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Abstract Potential benefits of peatland restoration by rewetting include carbon sequestration, restored
biodiversity, and improved hydrological functions. There is great uncertainty about how catchment
hydrological processes change after restoration, with a particular lack of well-documented catchment
runoff data. This study compared five formerly Disturbed (now Restored) and two undisturbed peatlands.
In total, 455 and 728 hydrological events were selected for the analysis, using a three-event selection
technique. Mean event runoff coefficient (RC) values varied greatly between conditions and hydrological
events. RC in Disturbed conditions was slightly higher than in undisturbed conditions, but RC in
Restored conditions was higher than under other conditions. Mean transit time revealed that event
rainfall water reached the outlet faster in Disturbed conditions. Mean event peak flow in Disturbed
conditions was higher and peaked faster than under other conditions. However, the base flow showed no
noticeable difference between treatments. Significantly higher watertable (WT) rise per rainfall input
(0.36–0.85 cm/mm) was observed in Disturbed conditions, due to lower specific yield (Sy) values
(0.13–0.24) than under Restored and undisturbed conditions (Sy 0.25–0.50). Shallow WT showed
significant positive correlations with runoff and storage properties and was a key component of the
runoff generation mechanisms in peatlands. Storage-related parameters (Sy, WT rise per rainfall input)
and catchment response time parameters revealed disturbance-related hydrological changes in peatlands
more clearly than other runoff parameters tested (e.g., RC). Overall, with restoration, WT and storage
properties recovered to the levels at undisturbed sites but increased runoff was observed occasionally
due to wetter antecedent moisture conditions.

1. Introduction

Peatlands cover large areas in the Boreal and Arctic landscape (Strack, 2008). Peatlands are essential stores for
global carbon (Waddington et al., 2015; Yu et al., 2010). Peat hydrology is important, as it regulates the
structure and function of peat (Holden et al., 2006). Land use changes, such as drainage, have altered around
14–20% of global peatlands (Strack, 2008). In boreal and temperate regions, an estimated 15 × 106 ha of peat-
lands has been drained for forestry (Koskinen et al., 2011) and about 6 × 106 ha (about half the original Finnish
peatland area) of these are in Finland (Paavilainen & Päivänen, 1995). This has brought significant changes to
peatland hydrology (Kløve & Bengtsson, 1999) and hydrochemical processes (Holden et al., 2004; Menberu
et al., 2017).

Peatland drainage typically lowers the watertable (WT; Price et al., 2003) and restoration raises it (Haapalehto
et al., 2014; Malloy & Price, 2014; Menberu et al., 2016). However, understanding drainage and restoration
effect on hydrology at catchment-scale remains a challenge due to the high spatial variability of peatland
hydrological and physical properties (Beckwith et al., 2003; Cunliffe et al., 2013) and lack of data (Evans
et al., 1999). Anthropogenic disturbance of peatlands (e.g., drainage) is known to affect catchment runoff
generation processes, which change the shape and size of runoff hydrographs (Grayson et al., 2010;
Holden et al., 2006). However, varying annual runoff changes after peatland drainage have been reported,
with some studies showing increased annual runoff (Guertin et al., 1987; Lundin et al., 2016; Robinson,
1986) and others showing no significant change (Ayre, 1977; Holden et al., 2006) or reduced runoff
(Lundin, 1988; Starr & Päivänen, 1981). With regard to rainfall-runoff event analysis, several studies seem to
agree on increased peak flows and shortened lag times after peatland drainage at northern latitudes (Ahti,
1980; Ballard et al., 2012; Holden et al., 2006; Lundin, 1988; Robinson, 1986; Tuukkanen et al., 2016).
However, other studies on tropical drained peatlands (Katimon et al., 2013) and on peats in Finland
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(Heikuranen, 1976) report reduced peak flows after some years of Disturbed conditions compared with undis-
turbed conditions.

In our previous studies (Menberu et al., 2016), we examined the impact of drainage and restoration on WT
response. In the present study, we performed similar analyses using catchment-scale data with paired catch-
ment studies of multiple replicates, which to our knowledge has not been done previously. We used several
hydrological event selection techniques to reveal some hydrological parameters that might not be detected
in classical rainfall event selection approaches. The main objectives of this study were (i) to compare catch-
ment hydrological processes in Disturbed, Restored, and undisturbed headwater catchments by analyzing
several event-based hydrological parameters, to help detect catchment hydrological changes induced by
drainage and restoration; and (ii) to improve understanding of the catchment runoff dynamics in peatlands,
especially in relation to WT and disturbance.

2. Materials and Methods
2.1. Study Site Description

The study included seven small peat-dominated catchments (12–65 ha) located in southern (sites F1, F2,
F11/1, F11/2, and FC1) and northern (sites F5 and FC5) Finland (Figure 1). Forest inventories carried out by
Parks & Wildlife Finland (Metsähallitus) applied the multisource forest inventory technique to calculate the
tree stand volume at each site using field data, satellite images and digital maps (Mäkisara et al., 2016;
Tomppo et al., 2011). The peatland areas of sites FC1, F5, and FC5 are almost treeless. Five catchments (F1,
F2, F11/1, F11/2, and F5) were previously drained for forestry (ditch spacing of 50 m, average ditch depth
of 0.8 m, and ditch width of 1.5 m) during the 1960s and 1970s and restored during the study period
(Table 1). Catchments FC1 and FC5 have remained in undisturbed conditions and were used as controls
for the previously Disturbed and now Restored catchments (Table 1). The dominant tree species on the
upland mineral soil and peatland at all study sites is Scots pine (Pinus sylvestris).

Catchment runoff response has been shown to depend on the hydrological connectivity of wetlands to the
surrounding upland areas and/or drainage systems (Quinton et al., 2003). The sites included in this study are
hydrologically well connected to the surrounding upland areas and its outlet (Figure 1). Hence, they are heav-
ily reliant on these upland surrounding areas for water and nutrient inputs through surface and subsurface
flow. A previous study on near-pristine peatland in eastern Finland estimated average daily evapotranspira-
tion of 1.59 ± 0.07 mm/day in dry years and 2.23 ± 0.15 mm/day in wet years (Wu et al., 2010). Hence, in the

Figure 1. (left) Study catchment boundaries showing digital elevation model (DEM) in meters, peatland areas, and distribution of artificial drainage networks.
(right) Location of the study sites within Finland.
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present study a daily evapotranspiration rate of 2.5 mmwas assumed for southern catchments and 2 mm for
northern catchments. The measured peat thickness at the study sites varies on average from 1 to 3 m but
extends to 6 m at some locations in the study area. Overall, the study sites have very similar topography,
weather conditions, and vegetation.

Peatland restoration was carried out by the Finnish government forest enterprise Parks & Wildlife Finland
(Metsähallitus). To restore the Disturbed peatland, the drainage networks were filled in with peat soil left
in situ during ditching, and peat dams (maximum height of 1 m and length of 6–10 m) were constructed
across the drainage ditches in order to redirect water flow to the main peatland area rather than along the
old ditches. The distance between each constructed peat dam ranged from 30 to 50 m, and general peatland
restoration guidelines were followed during restoration operations (Similä et al., 2014). The tree stands were
removed as part of restoration, in order to mimic tree stand cover in the pre-disturbance period. The study
catchment boundaries were delineated in ArcMap using 2-m × 2-m digital elevation models obtained from
the National Land Survey of Finland. The catchment boundaries were further verified by draft maps prepared
manually in situ using topographical maps. Mean annual long-term (1981–2010) temperature and precipita-
tion is 4.8 °C and 620 mm, respectively, in southern Finland and 0 °C and 601 mm, respectively, in northern
Finland (Pirinen et al., 2012).

2.2. Hydrological Data

High temporal resolution (15-min intervals) data on discharge at catchment outlets and on WT in peatland
areas catchments were collected during the ice and frost-free period (May–October). Discharge was mea-
sured by installing a 90° V-notch weir at the outlet of each study catchment. The water level (WL) was mon-
itored at the weir and used to calculate discharge (Q) using the power function of equation (1) (Koskinen
et al., 2017). Manual measurements of the WL at each weir were made approximately once per month and
were used to calibrate the runoff measurements. High temporal resolutionWTmeasurements in the peatland
area were conducted by installing a standpipe well (one WT observation post at each site) of diameter of
32 mm and length of 1–1.5 m, fully slotted frommidway to bottom of the pipe and equipped with automatic
Solinst Levelogger Gold devices, into the peat layer. At Disturbed and Restored sites, the standpipe well was
located at the center of the restoration area, placed midway between the ditches. At undisturbed control
sites, the standpipe well was placed near the center of a particular peatland type or zone that characterized
the catchment. Manual measurements of surface elevation changes andWT level weremade once per month
to calibrate the WT data. High temporal resolution rainfall data (10-min intervals) were recorded in situ using
tipping-bucket rain gauges for the whole study period at sites F5 and FC5 and for 1 year (2014) at other study
sites. Daily rainfall data were extracted from 10-km × 10-km gridded rainfall data prepared by the Finnish
Meteorological Institute.

Q ¼ 0:0142WL2:5 (1)

2.3. Analyses of Hydrological Processes

Hydrological events were selected using three different approaches: Approach 1: Runoff and associated
WT hydrographs were selected independently, with these events at paired study sites having variable

Table 1
Study Catchment Characteristics

Hydrological data
Cat-A

% of Cat-A TSV (m3/ha) Slope (%; mean ± SD) Location

Site Daily HTR DR (ha) Peat Pond Peat Upland Peat Upland Lat Long

F1 2009–2014 2014 Nov 2010 30 38 0.4 21 229 2.6 ± 1.5 9.6 ± 7.0 61.998 23.880
F2 2009–2014 2014 Nov 2010 22 41 — 20 52 2.1 ± 0.6 9.5 ± 7.4 62.003 23.925
FC1 2009–2014 2014 Control 12 42 — 0 216 2.1 ± 1.2 10.3 ± 7.6 62.002 23.905
F11/1 2008–2014 2014 Nov 2011 35 38 — 170 123 3.9 ± 1.3 10.4 ± 7.4 61.996 23.942
F11/2 2008–2014 2014 Nov 2011 16.5 41 — 145 131 3.6 ± 0.1 7.4 ± 5.1 61.996 23.942
F5 2010–2014 2010–2014 Sept 2011 65 40 4.2 5 97 3.3 ± 2.5 5.7 ± 3.4 65.805 27.812
FC5 2010–2014 2010–2014 Control 65 31 — 8.3 217 4.3 ± 2.8 5.5 ± 2.7 65.820 27.804

Note. HTR = high temporal resolution data; DR = date of restoration; Cat-A = catchment area; TSV = tree stand volume; SD = standard deviation; Lat = latitude;
Long = longitude.
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duration. Approach 2: The rising limb of the hydrograph was selected first from real data and the recession
limb of the hydrograph was calculated by the equations (supporting information Table S1) obtained using
the master recession curve method (Posavec et al., 2006), in order to minimize the effects of some rainfall
or runoff during the recession period. Approach 3: Rainfall events were used to select runoff and its
associated WT hydrographs at all sites and the events at paired study sites had similar start and end times.
Base flow and WT conditions with no rainfall and/or total rainfall amounting to less than 2 mm were
selected to assess hydrological characteristics of peatlands during no-rainfall periods.

The main hydrological parameters (Table 2 and supporting information Figure S1) of different events were
quantified for each study catchment. A paired catchment setup (before-after-control approach) was used.
The seven study sites were grouped into four categories for comparisons: Disturbed, Restored, Control-D,
and Control-R. Disturbed refers to F1, F2, F11/1, F11/2, and F5 before the restoration period. Restored refers
to F1, F2, F11/1, F11/2, and F5 after restoration. Control-D represents the undisturbed sites FC1 and FC5 in the
prerestoration period of the Disturbed sites, while Control-R represents the undisturbed sites FC1 and FC5 in
the postrestoration period of the Disturbed sites.

Hydrological parameters (except runoff coefficient [RC] and specific yield [Sy]) calculated using events
selected by approaches 1 to 3 were normalized by volume (catchment area multiplied by total rainfall) and
no-rainfall period processes by catchment area. This allowed us to assess the effects of peatland drainage
and restoration on catchment processes in the peatlands and eliminate the possible influence of hydrologi-
cally different years and different catchment areas on the results. Statistical analysis methods, such as analysis
of variance and Pearson’s correlation, were used. To meet the assumption of normality across all level com-
binations, some outliers (extremely high or low unusual values, which we believed was due to measurement
errors caused primarily by disturbance during site visits for sampling and inspection) that departed signifi-
cantly from the data were removed. The normality test was conducted using the Kolmogorov-Smirnov test
at 5% significance level and normality at most of the level combinations was not rejected (p > 0.05).

At the two study sites in northern Finland for which a long series of high temporal resolution data was available
(sites F5 and FC5), the impacts of peatland drainage and subsequent restoration on peatland hydrological pro-
cesses were further studied using the instantaneous unit hydrograph (IUH) delay function (Nash, 1957, 1959).
This function was generated by two-parameter gamma distribution (equation (2)), which then gives the runoff
(Q) by applying time convolution of the effective rainfall (u) with an IUH (equation (3)). Each selected event and
forcing rainfall amount, together with the gamma function parameters (α and β), were optimized against
measured runoff using the Shuffled Complex Evolution—University of Arizona (SCE-UA) optimization
method (Duan et al., 1992). During optimization, parameter α was allowed to vary from 1 to 20, parameter
β from 0.1 to 2000, and effective rainfall from 0 to measured rainfall amount (Tuukkanen et al., 2016).

IUH tð Þ ¼ 1
βαΓ αð Þ t

α�1et=β α ≥ 1; β > 0 (2)

Table 2
Basic Descriptions of Hydrological Parameters Estimated in the Study

Parameter Definition and calculation

Base flow Runoff during no-rainfall periods or runoff between rain events
Peak runoff rate Peak runoff per day of each hydrograph
Time to peak runoff Time from start to peak runoff hydrograph
Runoff recession time Time from peak flow to end of runoff
Runoff base time Time from start to end of runoff hydrograph
Runoff lag time Time from peak rainfall to peak runoff
Watertable (WT) lag time Time from peak rainfall to peak WT
WT to runoff lag time Time from peak WT to peak runoff
Rising runoff coefficient Rising runoff volume divided by rainfall
Recession runoff coefficient Recession runoff volume divided by rainfall
Runoff coefficient Even runoff volume divided by event rainfall amount
Specific yield (Event rainfall-event runoff-evapotranspiration)divided by event WT rise
WT rise per rainfall input WT rise divided by event rainfall
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Q tð Þ ¼ ∫
t

0IUH t � sð Þu sð Þds (3)

where α is the shape parameter, β is the scale parameter, Γ is the gamma function, and t is time. The mean
transit time provides valuable information about flow paths (e.g., surface flow or deep subsurface flow) and
storage properties of a catchment (Tetzlaff et al., 2015) and can be used to compare different catchment func-
tions (Tetzlaff et al., 2009). The IUH characteristics, such as the time to peak IUH and aggregated properties of
α and β in the form of mean transit time, were evaluated using equation (4) (Kokkonen et al., 2004) and equa-
tion (5) (Hrachowitz et al., 2010), respectively:

Time to peak IUH ¼ α� 1ð Þβ (4)

Mean transit time ¼ αβ (5)

3. Results
3.1. Runoff and Storage Characteristics

The mean RC of daily resolution data ranged from 0.24 to 0.33, 0.20 to 0.28, 0.26 to 0.35, and 0.23 to 0.31 for
Disturbed, Control-D, Restored, and Control-R conditions, respectively (Table 3 and Figure 2). In most cases,
more than 50% of total event runoff occurred during the recession period of the runoff hydrograph
(Table 3). The mean RC in Disturbed conditions was slightly higher than in Control-D conditions (Table 3 and
Figure 2). The results also showed considerable variation in event hydrological properties between different
conditions at daily and hourly resolution (Table 3). The mean peak flow runoff rate in Disturbed conditions
was slightly higher than observed in Control-D and Restored conditions (Table 4). Furthermore, the runoff
during no-rainfall periods (low flow or base flow) showed no significant difference between Disturbed
(0.8 mm/day) and Control-D (0.9 mm/day) and between Disturbed and Restored (0.8 mm/day) conditions.
However, during the postrestoration periods, the base flow recorded in Restored conditions was significantly
(p < 0.05) lower than in Control-R (1.5 mm/day).

The undisturbed control and Restored conditions had significantly higher (p < 0.05) Sy values than the
Disturbed conditions (Table 3 and Figure 2). As a result, the average WT rise per rainfall input in Disturbed
conditions (0.36–0.85 cm/mm) was significantly higher (p < 0.05) than observed in Control-D (0.25–
0.36 cm/mm) and Restored conditions (0.20–0.37 cm/mm). However, after restoration, the average WT rise
per rainfall input in Restored conditions was almost identical to that in Control-R (Table 4), due to comparable
Sy values in both treatment conditions (Table 3).

Table 3
Mean (±Standard Deviation; SD) Runoff Coefficient (RC), Percentage of Runoff Shared During the Rising (RC_rising) and Recession (RC_rec = RC_recession) Periods of the
Hydrograph, and Mean (±SD) Specific Yield (Sy) Calculated for All Treatment Conditions Using Approaches 1–3

High-resolution data Daily data

% of total runoff % of total runoff

Method Treatment No. ev RC ± SD RC_rising RC_rec Sy ± SD RC ± SD RC_rising RC_rec Sy ± SD

Approach 1 Disturbed 21/50 0.13 ± 0.09 30.03 69.97 0.15 ± 0.17 0.31 ± 0.21 54.20 45.80 0.13 ± 0.10
Control-D 12/50 0.29 ± 0.17 25.83 74.17 0.13 ± 0.13 0.23 ± 0.16 49.96 47.26 0.33 ± 0.21
Restored 22/63 0.17 ± 0.13 30.04 69.96 0.18 ± 0.15 0.35 ± 0.25 58.50 41.50 0.25 ± 0.18
Control-R 21/63 0.25 ± 0.19 23.88 76.12 0.15 ± 0.17 0.31 ± 0.21 57.47 42.53 0.30 ± 0.21

Approach 2 Disturbed 32/91 0.07 ± 0.06 30.04 69.96 0.23 ± 0.20 0.33 ± 0.23 42.02 57.98 0.24 ± 0.16
Control-D 32/21 0.11 ± 0.13 27.63 72.37 0.23 ± 0.13 0.28 ± 0.18 36.70 63.30 0.35 ± 0.17
Restored 88/118 0.10 ± 0.10 33.09 66.91 0.24 ± 0.15 0.26 ± 0.16 41.79 58.21 0.44 ± 0.22
Control-R 74/37 0.09 ± 0.08 28.08 71.92 0.30 ± 0.19 0.31 ± 0.17 41.63 58.37 0.50 ± 0.25

Approach 3 Disturbed 17/49 0.11 ± 0.08 34.32 65.68 0.15 ± 0.08 0.24 ± 0.15 57.09 42.91 0.14 ± 0.10
Control-D 17/49 0.16 ± 0.12 37.80 62.20 0.20 ± 0.09 0.20 ± 0.16 57.90 42.10 0.32 ± 0.18
Restored 59/69 0.17 ± 0.16 41.91 58.09 0.15 ± 0.11 0.27 ± 0.20 59.92 40.08 0.31 ± 0.20
Control-R 59/69 0.15 ± 0.13 35.98 64.02 0.20 ± 0.11 0.23 ± 0.17 58.32 41.68 0.35 ± 0.21

Note. No. ev = total number of events analyzed (high temporal resolution/daily data).
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3.2. Catchment Response Time

The runoff in Disturbed conditions reached its peak faster than in undisturbed Control-D and Restored con-
ditions (Figures 3a–3c), with average percentage differences of 21% and 87%, respectively. After restoration,
variations in time to peak runoff were observed between Restored and Control-R. Restored conditions
reached peak runoff faster than their undisturbed counterpart (Control-R; Figures 3a and 3c). However, ana-
lysis of the events selected using approach 2 showed that Restored conditions took a longer time to reach
peak runoff than Control-R (Figure 3b). Furthermore, the runoff hydrograph recession time in Disturbed con-
ditions was shorter than in Control-D and Restored conditions (Figures 3d–3f), with average percentage dif-
ferences of 31% and 77%, respectively. Consequently, runoff hydrograph base time in Disturbed conditions
was shorter than seen in Control-D and Restored conditions (Figures 3j–3l and 4a–4c), with average percen-
tage difference of 24% and 82%, respectively. The catchment response time in hours (hr) hinted at sensitivity
of time parameters to catchment area and rainfall amount when comparing catchments with different
physical properties.

Figure 2. Mean event runoff coefficient (RC) and specific yield (Sy) calculated for daily resolution hydrological data using event selection approach 1 (a–d), 2 (e–h),
and 3 (i–l). Bars show standard error of mean.

Table 4
Mean (±Standard Error of the Mean) of Peak Runoff Rate and Watertable Rise per Rainfall Input, Quantified Using All Events
Selected in Approaches 1–3

Peak runoff rate (mm/day) Watertable rise per rainfall input (cm/mm)

Treatment Approach 1 Approach 2 Approach 3 Approach 1 Approach 2 Approach 3

Disturbed 2.7 ± 0.38 3.3 ± 0.30 2.2 ± 0.31 0.85 ± 0.10 0.36 ± 0.02 0.82 ± 0.08
Control-D 2.0 ± 0.40 3.0 ± 0.76 1.7 ± 0.30 0.36 ± 0.05 0.25 ± 0.03 0.31 ± 0.02
Restored 2.1 ± 0.28 2.3 ± 0.19 1.8 ± 0.25 0.37 ± 0.03 0.20 ± 0.01 0.34 ± 0.03
Control-R 1.7 ± 0,23 2.5 ± 0.25 1.5 ± 0.21 0.37 ± 0.04 0.17 ± 0.01 0.36 ± 0.06
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The mean time from peak rainfall to peak runoff and from peak rainfall to peak WT were shorter in Disturbed
conditions than in Control-D (average percentage difference 50% and 2.2%, respectively) and Restored con-
ditions (average percentage difference 130% and 126%, respectively). Peatland restoration seemed to have
an effect on both runoff lag time and WT lag time, as revealed by the largest mean runoff lag time andWT lag
time values in Restored conditions (Figures 3g–3i and 3m–3o). The WT reached its highest level before the
runoff reached its peak value in most events analyzed (Figures 3g–3i, 3m–3o, and 5). The mean WT to runoff
lag time was shorter in Disturbed conditions than in Control-D and Restored conditions, and peatland
restoration seemed to have no significant effect on WT to runoff lag time (Figures 3p–3r). This is evident in
the typical runoff and WT hydrographs presented in Figure 5, which indicates that catchment runoff and
WT response for a given rainfall event was quick and that the time delay between runoff peaks and WT peaks
in all treatment conditions was similar.

Figure 3. Volume-normalized catchment response time: time to peak runoff (TP), runoff recession time (TR), runoff base time (BT), runoff lag time (TL-1), watertable
lag time (TL-2), and watertable to runoff lag time (TPP) in hour per cubic meter, quantified for high temporal resolution data using the three event selection
approaches. Bars show standard error of mean.

Figure 4. (a–c) Volume-normalized catchment runoff hydrograph base time in hour per cubic meter, quantified for daily
resolution hydrological data using event selection approaches 1 (a), 2 (b), and 3 (c). Bars show standard error of mean.
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3.3. Instantaneous Unit Hydrograph

For paired catchments F5 and FC5, the average IUH (Figure 6a) characteristics revealed that, in the Disturbed
state, site F5 had shorter mean time to peak IUH (mean ± SEM = 1.87 hr ± 0.37) than Control-D (FC5;
mean ± SEM; 3.46 hr ± 0.57) and Restored F5 (mean ± SEM; 3.41 hr ± 0.55) conditions. After restoration,
the Restored F5 site had longer time to peak IUH than Control-R and Disturbed conditions (Figure 6b).
The mean transit time was also shorter in Disturbed conditions (mean ± SEM; 11.94 hr ± 1.32) than in
Control-D (mean ± SEM; 19.94 hr ± 2.07) and Restored conditions at site F5 (mean ± SEM; 13.83 hr ± 1.93;
Figure 6c). Furthermore, the Disturbed conditions resulted in a flashier IUH shape than the Control-D and
Restored conditions (Figure 6a).

3.4. Peatland Runoff, WT, and Storage Relationships

Pearson’s correlation analysis of mean catchment hydrological parameters in the peatlands (supporting infor-
mation Figure S2) revealed significant positive correlations between RC and peak runoff rate, cumulative rise

Figure 5. Typical example of runoff and watertable response at (a1–a4) study site F5 under Disturbed conditions, (b1–b4) study site F5 under Restored conditions,
and (c1–c4) study site FC5 (Control-D) under undisturbed conditions, for some rainfall events. In most cases, the watertable reached its peak level before the
runoff reached its peak runoff.

Figure 6. (a) Average instantaneous unit hydrograph (IUH) for site F5 in Disturbed and Restored conditions and the corre-
sponding controls (Control-D and Control-R) at site FC5, and associated (b) time to peak IUH and (c) mean transit time
in hours. Bars in (b) and (c) show standard error of mean.
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in WT during an event, and rainfall amount and a significant negative correlation between RC and Sy
(supporting information Table S2). The correlation between peak runoff rate and cumulative rise in WT, peak
runoff rate, and rainfall was significantly positive, but the relationship between peak runoff rate and
antecedent WT, peak runoff rate and WTminimum, peak runoff rate and Sy, peak runoff rate and WT rise per
rainfall input, and peak runoff rate and runoff base time was significantly negative (supporting information
Table S2 and Figure S2).

Overall, Sy showed a significant positive correlation with aggregated antecedent WT (Pearson’s r = 0.40–
0.59, p < 0.05), WTminimum (r = 0.42–0.59, p < 0.05), and WTmaximum (r = 0.28–0.45, p < 0.05) but was signifi-
cantly negatively correlated with WT rise per rainfall input (r = �0.44 to �0.55, p < 0.05), runoff base time
(r = �0.18 to �0.19, p < 0.05), RC (r = �0.37 to �0.43, p < 0.05), cumulative rise in WT (r = �0.44 to �0.50,
p < 0.05), and peak runoff rate (r = �0.15 to �0.18, p < 0.05). In turn, runoff base time was significantly
negatively correlated with peak runoff rate (r = �0.23 to �0.30, p < 0.05), cumulative rise in WT
(r = �0.28 to �0.30, p < 0.05), and rainfall (r = �0.34 to �0.37, p < 0.05) but significantly positively corre-
lated with antecedent WT (r = 0.16–0.35, p < 0.05), WTminimum (r = 0.14–0.33, p < 0.05), and WTmaximum

(r = 0.16–0.24, p < 0.05). WT rise per rainfall input showed significant negative correlations with peak runoff
rate, antecedent WT, WTminimum, WTmaximum, rainfall, RC, and Sy (supporting information Table S2). The
aggregated mean peatland runoff depth during no-rainfall periods (base flow) showed a significant positive
correlation with mean WT (r = 0.25, p < 0.05) during the same period and with mean antecedent WT
(r = 0.18, p < 0.05). The WT level showed significant positive correlations with runoff during rainfall
(r = 0.25–0.30; p < 0.05) and no-rainfall periods (r = 0.17–0.48; p < 0.05) under different treatment condi-
tions. In different conditions, Sy was significantly positively correlated with antecedent WT (Figures 7a–7d)
and significantly negatively correlated with RC (Figures 7f–7h). However, RC showed poor correlations with
antecedent WT and varied widely when the antecedent WT was within 20 cm from the surface of the peat
(Figure 7e). The greatest variation in runoff generation during rainfall and no-rainfall periods occurred when
the WT level was within 20, 10, and 5 cm of the surface for Disturbed, undisturbed control (both Control-D
and Control-R), and Restored conditions, respectively. Furthermore, there appeared to be a threshold of WT
level (Disturbed; WT = �25 cm and undisturbed and Restored; WT = �15 cm) below which runoff was
insignificant, during both rainfall and rainfall-free periods.

Figure 7. Relationship between (a–d) specific yield (Sy) and antecedent watertable (antecedent WT), (e) runoff coefficient (RC) and antecedent WT, (f–h) RC and Sy
for (a, e) Disturbed, (b, f) Control-D, (c, g) Restored, and (d, h) Control-R conditions. Pearson’s correlation coefficient (r) significant at p < 0.05.
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3.5. Monthly and Annual Catchment Hydrological Response to Peatland Disturbance

The monthly mean RC values under Disturbed and Restored conditions did not differ significantly (Figures 8q
and 8s). The smallest RC (RC = 0.18) was calculated for the month of July in both conditions. However, both
Disturbed (RC = 0.18–0.66) and Restored (RC = 0.18–0.65) conditions had slightly higher average monthly RC
values than quantified at their corresponding undisturbed Control-D (RC = 0.14–0.37) and Control-R

Figure 8. Monthly mean (May–October) values for catchment hydrological parameters in peatlands: (a–d) rainfall, (e–h) antecedent watertable (AWT), (i–l) waterta-
ble during rainfall event, (m–p) watertable rise per rainfall input (WTR), (q–t) runoff coefficient (RC), (u–x) peak runoff rate (PRR), and (y–zb) specific yield (Sy)
for Disturbed, Control-D, Restored, and Control-R treatment conditions. Bars show standard error of mean.
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(RC = 0.22–0.42) conditions (Figures 8q–8t). Interestingly, RC in all treatment conditions showed a slight
decreasing and increasing trend fromMay to July and July to September, respectively. The peak flow rate dur-
ing summer (June–August) in all treatment conditions did not differ significantly (Figures 8u–8x). However,
the peak flow rate for Disturbed conditions during May (4.10 mm/day) and September (8.10 mm/day) was
significantly higher than calculated under Restored (May: 1.34 mm/day and September: 5.75 mm/day),
Control-D (May: 1.65 mm/day and September: 3.18 mm/day), and Control-R (May: 1.01 mm/day and
September: 3.20 mm/day) conditions.

Calculated monthly mean Sy values (Figures 8y and 8zb) resembled the overall average Sy estimates
presented in the previous sections (Figures 2d, 2h, and 2l). Monthly mean estimates (May to October)
also showed that restoration brought back the WT (Figures 8e–8l) from the area of lower Sy (Disturbed:
WT from �17 to �24 cm and Sy = 0.10–0.20) to higher Sy (Restored: WT from �4 to �9 cm and
Sy = 0.20–0.48). This resulted in mildly fluctuating WT conditions for a given rainfall event at Restored sites,
which was more like that at the undisturbed sites than observed at Disturbed sites (Figures 8m–8p). The
monthly WT fluctuation estimates were also in agreement with the overall average estimates presented in
the previous sections (Table 4).

Determination of catchment hydrological changes since time of restoration (Figure 9) revealed that the mean
annual RC decreased in the first year at Restored sites and was lower than calculated for Disturbed and undis-
turbed control sites. However, 2, 3, and 4 years after restoration, RC at Restored sites showed an increasing
trend and was higher than calculated for Disturbed and undisturbed control sites (Figure 9c). Similarly, the
peak flow rate at Restored sites was significantly lower than calculated for Disturbed and control sites in
the first year of restoration. However, the peak flow rate at Restored sites increased 2, 3, and 4 years after
restoration (Figure 9d). The WT position moved from the deep peat profile of significantly lower Sy area at
Disturbed sites to near-ground surface of higher Sy area at Restored sites. The WT position at Restored sites
stayed in the near-ground surface higher Sy area in the first 2 years of restoration but moved to a more
decomposed peat layer of lower Sy area 3 and 4 years after restoration (Figure 9b).

3.6. Catchment Hydrological Parameters and Event Duration

Analysis of all events in the daily resolution hydrological data revealed a highly significant positive correlation
between runoff hydrograph duration and event rainfall amount (r = 0.59–0.69; p< 0.05). TheWT position also
seemed to vary with length of event runoff, but a positive significant correlation was seen only in Restored
conditions (r = 0.15; p< 0.05). For short runoff hydrograph duration, the runoff amount, and associated peak
flow were small, as revealed by the significant positive correlation between event duration and runoff para-
meters (r = 0.26–0.54; p < 0.05). Interestingly, for Disturbed conditions (deeper WT condition), runoff para-
meters were negatively correlated with runoff duration, although the correlation was not significant. This
could occur especially (1) during small rainfall events, where available temporary storage (deeper WT) can
accommodate a significant proportion of storm water, but it is still capable of generating some runoff over
time; or (2) when runoff generation in Disturbed conditions is normally of short duration but takes longer
due to some characteristics of the rainfall event (e.g., intensity) or antecedent moisture conditions. This seems
to have an effect on runoff properties, whereas other treatment conditions with higher WT may create better
or less variable antecedent conditions. The Sy correlated significantly negatively with RC (Figures 7f–7h) and
there was a significant negative correlation between Sy and duration of runoff (r =�0.19 to�0.31; p< 0.05).

3.7. Catchment Hydrological Properties and Event Selection Approaches

The hydrological event selection approaches employed in this study (approaches 1–3) were compared
based on the value of hydrological parameters they provided for daily resolution data. Two-way analysis of
variance revealed statistically significant differences (p < 0.05) between mean RC calculated using the three
approaches. The mean RC and peak runoff rate values within each treatment condition (Disturbed, Control-D,
Restored, and Control-R) were not significantly different between event selection approaches, but slight dif-
ferences were observed (Figure 10a). Hydrological event selection approach 3 gave the smallest RC values
within each treatment condition. The highest peak runoff rate within each treatment condition was found
for approach 2 hydrological events (Table 4), as also well reflected in the RC values for Disturbed and
Control-D conditions (Figure 10a). The Sy quantified using approach 2 was largest within each treatment con-
dition (Figure 10b). As a result, analysis of hydrological events selected using approach 2 gave smaller WT rise
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per rainfall input than the other two approaches (Table 4). The mean Sy of Disturbed, Restored, and Control-R
conditions quantified using approach 1 and approach 3 was significantly lower (p< 0.05) than that quantified
using approach 2.

4. Discussion
4.1. Catchment Hydrology in Disturbed, Restored, and Undisturbed Peatlands

Drainage of peatlands affects catchment hydrology in different ways that are not fully understood.
Immediately after drainage, runoff increases considerably as water stored in the peat is drained away.
Thereafter, drainage continues as the peat settles due to loss of buoyancy, to reach a new equilibrium where
the peat had adapted to the altered hydrological conditions (Stephens et al., 1984). Further changes in runoff
amount may occur owing to site-specific factors (e.g., groundwater inflows leading to high annual runoff or
land use and increased evapotranspiration at forested sites; Sirin et al., 1991). Peatland drainage for forestry is
intended to lower the WT to levels suitable for forest growth, with the best stands forming on shallow peat

Figure 9. Mean annual catchment hydrological response trajectory since time of restoration for (a) watertable rise per
rainfall input (WTR), (b) specific yield (Sy), (c) runoff coefficient (RC), and (d) peak runoff rate (PRR). For Disturbed and
Control sites, the overall average values are shown. Shaded region represents mean and standard error of mean values
for control sites. Bars represent standard error of mean. The annual calculations refer to ice- and snow-free periods (May
to October).

Figure 10. Hydrological event selection techniques (approaches 1–3) applied to daily resolution hydrological data to
quantify mean runoff coefficient (RC) and specific yield (Sy) of the study sites. Bars show standard error of mean.
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soils with mineral soil contact. Drainage changes natural peatland hydrological conditions by increasing infil-
tration and fluxes through the soil (Burt, 1995). Studies on blanket peats (Ballard et al., 2012; Holden et al.,
2004) and small moorland catchments (Robinson, 1985) have reported flashier hydrographs and shorter
lag times after peatland drainage but no change in annual runoff efficiency of Disturbed and undisturbed
catchments (Holden et al., 2006). In the present study, the mean RC calculated using high temporal resolution
data for Disturbed conditions was slightly lower than that for undisturbed sites in the same period (Control-D;
Table 3). However, for daily resolution data, the RC in Disturbed conditions was slightly higher than in
Control-D (Figure 2). The latter confirms findings in a study on forestry-drained open bog in Finland, which
reported a significant increase in runoff as a result of drainage (Seuna, 1981). However, recorded runoff from
peatlands must be considered with caution, due to difficulties in obtaining accurate runoff measurements. In
the present study, the average RC values for Restored conditions were slightly higher than observed for their
undisturbed Control-R counterparts and for the former Disturbed conditions. This could be due to lower eva-
potranspiration after wetting and removal of tree stands (Bonn et al., 2014), as peatland plant communities
slowly adapt to wetter conditions (Lundin, 1994). Higher antecedent moisture conditions at rewetted sites
were observed after drain damming. Hydrological response (e.g., runoff, time to peak runoff, and WT posi-
tion) of peatlands to rainfall events largely depends on antecedent WT level (Daniels et al., 2008), as reflected
partly in Figure 7. However, other studies on restored abandoned peat-extraction sites in North America have
reported lower runoff from restored sites than unrestored sites (McCarter & Price, 2013; Shantz & Price, 2006a,
2006b), contrary to the results obtained for previously forestry-drained sites in this study. This could indicate
sensitivity of peatland runoff to different land uses (e.g., forestry-drained and peat-extraction) and variations
in level of disturbance (peat-extraction sites are typically heavily modified), which when subjected to restora-
tion would likely respond differently.

The peak runoff rate in Disturbed conditions was slightly higher than observed in Control-D and Restored
conditions (Table 4). This was primarily due to shorter lag times (Figure 3) caused by the artificial ditch net-
works lowering the WT quickly through new and shorter pathways allowing water to reach the outlet faster
than for sparse natural channels found at undisturbed sites. A significant rise, to 200%, in peak flows during
rainfall events has also been reported in other studies during the first year of drainage (Lundin, 1988).
However, a study on disturbed tropical peatlands reported a steady decline in peak flows over time due to
greater compression of the peat, changes in vegetation, and increased temporary storage (Katimon et al.,
2013). A study on Disturbed and undisturbed peatlands in Finland reported higher summer runoff peaks from
undisturbed peat than from Disturbed peatlands (Heikuranen, 1976). It is claimed that such conditions can
arise if there are long periods of dry antecedent conditions for small summer rainfall inputs (Ahti, 1980).
On the contrary, increased peak flows after drainage due to rapid removal of surface flow by drains have been
observed for a small research catchment, leading to the suggestion that peak flows over time may decrease
when successful tree colonization takes place in the area (Robinson, 1986). Our study sites were low-
productive forestry-drained Disturbed areas with limited tree growth and revegetated ditches, and thus, they
may not have substantial evapotranspiration potential and/or lack satisfactory drainage ditch network con-
ditions. Furthermore, our study was limited to summer-fall and did not investigate conditions during winter
or spring with soil frost.

The low flow (base flow) quantified during no-rainfall periods in Disturbed conditions (0.8 mm/day) was
slightly lower (statistically not significant) than in Control-D (0.9 mm/day) and almost similar to that in
Restored conditions (0.8 mm/day). Not surprisingly, conflicting conclusions have been reported for low flows
after drainage, for example, reduced low flows (Conway & Millar, 1960) and increased low flows (Ahti, 1980;
Lundin, 1988; Lundin et al., 2016). Increased low flow after initial drainage of undisturbed peat is typically
assumed to be due to dewatering of the peatland catchment facilitated by the drainage network (Holden
et al., 2004). The lowered WT then reduces total evapotranspiration and transpiration by surface vegetation,
thereby increasing summer base flow (Sirin et al., 1991). The main factor causing studies to reach conflicting
conclusions on peatland runoff characteristics after drainage and restoration is the variation in infiltration
capacity and hydraulic conductivity of peat soils in different regions, which forces them to react differently
to drainage and restoration and complicates the runoff process (Gessel, 1986). Furthermore, variations in
the local response of vegetation and trees cause differences in evapotranspiration and throughfall.

The clearest indicator of drainage and restoration effects on catchment hydrology in peatlands is the
response of WT to rainfall input. The WT in peatlands responds almost immediately to drainage (lower WT)
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and restoration (higher WT; Menberu et al., 2016). In the present study, significantly lower Sy values were
found in Disturbed than in Control-D, Restored, and Control-R conditions (Table 3). This resulted in signifi-
cantly higher WT rise per rainfall input in Disturbed conditions than observed in Control-D and Restored con-
ditions. In this study, the mean Sy varied from 0.13 to 0.24 and 0.25 to 0.50 for Disturbed and other conditions
(Restored and undisturbed control), respectively. A study on raised bogs in the Netherlands reported Sy
values that ranged between 0.23 and 0.34 (for young living Sphagnum; depth of 0–15 cm), 0.11 and 0.17
(for slightly humified Sphagnum peat; depth of 10–30 cm, degree of humification on Von Post scale = H2–3),
0.11 and 0.13 (for moderately humified Sphagnum peat; depth of 0–40 cm, H3–4), and 0.05 and 0.10 (strongly
humified Sphagnum peat without roots; depth of 0–35 cm, H6–7; Price et al., 2003).

Specific yield typically decreases with depth, from 1 at the soil surface to 0.1 or lower with deeper and highly
humified peat. Furthermore, Sy can vary spatially based on catchment microtopography and inundation
(Dettmann & Bechtold, 2016a, 2016b). Undisturbed natural peats with low bulk density and high fiber con-
tent are generally characterized by many large pores that result in higher Sy, which buffers WT fluctuations
and eventually delays lowering of the WT. However, when disturbed (e.g., drained), peats may lose up to
80% of their saturated water content, resulting in lower WT and rapid water movement for some time until
decomposition takes over (Boelter, 1968). The location of the WT level with respect to the surface elevation
plays a vital role in peatland hydrology (Quinton & Roulet, 1998). Hence, drainage-induced surface elevation
changes in peat may also cause significant alterations to peat storage properties (Price & Schlotzhauer, 1999),
leading to partly false conclusions if surface elevation changes are not accounted for in calculations. One
previous study reported significantly greater storage changes in peat soils that were more compressible
and smaller changes in rigid peats (Waddington et al., 2010). In more compressible peat soils, water storage
changes can be better estimated by calculating the sum of peat compression-induced storativity (depth of
compression multiplied by specific storage) and Sy (Price & Schlotzhauer, 1999). As a result, Sy can be a good
parameter for describing changes in storage properties of peat when it becomes less compressible. In such
cases, WT level change can quantify peat soil water storage changes satisfactorily (Price & Schlotzhauer,
1999). In this study, the WT level was corrected for surface elevation changes of the peat surface by making
manual measurements of peat surface elevations once per month, in order to minimize the effects of mire
breathing or peat subsidence on WT level data and storage assessment. This might be especially important
after restoration or drainage, when the surface is significantly disturbed.

As expected, rainfall-induced runoff reached peak values quicker in Disturbed conditions than in undisturbed
Control-D and post-restoration (Restored) conditions (Figures 3a–3c and 6b). Runoff duration during the
recession part of the hydrograph was also shorter in Disturbed conditions than in Control-D and Restored
conditions (Figures 3d–3f). This resulted in shorter runoff hydrograph base time in Disturbed conditions
and longer runoff base time in undisturbed Control-D and Restored conditions (Figures 3j–3l and 4a and
4c). Artificial drainage ditches are, by design, several-fold greater in number than natural stream channels,
which increases the drainage efficiency of catchments and helps the drains collect surface and subsurface
flow and deliver it to the catchment outlet in a shorter time than the natural channels. Moreover, artificial
drainage networks can have steeper gradients and shorter flow paths than natural streams, which also
reduce the runoff lag time (Figures 3g–3i). Also, a previous study on blanket peatlands reported shorter lag
times after artificial drainage (Holden et al., 2006).

Overall, with drainage networks at Disturbed sites, the runoff peaked faster (Figures 3a–3c) with slightly
higher peaks (Table 4) and decayed faster with skewed and shorter hydrograph base time (Figures 3j–3l
and 4a and 4c). The estimated mean RC using daily resolution data at Disturbed sites was at times slightly
lower than at the Restored sites (Table 3). At Restored sites, the runoff peaked and decayed slowly with a
wider hydrograph and had at times slightly higher RC values than at the Disturbed sites (Table 3 and
Figures 2a and 2i). However, 1 year after restoration, RC at Restored sites was lower than undisturbed control
and Disturbed sites. However, 2, 3, and 4 years after restoration, RC at Restored sites showed an increasing
trend and was higher than calculated at undisturbed control and Disturbed sites (Figure 9c). The Disturbed
sites always had significantly higher WT fluctuations (Table 4) than observed at Restored and undisturbed
control sites. Restoration moved the WT position from lower Sy area (deep peat profile) at previously
Disturbed sites to an area of significantly higher Sy (near to ground surface) at Restored sites 1 year after
restoration and stayed in this higher Sy area 2 years after restoration. However, at Restored sites, the position
of the WT declined toward the more decomposed and significantly lower Sy area 3 and 4 years after
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restoration (Figure 9b). The RC (slight increase) and WT change (slight decrease) with time at Restored sites
can be due to (1) leaking dams leading to more runoff with time, (2) reduced evapotranspiration due to
changes in plant species (until new species establish), (3) other reasons and uncertainty in response, as estab-
lishing new conditions takes time (McCarter & Price, 2015; Taylor & Price, 2015). Furthermore, the WT in the
present study was measured at a single point placed at the center of typical peatland area within the catch-
ment. This could potentially introduce some errors in the results of this study, as WT measured at a single
point might not be representative of the condition in the entire catchment. The WT level and fluctuation
in peat-dominated catchments may vary spatially due to spatial variations in peat decomposition, plant
community composition, distance to ditches or natural channels, and presence of hummocks and hollows.
Hence, significant attention should be given to the representativeness of the WT data, especially when the
expected change in the WT level or WT related parameters is significantly small when compared with the
natural variability.

4.2. Runoff Dynamics in Peatlands

Catchment hydrological responses showed some seasonal variations. For similar average monthly climate
conditions (Figures 8a–8d), antecedent WT and WT during rainfall periods in Disturbed and Control-D condi-
tions showed a decreasing trend from May to August and an increasing trend in September and October
(Figures 8e–8j). In postrestoration periods, the antecedent WT in Restored and Control-R conditions showed
a slightly decreasing trend from May to July and increased after that (Figures 8g and 8h). However, the WT
during rainfall periods showed no noticeable change (Figures 8k and 8l). The WT level in April and May
can be expected to increase due to considerable snowmelt, followed by a decrease in WT in the absence
of rainfall (Figures 8e–8h) and sometimes even during rainfall periods (Figures 8i and 8j). In wetlands and
riparian zones where shallow WT conditions are common, evapotranspiration is an important parameter
for surface and subsurface water and energy balance (Soylu et al., 2012). During hydrograph recession (proxy
for dry period), where precipitation-induced moisture is less than the evapotranspiration rate, little water is
recharged to the WT and the WT level may decline (Korkmaz, 1990). This is especially true during hot summer
seasons where high evapotranspiration rates exceed available moisture from rainfall. Hence, evapotranspira-
tion is a key component of the water balance and a major factor for water loss in peatlands, especially during
dry periods (Lafleur et al., 1997; Price & Maloney, 1994; Waddington & Price, 2000). The WT gradually
increased in autumn, primarily due to a presumed decline in evapotranspiration (Figures 8e–8l).

Peat WT response (WT rise per rainfall input) was clearly higher in Disturbed conditions than observed for
other conditions (Figures 8m and 8n); however, the WT response in Restored and Control-R conditions
showed no significant differences (Figures 8o and 8p and Table 4). The WT response can reveal temporary
storage gain (recharge) of the WT. Peat under Disturbed conditions had the highest WT recharge but can
be expected to lose it almost immediately or over time as runoff water. However, the temporary increase
in water storage during rainfall events in Disturbed conditions raised the WT significantly and then decreased
theWT considerably duringWT recession due to smaller Sy values, whereas in the other treatment conditions
higher Sy values bufferedWT fluctuations (Figures 8y and 8zb and 7a–7d). Drainage-induced peat subsidence
due to collapse of large pores and enhanced peat decomposition increases peat bulk density (Price, 2003).
This eventually resulted in smaller Sy values at Disturbed sites (Table 3), which indicates that a small release
of stored water can cause a significant decline in WT level. Peat hydraulic parameters control flow dynamics
in peatlands (Rosa & Larocque, 2008). The mean bulk density of the top 40 cm of peat has been reported to
increase by about 63% after 7 years of peatland drainage (Silins & Rothwell, 1998). A higher rate of peat
decomposition decreases the fiber content of peat, consequently increasing bulk density, and raises the pro-
portion of small pores, which reduces the water yield capacity of peats after drainage (Price & Whitehead,
2001; Rezanezhad et al., 2010; Schlotzhauer & Price, 1999), and eventually alters the hydrological regime in
peatlands (McCarter & Price, 2015).

When the WT was higher and evapotranspiration was lower (May, June, and September), Disturbed condi-
tions had higher RC than Control-D, and both treatment conditions had almost identical RC during July
and August (Figures 8q and 8r). However, in the postrestoration period, no noticeable differences in monthly
RC values were seen between Restored and Control-R conditions except in September, when Restored con-
ditions showed significantly higher RC values than Control-R conditions (Figures 8s and 8t). The Disturbed
and Restored RC values showed no significant difference and restoration seemed to have no effect on
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monthly RC values (Figures 8q and 8s). However, the overall average RC values in Restored conditions
were higher than in Disturbed conditions (Figures 2a and 2i). Higher RC conditions in the postrestoration
period could be due to oversaturation of peatlands caused by drain damming, causing higher saturation-
excess overland and near-surface flows. After drain damming in peatlands, the frequency of occurrence of
surface water can increase by about 40% (Wilson et al., 2010), causing near-surface and saturation-excess
overland flow, which are typical runoff generation mechanisms of intact peatlands (Holden & Burt, 2003;
Quinton & Marsh, 1999). Observed near-surface and saturation-excess overland flow after drain damming
could thus be considered good indicators of peatland ecosystem recovery (Wilson et al., 2010). However,
raised WT levels after drain damming can cause higher runoff variability, depending on antecedent moist-
ure conditions and storm event dynamics (Ketcheson & Price, 2011). The monthly peak runoff rate
followed the pattern of RC and was dependent on the antecedent WT and WT levels (Figures 8u–8x
and supporting information Table S2).

4.3. Dependence of Catchment Hydrological Parameters on Temporal Resolution of Data

A previous study on the time scale dependency of hydrological parameters reported a strong dependency
with the temporal resolution of calibration (Finnerty et al., 1997). Another study reached similar conclusions
and suggested a methodology to relate hydrological parameter values to the time step (Littlewood & Croke,
2008). In the present study, the RC and Sy values obtained for hydrological events in the high temporal reso-
lution data and daily data were different, indicating the sensitivity of catchment-scale hydrological para-
meters to the temporal resolution of hydrological data. The mean RC and Sy quantified for hydrological
events selected using high temporal resolution data were significantly lower than the mean RC and Sy quan-
tified using daily resolution data (Table 3). One of the main issues in hydrological analysis is the accuracy of
the observed data and quantification of associated uncertainties that result from frequency of hydrological
data sampling and techniques applied when averaging temporal and spatial scales (Kavetski et al., 2011),
which may result in loss of valuable information in the data. A typical example of this is the use of average
rainfall data from multiple sparse rain gauge networks and average stream flow data for many hydrological
models, which introduces errors in the results due to missing information in the data during averaging. For
example, in this study peatland time-related hydrological parameters were quantified for rainfall events on
average less than once a day, except for some sites (Figures 3 and 5). However, had we used daily resolution
data to quantify time-related peatland hydrological parameters, we would have reached inaccurate conclu-
sions. As a result, we suggest careful consideration and selection of temporal resolution for data and scrutiny
of the time scale dependencies of hydrological parameters, so that correct conclusions for the intended pur-
pose can be reached.

5. Conclusions

The effects of drainage and restoration on the runoff dynamics in Finnish peatlands during ice- and snow-free
months (May–October) were studied by selecting several hydrological events during rainfall and no-rainfall
periods and comparing Disturbed sites with their undisturbed control counterpart. WT and associated
storage properties (e.g., Sy and WT response to rainfall event) responded quickly to restoration and can in
general be taken as good indicators of peatland drainage and restoration effects. Restoration significantly
moved the WT position toward the ground surface. The WT was previously located between an area of Sy
of 0.13–0.24 (Disturbed) and rose to an area of Sy of 0.31–0.44 (Restored). This resulted in highly and less
highly fluctuating WT conditions at the Disturbed and Restored sites, respectively. Mean RC quantified for
daily hydrological events under Disturbed conditions was slighter higher than in undisturbed control condi-
tions. Peatland restoration slightly increased the overall mean RC at Restored sites. Interestingly, 1 year after
restoration, restoration clearly affected the runoff dynamics, and the mean RC at Restored sites was lower
than under Disturbed and undisturbed control conditions. However, 2, 3, and 4 years after restoration, the
mean RC of Restored conditions was higher than under other treatment conditions and showed an increas-
ing trend. The clearest indicators of disturbance among event runoff parameters were the time variables, for
example, the mean transit time and time to peak runoff. Rainfall event water reached the catchment outlet
faster, and runoff peaked faster in Disturbed conditions than in other treatment conditions. Restoration
seemed to increase the time to peak flow and event water leaving time, as revealed by the IUH method.
However, runoff characteristics (e.g., RC) under Disturbed and undisturbed conditions seemed to vary
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greatly with respect to WT position, antecedent moisture conditions, peat heterogeneity, and temporal
resolution of data.
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