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»  Effects of ditch shallowing on ecosystem services depend on latitude, site type and tree species.

» Ditch shallowing increased ecosystem carbon sinks.

» If the initial ditch depth was 0.6 m and deeper, stand volume growth mainly increased in
Southern Finland.

» Ditch shallowing had the largest benefits for all studied ecosystem services when the initial
ditch depth was 0.9 m.

According to the 13th Finnish National Forest Inventory, 0.8 Mha of drained peatland forests
require ditch network maintenance (DNM). The annual DNM area has decreased radically
during the past ten years, leading to gradual shallowing of ditches and rise of water table (WT)
in peatland forests. To study the impacts of ditch shallowing on ecosystem services, we applied
Peatland Simulator SUSI for 20 average peatland forests representing four different geographical
regions in Finland. The simulation period was 20 years and the initial ditch depths were set to
0.3 m, 0.6 m and 0.9 m. The study included drained peatland forest site types from nutrient rich
to nutrient poor, with main species as Scots pine (Pinus sylvestris L.) or Norway spruce (Picea
abies (L.) Karst.). We studied how ditch shallowing affected stand volume growth, ecosystem and
soil carbon (C) balances, and nitrogen (N) and phosphorus (P) export loads to water courses in
different peatland sites. The results showed that due to ditch shallowing, the ecosystem C sinks
increased in most sites when the initial ditch depth was 0.6 m or 0.9 m. Ditch shallowing gener-
ally increased stand volume growth in Southern Finland when the initial ditch depth was 0.6 m
or 0.9 m. Regardless of the location and initial ditch depth, ditch shallowing decreased N and P
exports, and soil C emissions. The study calls for new water management guidelines for drained
forested peatlands in Finland.
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1 Introduction

Peatlands are important environments in food and wood production worldwide, they store large
amounts of carbon (C) (Millennium Ecosystem Assessment 2005), and affect the quality of surface
waters (Kimmel and Mander 2010). In forestry, drainage has been considered a prerequisite for wood
production in peatlands (Pdivdnen and Hanell 2012). Drainage lowers water table (WT) (Braekke
1983) and consequently increases peat aeration (Holden et al. 2006), organic matter decomposition
(Laine and Vanha-Majamaa 1992; Laine et al. 1995), nutrient release (Verry 1997; Nieminen et
al. 2017) and tree growth (Seppéld 1972; Braekke 1983; Simard et al. 2007). Gradually, the stand
structure and tree diameter distribution, ground vegetation species composition (Laine et al. 1995;
Laiho et al. 2003) and litter quality and quantity change (Finér and Laine 1998). Drainage onsets a
succession towards transformed drained peatlands, where surface peat is more decomposed (Mink-
kinen and Laine 1998b), and a mor humus (raw humus) layer covers the original peat layer (Hokka
et al. 2025). Simultaneously drainage causes adverse environmental effects by increasing CO,
emissions from peat (Minkkinen and Laine 1998a; Ojanen et al. 2010), and nutrient and suspended
solids export to water courses (Joensuu et al. 1999; Nieminen et al. 2005; Nieminen et al. 2017).

Since the beginning of the 1900s, drainage has been an essential part of Finnish forestry
(Lukkala 1927; Heikurainen and Kuusela 1962; Sevola 1998). In Finland, 8.8 Mha of the land
area is currently covered by peatlands, of which 4.7 Mha are drained for forestry (Korhonen et
al. 2021). After the initial drainage, ditch depth tends to gradually decrease due to ditch bank ero-
sion (Stenberg et al. 2015), sedimentation and vegetation ingrowth (Heikurainen 1957; Timonen
1983; Hokka et al. 2020). According to Hokka et al. (2020), ditches become approximately 20 cm
shallower in 20 years. In order to maintain good drainage conditions, ditch network maintenance
(DNM), i.e., ditch cleaning, has been considered necessary in 20—40 years intervals (Sikstrom and
Hokka 2016; Vanhatalo et al. 2019), depending on the forest site type and geographical location
(Ahti and Paivédnen 1997; Sikstrom and Hokka 2016).

DNM has increased stand growth by 10-20 m3 ha! in 20 years (Ahtikoski et al. 2008), but
it has also increased export load of nutrients and suspended solids (Joensuu et al. 1999) and it has
been considered as the most harmful forest management practice from the perspective of water
quality (Finér et al. 2010). DNM lowers WT by 3—10 cm (Ahti and Pédivinen 1997), which increases
soil CO, emissions by 240-1200 kg CO, ha™! yr'! (Ojanen and Minkkinen 2019). Ditch cleaning
also induces methane emissions from ditches by removing the methane oxidating mosses from the
ditch bottoms (Rissanen et al. 2023). On the other hand, DNM lowers WT along the cross section
strip between the ditches and consequently reduces peat methane emissions (Ojanen et al. 2010).
The necessity of DNM has been questioned also from the point of view of forest growth. Sarkkola
et al. (2012, 2013) suggested that in mature stands, the high evapotranspiration rate is enough to
maintain sufficiently low WTs, and consequently, DNM is not needed.

The areas of DNM have drastically decreased in Finland, so that the annual DNM area was
approximately 82 000 ha in 2001, whereas in 2023 the area was only 8000 ha (Natural Resources
Institute Finland Statistics Database 2024). Furthermore, the government subsidies for DNM were
removed at the beginning of 2024 which likely will further decrease the area of DNM. Together
the reduced DNM workload and the continuous ditch shallowing decrease the average ditch depth
in Finland and result in elevation of WT throughout large areas. This further reflects on wood pro-
duction, CO, emissions and nutrient exports to water courses. Effects of shallowing are likely to
depend on forest stand structure, site fertility, peat type and degree of decomposition, ditch depth
and weather conditions. Understanding the impacts of ditch shallowing is crucial, because it will
affect wood production, water quality and the greenhouse gas emissions of the whole land use
sector and hence, national C neutrality targets.



Silva Fennica vol. 59 no. 3 article id 25032 - Saari et al. - Impacts of reduced ditch network maintenance and ...

In this study, we simulated the effects of ditch shallowing on stand volume growth, soil and
ecosystem C balances, WT, and nitrogen (N) and phosphorus (P) exports to watercourses in 20
average peatland forest stands in Southern and Central Finland, Northern Ostrobothnia—Kainuu
and in Lapland. We studied the effects in different site types and initial ditch depths (0.3 m, 0.6 m
and 0.9 m) during a 20-year simulation period. We hypothesized that ditch shallowing will have
different impacts depending on the geographical location and site fertility due to different weather
conditions and evapotranspiration.

2 Materials and methods

2.1 Research data

We divided Finland into four regions (Fig. 1) based on effective temperature sum. For each region,
we acquired the daily temperature, precipitation, humidity, and solar radiation from the Finnish

Meteorological Institute (FMI 2024) database for the period of 2004—2023. The daily water vapor
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Fig. 1. Stand characteristics and weather data in the simulations represented condi-
tions in Southern Finland (SF), Central Finland (CF), Northern Ostrobothnia—Kainuu
(NOBK) and Lapland (LAP).
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Table 1. Locations and coordinates of the weather stations in Southern Finland (SF), Central Finland (CF), Northern
Ostrobothnia—Kainuu (NOBK) and Lapland (LAP) and mean annual temperature sum and precipitation in the studied
regions, and the precipitation in exceptionally dry years of 2006 and 2018.

Main Weather data Longitude Latitude Mean annual Mean annual Precipitation
region location temperature sum (dd)  precipitation (mm) 2006 /2018 (mm)
SF Hameenlinna 25.04°E 61.05°N 1412 635 587 /434

CF Alajdrvi 24.26°E 63.09°N 1214 640 508 /427
NOBK Vaala 26.47°E 64.49°N 1156 649 613 /471

LAP Rovaniemi 26.01°E 66.58°N 1035 552 408 /472

pressure was derived from the measured mean temperature and humidity using the equations of
Buck (1981). The measurements of global radiation were available only from 6 observation sta-
tions in the continental Finland (Helsinki-Vantaa airport, Jokioinen, Jyvéskyla airport, Sotkamo,
Sodankyld, and Utsjoki), so we interpolated daily global radiation to the study regions based on
the latitudes of these observation stations (Table 1). The weather data included two abnormally
dry and warm summers in 2006 and in 2018.

Simulations were carried out for site types (Vasander and Laine 2008) that are used for
forestry (Table 2). In the simulations, we assumed that peat hydrological characteristics followed
properties of Carex and woody peat (Pdivianen 1973) for all site types, except for the nutrient poor
dwarf shrub, which had Sphagnum peat properties. Dominant tree species were also considered
based on site type, either as Scots pine (Pinus sylvestris L.) or Norway spruce (Picea abies (L.)
Karst.).

For this study, we calculated typical forest attributes of different peatland site types using
the computing service of the 12th national forest inventory of Finland (NFI12) (Natural Resources
Institute Finland 2023), and field plots measured by Finnish Forest Centre (FFC 2023). NFI12
data was used to calculate average stand volume of the site fertility classes 2—5 on different study
regions. Next, we filtered the field plots acquired from FFC File Service (altogether 4781 plots)
by searching the plots of thinning-stage and mature forests, located on drained peatland, with stem
volume within 10 m3 ha™! of the NFI-derived site fertility class and region-specific stand volume.
From the FFC plots we derived site fertility class and region-specific average attributes for stem
number (N;), basal area (BA), basal area-weighted mean diameter (Dg), basal area-weighted mean
height (Hg), dominant height (Hdom) and stand volume (Vol) (Table 3).

Table 2. Drained peatland site types, fertility class descriptions, fertility classes (Vasander and Laine 2008), peat types
and main tree species. Fertility class describes site fertility in ascending order where 2 is the most nutrient rich and 5
is the most nutrient poor.

Drained peatland site type Fertility class Fertility ~ Peat type Main tree species
description class
Herb-rich Fertile 2 Carex Norway spruce
Bilberry (Vaccinium myrtillus L.) Medium-fertile 3 Carex Norway spruce or Scots pine
Lingonberry (Vaccinium vitis-idaea L.) ~ Medium-poor 4 Carex Scots pine
Dwarf shrub Poor 5 Sphagnum Scots pine
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Table 3. Forest input data for the simulations. The fertility class according to Table 2 are: 2 is fertile, 3 is medium-
fertile, 4 is medium-poor and 5 is poor. Main tree species are: 1 is Scots pine (Pinus sylvestris L.) and 2 is Norway
spruce (Picea abies (L.) Karst.). Abbreviations for the forest attributes are: stem number (N;), basal area (BA), basal
area-weighted mean diameter (Dg), basal area-weighted mean height (Hg), dominant height (Hdom) and stand volume
(Vol). Regions codes are: SF is Southern Finland, CF is Central Finland, NOBK is Northern Ostrobothnia—Kainuu and
LAP is Lapland.

Region Fertility Main N BA Dg Hg Hdom Vol

class species (ha*sl) (m?ha) (cm) (m) (m) (m3 ha')
SF 2 2 1070 22.6 20.3 16.4 19.2 178
SF 3 2 850 20.2 21.3 17.4 19.7 169
SF 3 1 930 19.8 22 17.9 20.2 168
SF 4 1 920 16.8 20.2 16.6 18.6 134
SF 5 1 1160 15.1 15 12.3 14.4 94
CF 2 2 900 21.1 21.8 15.3 17.9 149
CF 3 2 1110 19.2 18.9 15.6 18.4 144
CF 3 1 1390 20.5 17.3 14.7 17.4 147
CF 4 1 870 16.1 18.9 15.6 17.7 122
CF 5 1 1020 13.6 15.7 12.2 14.3 84
NOBK 2 2 1420 20 18.1 12.7 15.4 120
NOBK 3 2 1330 19.1 17.9 14.1 17 130
NOBK 3 1 1300 19 17.2 14.1 16.4 132
NOBK 4 1 1130 16 16.4 13.3 15.5 106
NOBK 5 1 1270 12.9 13.9 10.8 12.8 71
LAP 2 2 1640 20.6 16.5 11.4 13.8 113
LAP 3 2 1820 19.3 16.2 12.7 15.6 118
LAP 3 1 1900 20.2 14.6 11.6 14 119
LAP 4 1 2220 16.4 12.3 9.5 12.3 81
LAP 5 1 2080 12.4 10.6 8.2 10.2 55

2.2 Peatland simulator SUSI

Peatland simulator SUSI (Laurén et al. 2021; Palviainen et al. 2024) computes hydrology, N, P
and potassium (K) cycling, decomposition and accumulation of organic matter, soil and biomass
C storages and fluxes including horizontal dissolved organic carbon (DOC) export, stand growth
and litterfall from trees and ground vegetation. SUSI calculates the processes along a cross section
strip extending between two parallel ditches (Laurén et al. 2021). Input data include stand-level
forest attributes (tree species, dominant height, stand volume, basal area, and number of stems),
site characteristics (site fertility class, peat type, nutrient concentrations and bulk density profile),
and daily weather data (air temperature, precipitation, water vapour pressure, and global radiation).

In this study, we used the following SUSI outputs: stand volume growth (m? ha ! yr-'), mean
growing season (May—October) WT (m), late summer (July—August) WT (m), soil and ecosystem
C balance (kg ha! yr!), and N and P exports to ditches (kg ha™! yr1).

Calculation of WT uses daily rainfall, temperature, vapour pressure deficit, global radiation
and leaf area to solve water interception, interception evaporation, transpiration, throughfall and
infiltration to soil (Launiainen et al. 2019; Laurén et al. 2021). Difference between infiltration and
evapotranspiration changes the peat water storage and water moves from the peat profile towards
the ditches following a quasi 2-dimensional groundwater equation (Laurén et al. 2021). Lower
boundary of the model domain is impermeable soil at depth of 2.5 m and ditch depths in both ends
of the strip are used as boundary conditions. If WT was deeper than the ditch depth, a no-flow
boundary condition was applied, otherwise constant-head boundary conditions in the ditches were
applied. Daily WT was aggregated to the growing season and late summer WT.
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Soil C balance included litter input from living stand and ground vegetation and from tree
mortality; peat and mor storage; and outputs composed of organic matter decomposition from
mor (litter, fermentation, and humus layers) and from peat (Palviainen et al. 2024). Outputs also
included methane emissions and export of DOC (Palviainen et al. 2024). Decomposition was based
on soil pH, litter quality, daily soil temperature and water content. Litter input and the C balance
updates were done once a year. Ecosystem C balance included soil C balance and the biomass
growth (Mékeld et al. 2008) in forest stand and ground vegetation (Muukkonen and Mékipaa 2005).

Both stand and ground vegetation take up N and P from the rooting zone following the
demand framed by the biomass growth. N and P not used by the stand or ground vegetation, and
the N and P released under the rooting zone are flushed to the water course in an annual time step
creating the nutrient export. For more detailed information on the SUSI simulator, its background
data and model structure, see Laurén et al. (2021).

2.3 Motti simulation

Motti simulator (Hynynen et al. 2002; Salminen et al. 2005) was utilized for generating allometric
road maps (see Laurén et al. 2021) for stand growth, mortality and development of stand biomass
components. The following forest attributes were extracted from Motti-simulator to SUSI: mean
age, stem number (N, stems ha™!), basal area (BA, m? ha™!), mean height (Hg, m), mean diameter
(Dg, cm), dominant height (Hdom, m), stem volume (m?3 ha™!), sawlog volume (m? ha™!), pulpwood
volume (m3 ha!), residue wood volume (m3 ha!), total yield (m?3 ha™!), stand mortality (m3 ha™!),
and biomass (kg ha!) of stem wood, residue wood, living branches, dead branches, leaves, stumps,
coarse roots (>2 mm) and fine roots. No forest management activities were implemented in the simu-
lations. The Motti simulator ran on 5-year intervals, providing the current stand development stage
at the end of each 5-year period. The overall Motti-simulation period used for different sites was 50
years. The Motti simulation output data for each region can be found from Supplementary files S1
(Southern Finland), S2 (Central Finland), S3 (Northern Ostrobothnia—Kainuu) and S4 (Lapland),
available at https://doi.org/10.14214/s£.25032.

2.4 Simulation scenarios and outputs

Because mor layer plays an important role in nutrient cycling of drained forested peatlands, we
did a 40-year spinoff -simulation (weather data 1961-2010) to initialise the mass of mor layer for
each site type and region. Mass of the mor layer at the beginning of the spin-off simulation was
0.5 kg m2 and depending on the site type, tree species and location. At the end of the spin-off
simulation the mass of the mor layer varied between 4.9-7.2 kg m2, which corresponds to the
observed mor layer mass range (Pitkédnen et al. 2012).

We simulated stand volume growth, ecosystem C balance, WT, soil C balance, and N and P
exports to water bodies using SUSI. We followed the perspective of soil science, where a positive
C balance indicates increasing ecosystem or soil C storage, and therefore a C sink.

The simulation period was 20 years and the weather data covered time between the years 2004
and 2023. We simulated two scenarios, each having three different ditch depths. In both scenarios,
the initial ditch depths were set to 0.3 m, 0.6 m and 0.9 m. In the reference scenario, the ditch
depth did not change during the simulation. In the shallowing scenario, 0.3 m ditch depth changed
to 0.2 m; 0.6 m changed to 0.4 m; and 0.9 m changed to 0.6 m. The shallowing rate followed the
empirical data by Hokka et al. (2020). A distance between the adjacent ditches, hereafter called
“strip width”, was set to 40 m for all simulations, representing the typical strip width in Finland.
In SUSI, ditches form the boundary conditions, which means that ditch processes, such as flow
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resistance and rate and the reason behind the shallowing (sedimentation or vegetation ingrowth),
are outside the scope of the simulation.

Stand growth, soil C balance, ecosystem C balance and N and P export loads are meaningful
to study as cumulative variables, as e.g., stand growth sums up in stand volume, and soil C balance
sums up to soil C storage throughout the simulation period. Cumulative values smooth out the varia-
tion caused by weather conditions, shows the long-term trends and guides the management planning.

The scenarios were compared using cumulative differences (Eq. 1):

Ax; = Z:%S (xshallow,i - xr@fai) (1)

where Ax; is cumulative change in variable x from year 0 to year i, nyrs is the number of simulation
years, i is the running year, x is a variable (mean annual stand growth (m3 ha!), soil C balance
(kg ha!), ecosystem C balance (kg ha!), N export load (kg ha!) or P export load (kg ha'). Sub-
script shallow refers to the shallowing scenario and ref to the reference scenario.

WT was not meaningful to present as cumulative values. Mean annual values for both
scenarios are shown in the Suppl. files S5 and S6, available at https://doi.org/10.14214/s£.25032.

3 Results
3.1 Reality check
First, we completed a reality check by comparing the SUSI simulation results to experimental

data. SUSI was able to predict the relationship between soil CO, balance and growing season WT;
however, SUSI was not able to fully describe the whole range of variation in observations (Fig. 2a).
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Fig. 2. a) Dependence of annual soil CO; balance on the growing season water table (WT) in SUSI simulations (small,
slightly transparent markers) and in experimental data presented by Ojanen and Minkkinen (2019) (large markers).
Positive y-values indicate a C sink and negative C source. b) Dependence of mean stand volume growth (current an-
nual increment) on the mean WT during the growing season. Each site was simulated with 0.3 m, 0.6 m and 0.9 m ditch
depths resulting in different growing season WTs. Marker colours indicate geographical location (Fig. 1) and marker
style different site fertility classes (Table 3). Mtkg sites include both Scots pine and Norway spruce stands in a and b.
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However, it should be noted that the empirical data did not include observations with WT deeper
than 80 cm. In fertile and medium-fertile site types in Southern Finland, the stand growth decreased
with increasing drainage intensity and stand volume growth ranged between 9—12 m3 ha! yr!
(Fig. 2b). In Lapland, stand growth consistently increased with increasing drainage intensity and
stand volume growth ranged between 1-6 m3 ha™! yr!.

3.2 Effects of ditch shallowing on ecosystem services

The following results show the cumulative difference between the reference and shallowing scenario
during the 20-year simulation for stand volume growth, ecosystem C balance, soil C balance, and N
and P exports. Respective annual values can be found from Suppl. files S5 and S6. WT shows the
annual difference between the two scenarios. For the ecosystem and soil C balances, negative values
indicate an increase in C emissions with shallowing and positive values a decrease, respectively.

Ditch shallowing had positive outcomes for most of the studied ecosystem services. In
general, sites in Southern Finland benefitted from ditch shallowing more than the Northern loca-
tions. When the initial ditch depth was 0.6 m or 0.9 m, the ditch shallowing consistently increased
ecosystem C sinks in nearly all sites (Figs. 4b—c). The maximum ecosystem C balance benefit in
ditch shallowing was up to 20000 kg C ha™! in 20 years in 0.9 m initial ditch depth in the Norway
spruce -dominated fertile and medium-fertile sites in Southern Finland (Fig. 4c). When the initial
ditch depth was 0.3 m, ditch shallowing increased ecosystem C sinks mainly in Southern Finland
(Fig. 4a). In contrast, in Central Finland, Northern Ostrobothnia—Kainuu and Lapland ditch shal-
lowing decreased stand volume growth to such an extent that the ecosystem C sink decreased up to

Forest site type Region

QO Fertile @ Southern Finland

& Medium-fertile, Pine Central Finland

$38 Medium-fertile, Spruce @ Northern Ostrobothnia-Kainuu
[0 Medium-poor @ Lapland

=+ Poor

-5

A volume growth, m3 ha=*

15.0
125
10.0

75

AWT, cm

5.0
25

0.0

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time, years Time, years Time, years

Fig. 3. Cumulative difference between the ditch shallowing and reference scenarios for volume growth (a—c) during a
20-year period and annual difference in water table (WT) (d—f) in different site types and regions. Each site was simu-
lated with 0.3 m (leftmost column), 0.6 m (centre column) and 0.9 m (rightmost column) initial ditch depths. Marker
colours indicate geographical location (Fig. 1) and marker style different site fertility classes (Table 3). Note different
scales in the y-axis between different ditch depth scenarios. Years 3 and 15 were dry and warm years 2006 and 2018,
respectively.



Silva Fennica vol. 59 no. 3 article id 25032 - Saari et al. - Impacts of reduced ditch network maintenance and ...

Forest site type Region

QO Fertile @ Southern Finland

<& Medium-fertile, Pine Central Finland

£3 Medium-fertile, Spruce @ Northern Ostrobothnia-Kainuu

[ Medium-poor @ Lapland

+ Poor
T(ﬂ
o~ a 0.3m c 09m
© 3000
X 20000
@
Q 2000
& 15000
[
<1000 /‘W
‘é 10000 Q%
2 0 4]
2 5000 e
2 - ————t
$ -1000
Q
a 0

d e f

15000

10000

1000 5000

A soil C balance, kg C ha™!
N
o
o
o

o

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time, years Time, years Time, years

Fig. 4. Cumulative difference between the ditch shallowing and reference scenarios for ecosystem C balance (a—c) and
soil C balance (d—f) during a 20-year period in different site types and regions. Each site was simulated with 0.3 m
(leftmost column), 0.6 m (centre column) and 0.9 m (rightmost column) initial ditch depths. Marker colours indicate
geographical location (Fig. 1) and marker style different site fertility classes (Table 3). Note different scales in the y-axis
between different ditch depth scenarios. Years 3 and 15 were dry and warm years 2006 and 2018, respectively.

1000 kg C ha! in 20 years in the 0.3 m initial ditch depth (Figs. 3a and 4a). The Scots pine -domi-
nated medium-fertile was the only site type where ditch shallowing increased the ecosystem C
sink in all regions and ditch depths (Figs. 4a—c).

Ditch shallowing decreased soil C emissions, and N and P exports in all sites regardless
of the initial ditch depth or region. The largest decreases in soil C emissions were attained in the
0.9 m ditch depth in the fertile site in Southern Finland, where soil C emissions reduced up to
15000 kg C ha! during the 20-year simulation period (Fig. 4f). N and P exports reduced up to
60 kg ha'and 7 kg ha™!, respectively, in 20 years (Figs. 5¢ and 5f).

In general, ditch shallowing decreased stand volume growth compared to the reference sce-
nario (Figs. 3a—c). Volume growth decreased in all regions and site types when the initial ditch depth
was 0.3 m. However, ditch shallowing increased stand volume growth in the fertile and medium-
fertile sites in Southern Finland when the initial ditch depth was 0.6 m or 0.9 m (Figs. 3b—c). Increase
in volume growth was largest in the Norway spruce -dominated medium-fertile site, increasing
nearly up to 30 m3 ha™! in 20 years when the initial ditch depth was 0.9 m (Fig. 3c).

Ditch shallowing affected WTs especially in the 0.9 m initial ditch depth (Figs. 3d—f). Dif-
ferences between the shallowing and reference scenarios were up to 45-50 cm for all site types
in Southern Finland. In the initial ditch depth of 0.3 m changes were rather moderate (2—10 cm
during the non-drought years).

Ecosystem C balances were mostly negative (source) in 2006 and 2018 (Suppl. files S5: g—i
and S6: g—i), which were the exceptionally dry and warm years. WTs during these years were clearly
deeper than in other years and consequently, soil C emissions considerably increased. Stand growth
in the dry and warm years decreased in Southern Finland, whereas in Northern Finland growth
slightly increased. Consequently, due to the increased soil C emissions and slight suppression of
growth, the ecosystem C balances turned from sinks to sources during these years.
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Fig. 5. Cumulative difference between the ditch shallowing and reference scenarios for N exports (a—c) and P exports
(d—f) during a 20-year period in different site types and regions. Each site was simulated with 0.3 m (leftmost column),
0.6 m (centre column) and 0.9 m (rightmost column) initial ditch depths. Marker colours indicate geographical location
(Fig. 1) and marker style different site fertility classes (Table 3). Note different scales in the y-axis between different
ditch depth scenarios. Years 3 and 15 were dry and warm years 2006 and 2018, respectively.

4 Discussion

Impacts of ditch shallowing on different ecosystem services have been scarcely studied. Previous
studies have focused on the effects of initial drainage and DNM (Heikurainen and Seppéld 1973;
Hokka 1997; Ahtikoski et al. 2008; Hokka et al. 2017; Nieminen et al. 2017). We quantified the
impact of ditch shallowing on a set of ecosystem services in peatland forests throughout Finland. The
results indicated that ditch shallowing had benefits for multiple ecosystem services simultaneously.
In most sites, the ecosystem C sinks increased with ditch shallowing, while soil C emissions, and N
and P exports decreased (Figs. 4 and 5). During the dry and warm years, WT was very deep (even
>1 m), stand growth decreased, soil C emissions increased and the ecosystem changed from a C
sink to a C source in the Southern sites (Suppl. files S5 and S6). Overall, sites located in Southern
Finland had larger benefits from ditch shallowing compared to the Northern locations. However,
it should be noted that the simulation results are based on average stand characteristics on specific
site types with single tree species. The impacts of ditch shallowing on ecosystem services are not
linear but can vary depending on stand volume and tree species composition.

In Southern Finland stands suffered from drought stress, which restricted stand growth
during the dry and warm years (Suppl. files S5 and S6). In the deeper initial ditch depths, peat
water storage was not fully recovered in the spring snowmelt, and consequently, WT remained
low during the growing season causing cascading drought problems (Suppl. files S5: d—f and
S6: d—f). In the ditch shallowing scenario, the WTs were considerably closer to the soil surface
(Figs. 3d—f). Even in the Scots pine -dominated, nutrient poor site with Sphagnum peat, ditch
shallowing resulted in considerably higher WTs in Southern Finland. Typically, the WT in Sphag-
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num peat is difficult to control with drainage due to the low hydraulic conductivity of the peat
(Vompersky and Sirin 1997).

In 2006, Minkkinen et al. (2018) measured a WT as low as 0.8 m below soil surface even for
a poor site type in Southern Finland, while Haahti et al. (2012) measured a WT of approximately
0.95 m for a pine -dominated medium-poor site in Lapland. Nevertheless, equivalent values for
the extremely low WTs in Southern Finland that would be 1.2 m below the soil surface (Suppl.
files S5 and S6) have not been reported in similar sites in literature according to our knowledge.
The discrepancy between the simulated and measured WTs can result from measurement setups,
where the groundwater tubes rarely extend deeper than 1.2 m, and from the hydrological equilib-
rium assumption used in the SUSI model. During a drought episode the hydrological equilibrium
assumption overestimates topsoil water content and ignores decoupling of drying mor layer from
the WT caused by the collapse in hydraulic conductivity of the drying mor layer (Laurén and Man-
nerkoski 2001). Therefore, in the model, evapotranspiration continues for a longer time at a higher
rate than it would in reality, and results in exaggeration of simulated WT drawdown.

During the non-drought years, simulated WTs in Southern Finland were similar with e.g.,
Minkkinen et al. (2007), Sarkkola et al. (2013), Laurén et al. (2021) and Palviainen et al. (2022,
2024), who also measured WTs close to 1 m. On the other hand, Minkkinen et al. (2018) measured
WTs between 0.3—0.5 m in a poor site type in Southern Finland. Typically, WTs are closer to the
soil surface in Northern Finland than in Southern Finland due to a more humid climate. In other
regions, WTs were in line with empirical studies, such as Haahti et al. (2012) who measured WTs
between 0.15-0.55 m in a medium-poor site in Lapland.

Ecosystem net C exchange increased with ditch shallowing in most sites mainly due to
reduced soil C emissions. While the impacts of drainage on ecosystem C storage components have
been largely discussed, the net outcomes are yet somewhat uncertain. Drainage can increase the
whole ecosystem C storage through better stand growth and increased litter production (Minkkinen
et al. 1999; Lohila 2011; Minkkinen et al. 2018), while simultaneously causing C loss from the
soil as a consequence of increased peat aeration and higher peat decomposition rates (Ojanen and
Minkkinen 2019). In our study, decreases in soil C emissions with ditch shallowing were mostly
larger than the loss in C sequestration due to decreased stand growth and related litter production.
Hence, ecosystem C sinks increased in some sites even when stand growth decreased (Figs. 4a—c).

The mean annual ecosystem C balances varied mainly between —1000 kg C ha™! yr-! and
2000 kg C ha™! yr'! during the non-drought years (Suppl. file S5: g—i). For poor sites in South-
ern Finland, average annual ecosystem C sinks of 1473 kg C ha! yr! (Ojanen et al. 2013),
627 kg C ha ! yr! (Minkkinen et al. 2018) and 2375 kg C ha ! yr! (Lohila et al. 2011) have been
reported. In Scotland, Hargreaves et al. (2003) estimated a Sitka spruce dominated peatland forest
to be a relatively large ecosystem C sink of up to 5000 kg C ha~! yr-!. The large differences in the
measured ecosystem C sinks are affected by different measurement techniques and study periods,
in addition to regional differences in temperature, precipitation, site types and tree species.

The soil C balances had high variation between the years (Suppl. files S5: j—1 and S6: j-1).
During the non-drought years, the simulated soil C emissions were larger compared to empiri-
cal studies especially in Southern Finland (Fig. 2a). The slow recovery of the WT after the
drought can be seen several years in the soil C balance. Ojanen et al. (2013) measured soil C
emissions of 355-818 kg C ha™! yr! for fertile and medium-fertile sites, and C sink between
27-464 kg C ha™! yr'! for medium-poor and poor sites. In a drained peatland forest with agri-
cultural history, an average annual sink of 1088 kg C ha! yr-! was simulated for nutrient rich,
Norway spruce -dominated site in Sweden (He et al. 2016). On the other hand, Jovani-Sancho et
al. (2021) found all studied drained peatland forests in Southern Ireland to be soil C sources. The
average soil C emissions were between 172-843 kg C ha! yr! for Sitka spruce -dominated sites
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(Picea sitchensis (Bong.) Carriere)) and 292 kg C ha™! yr! for lodgepole pine -dominated sites
(Pinus contorta Douglas ex Loudon).

In drained peatland forests, stand growth has an important role in ecosystem C balance
(Minkkinen et al. 2001) and can turn the ecosystem into a C sink (Ojanen et al. 2013; Hom-
meltenberg et al. 2014; Bjarnadottir et al. 2021). In our study, increases in ecosystem C sinks
were largest in fertile and medium-fertile sites in Southern Finland, where also stand growth
increased with ditch shallowing when the initial ditch depth was 0.6 m or 0.9 m (Figs. 3b—c).
Intensive drainage, high foliar biomass and low water supply had limited the stand growth. In
these circumstances, ditch shallowing raised WT, improved water availability and increased stand
growth with respect to the reference scenario. Additionally, sites in Southern Finland benefit from
shallower ditches due to warmer temperatures and drier growing conditions (Hokka et al. 2021),
which explain the difference in stand growth response to ditch shallowing between Southern and
Northern Finland. Ditch shallowing decreased stand growth in almost all sites in Central Finland,
Northern Ostrobothnia—Kainuu and Lapland. Especially in the 0.3 m initial ditch depth, a remark-
ably lower stand volume growth decreased the whole ecosystem C sink even with reduced soil
C emissions (Figs. 3a, 4a, 4d).

Stand growth in our simulations was higher for Southern locations compared to empirical
studies. The simulated values ranged between 4-12 m3 ha! yr! in all ditch depths in Southern
and Central Finland (Fig. 2b), while Minkkinen et al. (2018) found average stand growth to be
5 m3 ha™! yr! and Minkkinen et al. (2001) between 2.9—7.5 m3 ha™! yr-! depending on site fertility. In
Northern Ostrobothnia—Kainuu and Lapland, our simulated values ranged between 2-9 m3 ha! yr!
(Fig. 2b), while Minkkinen et al. (2001) measured values between 1.9-5.1 m3 ha! yr-!. Ojanen et
al. (2013) measured an average stand volume growth of 6.9 m3 ha™! yr-! for fertile and medium-
fertile sites, and 3.9 m3 ha! yr~! for medium-poor and poor sites throughout Finland. In our study,
the stand volumes were rather high compared to most empirical studies in Finland, which have
relatively young stands. Hence, comparison between other studies is more complicated.

Higher WT decreased organic matter decomposition and nutrient release which led to
decreased N and P exports with ditch shallowing in all sites. Several studies have found that DNM
increased exports of N and P to watercourses (Nieminen et al. 2005; Finér 2010; Nieminen et
al. 2017), whereas reduced DNM decreased exports of N and P remarkably (Hokka et al. 2017).
During the average years, N exports in Lapland were similar with empirical research by e.g.,
Nieminen et al. (2020) and Finér et al. (2021), whose studies obtained values of 1.0 kg ha™! yr!
and 3.0 kg ha! yr'!, respectively. On the contrary, values in Southern Finland were drastically
higher in our simulations, ranging from 1-18 kg ha™! yr'! in comparison to 1.8-4.5 kg ha! yr!
by Nieminen et al. (2020) and Finér et al. (2021), respectively. In addition, during dry years and
low WT, vegetation in the ditches can uptake nutrients and decrease the realized nutrient export
to water courses. For P exports, values for different regions were higher compared to empirical
studies. In Lapland the values range roughly from 0-2 kg ha™! yr!, while empirical studies show
0.05-0.12 kg ha! yr! (Nieminen et al. 2020; Finér et al. 2021). In Southern Finland the difference
was larger: 0-2.5 kg ha! yr-! in our simulations compared to 0.114-0.15 kg ha! yr-! in empiri-
cal studies (Nieminen et al. 2020; Finér et al. 2021). While high nutrient exports may occur after
dry years in field conditions, our model likely overestimates the export load due to the simplified
calculation. In SUSI, all nutrients released below the rooting zone are transported to water courses
in an annual time step. While this can be a valid solution when WT is rather shallow and remains
within the depth of ditches, it is likely to clearly overestimate the nutrient export during dry years
and low WTs.

Ditch processes, such as water flow and nutrient uptake, were outside the scope of the
simulations. However, ditch processes play an important role in hydrology and biogeochemistry
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of drained peatlands. Water flow rate in the ditch is affected by the ditch water level. When the
water level falls below the ditch bottom the flow resistance increases (Haahti 2018; Urzainki
2023) and the sedimentation processes, sedimenting material (Stenberg 2015) and vegetation
properties become important. In these cases, the flow velocity depends on the peat or mineral soil
characteristics as the flow resistance can be orders of magnitude higher in highly decomposed peat
or fine textured mineral than in low-humified peat or undecomposed sphagnum moss (Pédivdnen
1973). If the water level is above the ditch bottom, the flow velocity depends on the amount,
dimensions and properties of vegetation (Jarveld 2002). Water flow velocity in ditch controls the
ditch water level, water residence time and reflects to peat WT and quality of runoff (Urzainki
2023; Palviainen et al. 2024).

The two scenarios enabled us to compare the impacts of ditch shallowing on multiple peatland
forest ecosystem services. Our results indicate that different regions require different type of water
management due to varying climatic conditions and site types. Increasing temperatures caused by
climate change is expected to further lower WTs and increase organic matter decomposition in
drained peatland forests (Meyer 2013), and hence, decrease the need for DNM. Especially in drier
regions, such as Southern Finland, implementing DNM during the next 20-year period might not
be viable, as sites from nutrient rich to nutrient poor benefited from ditch shallowing in regards to
most ecosystem services. In fact, considering reducing drainage intensity by partial ditch blocking
can be a viable water management practice that can both increase stand growth, decrease C emis-
sions and nutrient exports to water courses. In Central Finland, Northern Ostrobothnia—Kainuu and
Lapland, implementing DNM should be carefully considered as the stand growth increase remains
rather small in relation to other adverse impacts such as decreased ecosystem C sink. While stand
growth in more Northern locations can benefit from DNM, other less harmful options should be
considered alongside DNM.

5 Conclusions

The results indicate that drained peatland forests require different types of water management
practices depending on their geographical location, and there is no single recipe that fits all
regions and site types. Ditch shallowing had the largest benefits for all studied ecosystem ser-
vices when the initial ditch depth was 0.9 m. Omitting DNM is a feasible alternative for forest
owners as it decreases C emissions and nutrient export loads to watercourses, and forest growth
may also benefit from higher WT especially in Southern Finland. There is a need for long-term
planning that takes into account the effect of climate warming and considers water management
in catchment scale.

Supplementary files

S1.pdf: Motti simulation background data for Southern Finland,

S2.pdf: Motti simulation background data for Central Finland,

S3.pdf: Motti simulation background data for Northern Ostrobothnia—Kainuu,
S4.pdf: Motti simulation background data for Lapland,

S5.pdf: Mean annual values for the reference scenario,

S6.pdf: Mean annual values for the shallowing scenario,

Metadata of research data.pdf, available at https://doi.org/10.14214/sf.25032.
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