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A B S T R A C T

Even though the effect of thinning on CO2 and H2O fluxes has been widely investigated, a holistic description
of thinning-induced responses is yet to be provided. Here, we present a comprehensive study, investigating
the impact of commercial thinning in an even-aged boreal forest in southern Finland using concurrent above-
and sub-canopy eddy-covariance measurements and a process-based ecosystem model. The thinning was done
from below and removed ca. 40% of the basal area. The forest turned from a strong sink (−271 gCm−2yr−1)
to a moderate carbon source (+115 gCm−2yr−1) during the year of thinning due to decreased ecosystem
gross primary productivity (GPP𝑒𝑐𝑜) and simultaneous increase in ecosystem respiration (R𝑒𝑐𝑜). The reduced
canopy density increased the light availability, near-ground air temperature and wind speed. This improved
the photosynthetic efficiency of the remaining trees, resulting in only a moderate reduction in GPP𝑒𝑐𝑜 (ca.
20%) compared to the foliage loss (ca. 45%). The decomposition of cutting residue likely increased the
heterotrophic respiration that compensated for the reduced autotrophic respiration of removed trees, leading
to R𝑒𝑐𝑜 exceeding long-term average by ca. 10% during the year of thinning. Interestingly, thinning did not
affect ecosystem evapotranspiration but changed its partitioning: both stand transpiration and interception
evaporation decreased, whereas forest floor evapotranspiration increased. The inter-annual weather variability
did not notably affect annual fluxes, which enabled robust quantification of thinning impacts. Our results
show a strong qualitative resemblance with previously reported short-term responses of boreal forest to
thinning. This is presumably due to similar management practices and species composition among the studies,
and low variability of inter-annual weather and fluxes. Our study showed that sub-canopy eddy covariance
measurements and process-based model can play a pivotal role in disentangling the confounding responses of
forest floor and canopy to thinning.
1. Introduction

Forests offset a large fraction of anthropogenic greenhouse gas emis-
sions (Pan et al., 2011; Friedlingstein et al., 2019), regulate the global
water cycle (Gerten et al., 2004; Schlesinger and Jasechko, 2014), and
provide wood, biomass, wealth, and well-being for the societies (Miura
et al., 2015; Brockerhoff et al., 2017; Kellomäki, 2022). Boreal forests
spatially constitute one-third of global forests (Keenan et al., 2015)
and contribute ca. 22% of global forest carbon sink (Pan et al., 2011).
In Northern Europe, the majority of boreal forests are managed for
wood production via even-aged forestry (EAF) (Kuuluvainen et al.,
2012; Kellomäki, 2022). A typical EAF management regime consists
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of an initial stand establishment with native coniferous species (Scots
pine and Norway spruce), a pre-commercial thinning at the age of 10–
15 years, and two or three commercial thinnings, and a final felling at
the end of the 60–100 year rotation period (Kellomäki, 2022). Forest
thinning is a partial stand harvest designed to reduce between-tree
competition and allocate growth resources (e.g. light, water, nutrients)
to the remaining trees, enhance their vitality and growth to maximize
economic income over the rotation period (Kellomäki, 2022).

Recently, forest ecosystems and their management have acquired
an increasing interest considering their potential to mitigate climate
change (Canadell and Raupach, 2008; Bonan, 2008; Lemprière et al.,
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2013). There is also a strong demand to adapt forest management to
the changing climate (Lindner et al., 2014; Keenan, 2015; Venäläinen
et al., 2020), and provide biodiversity conservation by, for instance,
moving towards continuous-cover forestry based on frequent selection
harvests (Pukkala et al., 2011; Peura et al., 2018). Together, these
now require a renewed focus on the biogeophysical and biogeochem-
ical effects of thinning, in particular its effect on short-term carbon
sequestration and emissions (Vesala et al., 2005; Lindroth et al., 2020),
water cycle (Leppä et al., 2020; Lagergren et al., 2008; del Campo et al.,
2022; Laurent et al., 2003) and local microclimates (Aussenac, 2000;
Ma et al., 2010).

Earlier thinning studies have reported contrasting short-term (i.e. 1–
4 post-harvest years) responses on the net ecosystem exchange of
carbon (NEE). Vesala et al. (2005) observed a proportional reduction in
gross photosynthetic productivity (GPP) and ecosystem respiration (R),
resulting in no change in NEE. Dore et al. (2010), Saunders et al. (2012)
and Lindroth et al. (2018) reported a greater reduction in GPP than
in R, resulting in decreasing carbon sequestration ability. Wilkinson
et al. (2016) showed no significant change in any components of carbon
fluxes. It is expected (Duursma and Mäkelä, 2007) and often reported
that ecosystem GPP decreases less than the rate of foliage loss (Vesala
et al., 2005; Saunders et al., 2012; Wilkinson et al., 2016). This is
mainly attributed to the compensation by the thriving remaining trees
and ground vegetation due to the increasing resource availability and
decreasing competition. The magnitude of the compensation however
remains inconclusive as the change in microclimatic conditions in
trunk space and at the forest floor depends on first the initial stage
of the forest (species composition, leaf area index - LAI) and then
the application of the thinning (intensity, i.e. the fraction of biomass
removed).

As for R, the effect of the decomposition of easily degradable
thinning-induced materials (i.e., fine roots, cutting residues, and nee-
dles) plays an important role in varying responses. Accordingly, the
expected response is that R would increase because of the contribution
of enhanced decomposition (Vesala et al., 2005; Wilkinson et al., 2016).
However, as autotrophic (R𝑎) and heterotrophic (Rℎ) respiration relate
to different biological processes that may respond differently to the
thinning, the response of their sum (i.e. R) on the thinning can be
complex.

Similar to NEE, the responses of evapotranspiration (ET) have var-
ied. Many studies report no change in ET with a reduction in transpi-
ration (T) (Vesala et al., 2005; Lagergren et al., 2008), an increase in
ET with a reduction in T (Skubel et al., 2017), whereas some reported
a reduction in ET (Dore et al., 2010). As the biological component
of ET, the reduction in T is expected to be similar to GPP. Evap-
oration (E), however, depends more on weather conditions and the
distribution of water within forest layers. It is well known that thinning
reduces canopy interception (Heikurainen et al., 1970; Cheng et al.,
2020; McJannet and Vertessy, 2001; Crockford and Richardson, 2000)
increasing the amount of water reaching the forest floor. This then leads
to decreasing canopy evaporation, increasing forest floor evaporation
(often associated with better ventilation and light conditions), and
soil water availability. Due to various counteracting processes within
and between different layers, quantifying the responses of T and E to
thinning is challenging.

One of the most common ways to monitor stand – atmosphere car-
bon and water fluxes is the eddy covariance technique (EC) (Baldocchi,
2008). EC flux measurements however are typically conducted only
above the canopy, providing the integrated response of the ecosystem.
Estimating the separate contribution of the canopy and forest floor
layers requires complementary approaches, such as carbon budget-
ing (Aun et al., 2021), upscaling of chamber measurements (Kolari
et al., 2006), sub-canopy EC (Lindroth et al., 2018; Launiainen et al.,
2005; Paul-Limoges et al., 2017; Thomas et al., 2013) or process-
models (Pinnington et al., 2017; Leppä et al., 2020). However, to our
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knowledge, there is no thinning study incorporating these approaches
in a single experiment. This is urgently needed to understand the role
of component fluxes from different layers for a holistic description of
thinning-induced responses.

We present here a comprehensive case study designed to assess
thinning-induced changes in carbon and water fluxes in a boreal conif-
erous forest in southern Finland. We used concurrent above and sub-
canopy EC measurements, and automatic chamber measurements as
well as a process-based model to determine the short-term responses
to commercial thinning. With these tools, we address the following
hypotheses; (H1) GPP would decrease due to foliage reduction with
a smaller magnitude compared to that of the foliage loss, (H2) R
would decrease, but to a lesser extent because of the contribution
of decomposition of cutting residues and fine roots, and (H3) as a
result of GPP and R responses, the net carbon uptake would decrease,
however the forest would still remain as a sink of carbon after thinning.
Regarding water fluxes, we hypothesize that (H4) forest floor E and T
increase, whereas canopy T decreases. Therefore, (H5) ecosystem level
ET would decrease relative to pre-thinning values as canopy T is often
recognized as the major component of ET in boreal forests.

2. Materials and methods

2.1. Study site and thinning

The study site, namely Hyytiälä SMEAR II, is located in southern
Finland (61◦51′N,24◦17′E, 81 m above sea level) and represents a
typical Scots pine (Pinus sylvestris L.) dominated mesic/sub-xeric bo-
real coniferous stand, established by sowing after prescribed burning
conducted in 1962. In addition to Scots pine, self-regenerated Norway
spruce (Picea abies (L.) Karst), birches (Betula sp.), and some individuals
of other deciduous species (e.g. Populus tremula, Sorbus aucuparia) were
growing at the site. The forest stands within a 200 m radii surround-
ing the above-canopy EC tower (EC𝑒𝑐𝑜) have been mostly outside of
routine forest management, with the exception of partial thinning of
the northern sector in the early 1990s, and a mild thinning of the
southern sector in 2002 (Vesala et al., 2005). In 2018, the majority
of the stand within the 200 m radii were rather dense and the ratio
between the living crown and tree height started to decrease, and some
self-thinning already took place in parts of the forest. Most of the stands
located farther than 200 m away from EC𝑒𝑐𝑜 have been managed by
Metsähallitus (State Forests) following typical guidelines for EAF in
Finland (Kolari et al., 2022).

The thinning was conducted in two phases, i.e., understorey re-
moval (UR), and main harvest (MH) via following the same guidelines
as recommended for a stand in such development stage (Yrjölä, 2002;
Kellomäki, 2022). Here on, the term ‘‘thinning’’ is used to describe
the combined effect of UR and MH to be analyzed in this study.
Correspondingly, the year 2019 is associated with the changes due
to UR, 2020 due to MH, and 2021 and 2022 are identified as first
and second post-thinning year, respectively. In the spring of 2019,
the majority of small and non-commercial trees with a diameter at
breast height (DBH) of less than 7 cm were manually felled with a
brush saw. Only juniper (Juniperus communis L.) was left to grow. The
felled understorey trees were left on site. MH took place in February–
March 2020 using forest harvesters and forwarders, with the exception
of ca. one-hectare area close to the measurement infrastructure that
was thinned manually already in December 2019 and January 2020.
Wintertime was chosen in order to minimize root damage caused by
heavy machines. The cutting residues, including stumps, root system,
needles, branches, and upper non-valuable crowns were left at the site
as is typically done in Finland.

Allometric measurements were conducted at 43 measurement plots
spanning over the area with 400 m radii around EC𝑒𝑐𝑜 (Aalto et al.,
2023). However, in this study, we only focus on the data within 200 m
radii excluding the sector 105–190◦ for compatibility of the spatial

extent of thinning and the source area of EC𝑒𝑐𝑜 (Fig. 1a).
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Fig. 1. (a) Map of the site overlaid with the harvesting area highlighted with blue color and a control area (not included in the analysis) shown with yellow color (see Section 2.1).
The location of the above-canopy EC mast (EC𝑒𝑐𝑜) is marked with a circle, and the below-canopy EC mast (EC𝑓𝑓 ) with a square. The black-solid line shows the daytime source
area of EC𝑒𝑐𝑜, while the black-dashed line shows the nighttime (Appendix B). (b) The fraction of removed trees during the main harvest (MH) in 2020 relative to the intact forests
(%) for different tree species with respect to their diameter at breast height (DBH).
During MH, mostly suppressed or sub-dominant trees were cut for
the majority of the area, with only a few exceptions of co-dominant
or dominant trees. Consequently, the relative reduction of tree species
(i.e., Scots pine, spruce, and deciduous) decreased with increasing DBH
(Fig. 1b). The parts of the stand that did not require thinning (already
sparse enough and will not need commercial thinning within the next
10 years) were left untouched, resulting in a non-uniform harvesting
area (shown with blue in Fig. 1a).

In total, about 80% of the forest area (about 12.5 ha) within a 200 m
radius from EC𝑒𝑐𝑜, as well as 10 ha outside of the 200 m radius was
thinned (Fig. 1a). Together UR and MH decreased stand basal area
(BA, m2 ha−1) by ca. 40%, one-sided LAI (see Section 2.2.5) by ca.
45% and stem density by ca. 60% (Table 1). In total 3.9 kg C m−2

of living tree biomass was harvested, of which 62% (2.4 kg C m−2)
was commercial removal as logs and pulpwood, whereas 38% (1.5 kg C
m−2) was left on site as cutting residues. The initial species composition
was approximately maintained. The thinning ratio (TR), defined as the
ratio of the mean BA of harvested and remaining trees, was 0.04 for UR
and 0.61 for MH. This is classified as a low thinning causing negligible
effect on dominant canopy height (ca. 23 m). LAI slightly increased
from 2.1 to 2.2 and then 2.5 in 2021 and 2022, respectively.

A small area ca. 0.75 ha (the yellow patch in Fig. 1a) was left intact
to ensure that there is a suitable control area for follow-up studies
comparing the effects of thinning on needle, tree, and soil plot level
processes. The fluxes originating from this area were not included in
EC data (Section 2.2.1).

2.2. Measurements and data processing

2.2.1. EC measurements
The fluxes of CO2 and H2O were concurrently measured with eddy-

covariance above the forest (EC𝑒𝑐𝑜) at 27 m height and below (EC𝑓𝑓 ,
forest floor fluxes) the forest canopy at 2.4 m height (Fig. 2). EC𝑒𝑐𝑜 ob-
served ecosystem level fluxes, i.e. NEE and ET𝑒𝑐𝑜, while EC𝑓𝑓 measured
forest floor fluxes, i.e., net forest floor exchange (NFFE) and forest floor
evapotranspiration (ET𝑓𝑓 ). The EC𝑒𝑐𝑜 system is part of the Integrated
Carbon Observation System (ICOS, site-code FI-Hyy) Ecosystem Station
network (Franz et al., 2018; Heiskanen et al., 2022), which officially
started in March 2018. EC𝑓𝑓 measurements started in August 2019.
EC𝑓𝑓 is located ca. 100 m away from EC𝑒𝑐𝑜 setup in ENE direction with
negligible elevation difference (Fig. 1a).

EC𝑒𝑐𝑜 includes an enclosed-path nondispersive infrared sensor (LI-
3

7200, LI-COR Biosciences, USA) for measuring CO2 and H2O dry mole
Fig. 2. (a) Measurement setups. Eddy covariance (EC) setup located above the canopy
is denoted with ‘‘eco’’, measures ecosystem fluxes, whereas below canopy setup (EC𝑓𝑓 )
detects forest floor fluxes. Chamber measurements represent ground fluxes. (b) Data
coverage and timing of understorey removal (UR, April-May 2019) and the main
harvest (MH, January-February 2020). The 2018 represents intact forest, 2019 and
2020 disturbance years (UR and MH, respectively), while 2021 and 2022 first and
second post-thinning (PT) years, respectively.

fractions and an ultrasonic three-dimensional anemometer (HS-50, Gill
Ltd, UK) for measuring three wind velocity components and sonic
temperature at 10 Hz frequency. Gas was sampled with a heated LI-
COR sample tube (length 0.67 m, internal diameter 6 mm) at 12 LPM
flow rate. The configuration of measurement setup was according to
ICOS recommendations (Rebmann et al., 2018).

EC𝑓𝑓 consists of an enclosed-path nondispersive infrared sensor (LI-
7200, LI-COR Biosciences, USA) and an ultrasonic three-dimensional
anemometer (model USA-1; METEK GmbH, Elmshorn, Germany). Gas
sampling was done via Eaton Synflex tube with a 6 mm diameter
(length 0.35 m) and 12.5 mm diameter (length 1.67 m) at a 12 LPM
flow rate.
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We used the EddyUH software (Mammarella et al., 2016) to process
both the above and below canopy EC raw data and to compute the
30 min average fluxes according to the ICOS protocol (Sabbatini et al.,
2018). Briefly, we performed standard data processing steps, such
as the raw data despiking, double rotation of the coordinate system
reporting the wind velocity components and time-lag correction via
cross-covariance maximization. Flux underestimation at low-frequency
was corrected via Rannik and Vesala (1999), while the one at high-
frequency was corrected via experimental transfer functions for gas
fluxes (Mammarella et al., 2009) and theoretical transfer functions for
momentum and sensible heat flux (Moncrieff et al., 1997).

EC fluxes were further screened using criteria for stationarity, and
the skewness and the kurtosis of vertical wind speed and the mixing
ratios during the 30-min averaging period (Foken and Wichura, 1996).
Above-canopy fluxes measured at wind direction between 130 and 190
deg were rejected due to a contribution of the unthinned control area
and possible flow distortion caused by the flux tower (Fig. 1a). We
assumed that the fluxes of EC𝑒𝑐𝑜 originated from the thinned area, and
correspondingly applied no footprint-related filtering (see Appendix B
for more details). Fluxes in low light (nighttime) were screened with
friction velocity (𝑢∗) thresholds of 0.37 m s−1 (2018–19) and 0.42 m s−1

(2020–22) for EC𝑒𝑐𝑜, while with the standard deviation of vertical wind
speed threshold of 0.08 m s−1 for sub-canopy fluxes (Launiainen et al.,
2005). Unstable conditions (Obukhov length, L >−1000 and <0 m)
were required for daytime fluxes.

Both above- and below-canopy EC fluxes were corrected for storage
change under the EC measurement height using air temperature and
gas concentrations measured at several heights at the EC𝑒𝑐𝑜 flux tower
according to ICOS protocol (Montagnani et al., 2018).

ET fluxes were gapfilled with marginal distribution sampling
method (Wutzler et al., 2018), utilizing a combination of mean diurnal
variation of fluxes and look-up tables with the measure of global
radiation (𝑅𝑔), air temperature, and vapor pressure deficit (VPD). Net
carbon fluxes (NEE and NFFE) were gap-filled and partitioned into pho-
tosynthesis (GPP𝑒𝑐𝑜 and GPP𝑓𝑓 ) and respiration (R𝑒𝑐𝑜 and R𝑓𝑓 ) using
empirical regressions fitted to good-quality fluxes (see Appendix C).

Additional estimates of annual NEE were also produced with the
marginal distribution sampling, and component fluxes with REddyProc
software (Wutzler et al., 2018) to assess the uncertainty stemming from
gapfilling and partitioning procedures. This assessment is presented in
Appendix C.

In this study, we followed micrometeorological sign convention
where negative NEE indicates net carbon uptake (NEE = -GPP + R).

2.2.2. Evapotranspiration partitioning and water-use efficiency
We partitioned tree canopy transpiration (T𝑠𝑡𝑎𝑛𝑑) from ET𝑒𝑐𝑜 using

he concurrent EC setups following Paul-Limoges et al. (2020) (here
n EPL20). The EPL20 estimates T𝑠𝑡𝑎𝑛𝑑 as the difference between ET𝑒𝑐𝑜
nd ET𝑓𝑓 when certain conditions are met. To do so, we first discarded
ainy periods from both ET𝑒𝑐𝑜 and ET𝑓𝑓 and removed negative ET
alues (condensation) from ET𝑓𝑓 in addition to periods when below
anopy air temperature was below dew point temperature. Unlike
PL20, we did not gap-fill discarded periods as we only present the ra-
io of T𝑠𝑡𝑎𝑛𝑑 and ET𝑒𝑐𝑜, not the seasonal budget. We computed ecosystem
ater use efficiency (WUE𝑒𝑐𝑜) as the slope of the relationship between
onthly median GPP𝑒𝑐𝑜 and ET𝑒𝑐𝑜 during the growing season calculated

rom not gapfilled time series. We define the annual period as the
alendar year, while growing season is the period between May 1st and
ctober 31st.

.2.3. Separating the effects of inter-annual weather variability and thin-
ing on annual fluxes

To separate the effect of inter-annual weather variability (IAWV)
nd thinning, we used a simple approach to model CO2 fluxes, similar
o Hadden and Grelle (2016). We used the median of flux partitioning
odel parameters (Appendix C) of R𝑒𝑐𝑜 and GPP𝑒𝑐𝑜 for 2009–2017,

epresenting intact forest with the considerably normal weather con-
ition, with the weather data of 2019 (representing UR) and 2020
4

representing MH). w
Table 1
Characteristic of the study site before and after understorey removal (UR) and main
harvest (MH). The coarse-cutting residue consists of branches, stumps, and coarse roots
(>1 cm) while fine-cutting residue includes needles and leaves.

2018 (intact) 2019 (UR) 2020 (MH)

Stems DBH ≥ 7 cm (ha−1) 1141 969 465
Basal area DBH ≥ 7 cm (m2 ha−1) 30.7 30.4 18
One-sided tree LAI (m2 m−2) 3.9 3.6 2.1
Coarse-cutting residue (g C m−2) – 514 871
Fine-cutting residue (g C m−2) – 43 80
Total cutting residue (g C m−2) – 557 951

2.2.4. Chamber measurements
Ground CO2 efflux (R𝑔𝑟𝑜𝑢𝑛𝑑), consisting of soil heterotrophic and

root and ground-vegetation autotrophic respiration, was measured with
two automatic chambers in 2018–2019, while with three in 2020
during snow-free periods. The chambers (20 cm × 20 cm × 25 cm) were
made of 6-mm-thick acrylic and were positioned on aluminum frames
(7 cm in height). The frames were inserted into the litter layer of the
soil. The chambers were covered with aluminum foil to exclude light
when the chamber was closed. CO2 concentration inside the chambers
was recorded with a GMP343 diffusion type CO2 probe (Vaisala Oyj,
Vantaa, Finland), which has a measurement range of 0 to 1000 ppm.
The chambers were closed for 3.5 min every 30 min, recording the
concentration at 5-s intervals. The CO2 efflux was calculated by linear
fitting of time vs. temperature-, pressure- and humidity-corrected CO2
concentration records taken 40..180 s from the chamber closing. The
measurements are detailed in Pumpanen et al. (2015).

2.2.5. Auxiliary measurements
We used long-term (2009–2017) EC𝑒𝑐𝑜 data to compute average

annual pre-thinning fluxes of CO2 and H2O (Launiainen et al., 2022).
In addition, we used the same data set to complement the EC𝑒𝑐𝑜 flux
data for the first three months of 2018.

Photosynthetically active radiation (PAR) was measured at (1) be-
low canopy at 0.6 m height (PAR𝑓𝑓 ) via an array of four sensors
(Li-190R quantum sensor, LI-COR Biosciences, USA) located in four
different locations, totaling 16 sensors, (2) above canopy at 35 m
height (PAR𝑒𝑐𝑜) via single sensor (Li-190SZ quantum sensor, LI-COR
Biosciences, USA).

One-sided LAI was calculated via concurring PAR measurements
conducted below and above the canopy using inverted Beer–Lambert
equation with direct beam and diffuse radiation separated. The ex-
tinction coefficient was determined from pine trees in the study site
in 1998 (Mäkelä et al., 2006). Relative humidity and air temperature
(𝑇𝑎) were measured via Rotronic MP102H RH/T sensor at various
heights (i.e., 0.4, 1.5, 3.3, 5.8, 8.8, 16.8, and 21.6, and 27 m). Soil
temperature (𝑇𝑠) was measured at 0.05 m depth via thermistors (KTY-
1), while volumetric soil water content (SWC) at 0.1 m via (Delta-T
L2). Precipitation (P) was measured via weighing gauge (OTT Pluvio-

). Wind speed (𝑢) was measured via Thies 2D ultrasonic anemometer
t various heights (4.2, 8.4, and 16.8 m).

.3. Process-model predictions

We used a process-based multi-layer ecosystem model pyAPES (Lau-
iainen et al., 2015; Leppä et al., 2020) to simulate the effects of UR
nd MH, as well as the effect of IAVW. The model has been thoroughly
ested at the site of this study and shown to well predict the above and
ub-canopy carbon, water, and energy fluxes, canopy microclimate, and
oil moisture and temperature profiles (Launiainen et al., 2015) and
ong-term trends in GPP and ET (Launiainen et al., 2022). Here, we
ill solely focus on modeled forest floor evaporation (Ef𝑚𝑜𝑑), canopy
vaporation (Ec𝑚𝑜𝑑), tree transpiration (Tr𝑚𝑜𝑑), ecosystem evapotran-
piration (ET𝑚𝑜𝑑), and ecosystem photosynthetic productivity (GPP𝑚𝑜𝑑),
here ‘‘mod’’ denotes the model-based fluxes.
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Fig. 3. Environmental conditions during the study years: (a) mean photosynthetic active radiation above the canopy (PAR𝑒𝑐𝑜) (orange dash-dotted line) and monthly mean vapor
pressure deficit (VPD) (blue dashed line) and, (b) monthly mean air (T𝑎) (blue dashed line) and soil temperature (T𝑠) (green dashed line), (c) monthly cumulative precipitation (P)
(gray bar) and mean volumetric soil water content (SWC) (blue dashed line). The long-term averages (2009–2017, thin lines) and one standard deviation range (shaded) are given
as references, and the respective variables are shown with their corresponding colors. The gray areas represent the growing season (May–Oct). The vertical red lines highlight the
understorey removal (UR) and main harvest (MH), respectively.
To mimic the thinning, we consider the stand initially consists of six
PlantTypes: overstorey pine, spruce and deciduous trees, understorey
spruce, and deciduous species (DBH ≤ 7 cm), and forest-floor shrubs.
We used measured species-specific DBH distribution (from 2019 and
2020) within the 200 m radii from the EC tower to estimate the
vertical leaf-area density (𝑙𝑎𝑑) profiles and LAI of each PlantType.
The needle/leaf masses for each DBH class and species were predicted
by allometric equations (Repola, 2008, 2009), and converted to leaf
area using the specific leaf area values from Härkönen et al. (2015).
Finally, we applied a site-adapted relationship between DBH and tree
height and distributed the leaf area vertically using crown biomass
models (Tahvanainen and Forss, 2008). The obtained integrated 𝑙𝑎𝑑
distributions of overstorey (DBH > 7 cm) and understorey (DBH ≤
7 cm) trees are shown in Fig. 4a.

Apart from the harvesting-induced changes in LAI and 𝑙𝑎𝑑
(Table 1), we use the model version and parameterization of Launiainen
et al. (2022) for the study site. In UR in 2019, we assume understorey
tree LAI was reduced by ca. 70% while the overstorey trees were left
intact. In MH, the overstorey pine LAI was then further decreased by
40% and that of spruce and deciduous by 45%, while the gradual
recovery from first to second post-thinning year (Section 2.1) was
assumed uniform across all PlantTypes. In absence of data, forest floor
shrub LAI was set constant at 0.5 m2 m−2 in all scenarios.

To evaluate the management and IAWV effects, we simulated half-
hourly carbon, water, and energy exchange using the measured above-
canopy meteorological forcing from 2018–2021. In total, we ran 4 (LAI)
×4 (year) scenarios and evaluated the effect of IAWV as the variability
among the cumulative growing season fluxes representing each year in
a given LAI-scenario, while the thinning effects are computed as the
mean difference between the pre-thinning and respective LAI-scenario
averages. In discussion, we use pyAPES also to generalize the results
over a larger LAI range and thinning intensities.
5

3. Results

3.1. Weather

Fig. 3 and Table 2 summarize monthly, growing season, and annual
meteorological conditions during the study period (2018–2022), and
compare them with the long-term (2009–2017) averages.

Due to the northern latitude, the seasonal cycle in solar radiation,
air temperature, and air humidity are strong. The PAR𝑒𝑐𝑜 was similar
to the long-term averages, except in June 2020 and June–July 2021
which were less cloudy than typical (Fig. 3a). There was considerable
more variability in air temperature (Fig. 3b), the most notable being the
warm winter (yet mostly below 0 ◦C) of 2019–2020. Growing season
soil temperature was above the long-term averages by ca. 5%–10% in
2018–2022, except 2019 (Table 2).

The annual precipitation and mean annual soil moisture were sim-
ilar to the long-term averages, except in the dry summer of 2018
(Fig. 3c), during which the large parts of Nordic forests were suffering
from drought but the study site was not strongly affected (Lindroth
et al., 2020). Monthly average soil water content varied between
ca. 35% and 12% (Fig. 3c), being well above the wilting point (ca.
3%–5% Duursma et al., 2008).

Vapor pressure deficit (VPD) strongly varied over growing seasons,
especially in June–August, typically peaking in late June (Fig. 3a). The
atmospheric evaporative demand, calculated following Priestley and
Taylor (1972) integrated over the growing seasons did not significantly
vary across the study years, deviating only less than 4% compared to
the mean growing season sum (674 mm).



Agricultural and Forest Meteorology 353 (2024) 110061T. Aslan et al.
Table 2
Annual and growing season mean of volumetric soil water content (SWC, %), soil temperature at 5 cm depth (T𝑠, ◦C), air temperature at 16.8 m
(T𝑎, ◦C), global radiation (R𝑔 , W m−2), below and above canopy photosynthetic active radiation (PAR𝑓𝑓 , PAR𝑒𝑐𝑜, μmol m−2 s−1) and sum of
precipitation (P, mm m−2). The growing season values are shown inside parentheses.

Year SWC T𝑠 T𝑎 R𝑔 PAR𝑓𝑓 PAR𝑒𝑐𝑜 P

2018 25 (20) 6.4 (10.8) 5.3 (13.6) 114 (174) 31 (56) 221 (346) 562 (335)
2019 27 (24) 6 (10) 4.9 (11.3) 108 (162) 43 (67) 208 (316) 724 (334)
2020 27 (23) 6.5 (10.5) 6.4 (12.3) 114 (177) 78 (127) 219 (345) 715 (354)
2021 28 (26) 6.6 (11) 4.3 (12.6) 109 (167) 66 (111) 207 (321) 725 (466)
2022 27 (23) 6.5 (10.9) 5.1 (12) 115 (173) 60 (105) 217 (330) 734 (359)

2009–2017 27 (26) 5.6 (9.9) 4.4 (11.6) 95 (146) 39 (61) 193 (299) 706 (459)
Fig. 4. Thinning induced changes in (a) leaf area density (𝑙𝑎𝑑) before (2018), after UR (2019), and after MH (2020). The 𝑧∕ℎ is height above the ground level relative to the
mean canopy height; (b) the ratio of mean growing season wind speed measured at 4.2, 8.4, 16.8 m to that at 27 m (u𝑟𝑒𝑓 ), (c) the weekly mean ratio of photosynthetic active
radiation below (PAR𝑓𝑓 ) to above-canopy (PAR𝑒𝑐𝑜) during growing seasons, (d) the difference of mean growing season daytime air temperature (measured at 0.4, 1.5, 3.3, 5.8,
8.8, 16.8, and 21.6 m) from the value at 27 m (T𝑟𝑒𝑓 ) in 2019 (after UR) and 2020 (after MH).
3.2. Thinning-induced changes in subcanopy microclimate

The UR was focused on trees with DBH < 7 cm, and thus reduced
𝑙𝑎𝑑 in the lower canopy only. The main harvest (MH) resulted in a near
uniform 𝑙𝑎𝑑 reduction in the main canopy (Fig. 4a), with negligible
changes in species composition (Fig. 1b). Following UR in 2019, light
availability at the forest floor improved only marginally, while a major
increase followed MH in 2020 (Fig. 4c). In the first (2021) and second
(2022) post-thinning years, the growth of new foliage (Section 2.1)
caused a slight reduction in the PAR𝑓𝑓 /PAR𝑒𝑐𝑜 ratio, especially visible
in the summer months (Fig. 4c). Also mean wind speed inside and be-
low the canopy relative to above-canopy increased after MH (Fig. 4b),
indicative of weaker momentum absorption in the upper canopy. In
Fig. 4b, only periods with near-neutral conditions (−0.05 < z/L < 0.05,
where z is the measurement height) and northern wind direction were
considered. The difference of daytime mean air temperature below
the canopy and above the canopy slightly increased after MH (2020)
compared to 2019 (Fig. 4d).
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3.3. CO2 fluxes

Due to the Northern location of the site, the seasonal cycle of CO2
exchange is strong. Both ecosystem and forest floor photosynthesis and
respiration were smallest in winter months (Dec–Feb), and peaked in
the summer (June–Aug) (Fig. 5). Due to weak photosynthetic activity
during winter months, the forest was a source of carbon (NEE > 0)
typically from October to April. The forest became a CO2 sink in April,
reaching its maximum CO2 uptake (NEE < 0) in July when also GPP𝑒𝑐𝑜
and R𝑒𝑐𝑜 were the highest. The year of MH (2020) was exempt from
such behavior with a clearly shorter summer sink period (Apr–Aug) and
noticeably lower monthly GPP𝑒𝑐𝑜.

The forest floor was a consistent source of carbon (NFFE > 0,
Fig. 6a) throughout the year, as the weak photosynthetic productivity
(GPP𝑓𝑓 , Fig. 6b) was not sufficient to compensate for strong respiration
(R𝑓𝑓 ), which steadily constituted ca. half of the ecosystem respiration
(Figs. 5 & 6c).

The annual NEE showed strong variability between −296 and
+115 g C m−2 yr−1 over the five study years (Fig. 6a). Net annual
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Fig. 5. Monthly sums of CO2 and H2O fluxes (a) at the ecosystem level (EC𝑒𝑐𝑜), consisting of gross primary production (GPP𝑒𝑐𝑜), respiration (R𝑒𝑐𝑜), net ecosystem exchange (NEE),
and evapotranspiration (ET𝑒𝑐𝑜); (b) at the sub-canopy level (EC𝑓𝑓 ), consisting of gross primary production of forest floor (GPP𝑓𝑓 ), forest floor respiration (R𝑓𝑓 ), net forest floor
exchange (NFFE) and forest floor ET (ET𝑓𝑓 ). For visual clarity, GPP𝑒𝑐𝑜 and GPP𝑓𝑓 are shown with negative sign. Long-term means (2009–2017) of NEE, GPP𝑒𝑐𝑜 and R𝑒𝑐𝑜 are shown
with dashed lines in corresponding colors in panel (a).
CO2 uptake was the highest in 2018 when the forest was intact, and
decreased by ca. 25% in 2019 following UR. It further decreased after
MH, turning the forest from a long-term sink into an annual CO2 source
(NEE +115 g C m−2 yr−1) in 2020. However, the annual NEE partly
recovered already in the first (2021) and second (2022) post-thinning
years, yet the net annual uptake still remained below the long-term av-
erage (−271 ± 24 g C m−2 yr−1, Launiainen et al. (2022)). Accordingly,
the light response of NEE showed parallel changes throughout growing
season and in between years (Fig. 7a), with the strong decrease in CO2
uptake in 2020 after the MH being the most detectable change.

The annual GPP𝑒𝑐𝑜 was nearly similar in 2018 when the forest was
intact and in 2019 following UR (1202 and 1189 g C m−2 yr−1, respec-
tively) (Fig. 6b). These values are typical to the pre-thinning average
GPP𝑒𝑐𝑜; 1212 ± 60 g C m−2 yr−1, Launiainen et al. (2022). In 2020
following MH, GPP𝑒𝑐𝑜 decreased by ca. 20% to 967 g C m−2 yr−1, and
then gradually recovered to 1114 g C m−2 yr−1 in the first post-thinning
year (2021) and to 1205 g C m−2 yr−1 in the second post-thinning year
(2022). GPP𝑓𝑓 was considerably smaller than GPP𝑒𝑐𝑜 being only 5%
of long-term averages in 2020, yet monotonously increasing to 12 and
16% in 2021 and 2022, respectively (Fig. 6b).

R𝑒𝑐𝑜 was slightly higher in 2019 (Fig. 6c) in comparison to both
2018 and long-term average (933 g C m−2 yr−1 Launiainen et al.,
2022). It further increased by ca. 10% in 2020 (to 1082 g C m−2 yr−1)
following the MH, and equivalently retraced back in 2021 to the level
of 2019. Later, it presented a slight increase (ca. 50 g C m−2 yr−1) in
2022. R𝑓𝑓 steadily constituted approximately half of R𝑒𝑐𝑜 in both 2020
and post-thinning years.

The base respiration rates at the reference temperature of 10 ◦C (R𝑐)
obtained for growing seasons are shown in Table C.6 (see Appendix C).
For R𝑔𝑟𝑜𝑢𝑛𝑑 , R𝑐 gradually decreased between 2018–2020, while for R𝑓𝑓 ,
it was similar in 2019 and 2020, then increased in 2021 and 2022. For
R𝑒𝑐𝑜, it varied within a small range without presenting any pattern.

3.4. H2O exchange

The seasonal cycle of the ecosystem and forest floor ET resembles
that of GPP, being negligibly low in winter and peaking in June–July
7

Table 3
Growing season (May–October) and non-growing season (January–April + November–
December) sums of R𝑒𝑐𝑜, GPP𝑒𝑐𝑜 (g C m−2) and ET𝑒𝑐𝑜 (mm H2O). The values in
parenthesis show the contribution to the annual sum (%). Ecosystem WUE (WUE𝑒𝑐𝑜,
μmol CO2 m−2 s−1 per mmol H2O m−2 s−1) is reported only for the growing season.

Variable Year Growing season Non-growing season

R𝑒𝑐𝑜 2018 763 (84.2) 142 (15.8)
2019 778 (79.7) 198 (20.3)
2020 826 (76.4) 255 (23.6)
2021 819 (84.5) 150 (15.5)
2022 858 (84.3) 160 (15.7)

GPP𝑒𝑐𝑜 2018 1136 (94.5) 66 (5.5)
2019 1069 (90) 119 (10)
2020 880 (91.1) 86 (8.9)
2021 1021 (91.7) 92 (8.3)
2022 1124 (93.3) 80 (6.7)

ET𝑒𝑐𝑜 2018 321 (87.1) 47 (12.9)
2019 301 (88.7) 38 (11.3)
2020 276 (85.8) 45 (14.2)
2021 301 (90) 33 (10)
2022 303 (90.4) 32 (9.6)

WUE𝑒𝑐𝑜 2018 6.6 –
2019 6.9 –
2020 5.7 –
2021 6.8 –
2022 6.7 –

(Fig. 5). Annual cumulative ET𝑒𝑐𝑜 was close to the long-term average
(359 ± 19 mm H2O m−2 yr−1 Launiainen et al., 2022) during all studied
years (Fig. 6d). Monthly sums and annual cumulative forest floor water
fluxes (ET𝑓𝑓 ) typically constituted ca. 20% of long-term average of
ecosystem ET in 2020–2022. Contrary to NEE, the relationship between
ET𝑒𝑐𝑜 and incoming PAR𝑒𝑐𝑜 is near-linear (Fig. 7b), with the slope
increasing from May to July–Aug, likely due to a combined response
to enhanced needle- and ecosystem-level photosynthetic capacity and
thus transpiration towards the summer (Fig. 7a, Kolari et al. (2014))
and increased atmospheric evaporative demand. There is a striking
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Fig. 6. Annual CO2 and H2O fluxes: (a) net ecosystem exchange (NEE) and net forest floor exchange (NFFE), (b) ecosystem (GPP𝑒𝑐𝑜) and forest floor (GPP𝑓𝑓 ) gross-primary
productivity, (c) ecosystem (R𝑒𝑐𝑜) and forest floor (R𝑓𝑓 ) respiration, (d) ecosystem (ET𝑒𝑐𝑜) and forest floor evapotranspiration (ET𝑓𝑓 ). Percentages shown in parenthesis represent
the proportion of the forest floor to the long-term (2009–2017) means of ecosystem-level fluxes depicted by horizontal dashed red lines (Launiainen et al., 2022).
dissimilarity between NEE and ET𝑒𝑐𝑜 response to thinning: the latter
showed only a minor reduction following the MH (in May–July 2020,
Fig. 7b).

Stand transpiration was the main component of ET𝑒𝑐𝑜, contribut-
ing up to 90% of dry-canopy (i.e. in absence of recently intercepted
precipitation evaporating from the canopy) ET in late growing season
and autumn 2019 (Fig. 8). The contribution clearly decreased after MH
(2020, 70%, with a slight recovery in 2022 (75%). The relationship
between T𝑠𝑡𝑎𝑛𝑑 and ET𝑒𝑐𝑜 was near-linear in all study years.

Ecosystem water use efficiency (WUE𝑒𝑐𝑜) was 6.6 and 6.9 μmol CO2
m−2 s−1 per mmol H2O m−2 s−1 in 2018 and 2019 (after UR), resem-
bling the long-term averages in Launiainen et al. (2022) (Table 3). After
MH, it dropped to 5.7 in 2020 but recovered to 6.8 & 6.7 in 2021, and
2022 respectively.
8

4. Discussion

4.1. Effect of inter-annual weather variability

Weather conditions were rather similar in all years except for dry
summers of 2018 and 2022 (Fig. 3c), and the warmer than average
winter of 2019–2020 (Fig. 3b). However, the growing season and
annual sums of NEE and ET𝑒𝑐𝑜 in 2018 were similar to long-term
averages, indicating a negligible effect of the drier summer, as already
reported in another study by Lindroth et al. (2020).

The warmer winter 2019–2020 resulted in no significant changes
in GPP and ET (Fig. 5). It however likely affected the respiration,
increasing the annual R𝑒𝑐𝑜 of both 2019 and 2020 by ca. 20 and 50
gC, respectively (Fig. 5a), when comparing Dec–Jan–Feb cumulative
fluxes with long-term averages (Launiainen et al., 2022). At large, there
was a steady contribution of growing season sums into annual sums,
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Fig. 7. Response of (a) net ecosystem CO2 exchange (NEE) and (b) ecosystem evapotranspiration (ET𝑒𝑐𝑜) to photosynthetic active radiation above the canopy (PAR𝑒𝑐𝑜) for each
growing season month in 2018–2022. PAR𝑒𝑐𝑜, ET𝑒𝑐𝑜, and NEE are screened for environmental extremes as described in Appendix A.
Fig. 8. Relationship of estimated stand transpiration (T𝑠𝑡𝑎𝑛𝑑 , see Section 2.2.2) and measured dry-canopy ET𝑒𝑐𝑜 for each year with coinciding below- and above-canopy EC
measurements, i.e., 2019 (Aug-Dec), 2020, 2021, and 2022. Means of binned half-hourly values are shown with error bars of one standard deviation. Lines represent linear
least-square regressions to the corresponding year’s means. The diagonal dashed-red line is the 1:1 line.
i.e. 90% for GPP𝑒𝑐𝑜, 75% for R𝑒𝑐𝑜, and 85% for ET𝑒𝑐𝑜 (Table 3). Minor
contribution of non-growing season sums indicates the negligible role
of winter-time fluxes, especially for ET and GPP.

To further investigate the impact of IAWV on annual GPP𝑒𝑐𝑜 and
R𝑒𝑐𝑜, we reconstructed the cumulative fluxes for 2019 and 2020 using
the corresponding weather data in Eqs. (C.2) & (C.1) and fixing the
gap-filling parameters to their mean seasonal cycles from 2009–2017
9

period (Section 2.2.5). The results of GPP𝑒𝑐𝑜 (Fig. 9b) shows that the
reconstructed fluxes fall within the inter-annual flux variability range
(standard deviation 4%, when fluxes are normalized with the mean
of long-term fluxes), indicating the IAWV cannot explain the found
differences in GPP𝑒𝑐𝑜 as this variability is clearly smaller than the
observed changes after thinning. Similar conclusion can be drawn for
the results of R of 2019 (Fig. 9a), whereas the reconstructed fluxes of
𝑒𝑐𝑜
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Fig. 9. Annual cumulative (a) ecosystem respiration (R𝑒𝑐𝑜), and (b) gross primary
production (GPP𝑒𝑐𝑜) reconstructed via gapfilling parameters of 2019 (black line) and
2020 (red line), and via long-term averages (2019LT and 2020LT) shown with dashed
lines with corresponding colors of the year. The mean of long-term constructed fluxes
(LT𝑚𝑒𝑎𝑛) is shown with thin-blue line and a standard deviation with light-blue shaded
area. All values shown are normalized with the LT𝑚𝑒𝑎𝑛 annual sum.

R𝑒𝑐𝑜 of 2020 slightly exceed (ca. 5%) the inter-annual range, indicating
the effect of a minor role of IAWV, especially the warm winter. It is
worth noting that this simple modeling is based on only a few driving
variables, i.e., temperature for respiration and, temperature and PAR
for gross-primary productivity. This makes it potentially prone to at
least temporal biases in case the seasonal pattern of driving variables
differs significantly from 2009–2017 period used to derive the average
seasonal cycle of light-response and respiration parameters (Eqs. (C.2)
& (C.1); Appendix C).

The small role of IAWV on gross-primary productivity and evap-
otranspiration is further supported by the process-model simulations.
Fig. 10 shows the growing season (May–Oct) ET components and
GPP𝑒𝑐𝑜 for each forest stage (intact in 2018, 2019 after UR, and 2020
after MH, 2021 as 1st PT) under weather forcings from four different
years. The simulations revealed markedly higher weather sensitivity
(effect of IAWV) in water fluxes than to photosynthetic productivity.
Despite similar evaporative demand across the years (Section 3.1), pre-
cipitation and VPD patterns were different during the summer months
(Fig. 3a). The effect of such variation is clearly more pronounced on
evaporative water losses from canopy intercepted water and forest floor
rather than on photosynthetic production or transpiration rate. This is
primarily due to the stomatal control aiming to maximize photosyn-
thetic carbon gain while minimizing transpirative water losses (Katul
et al., 2010; Medlyn et al., 2012).
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4.2. Effect of thinning on carbon and water fluxes

Based on the previous section, we conclude the growing season or
annual CO2 fluxes and ET were not significantly affected by IAWV.
Also, the uncertainty of annual NEE, GPP𝑒𝑐𝑜 and R𝑒𝑐𝑜 stemming from
gap-filling and flux partitioning (Appendix C) is small compared to the
observed changes in fluxes. Thus, in the next sections we interpret the
observed changes (or their lack of) solely as thinning responses.

To put our results in the context of earlier findings, we summarized
the literature reported (hemi) boreal and temperate forest thinning ef-
fects in Table 4. The changes shown represent the immediate responses
(i.e., the first post-thinning year) with respect to either single pre-
thinning year or long-term averages of annual fluxes. The comparison
is done assuming the IAWV has no significant impact, and discards
the uncertainty stemming from different types of analysis among the
reviewed studies.

4.2.1. Understorey removal
Following UR in 2019, net carbon uptake decreased by ca. 20%.

In UR, the suppressed small-diameter trees were felled, which resulted
in ca. 10% leaf area loss (Table 1). However, this had a very minor
effect on annual GPP𝑒𝑐𝑜 (Fig. 6b) as the removed foliage was mainly
light-limited (Fig. 4a) due to the closed canopy (high pre-thinning LAI)
(Section 2.1). Since the light condition at the forest floor enhanced only
marginally (Fig. 4c), we believe UR did not markedly affect GPP𝑓𝑓 .
The process-model simulations support this interpretation, and suggest
the LAI reduction in UR would reduce growing-season GPP𝑒𝑐𝑜 only
ca. 3%–4% (or ca. 40 g C m−2 yr−1) (Fig. 10). Due to IAVW and
uncertainties associated with micrometeorological flux measurements
and partitioning, such a small change can well remain unnoticeable in
the EC data.

Contrary to the unchanged GPP𝑒𝑐𝑜, the annual R𝑒𝑐𝑜 increased by ca.
8% (or 70 g C m−2 yr−1) compared to 2018 (Fig. 6, Table 3). As shown
in Table 1, the UR provided additional input of ca. 45 g C m−2 fine cut-
ting residues and ca. 515 g C m−2 coarse woody debris (CWD; including
trunks, branches and coarse roots) (Aalto et al., 2023). The ratio of
decomposed biomass to the initial litter biomass as a function of time
is often approximated via exponential function 𝑀(𝑡)∕𝑀0 = 𝑒𝑥𝑝(−𝑘 𝑡),
where the single parameter 𝑘 is the decomposition rate (Olson, 1963).
For coniferous foliage and fine-root litter, 𝑘 varies between 0.15 and
0.4 yr−1 (Song et al., 2021; Johansson et al., 1995; Prescott et al.,
2000), while 𝑘 between 0.03 and 0.06 yr−1 is typical for CWD in similar
climate (Zell et al., 2009; Tarasov and Birdsey, 2001). During the
first year after UR, this would correspond to additional heterotrophic
respiration around 6–15 and 16–30 g C m−2 yr−1 from fine-cutting
residue and CWD, respectively. This additional input together with
the slightly increased respiration in Dec 2019 due to warmer weather
(Appendix A) likely explains the increased R𝑒𝑐𝑜 in 2019 compared
against typical annual levels observed at the site. It is important to note
that fine-root litter decomposition is not included in fine-cutting residue
calculations due to lacking estimations. In addition, there was snow
damages in winter 2019, affecting ca. 35 trees per hectare in varying
DBH. This may have also possibly increased Rℎ.

The growing season and annual ET𝑒𝑐𝑜 showed no significant re-
sponse to UR, and were only slightly below the long-term averages in
2019 (Fig. 6d and Table 3). Neither did the radiation response of ET𝑒𝑐𝑜
change (Fig. 7b), and T𝑠𝑡𝑎𝑛𝑑 (estimated via EPL20) comprised as high as
90% of ET𝑒𝑐𝑜 (Fig. 8). For coniferous boreal forests, this ratio is in the
upper range reported (see e.g. Kozii et al., 2020), suggesting dry-canopy
ET of closed-canopied forest was mainly from transpiration during the
latter part of the growing season. The minor impact of UR on ET𝑒𝑐𝑜 is
supported by the model predictions (Fig. 10c), showing only a marginal
reduction compared to the intact forest in 2018. The lack of change in
ET was likely due to the increase in Ef𝑚𝑜𝑑 , compensating for the reduced
Tr after UR (Fig. 10a and b).
𝑚𝑜𝑑
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Fig. 10. Thinning response of ecosystem GPP and water flux components estimated via pyAPES model (Section 2.3). The numbers in 𝑦-axis show the relative change compared
to the intact-forest. This reference flux is defined as the mean of growing season fluxes estimated by running the model with weather forcing data from all the study years.
Consequently, the variability within a given forest stage (i.e. intact, UR, MH, 1st PT) depicts the effect of inter-annual weather variability, while the mean difference between
forest stages represents the thinning impact (or recovery). Dashed line in panel (e) shows the LAI relative to the intact forest (in 2018).
Table 4
Summary of studies investigating the effect of thinning on ecosystem level water and carbon fluxes, showing site characteristics, basal area (BA - m2 ha−1) before harvesting with
thinning intensity (%) shown in the bracket, one-sided leaf index (LAI - m2 m−2) with foliage loss (%) in the bracket, the immediate change (i.e., first post-thinning year) in
GPP𝑒𝑐𝑜, R𝑒𝑐𝑜, NEE, T𝑠𝑡𝑎𝑛𝑑 , ET𝑒𝑐𝑜 and WUE𝑒𝑐𝑜 with respect to the pre-harvesting year or long-term average (the signs ‘‘↑, ↓, and ⇔’’ indicate an increase, a decrease, and no significant
change, respectively). Negative NEE (R𝑒𝑐𝑜 - GPP𝑒𝑐𝑜) represents a sink of CO2, hence ‘‘↑’’ sign indicates diminishing net carbon sink strength. The dominant tree species are Scots
pine (SP), White pine (WP), Loblolly pine (LP), Norway spruce (NS), Sitka spruce (SS), Oak (O), mixed (M), European beech (EB), Birch (B). The studies are first segregated based
on the regions, then sorted with ascending harvesting intensity (BA removal) within each.

Region Study Location Forest type
(age)

BA LAI GPP𝑒𝑐𝑜 R𝑒𝑐𝑜 NEE T𝑠𝑡𝑎𝑛𝑑 (ET𝑒𝑐𝑜) WUE𝑒𝑐𝑜

Skubel et al. (2017) Canada (ON) WP (74) 36 (13) 4.3 (38) ↓ (↑)
Lindroth et al. (2018) Sweden SP (100) 46.7 (21) 4-5 (38-50) ↓ ↓ ↑

Lagergren et al. (2008) Sweden SP (50) 29.1 (24) 4.6 (25) ↓ (⇔)
(Hemi) Aun et al. (2021) Estonia SP (45) 31.8 (24) ↑

Boreal Vesala et al. (2005) Finland SP (40) 24.3 (26) 4 (25) ↓ ↓ ⇔ ↓(⇔)
Aun et al. (2021) Estonia SP (25) 27.2 (31) ↑

Leppä et al. (2020) Finland SP 36 (70) (52) (↓)
Korkiakoski et al. (2023) Finland SP 36 (70) (52) ↓ ↓ ↑

Saunders et al. (2012) Ireland SS (20) 43.9 (11) 2.6 (13) ↓ ↓ ↑

Saunders et al. (2012) Ireland SS (18) 48.2 (17) 3 (18) ↑ ⇔ ↓

Granier et al. (2008) France EB (32) 24 (24) 3.7 (35) ↑ ↑ ↓ (↑)
Temperate Granier et al. (2008) France EB (38) 26 (25) 3 (33) ↓ ↓ ↑ (↓)

Misson et al. (2005) US (CA) PP (10) 6.3 (31) 1.4 (34) ↓ ⇔ ↑ ⇔

Dore et al. (2010) US (AZ) PP 20 (35) 1.5 (40) ↓ ↓ ↑ (↓) ⇔

Wilkinson et al. (2016) UK O (70s) 25 (36) ⇔ ⇔ ⇔
4.2.2. Main harvest
Contrary to our hypothesis (H3), the forest became an annual

carbon source following MH in 2020 (Fig. 6a). This was a result
of increased respiration and strongly decreased photosynthetic CO2
uptake (Fig. 6b and c). The reduction of GPP𝑒𝑐𝑜 in 2020 compared
to the preceding year was ca. 20%, which is significantly lower than
the foliage loss, i.e., 40%–45% (Table 1). The post-thinning decrease
of GPP is a uniform finding across the reviewed studies in the boreal
region (Table 4). In our case, the strength of observed thinning response
was well in line with the process-model predictions (Figs. 10 & 11).
The light interception by trees and hence light use efficiency (LUE) is
a non-linear function of LAI (Mäkelä et al., 2008). Thus the leaf-level
LUE increased after thinning due to more even distribution of radiation
throughout the tree canopy, enabling the previously shaded leaves in
lower canopy to photosynthesize more than before thinning (Wilkinson
et al., 2016). This increase of needle-level photosynthesis primarily
explains the moderate reduction in GPP𝑒𝑐𝑜 and transpiration compared
to foliage loss as hypothesized (H1 and H4). We note that also improved
water and nutrient availability and changes in canopy temperature
11
and humidity profiles may also catalyze the enhanced needle and tree-
level CO2 uptake after thinning. These feedbacks were, however, not
addressed here.

Annual GPP𝑓𝑓 in 2020 after MH was only 5% of the long-term
average of GPP𝑒𝑐𝑜. This contradicts the narrative that thriving ground
vegetation plays an important role in the weak response of NEE (and
its immediate recovery) to thinning (Vesala et al., 2005; Wilkinson
et al., 2016, see summary of thinning studies in Table 4). The low
photosynthetic activity at forest floor in 2020 might be due to the
disturbance of ground vegetation, and the additional shading by the
cutting residues left on the site (both in UR and MH). Another reason
might be the post-thinning stress (Lagergren et al., 2008), indicating a
slow acclimation of shade-adopted vegetation to drastically increasing
light availability. In our case, we observed as much as a 90% increase
in light availability at the forest floor (Fig. 4c). This is much greater
than the 63% increase reported by Teramoto et al. (2019), while Son
et al. (2004) reported 59% for similar BA removal ca. 40% in temperate
forests. By the data available, we however cannot quantify the extent
of how these potential reasons may explain the small contribution of
GPP to GPP after thinning.
𝑓𝑓 𝑒𝑐𝑜
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Fig. 11. Process-model predictions of the response of gross photosynthetic productivity (GPP), transpiration (T), and evapotranspiration (ET) as well as ecosystem water use
efficiency (WUE𝑒) and stand transpiration use efficiency (WUE𝑇 ) for various thinning intensities. The figure shows the relative difference of each response variable with respect to
the reference LAI = 4.0 m2 m−2.
The observed increase in R𝑒𝑐𝑜 was unexpected (contrary to H2).
In fact, all previous studies in boreal forests reviewed in Table 4
have reported R𝑒𝑐𝑜 decrease after thinning, while the response has
been less consistent for temperate stands (Table 4). In our study R𝑒𝑐𝑜
after MH was ca. 15% higher than the long-term averages, and our
interpretation is the majority of the increase is related to the MH
and a smaller fraction to the warm winter (Fig. 5a, Section 4.1). The
fine-cutting residue and CWD left at the site in MH were ca. 80 and
870 g C m−2, respectively. Using a similar estimate of litter turnover
for UR, this would contribute approx. 58–115 g C m−2 yr−1 increase
in heterotrophic respiration (including also the decomposition of UR-
based cutting residue). This increase is likely partly compensated by
reduced autotrophic respiration as a response to harvest and subse-
quently decreased photosynthetic productivity (𝑅𝑎 typically 40%–60%
of GPP𝑒𝑐𝑜; Ilvesniemi et al. (2009)).

The base ecosystem respiration at 10 ◦C (R𝑐 , Table C.6) changes
after thinning were in line with the changes in annual R𝑒𝑐𝑜. On the
contrary the R𝑐 of forest floor respiration gradually increased even
though annual R𝑓𝑓 remained similar across the years. The automatic
chambers used to measure ground respiration (R𝑔𝑟𝑜𝑢𝑛𝑑) contained no
cutting residue, and the ground vegetation confined by the collar was
not altered during the harvesting procedure. After harvests, the gradual
reduction in base rate of R𝑔𝑟𝑜𝑢𝑛𝑑 is thus likely due to the loss of living
root biomass (decreased R𝑎), which was partly compensated by the
decomposition of fine roots of harvested trees (increasing Rℎ) as well
as the increased autotrophic respiration of remaining trees. Despite our
effort to interpret the respiration changes after thinning via possible
mechanisms, it is painfully clear that quantitative understanding of
ecosystem respiration and its partitioning after forest management
operations requires further empirical and theoretical research.

Similar to UR, neither growing-season nor annual ET𝑒𝑐𝑜 did not
markedly change after MH (Fig. 6d) and were only slightly below
the long-term averages (contrary to H5). This led to a decrease in
ecosystem water use efficiency (WUE𝑒𝑐𝑜, Table 3), again as predicted
by the biophysical theory (Fig. 11). The radiation response of ET𝑒𝑐𝑜
showed no significant differences (Fig. 7b) between the years. Noting
the negligible effect of IAWV (see Section 4.1), the insensitivity of ET𝑒𝑐𝑜
to thinning in comparison to T𝑠𝑡𝑎𝑛𝑑 can only mainly be explained by
the MH-induced redistribution of ecosystem water sources and thus
components of ET𝑒𝑐𝑜. The decrease in T𝑠𝑡𝑎𝑛𝑑 was smaller than the
reduction in leaf area, as the increasing photosynthetic activity of
the remaining trees led to increasing transpiration per unit leaf area
(Figs. 10c, 11). Similar behavior in T after thinning has also been
12

𝑠𝑡𝑎𝑛𝑑
reported earlier (Lagergren et al., 2008; Skubel et al., 2017; Leppä et al.,
2020).

The model simulations suggest canopy interception evaporation
(Ec𝑚𝑜𝑑) decreased after thinning. This is in line with the observations
of Balandier et al. (2022), showing the contribution of stand inter-
ception to ET𝑒𝑐𝑜 decreases as LAI decreases. Also Sun et al. (2017)
reported reduced interception following a heavy thinning (ca. 50%
BA removal). The increasing throughfall reaching the forest floor and
increasing energy (light) availability and ventilation (Fig. 4c, b) then
likely led to increased (1) transpiration from the ground vegetation, (2)
evaporation from plant surfaces and soil at the forest floor. The latter is
also partly affected by increased live or dead plant surface area at the
forest floor, and more turbulent conditions and increasing wind speed
in the trunk space (Fig. 4b), both of which accelerate evaporation from
wet surfaces. Accordingly, both our observations (Fig. 8) and model
simulations (Fig. 10) suggest that evaporation from the forest floor
(E𝑓𝑓 ) indeed increased after thinning, and further compensated the
reduced T𝑠𝑡𝑎𝑛𝑑 (see also Kozii et al., 2020).

Growing season soil temperature was ca. 5%–10% above the long-
term averages in 2020–2022 (Table 2). This slight increase, despite
greatly increased light availability, suggests the excess energy at the
forest floor (Fig. 4c) was mainly used for increased sensible and latent
heat exchange. A similar conclusion was drawn by Lagergren et al.
(2008) who observed no change in soil temperature (at 10 cm depth)
after light thinning in a Scots pine-dominated hemi-boreal forest.

4.2.3. Post-thinning recovery and cumulative effects
The studied forest became a weak carbon sink already in the first

post-thinning year (2021); this marks the second post-thinning growing
season (see Section 2.1 for definitions). The sink further recovered in
2022, however, net carbon uptake still remained significantly below
the long-term average (Fig. 6a). This is mainly due to R𝑒𝑐𝑜 staying ca.
10% above the long-term average (Fig. 6c). There was a large increase
in GPP𝑒𝑐𝑜 already in the first post-thinning year, and the long term-
average level was reached in the second post-thinning year in 2022
(Fig. 6b), despite LAI remaining significantly below the pre-thinning
value (Fig. 10e).

Also GPP𝑓𝑓 gradually increased, its contribution exceeding 10% and
further 15% of the long-term average of GPP𝑒𝑐𝑜 in the first and second
post-thinning year, respectively (Fig. 6b). This is likely related to both
increasing foliage at forest floor and acclimation to the increased light
availability. A similar forest floor GPP (131 g m−2 yr−1) as observed
in 2021 in our study (Fig. 6b) was found by Kolari et al. (2006),
who upscaled the chamber measurements in the same study site in
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the second year after the first commercial thinning (Vesala et al.,
2005). The gradual increase of GPP𝑓𝑓 highlights that the forest floor
is more likely to play an important role in recovery rather than in the
immediate response of NEE (or its lack of) to thinning (Vesala et al.,
2005; Wilkinson et al., 2016).

The measured ET𝑒𝑐𝑜 remained slightly below the long-term averages
both in 2021 and 2022. T𝑠𝑡𝑎𝑛𝑑 slightly increased and contributed 71 and
75% of ET𝑒𝑐𝑜 in 2021 and 2022, respectively (Fig. 8). Likewise, Ec𝑚𝑜𝑑
marginally increased, near-proportionally to the increased foliage (Ta-
ble 1). The gradual change in GPP𝑓𝑓 is suggestive of a similar increase
in forest floor transpiration. With that, in addition to the observed
changes in T𝑠𝑡𝑎𝑛𝑑 and model results for Ec𝑚𝑜𝑑 , forest floor evaporation
likely decreased in 2022 when compared to 2021, in accordance with
model results for Ef𝑚𝑜𝑑 .

Compared to the long-term pre-thinning averages, the loss in cu-
mulative ecosystem carbon sink between 2019 and 2022 was ca. 660
g C m−2. In total, thinning (UR+MH) resulted in ca. 1500 gC m−2 of
cutting residue left to the site (Table 1), which ultimately decompose
increasing the heterotrophic respiration and decreasing the net ecosys-
tem CO2 sink. Noting that part of the cutting residues have already
decomposed and included in 2019–2022 NEE sums (Sections 4.2.1 and
4.2.2), thinning can be estimated to yield roughly an additional on-
site CO2 source of ca. 1200 gC m−2 to be compensated for in the
future. Assuming the forest CO2 sink strength is similar to the long-
term averages (−272 gC m−2 yr−1) already in the third post-thinning
year (2023), the compensation for such carbon sink loss would take
roughly 8 years. This payback-time contradicts the narrative claiming
the neutral on-site effect of thinning on carbon balance (Vesala et al.,
2005; Lindroth et al., 2018). In this regard, harvesting the cut under-
storey trees as well as upper non-valuable crowns (coarse residues)
might be considered positive for on-site carbon balance and to reduce
the payback-time (Grelle et al., 2023).

It is important to note the envelope calculation above neglects the
fact that there would be a natural self-thinning as the canopy reaches
the upper limit of development, which would eventually reduce GPP𝑒𝑐𝑜.
urther, it is assumed that the forest’s sink strength would ultimately
each to the long-term averages. This might not hold as NEE is the small
ifference between R𝑒𝑐𝑜 and GPP𝑒𝑐𝑜, and any changes in the component
luxes with stand age and recovery from thinning may have major
ffect on NEE. Therefore, long-term monitoring of thinning recovery
s necessary to quantify the cumulative effects of thinning on on-site
arbon budget, and to benchmark ecosystem and forest models against
irectly measured flux data.

The climate impacts of thinning cannot, however, be evaluated
olely based on on-site impacts on carbon balance and surface energy
alance (i.e. albedo). Following thinning, 114 m3 ha−1 of commer-
ially valuable timber was extracted and transported from the site.
his is equivalent of 2.4 kg C m−2 reduction in stand carbon stock,
nd the climate impact of such re-location of carbon storage depends
eavily on harvested timber assortments and the ultimate use of wood
roducts. In Finland, approximately 50%–60% of timber harvested
rom second commercial thinning of Scots pine dominated stands (as
ere) is small-diameter fibrewood (Niemistö et al., 2018). Thus, major
art of the harvested timber from thinning is used for short-term
roducts (i.e. paper, cardboard, bioenergy) and the associated car-
on storage consequently emitted to the atmosphere within 2–4 years
turnover time ca. 0.3 y−1; Pukkala (2014)). Thinnings are, however,
ecessary to allocate growth resources to fewer trees to produce good-
uality large diameter timber for more long-term products (life time
ens of years) at the end of rotation. It is thus imperative that the
ystem boundaries (i.e. ecosystem or biome, including or excluding
ood use) and timescales are well defined when climate effects of

orest management operations or management chains are analyzed and
ommunicated (Keenan, 2015; Soimakallio et al., 2016).
13
4.3. Role of thinning intensity

The model simulations (Fig. 11) suggest that thinning intensity
(i.e. strength of BA or LAI reduction) and the initial canopy structure
(i.e. LAI, 𝑙𝑎𝑑, and species composition) jointly determine the magnitude
of thinning response. In Fig. 11, the changes are shown in percentages
with respect to the fluxes when one-sided LAI = 4.0 m2 m−2, which
can be considered the upper limit for pine-dominated stands prior to
thinning. Here, TR of one (i.e., uniform DBH removal) is considered.
The model predictions suggest that for a given absolute change in LAI,
the thinning responses became weaker the denser the forest is initially.

Our results showed that a moderate 10% reduction of initial LAI
by UR did not change photosynthetic production and water fluxes,
while a slight increase in respiration was found. This was likely because
the fully developed overstorey canopy crown was not affected (see
Section 2.1, Fig. 4a). Thus, the initial structure of the canopy crown
or 𝑙𝑎𝑑 at large is also very important along with the thinning intensity
because the change in those would primarily define the changes in
the microclimate of trunk space and the forest floor. Accordingly, for
the forests with small BA, i.e., not fully developed canopy crown, the
change in canopy crown would not be as important.

One way to monitor the change in the canopy structure following
thinning is to consider change in 𝑙𝑎𝑑, which was shown only in one
thinning-related study so far (Leppä et al., 2020). Another way is the
thinning ratio (Section 2.1). In the case of spatially homogeneous stand
structure and thinning, TR is a rather informative metric. TR of one
indicates an equal removal of all DBH size-classes (uniform thinning),
while smaller values can describe ‘‘low’’ thinning and higher values can
describe ‘‘crown’’ thinning. In our study, TR of UR was 0.04, while TR
of MH was 0.61, both classified as low thinning. Saunders et al. (2012)
investigated a Sitka spruce-dominated temperate forest thinned in two
consecutive years. In the first thinning, they applied a near-uniform
thinning (TR 0.85), while the latter was thinning from above removing
the dominant trees (TR 1.37). Wilkinson et al. (2016) investigated the
effect of thinning in an Oak dominated temperate forest where so-called
‘‘intermediate’’ of low- and crown thinning is typically applied to the
middle-aged forest. Vesala et al. (2005) applied a low thinning in the
study site, while the thinning examined by Lindroth et al. (2018) was
strictly done from below, where the TR of the dominant Scots pine was
0.81, and spruce was 0.55. Despite the strong variability in thinning
intensity, TR, and forest attributes (e.g., age, LAI), there is a consistent
reduction in photosynthetic productivity and respiration (except in
the present study), a decrease of annual NEE in the coniferous forest
studied (Table 4). Likewise, a consistent pattern showing reduced stand
transpiration exists, while the ET was found conservative (no change)
in the majority of the reviewed studies.

For temperate regions, however, the thinning responses are much
less consistent (Table 4). This might be due to: (1) greater role of
varying weather conditions, hence the growing season commencement
and length, (2) varying resource availability (especially water and
nitrogen), (3) greater overall variability in annual fluxes (Wilkinson
et al., 2016), (4) more diverse species composition and management
practices.

4.4. Critical remarks and future outlook

In the previous sections, we attempted to put our findings in the
context of earlier studies and discuss the role of thinning intensity.
This was however challenging due to various differences and uncer-
tainties regarding study designs, measurements, data processing, and
the application of thinning.

Given the size and variability of the source/sink area (i.e., footprint)
seen by an eddy-covariance setup, the design of a thinning experiment
is challenging. Thinning a particular sector around the EC tower is
a common approach (Wilkinson et al., 2016), where data from the
unthinned sector are used as a control. This is however constrained due
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to possible heterogeneity of the forest existing prior to the thinning, dif-
ferent weather characteristics as well as limited data availability from
each sector. An alternative approach is to thin the entire forest stand,
and analyze the thinning effect by comparing pre- and post-thinning EC
data (Vesala et al., 2005, this study). However, this approach is prone
to the uncertainty related to inter-annual weather variability, which
makes it difficult to separate management and weather-related effects
on carbon and water fluxes (Aubinet et al., 2018; Foken et al., 2021).
We tackled this issue using both a statistical approach (Fig. 9) and a
process-based model (Fig. 10) predictions, and propose this approach
should become more widespread in the future studies.

The models estimating the source area of EC fluxes assume homo-
geneous and flat terrain, which is often not the case in real landscapes.
Furthermore, the surface roughness parameters (roughness length and
displacement height) are demanding to estimate (see Appendix B),
and their dependency on stand density and 𝑙𝑎𝑑 affected by thinning
increase the potential uncertainties. Furthermore, many of the source
area models are not strictly valid in the roughness sublayer (i.e. air
layer extending approximately 2 to 5 times the canopy height above
the surface). In some thinning studies (Dore et al., 2010), the fluxes
exceeding the boundaries of the harvested area were discarded from
the data set, while in many (Wilkinson et al., 2016; Lindroth et al.,
2018, this study) it is assumed that the whole source area was within
the harvested area. Our footprint analysis showed that daytime fluxes
originated from the thinned area, whereas in nighttime some portion of
the fluxes may include contributions from the un-thinned area (Fig. 1a).
That said, to make sure the fluxes originate solely from thinned area,
a suitable spatial extent of harvests should be ensured in the future
studies.

Forests are multi-layer complex ecosystems. Due to contrasting
responses of the respiration, photosynthesis, and evapotranspiration
components at different compartments of the forest, the fluxes mea-
sured solely by above-canopy eddy covariance setup are not sufficient.
Our results emphasize that additional monitoring of forest floor fluxes
are highly beneficial and necessary to interpret the causal mechanisms
and compensatory effects underlying the changes in ecosystem level
carbon and water fluxes. To do so, laborious manual chamber mea-
surements are widely used (Aun et al., 2021), which however yields
a discrete data. Alternatively, automatic chambers can be used but
they can alter the local environmental conditions and hinder litter
fall (Teramoto et al., 2019), becoming less representative of forest
floor. When only few chambers are used, as in this study, also spatial
variability may remain unaccounted for. Our study emphasizes that
continuous EC measurements at trunk space are an efficient tool to
monitor forest floor fluxes (Launiainen et al., 2005; Chi et al., 2021).

To interpret the changes in carbon and water fluxes it is imperative
that fluxes are complemented by accurate allometric measurements;
this is also necessary to enable the development and benchmarking
of forest growth and carbon balance models, and land-surface models
to guide future climate-smart and environmentally sustainable forest
management. The measurements presented in the study site follows
the ICOS protocol for ancillary vegetation measurements (Gielen et al.,
2018), which aims to provide standardized measurements with small
and similar errors for inter-comparison, setting a good example for
future studies. In our study, we showed a significant gradual increase
in GPP at forest floor (Fig. 6b). It could however not be verified via
the measurements of leaf area, biomass at forest floor, or soil organic
carbon.

5. Conclusions

We investigated the short-term effects of commercial thinning (ca.
40% reduction in basal area) on CO2 and H2O fluxes in ca. 60 yr
old mixed boreal forest with a fully developed canopy structure. The
thinning was applied in two stages, i.e. understorey removal and main
harvest, with a growing season apart, causing ca. 10 and 35% loss of
14
leaf-area, respectively. This enabled us to study how modification of
forest structure affected the fluxes, and how the fluxes recovered during
the first two post-thinning years. Understorey removal had no effect on
ecosystem gross primary productivity (GPP𝑒𝑐𝑜), while increased ecosys-
tem respiration (R𝑒𝑐𝑜). The main harvest turned the forest from a long
erm carbon sink (NEE, −271 g C m−2 yr−1) to a moderate source (NEE,

+ 115 g C m−2 yr−1) due to reduced GPP𝑒𝑐𝑜 and increased R𝑒𝑐𝑜. The
moderate decrease in GPP𝑒𝑐𝑜 after the main harvest (ca. 20% compared
to the long-term averages) relative to LAI reduction was mainly due to
increased light-use efficiency of the remaining trees. Understorey GPP
was small after the harvest but steadily increased during the two post-
thinning years studied. The decomposition of cutting residue was the
main reason of increased R𝑒𝑐𝑜, while inter-annual weather variability
also played a minor role. The recovery of GPP𝑒𝑐𝑜 was complete already
at the second post-thinning year, while the elevated R𝑒𝑐𝑜 kept annual
NEE (−187 g C m−2 yr−1) below the long term averages. Ecosystem
ET was more conservative to changes in forest structure, but the ET
components at different layers changed. Tree canopy transpiration and
interception evaporation decreased, whereas evaporation and transpi-
ration from the forest floor increased due to improved light and water
availability and stronger wind speeds.

Our results and extensive literature review showed a strong re-
semblance in the short-term response of boreal forests to thinning,
i.e., reduction in annual photosynthesis, carbon sink, and transpira-
tion. This is likely due to similar management practices and species
composition among the studies, and low effect of inter-annual weather
variability on fluxes. The model simulations further suggest the rel-
ative change in GPP and (evapo)transpiration increase with thinning
intensity while being the lower the higher the initial LAI.

Our study demonstrated the advantage of using concurrent above
and sub-canopy eddy covariance measurements to disentangle the con-
founding responses of forest floor and canopy to thinning. Therefore,
we recommend implementing the sub-canopy eddy covariance setup
in future studies investigating the effects of thinning and other distur-
bances. We also emphasize the importance of combining process-based
modeling and statistical analysis of flux data to better resolve the
effect of IAWV and interpret the thinning responses. Our findings
improve understanding on forest management footprint in terrestrial
carbon and water cycles. When integrated with forest growth and
management models, the results promote developing more sustainable
and climate-smart forest management practices.
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Data availability

The EC fluxes used in the study are available at https://doi.org/10.
23729/b4575245-5612-4874-a33b-541b215b1a10 and the auxiliary
data at https://doi.org/10.23729/23dd00b2-b9d7-467a-9cee-b4a1224
86039, latest versions at AVAA – Open research data publishing plat-
form (https://smear.avaa.csc.fi/). The soil chamber data is available
at https://b2share.eudat.eu/records/e027118ea22148ef92789e74011
6711e.The other measured data and the specific dataset and pyAPES
model version used in the analysis are available by request from the
authors.
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Appendix A. Filtering criterion for obtaining similar weather con-
ditions

The IAVW and extreme weather conditions can confound the thin-
ning effects if environmental conditions exceptionally vary across pre-
and post-thinning years. Thus, when comparing the light and temper-
ature responses of measured fluxes, it is imperative to remove the
extreme weather conditions. Accordingly, we constrained measured
NEE and ET𝑒𝑐𝑜 shown in Fig. 7, and measured nighttime respiration of
R𝑒𝑐𝑜, R𝑓𝑓 , and R𝑔𝑟𝑜𝑢𝑛𝑑 (Appendix C) using 𝑇𝑎, RH, and SWC thresholds.

o do so, we (1) pooled 𝑇𝑎, RH, and SWC for each month in growing
eason covering five years (2018–2022), (2) calculated 0.1 and 0.9
uantiles as thresholds (Table A.5), (3) removed the measured data
f interest (i.e., NEE, ET𝑒𝑐𝑜) when 𝑇𝑎, RH and SWC were outside the
hresholds.

ppendix B. Estimation of surface roughness and source area of
C𝒆𝒄𝒐

Due to the elevation undulation of the site (Kolari et al., 2022),
btaining singular roughness parameters for the entire forest was chal-
enging. Therefore, we considered only the northern sector (315 < WD
nd WD < 45), which is more uniform compared to other sectors,
or the following analysis. We calculated the aerodynamic roughness
ength (𝑧0) and zero-plane displacement height (𝑑) using concurrent
D (at 27 m) and 2D sonic anemometer (at 33 m) measurements
onsidering the neutral conditions within summer months only (June,
uly, and August), assuming the validity of the log-linear wind profile
ear the surface. 𝑧0 was 1.79, 1.87, 2.19, and 1.92 m, while 𝑑 was
5.8, 15.6, 14.4, and 15 m for 2018–2021, respectively. The increase
n 𝑧0 and reduction in 𝑑 was evident after the main harvest in 2020
nd slightly after UR in 2019.

Lindroth et al. (2018) observed similar behavior following a light
hinning with 21% BA removal. These findings are also in line with Rau-
ach (1994), who showed a conceptual positive correlation of leaf area
ith 𝑑 and a negative correlation with 𝑧0 when the canopy is densely

overed with leaves, i.e., one-sided LAI above one.
We calculated the source area of EC𝑒𝑐𝑜 (defined as 80% of footprint

rea) following Kljun et al. (2015). The footprint of all studied years
15

as similar, hence, for clarity, we only showed the case in 2018 in
Table A.5
Thresholds of air temperature (𝑇𝑎 in ◦C), relative humidity (RH in %), and soil water
content (SWC) used when filtering measured NEE, ET𝑒𝑐𝑜, and respiration (R𝑒𝑐𝑜, R𝑓𝑓 ,
R𝑔𝑟𝑜𝑢𝑛𝑑 ). The values inside the brackets represent 0.1 and 0.9 percentiles, respectively.

Variable May Jun Jul Aug Sep Oct

𝑇𝑎 2.1–18.3 10.2–23.3 11.3–24.9 10.6–21.3 4.8–14.7 −0.6–10.5
RH 29.4–97.3 35.6–92.8 41.2–95.6 48.9–97.3 63.3–99.9 79–100
SWC 0.28–0.32 0.19–0.29 0.16–0.26 0.13–0.24 0.15–0.29 0.19–0.31

Fig. 1a. Interestingly, the change in roughness parameters summarized
above resulted in no significant change in flux footprint. This is likely
related to the contrasting effect of increasing 𝑧0 that shrinks the foot-
print and decreasing 𝑑 that increases the effective measurement height
(i.e., measurement height minus 𝑑), expanding the footprint. The mean
daytime boundaries of the source area were smaller than 150 m, clearly
originating from the thinned area (Fig. 1a). The nighttime boundaries
were larger due to stable conditions, yet mainly covered the thinned
area, only exceeding the thinning area in some cases when wind was
from west to south-south west direction . Correspondingly, we consider
EC𝑒𝑐𝑜 fluxes representative and applied no footprint-related filtering.

Appendix C. Partitioning and gap-filling of the eddy covariance
data

Eddy covariance technique provides the net exchange of CO2
(i.e., NEE or NFFE), which is the difference between photosynthetic
CO2 uptake (GPP, μmol m−2 s−1) and CO2 release as respiration (𝑅,
μmol m−2 s−1). In order to fill the gaps in NEE, and partition it into
its components, the NEE/NFFE was approximated by the difference
between Eqs. (C.1) and Eq. (C.2), defining 𝑅 and GPP, respectively:

𝑅 = 𝑅𝑐𝑄
𝑇 ∕10
10 (C.1)

𝐺𝑃𝑃 =
𝛼𝐼 + 𝐺𝑃𝑃𝑚𝑎𝑥 −

√

(𝛼𝐼 + 𝐺𝑃𝑃𝑚𝑎𝑥)2 − 4𝜃𝐼𝐺𝑃𝑃𝑚𝑎𝑥
2𝜃

𝑓 (𝑇 ) (C.2)

(𝑇 ) = − 1
1 + 𝑒2(𝑇0−𝑇 )

(C.3)

where 𝑅𝑐 (the base respiration at 10 ◦C reference temperature), 𝑄10
the factor by which soil respiration increases by a 10 ◦C increase in
emperature), 𝛼 (−, the canopy light use efficiency), 𝐺𝑃𝑃𝑚𝑎𝑥

(μmol m−2 s−1, the asymptotic gross photosynthesis rate) and 𝜃 (−) are
parameters, while 𝐼 photosynthetic active radiation (μmol m−2 s−1),
𝑇 is temperature (◦C). The 𝑓 (𝑇 ) is the instantaneous response to air
temperature, which follows a sigmoidal shape with an inflection point
at 𝑇0 (Kolari et al., 2014).

Using only measured-nighttime NEE and NFFE data, mean of short-
term 𝑄10 was estimated over two periods, i.e., 2018–2019 and 2020–
2022 as 1.53 and 1.65, respectively for EC𝑒𝑐𝑜, while one period, i.e.,
2019–2022, as 2.3 for EC𝑓𝑓 . The mean of air temperature at 16.8 m
height and soil temperature at 0.05 m depth was chosen as the driving
temperature for EC𝑒𝑐𝑜, while the soil organic layer temperature for
EC𝑓𝑓 . 𝑄10 was estimated for moving time windows of 21 days for EC𝑒𝑐𝑜,
and 31 days for EC𝑓𝑓 with 3 days time step. Finally, the mean of the
estimated values weighted by the inverse of their confidence intervals
was selected for each time period.

The parameters of the GPP model and the base respiration 𝑅𝑐 , were
estimated using all accepted NEE/NFFE data. The 𝜃 was estimated over
the period of 2018–2022 as 0.75 for EC𝑒𝑐𝑜. The same value was used
for EC𝑓𝑓 . The PAR𝑒𝑐𝑜 was used as 𝐼 for NEE, while PAR𝑓𝑓 was used for
NFFE. 𝑅𝑐 , 𝛼, and 𝐺𝑃𝑃𝑚𝑎𝑥 were estimated for moving time periods of
11 and 21 days.

The parameters were linearly interpolated to obtain daily values.
Later, the continuous time series of GPP and 𝑅 were constructed using

meteorological variables, i.e., PAR and 𝑇 . For nighttime, 𝑅 was set
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Table C.6
The base respiration at the reference temperature (𝑅𝑐 ) of R𝑔𝑟𝑜𝑢𝑛𝑑 , R𝑓𝑓 , R𝑒𝑐𝑜 for the
rowing seasons of the study period. The goodness of fit (R2) is shown within
rackets.

2018 2019 2020 2021 2022

R𝑔𝑟𝑜𝑢𝑛𝑑 1.31 (0.89) 1.21 (0.87) 1.12 (0.88) – –
R𝑓𝑓 – 0.77 (0.97) 0.77 (0.88) 0.79 (0.92) 0.88 (0.95)
R𝑒𝑐𝑜 1.34 (0.94) 1.5 (0.94) 1.56 (0.98) 1.5 (0.98) 1.65 (0.97)

equal to measured NEE/NFFE, while missing values were filled with the
complete time series of calculated 𝑅. GPP was set to zero. For daytime,
GPP overlapping with measured daytime NEE/NFFE was calculated
as the difference between modeled 𝑅 and NEE/NFFE, whereas with
missing daytime NEE/NFFE, modeled GPP values were used. When
the required driving meteorological variables were missing, NEE/NFFE
and the component fluxes were filled by their mean values during the
corresponding 30-min period in the time window.

We calculated additional estimates of annual NEE and GPP𝑒𝑐𝑜 to
uantify how much the method selection affects the fluxes. First, we
pplied the regression method using air temperature as the explana-
ory variable for ecosystem respiration. Second, we employed REd-
yProc (Wutzler et al., 2018) with nighttime and daytime partitioning
pproaches and two different temperatures (air temperature and the
ean of air and soil temperatures) for binning NEE and for calculating

cosystem respiration. The meteorological variables were filled before
lux partitioning with REddyProc. The turbulence criteria (𝑢∗ threshold)
or fluxes were the same in all filling and partitioning approaches. The
ean NEE and standard deviation among the methods for 2018–2022
as −286 ± 3, −214 ± 8, 132 ± 6, −142 ± 9, −181 ± 4 g C m−2

r−1, respectively. The mean GPP𝑒𝑐𝑜 and standard deviation for the
ame period was 1176 ± 7,1200 ± 25, 959 ± 19, 1106 ± 22, and
220 ± 8, respectively. Thus, the uncertainty of annual fluxes arising
rom gap-filling and flux partitioning methods is clearly smaller than
he observed changes due to thinning.

To investigate the effect of inter-annual weather variability (IAWV)
n ecosystem level fluxes in the disturbance years (i.e. 2019 and 2020),
e modeled/reconstructed 𝑅 (R𝑒𝑐𝑜) and GPP (GPP𝑒𝑐𝑜) via Eqs. (C.1)
nd (C.2) using the fitting parameters obtained for the 2009–2017
eriod. The mean daily fitting parameters were used with weather
ata from 2019–2022, respectively, to compute annual reference flux
epresenting the ‘intact forest’, and compared with the corresponding
ear’s observed fluxes. The results were shown as cumulative fluxes in
ig. 9. The net fluxes (NEE) were calculated as a difference between 𝑅
nd GPP.

Lastly, in order to assess the possible changes in the base respiration
nduced by UR and MH in 𝑅, we calculated a singular 𝑅𝑐 , representing
rowing season period, for R𝑔𝑟𝑜𝑢𝑛𝑑 , R𝑓𝑓 , and R𝑒𝑐𝑜. To do so, we first
iltered the data in growing season (following Appendix A) to remove
he outliers and to allow a comparison of temperature sensitivities
n similar weather conditions across the years. Later, we pooled all
vailable data (2018–2020 for R𝑔𝑟𝑜𝑢𝑛𝑑 , 2019–2022 for R𝑓𝑓 , and 2018–
022 for R𝑒𝑐𝑜), then fit Eq. (C.1), resulting in a setup-based 𝑄10 of 2.28,
.32, and 2.36 for R𝑔𝑟𝑜𝑢𝑛𝑑 , R𝑓𝑓 , R𝑒𝑐𝑜, respectively. With that, we fit
q. (C.1) to each growing season data to obtain seasonal 𝑅𝑐 , the results
f which are summarized in Table C.6, and discussed in Section 4.
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