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Heterotrophic soil respiration in three forestry-drained boreal peatlands
dominated by Downy birch (Betula pubescens Ehrh.)

Md Rezaul Karim, Jani Anttila, Katja T. Rinne-Garmston and Sakari Sarkkola

Natural Resources Institute Finland (Luke), Helsinki, Finland

ABSTRACT

Boreal peatlands contain a significant terrestrial carbon storage. Many of the boreal mire sites
support tree growth naturally, and tree stands largely affect their carbon dynamics controlling
the decomposition and new carbon inputs. Most research has focused on the conifer stands,
with limited attention given to carbon emissions from peatland sites dominated by stands of
deciduous tree species and how the emissions change along stand succession. We studied
heterotrophic soil respiration (CO,) using site-specific temperature and water table interaction
models and simulations at half-hourly intervals over two growing seasons (May-September
2021-2022) in three downy birches (Betula pubescens Ehrh.)-dominated drained nutrient-rich
peatland sites in Finland. The stand represented three developmental classes: young stand
(stand age 10 years), middle-aged stand (50 years), and mature stand (80 years). Instantaneous
CO, fluxes ranged from 0.09 to 1.37 g CO, m~2 h™', and mean cumulative fluxes ranged 11.6-
30.3 g m~2 d—'". For the summer period, the cumulative fluxes showed to decrease along the
stand age being highest (2927 g CO, m™?) in young stand, and lowest (1113 g CO, m™?) in
mature stand. These results highlight how stand development influences soil carbon emissions,
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with key implications for peatland management and climate mitigation.

Introduction

Peatlands are important carbon (C) reservoirs and play a
major role in the global C cycle. According to the latest
estimate, the total northern peatland C stocks is 1,055 Gt
of C (Nichols and Peteet 2019). The accumulation of Cin
peatlands results from elevated water table levels (WL)
and associated anoxic conditions, which facilitate the
accumulation of partially decomposed organic matter
as peat. After management practices such as drainage
for forestry, the top layer of peat potentially decomposes
faster because of water-level drawdown and consequent
increase in the thickness of the oxic unsaturated layer in
peat (Strakova et al. 2012). This phenomenon has histori-
cally been widespread both regionally and globally. In
Finland, nearly 5 million hectares of peatlands have
been drained for forestry purposes. Understanding soil-
atmosphere greenhouse gas (GHG) fluxes in these
drained areas is imperative for annual GHG reporting
and to devise strategies to mitigate climate change.
Many studies have investigated seasonal and annual
GHG emissions from drained peatlands, identifying soil
temperature, WL, and site type—which delineates the
nutrient status of the site—as the primary explanatory

variables for soil CO, efflux (von Arnold et al. 20053,
2005b; Minkkinen et al. 2023). Moreover, research on
peatlands emphasize the importance of temperature in
driving temporal variations in soil and ecosystem respir-
ation (Updegraff et al. 2001; Lafleur et al. 2005) and het-
erotrophic respiration (Makiranta et al. 2007, 2008;
Minkkinen et al. 2007). Up to 96% of the temporal vari-
ation in heterotrophic respiration within a specific peat-
land site can be attributed to soil temperature
(Makiranta et al. 2008). However, studies have shown
that large spatial variation exists within and between
sites in the temperature sensitivity of heterotrophic res-
piration due to variations in nutrient status of the sites
(Minkkinen et al. 2007; Makiranta et al. 2008).
Anaerobic decomposition in soils occurs much slower
than aerobic decomposition (Bergman et al. 1999; San-
trickova et al. 2005). Subsequently, WL depth usually
contributes as a main factor controlling the organic
matter decomposition rate in peatlands by directly reg-
ulating the volume of the oxic peat layer (Waddington et
al. 2015; Obradovi¢ et al. 2023). Laboratory studies have
shown that CO, emission from peat samples rises with
increased WL depth demonstrating the influence of
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water level on decomposition (Moore and Dalva 1993,
1997; Blodau et al. 2004). However, in situ studies have
showed considerable variability in the relationship
between WL and measured peat soil CO, emissions
(Silvola et al. 1996a; Lafleur et al. 2005). On the other
hand, challenges in predicting the decomposition rate
of peat layers in response to climate change have led
to significant uncertainties in peatland C pool studies
(Laiho 2006). Detailed information on the dependence
of heterotrophic respiration on soil temperature and
WL is required to improve current methods for estimat-
ing decomposition rates in drained peatlands.

Downy birch (Betula pubescens Ehrh.) is an ecologically
and economically highly important tree species in north-
ern Europe, particularly in Finland. Significant areas of
birch-dominated forests are growing on organic soils
i.e. peatlands. Peatlands constitute 12% of the total
volume of the growing stock in Finland (Niemist6 and
Korhonen 2008). Downy birch stands have a noteworthy
role in forestry, as well as in the pulp and paper industry.
According to the Finnish National Forest Inventory data
(NFI11, measured in 2009-2013), the total area of birch-
dominated stands on drained peatlands is 572 000 ha.
However, the present knowledge on the actual and tem-
poral CO, efflux of downy birch stands in Finland is extre-
mely poor. The birch forests deviate ecologically
significantly from coniferous forests where most of the
GHGs research is concentrated. To our knowledge, no
previous studies have investigated the interaction
effect of soil temperature and WL depth on heterotrophic
soil respiration on downy birch-dominated drained peat-
lands despite the wide natural distribution area of this
species on the Eurasian continent.

Our aim of this study was to estimate the hetero-
trophic soil respiration at different stages of the succes-
sion of downy birch stands on drained forested
peatlands. The stand succession was categorized to
three developmental classes: young stand (stand age
approximately 10 years), middle-aged stand (app. 50
years) and mature stand (app.80 years). Additionally,
we aimed to model the response of heterotrophic soil
respiration to soil temperature and water level.

Materials and methods
Study sites

Heterotrophic soil respiration was measured in three for-
estry-drained peatlands sites in Juupajoki, Central Finland
(N61°50"36.542", E 24°17'37.010", 180 m above sea level,
and sites are in close proximity to each other). The study
sites were selected from the network of permanent
sample plots connected to the long-term study sites

Table 1. General description of the study sites (mean * standard
deviation).

DB-10 (Young  DB-50 (Middle-aged  DB-80 (Mature
stand) stand) stand)
Coordinates 61° 50 55.65" N 61° 51" 13.75" N 61° 53 10.70" N
(WGS84) 24°19' 14.52" 24°17' 14.83" E 24° 24’ 07.34"
E E
Site type' Rhtkg (herb-rich Mtkg Il (Vaccinium Rhtkg (herb-rich
type) myrtillus- type) type)
Stand age 10 50 80
(years)
Peat depth 852+3.2 74625 115.1£35
(n=30), (cm)
Bulk density 0.13 +0.04 0.12+0.03 0.16 +0.02
(n=15) (g
™)
Drainage year 1936 1950 1909

(1) Vasander and Laine 2008.

maintained by Hyytidla Forestry Field Station. The mean
ages of the trees within the stands were 10, 50, and 80
years, representing a chronology of young, middle-
aged, and mature stands, respectively (Table 1). Accord-
ing to Hynynen et al. (2010), the upper limit for the
rotation period of downy birch is 70-80 years due to bio-
logical aging, resulting in decreased growth and an
increased risk of rot. Therefore, in our study, an 80-year-
old birch stand is considered as mature. The Nalkarasin-
suo site (10-year-old young stand) was initially drained
for forestry purposes in 1936, and the tree stand was
regenerated through clearcutting in 2006. The Rajasuo
site (50-year-old middle-aged stand), was drained in
1950, and managed by a light thinning in 1970s. The Lou-
kaskorpi site (80-year-old mature stand), was initially
drained in 1909. The drainage network was expanded in
the 1920s, and ditch network maintenance was com-
pleted in 1964. The current tree stand of the sites consists
mostly of downy birch (88%), while the remainder com-
prises Norway spruce (Picea abies) as an understorey
species, exhibiting varying densities. The management
and succession history of all sites and their tree stands
are well known because of the long-term monitoring of
the stands. According to the Finnish classification
system for drained peatland forests (Vasander and Laine
2008), all the sites can be categorized as either nutrient-
rich Herb-rich or Vaccinium myrtillus types (Rhtkg,
Mtkgll) (Table 1). As per the Finnish classification system
of drained peatland forests, the suffix Il includes sites
that were treeless or sparely treed mires before drainage
operation. At the time of the study, peat depth in the area
varies from 71 cm to 120 cm (Table 1). In early summer
2021, soil samples from the study area were collected at
depths of 0-10, 10-20, 20-30, 30-40, and 40-50 cm,
with five samples per site, totaling fifteen samples, for
analysis. Bulk density was measured by drying peat
samples of known volume at 105 °C overnight (Blake
and Hartge 1986).



Site preparation and measurements

On each study site, four measurement points were
established for heterotrophic soil respiration measure-
ments between six to eight months prior to the actual
measurements to reduce the impacts of soil disturbance
and fresh litter decomposition on the heterotrophic flux.
The plots were trenched to a depth of 20 cm using
chainsaw (Patelo PT998 Chainsaw, M® Made-in-China)
with the intention of excluding root respiration, and
the further growth of new roots. The size of each
measurement points was 60 x 60 cm. Geotextile fabric
made of polypropylene was inserted into each measure-
ment point to insulate roots, separating them from the
adjacent soil (Minkkinen et al. 2007). After trenching,
ground vegetation and litter layers were removed, and
the plots were kept free of litter. By implementing
these measures, we aimed to exclude the decompo-
sition of new litter from the measurements of hetero-
trophic soil respiration. As most of the roots in drained
peatlands are situated in the topmost peat layers
(Laiho and Finér 1996), we assumed that the trenching
and removing above ground part of ground vegetation
terminated all roots within the plots.

The heterotrophic soil respiration was measured
every 2 weeks during June and September in 2021 and
2022 (Figure 1). Respiration measurements were taken
by a portable trace gas analyzer (LICOR-7810, The
Optical Feedback - Cavity Enhanced Absorption Spec-
troscopy (OF-CEAS) technique), which was attached to
an opaque closed metallic chamber (@ 31.5 cm, h 30
cm). The metallic chamber was equipped with a fan
and a thermometer to maintain the chamber’s inner
temperature within 2 of the ambient temperature

Figure 1. Heterotrophic soil respiration measurement setup
using a LI-COR 7810 gas analyzer connected to a closed
dynamic chamber. The setup also includes a foliage litter collec-
tion container.
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(Alm et al. 2007) and was placed on the sample plot
for a measurement period of 180 s. The efflux was cor-
rected for atmospheric pressure and air temperature.
Simultaneously with the CO, efflux measurement, soil
temperature at a depth of 5 cm was measured in the
space between the chamber and the edge of the
fabric. The groundwater table level was monitored
with an accuracy of one cm.

Soil temperature and water level logging

Temperature data loggers (iButton, model 1921G, Dallas
Semiconductor Corp.) were installed at each site in
autumn 2020 to the depth of 5 and 30 cm. Soil tempera-
ture was logged at 3-h intervals. The mean temperature
of the two heterotrophic respiration points was calcu-
lated and then linearly interpolated for every half hour.
The soil temperature at 5 cm depth was chosen to
predict the soil CO, efflux since it has been observed
to be the best single depth for predicting soil CO,
efflux (Minkkinen et al. 2007).

Water table data loggers (Odyssey® capacitance water
logger, Dataflow Systems Limited © 2022) were installed
at each site in autumn 2020 to a depth of 2 m. The
groundwater table was logged every 30 min from
October 2020 to October 2022. Here, we report the soil
temperature and WL results during the heterotrophic
soil respiration measurement period (June-September
in 2021 and 2022). These datasets were then used in
simulations of the seasonal CO, efflux. At the DB-80 site
in 2022, the water table data showed unusually stable
values with minimal fluctuation. While the exact cause
is uncertain, the anomaly may be due to sensor malfunc-
tion, logger drift, or local hydrological conditions. As the
data still provide contextual information, they were
retained in the analysis but clearly noted in the figure
caption and interpreted with appropriate caution.

Calculations

Fluxes were calculated from the linear change in CO,
concentration in the chamber headspace over time
using the following equation:

B M To %4
flux = slope. <V_m> <T0 n T>' (Z).c (m

In the equation, slope is the change of CO, concen-
tration (ppm s™'), M, V,,, are molar mass (g mol™") and
molar volume (m® mol™") of CO,, V, A are chamber
volume (m®) and chamber area (m?), T, is the tempera-
ture at 0 °C (273.15 K), and T is the chamber temperature
(°Q), ¢ (= 3600) is the conversion factor from s~' to h™".
The slopes for the equation were estimated by linear
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regression between elapsed measurement time and
measured ppm in chamber headspace. Linear fit was
deemed appropriate because of the short measurement
times. Close to the LICOR detection limit (0-1000 ppm),
random measurement errors of small fluxes sometimes
resulted in negative values. Some measurement points
showed a strange fluctuation of CO, concentration at
the beginning of measuring time (most likely CO,
probe did not reach the ambient CO, concentration
before the start of the measurement), and it was
solved by discarding 10 s from the beginning.

Soil respiration in peat soils is influenced by soil temp-
erature, water-table level, and site type (Silvola et al.
1996a), which together determine the volume of
aerated peat and the availability of water in the
surface peat layers. In well-drained peatlands, tempera-
ture and water-table level are typically the key variables
explaining temporal variation in momentary soil respir-
ation (Silvola et al. 1996a; Méakiranta et al. 2008). There-
fore, to calculate seasonal CO, effluxes for each site,
we developed site-specific models predicting hetero-
trophic soil respiration (HR) using an Arrhenius-type
exponential approach instead of a linear regression
model. Half-hourly soil temperature (Ts, °C) at a 5 cm
depth was used as the primary independent variable.
The model took the following exponential form:

HR = a x e®<T9 )
Where HR is the heterotrophic respiration rate (g CO,
m~ h™"), a represents the base respiration rate at low

2021

temperature, b describes the temperature sensitivity of
heterotrophic soil respiration (Table 3). In some cases,
we also explored the effect of water-table level (WL,
cm) using a power-type fit to assess its influence on
HR. The goodness of fit to the measured flux data was
evaluated using the coefficient of determination (R?),
which is commonly applied in soil respiration modeling
(Lloyd and Taylor 1994; Fang and Moncrieff 2001). In
addition, the risk of overfitting and underfitting of the
models was assessed using the Akaike Information Cri-
terion (AIC) (Akaike 1973) (Table 3).

Results
Soil temperature and water table level

Soil temperature at 5 cm depth showed a clear seaso-
nal pattern, rising steadily from the beginning of June,
reaching its maximum at the end of June, and then
declining till the end of September in 2021 (Figure
2). In 2021, the average soil temperatures were 15.9
+3.4 °C for the DB-50 stand, 15.7+3.5 °C for the
DB-10 stand, and 15.4+ 3.9 °C for the DB-80 stand.
In 2022, the corresponding averages were 14.6+ 1.8
°C, 155+2.0 °C, and 13.8%+1.9 °C, as detailed in
Table 2. Soil temperature in 2022 rose from the begin-
ning of June, reached its maximum in the first week of
July, fluctuated during August, and then declined until
the end of September (Figure 2). A similar trend in soil
temperature at 30 cm depth was observed at all the
study sites (Table 2).

2022

20
1

Soil temperature at 5 cm depth, C
10
1

T T T
June July Aug. Sep.

Date

T
June July Aug. Sep.

Date

Figure 2. Daily mean soil temperature (°C) at 5 cm depth in DB-10 (Young stand), DB-50 (Middle-aged stand), and DB-80 (Mature
stand) sites (June-September in 2021 and 2022). Data were recorded using iButton loggers (model 1921G) at 3-hour intervals.
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Table 2. Seasonal (June-September) soil temperature (5 and 30 cm, ‘C), soil ground water table level (WL, cm), and heterotrophic soil
respiration (g CO, m~2 h™") (mean + standard deviation) across the sites and year.

DB-10 (Young stand)

DB-50 (Middle-aged stand) DB-80 (Mature stand)

Variables

Year 2021 2022 2021 2022 2021 2022

Soil temperature at 5 cm (°C) 15.69 £ 3.48 15.54 +1.97 15.89+£3.43 14.64 + 1.81 15.39+3.88 13.78£1.93
Soil temperature at 30 cm (°C) 14.46 +3.75 11.72+1.50 1448 +3.75 12.29+1.49 13.26 £4.10 11.54+1.79
Soil water level (cm) 53.08£9.15 56.92+11.83 48.65 + 15.76 47.69 + 10.45 65.02 +10.27 77.29 £10.09
Heterotrophic soil respiration (g CO, m™2 h™") 0.74+0.24 0.65+0.20 0.46 £ 0.30 0.50+£0.36 0.93+0.25 0.56 +£0.24

Soil water table level showed a less clear seasonal
pattern than soil temperature (Figure 3) for all sites.
WL in the year 2021 increased from the beginning
of June, reaching its maximum in the first week of
August, and then declining till the end of August
(Figure 3). The arithmetic means of WL during the
summer period varied from 49 cm to 65 cm
between the study sites (Table 2). In 2022, the seaso-
nal pattern of WL for the DB-10 and DB-50 was
similar to each other, but for the DB-80 stand the
water level loggers could not measure the water
level exceeding 80 cm depth from the soil surface
(Figure 3). Consequently, the recorded water levels
for July appear uniform because the actual water
depths surpass the loggers’ measurement capabili-
ties. The average WL during the summer period
varied from 48 cm to 77 cm between the study
sites in 2022 (Table 2).

The effect of soil temperature and water level on
heterotrophic soil respiration

Soil heterotrophic respiration showed a strong and con-
sistent relationship with soil temperature at 5 cm depth,
explaining 88-96% of the temporal variation in measured
CO, fluxes across the three birch-dominated forestry-
drained peatland stands (R*=0.88 for DB-10, 0.96 for
DB-50, and 0.94 for DB-80; p < 0.001; Table 3, Figure 4a).
Among the sites, the middle-aged stand (DB-50) exhib-
ited the strongest temperature sensitivity, followed by
the mature (DB-80) and young (DB-10) stands. In addition
to temperature, water level (WL) also demonstrated a
strong and nonlinear influence on heterotrophic respir-
ation (Figure 4b), independently explaining 96-97% of
the variation in measured fluxes (R*=0.96 for DB-10,
0.97 for DB-50, and 0.96 for DB-80). The highest fluxes
were associated with moderately deep-water tables
(50-70 cm), suggesting a threshold-like response likely

2021 2022
S . = DB-10
- DB-50
= DB-80
(=3 . ' v
@
o —
R
£
o
£ ol -
Qo ©
(7]
o
o
Q
8
- 24 —
o ©
o
=
o —
<
(= -
@
(= —
N
T T T T T T T T
June July Aug. Sep. June July Aug. Sep.
Date Date

Figure 3. Daily mean water level (cm) at DB-10 (Young stand), DB-50 (Middle-aged stand), and DB-80 (Mature stand) sites (June-
September in 2021 and 2022). Data were recorded using Odyssey® capacitance water loggers (Dataflow Systems Ltd, 2022) at 30-
minute intervals. The DB-80 water table data for 2022 show unusually stable values with minimal fluctuation, which may indicate
a sensor malfunction, logger drift, or other site-specific issue affecting measurement accuracy. These data should therefore be inter-

preted with caution.
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(bxTs

Table 3. Regression models for heterotrophic soil respiration (HR=a x e ), g CO, m™2 h™") fitted separately for each stand based

on flux measurements during the 2021-2022 growing seasons.

Stand a b SE_a SE_b R? Adj. R? AIC

DB-10 (Young) 0.1045 0.127 0.0121 0.0067 0.88 0.87 -92.4
DB-50 (Middle-aged) 0.0953 0.140 0.0102 0.0052 0.96 0.95 —108.6
DB-80 (Mature) 0.0831 0.132 0.0115 0.0064 0.94 0.93 —100.1

Parameter estimates (g, b), their standard errors (SE,, SE_b), coefficient of determination (R*and adjusted R?), and Akaike Information Criterion (AIC) are shown.
The model describes the exponential relationship between soil temperature at 5 cm depth (Ts) and heterotrophic CO, flux for young (DB-10), middle-aged
(DB-50), and mature (DB-80) birch-dominated forestry-drained peatland sites.

related to optimal aeration conditions for microbial
activity (Figure 5). These results indicate that while soil
temperature is the dominant control of seasonal respir-
ation dynamics, water level plays an important comp-
lementary role that should not be overlooked.

The modeling of heterotrophic soil respiration revealed
a strong temperature dependence across all sites, with stat-
istically significant fits (p < 0.001) and high coefficients of
determination (R*=0.88 for DB-10, 0.96 for DB-50, and
0.94 for DB-80; Table 3). The middle-aged stand (DB-50)
exhibited the strongest temperature sensitivity and best
model fit, as also illustrated in Figure 4a. Parameter esti-
mates further support this, with DB-50 showing a high
value for the temperature sensitivity parameter b. In con-
trast, the relationship between WL and measured CO,
flux, shown in Figure 4b, was nonlinear and site-depen-
dent, yet still exhibited high explanatory power (R*=
0.96-0.97), with fluxes peaking at moderately deep-water
tables (50-70 cm). These results indicate that while soil
temperature is the dominant control of seasonal respir-
ation dynamics, water level also plays an important

a) Temperature vs. CO2 flux (Arrhenius fit)

nonlinear role, especially under optimal aeration con-
ditions. Additionally, closer inspection of the scatterplot
in Figure 4b reveals the emergence of seasonally distinct
groupings within the WL-CO, flux relationship. These clus-
ters likely reflect differing hydrological and thermal con-
texts — such as spring (cooler soils drying out) versus late
summer or early autumn (warmer soils with receding
water tables). While we did not separately model these sea-
sonal groupings due to limited within-season data, their
presence suggests the possibility of hysteresis-type behav-
ior, where similar water levels correspond to differing flux
rates depending on the seasonal phase. This observation
further underscores the complex, seasonally modulated
nature of the water table’s influence on soil respiration.

Measured and modeled heterotrophic soil
respiration

There was a large temporal variation in soil heterotrophic
respiration at all sites (Figure 6). In 2021, measured
momentary CO, fluxes ranged from 0.09 to 1.16 g m™—

b) Water level vs. CO: flux (Power fit)

x DB-10 (R? = 0.88) 14| * DB-10(R =0.96) X 2%
%  DB-50 (R? = 0.96) /% “*I x DB-50 (R? = 0.97) >
0.8 DB-80 (R? = 0.94) ‘ DB-80 (R? = 0.96)
L = 12F
1& 0.6 €
o S 10t
(&) (U]
o) hoj
2oaf 2 o8}
o o
o o
Z 2
© © 0.6
Y Y]
= 0.2 =z
0.4+
0.0 i 2 i i : : H H H i
6 8 10 12 14 30 40 50 60 70 80

15, °C

WL, cm

Figure 4. Relationships between measured heterotrophic CO, flux (g m~> h™") and (a) soil temperature at 5 cm depth (T5, °C) and (b)
water table depth (WL, cm from surface) for three forestry-drained peatland stands: DB-10 (Young stand), DB-50 (Middle-aged stand),
and DB-80 (Mature stand). Flux measurements and corresponding environmental data were recorded simultaneously during chamber
campaigns in the growing seasons of 2021 and 2022 (six times per season per site). In panel (a), an Arrhenius-type exponential func-
tion (HR=ax e ®*™) was fitted to describe the temperature—flux relationship. In panel (b), a power function (HR = c x WL%) was
used to represent the relationship between water level and flux. Coefficients of determination (R?) are provided for each regression.
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Figure 5. Kernel density contour plot showing the relationship between water level (cm) and measured soil CO, flux (g CO, m>h™")
across all sites. Higher density regions (yellow green) represent areas with more frequent observations. The color scale indicates rela-
tive data point density, with warmer colors corresponding to higher concentrations of observations.

h™', with average values of 0.74+SD0.24gm™>h™',046  Table 2). Fluxes decreased from young to middle-aged
+SD030gm2h™",and0.93+0.25gm 2 h~'foryoung, stand and slightly increased from middle-aged to
middle-aged, and mature stands, respectively (Figure 6, mature age stand in 2022; average summertime fluxes
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Figure 6. Measured (points) and modeled (dashed lines) CO, fluxes (g CO, m~2h™") for the DB-10, DB-50, and DB-80 stands during the
2021 and 2022 growing seasons. The model, driven solely by soil temperature at 5 cm depth, captures seasonal trends well during the
active growing period (June-September), when temperature strongly regulates soil respiration. During cooler months, however,
modeled fluxes increasingly deviate from observations, likely due to the absence of other key controls such as water level, snow
cover, and suppressed microbial activity.
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were 0.65,0.50 and 0.56 g m~* h™" in young, middle-aged,
and matured stands, respectively (Table 2). The highest
instantaneous fluxes (up to 137 g m™ h™') were
measured at 50-year-old stand at the end of July 2022
(Figure 6). Correlations of heterotrophic soil respiration
with summertime weekly mean air temperature (°C)
showed a weak correlation (Pearson correlation coeffi-
cient, r=0.20, p =0.60, 95% Cl [-0.42, 0.66]) while with
weekly precipitation sum(mm) showed negative corre-
lation (Pearson correlation coefficient, r=-0.45, p=
0.12, 95% CI [—-0.80, 0.14], results not shown).

Modeled daily CO, efflux showed substantial between-
site variation and closely followed the changes in
measured momentary fluxes (Figure 6). In 2021, cumulat-
ive mean CO, fluxes for stands aged 10, 50, and 80 years
were estimated at 30.0+2.5gm>day ', 224+19gm™
day',and 26.4 + 2.1 g m~>day ", respectively. During the
summer months (June-August), the highest cumulative
fluxes were recorded at the 10-year-old stand (2895 g
m~?), followed by the 80-year-old stand (2540 g m™),
and the lowest at the 50-year-old stand (2152 g m™).
The R-squared values for predicted versus observed
fluxes ranged between 0.88 and 0.94 (p <0.001, Table
3). In 2022, the cumulative mean daily CO, fluxes were
slightly higher at the 10-year-old stand (30.3 +2.6 g m~>
day™) and the 50-year-old stand (23.0+20 g m™
day™), while the 80-year-old stand showed a markedly
lower flux (11.6+2.0 g m~2 day™"). Summer totals in
2022 also reflected this trend, with the highest flux
again observed at the 10-year-old stand (2927 g m™),
followed by the 50-year-old stand (2221 g m™2), and the
lowest at the 80-year-old stand (1113 g m™).

Discussion
Soil temperature and water table level

In this study, our objective was to estimate hetero-
trophic soil respiration in downy birch-dominated, for-
estry-drained peatlands and to identify the main
controlling factors, particularly soil temperature and
water level, as they relate to peat decomposition. Our
findings demonstrate that soil temperature at 5 cm
depth is the dominant driver of heterotrophic
respiration, explaining a substantial portion of the tem-
poral variation in CO, fluxes across all study sites, in
line with previous studies (Laine et al. 2019; Lafleur et
al. 2005; Makiranta et al. 2007, 2008). Although water
level also explained a considerable share of the variation,
its effect was nonlinear and site dependent. The kernel
density contour plot (Figure 5) further illustrates that
elevated CO, fluxes occurred most frequently at

moderately deep-water tables (50-70 cm), indicating
threshold behavior rather than a simple linear response.
The temperature recorded at the peat surface depth
in our measurement plots likely exhibited higher varia-
bility and extreme fluctuations compared to natural con-
ditions due to the removal of moss and litter layers,
which undoubtedly influenced the thermal conductivity
of the soil. Consequently, it is probable that the manipu-
lation of moss and litter layers also altered the moisture
and oxygen conditions within the measurement plots.
The decomposing litter layer in undisturbed conditions
consumes oxygen and restricts its diffusion into the
peat, probably maintaining lower oxygen levels com-
pared to the treated plots. Additionally, in the absence
of transpiring vegetation, the peat surface may remain
moister during the summer months. Previous research
has shown that drying of the peat surface during
warm summer months can decrease decomposition
rates of needle and root litter in forestry-drained peat-
lands compared to undrained ones (Laiho et al. 2004).
Consequently, our method probably overestimated the
heterotrophic respiration of peat soil because of the
combined disturbance impacts of these treatments.
The high-temperature sensitivity of peat decompo-
sition in peat soils may be related to a correlation
between the amount of decomposable material avail-
able in the active decomposition process and tempera-
ture (Davidson and Janssens 2006). During the summer
season, an increase in soil temperature commonly
coincides with a drawdown of the water table, leading
to a thicker aerated peat layer and enhanced microbial
activity. As a result, both warming and drying can syner-
gistically increase soil heterotrophic respiration, particu-
larly in drained peatlands where the oxic layer extends
deeper into the peat profile (Ojanen and Minkkinen
2019). However, in our study, we found only a weak cor-
relation between measured soil temperature and water
level during the measurement period, and the corre-
lation coefficients between temperature and water
level were similar across sites with both higher and
lower average water tables (Pearson correlation coeffi-
cient, r=0.23-0.25, p <0.001, 95% Cl [0.09, 0.27]). This
suggests that in well-drained sites with relatively stable
hydrology, temperature and water table may act more
independently in regulating heterotrophic respiration.

The effect of soil temperature and water level on
heterotrophic soil respiration

Our measured CO, efflux of 0.09 to 1.37 g m™> h™'
aligned with previous studies from forestry-drained
peatlands. For instance, Minkkinen et al. (2007) reported
measured CO, fluxes from 0 to 1.29 g m~> h™" at three



forestry-drained Norway spruce-dominated peatland
sites in Finland. Similarly, Makiranta et al. (2010) found
a range from 0 to 1.7 g m™> h™' at three forestry-
drained Norway spruce-dominated peatland sites in
Finland, while Ojanen et al. (2010) reported measured
momentary fluxes of CO2 between —0.01 and 2.14 g
m~2 h™" at 68 forestry-drained peatland sites in Finland.

The temporal dynamics of CO, fluxes were influenced
by both soil temperature at 5 cm depth and water table
depth, with water level showing a slightly stronger
explanatory power in our study. This suggests that
moisture conditions — regulated by the position of the
water table - play a crucial role in controlling hetero-
trophic respiration in forestry-drained peatlands. This
observation contrasts slightly with some earlier studies,
such as Makiranta et al. (2008), which emphasized temp-
erature as the dominant driver. However, our results
align with the understanding that in drained peatlands,
recent organic inputs (e.g. fine root litter with high
decomposition potential) accumulate in the upper
peat layers (~10 cm), where their decomposition is
highly sensitive to changes in moisture availability.
While water tables typically remain below 30 cm in
such systems, even moderate variations in depth can
influence oxygen availability and thus microbial activity
(Ojanen et al. 2010). Therefore, the slightly stronger cor-
relation between water table and CO, fluxes in our data
highlights the site-specific role of hydrological con-
ditions in regulating peat decomposition. Moreover,
the scatter in Figure 4b indicates seasonally distinct
groupings, which may reflect hysteresis effects - i.e.
differing CO, flux responses to similar water table
depths depending on whether the soil is wetting or
drying - highlighting the seasonally dynamic nature of
water table control on respiration. Recent studies have
further examined these dynamics. For instance, Makir-
anta et al. (2018) investigated the responses of phenol-
ogy and biomass production of boreal fens to climate
warming under different water-table level regimes, high-
lighting the complex interplay between temperature,
water table depth, and carbon fluxes. Additionally,
Laine et al. 2019 explored warming impacts on boreal
fen CO, exchange under wet and dry conditions, empha-
sizing the significance of moisture conditions in regulat-
ing CO, gas exchange in peatlands. These studies
underscore the importance of considering both temp-
erature and hydrological conditions when assessing
carbon dynamics in boreal peatlands.

The thickness of the aerobic peat layer, which is
difficult to measure directly but can be inferred from
WL measurements, is a key factor regulating hetero-
trophic respiration in peat soils. Recent studies have
shown that lower WL generally increases the volume

SCANDINAVIAN JOURNAL OF FOREST RESEARCH . 9

of oxygenated peat, thereby enhancing microbial
decomposition and CO, emissions (Laine et al. 2019;
Ojanen and Minkkinen 2019). Our findings revealed a
comparable relationship between WL and heterotrophic
respiration, with a slightly stronger correlation than with
soil temperature. This suggests that hydrological control
plays a meaningful role in regulating peat decompo-
sition in our sites. However, the overall strength of the
relationship was somewhat weaker than reported in
studies covering a wider range of site types and WL
fluctuations. This is likely due to the relatively narrow
WL range across our well-drained study sites. These
results highlight the importance of considering site-
specific drainage status and WL variability when asses-
sing decomposition rates and soil carbon dynamics in
managed peatlands.

Our study provides further evidence for the strong
influence of both soil temperature and water table
depth on heterotrophic respiration in drained peatlands,
particularly at sites dominated by deciduous trees. This
relationship is clearly reflected in our results, where
both variables emerged as key controls on soil CO,
fluxes. These findings offer new insights into peat
decomposition dynamics in well-drained, forestry-
drained peatlands - conditions that remain underrepre-
sented in earlier research. Notably, water table depth in
our study showed a slightly stronger explanatory power
than soil temperature, emphasizing the importance of
hydrological conditions in regulating microbial activity
and CO, emissions. Given this, we suggest that context-
specific measurements of water table depth — especially
in representative peatland types — could complement
temperature-based models and enhance the accuracy
of CO, flux estimates in land-use inventories. The ecologi-
cal relevance of water table fluctuations further supports
its inclusion in future monitoring and modeling strat-
egies. Previous studies have suggested that climate
warming may increase the efflux of carbon from soils to
the atmosphere through enhanced heterotrophic respir-
ation (Bellamy et al. 2005; Knorr et al. 2005), potentially
triggering a positive feedback loop. More recent
findings further suggest that this feedback could be par-
ticularly pronounced in northern regions, despite longer
growing seasons in the south (Domisch et al. 2006;
Comyn-Platt et al. 2018). However, our dataset does not
allow for regional comparisons of this trend. Our results
across the study sites underscore the importance of incor-
porating both soil temperature and water table depth
into carbon balance assessments for improved projec-
tions of peatland emissions under changing climate con-
ditions. In addition to the point-based analyses, we also
applied a gap-filling approach to simulate seasonal CO,
efflux based on measured soil temperature and water
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table depth. While this approach allows for visualization
of temporal patterns and relative differences between
stands, we acknowledge that the cumulative hetero-
trophic respiration estimates derived from the model
should be interpreted with caution. The limited number
of flux measurement dates and potential uncertainties
in extrapolating environmental drivers across unmea-
sured periods introduce a degree of uncertainty in the
absolute flux totals. Therefore, the main value of the
cumulative estimates lies in their ability to reveal differ-
ences in seasonal dynamics and relative site-level fluxes,
rather than to provide definitive carbon loss values.
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