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A B S T R A C T

Forest-floor evapotranspiration (ETff) is a major pathway for water loss in terrestrial ecosystems, often ac-
counting for more than half of ecosystem evapotranspiration. However, our understanding of the environmental 
and stand structural controls on the spatio-temporal dynamics of ETff across the managed boreal forest landscape 
remains limited. In this study, we conducted chamber-based flux measurements of ETff and its components, i.e., 
soil evaporation (Es) and forest-floor understory transpiration (Tu), on natural and vegetation removal plots 
across 50 diverse forest stands (ranging 5–211 years old) in Northern Sweden over two contrasting growing 
seasons. We found manifold variations in the growing season means of ETff, Es, and Tu, ranging from 0.008 to 
0.048 mm h− 1, 0.004 to 0.034 mm h− 1, and 0.002 to 0.030 mm h− 1, respectively, across the 50 forest stands. The 
contribution of Es and Tu to ETff ranged from 19 to 83 % and 38 to 85 %, respectively, with the average Es:Tu ratio 
shifting from 0.84 in 2017 to 0.63 during 2018, the latter experiencing an exceptional summer drought. Seasonal 
variations in ETff and its component fluxes were mainly controlled by below-canopy air temperature, while 
radiation was the main driver of their spatial variations across the forest stands. At the landscape-level, stand age 
was the dominant control of ETff by modifying overstory tree characteristics such as biomass and leaf area index. 
In contrast, neither tree species nor soil type had any effect on ETff or Tu. However, Es was higher in sediment 
compared to till soils. Thus, our results suggest that environmental and stand structural factors jointly control the 
spatio-temporal dynamics of ETff across the managed boreal forest landscape. Our study furthermore highlights 
the need for an in-depth understanding of ETff and its components when assessing the water cycle feedbacks of 
the boreal forest to changes in forest management and climate.

1. Introduction

The boreal biome accounts for approximately 10–15 % of the global 
land area (Baldocchi and Vogel, 1996; Pan et al., 2011). The boreal 
forest is among the most vulnerable regions to climate change, with the 
potential for significant impacts on their water cycle (Liu et al., 2019; 
Helbig et al., 2020; Wang et al., 2021). Evapotranspiration (ET) is 
usually the main water loss in boreal forests, accounting for about 85 % 
of precipitation during the growing season (Kozii et al., 2020; Laudon 
et al., 2021). ET is composed of canopy interception, tree transpiration, 
and forest-floor evapotranspiration, but most studies in boreal forests 
only focus on exploring the dynamics and controls on tree transpiration 

(Barker et al., 2009; Chen et al., 2011; Gutierrez Lopez et al., 2021) 
and/or whole-ecosystem ET (McLaren et al., 2008; Kotani et al., 2014; 
Liu et al., 2020a; Jin et al., 2023; Hao et al., 2023). In comparison, there 
is limited information available on the role of forest-floor evapotrans-
piration (ETff) and its two main components, i.e., soil evaporation (Es) 
and transpiration from the forest-floor understory vegetation (Tu). 
Hence, it is crucial to improve our understanding of the spatio-temporal 
dynamics of ETff and its environmental controls to better predict boreal 
forest water cycle-climate feedbacks.

In the boreal biome, forest canopies are relatively sparse, resulting in 
enhanced forest-floor understory development, which contributes 
significantly to the ecosystem water and carbon exchanges (Barker et al., 
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2009; Kozii et al., 2020; Chi et al., 2021; Peichl et al., 2023a). Based on 
previous site-level studies, ETff in boreal forests may account for 8 % to 
65 % of whole-ecosystem ET (Iida et al., 2009; Benyon and Doody, 
2015). The spatio-temporal variability of ETff may be controlled by a 
range of below-canopy environmental factors, including solar radiation, 
air temperature, soil temperature, vapor pressure deficit, and soil water 
content. These factors interact with biological processes and properties 
inherent to vegetation, such as leaf area index and stomatal conductance 
(Kelliher et al., 1990; Zha et al., 2013; Numata et al., 2021). Further-
more, it is important to note that evaporation and transpiration are 
modulated by different sets of factors (Penman, 1963; Bosch et al., 2014; 
Zhang et al., 2017). Specifically, soil evaporation is a physical process 
primarily controlled by abiotic factors such as radiation energy, vapor 
pressure deficit, water availability in the topsoil, and the shading effects 
of the vegetation canopy (Penman and Keen, 1948; Magliano et al., 
2017; Zhang et al., 2017). In contrast, plant transpiration operates 
within the soil-plant-atmosphere continuum and is regulated by both 
abiotic and biotic factors, including soil moisture accessible to plants in 
the root zone, vapor pressure deficit, leaf area index, and the physio-
logical control of leaf stomata (Seemann et al., 1979; Shuttleworth, 
1993; Iqbal et al., 2021; Chen et al., 2023a). Despite this 
well-established fundamental understanding, there is currently a lack of 
detailed knowledge on how the network of controlling factors is 
modulated across a heterogeneous boreal forest landscape.

Key forest stand attributes, including edaphic (i.e., soil type) and 
structural (i.e., tree species and stand age) properties, vary across the 
managed boreal forest landscape (Martínez-García et al., 2022; Peichl 
et al., 2023b), and thus have the potential to affect the spatial variability 
of ETff. For instance, ETff is commonly found to decrease with increasing 
tree canopy cover or leaf area index across different ecosystems or bi-
omes (Iida et al., 2009). Canopy structural changes may also affect the 
microclimate at the forest-floor interface through canopy shading effects 
on soil moisture, temperature, and radiation levels (Monteith, 1990; 
Marques et al., 2020; Liu et al., 2022). Furthermore, different tree spe-
cies have specific leaf area index and root water uptake characteristics, 
thereby altering ETff (Gao et al., 2022; Lyu et al., 2022; Chen et al., 
2023b). Stand age may affect ETff, by influencing forest structure and 
microclimate conditions (Iida et al., 2009). Specifically, as forest stands 
age, increased canopy density and leaf area index result in reduced light 
penetration and below-canopy temperatures. Additionally, tree roots 
compete with forest-floor understory plants for soil water, which may 
affect both Es and Tu.

Sediment and till soils exhibit distinct hydrologic properties that may 
affect ETff (Niu and Liu, 2022). Additionally, forest management activ-
ities (e.g., fertilization, thinning, drainage, and site preparation) affect 
species composition, canopy vertical structure, and soil properties, 
which may lead to increased spatial heterogeneity in ETff across the 
managed boreal forest landscape (Iida et al., 2009; Balandier et al., 
2022; Kassuelke et al., 2022). The biophysical regulatory mechanisms, 
combined with the changing forest stand attributes throughout the 
heterogeneous landscape, result in remarkable temporal (at both sea-
sonal and inter-annual scales) and spatial variations in ETff and its 
components (Kelliher et al., 1997; Baldocchi et al., 1997; Ohta et al., 
2001; Hamada et al., 2004). Therefore, it is crucial to have a compre-
hensive understanding of the separate factors that control Es and Tu, in 
order to reconcile how landscape properties, climate, and forest man-
agement in concert regulate ETff across the managed boreal forest 
landscape.

More frequent drought events are expected to be a significant global 
change factor that likely will modify ETff dynamics in the future 
(Constantin et al., 1999; Hamada et al., 2004; Yang et al., 2020). 
However, the consequences of drought have remained elusive due to its 
dual impact (Williams et al., 2013). Specifically, moderate increases in 
air temperature and vapor pressure deficit may lead to increased ETff 
(Iida et al., 2009). However, reduced soil water content and stomatal 
conductance beyond certain thresholds may eventually decrease both Es 

and Tu (Lafleur and Rouse, 1988; Liu et al., 2020b; Sabater et al., 2020). 
Furthermore, previous studies have reported that ETff may decrease 
during hydrological droughts (characterized by low soil water content), 
while it may increase during atmospheric droughts (marked by high 
vapor pressure deficit) (Iida et al., 2009). Therefore, improved knowl-
edge is warranted to elucidate the impact of drought on boreal forest 
ETff.

In this study, chamber-based flux measurements were conducted to 
estimate ETff, Es, and Tu in 50 forest stands across a managed boreal 
forest landscape located in northern Sweden over two growing seasons. 
These forest stands differed in soil type (sediment vs. till), dominant tree 
species (pine vs. spruce), and stand age (5–211 years). The objectives of 
this study were to: (1) investigate the magnitudes and variations of ETff, 
Es, and Tu across a managed boreal forest landscape, (2) examine their 
sensitivity to forest stand attributes including edaphic (soil type) and 
structural (tree species and stand age) properties, and (3) determine the 
key biotic and abiotic factors regulating their spatio-temporal variability 
at the landscape-scale.

2. Materials and methods

2.1. Site description

The study was conducted within the Krycklan Catchment Study 
(KCS, Laudon et al., 2021), a long-term monitored catchment spanning 
68 km2 and located ca. 70 km northwest of Umeå (Sweden, 64◦14′N, 
19◦46′E; Fig. 1). The climate is cold temperate humid with a 30-year 
(1991–2020) mean annual air temperature and total precipitation of 
2.4 ± 0.3◦C and 638 ± 40 mm, respectively. The terrain is gently un-
dulating and spans elevations from 138 m a.s.l. at the catchment outlet 
in the southeastern part of the KCS to 339 m a.s.l. in the northwest. The 
forest stands include predominantly Scots pine (Pinus sylvestris L., 63 %) 
and Norway spruce (Picea abies (L.) H. Karst., 26 %) mixed with decid-
uous trees (mainly Betula spp., with minor contribution of Alnus incana 
(L.) Moench., and Populus tremula L., 11 %). The forest-floor understory 
layer consists mainly of ericaceous shrubs such as bilberry (Vaccinium 
myrtillus L.) and lingonberry (Vaccinium vitis-idaea L.) on moss mats of 
Hylocomium splendens (Hedw.) Br. Eur. and Pleurozium schreberi (Brid.) 
Mitt. Most of the forested area is managed by conventional clear-cut 
rotation forestry, i.e., with mainly even-aged stands which are mostly 
artificially regenerated and thinned.

We selected 50 forest stands spanning 5 to 211 years-old (average 
age of 73 ± 43 years) by stratification from a nominal regular grid (350 
m × 350 m) of 556 permanent forest inventory plots located over the 
entire catchment (Fig. 1). Within each selected forest stand, the sample 
plot (10 m radius) belonging to the KCS plot-network was used for 
biometric- and chamber-based flux measurements. These forest stands 
were grouped into five age classes including initiation (n = 8), young (n 
= 9), middle-aged (n = 13), mature (n = 14), and old (n = 6), which 
ranged from 5 to 27, 31 to 58, 61 to 78, 80 to 105, and 131 to 211 years 
old, respectively. Additionally, each stand was classified according to 
soil type (sediment and till, n = 15 and 35, respectively) and dominant 
tree species (pine and spruce, n = 28 and 22, respectively). Key stand 
properties were determined for each forest stand based on biometric 
measurements, including tree aboveground biomass, understory 
aboveground biomass, understory belowground biomass, and leaf area 
index at peak growing season. See Table 1 for details on forest stands 
characteristics. The details on respective methods and data processing 
were previously described by Martínez-García et al. (2022).

2.2. Measurements of ETff and environmental variables

We established a split-plot design trenching experiment in late 
summer 2015 in each of the 50 forest stands, which was located 5 m 
outside from the boundary of the 10-m radius forest inventory plot to 
avoid disturbance from trampling and root trenching. This set up 
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included two adjacent plots (1 m2), designated as natural (vegetated) 
and vegetation removal (non-vegetated) plots to quantify ETff and Es, 
respectively. The natural plot was selected to include a forest-floor un-
derstory vegetation cover and species composition representative of the 
10-m radius forest inventory plot. It is important to note that the un-
derstory refers to the vegetation growing on the forest floor (i.e., lichens, 
herbs, mosses, and dwarf shrubs), but not understory trees. The vege-
tation removal plot was located within a few meters of the natural plot, 
and we further observed no significant effects of vegetation removal on 
soil volumetric water content at a 5 cm depth and soil temperature at a 
10 cm depth, e.g., through reduced root water uptake, shading, and 
interception (Fig. S1).

Subsequently, Tu was estimated as the difference between ETff and 
Es. It should be noted that the difference between ETff and Es also in-
cludes the evaporation of intercepted precipitation from the forest-floor 

understory (Eu). However, since H2O flux measurements were carried 
out during generally drier midday hours and not during rainy days, the 
contribution of Eu was likely minor and the difference between ETff and 
Es was therefore considered to represent Tu in our study.

In the center of each natural and vegetation removal plots, one 
square chamber base frame (aluminium, 0.2025 m2 area, 0.05 m height) 
was embedded 1–2 cm into the soil surface to facilitate H2O flux mea-
surements. H2O fluxes were determined using a custom-made closed 
steady-state chamber (45 × 45 cm width, 20 cm height, 5 mm thick 
transparent acrylic Plexiglas® with 8 % light attenuation). The chamber 
dimensions were sufficient to contain the forest-floor understory vege-
tation typically found in the study plots. The chamber was connected to 
a portable infrared gas analyser (LGR-GGA-24EP, Los Gatos Research 
Inc., San Jose, CA, USA; GasScouterTM G4301, Picarro, Santa Clara, CA, 
USA) in a closed sampling loop to determine changes in the H2O 

Fig. 1. Location map of the Krycklan Catchment Study (KCS) in northern Sweden. Detailed map displays the outline of the KCS, selected forest stands (triangles), 
KCS’ network of permanent forest inventory plots (dots), ICOS-Svartberget (Integrated Carbon Observation System) Atmosphere-Ecosystem station (green dot) along 
with the light detection and ranging (LiDAR) derived estimates of aboveground biomass (data obtained from the Swedish University of Agricultural Sciences and 
Swedish Forest Agency). Lakes and streams within the KCS are also shown.

Table 1 
Forest stand characteristics according to key forest stand attributes. Soil type: sediment (S) and Till (T), Tree species: Scots pine (SP) and Norway spruce (NS), Stand 
age: Initiation (I), Young (Y), Middle-aged (Ma), Mature (M), and Old (O). Td: tree density (trees ha− 1), BA: basal area (m2 ha− 1), Ht: total tree height (m), Bt: total tree 
biomass (Mg ha− 1), Bu: total understory biomass (Mg ha− 1). Values represent the 2-year (2017− 2018) mean with standard deviation in brackets.

Soil type Tree species Stand age

Component S T SP NS I Y Ma M O

Td 928 1134 1080 1064 1045 1148 973 979 1423
(292) (627) (576) (537) (378) (505) (544) (427) (891)

BA 17.4 22.3 19.6 22.5 3.7 17.6 20.5 26.8 35.5
(11.4) (10.7) (11) (11.2) (3.2) (6.7) (5.9) (7.6) (6.2)

Ht 14.7 16.9 15.5 17.2 5.09 15.3 17.1 20.1 21.5
(6.3) (5.5) (5.9) (5.5) (2.69) (1.8) (1.9) (1.9) (4.0)

Bt 102.7 140.0 111.6 150.8 12.3 93.8 123.3 174.4 242.4
(82.0) (81.0) (91.5) (19.5) (9.5) (42.2) (36.5) (56.8) (78.3)

Bu 6.9 6.2 7.3 5.4 9.2 6.2 6.7 5.6 4.4
(1.9) (2.8) (2.3) (2.6) (1.5) (1.9) (2.6) (2.2) (2.3)
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concentration within the chamber headspace during chamber place-
ment. Between measurements, the sample tubing was dried by flushing 
with ambient air until the H2O concentration returned to its original 
ambient baseline values. ETff was measured with a transparent chamber 
under ambient daylight conditions, whereas the chamber was covered 
with an opaque tarp during the measurement of Es. The latter was done 
since soil carbon dioxide fluxes were measured simultaneously for 
another study (Martínez-García et al., 2022), with the assumption that 
the absence of light does not affect Es.

H2O fluxes were measured monthly at each forest stand from May to 
October during 2017− 2018. Within each monthly sampling, 5–7 forest 
stands were measured per day between 8:00− 16:00h over the course of 
7–9 days. A random order among the 50 forest stands was applied in 
each H2O sampling to prevent diurnal effects. The measurement was 
conducted over a short period of 90–120 s on each frame to limit fluc-
tuations in air pressure and temperature changes within the chamber. A 
period of at least two minutes was allocated for venting between mea-
surements to allowed for the equalization of the H2O concentration and 
air pressure inside with that outside the chamber.

During each H2O flux measurement, below-canopy air temperature 
was determined using a handheld digital thermometer (M514B, Sunar-
tis, Mingle Instruments GmbH Europe, North Rhine-Westphalia, Ger-
many), while below-canopy photosynthetic photon flux density was 
manually measured at each forest stand with a quantum sensor (QSO-S, 
Apogee Instruments Inc., Logan, UT, USA). It should be noted that net 
radiation is commonly considered as the key control of ET, as evidenced 
by its inclusion in the Penman-Monteith model (Penman and Keen, 
1948). However, due to the lack of below-canopy net radiation data, this 
study employed photosynthetic photon flux density as a proxy. This was 
corroborated by the strong correlation (R2 = 0.97, P < 0.001) observed 
between both variables (Fig. S2). Additionally, soil temperature at 10cm 
depth (soil temperature) was recorded using the handheld digital ther-
mometer described above, and soil volumetric water content at a 5 cm 
depth (soil volumetric water content) was recorded using a moisture 
sensor (GS3, METER Group Inc., Pullman, WA, USA) at each forest 
stand.

Below-canopy vapour pressure deficit during each H2O flux mea-
surement was derived from measurements of below-canopy air tem-
perature (Tabc) and initial H2O concentration (H2Oconc, mmol mol− 1 or 
ppm for Picarro and LGR analyzers, respectively) inside the chamber. 
First, the saturation vapour pressure (Pws, kPa) was estimated from Tabc 
using Eq. (1). 

Pws =
(
6.1164× 10(7.5914×Tabc/240.7263+Tabc)

)/
10 (1) 

Subsequently, atmospheric pressure (P, kPa) data from the ICOS- 
Svartberget (Integrated Carbon Observation System) Atmosphere- 
Ecosystem station (64◦15′N, 19◦46′E, 257 m a.s.l.) was used to calcu-
late the water vapour pressure (Pw, kPa) from H2Oconc and P using Eq. 
(2). 

Pw =
(
(H2Oconc ×P)

/ (
H2Oconc +106))/10 (2) 

Finally, the below-canopy vapour pressure deficit was estimated by 
subtracting Pw from Pws.

2.3. Flux calculations and quality control

Forest-floor H2O fluxes were calculated from the linear change in the 
headspace gas concentration over time corrected for air density using 
the ideal gas law (Livingston and Hutchinson, 1995) (Eq. (3)): 

FH2O =

(
d[H2O]

dt

)

×

(
P × V

R × T × A

)

(3) 

where FH2O is the instantaneous H2O flux (mmol H2O m− 2 s− 1), d[H2O]/ 
dt is the rate of change in water vapor-corrected H2O concentration in 
the chamber headspace (i.e., slope; mmol mol− 1 s− 1) derived from a 

linear fit, P is the air pressure inside the chamber (Pa, set to a constant 
value of 101325 Pa), V is the chamber volume (m3), R is the universal 
gas constant (8.3143 J mol− 1 K− 1), T is the air temperature at chamber 
closure (K), and A is the area inside the chamber base frame (m2). After 
applying a 20 seconds ‘dead band’ to discard the initial records that were 
possibly prone to disturbance following chamber placement, the slope of 
the linear fit was computed from the following 30 seconds of concen-
tration records (at 1 Hz sampling), following previous studies high-
lighting the need for short sampling periods to avoid bias due to water 
vapor adhesion to the sampling tubing (McLeod et al., 2004; Hamel 
et al., 2015).

The quality control procedure entailed a composite assessment based 
on both the root mean square error (RMSE) and R2 as indicators of 
goodness of fit. Specifically, measurements with an R2 < 0.90 and RMSE 
> 75 (LGR) or > 500 (Picarro) ppm H2O were discarded. Additionally, 
negative measurements, which indicate implausible H2O uptake, and 
notable outliers observed concurrently in both exponential regressions 
of H2O vs below-canopy air temperature and soil volumetric water 
content, were also discarded. In total, 15 % of the H2O flux data were 
removed due to the quality filtering processes. To reduce bias resulting 
from data gaps, a gap-filling procedure following Martínez-García et al. 
(2022) was executed to substitute ETff and Es missing data at each forest 
stand. The procedure was based on the extrapolation of linear re-
gressions between the measured ETff and Es fluxes. For this purpose, the 
time series of each H2O flux was compared with the time series of the 
other flux component at a given stand and the best linear equation (with 
the highest R2) was selected for gap filling. When both H2O fluxes were 
absent on a given sampling day, exponential regressions were employed 
for each H2O flux in relation to below-canopy air temperature and/or 
soil volumetric water content, which were separately defined at for each 
forest stand.

2.4. Statistical analysis

All statistical analyses were performed using R (version 4.2.0; (R 
Core Team)) and R Studio (version 4.2.0) software. Data sets of two-year 
(2017–2018) mean annual values were tested prior to analysis for 
normality (Kolmogorov–Smirnov test) and homogeneity of variance 
(Levene’s test) and log-transformed when necessary. One-way analysis 
of variance (ANOVA) was used to explore the effects of soil type, tree 
species, and stand age on ETff, Es, and Tu fluxes. Tukey’s Honestly Sig-
nificant Difference (HSD) was used for pairwise comparisons. Linear, 
exponential, polynomial, and logarithmic regressions were defined to 
detect controls for the temporal dynamics of ETff, Es, and Tu, where the 
determination coefficient (R2) and root mean square error (RMSE) were 
used to determine the model with the best goodness of fit. Linear 
regression analysis using the stats package in R was employed to analyze 
the effects of forest stand attributes and to determine the effects of biotic 
and abiotic factors on the spatial dynamics of ETff, Es, and Tu. The 
relative importance of abiotic controls in regulating ETff its components 
was examined using a stepwise generalised linear model (GLM) with log- 
link and gamma distribution. To identify the direct and indirect effects 
of biotic and abiotic factors on the spatial variations of ETff, Es, and Tu, a 
structural equation model (SEM) was adopted to understand the re-
lationships among tree aboveground biomass, understory aboveground 
biomass, understory belowground biomass, leaf area index at peak 
growing season, below-canopy photosynthetic photon flux density, air 
temperature and soil temperature based on 2-year (2017− 2018) mean 
annual and growing season values across the 50 forest stands. Due to the 
high degree of covariance between below-canopy vapour pressure 
deficit and air temperature (Fig. S3), and the greater control of air 
temperature over vapour pressure deficit on ETff, we finally did not 
include vapour pressure deficit in our SEM model. The overall goodness 
of fit of our model is characterised by a non-significant chi-square test (p 
> 0.05), low root mean square error of approximation (RMSEA < 0.05), 
high Tucker–Lewis index (TLI > 0.90) and high comparative fit index 
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(CFI > 0.95). We also tested the effect of previous environmental and 
stand structural variables on the spatial variation in ETff, Es, and Tu in a 
model of mixed-effects meta-regression using the glmulti package in R. 
The importance of each variable was determined as the sum of Akaike 
weights for models that included this variable, which can be considered 
as the overall support for each variable across all models. Statistical 
significance was set at p ≤ 0.05.

3. Results

3.1. Temporal variations in environmental conditions

Averaged across all stands, below-canopy photosynthetic photon flux 
density, vapour pressure deficit, air temperature, soil temperature and 
soil volumetric water content showed different between-year variations 
(Fig. 2a–e), with seasonal mean air temperature being significantly 
higher in the drought year 2018 than in 2017, while seasonal mean soil 
volumetric water content showed the opposite pattern (P < 0.05). Sea-
sonal means of below-canopy photosynthetic photon flux density, 
vapour pressure deficit, air temperature, soil temperature, and soil 
volumetric water content were 245 µmol photons m− 2 s− 1, 0.34 kPa, 
13.5

◦

C, 8.3
◦

C, and 0.32 m3 m− 3, respectively, in 2017. In contrast, these 
values were 267 µmol photons m− 2 s− 1, 0.75 kPa, 17.7

◦

C, 10.1
◦

C, and 
0.23 m3 m− 3, respectively, in 2018. Mean below-canopy photosynthetic 
photon flux density ranged from 82 to 393 µmol photons m− 2 s− 1 in 
2017 and from 92 to 415 µmol photons m− 2 s− 1 in 2018 (Fig. 2a). Mean 
below-canopy vapour pressure deficit varied from 0.08 to 0.74 kPa in 
2017 and from 0.08 to 0.77 kPa in 2018 (Fig. 2b). Mean below-canopy 
air temperature and soil temperature increased in all years from early in 

the growing season, reached their respective maxima at mid-growth, 
and declined thereafter (Fig. 2c and d). Mean soil volumetric water 
content was higher at the beginning and at the end of the growing season 
with a temporary decrease during the peak summer. Mean soil volu-
metric water content varied from 0.28 to 0.37 m3 m− 3 in 2017 and 
varied from 0.16 to 0.29 m3 m− 3 in 2018 (Fig. 2e).

3.2. Temporal variations in forest-floor H2O fluxes

ETff, Es, Tu and the Tu/ETff ratio averaged across the 50 forest stands 
showed clear seasonal cycles and large between-year variations (Fig. 3a
and b). Specifically, seasonal mean ETff, Es, Tu and Tu/ETff ratio were 
significantly higher in the drought year 2018 than in 2017 (P < 0.05). 
ETff averaged across the 50 forest stands ranged from 0.006 to 0.048 mm 
h− 1, with a seasonal means of 0.014 ± 0.009 mm h− 1 and 0.034 ± 0.02 
mm h− 1 in 2017 and 2018, respectively. Additionally, Es averaged across 
the 50 forest stands ranged from 0.004 to 0.02 mm h− 1, with a seasonal 
means of 0.007 ± 0.004 mm h− 1 and 0.014 ± 0.008 mm h− 1 in 2017 and 
2018, respectively. Meanwhile, Tu averaged across the 50 forest stands 
ranged from 0.007 to 0.032 mm h− 1, with a seasonal means of 0.008 ±
0.007 mm h− 1 and 0.023 ± 0.018 mm h− 1 in 2017 and 2018, respec-
tively. At seasonal scale, the Tu/ETff ratio ranged between 0.40 and 0.61, 
with a lower seasonal mean of 0.49 in 2017 compared to 0.57 in 2018. In 
comparison, the Es/ETff ratio ranged between 0.39 and 0.61, with a 
higher seasonal mean of 0.53 in 2017 compared to 0.44 in 2018 
(Fig. 3b). Thus, the drought conditions shifted the partitioning of ETff 
towards higher Tu relative to Es.

Fig. 2. Temporal variations in below-canopy environmental conditions including a) photosynthetic photon flux density (PPFDbc), b) vapor pressure deficit (VPDbc), 
c) mean air temperature (Tabc), d) soil temperature at 10 cm depth (Ts10), and e) soil volumetric water content at 5 cm depth (SWC5) averaged over the 50 forest 
stands for each measurement campaign from May to October during 2017− 2018. Left-hand panels show mean values (standard deviation in error bars) of each 
variable 8. Right-hand panels show box plots with the mean annual values of each variable for each study year. Box plots represent the 25th (bottom) and 75th (top) 
percentiles, the central line represent the median, and the cross represent the mean. Whiskers above and below and the boxes represent data within 1.5 times the 
interquartile range, and outliers are given as individual points. The different letters above box plots within each variable indicate significant differences between 
years 2017 and 2018 (HSD test, P < 0.05). n = 50 forest stands.
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3.3. Environmental controls on seasonal variations in ETff, Es, and Tu

ETff, Es, and Tu showed positive exponential relationships with 
below-canopy air temperature (Fig. 4c, h and m) and soil temperature 
(Fig. 4d, i and n), while photosynthetic photon flux density and vapor 
pressure deficit exerted an asymptotical control on ETff, Es, and Tu 
(Fig. 4a, b, f, g, k and l). In contrast, soil volumetric water content 
explained the variations in ETff, Es, and Tu through a negative asymp-
totical relationship (Fig. 4e, j and o). See Table S1 for further details on 
the coefficients of the equations. It should be noted that below-canopy 
photosynthetic photon flux density, vapor pressure deficit, air temper-
ature and soil temperature were negatively correlated with soil volu-
metric water content (Fig. S4), whereas air temperature was positively 
correlated with vapor pressure deficit (Fig. S3).

The results of the stepwise GLM analysis further revealed that below- 
canopy photosynthetic photon flux density, vapor pressure deficit, air 
temperature, soil temperature and volumetric water content were the 
main temporal controls of ETff (Table 2). Additionally, the results indi-
cated that air temperature and photosynthetic photon flux density were 
the primary controlling factors of Tu and Es, with soil volumetric water 
content also exerting an influence on the latter (Table 2). Furthermore, 
this analysis corroborated the positive and/or negative correlations 
between H2O fluxes and environmental variables presented in Fig. 4.

3.4. Effect of key forest stand attributes on spatial variations in ETff, Es, 
and Tu

No effect of soil type and tree species was apparent on ETff and Tu 
(Fig. 5a, b, g and h). In contrast, Es was significantly higher in sediment 
compared to till soils, but it did not differ among tree species (Fig. 5d
and e). In addition, ETff, Es, and Tu decreased significantly with stand 
age (P < 0.05) by about 50 % from 0.033 to 0.017 mm h− 1, 0.015 to 
0.008 mm h− 1, and 0.022 to 0.01 mm h− 1 from initiation to old stand 
age classes, respectively (Fig. 5c, f and i). Our results further show that 
the ES/ETff and Tu/ETff ratios were not significantly affected by soil type, 

tree species, and stand age (p > 0.05) (Fig. 5i–o).

3.5. Stand structural and environmental controls of ETff, Es, and Tu at the 
landscape-scale

Our analysis revealed that at the landscape-scale, the seasonal mean 
ETff and its component fluxes Es and Tu significantly decreased with 
increasing stand age, leaf area index at peak growing season, and tree 
aboveground biomass, but increased with increasing understory above- 
and belowground biomasses, below-canopy photosynthetic photon flux 
density, vapor pressure deficit, air temperature, and soil temperature (P 
< 0.05, Fig. 6). Among these various factors, photosynthetic photon flux 
density explained most of the spatial variations for each ETff, Es, and Tu. 
It should also be noted that the explanatory power of each of the 
included factors was higher for Es than for Tu. Besides, we found that 
below-canopy photosynthetic photon flux density, vapor pressure 
deficit, air temperature, soil temperature, leaf area index and tree 
aboveground biomass were negatively correlated with soil water con-
tent across 50 forest stands (Fig. S5). We further noted a significant 
decline in ETff and Es with increasing thickness of the topsoil organic 
layer (Fig. S6).

The results of the SEM model further suggested that below-canopy 
photosynthetic photon flux density was the main control for the 
spatial variations in ETff and Tu across the managed boreal forest land-
scape. In addition, understory above- and belowground biomasses were 
additional important factors controlling ETff and Tu (Fig. 7a, b, e and f). 
Specifically, our SEM revealed a direct relationship (P < 0.05) among 
ETff and photosynthetic photon flux density and understory above- and 
belowground biomasses with the standardized coefficients being 0.61, 
0.29 and 0.37 respectively. However, tree aboveground biomass sup-
pressed ETff and Tu by increasing leaf area index (normalized coefficient 
= 0.87, P < 0.05). The SEM also showed that in addition to the dominant 
effect of below-canopy photosynthetic photon flux density, air temper-
ature (0.24) plays an equally significant role in controlling Es (Fig. 7c 
and d), whereas understory aboveground biomass (0.44) was the second 

Fig. 3. Temporal variations in a) forest-floor evapotranspiration (ETff, mm h− 1), soil evaporation (Es), and forest-floor understory transpiration (Tu, mm h− 1), and b) 
the ratios of Tu to ETff and Es to ETff averaged over the 50 forest stands for each measurement campaign from May to October during 2017− 2018. Left-hand panels 
show mean values (standard deviation in error bars) of each variable. Right-hand panels show box plots with the mean annual values of each variable for each study 
year. Box plots represent the 25th (bottom) and 75th (top) percentiles, the central line represent the median, and the cross represent the mean. Whiskers above and 
below and the boxes represent data within 1.5 times the interquartile range, and outliers are given as individual points. The different letters above box plots within 
each variable indicate significant differences between years 2017 and 2018 (HSD test, P < 0.05). n = 50 forest stands.
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most important control on Tu (Fig. 7e and f). The driving factors in 
combination explained 60 %, 44 % and 51 % of the variations in ETff, Es, 
and Tu, respectively.

4. Discussion

Our results reveal significant spatial and temporal variability in ETff 
in response to a combination of environmental and stand structural 
gradients across the studied managed boreal forest landscape. This 
highlights the need for a detailed understanding of the spatial and 
temporal mechanisms that control ETff to improve process-based models 
for better prediction of the interactions among the boreal forest water 
cycle, forest management, and climate change.

4.1. Dynamics of forest-floor H2O fluxes across a managed boreal forest 
landscape

Compared to previous studies carried out in boreal ecosystems, our 
estimate of the mean growing season ETff (0.024±0.009 mm h− 1) ob-
tained across 50 boreal forest stands was higher (0.013, Baldocchi et al., 
1997; 0.013, Constantin et al., 1999), similar (0.021, Ohta et al., 2001), 
and/or lower (0.033, Kelliher et al., 1998; 0.033, Hamada et al., 2004). 
However, the wide range of ETff observed across our managed forest 
landscape (0.008 to 0.048 mm h− 1) encompasses the rates from these 
previous studies. It further indicates that the nearly 3-fold difference 
between the lowest and highest ETff rates reported across boreal forest 
stands is likely attributable to variations in site conditions (e.g., local 

Fig. 4. Relationships of instantaneous forest-floor evapotranspiration (ETff, mm h− 1), soil evaporation (Es, mm h− 1), and forest-floor understory transpiration (Tu, 
mm h− 1) with (a, f, and k) below-canopy photosynthetic photon flux density (PPFDbc), (b, g, and i) below-canopy vapor pressure deficit (VPDbc), (c, h, and m) below- 
canopy air temperature (Tabc), (d, i, and n) soil temperature at 10 cm depth (Ts10) and (e, j, and o) soil volumetric water content at 5 cm depth (SWC5) across the 50 
forest stands. Dots and lines represent individual growing season values and non-linear regression fit lines, respectively. The gray area refers to the 95 % confidence 
interval for the regression line. Coefficient of determination (R2) and p-value are shown. n = 600 (50 forest stands x 2 years [2017 and 2018] x 6 measurement 
campaigns per year).

Table 2 
Generalized linear regression model results for environmental factors explaining 
seasonal variations of ETff, Es, and Tu. Abbreviations: ETff, forest-floor evapo-
transpiration; Es, soil evaporation; Tu, forest-floor understory transpiration; 
PPFDbc, below-canopy photosynthetic photon flux density; VPDbc, below- 
canopy vapor pressure deficit; Tabc, below-canopy air temperature; Ts10, soil 
temperature at 10 cm depth; SWC5, soil volumetric water content at 5 cm depth; 
Coeff., coefficient; and SE, standard error. Coefficient values are proportional to 
their effect size. Non-significant variables are indicated as n.s. Coefficient of 
determination (R2) is also shown. n = 600 (50 forest stands x 2 years [2017 and 
2018] x 6 measurement campaigns per year).

ETff Es Tu

R2 =

0.47
R2 =

0.37
R2 =

0.27
n = 600 n = 600 n = 600

Variables Coeff. SE Coeff. SE Coeff. SE

PPFDbc 1.69e-05 2.16e- 
06

2.77e-06 9.52e- 
07

1.59e-05 2.08e- 
06

VPDbc 4.85e-03 1.95e- 
03

n.s. n.s. n.s. n.s.

Tabc 9.32e-04 2.24e- 
04

6.66e-04 1.00e- 
04

6.85e-04 2.19e- 
04

Ts10 8.79e-04 2.69e- 
04

n.s. n.s. n.s. n.s.

SWC5 -1.22e- 
02

5.37e- 
03

-7.68e- 
03

2.45e- 
03

n.s. n.s.
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Fig. 5. Effect of soil type, tree species, and stand age on a)-c) forest-floor evapotranspiration (ETff, mm h− 1), d)-f) soil evaporation (Es, mm h− 1), g)-i) and forest-floor 
understory transpiration (Tu, mm h− 1), j)-l) ratio Tu to ETff, and m)-o) ratio Es to ETff. The different letters above box plots within each variable indicate significant 
differences between each forest stand attribute (HSD test, P < 0.05). Data based on 2-year (2017− 2018) mean growing season values. The boxes represent the 25th 
(bottom) and 75th (top) percentiles, the central line the median, and the cross the mean. Whiskers above and below the boxes represent data within 1.5 times of the 
interquartile range and outliers are given as individual blue points.

Fig. 6. Relationship of mean seasonal forest-floor evapotranspiration (ETff, mm h− 1), soil evaporation (Es, mm h− 1), and forest-floor understory transpiration (Tu, 
mm h− 1) with stand structural and environmental controlling factors. Stand age (years), LAImax: leaf area index at peak growing season, AGBt: tree aboveground 
biomass; AGBu: understory aboveground biomass, BGBu: understory belowground biomass, PPFDbc: below-canopy instantaneous daytime photosynthetic photon flux 
density, VPDbc: below-canopy vapor pressure deficit, Tabc: below-canopy air temperature, Ts10: soil temperature at 10 cm depth and SWC5: soil volumetric water 
content at 5 cm depth. Dots and lines represent the 2-year (2017–2018) mean annual (i.e., stand age, AGBt, AGBu, and BGBu) and growing season (i.e., LAImax, 
PPFDbc, VPDbc, Tabc, Ts10, and SWC5) values and linear regression fit line, respectively. The gray area refers to the 95 % confidence interval for the regression line. 
Coefficient of determination (R2) and p-value are shown. n = 50 forest stands.
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climate and/or stand structure), measurement methods, and spatial 
scales, highlighting the need to better understand the underlying 
mechanisms that cause divergence in ETff across boreal forest stands.

Studies conducted in boreal forest stands partitioning whole- 
ecosystem ET into its component fluxes have shown that the contribu-
tions of transpiration and evaporation to ET ranged from 47 % to 83 % 

and 17 % to 53 %, respectively (Miralles et al., 2011; Schlesinger and 
Jasechko, 2014; Zhou et al., 2016). This demonstrates the large vari-
ability in the contribution of T to the forest water cycle in these high 
latitude ecosystems. Accordingly, Tu/ETff and Es/ETff varied greatly 
across the 50 forest stands, ranging from 19 % to 83 % and from 38 % to 
85 %, respectively. To our surprise, we did not identify any dominant 

Fig. 7. Structural equation model revealing the impacts of tree aboveground biomass (AGBt), understory aboveground biomass (AGBu), understory belowground 
biomass (BGBu), leaf area index at peak growing season (LAImax), below-canopy instantaneous photosynthetic photon flux density (PPFDbc), below-canopy air 
temperature (Tabc), and soil temperature at 10 cm depth (Ts10) on spatial variations of a) forest-floor evapotranspiration (ETff), c) soil evaporation (Es), and e) forest- 
floor understory transpiration (Tu) across the 50 forest stands. Significance level was set at α = 0.05. Data based on 2-year (2017− 2018) mean annual (i.e., AGBt, 
AGBu, and BGBu) and growing season (i.e., LAImax, PPFDbc, Tabc, and Ts10) values. Numbers beside the arrows are standardized coefficients. R2 refers to the variation 
degree of the variable interpreted by all paths from the combination from the fixed and random effects. *p-value ≤ 0.05, **p-value ≤ 0.01. Model-averaged 
importance of the predictors on b) forest-floor evapotranspiration (ETff), d) soil evaporation (Es), and f) forest-floor understory transpiration (Tu).

Z. Guo et al.                                                                                                                                                                                                                                     Agricultural and Forest Meteorology 361 (2025) 110316 

9 



environmental and/or stand structural variable that controlled the 
Tu/ETff and Es/ETff ratios (Fig. S7), suggesting that various factors may 
have partly counterbalancing effects on Tu and Es. This further high-
lights the complexity of regulating mechanisms, which poses a challenge 
in predicting spatio-temporal variations in the separate contributions of 
Tu and Es across the boreal forest landscape.

4.2. Environmental controls on temporal variation of ETff, Es, and Tu

Numerous studies have shown that the main environmental factors 
affecting tree transpiration on a temporal scale are air temperature 
(which regulates the atmospheric vapor pressure deficit), energy supply 
from solar radiation, and soil water availability (Monteith,1973, 1965; 
Balandier et al., 2022; Gao et al., 2022; Sabater et al., 2020). However, 
only a few studies have explored how these factors regulate ETff, Es, and 
Tu at the forest-floor interface. The asymptotic relationship between 
forest-floor H2O fluxes with below-canopy photosynthetic photon flux 
density and below-canopy vapor pressure deficit observed in our study 
may be attributed to the fact that high radiation and vapor pressure 
deficit values coincided with warm and dry summer conditions. During 
such periods, constraints from reduced soil water content may limit the 
response of Es to radiation (Heijmans et al., 2004; Magliano et al., 2017). 
In contrast, the saturation response of Tu to radiation and vapor pressure 
deficit may be mediated by the down-regulation of stomatal conduc-
tance at high radiation, which coincides with high temperature and 
vapor pressure deficit (Chen et al., 2024). Therefore, it is critical to 
understanding this dual response of the two ETff component fluxes to 
radiative energy supply to predict the variation in the bulk response of 
ETff across diverse boreal forest stands.

Our study encompassed a historic drought event in the 2018 growing 
season, during which we observed a considerable increase in ETff despite 
a decrease in soil water content. This observation may seem counter-
intuitive, but it could be explained by the opposite seasonal below- 
canopy variation of photosynthetic photon flux density, air tempera-
ture, and soil temperature compared to soil water content. These vari-
ables showed a maximum and minimum during the peak summer, 
respectively (Fig. S4), resulting also in a negative relationship between 
ETff and soil water content (Table 2). Even during this exceptionally dry 
summer, the seasonal variations in ETff and its components were pri-
marily regulated by radiation and temperature, without being con-
strained by vapor pressure deficit or soil water limitation. However, the 
relatively higher Tu/ETff compared to Es/ETff observed during the 2018 
growing season (57 % versus 44 %, respectively) suggests that reduced 
soil water content may have limited Es more than Tu during the drought. 
One possible explanation for the lack of an apparent Tu drought response 
could be that there was sufficient soil moisture in deeper soil layers to 
maintain Tu (Chen et al., 2023b). Alternatively, our measurement in-
terval may have been too coarse to capture the peak drought effect on 
Tu. However, three years of continuous measurements from a network of 
tree sap flow sensors in a mature stand within the same study catchment 
showed that drought also did not significantly reduce tree transpiration 
during the historic drought of 2018 (Gutierrez Lopez et al. 2021). We 
speculate that soil water in deeper layers, which was likely replenished 
by several intense thunderstorms during the summer of 2018, remained 
at a level that did not limit tree and forest-floor understory transpiration 
rates in this boreal forest landscape.

4.3. Stand structural and environmental controls on spatial variation of 
ETff, Es, and Tu

Our results suggest that stand structural properties, including stand 
age, leaf area index, and above- and belowground understory biomasses, 
significantly affected the spatial variability of forest-floor H2O fluxes 
across the managed forest landscape (Figs. 6 and 7). The effect of tree 
canopy development, which involves an increase in tree aboveground 
biomass and leaf area index is primarily mediated by regulating the 

below-canopy photosynthetic photon flux density through canopy 
shading. This, in turn, modulates the forest-floor understory develop-
ment by altering the competition for resources (Martínez-García et al., 
2022), and consequently modifying the control of above- and below-
ground biomasses on Tu (Baldocchi et al., 1997; Constantin et al., 1999; 
Heijmans et al., 2004). Similarly, tree canopy development primarily 
regulated Es by modulating below-canopy photosynthetic photon flux 
density through canopy shading (Benyon and Doody, 2015; Kassuelke 
et al., 2022). Together, this may lead to complex interactions between 
overstory and understory controls on ETff, with their relative importance 
likely shifting during stand development (Widenfalk and Weslien, 2009; 
Petersson et al., 2019).

In comparison to spruce trees, pine trees have less dense canopy 
structure. This has an impact on the amount of light and water that 
reaches the forest-floor (Martínez-García et al 2022). In addition, spruce 
stands may experience thicker organic soil layers due to higher tree 
canopy biomass and litter production, which can affect soil moisture 
dynamics (Barbier et al., 2008). Furthermore, it is common for spruce 
trees to have shallower roots than the pine trees, making them less able 
to access water in deeper soils. This fact can result in reduced transpi-
ration during dry periods (Iida et al., 2009; Matyssek et al., 2009; 
Gebauer et al., 2015). Given these various tree species-specific charac-
teristics, it was surprising that we did not observe any significant effect 
of tree species on ETff, Es, or Tu in our study. It is possible that the 
dominant effect of stand structure counterbalances effects of other sec-
ondary controlling factors, which could explain the lack of a tree species 
effect on ETff, Es, and Tu across the forest landscape.

Soil type may also affect ETff (Ohta et al., 2001; Kassuelke et al., 
2022). Specifically, till soils, which are located in upslope terrain posi-
tions, have lower mineral soil depth, pH levels, clay content, and water 
retention compared to the sediment soils found in valley fills and fluvial 
systems (Marek and Richardson, 2020; Larson et al., 2022, 2023). Soils 
with high water-holding capacity may support higher Es, but also allow 
the forest-floor understory to access sufficient water even under arid or 
water-deficient conditions, thereby maintaining higher Tu (Macfarlane 
et al., 2010). Our observation of higher Es from sediment soils indicates 
an effect of soil type. However, since sediment soils mostly occurred in 
pine stands with less dense canopies, resulting in warmer soil temper-
atures and higher below-canopy radiation levels, this may have also 
contributed to higher Es. Therefore, the observed effect may be attrib-
uted, at least partially, to differences in canopy structure rather than soil 
type. Overall, our results suggest that relative to stand structural prop-
erties, soil factors played a relatively minor role in regulating ETff and its 
component fluxes across the studied forest landscape.

Currently, there is a trend in Europe to align forest management for 
reaching various goals, including sustainable development, ecological 
values, and economic efficiency (Heinonen et al., 2017; Jacobsen et al., 
2018). This includes improving harvesting efficiency and extending 
forest rotations (Gustafsson et al., 2010; Lämås et al., 2015; Kauppi 
et al., 2022). In terms of forest-floor understory vegetation, the focus is 
commonly placed on increasing biodiversity and improving ecosystem 
resilience to better adapt to climate change and other environmental 
stressors (Deng et al., 2023). This also has implications for the compo-
sition and structure of the forest-floor understory vegetation, which can 
significantly affect the magnitude of ETff and its component fluxes. In 
Fennoscandia, there is currently a strong interest in transitioning from 
rotation-forestry to continuous cover forestry (Peura et al., 2018). The 
latter management strategy typically retains a greater standing tree 
biomass. This can modify below-canopy radiation and temperature 
through increased shading, as well as forest-floor understory vegetation 
via enhanced competition (Kuuluvainen et al., 2012; Calladine et al., 
2015). Based on our results, we note that increasing the share of 
continuous tree cover may have significant implications for ETff, i.e., 
likely resulting in a reduction of both Tu and Es. Hence, changes in forest 
management may have important consequences for the boreal forest 
water cycle.
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5. Conclusions

The spatio-temporal variability of ETff and its component fluxes, Es 
and Tu, was analyzed in 50 forest stands across a managed boreal forest 
landscape. Our results indicate that ETff, Es, and Tu exhibited a manifold 
variability at the managed landscape-level, with distinct controlling 
factors at both spatial and temporal scales. Specifically, below-canopy 
temperature regulated the seasonal variations, while below-canopy ra-
diation and forest-floor understory biomass were the primary factors 
determining the spatial variability at the landscape-scale. Our study thus 
highlights that the dynamics of ETff in the managed boreal forest land-
scape are jointly controlled by environmental and stand structural fac-
tors. This finding has significant implications for the dynamics of ETff 
and the partitioning of forest water balance in boreal forests in response 
to forest management and climate change.
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