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Abstract

Pristine peatlands are believed to play an important role in regulating hydrological extremes because
they can act as reservoirs for rainwater and release it gradually during dry periods. Therefore, rewetting
of drained peatlands is considered an important strategy to reduce the catastrophic effects of flooding.
With the anticipation of more frequent extreme rainfall events due to a changing global climate, the
importance of peatland rewetting in flood mitigation becomes even more important. To date, however,
empirical data showing that rewetting of drained peatlands actually restores their hydrological function
similar to pristine mires is largely lacking, particularly for boreal fens. To assess whether peatland
rewetting can mitigate flooding from extreme rainfall events and ensure water security in a future
climate, we measured event-based runoff responses before and after rewetting using a BAC| approach
(before-after and control-impact) within a replicated, catchment scale study at the Trollberget
Experimental Area in northern Sweden. High-resolution hydrological field observations, including
groundwater level (GWL), discharge, and rainfall data were collected over four years, allowing us to
detect and analyze 17 rainfall-runoff events before and 30 events after rewetting. We found that the
rewetted sites experienced an increase in the GWL following rewetting and this was consistently
observed across all distances from the blocked ditch within the peatland. Our rainfall-runoff analysis
revealed that rewetting significantly decreased peak flow, runoff coefficient, and reduced the overall
flashiness of hydrographs, making the rewetted sites function more like the pristine control peatland.
However, “lag time” which was already similar to pristine conditions was pushed farther away from
pristine conditions following rewetting. Yet, our results showed that the effectiveness of ditch-blocking
in flood moderation was strongly influenced by the initial condition and catchment percent of

restoration, as one of our two rewetted peatlands did not show significant change attributed to it being
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already similar to the pristine site, suggesting less treatment effect; and the other catchment, with
higher restoration percentage, had a better response to treatment. In summary, our findings suggest
that peatland rewetting has the potential to mitigate flood responses, however, further research over
a longer time period is needed as peat properties and the peatland vegetation will develop and change

over time.
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Introduction

Peatlands are the predominant wetland type in the boreal biome. They encompass 15% of the boreal
land surface area and serves as significant carbon sinks and methane sources, playing a crucial role in
regulating the global climate (Helbig et al., 2020). In recent years, there has been an increased
recognition of the importance of peatlands in carbon capture, flood management, water quality, and
biodiversity (Holden et al., 2017). Regrettably, these valuable ecosystems have undergone substantial
human-induced damages, with more than half of the total pristine peatlands in Europe estimated to
have been impacted by drainage for agriculture, forestry, or peat extraction (Andersen et al., 2017).
Drained peatlands cannot sustain critical ecosystem services, such as climate regulation through long-
term carbon sequestration or buffering extreme hydrological events, imposing a significant cost on
society—a burden that could be alleviated through appropriate rewetting measures (Loisel & Gallego-
Sala, 2022). Additionally, there are growing concerns surrounding climate change projections for the
Northern Hemisphere, indicating an expected increase in more frequent extreme precipitation events,

along with extended dry periods (Aghakouchak et al., 2020; Hawcroft, Walsh, Hodges, & Zappa, 2018).

Pristine peatlands function as significant water reservoirs, efficiently storing substantial amounts of
water during periods of high rainfall (Acreman & Holden, 2013). As extreme rainfall events are
anticipated to become more frequent in the evolving global climate, understanding the role of peatland
rewetting in flood mitigation is increasingly vital. Rewetting projects typically involve physical
interventions such as ditch-blocking or infilling, aiming to increase groundwater level (GWL). Moreover,
the blocking of ditches cuts off preferential pathways along open drains, and when combined with
pooling behind dams, has the potential to act as a buffer during peak flow events, slowing water release
and mitigating the flashiness of the discharge response (Holden, 2006; Holden & Burt, 2003). Therefore,
by reducing peak flows, peatland rewetting can also contribute to natural flood management (NFM) by
attenuating downstream flow and diminishing flood risk. Furthermore, the reduction of peak flows
could play an important role in mitigating further erosion of peatlands and minimizing sediment

production, as well as carbon loss (Shuttleworth, Evans, Hutchinson, & Rothwell, 2015).

In Sweden, peatlands cover approximately 65,600 km? (16% of the Swedish land area) and are
predominantly located within boreal regions (Franzen, Lindberg, Viklander, & Walther, 2012;
Montanarella, Jones, & Hiederer, 2006). The historical practice of draining peatlands began in the early
18th century for agricultural purposes and later in the 19th century for forestry, resulting in the
excavation of over 1 million km of ditches, primarily dug by hand (Laudon et al., 2022). Consequently,
the rewetting of degraded peatlands in Sweden has become a pressing priority to enhance the

hydrological functioning of these ecosystems (Bring et al., 2022). As a response, several national
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programs for peatland rewetting have emerged, with a primary emphasis on reintroducing essential
ecosystem services, notably flood control. In a significant move, in 2018, 27 million euros was allocated
to facilitate peatland rewetting in Sweden. However, the empirical underpinning supporting the desired

outcomes of peatland rewetting is still largely lacking.

The effect of peatland rewetting on hydrological responses during rainfall events has received scientific
attention over the past decades (Gatis et al., 2023; Goudarzi et al., 2021; Ketcheson & Price, 2011;
Menberu, Haghighi, Ronkanen, Marttila, & Klgve, 2018; Shuttleworth et al., 2019). Event-based analysis
of stream hydrographs, i.e. employing various metrics related to hydrograph magnitude and timing, is
a common approach for investigating dominant runoff generation processes in catchments and
understanding how quickly water is mobilized from the landscape (Haque, Ali, & Badiou, 2022;
Ketcheson & Price, 2011; Kirchner, Benettin, & Van Meerveld, 2023). These response metrics provide
valuable insights into catchment storage and release mechanisms (Blume, Zehe, & Bronstert, 2007).
One widely acknowledged aspect is the impact of rewetting on the event runoff coefficient, which
represents the ratio of event runoff depth to event rainfall depth (Evans, Burt, Holden, & Adamson,
1999; Shuttleworth et al., 2019). Therefore, comparing event characteristics before and after rewetting
offers a means to understand hydrological processes and runoff generation mechanisms at the

catchment scale, thereby improving our understanding of flood estimation during extreme events.

A common limitation in the current literature is the predominant focus on event characteristics in
natural or relatively un-impacted catchments, with few studies addressing rewetted peatlands.
Therefore, the extent of hydrological changes due to rewetting is not well understood. Some studies
highlight the positive impact of peatland rewetting on flood moderation with a reduction of peak storm
flow (Gatis et al., 2023; Javaheri & Babbar-Sebens, 2014; Lane et al., 2003; Shuttleworth et al., 2019;
Wilson et al., 2011), however there are differences in the extent of the flood moderation. For example,
Gatis et al. (2023) reported a 49% reduction in peak storm flow after rewetting, while Shuttleworth et
al. (2019) found a 24% reduction in peak storm flows and a 94% extension in lag times without a change
in runoff coefficients. The challenges in understanding the effects of rewetting at the catchment scale
are further underscored by the inherent high spatial variability of peatland hydrology and physical
characteristics (Evans et al.,, 1999). The apparent discrepancies in study outcomes, coupled with
significant variations among different research sites, highlight the importance of addressing this
through further in-depth investigations for developing effective strategies in peatland management,

especially given the evolving trend in climate.

Moreover, a recent meta-analysis conducted by Bring et al. (2020) has brought attention to a

noteworthy knowledge gap in understanding the impact of rewetting on GWL changes at different
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distances from the intervention (i.e. blocked ditched). While existing studies have contributed valuable
data on the overall hydrological effects of peatland rewetting, a comprehensive spatial analysis of
groundwater changes following rewetting remains inadequately explored. Despite this shortage, some
studies suggest that the impact of rewetting, especially through ditch blocking, is localized, resulting in
more pronounced GWL rise in close proximity to the ditch (A. Armstrong et al., 2010; D’Acunha, Lee, &
Johnson, 2018; Haapalehto, Kotiaho, Matilainen, & Tahvanainen, 2014; Wilson et al., 2010). Our prior
study (Karimi, Hasselquist, Salimi, Jarveoja, & Laudon, 2024) in the same catchments investigated the
overall effect of rewetting on hydrological functioning and reported a significant rise in GWL post-
rewetting. However, a thorough examination of groundwater changes at varying distances from the
ditch, considering its crucial role in discharge regulation, is essential to enhance our mechanistic
understanding of flow generation after rewetting. Without such monitoring, the estimation and
extrapolation of discharge responses across the landscape become more uncertain. Therefore, a more

detailed spatial analysis of GWL changes is crucial for those involved in managing these peatlands.

Given that there have been inconsistent reports in the literature on the extent to which rewetted
peatlands will affect hydrological functioning, particularly with regards to NFM, we build on methods
used to examine the effect of pristine peatlands on flood attenuation (Karimi et al. 2023) to that of
rewetting's impact on hydrological functioning. We used a hydro-climate data set comprised of one-
year pre- and three years post-rewetting and incorporate two control catchments to ensure the
robustness of our findings. The primary objective of this paper was to test whether peatland rewetting
has any NFM effect. We hypothesized that rewetting leads to a reduction in peak flow, runoff
coefficient, Hydrograph Shape Index (HSI), and an increase in lag time, resulting in a generally less flashy
hydrograph. Moreover, as GWL is an important indicator of the amount of water stored in the peatland
and the effect of the rewetting, we asked how far from the ditch GWL was increased by the ditch
blocking. We hypothesized that the areas closest to the ditch would increase more than the areas

further away from the blocked ditch.
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Materials and methods

Study sites

This study took place in the Trollberget Experimental Area (TEA), situated approximately 50 km
northwest of Umed (TEA; 64.181550N, 19.835378E) (Figure 1). The TEA's peatland is an oligotrophic
minerogenic fen. Prior to rewetting the peatland was dominated by Sphagnum spp., complemented by
sparse sedges, dwarf shrubs, and sparse tree canopy (basal area = 2.6 m? ha™!) of slow-growing Scots
pine (Pinus sylvestris). The underlying soils consist mainly of humic podzol, with some drier areas
featuring Humu-ferric podzol and wetter regions comprising Histosols. Peat depth is on average 2.41
m (Laudon et al., 2023). The bulk density of the drained peatland varied between 0.05 to 0.13 g cm?
within the top 55 cm of the peat profile. The bulk density generally increased with distance from the
central ditch and with peat depth (Casselgard, 2020). The climate of the area is classified as cold
temperate humid, characterized by a mean average temperature of 2.4°C and annual precipitation of
623 mm (approximately 30% as snow), based on data collected from 1980 to 2020 at the nearby

Svartberget Climate Station (Laudon, Hasselquist, et al., 2021).

The peatland at TEA was drained by manual ditch-digging in the early 1920s primarily for forestry
purposes, however because of nutrient limitation the peatland remained unproductive with sparse tree
cover (Laudon et al., 2023). The peatland is divided into two catchments draining in two directions,
referred to here as R1 and R2, with drainage areas of 33 and 60 ha, respectively (Figure 1). Thus, our
monitoring was conducted using v-notch weirs at the individual outlets of the two catchments. Both
catchments are similar in topography and vegetation, however R1 previously had an open-water pond
shown on historic maps pre-drainage. In the 1930s, the uplands of the peatland were also drained
leading to 1152 m of ditches in R1 and 5189 m of ditches in R2 (Laudon, Sponseller, & Bishop, 2021). In
November 2020, the peatland was rewetted by filling and blocking the ditches in the peatland, not the
upland, and as a result of these efforts, 59% of the ditches of R1 and 16% of the ditches of R2 were
blocked. The ditches were filled using peat from the site with additional dams built at regular intervals
using the tree logs harvested from the site. The logs were placed horizontally but perpendicular to the
ditch, except at the two outlet locations where the logs were inserted vertically into the peat and
layered additionally with geotextile. To protect the soil characteristics as much as possible, the heavy
machinery (i.e., excavators) used moveable log mat while moving on the mire. Additionally, the sparse
tree cover that grew on the peatland was cut to reduce evapotranspiration and complement the ditch
blocking (Karimi et al., 2024). Finally, after restoration, the open-water pond at R1 re-appeared ca 100

m upstream of the sampling location (Figure 1b).
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The Degerd Stormyr

This study leveraged available data from a nearby natural fen, Degert Stormyr (273-ha catchment),
located approximately 24 km from the TEA, at the Kulbacksliden Research Infrastructure (KR,
Noumonvi et al., 2023) (64.182029N, 19.556543E) to serve as the control for the rewetted peatland at
TEA (R1 and R2). Degero Stormyr is characterized as an acidic, oligotrophic, minerogenic, mixed mire
system. This intensively studied peatland complex exhibits varying vegetation compositions,
predominantly featuring Sphagnum moss and sedges. The depth of the peat has an average thickness
of 3-4 m (Noumonvi et al., 2023). The bulk density of the peatland varied between 0.02 to 0.06 g/cm3
within the top 34 cm of the peat profile (Fig. 2 in Casselgard, 2020).

C4 (Kallkalsmyren)

The second control catchment, C4 (Kallkdlsmyren), situated within the Krycklan Catchment Study (KCS)
(64.260722N, 19.770339€E). C4 is a nutrient-poor, minerogenic fen located approximately 10 km from
the rewetted catchment. It encompasses an area of 18 ha, with 40% covered by peatlands and the
remainder by forest (Laudon, Hasselquist, et al., 2021). Similar to TEA, the climate is characterized as a
cold temperate humid type with persistent snow cover during the winter season. The peat vegetation

cover is dominated by Sphagnum spp.

Data collection

At the TEA, GWL were measured between 2019 and 2023 at an hourly resolution using 30 dipwells. Half
of these dipwells were continuously monitored for GWL using data loggers (Levelogger 5, Solinst
Canada), while the remaining were manually measured every two weeks during the snow-free season.
Dipwells were distributed along five transects. Each transect consisted of six wells with increasing
distances of approximately 10, 50 and 100 m from the main ditch (Figure 1). For the Deger® Stormyr
control site, GWL data for the corresponding period were obtained from four wells that are part of the
ICOS database (www.icos-sweden.se/data). Due to technical issues with the groundwater loggers, no
groundwater data for recent years was available for the C4 control catchment in the Krycklan

Catchment Study.

The discharge data at two TEA mire outlets was collected between 2019 and 2023 at an hourly
resolution using 90 degree sharp-crested V-notches with connected data loggers for continuous water
level measurements (TruTrack Australia). Automatic observations were not possible year-round as
there was no heating in place, which limited data collection during the winter low flow periods. Manual

water level measurements were taken twice a month to calibrate automatic water level data, and stage-
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discharge relationships were defined using manual flow gauging. Specific discharge (discharge per unit
catchment area) was calculated using catchment areas derived from the Deterministic 8 (D8) algorithm
based on a 2x2 m resolution DEM in which we first burned the ditches into the digital elevation model
(DEM) to the depth of 0.5 m (Whitebox GAT 3.3) (Laudon, Hasselquist, et al., 2021). For this study, we
only utilized discharge data from the C4 control site due to its proximity to the rewetted site. At C4, the
outlet is equipped with a V-notch weir situated within a heated dam house, facilitating continuous stage
height monitoring year-round. Discharge measurements and calibrations followed the same protocol

and interval as those implemented at TEA (Laudon, Hasselquist, et al., 2021).

Rainfall data were acquired from a reference climate station at Svartberget Research Station
(64.244376N, 19.766378E, 225 m.a.s.l) (Laudon, Hasselquist, et al., 2021). Rainfall measurements were
logged every 10 minutes using a tipping-bucket rain gauge (ARG 100, EML, UK). The climate station is
integral to the reference climate monitoring program at Vindeln experimental forests, adhering to the

WMO standard for meteorological measurements (Karlsen et al., 2019).

GWL analysis

First, the hourly groundwater data were examined for outliers, and any gaps were filled using the
Generalized Extreme Studentized Deviate (ESD) filter (Rosner, 1975). The algorithm processes a time-
series dataset by calculating a rolling mean and standard deviation with a window size of 6 hours.
Outliers were identified by comparing each data point to the moving average, and values exceeding the
3-standard deviation threshold were identified as outliers and subsequently removed from the dataset.
Subsequently, the data were gap-filled using the Spline interpolation method, an advanced form of
interpolation that utilizes piecewise polynomial functions to estimate data between two known points.
The data were aggregated to daily time scales. For our analysis we used the GWL data from 1st of June
to the end of October as our study focused on rainfall events; outside this period, precipitation often
occurs as snow and dipwells could be frozen. For each catchment R1 and R2, the GWL data were
averaged, and pairwise comparisons test were conducted to assess if there were any significant
differences between pre-rewetting and multiple post-rewetting years. As the data were not normally
distributed and we were interested in the distribution of the data and not the means, the non-
parametric Wilcoxon tests were used. Then, a Bonferroni-Holm correction was applied to adjust for
multiple comparisons. The differences were considered significant when p<0.05. Moreover, to examine
the impact of rewetting on GWL at all distances from the main ditch, data were disaggregated based
on distances of 10, 50, and 100 m to the main ditch. It is noteworthy that additional side ditches existed

in the proximity of some of the dipwells, indicating a potential limitation in the study design.
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Rainfall-runoff events detection

As a first step, we segmented the 2020-2023 summer—autumn precipitation record into distinct rainfall
events using the inter-event time definition (IETD) via the IETD R package (Duque, 2022). The IETD
establishes a minimum dry period between independent rainfall events as a criterion for grouping
them. To distinguish independent rainfall events from continuous precipitation, we set a minimum
threshold of 0.1 mm h™?* at the start of an event. Events were considered distinct if they were separated
by at least 12 hours without rainfall. The methodology for identifying runoff events was based on the
framework outlined by Luscombe (2014) and was further adapted to the specific characteristics of our
study area. Runoff events were defined as periods during which the observed discharge exhibited
significant deviations from the baseflow. Rainfall events were matched with the runoff events that
followed within a specified time window (12.5 h). We calculated rolling quantiles for this time window
(12.5 h) at the 30th and 95th percentile (Q30th and Q95th respectively). A rolling quantile for the 70th
percentile for a one month period is also calculated (MQ90). Where (Q95th — Q30th) > MQ90, the flow
is considered to be elevated and any fluctuation in flow is driven by precipitation; therefore measured
Q is used (Gatis et al.,, 2023; Puttock, Graham, Ashe, Luscombe, & Brazier, 2021). A final, visual
inspection of the time series with detected events was used to quality control these data and ensure

that all significant rainfall and flow events were extracted from the dataset.

Flood mitigation effects

To evaluate the flood mitigation effect of peatland rewetting and determine its impact, we employed a
set of response metrics to characterize hydrologic responses during events following the rewetting
process. These response metrics include event duration, rainfall volume, peak flow, runoff coefficient,
lag time, and HSI. We calculated these response metrics for both the rewetted and control sites. The
selection of these response metrics was based on their widespread use in hydrological comparison
studies (Edokpa et al., 2022; Wilson et al., 2011). Peak flow response was computed as the maximum
discharge observed during each event. Runoff coefficient was determined as the ratio of total event
runoff to total event rainfall. Lag time calculated as the time between peak rainfall and peak discharge
in each event. HSI, defined as the ratio of peak storm discharge to total storm discharge, provides a
straightforward measure of the overall hydrograph shape (Shuttleworth et al., 2019). The response
metrics for the rewetted catchment R2 and the control site were derived using the start and end times

of rainfall-runoff events identified at R1 catchment.
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Statistical analyses

The statistical design used in this study focuses on the BACI approach (before-after and control-impact)
as used previously in hydrological studies (Holden et al., 2017; Laudon et al., 2023; Menberu et al,,
2018; Shuttleworth et al.,, 2019). We standardized the response metrics derived from the two
catchments (R1 and R2) of the rewetted site against the control catchment (treatment minus control)
to distinguish responses resulting from rewetting treatment from natural variation, changes over time
and seasons. Due to variations in the frequency of events between the pre- and post-rewetting periods,
and the non- normal distribution of response metrics, a non-parametric test was employed. Specifically,
the Wilcoxon test was conducted to investigate statistically significant changes in the distribution of
data for each catchment (R1 and R2) of the rewetted site before and after rewetting, with a focus on
understanding the extremes, rather than solely examining means (Shuttleworth et al.,, 2019).
Significance was determined at p < 0.05. Additionally, we aggregated all years post-rewetting together
due to the highly variable number of events occurring during each year post-rewetting. Statistical
analysis was undertaken in R version 4.1.2. (R Core Team, 2021) with data processing, summary

statistics and plotting undertaken using the R package Tidyverse (Wickham, 2016).
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Figure 1. Trollberget Experimental Area (TEA) catchments with monitoring locations (A). Yellow circles show the locations of
the outlets of the catchment areas for R1 and R2 (weir locations) of the rewetted peatland. Red small circles designate
groundwater dipwells. It is important to note that in R1 59% of the ditches were blocked while in R2 only 16% of the ditches.
Aerial view of the rewetted peatland with boardwalks visible as white lines, 2022(B). (Aerial map from Lantmditeriet)
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Results

The impact of rewetting on GWL variation

Peatland rewetting led to a significant increase in GWL at the two catchments (R1 and R2) of the
rewetted site compared to the control site (Figure 2a). The relative difference in GWL between the
rewetted and control sites (treatment minus control) at varying distances to the ditch also showed a
significant decrease after rewetting (Figure 2b). Interestingly, this impact demonstrated variability
depending on the distance from the ditch, with wells located closest to the ditch showing a more
pronounced response compared to those farther away. Prior to rewetting, the median GWL was
significantly (p<0.05) lower next to the ditch (-228 mm) compared to the furthest distance away (-174
mm). Furthermore, GWL exhibited greater variability in the middle of the transect (50 m from the ditch),
reaching a minimum of 507 mm from the ground. After rewetting, the largest median GWL change was
observed at a distance of 10 meters, with an increase of 119 mm. This was followed by a median 91
mm increase at a distance of 100 meters and a median 62 mm increase at a distance of 50 meters. The
median GWL at the control sites was similar during the pre- and post-rewetting periods (-79 and -78
mm, respectively). Finally, GWL in the three different distances from ditch significantly increased in the
first year after rewetting, significantly increased further in the second year and significantly decreased
in the third year, however still being significantly higher than the pre-rewetting and first year post-

rewetting GWL.
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Figure 2.a) Difference (treatment-control) in GWL based on daily data gathered between June to October in the years 2020
(pre-rewetting) and 2021, 2022 and 2023 (3 years post-rewetting) regardless of distance to ditch. b) Relative difference in GWL
based on varying distances to the main ditch; all years post-rewetting are combined (sample sizes for pre-rewetting and post-
rewetting were 153 and 428, respectively). The red dashed line indicates the value of the control site; positive values indicate
that the value is greater at the rewetted site than at the control, while negative values indicate the opposite. The box plots
show the minimum, first quartile, median, third quartile, and maximum, with outliers as dots. The stars indicate the levels of
significance difference between the marked comparisons as determined using a Wilcoxon test (****p<0.0001).
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Table 1. Median, minimum (min), maximum (max) and 5th-95th quantile of GWL change pre- and post-rewetting for different
distances to the ditch and the control site.

Distance Median (mm) Min (mm) Max (mm) 5th- 95th quantile (mm)
PRE-REWETTING 10m -228 -364 -120 194
50 m -190 -507 -60 370
100 m -174 -416 -44 304
Control -79 -186 9 156
POST-REWETTING 10 m -108 -272 -33 197
50 m -127 -366 -30 233
100 m -83 -341 5) 240
Control -78 -234 3 171

The impact of rewetting on runoff responses

Based on the response at R1, 17 rainfall-runoff events before and 30 events after rewetting were
extracted and analyzed (Figure 3). The impact of rewetting on runoff responses during rainfall-runoff
events is depicted through examples of event-scale hydrographs (Figure 4, Table S 1), illustrating the
variation in discharge response across control and the two catchments (R1 and R2) of the rewetted site
for different event sizes and antecedent GWL conditions, both pre-and post-rewetting periods. In the
pre-rewetting period, despite the control site having the shallowest GWL at -15 mm, it exhibited the
lowest peak flow of 0.29 mm h’. In contrast, rewetted site R1, with an antecedent GWL of -82 mm h?,
reached a peak of 0.93 mm h™. One and two years after rewetting, R1 still had the highest peak at 0.71
mm h' and 0.61 mm h, respectively, while the rewetted catchment R2 showed similarities to the
control site (Figure 2). However, three years after rewetting, although R1 had the shallowest
antecedent GWL at -5.15 mm, the peak flow was almost half of the peak in the control catchment (0.14

mm h™and 0.26 mm h’, respectively).
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Flood mitigation effects of rewetting

The magnitude of the effects of peatland rewetting was investigated for 47 rainfall-runoff events (17
events before rewetting and 30 events after rewetting) to test if the rewetting's effects were significant
under a larger number of events. Storm magnitudes ranged between 5 and 50 mm in total precipitation
before rewetting, and 2 and 63 mm after rewetting. The relative differences between the two
catchments (R1 and R2) of the rewetted site and control sites (rewetted minus control) for each metric

are shown in Figure 5.

The analysis of rainfall-runoff events revealed a reduction in relative peak flow at the two catchments
(R1 and R2) of the rewetted site following rewetting (Figure 5a). However, the reduction was significant
only at R1. Specifically, the median peak flow at R1 decreased from 0.14 to 0.10 mm/h post-rewetting.
In contrast, at R2, there was an increase from 0.04 to 0.08 mm/h post-rewetting. Interestingly, the
control site experienced a rise in median peak flow from 0.05 to 0.12 mm h during the post-rewetting

period.

The median runoff coefficient in the two catchments of the rewetted site showed an increase from 0.36
to 0.4 and from 0.14 to 0.20 at R1 and R2, respectively, after rewetting. The runoff coefficient at the
control site increased from 0.17 before rewetting to 0.40 after rewetting. Relative to the control site,
both restored sites, R1 and R2, experienced a decline in runoff coefficients during the post-rewetting

phase. Notably, this reduction was statistically significant solely at R1 (p<0.01) (Figure 5b).

After rewetting, the median lag time in the two catchments (R1 and R2) of the rewetted site decreased
by 0.5 and 7 hours, reaching 15 and 10 hours for R1 and R2, respectively. In contrast, the control
catchment exhibited an increase in median lag time from 14 to 23 hours during the post-rewetting
period. However, pairwise test results indicated that there was no statistically significant change at both

rewetted catchments (R1 and R2) following rewetting (Figure 5c).

The median HSI values for both catchments (R1 and R2) of the rewetted site and control sites decreased
after the rewetting period, shifting from 0.023 to 0.021, 0.034 to 0.025, and 0.027 to 0.026 at control,
R1, and R2, respectively (Fig. 5d). The effect of rewetting in reducing HSI was significant only at R1 (p <
0.0001). Prior to rewetting, the relative HSI at R1 was 0.012, and after rewetting, it decreased to 0.003.
The relative HSI also experienced a decline at R2, dropping from 0.006 pre-rewetting to 0.004 after

rewetting. However, this decrease was not statistically significant.
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Figure 5.Differences between the rewetted and control sites pre- and the combined three years of post- rewetting period for
(a) peak flow, (b) runoff coefficient, (c) lag time, and (d) Hydrograph Shape Index. The relative difference was computed as
treatment minus control and the red dashed line indicates the value of the control site; thus positive values indicate that the
hydrological response is greater at the treatment site than at the control site, while negative values indicate the opposite. The
box plots show the minimum, first quartile, median, third quartile, and maximum, with outliers as points. The stars indicate the
levels of significance in Wilcoxon test (**p < 0.01, ***p <0.001; “ns” denotes not significant.).
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Discussion

Despite significant interest in peatland rewetting, there is limited research on its effects on hydrological
functioning and the scale of these impacts. We found that peatland rewetting on nutrient-poor
minerogenic fens, one of the most common peatland types in Fennoscandia, was generally positive for
use in Natural Flood Management. Rewetting has begun to affect GWL, runoff responses during rain
storms, and flood mitigation (although this latter was only in one of two study catchments) and move
these hydrological characteristics more towards pristine conditions storing more water in the peatland.
However, special attention should be on the diverse characteristics of peatlands in the boreal biome

before generalizing the effect of peatland rewetting on hydrological functioning.

The impact of rewetting on GWL

Using the BACI experimental approach, we found that the mean GWL position of the rewetted sites
rose to near pristine levels of our control site after ditch-blocking at both R1 and R2, and that the rise
of GWL was generally rapid after restoration. Our results align broadly with several other studies mainly
from Finland, Canada and UK that found that peatland rewetting raised GWL to near pristine levels (L.
Armstrong et al., 2022; Dixon et al., 2014; Haapalehto et al., 2014; Howie et al., 2009; Menberu et al.,
2016; Shuttleworth et al., 2019; Soomets, Léhmus, & Rannap, 2023). Notably, GWL rose in all studies,
despite variation in the extent of recovery, climate and drainage conditions, such as age, depth, and
patterns of ditching. Nevertheless, peatland type is likely to have a major impact on the time taken to
increase GWL to pristine-like levels after ditch blocking. For example, fen peatlands, such as our system,
with a rather flat or slightly domed surface and slow lateral movement of water could have a faster
response to ditch blocking compared to blanket bogs which may exist even on slopes of 20 to 25
degrees (Laine et al., 2011). Furthermore, our results also revealed that the median GWL at R1 closely
resembled that of the control site after rewetting. However, at R2, the median GWL remained slightly
lower post-rewetting. This difference may be attributed to the presence of shrubs and sparse tree cover
(higher water uptake) on the mire at R2, as well as a lower proportion of blocked ditches within the
catchment. However, as found in a study in Southwestern British Columbia (Howie et al., 2009), the
difference between the effect of rewetting on GWL between the two catchments could also be
attributed to differences in drying of the peatland, coupled with shrinkage and subsidence of the peat,
leading to a reduction in hydraulic conductivity, possibly hindering the effectiveness of restoration

efforts in reversing the impacts of drainage.

Our results addressed a gap in the existing literature by examining the spatial variability of GWL

recovery at different distances from the ditch, a factor largely neglected in prior research, particularly
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within the context of boreal ecosystems (Bring et al., 2022). Our results reveal a significant increase in
GWL at all distances from the ditch after rewetting, however with spatial variation. These detailed
spatial results of GWL increase at different distances to ditch, shows that all of the locations in the mire
extents had undergone rewetting and any observed differences in event runoff responses could be
attributed to changes in GWL and water storage within the peatland extent. Furthermore, we found
that after rewetting, significant differences persisted between locations, with the highest GWL found
at the furthest distance (i.e., 100 m), contrary to most other published studies that have found that the
impact of rewetting on GWL diminishes with increasing distance from the main ditch (Bring et al., 2022).
This difference in GWL between distances from ditch might be a topographic effect, where peat
surfaces could be at higher elevations at the further distance due to long-term consolidation of the peat
near ditches and therefore the absolute GWL was also higher at the further distance (Holden et al,,
2017). Either way, our results showed that rewetting was successful in returning the pristine-like
patterns of higher GWL, however restoration must also intend to reach an even GWL throughout the
mire which we expect to see with time (Haapalehto et al., 2014; Laine et al., 2011). Furthermore, our
data serves as a valuable resource for peatland managers, especially in boreal ecosystems, helping to
gain a better understanding of site-specific changes in hydrology and the associated ecosystem services

that result from the rewetting of peatlands.

The impact of rewetting on runoff responses

Event-based analysis of discharge responses provides important information on treatment effects on
the hydrological functionality, as relying solely on daily discharge analysis does not offer much insight
into discharge responses to precipitation, including the lag time to peak flow. For instance, examining
the hourly hydrograph revealed that, discharge responses at R1 exhibited flashier characteristics with
higher peaks compared to those at R2, yet R2 did not show a significant difference in the overall
decrease on relative peak flow after rewetting. This discrepancy could possibly be attributed to the
smaller increase of GWL of R2 compared to R1, likely influenced by a lower proportion of blocked
ditches in the catchment, the re-creation of the open-water pond in R1, or the fact that the relative
peak flow at R2 before rewetting was already similar to the control mire. Specifically, the re-creation of
the old open-water pond ca. 100 meters from R1 outlet after rewetting, could potentially be functioning

|)/

as a “natural peatland pool”, hence influencing runoff responses (Arsenault et al., 2019). Nonetheless,
three years after ditch blocking, both catchments showed attenuated hydrograph shapes during most
storm events. These changes in the hydrograph characteristics following rewetting indicate that
hydrological restoration positively effects overall flow regimes influencing flow pathways and water

storage within the peat, leading to reduced peak flow and increased hydrological residence time in the
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peatland (Gatis et al., 2023). However, the scarcity of continuous, prolonged datasets from rewetted
peatlands, particularly for boreal minerogenic fens, poses a significant challenge in conducting
comprehensive comparisons across various peatland sizes, types, and rewetting durations, as most
rewetting projects have only recently commenced. Therefore, a more extended period of post-
rewetting monitoring is necessary to fully understand how the discharge patterns of drained peatlands

evolve after rewetting.

Flood mitigation effects of rewetting

Rewetting resulted in a significant reduction in event peak flow response at R1, however as mentioned
above, the decrease in the peak flow was not significant at R2. It is noteworthy that, although there
was a significant decrease, the median relative peak flow at R1 after rewetting was still higher than the
control. This is in contrast to R2, that did not have a significant change, but whose median relative peak
flow started out similar to the control mire, but decreased to be somewhat lower than the control mire
after rewetting. Our findings align with the results observed in Wilson et al. (2011), where they showed
peak flow hydrographs from ditches with considerable change after rewetting, with lower peak flow
rates, less runoff and less of the rainwater being released during the event. In contrast, Shantz and Price
(2006) evaluated the hydrological characteristics of a restored peatland in Quebec, Canada and
observed higher discharge peaks during summer at the restored site compared to the control site,
attributing it to wetter antecedent conditions and faster drainage response following rainfall.
Conversely, our research reveals that despite observing a rise in GWL after rewetting, rewetted
peatlands can exhibit less intense flood responses and offer improved retention of rainfall. Moreover,
although reduced runoff rate following restoration inevitably increases the chances of overland flow,
this overland flow should be considerably slower than flow through drainage networks and therefore
restoration may lead to reduction in peak flow magnitude (Grand-Clement et al., 2013). Here, the old-
open water pond, functioning as a peatland pool, could potentially increase runoff detention and
therefore peak flow (Arsenault et al., 2019; Klgve, 2000). Finally, it is noteworthy that even before
rewetting, our system was already dominated by Sphagnum spp., therefore compared to other
degraded (especially bare) peatlands, our system had a higher potential for reducing sheet erosion and
downstream flood peaks after rewetting (Holden et al., 2008). Either way, our results suggests that
contrary to conclusions drawn in many previous studies (Holden & Burt, 2003; Holden, Chapman, &
Labadz, 2004), the rewetted peatlands in our study exhibited more controlled and resilient hydrological
behavior delivering “Natural Flood Management” by attenuating downstream flow and reducing flood
risk. Yet, our results could be affected by the short time period since rewetting, as with time the

peatland might respond differently depending on the type of newly established vegetation and initial
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moisture conditions, where rainfall events could trigger rapid and concentrated runoff and discharge

(Holden & Burt, 2003).

Runoff coefficient is another key indicator for flood mitigation and corresponds to catchment storage
capacity. Our results showed that reduction in runoff coefficient was significant at R1, showing less
runoff being exported with rainfall events after rewetting. Yet again, this reduction was not significant
at R2, and the same patterns follows, where the initial condition of the runoff coefficient of R2 was
lower than the control mire before rewetting and after rewetting the coefficient lowered even further.
Specifically, a reduction in runoff coefficient indicates a gain in storage capacity either behind the dam
in the blocked ditches or due to increased surface roughness which then reduces the drainage
efficiency, thereby increasing water storage capacity (Menberu et al., 2016). In line with our results,
the effect of peatland rewetting on reducing runoff coefficient has been reported in many studies
(Ketcheson & Price, 2011; Shantz & Price, 2006; Wilson et al., 2011), in some, to the extent of being the
most significant hydrological effect of peatland rewetting (Ketcheson & Price, 2011). However, caution
is needed in interpreting some of these results due to the potential influence of the relatively short
time series during which the peatland could have been still undergoing filling (Ketcheson & Price, 2011)
or an eventual increase in the runoff coefficient due to a declining efficiency of the ditch blocking

(Menberu et al., 2018).

An increasing lag time traditionally serves as a positive indicator for flood modification, as downstream
flow becomes less “flashy”. Contrary to expectations, the lag time between the initiation of a rainfall
event and the peak discharge decreased after rewetting in both catchments (i.e., R1 and R2). However,
it's important to note that this decrease, while observed, was not statistically significant for either
catchment. This decrease in lag time could be a combination of higher water tables and rapid saturation
excess generating overland flow, therefore responding rapidly to rainfall events (Holden & Burt, 2003).
Additionally, another plausible explanation is that rewetted peatlands exhibit higher surface hydraulic
conductivity compared to their pristine counterparts. Specifically, the upper peat layers in the rewetted
areas allows for greater water movement as throughflow, thereby contributing to a decrease in lag time
(Wallage & Holden, 2011). A shorter lag time may also support the interpretation that flow peaks
observed after rewetting originated from the immediate vicinity near the monitoring site, while water
from upstream areas further up the catchment was attenuated before reaching the monitored outlet
(Gatis et al., 2023). These explanations could be further supported by coupling these results with the
positive effect on base flow that has been seen in our study site (Karimi et al., 2024). Finally, HSI, which
serves as a direct indicator of system flashiness, exhibited a notable decrease at catchment R1 following

rewetting. Unlike the pattern observed in R2's response to other hydrological factors, the HSI at R2 was
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higher than that of the control pristine mire. Although it showed a non-significant reduction after
rewetting, it remained consistently higher than the control mire. This reduction seems to be a combined
effect of ditch blocking and presence of vegetation as other studies have shown that ditch blocking by

itself does not appear to alter the “flashiness” of stormflow (Shuttleworth et al., 2019).

The significant decreases in peak flow, runoff coefficient and HSI observed at R1, compared to the non-
significant changes at R2, can be attributed to several factors. Firstly, the BACI analysis indicated that,
prior to rewetting, R1 had flashier hydrological responses than R2. Moreover, R2's responses were
already more similar to the control site, suggesting less potential to observe a significant post-rewetting
effect. Additionally, a smaller portion of R2 catchment was restored compared to R1, which could mean
that the overall water storage at R2 remains lower than at R1. Consequently, water may still drain more
quickly at R2, leading to less noticeable impacts from the rewetting efforts. Furthermore, as mentioned
before, the differences in response points to the re-appearance of the old-open water pond which
recreated a peatland pool which likely influences runoff detention. All in all, the diverse responses
observed in flood response characteristics, both in our study and in other investigations, raises
questions regarding the overall effectiveness of peatland rewetting, at least in the short term. While it
appears successful in reducing peak flow, runoff coefficient, and overall flashiness of hydrographs (as
shown by HSI), our results suggests it might not be as effective in increasing lag time from peak rainfall
to peak flow occurrence. This limitation could potentially be attributed to the need for new peat
formation before becoming fully hydrologically restored. Hence, a crucial question regarding the

duration of these effects and the time necessary for lag time recovery remains unanswered.

The effectiveness of ditch-blocking in flood moderation is influenced by various factors, including the
initial condition of a drained peatland, the extent of peat degradation/restoration, and changes in its
properties (Menberu et al.,, 2016). Furthermore, there may be a delayed effect in the peatland's
response to ditch-blocking, and the corresponding flood mitigation may progressively change over time
in the years following the blocking of ditches due to changes in peat properties and vegetation cover.
Overall, our rewetted sites, having been drained for a century, still may not function as a natural
peatland and a full hydrological recovery will take substantially longer. Several factors linked to
prolonged drainage contribute to this extended recovery period. For instance, peat oxidation and
compaction may lead to increased bulk density, which in turn affects the site’s ability to effectively
retain and release water (Liu & Lennartz, 2019). Hence, our three-year post-rewetting monitoring
period, while longer than many other studies, offers limited insight into the impact of rewetting on

flood moderation under extreme storm events, especially in more severe future climatic conditions.
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Therefore, further monitoring is required to understand the influence of restoration practices on

peatland hydrological functioning.

Conclusion

Our results showed that the effect of rewetting on flow moderation from rainfall events is not as fast
as rising GWL. This gradual and evolving process of peatland hydrological functioning due to a long
history of peat compaction and decomposition and subsequent re-establishment of peat-forming
vegetation after rewetting emphasizes the importance of sustained long-term monitoring to fully
understand the outcomes of rewetting. Moreover, the findings indicated that peatland rewetting has
the potential for flood mitigation and even, in some cases, mitigated runoff from rainfall events better
than the pristine site. This was supported by reductions in peak flow, runoff coefficient, and less flashy
hydrograph responses (HSI). However, the results showed that peatland rewetting would not
necessarily increase the lag time between the peak of a rainfall event and peak discharge. Significant
changes were only observed at one of the outlets, R1, and although R2 did show positive changes they
were not significant. These differences seem to be attributed to (1) a higher percentage of catchment
restoration resulting in a better response to treatment and (2) R2's responses being already similar to
the pristine site, suggesting less potential changes post-rewetting. Nevertheless, uncertainties remain
in our understanding of the contribution of peatland rewetting to NFM over longer timescales or during
large historical flood events. Therefore, we emphasize the significance of long-term monitoring
combined with hydrological modeling to determine whether the flood attenuation function of
peatlands remains consistently applicable under future climate change, where floods are expected to

become more frequent and extreme.
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756  Supplementary information

757

758 Table S 1. Characteristics of the four rainfall-runoff events shown in Figure 4 for the rewetted (R1 and R2) and control sites
759 during the pre- and post-rewetting years.

760
Site Total rain  Peak flow Antecedent GWL
(mm) (mm/h) (mm) 261
Pre-rewetting 37
Control 0.29 -15 762
R1 0.93 -82
R2 0.54 -102 763
1 year post- 63
rewetting 764
Control 0.27 -35
R1 0.71 -24. 765
R2 0.29 -85
2-years post- 53 766
rewetting
Control 0.22 -47 767
R1 0.61 -34
R2 0.37 -57 768
3-years post- 69
rewetting 769
Control 0.26 -19
R1 0.14 51 790
R2 0.12 -40
771
772

773



