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Abstract:

High demand for horticultural peat has increased peatland drainage and peat extraction in Canada. The hydrology and carbon
cycling of these cutover peatlands is greatly altered, necessitating active restoration efforts to permit the regeneration of
Sphagnum mosses and the re-establishment of natural peatland function. The effect of peatland extraction and restoration on
the export of dissolved organic carbon (DOC) was examined for three successive seasons (May to October, 1999 to 2001) at
two different sites (cutover and restored) in eastern Québec. A shift towards higher DOC concentrations was observed following
peatland extraction (maximum: 182Ð6 mg L�1) and concentrations remained high post-restoration (maximum: 191Ð0 mg L�1).
The cutover site exported more DOC than the restored site in all three study seasons. The highest exports occurred during
the wettest year (1999), with cutover and restored site export of 10Ð3 and 4Ð8 g m�2, respectively. In 2000, 8Ð5 g C m�2 was
released from the cutover site, while the restored site released less than half that amount (3Ð4 g C m�2). In 2001, the restored
site released about the same amount of DOC as in the previous year (3Ð5 g C m�2), while the cutover site load dropped to
6Ð2 g C m�2. Both sites were net exporters of DOC in all years. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The demand for horticultural peat has recently increased
peatland drainage and extraction activities in Canada
(Cleary et al., 2005). Peatland drainage and extraction
severely alter the hydrology (Price, 1997; Price et al.,
1998; Schlotzhauer and Price, 1999) and by extension the
CO2 and CH4 dynamics (Tuitilla et al., 1999; Waddington
and Price, 2000; Waddington et al., 2002) of the peat-
land. Peatland drainage and vegetation removal alter the
mechanisms that control evapotranspiration and runoff
(Heathwaite, 1995; Van Seters and Price, 2001), while
the peat that is exposed at the surface after extraction
has a lower hydraulic conductivity, reducing ground-
water flow within the peatland (Price and Whitehead,
2001). The increased aeration of the peat enhances
oxidation thereby increasing bulk density and decreas-
ing specific yield (Price, 1997). This drop in specific
yield creates larger water table drawdowns and further
enhances peat oxidation during dry periods (Waddington
et al., 2002). These cutover peatlands have been espe-
cially impacted to the point where the natural regenera-
tion of Sphagnum is no longer possible (Campeau and
Rochefort, 1996) without active restoration (Rochefort
et al., 2003). Active peatland restoration (see Rochefort,
2003 for details) involves blocking drainage ditches, cre-
ating peak dykes and adding a straw mulch protective
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cover to increase surface humidity thereby improving soil
moisture and tension (Price et al., 1998) for Sphagnum
growth, which is added as diaspores below the mulch
during the restoration process. Consequently, peatland
drainage, extraction, and restoration have large impacts
on peatland water chemistry and export (Wind-Mulder
et al., 1996). Of particular interest is the export of dis-
solved organic matter, including dissolved organic carbon
(DOC).

DOC can have a profound impact on the acid-
ity (Gorham et al., 1986; Urban et al., 1989), nutri-
ent and pollutant transport (Thurman, 1985; Tipping,
1981; Kalbitz et al., 2000) of natural waters and can
represent an important component of the carbon cycle
of a peatland (Gorham, 1991). Several studies have
examined DOC distribution patterns, export and qual-
ity from natural peatland ecosystems (Moore, 1987;
Urban et al., 1989; Fraser et al., 2001) and noted
that hydrology is the major control on DOC produc-
tion, distribution and export in these ecosystems. For
example, zones of high DOC concentrations in nat-
ural peatlands have been linked to areas receiving
upland nutrients (Moore, 1987) and areas of high evap-
otranspiration (Moore, 1987; Waddington and Roulet,
1997). Consequently, the changes in hydrology and peat
decomposition following peat extraction and restora-
tion are likely to have large impacts on DOC export
and dynamics. However, while Glatzel et al. (2002)
examined the relationship between CO2 emissions and
DOC concentrations in abandoned cutover and restored
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peatlands, no study has been conducted on the effect of
peat extraction and restoration on DOC export in peat-
lands. The objective of this paper is to determine the
effect of peatland extraction and restoration on DOC
export.

STUDY AREA

This study was carried out at the cutover and restored por-
tions of the 210 ha Bois-des-Bel (BDB) peatland, located
14 km east of Rivière-du-Loup, Québec (47 °580N,
69 °250W) (Figure 1). An 11Ð5 ha portion of the bog
was drained in 1972, separated into 11 approximately
30 m ð 300 m peat fields, and cutover using the vac-
uum extraction technique from 1973 to 1980. The mean
annual temperature is 3 °C and the mean January and July
temperatures are �12 °C and 18 °C respectively (Environ-
ment Canada, 1993).

Restoration, as described by Rochefort et al. (2003),
began in the autumn of 1999, separating the cutover
(extracted) portion of the peatland into two catchments;
a 7Ð2 ha restored section (peat fields 1 to 8) and a 1Ð8 ha
cutover section (peat fields 9 to 11) (Figure 1). Peat
dykes were constructed on the restored site to increase
water retention during high flow periods. The dykes
divided the restored area into four zones (Figure 1).
Zones 2, 3 and 4 were restored in the autumn of
1999 and zone 1 was restored in 2000. Two shal-
low pools (maximum depth D 1Ð5 m, length D 13 m,
width D 5 m) were also created in each of zones 1 to
4, to attract aquatic and amphibian species (Figure 1).
Pond vegetation from a natural peatland pond was intro-
duced into one of the pools in each zone in the sum-
mer of 2000. During restoration all vegetation from
the restored site was cut and the surface of the peat-
land was milled. The cut vegetation, in many cir-
cumstances, was used as fill for the drainage ditches.
Moss and vascular vegetation increased to 23% and

Figure 1. Bois-des-Bel peatland showing the restored and cutover sites
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10% of the restored site surface area respectively by
2001.

METHODOLOGY

DOC chemistry and hydrometric data were collected dur-
ing the growing seasons (early May to mid- October)
for three successive years (1999 to 2001). Snowmelt
discharge and DOC chemistry were sampled from late
March to the end of April, 2001. Three summer storms
were also examined in 2001: a medium intensity storm
with wet antecedent conditions in May (days 132 and
133), a high intensity storm with dry antecedent condi-
tions in July (day 205) and a medium intensity storm with
dry antecedent conditions in August (days 238 and 239).

Peatland hydrology

Stage was recorded continuously at the outflow ditches
(Figure 1) in 1999 and 2000 using a potentiometric
water level recorder, while in 2001 stage was recorded
using a Remote Data System (RDS) water level recorder.
Stage recorders were either placed in a V-notch bucket
below the outflow or behind a V-notch weir. Discharge
was measured by developing a stage-discharge rating
curve at each outflow ditch and for each study season.
Precipitation was measured using both a tipping bucket
and a manual rain gauge at a meteorological station
located in the restored site (Figure 1). During the 2001
snow melt period, the snow pack in the peatland melted
before that of the adjacent agricultural ditch causing
water to back-up in parts of the two main drainage
ditches. During this time discharge from the cutover
and restored sites was estimated using salt dilution
experiments. These estimates corresponded well with
direct discharge measurements when the culverts were
only partially flooded.

Water sampling

Water samples from the catchment outflows were
collected three times a week from May to October in each
field season, while surface water samples from ditches
and pools were collected once a week from early May to

early October in 2001. Rainfall samples were collected
after each rain event. Samples were filtered using 0Ð7 µm
Whatman GF/F filters and stored at 4 °C until analysis.
Subsamples for total DOC were stored in 7 mL glass
vials and were transferred in coolers for analysis at the
National Water Research Institute in Burlington, Canada.
The remainder of the sample was stored in plastic cups
at 4 °C until further analysis.

DOC analysis

DOC was analysed using high temperature catalytic
oxidation using a Dohrmann DC-190 Total Carbon Anal-
yser (Rosemount Analytical Inc., Dohrmann Div., Santa
Clara, CA USA) or a Shimadzu TOC 5000A instru-
ment (Shimadzu, Tokyo, JP). Filtered water samples were
acidified with 20% phosphoric acid and purged for five
minutes with the instrument’s carrier gas, zero air or
oxygen, to remove dissolved inorganic carbon prior to
injection for DOC determination. All determinations were
corrected for system blank, estimated daily by regressing
the results of low concentration standards (0, 2, 5 mg C
L�1) analysed as samples, against their ‘true’ value. The
system blank corrects for a combination of blank sources
internal to the instruments and also residual carbon in the
reagent water used to make the standards.

RESULTS

Baseflow hydrology and DOC

Over the three study seasons precipitation was lowest
in 2000 and highest in 1999 (Table I). Precipitation
events were relatively evenly distributed in each season
(Figure 2a), however, they were all drier than the 30-
year average (423 mm) for the Rivière-du-Loup region
(Environment Canada, 1993).

In 1999 (pre-restoration) there was no significant dif-
ference in average seasonal water table position between
the restored (�46Ð3 cm) and cutover sites (�49Ð8 cm)
(Table I). In 2000, one year after restoration, the aver-
age seasonal water table position at the restored site
was higher (�32Ð1 š 8Ð5 cm) than at the cutover site
(�46Ð3 š 7Ð7 cm). In 2001, the mean water table at the

Table I. Hydrologic variables at the Bois-des-Bel peatland between 8 May and 13 October of each year (25 June to 13 October for
1999)

Year Site Precipitation (mm) Water table position (cm) Runoff (mm) Peak Discharge (L s�1)

Avg. Min. Max.

�22Ð7 �34Ð2 �14Ð2 n/a n/a
1999 Cutover 370 �49Ð8 �77Ð4 �41Ð5 96Ð7 0Ð54

Restored 370 �46Ð3 �38Ð5 �75Ð5 56Ð8 1Ð60
2000 Cutover 270 �46Ð3 �33Ð2 �67Ð2 103Ð5 2Ð59

Restored 270 �32Ð1 �49Ð4 �13Ð1 33Ð4 1Ð13
2001 Cutover 336 �41Ð2 �54Ð4 �24Ð7 95Ð1 1Ð68

Restored 336 �30Ð6 �65Ð4 3Ð5 23Ð1 1Ð33

Discharge values in 1999 are between 25 June and 5 October (JD D 176 to 278).
For ease of comparison of the years, rain data presented between 18 May and 5 October (JD D 138 to 278) (rain data is not available before 18 May
1999).
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Figure 2. (a) Precipitation, (b) discharge, and (c) DOC concentration at the restored and cutover sites during the three study periods

restored site was significantly (t-test, P < 0Ð05) higher
(�30Ð6 š 15Ð8 cm) than at the cutover site (�41Ð2 š
7Ð7 cm).

In 1999, runoff from the restored and cutover sites was
57 and 97 mm, respectively, with maximum discharge at
the cutover site (0Ð54 L s�1) on 26 July (day 207) and
at the restored site (1Ð60 L s�1) on 29 July (day 210)
(Figure 2b). The number of days when discharge was
lower than 0Ð01 L s�1 was the same at both sites lasting
25 days between 22 August (day 234) and 16 September
(day 259). In 2000, the year following restoration, runoff
decreased at the restored site to 33Ð4 mm, while runoff
at the cutover site increased to 103Ð5 mm. Discharge
decreased steadily at the two sites after the spring
wet-period, when the maximum peak discharge was
measured at the restored site (1Ð13 L s�1) on 9 May
(day 129). Discharge increased again in the autumn when
the maximum discharge at the cutover site (2Ð7 L s�1)
occurred on 12 October (day 285). The cutover site
experienced 35 consecutive days between 15 June and 20
July (days 165 to 202) when average daily discharge was
lower than 0Ð01 L s�1, while the restored site experienced
only three consecutive days (21–23 July, days 203 to

205) (Figure 2b). In 2001, maximum daily discharge was
1Ð7 and 1Ð3 L s�1 on 13 May (day 134) at the cutover
and restored site, respectively, which coincided with a
27Ð9 mm rain event (Figure 2b). Although the cutover
site had higher discharge during the wetter spring and
autumn seasons, the discharge at the restored site was
higher during the summer dry period, experiencing fewer
days (four non-consecutive days, and three consecutive)
when average daily discharge was below 0Ð01 L s�1. The
cutover site experienced 24 (18 June to 12 July, days 170
to 190) and 38 (3 August to 20 September, days 214 to
244) consecutive days when discharge was lower than
0Ð01 L s�1. Seasonal runoff was higher at the cutover
site (95Ð1 mm) than at the restored site (23Ð1 mm).

Average DOC concentration in rainwater in 2001 was
3Ð5 š 2Ð2 mg L�1 and ranged from 0Ð9 to 8Ð6 mg L�1.
DOC concentrations were highly variable at the outflows
of the restored and cutover sites over the three study
seasons (Figure 2c). In general DOC increased from
¾60 to 70 mg L�1 in early May to peak concentrations
of 150 to 190 mg L�1 in mid-July to August and
decreased to ¾90 to 110 mg L�1 in September and
October. An exception to this was observed in 1999
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when the lowest DOC concentrations were measured
at the outflows (36Ð7 and 32Ð2 mg L�1 at the restored
and cutover sites respectively) on 16 September (day
250) during the largest storm event (51Ð2 mm) recorded
during the three study seasons (Figure 2a). Maximum
DOC concentrations for the three study seasons occurred
in 2000 when concentrations at the restored site increased
to 191Ð0 mg L�1 on 19 July (day 201) and 182Ð6 mg L�1

at the cutover site on 4 September (day 238) (Table II). In
general, low DOC concentrations were observed during
high flow periods in the spring and autumn, and high
concentrations during the summer when discharge was
low (Figure 2b,c). However, there was no significant
correlation between discharge and DOC concentrations
in 1999 and 2001 (R2 < 0Ð1), even when the data was
separated into low and high discharge periods. In 2000,
a weak negative correlation (R2 D 0Ð52) existed at the
restored site but not at the cutover site.

Before restoration in the autumn of 1999, seasonal
average outflow DOC concentrations were not signifi-
cantly different (P > 0Ð05) between the restored (99Ð4 š
35Ð1 mg L�1) and cutover (104Ð2 š 30Ð4 mg L�1) sites.
There was no significant difference (P > 0Ð05) between
average DOC concentration at the cutover site before
and after restoration (mean 107Ð6 š 25Ð6 mg L�1) in
1999 and 2000, however in 2001 DOC concentrations
decreased (mean 87Ð5 š 14Ð8 mg L�1) (Table II). There
was a significant (P < 0Ð05) increase in DOC concentra-
tions after restoration at the restored site, which remained
consistently higher in 2000 (mean 119Ð0 š 26Ð9 mg L�1)
and 2001 (mean 108Ð7 š 15Ð9 mg L�1) compared to val-
ues in 1999. DOC concentrations at the restored site were
significantly (P < 0Ð05) higher than that at the cutover
site in both 2000 and 2001.

Snowmelt hydrology and DOC

Snow water equivalent at the restored and cutover
sites was 137 and 150 mm, respectively, in mid-March,
2001. Before snowmelt, discharge from the restored
and cutover sites was low (¾0Ð05 L s�1) (Figure 3a).
Discharge increased during the main snowmelt period
in mid April (days 101 to 115) at both sites to a peak
of 16Ð6 and 25Ð1 L s�1 at the cutover and restored
sites, respectively (Table III). The restored site returned
to baseflow conditions faster than at the cutover site.

Runoff for the snowmelt period was 433 and 125 mm
at the cutover and restored sites, respectively. However,
after the melt it was observed that the large runoff at the
cutover site was due to a failed or unblocked inflow ditch
in the north-east section of the cutover site.

Several open water pools formed during the snowmelt
period, particularly in the southeast corner of zones 3
and 4 as well as in the depressions that were still present
along the old drainage ditches. Water moved from the
restored site peat fields via either the drainage ditches or
along the surface and then to the outflow. Ice cover on
the ponds began to break-up during the major melt event
(day 113) becoming ice-free three days later.

DOC concentrations decreased with increasing dis-
charge during the snowmelt period at the outflow of

Figure 3. (a) Runoff and (b) DOC concentration for the snowmelt event.
The main melt event took place between days 105 and 115 of year 2001

Table II. DOC concentrations and export at the cutover and restored natural sites for the 1999, 2000, and 2001 study periods (8 May
to 13 October; 25 June to 13 October for 1999)

Year Site n DOC concentration (mg L�1) DOC export (g C m�2)

Average Minimum Maximum

1999 Cutover 38 104Ð2 š 30Ð4 33Ð2 175Ð4 10Ð3
Restored 38 99Ð4 š 35Ð1 36Ð7 156Ð9 4Ð8

2000 Cutover 44 107Ð6 š 25Ð6 58Ð8 182Ð6 8Ð5
Restored 46 119Ð0 š 26Ð9 64Ð9 191Ð0 3Ð4

2001 Cutover 38 87Ð5 š 14Ð8 76Ð9 121Ð0 6Ð2
Restored 39 108Ð7 š 15Ð9 58Ð5 149Ð3 3Ð5

Units are mg C m�2.
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Table III. Hydrometric variables and DOC concentration during high flow (snowmelt and storms) events

Event Rain (mm) Site Water table (cm) Discharge
(L s�1)

DOC concentration
(mg L�1)

DOC export
(g C m�2)

min. max. min. max. avg. min. max.

Snowmelt 150a Cutover n/a n/a 0Ð05 16Ð6 47Ð6 27Ð3 78Ð0 43Ð60
137a Restored n/a n/a 0Ð05 25Ð1 42Ð1 15Ð5 76Ð1 8Ð30

May 12–13 27Ð9 Cutover �34Ð1 �21Ð9 0Ð18 2Ð12 58Ð3 54Ð7 61Ð9 0Ð20
Restored �15Ð5 C3Ð5 0Ð35 2Ð50 81Ð6 75Ð9 97Ð2 0Ð60

July 24–25 20Ð4 Cutover �38Ð7 �33Ð1 0Ð01 0Ð57 91Ð6 76Ð1 97Ð2 0Ð02
Restored �31Ð0 �11Ð0 0Ð05 2Ð50 120Ð7 83Ð7 135Ð0 0Ð06

August 26–27 22Ð6 Cutover �48Ð3 �37Ð6 0Ð00 0Ð06 82Ð1 66Ð5 94Ð1 0Ð01
Restored �50Ð4 �30Ð7 0Ð01 0Ð56 101Ð6 87Ð4 131Ð4 0Ð02

a Values indicate pre-snowmelt snow water equivalent (mm).

the two catchments. A strong negative correlation
(R2 D 0Ð76) existed between discharge and DOC con-
centration at the restored site, while a weaker negative
correlation existed at the cutover site (R2 D 0Ð56) during
the snowmelt period. Before snowmelt, DOC concentra-
tions (60 to 70 mg L�1) were comparable to late summer
values (Figure 3b). The average DOC concentration dur-
ing the snowmelt-sampling period was 47Ð6 š 14Ð5 and
42Ð1 š 20Ð6 mg L�1 (Table III). There was no signifi-
cant difference in DOC (P < 0Ð05) between the two sites
during snowmelt. Before the main melt event the DOC
concentrations initially increased at the cutover site, and
then decreased once discharge increased from the site.
This was not observed at the restored site where DOC
concentrations decreased steadily as the snowmelt began.
During the high flow period of the snowmelt (days 101
to 115) water from the outflow of the cutover site had
higher DOC concentration (average of 42Ð1 mg L�1) than
the restored site (average of 26Ð0 mg L�1). The DOC con-
centration of the snow pack ranged from 0Ð9 to 1Ð5 mg
L�1.

Stormflow hydrology and DOC

The May storm event (days 132 to 133) was a 27Ð9 mm
rain event lasting 11 h. This storm occurred early in the
season, when there was still some residual ponding from
snowmelt at the restored site in Zones 3 and 4. Water
levels in these ponds increased during the storm and all of
the drainage ditch depressions filled with water. Surface
flow was observed flowing south from Zone 4 to the
main collector ditch of the restored site through a pipe
placed in the dyke to decrease flooding in Zone 4. At
the cutover site, water collected in the drainage ditches
on either side of Field 10. Discharge at the cutover site
during the May storm increased from 0Ð18 L s�1 to 2Ð12
L s�1 in 9Ð4 h. At the restored site discharge started off
higher, increasing from 0Ð35 L s�1 to 2Ð5 L s�1 in 4Ð8 h.
The water table rose by 19 cm at the restored site to
3Ð5 cm above the surface (Table III), while at the cutover
site the water table increased by 12Ð2 cm but remained
below the surface (Table III). DOC concentration was
not variable during the May storm event (Figure 4b).
Water from the restored site had consistently higher DOC

concentration (81Ð6 š 5Ð2 mg L�1) than the cutover site
(58Ð3 š 2Ð5 mg L�1) (Table III). Higher concentrations
were observed following a two-day lag after the main
event.

The July storm (day 205) was a high intensity thun-
derstorm (peak intensity of 18Ð1 mm in 30 min). This
storm followed a ten-day period when the total precipi-
tation was 8Ð9 mm. At this time there was no open water
present at the site other than the constructed pools at the
restored site. Discharge at the cutover site prior to the
storm was insignificant (0Ð006 L s�1) and at the restored
site it was ten times higher (0Ð05 L s�1), but still low com-
pared to earlier spring conditions (Figure 2b). Following
the storm, discharge increased quickly at the restored site
reaching the peak of 2Ð5 L s�1 in 1Ð2 h. At the cutover
site, peak discharge (0Ð57 L s�1) was reached in 4Ð3 h
(Figure 4). The water table rose 5Ð6 cm at the cutover site
and 20Ð0 cm at the restored site (Table III). Following the
storm, water level in the ponds rose ¾5 cm and water also
collected in old ditch depressions at the restored site. At
the cutover site water collected in the drainage ditches.
Mean DOC concentration at the cutover site (Figure 4b)
decreased by 19Ð6 mg L�1 while at the restored site
they decreased by 44Ð9 mg L�1 (Table III) compared
to pre-storm values during peak discharge. Maximum
DOC concentration (97Ð2 mg L�1) at the cutover site
occurred before the storm. Concentrations returned to
levels similar to pre-storm conditions approximately 6 h
after the main event. DOC concentrations at the restored
site increased steadily following the main event to a max-
imum of 135 mg L�1 (Figure 4b).

During the 15-day period preceding the August storm
(days 238 to 239) 31Ð5 mm of rain fell. Water tables
were low before the storm at both the cutover (�48Ð3 cm)
and restored sites (�50Ð4 cm) (Table III). The only open
water was in the restored site ponds. The rain event lasted
12 h during which time 22Ð6 mm of rain fell. Discharge
at the cutover site increased from 0Ð002 L s�1 to 0Ð06 L
s�1 in 7Ð9 h (Figure 4a). The restored site had higher dis-
charge (0Ð01 L s�1) before the storm, which increased to a
peak of 0Ð56 L s�1 in 9Ð8 h (Figure 4a). Water table posi-
tion rose to �37Ð6 and �30Ð7 cm at the cutover site and
restored site, respectively (Table III). This lower intensity
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(a)

(b)

Figure 4. (a) Discharge and (b) DOC concentration during three summer storms: medium intensity storm with wet antecedent conditions in May
(days 132 and 133), high intensity storm with dry antecedent conditions in July (day 205), medium intensity storm with dry antecedent conditions

in August (days 238 and 239)

August storm had a similar effect on DOC concentration
to the July storm except that reduced DOC concentra-
tions occurred for a longer period following the storm
(Figure 4b). On average, site discharge had higher DOC
concentration (101Ð6 š 4Ð4 mg L�1) than the cutover site
(82Ð1 š 11Ð0 mg L�1). Again minimum DOC concentra-
tions were observed during peak discharge when DOC
decreased to 66Ð5 and 87Ð4 mg L�1 at the cutover and
restored sites, respectively. Following this dip, concen-
trations at the cutover site increased quickly to pre-
storm concentrations (94Ð1 mg L�1), and stayed at these
levels. At the restored site a steady increase of DOC
was observed following the event and DOC concentra-
tions increased steadily to a maximum of 131Ð4 mg L�1

(Figure 4b).

DOC export

The cutover site exported more DOC than the restored
site in all three study seasons. The highest exports
occurred during the wettest year (1999) with cutover and
restored site export of 10Ð3 and 4Ð8 g m�2, respectively
(Table II). In 2000, 8Ð5 g C m�2 was released from the
cutover site, while the restored site released less than
half that amount (3Ð4 g C m�2). In 2001, the restored
site released about the same amount of DOC as in
the previous year (3Ð5 g C m�2), while the cutover
site load dropped to 6Ð2 g C m�2. Based on rain
DOC concentrations obtained in 2001, DOC input was
estimated to be 1Ð3, 0Ð9, and 1Ð2 g C m�2 for the 1999,
2000, and 2001 study seasons respectively. Consequently,
both sites were net exporters of DOC in all years.

DOC export for the snowmelt period at the restored and
cutover site was 8Ð3 and 43Ð6 g C m�2 respectively. The
export from the cutover site, however, is in error because
the ditch was not completely blocked. DOC export for
the May storm was 0Ð2 and 0Ð6 g C m�2 at the cutover

and restored sites, respectively (Table III). Restored site
DOC export was also three times that of the cutover site
during the July event but the fluxes were two orders
of magnitude lower. Only 0Ð007 to 0Ð02 g C m�2 was
exported during the August event at the two sites.

DISCUSSION

Changes in DOC concentrations

Glatzel et al. (2002) suggested that peatland extraction
would shift peat pore-waters to higher DOC concentra-
tions and that post-extraction pore-water DOC concen-
trations in cutover peatlands would decrease as readily
degradable carbon decreased. Moreover they stated that
DOC concentrations would remain low in restored sites
until new vegetation colonized it. Results from this study
certainly show a large increase in pore-water DOC con-
centrations at cutover sites relative to natural sites, and
increased decomposition due to large water table draw-
downs likely causes these higher DOC concentrations.
However, for the most part, the findings at the cutover
and restored site do not follow the Glatzel et al. (2002)
conceptual model. Rather, DOC concentrations at the
outflows, ponds and ditches in the restored site were actu-
ally higher than the cutover site in the first two years
post-restoration. The restoration process adds straw to
the surface to reduce evapotranspiration. This straw is
more labile than the invasive vegetation at the cutover site
(Toth, 2002) and results in increased decomposition. The
addition of Sphagnum diaspores to the peat surface and
the emergence vegetation at the site also increases over-
all carbon quality/decomposability at the site. Moreover,
water table fluctuations at the restored site are actually
greater than at the cutover site (Shantz and Price, 2006)
thereby enhancing decomposition. It is likely that decom-
position and DOC leaching will not decrease at this site
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until these water table fluctuations are reduced. For this
to happen a new moss layer (new acrotelm) of 20–25 cm
must grow. Fresh moss has a specific yield approximately
one order of magnitude higher than cutover peat.

Seasonal variations in DOC concentrations in this
study were consistent with findings by other researchers
(Moore, 1987; Scott et al., 1999) who reported lower
DOC concentrations in the spring and autumn and higher
concentrations in the summer months. DOC concentra-
tions increased during the dryer summer months when
both plant and microbial activity were highest, and
concentrations decreased during periods of high flow
when wetter conditions resulted in higher discharge
(Figure 2c). Seasonal variations are lower at the natural
site than at the cutover and restored sites, where DOC
concentrations increased almost two-fold.

DOC export

The construction of drainage ditches before peat
extraction results in a large increase in runoff (Price,
1997) while blocking drainage ditches and creating dykes
during the restoration process helped retain water fol-
lowing spring melt and heavy rain events (Shantz and
Price, 2006), resulting in a higher average water table
and lower runoff. For example, runoff decreased 84%
in the first year post-restoration despite a 27% decrease
in rainfall between the two study seasons. Moreover,
the seasonal runoff ratio was only 2 to 3% compared
to 15% before restoration. Since hydrology has a con-
trolling influence on DOC export (Urban et al., 1989;
Waddington and Roulet, 1997; Fraser et al., 2001) it is
not surprising that these changes in the hydrologic con-
ditions directly influenced DOC export at Bois-des-Bel
as well. Despite the large decrease in runoff from block-
ing ditches, DOC export did not decrease as much as
expected at the restored site due to the increase in DOC
concentrations from enhanced leaching mentioned earlier.

The restored and cutover sites behaved similarly to
natural peatlands where the largest runoff and DOC
export event of the year occurred during snowmelt
(Schiff et al., 1997), exporting over 8 g C m�2, which
is about double the summer export. The hydrograph
of the restored site was more responsive than that of
the cutover site, likely due to wetter conditions at the
two sites before freeze-up. Differences in pre-freeze-
up conditions and subsequent differences in snowmelt
responses also likely affected the DOC concentrations
during the main melt event. During the early part of
the melt, DOC concentrations increased at the cutover
site to levels higher than before melting began. Towards
peak runoff, DOC concentrations decreased significantly.
Studies of headwater catchments have noted similar
trends (Boyer et al., 1997), attributing this increase to
increased heterotrophic activity under the snow pack
during this period.

Many studies have examined the effect of storms on
the ability of soils to release DOC. Both laboratory and
field experiments have demonstrated that precipitation

and water fluxes are responsible for seasonal changes
in DOC concentration in runoff (Kalbitz et al., 2000).
McDowell and Wood (1984) demonstrated that contact
between water and the organic substrate can cause
increased leaching followed by increased dilution of
DOM once the available pool was flushed. Similar
conclusions were reached by Cronan (1990), who found
that DOC concentrations increased in a soil solution
with longer contact time. Forest soil studies indicated
that the highest DOC concentrations are reached upon
rewetting following a dry period (Easthouse et al. 1992).
Tipping et al. (1990) suggested that an adsorbed pool of
carbon that was accumulated during the dry periods and
subsequently mobilized upon re-wetting was responsible
for the increased DOC observed upon moisture input.
Considering these findings it was expected that the
three storm events studied would present similar DOC
dynamics.

Before the May storm there was limited time for DOC
production since this event followed closely after the
spring melt when the site was still largely saturated. Even
though discharge increased ¾10-fold, DOC concentra-
tions remained similar at both sites. This suggests that
both the restored and the cutover site were likely export-
ing DOC at their maximum potential. It also suggests
that the site, in terms of DOC release, was well con-
nected and no pools of stagnant DOC developed during
this period. This is consistent with laboratory findings by
Gödde et al. (1996) who found that sequential frequent
leachings of soil samples produced DOC at a constant
rate.

The July and August storms, on the other hand,
occurred following dry periods when the water table was
substantially lower. The increase in DOC observed at
the end of this experiment indicated that the rain event
created a hydrological connection with high DOC pools.
The intensity of the storm events however had some
effect on DOC concentration. The lower intensity August
storm caused a longer and more significant increase of
DOC following peak discharge, indicating that the rate
of infiltration of rainwater also allowed more substantial
flushing of the different DOC pools.

The pattern at the cutover site was different from that
described above and the summer storms were found to
have only a dilution effect on the DOC concentrations.
Examining the DOC concentrations there was no evi-
dence that during these summer rain events pools of
increased DOC production were connected to the out-
flows. This may be a result of the dryer conditions expe-
rienced at the cutover site. Both hydrographs indicate
that a large part of the rainfall is incorporated into stor-
age rather than runoff therefore the mobilization of DOC
on a larger scale was likely not possible.

Compared to the DOC export values calculated for the
snowmelt period, stormflow is not a major exporter of
DOC from restored and cutover peatlands. The largest
DOC export during storm flow (0Ð6 g C m�2) occurred
during the spring under wetter conditions when 17 and
3% of the non-snowmelt period DOC export occurred at
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the restored and cutover sites, respectively. Contribution
of the July and August storms were much less since dry
conditions at the sites during this period failed to produce
strong runoff responses as observed in the spring.

CONCLUSIONS

Peat extraction results in an increase in both runoff
and DOC porewater concentrations and therefore DOC
export from peatlands. This DOC export is largest during
snowmelt and remains high many years post-peatland
abandonment. Within the first few years post-restoration,
DOC export is reduced by approximately one-half despite
a major reduction in runoff. The high DOC export
remains due to the combined effects of enhanced DOC
production due to enhanced water table fluctuations and
an increase in labile carbon from the addition of straw and
Sphagnum diasporas used in the restoration process and
also from emerging vegetation. We suggest that the DOC
export from restored peatlands will remain high until a
new surface moss layer develops that can constrain water
table fluctuations.

One of the goals of peatland restoration is to reduce
carbon losses from cutover peatlands. Fraser et al. (2001)
noted that DOC can be an important component of the
carbon budget of sites where gaseous carbon fluxes are
low. However, at the Bois-des-Bel peatland the major
carbon loss to the atmosphere is CO2. Estimates of the
CO2 flux prior to restoration in 1999 were ¾520 g C
m�2 (Petrone et al., 2001). The DOC flux before the
restoration period was only 1Ð5% of this flux. The year
after restoration CO2 fluxes were 358 and 478 g C m�2 at
the cutover and restored sites respectively (Petrone et al.,
2001). As such, the export of DOC is not important
from a carbon budget perspective. However because
even low concentrations of DOC have the potential to
acidify natural waters of low alkalinity (Gorham et al.,
1986; Urban et al., 1989), the downstream ecological
and biogeochemical implications of the release of high
concentration of DOC are great. As such we suggest that
efforts should be made to restore cutover peatlands as
soon as peat extraction ceases.
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Hydrological Processes 20: 3799–3814.

Thurman EM. 1985. Organic Geochemistry of Natural Waters . Martinus
Nijhoff/Dr W. Junk Publishers: Dordrecht.

Tipping E. 1981. The adsorption of aquatic humic substances by iron
oxides. Geochemica et Cosmochemica Acta 45: 191–199.

Tipping E, Reddy MM, Hurley MA. 1990. Modeling electrostatic and
heterogeneity effects on proton dissociation from humic substances.
Environmental science and Technology 24: 1700–1705.
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