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Boreal forests play an important role in the global carbon cycle due to their extensive area and ability to
sequester a considerable amount of atmospheric carbon dioxide (CO5). They are generally stable ecosystems that
function as carbon sinks. However, their sink capacity is vulnerable to the impact of extreme weather conditions.
In this study, we aim to investigate the multi-year and seasonal carbon dynamics of an old upland coniferous
forest in the hemiboreal zone, identify the main environmental drivers influencing annual NEP, and explore the
potential legacy effects of the 2018 heatwave. Over an eight-year period (2016-2023), the forest shifted from a
carbon sink (mean net ecosystem productivity (NEP) of 238 + 52 g C m™2 year™!) to a carbon-neutral state in
2020 (NEP = -2 + 5 ¢ C m~2 year 1) and back to a net carbon sink (NEP = 136 + 50 g C m™2 year ). The
average NEP over the eight-year period was 170 + 42 g C m~2 year ™. Our research showed no significant year-
to-year changes in GEP during the study period, while the changes in Rec, were substantial. Our results confirm
that air temperature has the greatest influence on annual NEP. The warmest autumn over the past 19 years,
recorded in 2020, and an atypical June together resulted in a noticeable increase in ecosystem respiration, which
shifted annual NEP towards negative net values, while no significant impact on GEP was found. Additionally, our
study found that the old upland hemiboreal forest showed no legacy effect in the years following the 2018
heatwave, demonstrating its resilience to extreme temperature events. Our results underscore the importance of
continuous monitoring carbon dynamics variability to determine the ecosystem’s resilience to seasonal tem-
perature fluctuations and to inform management strategies for forests preservation.

1. Introduction

The forested regions on Earth measure 4.06 billion hectares (ha),
equating to 31 % of the planet’s land area (FAO, 2020). Boreal forests
cover a significant portion, approximately 27-30 %, of the world’s
forested areas, estimated as the second largest forest domain globally,
following the tropical forest domain (Baldocchi et al., 2000; Potapov
et al., 2008; FAO, 2020). They serve as a significant sink of atmospheric
carbon dioxide (CO3) due to their vast expanse and capacity for sub-
stantial carbon storage (Bonan, 2008; Dixon et al., 1994). Hemiboreal
forests, located at the southern border of the boreal zone, represent a
transitional zone characterized by higher variability in species richness
and environmental conditions (Ahti et al., 1968; Hytteborn et al., 2005;
Jogiste et al., 2018). This unique position makes these forests potentially
more vulnerable to extreme weather events (Froelich et al., 2015).
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Considering the probability of the zone shifting further north in the
future due to changing climatic conditions (Hickler et al., 2012), it is
crucial to conduct research of carbon dynamics in these areas (Krasnova
et al., 2019, 2022). Northern coniferous forests are typically stable
ecosystems that function as significant net carbon sinks (Chan et al.,
2018; Ilvesniemi et al., 2009; Launiainen et al., 2022; Suni et al., 2003).
However, under the influence of various factors, they can sometimes
shift from being carbon sinks to net carbon sources (Froelich et al., 2015;
Hadden and Grelle, 2016a; Ueyama et al., 2014). Previous studies have
demonstrated that forest carbon dynamics is influenced by various
meteorological factors, including air and soil temperatures (Barr et al.,
2009; Barr et al., 2007; Bergeron et al., 2007; Chen et al., 2006),
moisture availability (Dunn et al., 2007; Krishnan et al., 2008) and solar
radiation (Barr et al., 2009; Krishnan et al., 2008). Furthermore, peri-
odic disturbances such as fire (Mkhabela et al., 2009), insects (Stephens
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et al., 2018), harvesting (Kurz et al., 2008; Kurz and Apps, 1999) and
extreme weather events such as storms (Lindroth et al., 2009) and
heatwaves (Ciais et al., 2005; Krasnova et al., 2022; Lindroth et al.,
2020; Mamkin et al., 2022) also noticeably influence forest carbon dy-
namics. There have been very few long-term studies focused on the
carbon dynamics and heatwave legacy effect in hemiboreal forests. In
the context of global warming, the response of hemiboreal forests’ car-
bon dynamics to heatwaves becomes particularly intriguing, since their
frequency and duration are predicted to increase (Barriopedro et al.,
2011; Perkins and Alexander, 2013; Perkins and Lewis, 2020). In the
summer of 2018, Estonia, along with Western Europe and Scandinavia,
experienced a heatwave comparable to the same extreme weather
events in 2003 and 2010 (Bastos et al., 2020). Although heatwave im-
pacts on boreal and temperate forests have received some attention,
studies addressing legacy effects remain limited, particularly in hemi-
boreal ecosystems. The legacy effect could be defined as the prolonged
influence of extreme events on forest functioning that persists beyond
the immediate disturbance period and potentially affects carbon uptake,
productivity or phenology in subsequent seasons (Anderegg et al.,
2015). In the study by Krasnova et al. (2022), it was found that the
heatwave had a varying impact on hemiboreal forests; however, the
authors limited their comparison to 2017 and 2018 and did not inves-
tigate the legacy effect. Earlier findings regarding the legacy effect have
shown that forests composed of both coniferous and broadleaved trees
demonstrated greater resilience to the drought stress caused by the 2003
heatwave compared to monoculture forests (Pretzsch et al., 2013).
Additionally, it has been found that coniferous forests were less sensitive
to drought than broadleaf forests (De Boeck et al., 2010; Granier et al.,
2007). Afterwards, (Matkala et al., 2021) confirmed that pine forests
have a higher resilience to warm and dry conditions than spruce forests.
Since Estonia’s forests are predominantly evergreen coniferous forests,
with pine, spruce, and birch as the dominant species (Republic of
Estonia environmental agency, 2021), these findings underscore the
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need to study the heatwave legacy effect in countries like Estonia, which
lies on the southern edge of the boreal zone and may therefore experi-
ence amplified impacts. To assess the carbon dynamics and heatwave
legacy effect in the old upland hemiboreal forest, we used data from
eight years (2016-2023) of CO, flux (net ecosystem exchange)
measured with the eddy covariance (EC) system. The aims of this study
were: 1) To investigate the multi-year dynamics of upland hemiboreal
forest carbon exchange, 2) To study seasonal dynamics and the main
environmental drivers that influence annual NEP, and 3) To explore the
presence of heatwave legacy effect and enhance our understanding of
how the coniferous hemiboreal forest might respond to extreme events
in the future.

2. Materials and methods
2.1. Site description

The data for this study were collected at the Soontaga forest station
(Fig. 1), established in South-Estonia (58°01'24.802"N, 26°04'14.98"E).
The climate of Estonia is characterized as hemiboreal with the influence
of the Baltic Sea, resulting in harsh winters and warm summers.
Southern Estonia has milder winter conditions compared to northern
regions, with a more stable snow cover. The summer period in the
southern part of the country is marked by higher temperatures and
increased sunshine hours, leading to warmer and longer days.

The Soontaga tower is located in an overmature (average 220-year-
old) coniferous forest stand (Fig. 2), with the first layer dominated by
Scots pine (Pinus sylvestris L.), while the secondary layer is comprised of
Norway spruce (Picea abies L. Karst).

The total station footprint area is 21.4 hectares. The footprint covers
26 forest stands at different development stages. In our study, we
grouped the forest stands by age categories (Table 1): 60-70 years as
middle-aged forests, 70-100 years as premature forests, 100-150 years
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Fig. 1. (A) Location of Estonia in Europe, (B) Location of Soontaga station in Estonia.
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Fig. 2. Soontaga tower footprint area (model by Kljun et al. (2015)). The red point indicates the location of Soontaga tower, the white lines represent the aggregated
footprint borders (ranging from 10 % to 80 %), and the black lines outline the borders of the forest stands. The green areas, ranging from light green (youngest) to
dark green (oldest), represent forest stands of different age groups within the 80 % footprint. The age classifications are indicated in years.

Table 1

Soontaga 80 % of footprint area distribution by age group. NA group indicates
that no information about the area (part of the lake and forestless area) is
available.

Age group (years old) Area (hectares) Percentage of 80 % footprint

NA 2.0 9.6 %
60-70 2.4 11.3 %
70-100 7.8 36.3 %
100-150 1.1 5.2 %
150 + 8.0 37.5%

as mature forests, and 150+ years as overmature forests (Fig. 2). On the
southwest border of the footprint, there is a section of a lake. Near the
station, also to the southwest, there is a forestless area. To the northeast
of the footprint, there is a clear-cut area made in 2022 (Fig. 2 shows
orthophotos from 2021).

Across all stands, the first layer is primarily composed of Scots pine,
while the secondary layer features Norway spruce. All stands belonged
to the Rhodococcum or Oxalis-Rhodococcum site type, according to local
classification (Lohmus, 1984). The soil type is Endogleyic Albic Podzol
(Arenic). The site is characterized by its dry conditions and a low water
table.

In our study, we named the Soontaga forest as an "old forest" based

on two key factors. First, our calculations of the maximum relative
contribution show that at a distance of 29.8 m from the tower, where the
vegetation has the greatest impact on the signal, only overmature forest
stands are present. Second, within the 60 % footprint boarders, the
majority of the area is covered by mature and overmature forest stands.

As typical for mesotrophic pine stands on sandy soils, dwarf shrubs
and mosses form the main share of the biomass of the understorey plants
at all studied stands of different ages. The dominating species were
lingonberry (Vaccinium vitis-idaea L) and blueberry (Vaccinium myrtillus
L). The dominating moss species were red-stemmed feathermoss (Pleu-
rozium schreberi (Brid.) Mitt.) and glittering woodmoss (Hylocomium
splendens (Hedw.) B., S & G.). The average biomass of ground vegetation
across all stands was 6.40 + 0.46 t ha'!, estimated in 2015 according to
the methodology described by Uri et al. (2019, 2022).

2.2. Instrumentation

The fluxes of CO, were estimated using the eddy covariance (EC)
system mounted on a 39 m scaffolding tower, 7 m above the canopy. The
CO; concentrations were measured using a LI-7200 enclosed-path gas
analyser (LI-COR Biosciences, Lincoln, NE, USA) and 3D wind speed was
measured by a Metek uSonic-3 Class A MP ultrasonic anemometer
(METEK GmbH, Elmshorn, Germany). Both measurements were per-
formed at a sampling frequency of 10 Hz. Global downwelling
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shortwave radiation (Rg) was measured using a Kipp & Zonen CMP22
pyranometer (Kipp & Zonen, Delft, The Netherlands). In order to obtain
a long-term dataset, we opted to use air temperature readings from the
Toravere weather station (58°15'51”” N, 26°27'41" E), located 36 km
from the site. Soil water content (SWC) was continuously measured with
four ML3 ThetaProbe sensors (Delta-T Devices Ltd, Cambridge, United
Kingdom): two sensors at 10 cm depth (SWCy) and two sensors at 40 cm
depth (SWCyp).

2.3. Flux calculation and post-processing

The eight years (2016-2023) of carbon fluxes were calculated as the
covariance between CO, mixing ratios and vertical wind speeds utilizing
the EddyPro software (version 7.0.9, LI-COR Biosciences, USA) and a
standard averaging interval of 30 min. High-frequency data processing
included despiking (Mauder et al., 2013), double rotation tilt correction,
time lag compensation and block averaging. Spectral correction on
low-frequency range was done using the Moncrieff et al. (1997) method
and high-frequency correction as detailed by Moncrieff et al. (2005).
Periods of technical maintenance, power outages, and other distur-
bances in measurements were removed from the analysis.

Net ecosystem production (NEP) was calculated as a sum of EC fluxes
and flux storage. The latter was calculated using the tower-top method.
Following the traditional ecological sign convention, we inverted the
sign of NEP so that positive values indicate net carbon sequestration (i.
e., the ecosystem acts as a carbon sink), while negative values indicate
net carbon release to the atmosphere.

All physically implausible NEP values (below —100 or above 50 umol
m2 s1) were filtered out. To exclude periods of low turbulence, the
friction velocity (u*) thresholds were estimated for each year using the
moving point test method by Papale et al. (2006) implemented in the
ReddyProc R package (available at https://github.com/bgctw/
REddyProc) developed by Wutzler et al. (2018). The mean u* value
over an eight-year period was 0.23 m s'. We removed half-hourly NEP
observations recorded when u* fell below the year-specific threshold.
We chose to apply u* filtering not only to time values but to the full
dataset to partially compensate for the limitations of the tower-top
storage estimation method. The u* thresholds and the amount of
available quality-controlled data retained after u* filtering is available
in Appendix 1. After the u* filtering, left-over NEP spikes were removed
from the analysis. Spikes were identified as values outside of three times
the standard deviation from the mean of a 14-day moving window. To
obtain monthly and annual NEP estimates, we gap-filled the dataset
using the marginal distribution sampling (MDS) approach (Reichstein
et al.,, 2005a). Gross Ecosystem Production (GEP) and Ecosystem
Respiration (Reco) were partitioned using the night-time method as
implemented in the ReddyProc package (Wutzler et al., 2018), which
builds upon the temperature-response framework described by Reich-
stein et al. (2005b). GEP is reported as a positive flux representing
carbon uptake via photosynthesis, and Rec, as a positive flux repre-
senting carbon loss to the atmosphere.

In the absence of direct measurements, heterotrophic respiration
(Ry) was estimated by a simplified method proposed by Litton et al.
(2007) and previously used by (Lindroth et al., 2020) for various boreal
and hemiboreal coniferous forest stands. First, autotrophic respiration
(Ry) was calculated as a fraction of GEP (Eq. (1)), and then Ry was
estimated as a difference between Reco and R, (Eq. (2)).

R, = 0.57 * GEP, (€D)]

where 0.57 is the coefficient offered by Litton et al. (2007) for needleleaf
evergreen forests, and GEP is gross ecosystem production (g C m?
rnonth'l).

Rh = Reco - Rm (2)

where, Reco is ecosystem respiration (g C m? month) and R, is
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autotrophic respiration (g C m? month™).

We acknowledge that our approach assumes a temporally invariant
Ra/GEP ratio, which likely oversimplifies the complexity of respiration
partitioning under changing environmental and phenological condi-
tions. Additionally, since Rec, values are derived from nighttime flux
measurements and extrapolated to entire days, this introduces further
uncertainty into Ry, estimates. Nevertheless, in the absence of direct Ry
measurements at the site, we adopted this pragmatic method to ensure
consistency in evaluating seasonal and interannual dynamics of Ry, It is
important to emphasize that we interpret Ry, variability in a relative
rather than absolute sense, and our estimates are not intended for direct
comparison with chamber-based measurements from other forest
ecosystems.

2.4. Uncertainties

Our estimated u* thresholds varied substantially across years,
ranging from 0.17 m s1in 2020 to 0.32 m s! in 2018 (Appendix 1),
representing nearly a twofold difference at a single site. As shown in
Appendix 1, higher u* thresholds systematically exclude a larger frac-
tion of data, while lower thresholds retain more observations. For
example, 2020, with the lowest threshold, resulted in the highest data
retention. To assess whether this variability biased our long-term carbon
flux estimates, we conducted a parallel analysis using a fixed u*
threshold of 0.20 m s for all years. The fixed-threshold results are
presented in Appendix 2 alongside the variable-threshold analysis for
direct comparison. In both approaches, the nine-year dynamics in NEP,
GEP, and Rec, remained consistent, confirming the robustness of our
interannual flux dynamics with respect to the u* threshold selection.

To quantify the annual uncertainty introduced by the MDS gap-
filling procedure, we implemented an adapted bootstrap approach: the
20 % of measured half-hourly NEE in each year were randomly removed
200 times. After that, MDS gap-filling algorithm was rerun using the
same corresponding annual u* threshold. The reconstructed values at
the artificially omitted positions were then compared with their original
measurements, yielding two primary error metrics: mean bias error
(MBE) and root-mean-square error (RMSE) at the half-hourly resolution.
Half-hourly RMSE and MBE values were converted to annual values (Eq.
(3) and 4) and expressed in g C year™ (Appendix 1).

n,,

B
RMSE)'ear = vV Niiors * t + M * % Z ( Z i _yi)2>«, (3)
=1

icremy,

B
MBEyear: sluts*t*M* ( Z ( Z _.yi)>)7 (4)
b icrem,

where Ngjots is the number of half-hourly intervals in a year, t is the
duration of each interval (1800 s), M is the conversion factor from umol
CO; to grams of carbon (12 x 107 g C per umol CO5), B is the total
number of bootstrap replicates, ny, is the number of points removed in

the by, replicate, remy, is the set of indices of those removed points, yl(b) is
the gap-filled value at index in the by, replicate (umol CO, m2 s1), and
i is the original measured value at index i (umol CO2 m~2 s™).

While RMSE remains relatively stable across years, the MBE values
exhibit greater interannual variability, ranging from a slight underesti-
mation (—1.77 g C year’1 in 2023) to a noticeable overestimation (up to
19.70 g Cyear! in 2017) (Appendix 1). This indicates that while random
errors are well controlled, low-level bias in the gap-filling procedure can
still vary depending on year-specific conditions.

The second major source of systematic uncertainty in annual NEP,
GEP, and Re, estimates arises from the potential underestimation of Re¢o
during calm night-time periods. To quantify this, we followed the
bootstrapping approach of Wutzler et al. (2018), calculating annual
NEP, GEP, and Re, across a distribution of 39 u* threshold scenarios
based on percentiles from 2.5 % to 97.5 %. For each flux, we then
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measured the difference between the maximum and minimum values
across the u* scenarios and expressed that difference as a percentage of
the median value. The resulting u* uncertainties are summarized in
Table 2.

Overall, data quality across years appears robust, particularly for
GEP and Reco, with relative errors mostly below 3 %. NEP shows mod-
erate variability in uncertainty, which is expected due to its nature as a
net flux. The exceptionally large relative uncertainty for NEP in 2020
(234.5 %) arises because the mean NEP that year was very close to zero,
so even a modest absolute standard deviation corresponds to a very high
percentage.

All further analysis and representations in the current study are
based on gap-filled fluxes. While NEP is directly measured by the EC
system, Reo is partially modelled through the extrapolation of nighttime
NEP-temperature relationships, and GEP, as the sum of NEP and Reo, is
also partially model-based. Ry, in turn, is a fully derived component
based on these fluxes. As a result, the degree of model dependence in-
creases from NEP to Ry, and this hierarchy should be taken into account
when interpreting the different fluxes. In particular, Reco plays a central
role in flux partitioning, as it directly influences both GEP and Ry,.
Although we followed a widely accepted approach for estimating Reco,
its accuracy remains sensitive to the availability of night-time data,
which is often limited due to u* filtering.

2.5. Data analysis

Since Rec, variability played a major role in our study, we used the
random forest method to analyse the possible interannual variability of
Reco environmental drivers. Random forests regression models have
increasingly been employed to study the carbon cycling processes
(Braybrook et al., 2021; Lopez-Blanco et al., 2017; H. Zhang et al., 2017)
due to their superior predictive capabilities and as a non-parametric
methodology for assessing the significance of variables (Breiman,
2001). In this study, a random forest machine-learning regression al-
gorithm was performed using caret (Kuhn, 2008) and mlbench (Leisch
and Dimitriadou, 2021) packages in R version 4.3.2 (R Core Team,
2021). The algorithm was applied to daily averages of measured Reco to
estimate the absolute importance of meteorological variables on an
annual scale. To increase the accuracy of the results, we ran each year 10
times and took the mean absolute importance for each meteorological
variable. In each model run, the data were split into a training set (50 %)
and a validation set (50 %). The variables included to model daily
ecosystem respiration were air temperature, SWCyp, SWCyp and pre-
cipitation. The R?, RMSE, and MAE values for the random forest models
are in Appendix 3. The 2023 data was not included in this analysis due to
a lack of sufficient good-quality SWC data.

To compare autumn (September, October, November) R, temper-
ature response and temperature sensitivity (Qio) in different years,

Table 2

Relative uncertainties (g C m? year'l) in annual NEP (net ecosystem produc-
tion), Reco (ecosystem respiration), and GEP (gross ecosystem production) esti-
mates calculated as the range across u* scenarios, expressed as a percentage of
the median. Percentages in parentheses indicate how large the uncertainty range
is relative to the annual flux.

GEP relative
uncertainty (g C m
year) (%)

Year  NEP relative
uncertainty (g C m’?
year) (%)

Reco relative
uncertainty (g C m
year) (%)

2016 14 (4.5 %) 26 (2.5 %) 16 (1.2 %)
2017 4 (1.4 %) 20 (2.0 %) 14 (1.1 %)
2018 10 (3.7 %) 34 (3.6 %) 24 (2.0 %)
2019  6(7.2%) 35 (3.0 %) 28 (2.2 %)
2020  5(234.5 %) 40 (3.1 %) 33 (2.6 %)
2021 3 (6.1 %) 18 (1.5 %) 14 (1.1 %)
2022 6 (4.4 %) 22 (2.1 %) 22 (1.8 %)
2023  8(3.6 %) 22 (2.0 %) 16 (1.2 %)
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median daily values of air temperature and night-time respiration were
used with the Q19 model (Barba et al., 2018; Hoff and Lehfeldt, 1899)
(Eq. (5)). Models with a coefficient of determination (R?) below 0.3 were
considered insufficiently predictive and excluded from further analysis.

()
10
Reco = FlO * Q]o ) (5)

where R, is the night-time measured respiration (pmol m?2 s, Fyg is
the flux at 10 °C (umol C m?2 s'l), Q10 is temperature sensitivity of the
flux (unitless), and T is measured air temperature ( °C).

To quantify the relationship between GEP and solar radiation and
calculate photosynthetic capacity (GEPpax), we utilized a modified
version of the Michaelis-Menten light response curve model (Eq. (6)).

o * Rg * GEPpqy

GEp= 5% T mex
a*Rg+ GEPnq

(6)

where a is light use efficiency (umol C J'1), Rg is global radiation (W m?),
GEP is gross ecosystem production (pmol m? s), and GEP, is the
maximum photosynthetic capacity that represents the maximum
possible amount of carbon that the forest can absorb over a specific
period (pmol m2 s™!). Estimated residuals were tested for significance (p
< 0.05). Models with R* below 0.3 were considered insufficiently pre-
dictive and excluded from analysis.

To estimate the significance of carbon fluxes and environmental
variables differences on inter-annual scale, we used the Wilcoxon
signed-rank test on daily means. To identify months with the most
pronounced anomalies in carbon fluxes or environmental conditions, we
applied an interquartile range (IQR)-based outlier detection approach.
For each variable, monthly distributions were evaluated across the
entire observation period. Within each calendar month, the first (Q;)
and third (Q3) quartiles were calculated, and the IQR was defined as the
difference between them. A month was classified as anomalous if the
observed value fell below Q; — 1.5 * IQR or exceeded Qs + 1.5 * IQR,
indicating a moderate statistical outlier.

All data analyses were performed using the R environment (R version
4.3.2, http://www.r-project.org).

3. Results

3.1. Inter-annual variability of environmental parameters and carbon
fluxes

The inter-annual temperature pattern varied, with 2020 being
warmer than the long-term mean by 1.2 °C (Fig. 3A). In contrast, 2017
and 2021 were relatively cold years, with mean temperatures 0.9 °C and
0.7 °C below the long-term average, respectively. The annual vapour
pressure deficit (VPD) notably deviated from the long-term average only
in the years 2016 (4+39.1 %) and 2017 (—30.9 %) (Fig. 3B). In the
remaining years, there were no significant differences (p > 0.05) from
the multi-year average. Annual global radiation was stable over the
studied period, with a slightly higher amount in 2016 (+7.8 %) and
lower in 2017 (—7.2 %). (Fig. 3C). The year 2016 received the highest
amount of precipitation (22.6 % above average), while 2018 and 2022
received significantly less (—17.0 % and —24.3 %, respectively)
(Fig. 3D). Annual SWC was the highest in 2016, followed by a decrease
and reaching the minimum in 2018 (10.3 % lower than long-term
average) with a subsequent increase over the 2019-2022 (Fig. 3E-F).
We did not find any statistically significant trends in annual environ-
mental factors over the studied eight years.

During the study, the ecosystem switched from acting as a net carbon
sink to a carbon-neutral forest in 2020 and back (Fig. 4). NEP varied
from a maximum of 309 + 14 g C m year™ in 2016 to a minimum of -2
+5g Cm™2 year in 2020, with an overall average of 170 + 42 g C m™
year!. The yearly changes in GEP varied from a maximum value of 1357
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+16 g Cm™2 year? in 2016 down to 1198 + 22 g C m™ year! in 2022,
averaging 1273 + 53 g C m™ year!. Meanwhile, Reco showed annual
fluctuations from 1293 = 40 g C m™2 year™ in 2020 to 946 + 34 g C m™2
year! in 2018, with a mean value of 1103 + 111 g C m™ year’.

A Wilcoxon signed-rank test demonstrated that daily NEP and Reco in
the years 2019, 2020, and 2021 were statistically distinct from all other
years (p < 0.05). In contrast, daily GEP values did not show any

statistical difference over these three years, suggesting that photosyn-
thetic activity does not show notable statistical variation during this
timeframe.

3.2. Seasonal variability of environmental parameters and carbon fluxes

Air temperature pattern is distinctive for the Northern Hemisphere,
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with the rise in February, reaching a peak in June and July, then a
gradual decrease towards December (Fig. 5A). It is worth noting that
high temperatures in October and November 2020 (9.8 + 3.7 °C and 5.0
+ 3.0 °C, respectively), made them the warmest for the last 18 years
(Appendix 4). Additionally, June and July of 2021 stood out with high
average temperatures of 20.8 + 3.5 °C and 22.6 + 3.2 °C, making them
the warmest months of the last ten years (Appendix 4). All these de-
viations were identified as outliers based on the IQR criterion. Notably,
March 2018 and November 2016 were identified as cold anomalies, with
mean temperatures 3.9 °C and 2.8 °C lower than the respective long-
term monthly averages, while May 2018 stood out as a warm anom-
aly, exceeding the monthly mean by 4.6 °C.

Between 16 July and 3 August 2018, the heatwave was observed in
the Soontaga area (Krasnova et al., 2022). Although the monthly mean
temperature for July 2018 ranked only second highest in the 2016-2023
period, the most extreme daily temperatures occurred at the transition
from July to August. Averaging over the entire month obscures this ef-
fect. For clarity, Appendix 7 presents the mean values and standard
deviations of daily air temperature for the period 15 July-5 August of
each year. The highest mean temperature was recorded in 2018 at 24.2
+ 1.6 °C, followed by 2021 (20.1 + 3.2 °C) and 2016 (19.5 + 2.0 °C).
The lowest average was observed in 2017 (17.6 + 1.7 °C). This analysis
confirms the presence of anomalously high air temperatures, which
substantiates the occurrence of a heatwave in the specified interval.

From 2016 to 2023, the dynamics of VPD showed notable variations
across different months and seasons (Fig. 5B). The highest VPD was
recorded in July 2016 at 19.1 hPa, 117.6 % above the eight-year July
mean of 8.8 + 4.6 hPa. In spring, anomalies were most pronounced in
March 2022 at 2.8 hPa, 55.2 % above the March mean of 1.8 + 0.6 hPa,
and in April 2019 at 7.3 hPa, 72.1 % above the April mean of 4.2 + 1.5
hPa. In autumn, October 2021 climbed to 2.4 hPa, 51.6 % above the
October mean.

Rg dynamics (Fig. 5C) show a consistent year-to-year pattern, with a
nearly identical curve shape indicating the repeatability of seasonal
changes in solar radiation. This pattern, typical for the northern hemi-
sphere, demonstrates higher radiation levels during May and the sum-
mer months (June, July, and August), gradually decreasing towards the
winter months. Rg varied from the overall highest, 283.3 W/m? in May
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2018, to the overall lowest, 5.7 W/m? in December 2018. Despite
identical curve patterns, some fluctuations can be observed, suggesting
minor annual variations in the intensity of solar radiation. In spring, the
most pronounced anomalies occurred in March 2022, when Rg reached
121.0 W/m?, 30.2 % above the March mean of 92.9 + 14.0 W/m?, and in
April 2019 at 196.7 W/m?, 24.1 % above the April mean of 158.5 + 18.4
W/m?. During summer, the highest value was recorded in July 2021 at
254.1 W/m?, 16.7 % above the eight-year July mean of 217.8 +17.2 W/
m? In autumn, October 2021 still stood out with 57.5 W/m?, which is
24.8 % above the October average of 46.0 4= 5.8 W/m?.

From Fig. 5D, it is clearly visible that the level of precipitation does
not follow the strict seasonal pattern as global radiation. In contrast to
the consistent rise and fall of radiation levels with the coming of summer
and winter, the amount of precipitation shows significant variability
both within a single year and when comparing different years. Sharp
spikes in some months are indicative of periods with more intense
rainfall. For example, in June 2016, 204.8 mm of precipitation fell,
which is 2.5 times more than the eight-year average for June. The driest
month was May of the same year, when only 1.9 mm of precipitation was
recorded.

The overall dynamics of SWC (Figs. 5E and 5F) at depths of 10 and 40
cm reflect a distinct seasonal pattern that repeats from year to year.
February, March, and April are characterized by an increase in soil water
content. In mid to late May, as well as during the summer months (June,
July, August), soil moisture significantly decreases. In the autumn
(September, October, November) and December, there is a slight in-
crease in moisture content. During this study, the month with the least
amount of water at a depth of 10 cm was August, with an average of 0.12
+0.02m%/m™3, while the most was in March at 0.16 = 0.02 m3/m™. Ata
depth of 40 cm, the least amount of water was in May at 0.08 + 0.01 m>/
m3, and the most was in March at 0.1 + 0.01 m®/m™. Additionally, a
period from February to August 2016 is notable, when unusually high
values of SWC were recorded at both depths.

We did not find any statistically significant trends (p < 0.05) in
monthly and seasonal environmental factors.

Since the annual net balance is a result of monthly variation, we
investigated the seasonal variability of carbon exchange components.
NEP, GEP and Rec, and Ry, peak during the summer months when con-
ditions are most optimal for photosynthesis and respiration and signif-
icantly decline during the winter months (Fig. 6).

We identified months with the most outstanding deviations in carbon
fluxes relative to the eight-year monthly means using an interquartile-
range (IQR)-based outlier detection criterion. These statistically sig-
nificant months are summarized in Table 3. Several of these months
cluster into periods that correspond to elevated annual Rec,. For
example, R, in June 2020 alone was 15.7 % of the annual Rec,, while
the October and November of 2020 together were 13.1 % of the total
annual Rec,. Furthermore, the combined Re¢, for June and July of 2021
was 41 % of the annual Reco.

3.3. Environmental drivers of ecosystem respiration

NEP is a net result of the two opposite fluxes, GEP and Rec,. However,
we decided to focus on exploring Reco drivers because of significant (p <
0.05) changes in annual Rec,, while interannual variation in GEP was not
significant (p > 0.05). Data analysis conducted using the random forests
method shows that the ensemble and importance of R, environmental
drivers were similar over the seven years of observations, with air
temperature being consistently the most important predictor (Fig. 7).

The SWC at a depth of 10 cm consistently held second place in sig-
nificance, indicating that the moisture of the upper soil layer plays an
important role in the ecosystem respiration process. At the same time,
SWC at a depth of 40 cm took third place, underscoring a lesser but still
noticeable impact of deep moisture on respiratory processes. The
amount of precipitation, although remaining the least important of the
factors considered, still showed a significant increase in its role in 2019
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and 2022.

The increase in Reco in the autumn (September — November) of 2020
was one of the main reasons for the neutral annual net carbon balance.
However, Re, temperature sensitivity (Qip) of this period was the
lowest compared to other years, while F1o was the highest (Fig. 8). The
absence of low temperature measurements in autumn 2020 noticeably
influenced the shape of the temperature response curve. In 2020, air
temperatures in October and November were statistically significant
anomaly, exceeding the IQR-based threshold for air temperature
(Fig. 5A) and representing the warmest autumn months since 2004
(Appendix 4). Although September was also warm, it was not the IQR-
based anomaly or warmest over the past 19 years. We made F;o and
Q10 models only for October and November data (Appendix 6).

The eight-year average autumn Fio was 2.89 pmol m™? s, The
highest F1o was observed in autumn 2020 and 2021 (+9.3 % and +8.3 %
respectively), and the lowest was observed in 2019 (—13.2 %). These
results indicate that in 2020 and 2021, night-time ecosystem respiration

was less dependent on temperature and more influenced by other
environmental factors, whereas in 2019, it was the opposite.

The multi-year average temperature sensitivity (Q;o) was 2.18. The
highest Q19 was in 2016 and 2017 (+27.1 % and +19.3 %, respectively)
and the lowest in 2020 (—23.4 %). This confirms that autumn 2020 had
significantly lower temperature sensitivity for night-time ecosystem
respiration, while the autumns of 2016 and 2017 were more sensitive to
temperature increases.

However, models without September data, demonstrated that Fio
and Qj coefficients are close to the values of other years, indicating a
significant impact on September data (Appendix 6). We claim that, as
predicted by the random forest model (Fig. 7), air temperature was a
primary driver of the increased autumn Reco.

3.4. The maximum photosynthetic capacity dynamics

In our study, we used maximum photosynthetic capacity (GEPpax)
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Table 3

Most pronounced monthly deviations ( %) from the eight-year mean in NEP (net
ecosystem production), GEP (gross ecosystem production), Rec, (ecosystem
respiration), and Ry, (heterotrophic respiration). Months were identified using an
IQR-based outlier criterion (values below Qi — 1.5 * IQR or above Qs + 1.5 *
IQR) for at least one variable.

Month and year NEP ( %) GEP ( %) Reco (%) Rin (%)
October 2016 -137.8 —4.4 -35.5 —59.7
March 2017 —452.3 61.5 —26.8 —105.7
July 2018 6.7 —-21.8 -30.3 —54.2
May 2019 -36.1 -2.9 17.2 234.7
October 2019 51 -39.5 -18.4 -2
June 2020 —-101 -17.4 8.7 85.7
October 2020 94.5 12.9 31.9 46.7
November 2020 82.9 45.9 70.6 76.4
June 2021 —42.7 11.8 28.8 79
July 2021 —-34.7 4.3 15.9 48.8
September 2022 127.7 -13.3 -31.1 -63.1
July 2023 37 6.8 -2.1 —27.5
August 2023 —78.7 —-6.9 5.4 30.1

dynamics as a forest health and recovery indicator, demonstrating how
effectively the forest can assimilate carbon. GEPy,x displayed a clear
pattern throughout the eight years of the study: starting in spring, it
constantly increased, reaching a peak at the end of July and early
August, followed by a decrease in the autumn months (Fig. 9). The
impact of the heatwave in 2018 was clearly noticeable, as GEPy,,x was
relatively low in July and August (19.80 and 21.79 pmol m2 s!), when
in other years in the same period was observed photosynthetic capacity
peak. We did not observe any major changes in GEPp,x dynamics in the
following years, indicating stable potential carbon assimilation by forest
stand after the heatwave.

4. Discussion

Studying the carbon dynamics of hemiboreal forests is crucial for
understanding their role in the global carbon cycle and developing
forestry strategies. This study helped to understand the carbon dynamics
in the old upland hemiboreal coniferous forest, identify the main envi-
ronmental drivers that has the greatest impact on net annual carbon
balance, and discover the absence of legacy effect after the heatwave
2018. Our representative study provides new valuable results and
findings based on long-term continuous eddy covariance measurements.

4.1. NEP dynamics in hemiboreal forest: The role of Reco, and GEP

The range of annual variability of NEP was similar to boreal forests in
the northern hemisphere. During an eight-year study in the upland
hemiboreal Soontaga forest, the average annual NEP was 170 + 42 g C
m2 yearl. This result is close to the measurements from other studied
areas: in Hyytidla, Finland (boreal, evergreen conifer forest) the NEP
was 206 + 38 g Cm 2 year! (Ilvesniemi et al., 2009), in Mekrijérvi (also
a boreal, evergreen conifer forest) it was 190 + 24 g C m™ year! (Ge
et al., 2011), and in the Howland boreal forest in Maine, USA, where the
NEP was 188 + 49 g Cm™ year! as reported by Hollinger et al. (2004).
This confirms that NEP in the Soontaga hemiboreal forest is in the same
range as other coniferous forests in the boreal zone.

Our eight-year study has shown that there were no significant year-
to-year changes in GEP during this period, whereas the changes in Reco
from year to year were substantial (Fig. 4). While we recognize that Reco
and GEP are derived from NEP data, the interannual variability patterns
suggest that respiration contributed more to the observed NEP vari-
ability. Similar findings were reported by Hadden & Grelle (2016) in the
boreal forest of Sweden, where Rec, was the main contributor to NEP
fluctuations, while GEP remained relatively stable. They also observed
that increased R, levels turned the ecosystem into a carbon source. On
the other hand, Froelich et al. (2015) found that in a mixed
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boreal-temperate forest dominated by deciduous species, an increasing
NEP trend was linked to both slightly rising GEP and declining Reco-
However, they noted that the forest consists predominantly (approxi-
mately 50 %) of red maple (Acer rubrum), so for deciduous forests, GEP
plays a more crucial role in determining NEP. We assume that the
absence of deciduous trees could be one of the reasons for stable annual
GEP.

4.2. Spring R, increase: Investigating the 2019 NEP decline

The year 2019 became the first year when we observed a significant
decline in NEP, with NEP being two times lower than the eight-year
average as a result of annual Ree, enhancement (Fig. 4). While only
May was statistically identified as an anomaly, elevated Reco persisted
from March to June (Table 3, Fig. 6G). Moreover, in March, May, and
June, we inferred increased Ry (Fig. 6D). Close to average or slightly
increased GEP over this period and no reduction in photosynthetic ca-
pacity indicate, that Rec, enhancement was the cause of annual NEP
decline. This indicates that NEP declined observed in 2019 was not
caused by short-term extreme anomaly, but rather by a moderate in-
crease in Rec, OVer several months.

In contrast with our observations, spring variations in Reco in forest
ecosystems were previously found to be less significant compared to
GEP, leading to a strong dependence of spring NEP on GEP in temperate
and boreal forests (Delpierre et al., 2009; Falge et al., 2002; Welp et al.,
2007). We observe this pattern only in April, when modelled Ry, does not
show significant fluctuations from the average (Fig. 6H), and GEP is 17
% higher compared to the monthly average value (Fig. 6F) and the
highest photosynthetic capacity (Fig. 9). This month was also charac-
terized by exceptionally warm, dry, and sunny conditions, the warmest
April since 2004 (Appendix 4), even though air temperature remained
within the standard range for this month. In contrast, both VPD and Rg
exceeded the outlier threshold (Fig. 5B and 5C), indicating all together
highly favourable conditions for photosynthesis in coniferous forest
ecosystems.

Previous studies demonstrated Ry, increase with rising air tempera-
tures (Dalias et al., 2001; Wang et al., 2014; Tremblay et al., 2018) and
with the presence of available organic matter and nitrogen availability
(Shahbaz et al., 2022). M. Zhang et al. (2022) found that soil respiration
was consistently lower at high SWC in temperate forest. In our study, the
random forest analysis (Fig. 7) showed that in 2019, air temperature was
the most important predictor of ecosystem respiration, with soil mois-
ture also playing a notable role. The combination of moderately elevated
air temperatures, sufficient soil water, and high radiation likely created
conditions favourable for microbial decomposition. These processes
outweighed the gains from photosynthesis, leading to a reduced carbon
sink during this period.

4.3. From carbon sink to carbon neutral: The role of autumn Rec,

The shift from net carbon sink to carbon-neutral in 2020 was pri-
marily linked to elevated autumn Reco, while GEP remained near
average. Autumn 2020 was the warmest on record in the last 19 years
(Appendix 5), with October and November air temperatures signifi-
cantly exceeding the IQR threshold. These conditions likely promoted
microbial activity and enhanced Ry, shifting the annual carbon balance
close to zero.

F10 values in 2020 were the highest observed, while Q1o values were
the lowest, suggesting that respiration was less sensitive to temperature
increases once conditions were already warm (Fig, 8). September
appeared less influenced by air temperature, but October and November
Reco Were strongly temperature-driven. Warmer temperatures, coupled
with sufficient soil moisture, likely extended the decomposition period,
amplifying autumn Rec, and reducing annual NEP. Similar findings from
boreal forests attribute autumn NEP reductions to increased Reco, under
warmer conditions (Piao et al., 2008; Ueyama et al., 2014; Vesala et al.,
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Fig. 7. Importance of meteorological variables: Air temperature (Tair), soil water content at depths of 10 and 40 cm (SWC;o, SWCy0) and precipitation (Precip)

obtained from random forest models.

2010). However, in our study, we did not observe a general trend of
increasing autumn temperatures as reported in the paper by Ueyama
et al. (2014). On the other hand, Hadden & Grelle (2016) found that a
boreal forest emitted more CO; in autumn and spring at lower temper-
atures (from —5 to 10 °C). They linked this not to a general warming
trend but to internal changes in the forest ecosystem. In our study, we
observed similar patterns; however, in the absence of dead biomass es-
timates, so we can’t directly confirm this. Vesala et al. (2010) found that
in a warming climate, the temporal distribution of organic matter
decomposition may change throughout the year, but the total volume of
decomposition may remain unchanged. Easily decomposable carbon

would be exhausted by autumn, resulting in lower soil CO3 emissions in
spring. However, in the spring of 2021, we observed a different pattern,
with Reco from January to May being close to their monthly averages.
Our study demonstrated that the old upland coniferous Soontaga
forest’s carbon dynamics were significantly influenced by a single warm
autumn of 2020, which potentially boosted Ry. If single autumn
warmings occur more frequently due to the predicted warming in the
boreal zone, increased Ry, may decrease annual NEP significantly or turn
the upland coniferous forest into a carbon source, as was observed in
previous studies (Piao et al., 2008; Ueyama et al., 2014). Additionally,
our study raises the question about the quantity of easily decomposable
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Fig. 9. Monthly dynamics of maximum photosynthetic capacity (GEPp,,y) from
2016 to 2023.

carbon in the upland hemiboreal forest and its exhaustion after a single
warm autumn, as observed in the study by Vesala et al. (2010). In our
study, we did not find any evidence that the amount of easily decom-
posable carbon would be low after a warm autumn. We hypothesize two
possibilities: either the quantity of easily decomposable carbon is too
large to be significantly reduced by one warm event, or the amount of
decomposable carbon increases during winter. However, without
further in-depth and focused research, we cannot confidently claim this.
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4.4. Summer carbon fluxes dynamics: Temperature and moisture impact

We observed three summer months (June 2020, and June and July
2021) when Reco, not GEP, was the main contributor to NEP, an unusual
pattern for boreal and hemiboreal forests in the Northern Hemisphere
(Krishnan et al., 2009).

In June 2020, low GEP combined with exceptionally high Ry, esti-
mate, nearly double that of other Junes, led to negative NEP (Fig. 6A).
Reduced radiation early in the month likely limited photosynthesis,
while subsequent brief period of heat and increased precipitation fav-
oured microbial decomposition, rapidly increasing Ry,. von Buttlar et al.
(2018) and Arain et al. (2022) found that short periods of heat (first 18
days) stimulate an increase in Rec,. Moreover, increased precipitation
and warm weather in the second half of the month could create optimal
conditions for the decomposition of organic matter by soil microor-
ganisms, leading to a sharp increase in Ry, (Borken et al., 2003; Yu et al.,
2015). Based on this, we assume that in June 2020, high air tempera-
tures and water availability created optimal conditions for enhanced Ry,
However, with rapidly increasing temperatures, Rec, increased at a
faster rate than GEP (Yvon-Durocher et al., 2010). As a result, Reco
became the main contributor to NEP. This observation is particularly
significant because, when combined with the warm autumn described in
subchapter 4.3, it demonstrates that multiple unusual events can
collectively shift an upland hemiboreal forest to a carbon-neutral state.
The autumn months together accounted for nearly a quarter of the
annual Reco, With June alone contributing approximately one-sixth of
the total.

In June and July 2021, both GEP and R, increased under record-
high air temperatures, but the rise in Rec, outpaced that of GEP,
lowering NEP (Fig. 6B and 6C). Sufficient soil moisture in June sup-
ported high ecosystem activity, but by July, precipitation deficits caused
moderate drought stress, proportionally reducing both GEP and Reco.-

Our results clearly demonstrate that warmer summers, much like
warmer autumns, can shift the carbon dynamics of the upland
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hemiboreal forests to a carbon source direction. Because summer
months account for a larger share of annual Re, than autumn, further
warming may have stronger impacts, particularly under fluctuating soil
moisture conditions that constrain photosynthesis as well as respiration.
While we did not observe a significant trend of increasing summer
temperatures, summer warming could pose a threat of amplified
drought or heat stress.

4.5. Heatwave 2018: The resilience of a hemiboreal forest

From the middle of July to the beginning of August 2018, we
observed a heatwave comparable in intensity to well-documented
events in 2003 and 2010 in Northern Europe (Bastos et al., 2020;
Krasnova et al., 2022). It significantly impacted the carbon dynamics of
the Soontaga forest but did not reduce annual carbon uptake. Annual
NEP (271 + 10 g C m 2 year!) exceeded the study average (167 + 42 g C
m? year'l), despite concurrent reductions in both GEP and Reeo. A
similar finding was previously reported by Lindroth et al. (2020) for pine
forests in Finland and Sweden: the 56-year-old pine forest stand in
Hyytiala had an NEP of 297 g C m™ year, and the 90-year-old pine
forest stand in Rosinedal had an NEP of 234 g C m™ year, with re-
ductions observed in both Rec, and GEP. The annual NEP dynamics of
Hyytiala and Rosinedal were similar to ours, indicating that our data
reflected the carbon dynamics in the boreal climate zone in 2018.

Seasonally, exceptionally high NEP in June was followed by subse-
quent reductions of GEP and Re¢, in July and August due to extreme
heat, that was not reflected in monthly NEP. Smith et al. (2020) found
that an increase in NEP in June compensated for the reduction in NEP in
July 2018 on a seasonal scale. On the other hand, Mamkin et al. (2022)
reported that during the summer period of 2018, in the nemoral spruce
forest in Russia, there was an increase in GEP and a decrease in Reco,
which led to an increase in net CO, uptake. According to their findings,
the main drivers of this phenomenon were higher SWC and different
VPD dynamics. Overall, our observations align with other studies during
the 2018 heatwave period, with some variations depending on the
specific characteristics of each forest stand.

Heatwaves produce immediate, post-heatwave, legacy, and cumu-
lative effects, which each uniquely influence the ecosystem’s carbon
cycle (Qu et al., 2024). Heatwaves typically bring drought, but under-
standing of drought impacts is complicated because not all responses are
immediately visible (Kannenberg et al., 2020). From previous studies,
we know that the legacy effects of drought can be noticeable in decid-
uous trees through hydraulic damage and dieback (Anderegg et al.,
2013). Moreover, Schuldt et al. (2020) demonstrated in their study that
following the heatwave of 2018, Norway spruce, Scots pine, and silver
fir (Abies alba) were among the most affected species due to hydraulic
failure. This makes the situation especially intriguing because Galiano
etal. (2011) demonstrated in their study that Scots pine trees take a long
time to recover from a drought episode. Furthermore, trees, after a
drought event, become more vulnerable to pests living on foliage due to
the weakening of their protective mechanisms (Jactel et al., 2012).
Similarly to the study by Schuldt et al. (2020), the Soontaga forest
mainly consists of Scots pine with a second layer of Norway spruce. In
July, we also observed the second-lowest SWC at a depth of 10 cm and
the lowest result at a depth of 40 cm (Fig. 5E and 5F), which could
indicate drought conditions. However, despite this, during the next 5
years, we did not observe hydraulic damage or pest infestation increase
that could have triggered increased tree mortality.

Heatwaves impact often result in GEP reduction (Ciais et al., 2005;
Lindroth et al., 2020; Xu et al., 2020; Yan et al., 2023) due to the in-
fluence of extreme air temperatures on plant growth, reproduction, and
survival (Breshears et al., 2021). The maximum photosynthetic capacity
could be used as a good indicator of a forest ecosystem health (Xia et al.,
2015). Our study results demonstrate a decrease in GEPp,x in July and
August of 2018, indicating the negative impact of the 2018 heatwave on
the ecosystem’s carbon uptake capacity (Fig. 9). However, by
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September, it recovered to its average September value. In the following
years, the GEPp,,x dynamics remain unchanged, following pre-heatwave
patterns and values with minor deviations. This rapid recovery high-
lights the resilience of the Scots pine-dominated hemiboreal forest to
short-term climatic extremes, in contrast to the persistent post-drought
effects documented for other coniferous species in Europe (Schuldt
et al., 2020; Galiano et al., 2011).

4.6. Carbon sequestration: The importance of tree age in hemiboreal
forests

There is no consensus regarding the sink strength of old forests. A
study by Luyssaert et al. (2008) found that old-growth forests can
continue to accumulate carbon, controversially to the long-held belief of
their carbon neutrality. However, Gundersen et al. (2021) pointed out
an overestimation in the quantification of old forests’ carbon seques-
tration. Previously, Carey et al. (2001) have shown that old coniferous
forests have higher productivity as carbon sinks than predicted by
models. Leverett et al. (2021) found that older eastern white pine forests
are very effective at capturing and holding carbon. However, studies by
Chapin et al. (2011) and Hadden & Grelle (2017) concluded that as
forests mature and growth slows, there is a decrease in carbon uptake.

We found that in the old hemiboreal coniferous forest, the positive
NEP in 7 out of 8 years is ensured by the very stable GEP from year to
year. Moreover, in 2020, when NEP became negative, GEP was still close
to average. On the one hand, the stability of GEP can be attributed to the
mosaic of age classes within the footprint. While mature and overmature
stands (43 % of area) may exhibit declining productivity, middle-aged
and premature stands (48 % of area) continue to increase GEP, off-
setting losses from older trees. Furthermore, younger Norway spruces
growing beneath older Scots pines in mature stands also contribute to
this compensation, stabilizing stand-level GEP over time. On the other
hand, it’s important to note that the tower is located in an overmature
forest stand, which covers half of the total area of this age group, making
its influence potentially very significant. There is evidence that sus-
tained NEP is primarily explained by the stable mean GEP of trees aged
100-200 years (Peichl et al., 2023; Stokland, 2021). Age-structure di-
versity could be one of the key mechanisms maintaining carbon
sequestration in old hemiboreal forests, buffering declines in produc-
tivity of older trees.

5. Conclusion

Over the eight-year observation period (2016-2023), the old hemi-
boreal upland coniferous forest acted as a consistent net carbon sink,
with the exception of a single carbon-neutral year 2020. Mean annual
NEP (170 + 42 g C m2 yr'!) was well within the range reported for
boreal coniferous forests, underscoring the important role of old-growth
hemiboreal forests in long-term carbon sequestration.

Interannual variability in NEP was primarily driven by changes in
Reco, While GEP remained comparatively stable. Reco was primarily
controlled by air temperature, with soil water content exerting a sec-
ondary influence. Anomalously warm conditions, particularly the
exceptionally warm autumn of 2020 and concurrent water limitation in
June-July 2021, considerably enhanced Rec, and offset annual net car-
bon uptake, highlighting the sensitivity of the carbon balance to tem-
perature variability.

Despite such these natural disturbances, the forest displayed a high
degree of resistance and resilience to climatic extremes. The 2018
heatwave, although temporarily reducing photosynthetic capacity, did
not diminish annual carbon uptake, and no legacy effects were detected
in the subsequent years. This capacity to maintain carbon sequestration
under variable climatic conditions highlights the functional stability of
old hemiboreal coniferous forests in the face of increasing rate of climate
extremes.
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Yearly u* thresholds, data metrics, and NEE gap-fill uncertainty (RMSE and MBE in g C year™).

Year Available measured before data filtering Friction velocity Spikes Available quality-controlled data NEE RMSE NEE MBE
(ms™) (gC year'l) (gC year'l)

2016 92.70 % 0.19 0.79 % 77.16 % 6.89 18.68
2017 93.16 % 0.2 0.85 % 77.52 % 6.8 19.70
2018 86.99 % 0.32 1.03 % 59.82 % 6.48 14.73
2019 90.05 % 0.31 1.10 % 66.95 % 6.5 4.12
2020 95.53 % 0.17 0.83 % 84.53 % 7.56 12.96
2021 96.14 % 0.2 1.16 % 81.87 % 6.97 8.64
2022 86.29 % 0.22 0.78 % 69.76 % 8.82 2.70
2023 82.05 % 0.21 0.74 % 68.18 % 6.55 -1.77

Appendix 2

Table 5

Annual NEP, Re¢o, and GEP (g C year™! + Uncertainty) with fixed (0.2 m s™) and varying u* thresholds (0.19-0.31 m s™!; Appendix 1).

Year NEPVaryingUstar NEPrixedUstar GEPVaIyingUslar GEPrixedustar RecoVaryingUstar RecoFixedUstar
2016 309 £ 14 305 +£13 1357 £ 16 1364 £ 21 1049 + 26 1059 + 24
2017 288 +9 287 +9 1313+ 8 1311+ 7 1025 + 10 1025+ 9
2018 271 £10 223 +£16 1216 + 24 1247 £ 27 946 + 34 1024 + 36
2019 84+6 57 +£10 1262 + 28 1230 + 30 1178 £ 35 1173 £ 36
2020 —-2+5 2+7 1290 + 33 1288 + 30 1293 + 40 1286 + 43
2021 49+ 3 50 +3 1248 + 14 1246 + 14 1198 £ 18 1196 + 17
2022 137 +6 132+ 10 1198 + 22 1198 + 20 1061 + 22 1066 + 26
2023 222+ 8 217 +8 1301 £ 16 1303 £ 17 1078 + 22 1087 + 24
Appendix 3
Table 6
Performance metrics of Random Forest models by year.

Year R? MAE RMSE

2016 0.48 20.21 28.72

2017 0.60 16.05 22.25

2018 0.49 18.27 26.05

2019 0.30 20.42 28.18

2020 0.33 24.52 31.95

2021 0.43 21.53 28.20

2022 0.28 21.59 28.54
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Appendix 4

Table 7
Monthly mean air temperatures ( °C) from 2004 —2023.

Year January February March April May June July August September October November December
2004 -7.6 —4.2 0.1 6.1 10.6 13.8 16.9 17.5 12.2 6.1 —-0.5 0.0
2005 -1.6 -7.6 —6.0 5.2 11.2 14.8 18.6 16.5 13.2 7.1 2.9 -3.9
2006 —6.4 -9.2 —4.2 5.9 11.3 16.7 19.0 17.1 14.0 8.3 2.6 3.2
2007 -1.7 -10.2 4.5 5.5 12.3 16.3 17.0 18.2 11.4 6.9 0.0 0.8
2008 -1.1 0.9 0.7 7.4 10.7 14.6 16.6 16.1 10.1 85 2.5 —-0.8
2009 -3.1 —-4.7 -1.0 6.2 11.8 14.2 17.3 15.8 13.1 4.3 2.6 —4.8
2010 -13.7 -7.5 -1.3 6.4 12.3 15.0 22.6 18.4 11.3 4.5 0.5 -8.0
2011 —4.3 -10.8 -1.2 6.8 11.7 17.7 20.5 16.6 12.8 7.4 3.7 1.6
2012 -5.2 -10.5 0.1 5.3 12.0 13.9 18.3 15.2 12.4 6.0 2.7 —6.5
2013 -7.1 -3.0 -7.0 4.0 15.0 18.2 17.9 17.2 11.3 7.2 4.1 1.7
2014 -8.0 0.0 2.7 6.9 12.4 13.7 19.6 16.8 12.4 5.6 1.5 -1.3
2015 -15 —-0.8 3.0 5.8 10.7 14.6 16.1 17.0 12.8 4.8 3.7 2.4
2016 —-9.1 0.8 1.2 7.2 16.1 17.7 19.4 17.0 13.5 4.9 -0.1 0.5
2017 -3.0 -2.3 2.2 4.3 11.3 14.8 16.7 17.2 13.0 5.9 31 1.0
2018 -15 -7.5 -2.6 8.3 17.4 16.5 21.4 19.2 15.1 7.8 3.0 -1.6
2019 —4.8 0.6 2.1 8.9 12.4 19.6 16.9 17.3 12.5 7.8 3.5 2.5
2020 3.3 1.9 3.3 5.9 10.5 19.5 17.2 17.6 14.7 9.8 5.0 0.4
2021 -35 -5.9 1.1 6.1 11.6 20.8 22.6 16.3 10.8 8.0 3.2 —-5.8
2022 -1.9 0.2 1.5 5.4 11.0 18.5 18.7 20.9 10.1 8.7 2.3 -3.6
2023 -1.3 -1.6 1.6 8.4 12.6 18.4 17.5 20.0 16.6 6.3 1.4 —-2.2
Appendix 5
Table 8

Seasonal mean air temperatures ( °C) from 2004 —2023.

Year Winter Spring Summer Autumn
(Dec, Jan, Feb) (Mar, Apr, May) (Jun, Jul, Aug) (Sep, Oct, Nov)
2004 -39 5.6 16.0 5.9
2005 —4.4 35 16.6 7.7
2006 -4.1 4.3 17.6 8.3
2007 -3.7 7.4 17.1 6.1
2008 —-0.4 6.3 15.8 7.0
2009 —-4.2 5.7 15.8 6.7
2010 -9.7 6.0 18.7 5.4
2011 —4.5 5.8 18.2 8.0
2012 -7.4 5.8 15.8 7.0
2013 -2.8 4.0 17.8 7.5
2014 -3.1 7.3 16.7 6.5
2015 0.0 6.5 15.9 7.1
2016 -2.6 8.0 18.0 6.1
2017 -1.4 5.9 16.2 7.4
2018 -35 7.7 19.1 8.6
2019 -0.6 7.8 17.9 8.0
2020 1.9 6.5 18.1 9.8
2021 -5.0 6.3 19.9 7.3
2022 -1.8 6.0 19.3 7.1
2023 -1.7 7.5 18.6 8.1

Appendix 6
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Table 9

10 20

Air temperature (°C)

== 2016 == 2018 == 2020 === 2022

Year

== 2017 === 2019 2021 2023

Fig. A6. October and November measured night-time respiration at 10 °C and temperature sensitivity model and their coefficients.

Mean daily air temperature and standard deviation ( °C) during 15 Jul-5
Aug for each year 2016-2023.

Year

Mean air temperature ( °C) + standard deviation

2016
2017
2018
2019
2020
2021
2022
2023

1952

17.6 £ 1.7
242+ 1.6
17.9 £ 3.9
17.8 £2.7
20.1 +3.2
18.4 +£3.1
18.0 £ 1.9

Data availability

Data will be made available on request.
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