and a measurement cycle
of all eight branches was completed within an hour. During each measurement period, air
temperature, T (°C), relative humidity, RH (%), and photosynthetically active radiation, PAR
(umols photons m? s™), were recorded every 5 seconds by a datalogger. The system also
recorded the value of environmental variables at the beginning of each transpiration
observation (i.e. hourly). The subscript ‘branch’ was used to refer to branch-level
meteorological variables (PARbranch, VPDuranch). Further technical details of the branch bags
system and of the calculation of branch-level transpiration can be found in the Supporting

Information S2.

We quantified branch transpiration on a leaf area basis, Tiear (I m? hour?), by dividing whole-
branch transpiration by the leaf area of the branch within the bag. To account for seasonal
variation in branch leaf area, we periodically counted the number of leaves inside the bags
during the growing season. We then multiplied the leaf counts by an estimation of the
average leaf area obtained from a sample of leaves (N = 10) close to the measured branch,
fitted a nonlinear response as a function of day of year and, if needed, corrected by
differences in leaf size between inside and outside the bags (Poyatos et al., 2012). We
expressed the seasonal variation in leaf area in relative terms between 0 and 1 (minimum and

maximum leaf area, respectively) to use for the upscaling of branch transpiration fluxes.
2.3. Ecosystem evapotranspiration and environmental monitoring

At both sites, half-hourly ecosystem evapotranspiration, ETeco (mm ht), was estimated from
latent heat measurements using the eddy covariance (EC) technique in flux towers located
above the mountain birch canopy (Aubinet, Vesala, & Papale, 2012). The three components
of wind speed were measured with a sonic anemometer (R3, Gill Instruments, Lymington,
UK) and water vapour concentrations were measured by an open-path infrared gas analyser
(LI-7500, LI-COR Biosciences, Lincoln, USA). Raw data were logged at 20 Hz and

processed to 30-minute statistics using FluxView (Centre for Ecology and Hydrology,
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Wallingford, UK) and quality-controlled following standard procedures. These include
correcting sonic data for angle-of-attack (Gash & Dolman, 2003), compensating for the lag
time between sonic and gas analyser, rotating the co-ordinate system (so that the horizontal
wind vector is aligned with the 30-min mean and the vertical component is forced to zero),
correcting sonic temperature for humidity (Schotanus, Nieuwstadt, & De Bruin, 1983),
correcting the fluxes for high- and low- frequency spectral losses and correcting gas fluxes
for density effects (Webb, Pearman, & Leuning, 1980). Quality control involved despiking
and removal of data outside physically reasonable limits, when instruments malfunctioned,
when the windows of the gas analyser were wet or dirty, and during periods of heavy rain.
Filtering of data during low turbulence conditions based on a friction velocity threshold was
not applied. Energy balance closure was within the expected range (Stoy et al., 2013) and did

not differ much across sites (Supplementary Information S3).

Meteorological stations installed at the flux towers measured half-hourly values of
temperature, relative humidity, PAR and precipitation above the birch canopy and we refer to
them using the subscript ‘eco’ (PAReco, VPDeco). Soil volumetric water content in the upper
30 cm of the soil, SWC (cm® cm®), was measured with 1 or 2 frequency domain
reflectometers (CS616, Campbell Scientific, UK) at each site. To account for site-specific
differences in maximum and minimum water-holding capacity, we transformed SWC into
soil moisture deficit (SMD), which ranged from 0 (maximum soil moisture) to 1 (minimum

soil moisture) (Granier & Loustau, 1994).
2.4. Modelling environmental controls of evaporative fluxes

Firstly, Tiear and ETeco data were filtered (PAR > 50 umol photons m? s?) to avoid noisy
vapour concentration data in the branch bags and low turbulence conditions in the case of EC.
For Tieat, the values of the meteorological drivers were measured locally in each individual
branch (VPDuranch, PARbranch) and for ETeco they were measured above the canopy (VPDeco,
PAReco).

All models were fitted using the nlme package (Pinheiro, Bates, DebRoy, Sarkar, & R Core
Team, 2018) in R (R Core Team 2016). Tieat Was modelled using a linear mixed effects model
(Ime), with VVPDuranch, PARbranch and SMD as fixed factors and ETeco Was fitted as a function
0f VPDeco, PAReco and SMD using a generalized least squares model (gls). In view of the
residual distributions after preliminary analyses, we log-transformed the response variables,

Tiear and ETeco, and the explanatory variables, except for the case of PAR in ETeco modelling.
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All models included a first-order autoregressive correlation structure for the residuals,
specifying fractional day of year as a continuous time covariate. We applied model selection
to include those terms which minimised the value of the Akaike Information Criterion (AIC)
while checking that variance inflation factors were below 10 (Zuur, leno, & Elphick, 2010).
Model selection was carried out with models fitted using maximum likelihood, but final
models were fitted using restricted maximum likelihood (Pinheiro & Bates, 2000). Normality,
linearity and homoscedasticity of residuals were visually inspected and temporal
autocorrelation was analysed visually by autocorrelation plots using the acf function in R. We
calculated marginal and conditional R?, the proportion of variance explained by fixed and by

both fixed and random factors, respectively (Nakagawa & Schielzeth, 2013).
2.5. Overstorey contributions to ecosystem evapotranspiration

Before upscaling, evaporative flux data were aggregated at the daily scale, using models
obtained in section 2.4 to gap-fill missing hourly data and fitting daily models when
meteorological data from the measurement systems were missing (Supporting Information
S4). We obtained transpiration of the mountain birch canopy, Toirch (Mm day?), by
multiplying Tiear by the LAI of mountain birch in each stand (Table 1), corrected for seasonal
variation (see section 2.2). The calculation was done using mean and + standard error (SE) of
the LAI values, to propagate the uncertainty of the LAI values at each site into the upscaled

estimates of Thirch.

At both sites we calculated the mountain birch contribution to daily ecosystem
evapotranspiration, Thirch/ETeco (%). We analysed Thircn/ ETeco as a separate linear model of
VPD, PAR (both log-transformed) and SMD, including a factor coding for site (Abisko and
Kevo) which interacted with each of the environmental drivers. Model selection was carried
out based on AIC, as described in section 2.4. We also tested for a possible influence of
interception and subsequent canopy evaporation on Thirch/ ETeco by testing for differences
between dry and wet days, using a gls model as described in the previous paragraph. We
considered wet days as those within 2 days after a precipitation event > 1 mm, assuming all

wet surfaces would have dried up during this period (Knauer, Werner, & Zaehle, 2015).

Growing season values (mm) of precipitation (P), Thirch, ETeco and ETupscaled Were calculated
by aggregating daily values. We also quantified the overall growing season contribution of
Thirch @nd ETupscaled 10 ETeco and expressed growing season evaporative fluxes as a percentage

of growing season precipitation.
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2.6. Upscaling evapotranspiration components in Kevo

In Kevo, measurements of evapotranspiration were available for other ecosystem
components, i.e., understorey shrubs and lichen (Table S3, Figure 1). These
evapotranspiration measurements were representative of small patches and were obtained
with an automated chamber system (Poyatos et al., 2014) operated during the 2008 growing
season, in a forest-mire ecotone ca. 200 m from the flux tower (Figure 1). Hourly
evapotranspiration of 12 tundra plots was calculated similarly to branch bags fluxes
(Supporting Information S5). Because of microclimatic alterations, water vapour sorption in
the tubing system and imperfect chamber sealing the automated chamber system used here
has been reported to underestimates the evaporative fluxes (Cohen et al., 2015). Therefore,
we applied a correction factor of 2.3, obtained in that study, which used a similar device

under comparable environmental conditions (Cohen et al., 2015).

Shrub evapotranspiration (ETshrub) Was estimated as the mean of N = 9 plots (mean LAImax =
SE = 0.77 £ 0.2) with dwarf tundra vegetation (mainly Empetrum hermaphroditum, Calluna
vulgaris and Vaccinium spp.) while lichen evaporation (ETiichen) Was calculated as the mean
of N = 3 lichen heath plots (Poyatos et al., 2014). We then combined evapotranspiration of
the Individual components with the fractional covers (f) of each component within the
footprint of the flux tower. Fractional covers were obtained from aerial photography obtained
in August 2008 and subsequent vegetation classification (Hartley et al., 2015). We used a
dynamic footprint approach (Hartley et al., 2015) to obtain f values which varied with
atmospheric conditions, although results were comparable to those using a simpler, fixed
footprint approach (Figure S4). We calculated ETupscatled (MM day™) as the product of the

time-variable f of each component and its corresponding T or ET value:

ETupscaled i Tbirch + fbirch ' ETshrub + f;hrub ' ETshrub + flichen : ETlichen (1)

Where foirch, fshrun @nd fiichen represent the fractional covers of birch forest, understorey shrubs
and lichen, respectively. This equation assumes that shrubs were also typically present under
the birch canopies (cf. section 2.1) and that components other than birch, shrubs and lichen

(around 5% of fractional cover, Table S3) behave similarly to shrubs.
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3. Results
3.1. Temporal variation of environmental variables and evaporative fluxes

Evaporative demand (Figure 2a-d) was higher in Abisko than in Kevo, as shown by higher
mean growing season values (z standard deviation, SD) of air temperatures (10.5 °C + 3.8
and 9.5 °C = 3.6, respectively), VPDee (0.5 + 0.3 kPa and 0.3 £ 0.2 kPa) and PAReco (407.0 =
170.0 pmol m? st and 260.4 + 130.3 pmol m2 st). Light transmission through the birch
canopy was higher in Kevo: PARbranch/PAReco Was 56% in Kevo compared to 30% in Abisko
(Figure 2a,b). This was associated with the larger difference between VPDpranch and VPDeco
(Figure 2c,d) in Kevo (average VPDbranch - VPDeco = 0.30 kPa) compared to Abisko (average
VPDhuranch - VPDeco = 0.14 kPa). Kevo also received heavier and more frequent precipitation
(Figure 2e,f), resulting in higher total growing season precipitation (167.5 mm) compared to
Abisko (126.6 mm).

Both Tiear @nd ETeco tended to be higher in Abisko than in Kevo, on average 50% higher for
Tieat and 62% higher for ETeco. Their seasonal dynamics were similar and followed the course
of evaporative demand (Figure 2g-j). However, some differences between Tieat and ETeco
during the early growing season (before DOY 160) were apparent for Abisko. The diurnal
cycles of evaporative fluxes and their drivers varied seasonally in both sites (Figure S2, S3),
as expected due to the changing daylight hours at these latitudes. Abisko typically presented

higher ETeco and Tiear €xcept during the late season, when Tiear Was equal for the two sites.
3. 2. Modelling environmental controls of evaporative fluxes

ETeco and Tiear increased with PAR and VPD but the relationship with VPD showed much less
scatter (Figure 3). In general, Tiearand ETeco at @ given value of PAR or VPD were higher for
Abisko. Models of ETecoand Tiear Showed a good predictive ability, with marginal R? values >
0.7 (Table 2,3). Model predictors included a negative interaction between PAR and VPD but
did not include SMD (Table 2,3). The environmental responses of ETeco did not vary across
sites and we only detected site differences for the intercept and the PAR coefficient in the
Tieat model (Table 2,3). In both models, the interaction between VPD and PAR resulted in
complex patterns in the variation of Tiear and ETeco (Figure 4). For example, for Tiear, Steeper
relationships with VPDyranch Were predicted at low PARebranch in both sites. In Abisko, higher

ETeco Was predicted under conditions of high PARec and low VPDeco values (Figure 4).

3. 3. Overstorey and understorey contributions to ecosystem evapotranspiration
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Higher spatial variability of LAI in Abisko (Table 1) translated into a much larger variability
in Thirch, While Toirch Was lower and less variable in Kevo (Figure 5). On average, the daily
contribution of mean Thirch t0 ETeco reached peak values of ca. 65% in Abisko and ca. 30% in
Kevo. However, the highly variable LAI in Abisko (Table 1) resulted in the upper bound of
Thirch/ETeco OCcasionally approaching 100% at this location (Figure 5c¢).

The value of Tyirch/ETeco increased with VPDeco and PAReco (both log-transformed; Table S4,
Figure 6a,b). In both cases, model selection retained the interaction between site and the
environmental variable, but it was not significant for either driver (Table S4). We did not
detect any effect of SMD on Thireh/ETeco (Figure 6¢; Table S4). We did not find any difference
in Thirch/ETeco between dry and wet days (p = 0.27).

The mean growing season contribution of Tpirch t0 ETeco Was relatively low in Abisko (ca.
33%) but it was even lower in Kevo (16%, Table 4). Daily evapotranspiration by understorey
components in Kevo was generally lower compared to Toirch (Figure 5d). For the whole of the

growing season, ETupscaled ONly amounted to ca. 40% of ETeco in Kevo (Table 4).

Daily ETeco Was higher in Abisko (Figure 5a,b), which also showed higher growing season
totals compared to Kevo (Table 4). Remarkably, in Abisko ETeco Was 27% higher than the
precipitation in the same period, while in Kevo the ecosystem returned to the atmosphere
only ca. 59% of precipitation (ETeco/P, Table 4). Nevertheless, the relative role of mountain
birch transpiration in recycling precipitation was much higher in Abisko than in Kevo
(Toiren/P, Table 4).

4. Discussion

4.1. Differences in seasonal and environmental controls on transpiration and

evapotranspiration between sites

Boreal and arctic regions are undergoing very rapid and pronounced climatic warming, which
is expected to modify water and energy fluxes across much of the terrestrial biosphere of
these northern regions. We find that controls of evaporative fluxes by mixed birch-tundra
communities of Northern Fennoscandia largely consist of controls by VPD (which strongly
depends on air and canopy temperature) and by PAR. The relative importance of these effects

depended partly on specific site conditions and the scale (branch versus ecosystem) at which
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they were considered. Predicted increases in air temperature can therefore be expected to

increase the relative contribution of VVPD relative to PAR in controlling evaporative fluxes.

Conversely, we find that the evaporative fluxes are not affected by temporal changes in soil
moisture, " suggesting that water supply is currently not a major limiting factor to
evapotranspiration. Thus, there were no edaphic drought stress effects in Tiear regulation by
mountain birch, confirming results observed for other birch species (Gartner, Nadezhdina,
Englisch, Cermak, & Leitgeb, 2009; Yan et al., 2018). Our results at the ecosystem level are
consistent with field studies in forest-tundra systems (Beringer et al., 2005) and with a recent
data synthesis, where no effect of soil moisture was reported for evapotranspiration at high
latitudes (Kasurinen et al., 2014). Nevertheless, evaporative fluxes in boreal forests in more
continental climates, with higher evaporative demands, may be influenced by soil moisture
(Ohta et al., 2008).

At the seasonal time scale, fluxes were primarily controlled by LAI dynamics at both sites
(cf. Poyatos et al., 2012). Seasonal courses of Tiear and ETeco mirrored each other, except
during the start of the growing season in Abisko, when the discrepancy between Tieat and
ETeco may have been caused by combined errors in the quantification of low fluxes and leaf
area during early leaf development. Alternatively, this temporal mismatch between Tiear and
ETeco may have been driven by substantial evaporation from moist soils after snowmelt
and/or spatial variability in the phenology of greening up between the measured branches and

the rest of the forest.

Both Tiear and ETeco Were higher in Abisko than in Kevo because of the generally higher
evaporative demand in Abisko (Figure 2). Environmental controls on Tiear Were very similar
across sites. The only significant difference in the response of Tiear to PAR may be due to
differences in stand structure at the plot level (Table 1). The responses of evaporative fluxes
to PAR and VPD differed between the two sites more clearly for Tiear than for ETeco,
suggesting a higher sensitivity to VPD of the birch canopy compared to other ecosystem
components (see also section 4.2). The negative interaction between VPD and PAR produced
complex response surfaces of evaporative fluxes to environmental conditions. Model
responses during conditions of high evaporative demand were reasonable, apart from those
by ETeco at Abisko, where the model showed a decrease of ETeco With VPD at high PAR. The

more extreme responses were found for unrealistic combinations of environmental
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conditions, which are not usually found in the field. (i.e. high VPD and low PAR), and when

the model’s predictions of the interaction effects are less reliable.

4.2. Contribution of mountain birch transpiration to ecosystem evapotranspiration across

sites and environmental conditions

The mean daily contribution of birch transpiration to ecosystem evapotranspiration (i.e.
Toiren/ETeco) Was much higher in Abisko than in Kevo. In Abisko, the higher variability in
LAI at the landscape level propagates to a larger range of Thirch/ETeco Values compared to
Kevo. When explaining seasonal variability in Toirch/ETeco, We found that Toircn/ETeco Strongly
depended on VPD and PAR, with Thirch/ETeco Saturating at high VPD, but this environmental
control on Thireh/ETeco Was stronger in Abisko. Therefore, our results show an increased
relative role of mountain birch in controlling ecosystem evapotranspiration as evaporative
demand increases, especially in denser forests, in contrast with studies on waterlogged
peatlands where understorey contribution increases with VPD (lkawa et al., 2015). In our
sites, mountain birch roots possibly access soil moisture at greater depths (Hunziker,
Sigurdsson, Halldorsson, Schwanghart, & Kuhn, 2014), supplying water to meet the

increasing evaporative demand and causing the increase in Thirch/ETeco.

At the growing season level, birch transpiration contributed ca. 33% of total ecosystem
evapotranspiration in Abisko but the contribution was only ca. 16% in Kevo (Table 4). These
differences were attributable not only to a higher birch LAI in Abisko (Table 1), but also to
the higher Tiear Values at this site (Figure 2). Lower Thirch/ETeco Values in Kevo could also
result from a disproportionately higher contribution from the understorey in a sparser
woodland (i.e. higher below-canopy incident radiation compared to Abisko). The values of of
Thirch/ETeco at the two sites are consistent with the generally low contribution of overstorey to
total evapotranspiration in subarctic and northern boreal forests (lida et al., 2009; Ikawa et al.,
2015; Kelliher et al., 1997; Lafleur, 1992; Warren et al., 2019). However, in Kevo, our
estimates of upscaled evapotranspiration from individual ecosystem components (i.e.
mountain birch, understorey shrubs and lichen heath) yielded growing season values, which
were still far from total ecosystem evapotranspiration measured by eddy covariance (Table 4,
cf. section 4.3). In the following section, we discuss potential methodological artefacts and

unmeasured processes that could explain this discrepancy.
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4.3. Methodological considerations

This study jointly analyses a multi-scale dataset of evaporative fluxes from subarctic forest
communities. Comparing evaporative fluxes across scales is hindered by the numerous
potential “errors associated with measurement techniques and upscaling procedures.
Transpiration measurements from closed chambers could have been affected by radiation-
driven overheating (Poyatos et al., 2012), by raising VPDupranch above VPDeco and causing an
overestimation of Tiear. However, the relatively low values of Thirch and ETupscated, bOth based
on closed chamber measurements, do not suggest that the conclusions of this study could

have been affected by this artefact.

The upscaling procedure also has a number of potential limitations that warrant
consideration. Due to the sparseness of the forest in Kevo (i.e. little shading effects on
understorey vegetation), we assumed that the magnitude and regulation of understorey
evapotranspiration was similar to that shown by patches with similar composition in the
forest-tundra transition (Poyatos et al., 2014). However, LAI of the patches measured with
automated chambers in the forest-mire transition (see section 2.5) was ca. 50% of the LAI
actually measured in survey plots located within the forest (Table 1). Rescaling the
understorey fluxes according to this understorey LAI, evapotranspiration from understorey
components at the ecosystem level would be amount to 23.6 mm, an evaporative flux 55%
larger than Tuircn. Scaling-up evapotranspiration estimated from canopy and understorey
components, accounting for their land cover fractions and applying the LAI correction
outlined above to understorey measurements would increase growing season ETypscaled Values
to 44.4 mm, or ca. 45% of ETeco.

4.4. Differences in growing season water balance across sites

Even accounting for this likely underestimation of ETshruo and ETiichen, there is still a fraction
of ETeco that cannot be explained by upscaled gas exchange measurements from individual
ecosystem components. Taking into account that Tpiren Obtained from branch-bag
measurements excludes evaporation of intercepted water, we showed that Tpirch/ETeco dO€S not
vary between dry and wet days. This may suggest that evaporation of intercepted water may
not be captured by eddy covariance measurements, otherwise Tpirch/ETeco Would have been
lower on wet days than dry days. Potentially high evaporation rates after precipitation may be
partially missed from ETeco and ETupscaled, because data from open-path gas analysers are

removed when the sensor windows are wet and subsequent gap-filling would not account for
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the missed evaporation of intercepted water (Oishi, Oren, & Stoy, 2008). Combined
interception by overstorey canopies and mosses in northern boreal forests may amount up to
40% of bulk precipitation (Price, Dunham, Carleton, & Band, 1997), and we are not currently

accounting for this substantial contribution.

We found stark differences between sites in the percentage of precipitation returned to the
atmosphere as evapotranspiration; the mountain birch woodland in Abisko evaporated more
water than it received during the growing season, as observed in other deciduous boreal
forests (Blanken et al., 2001; Kelliher et al., 1997). In contrast, Kevo showed a substantial
water surplus (Table 4). Our measurements did not include the snowmelt period, but these
sites can reach snowpack depths of > 1 m (data for Kevo, 2009) and tree water uptake during
this period, especially from deciduous species, can progressively deplete soil water sources
(Young-Robertson et al., 2016). This decline in soil water content after snowmelt is very
clear in the seasonal course of SMD measured in Abisko in 2008 and 2009 (outside our
measurement period in Abisko, Fig S5). Therefore, these differences in the role of the
mountain birch canopy between Abisko and Kevo, mediated by their different stand structure,
can illustrate the potential changes in the hydrological regime that can result from the

expansion and densification of subarctic deciduous woodlands.
4.5. Concluding remarks

We have shown that the dominant mountain birch canopy plays only a partial role in driving
ecosystem evapotranspiration in both subarctic sites, and this may be a general feature of
low-LAIl subarctic and northern boreal forests (Saugier, Granier, Pontailler, Dufrene, &
Baldocchi, 1997). Our results also show that both increased woodland cover and increased
woodland density under climate change conditions (Rundqvist et al., 2011) will result in
larger controls of the water fluxes by the canopies of deciduous trees as opposed to the
understorey vegetation. However, our upscaling exercise also shows that adequately
accounting for understorey components (and transpiration vs evaporation processes; Stoy et
al., 2019) may be necessary to constrain future hydrological changes in these areas. The
highly variable and patchy nature of subarctic vegetation may require flux upscaling
approaches considering spatial variation not only of land cover (Hartley et al., 2015), but also
of LAI (Stoy et al., 2013).

In the longer term, shifts towards deciduous-dominated communities in subarctic regions and

an increased land cover by forest as opposed to tundra are expected to induce large hydro-
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climatic effects. These effects are expected to be mediated by higher transpiration rates,
inducing complex land-climate feedbacks (Bonfils et al., 2012; Swann et al., 2010), which
need to be considered together with carbon- and energy-related feedbacks (Wit et al., 2014).
Overall, combining several flux datasets and land cover information we provide, for the
poorly studied subarctic deciduous woodlands, highly valuable results that will help to

calibrate and validate evapotranspiration processes in ecosystem models.
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Table 1. Stand characteristics of mountain birch forests in Abisko and Kevo. Values labelled

as ‘Site’ represent the site mean (+SE) of all inventory plots in Abisko (N=6) and Kevo

(N=8). Values labelled as ‘BB’ are the values of the plots in the vicinity of the branch bags

measuring sites. Tree density refers to polycormic individuals, with multiple stems per tree.

Tree Stems Basal area DBH Height  Overstorey  Understorey
density  pertree  (m?ha?) (mm) (m) L Almax LAlmax
(trees ha™) (m?> m?) (m?> m?)

Abisko

Site 1260+80 3.7+02 65+02 369+10 39+02 12+%0.3 1.0+£0.2

BB 1146 4.4 6.7 35.7 - 1.8 -
Kevo

Site 876+85 33+02 38+04 37.2+20 38%x00 07x01 1.5+£0.1

BB 833 3.8 3.0 30.6 3.8 0.6 -
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Table 2. Summary statistics of the linear mixed model of log-transformed Tiear as a function
of environmental variables (VPDbpranch, PARbranch and SMD) for Abisko and Kevo. Asterisks
denote significant differences from zero ("p<0.05, “p<0.01, "“p<0.001). Statistical
differences in model coefficients (p < 0.05) between Abisko and Kevo were marked in bold.
SD: Standard deviation. Interactions between variables are denoted by colon ( : ) and

variables not included after model selection are denoted by ‘n.i’.

Abisko Kevo

Fixed effects

Intercept -2.98 +0.09" -4.00 £ 0.07™
|Og(VPDbranch) 1.26 + 0.01*** 1.27 + 0.01***
PARbranch 4.1-10%+0.4-10%™ 7.5-10%+0.4.10%™
log(VPDuranch): PARprancn ~ -8.4-10* + 0.5-10%™ -9.4-10% + 0.4-10%™
SMD n.i. n.i.
Random effects (branch)

SD (Intercept) 0.26 0.20
Residual error 0.40 0.48
Correlation structure (¢ ) 4.40-10°% 7.23-107

) .
R mgroinal 0.78 (0.84) 0.77 (0.80)

(R? conditional)
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Table 3. Summary statistics of the generalised least squares model of ETeco as a function of

environmental variables (VPDewo, PAReco and SMD) for Abisko and Kevo. Asterisks denote

significant differences from zero ("p<0.05, “p<0.01,

*k*k

p<0.001). No significant differences

(p < 0.05) were found between model coefficients between Abisko and Kevo. Interactions

between variables are denoted by colon ( : ) and variables not included after model selection

are denoted by ‘n.i’.

Abisko Kevo
Intercept -4.93 +0.38" -4.84 +0.407
log(VPD) 2.58 +0.30™" 213 +0.27"
|Og(PAReco) 0.47 + 0.06*** 0.47 + 0.06***
log(VPDeco): 10g(PARcco) -0.39 £0.05™ -0.26 % 0.05™
SMD n.i. n.i.
Correlation structure (¢ ) 8.23-10°° 1.84-10?
R? marginal 0.71 0.69
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Table 4. Growing season values of precipitation (P), birch transpiration (Tbircn) and
ecosystem evapotranspiration (ETeco) in Abisko and Kevo. Percentage of evaporative fluxes
as a fraction of ETeco and P are also shown for growing season values. Values with an

uncertainty measure represent means + standard error.

Abisko Kevo
Tbirch. (MmM) 52.5+13.0 152+15
ETeco (Mm) 160.5 98.5
E Tupscaled (MmM) - 39.4+15
Thirch / ETeco (%) 32.7+8.1 155+15
Thireh / P (%) 41.4+10.2 9.1+£0.9
ETeco /P (%) 126.6 58.8
ETupscaled / ETeco (%) - 40.0+£15
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Figure 1. Study sites at Abisko (a) and Kevo (b), showing the locations of the branch bags
sy"si_ems, tHAe eddy flux towers and the understorey automated chambers at Kevo. Panel (a)
shows the aerial photography obtained in Abisko and (b) shows the land classification at
Ke;/o obtained from aerial photography (cf. Hartley et al., 2015). Birch : mountain birch
woodland:; ‘- Understorey: low- and dwarf-shrubs; Lichen: lichen heath; Mire: organic
‘hummocks and interhummocks with shrubs and Spahgnum; Water: open water; Lawns:

gr:{minoid lawns; Board: boardwalks; Other: other land cover.
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Figure 2. Seasonal course of environmental variables and evaporative fluxes (daily means) in
Abisko and Kevo. Environmental variables include photosynthetically active radiation (a-b,
PAR), vapour pressure deficit (c-d, VPD) and rainfall (e, f). Environmental variables were
measured at the ecosystem (black lines) and at the branch level (red lines). Mountain birch
transpiration per unit leaf area (g-h, Tear) and ecosystem evapotranspiration (i-j, ETeco) are

also shown. Standard error is shown as shaded grey.
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Figure 3. Sub-daily responses of ecosystem evapotranspiration (ETeco) and mountain birch
transpiration per unit leaf area (Tear) to PAR (panels a,c) and VPD (panels b,d), measured at

the corresponding ecological scale (i.e. ‘branch’ for Tieat and ‘eco’ for ETeco) in Abisko (red)

and Kevo (blue).
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Figure 4. Response surfaces of modelled Tiear (panels a, b) and ETeco (panels c, d) as a
function of VPD and PAR, in Abisko (panels a, ¢) and Kevo (panels b, d). Please note the

different scales in the VPD axes in panels a and b compared to panels ¢ and d.
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Figure 5. Seasonal course of daily ecosystem evapotranspiration (ETeco, black lines) and
upscaled birch transpiration (Toirch, grey lines), for Abisko (a) and Kevo (b). The shaded
regions in panels a and b depict upscaled Tpirch Using mean+SE values of LAI (Table 1). Daily
percentage of Thirch/ETeco for Abisko (c) and Kevo (d). Panel (f) shows evapotranspiration
components and their upscaled values for Kevo only: ETeco (black line), Tuirch (grey line),

ETshrub (purple line), ETiichen (green line), ETupscaled (asterisk).
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Figure 6. Variation of daily Thirch/ ETeco in response to VPDeeo (2), PAReco (b) and SMD (c),

for Abisko (red) and Kevo (blue). Models summary are shown in Table S3. Significant

interaction between site and environmental value is shown in solid line and no-significant

interaction in dashed line.
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