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Abstract:

Peatlands play an important role in the global carbon cycle, and loss of dissolved organic carbon (DOC) has been shown to be
important for peatland carbon budgets. The objective of this study was to determine how net production and export of DOC
from a northern peatland may be affected by disturbance such as drainage and climate change.

The study was conducted at a poor fen containing several pool-ridge complexes: (1) control site—no water table
manipulation; (2) experimental site—monitored for one season in a natural state and then subjected to a water table drawdown
for 3 years; (3) drained site—subjected to a water table drawdown 9 years prior to monitoring. The DOC concentration was
measured in pore water along a microtopographic gradient at each site (hummock, lawn and hollow), in standing water in
pools, and in discharge from the experimental and drained sites. The initial water table drawdown released ~3 g of carbon
per square metre in the form of DOC, providing a large pulse of DOC to downstream ecosystems. This value, however,
represents only 1-9% of ecosystem respiration at this site. Seasonal losses of DOC following drainage were 8—11 g of carbon
per square metre, representing ~17% of the total carbon exchange at the experimental study site. Immediately following
water table drawdown, DOC concentrations were elevated in pore water and open water pools. In subsequent seasons, DOC
concentration in the pool declined, but remained higher than the control site even 11 years after water-table drawdown. This
suggests continued elevated net DOC production under lower water table conditions likely related to an increase in vegetation
biomass and larger water table fluctuations at the experimental and drained sites. However, the increase in concentration was
limited to initially wet microforms (lawns and hollows) reflecting differences in vegetation community changes, water table
and soil subsidence along the microtopographic gradient. Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the

Queen in right of Canada.
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INTRODUCTION

Northern peatlands play a significant role in the global
carbon cycle and sequester approximately one-third of
the global soil carbon pool (Gorham, 1991) primarily
through peat accumulation in anoxic soils (Clymo, 1984).
Whereas many studies suggest that carbon continues to
accumulate in peat soils (e.g. Waddington and Roulet,
1996; Bubier et al., 1999; Asada and Warner, 2005), most
do not account for hydrologic losses of carbon. Such
losses can be important when determining carbon storage
in peatlands (Billett et al., 2004) and may be increasing
(Freeman et al., 2001; Worrall et al., 2003).

Dissolved organic carbon (DOC) is operationally
defined as organic carbon that is smaller than 0-45 um
in diameter (Thurman, 1985). DOC is found in concen-
trations ranging from 3 to 400 mg 17! in natural peatlands
and averages 30 mg 17!, whereas DOC export from peat-
lands is 5-40 g m—2 year‘l (Thurman, 1985; Moore,
1998). Moreover, the proportion of peatland area within
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a watershed is related to DOC export (Koprivnjak and
Moore, 1992; Mattsson et al., 2005) and DOC loss may
be important for determining peatland carbon balances
(Moore, 1998; Billett et al., 2004). In addition, DOC
plays many important ecological and geochemical roles
both within peatlands and in downstream ecosystems,
affecting acidity, nutrient availability, metal mobility and
light penetration in aquatic habitats (Steinberg, 2003).
DOC export from peatlands occurs in two stages:
(1) the production of DOC and (2) export. High net
production in peatlands is due to the largely anaerobic
soil conditions (e.g. Moore and Dalva, 2001). Increases in
primary productivity can result in higher concentrations
of peatland DOC (Freeman et al., 2004). DOC export is
controlled by site hydrology (Hinton et al., 1997; Fraser
et al., 2001; Pastor et al., 2003) and is generally greater
from peatlands with higher measured discharge (Fraser
et al., 2001; Freeman et al., 2001). Storm events also play
a large role in DOC export, causing flushing of DOC-rich
water from peatlands to downstream ecosystems (Hinton
et al., 1997). Thus, any disturbance altering factors
affecting DOC production or hydrology could potentially
change the quantity and chemistry of exported DOC.
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Northern peatland water tables may be lowered by
drainage (e.g. Moore and Roulet, 1993; Price, 2003) or
climate change (Roulet et al., 1992). Many peatlands
are drained for forestry, agriculture or peat extraction
(Moore, 2002; Joosten and Clarke, 2002). This process
involves the construction of ditches, thereby increasing
both peatland discharge (Van Seters and Price, 2002) and
DOC export. Also, lowered water tables will initially
cause surface subsidence as a result of peat compression
(Price and Schlotzhauer, 1999; Price, 2003). This, in turn,
decreases hydraulic conductivity and specific yield and
increases the magnitude of water table fluctuations (Price
and Schlotzhauer, 1999; Price, 2003; Whittington and
Price, 2006). Through time, continued subsidence occurs
as a result of peat oxidation (Schothorst, 1977; Price and
Schlotzhauer, 1999; Price, 2003).

Under climate change, persistent water table drawdown
may result in the maintenance of the water table at a
level, relative to the surface, that is similar to pre-drainage
conditions as a result of continued peat subsidence (e.g.
Whittington and Price, 2006). In addition, a change in the
vegetation community may occur as observed in naturally
(Foster et al., 1988) and artificially drained peatlands
(Minkkinen et al., 2002; Strack et al., 2006). If this
results in increased vegetation productivity then it may
enhance production and export of DOC (Freeman et al.,
2004). Thus, long-term DOC dynamics are influenced by
ecological as well as physical and hydrological changes.
This complex interplay of processes leads to questions
regarding the applicability of short-term drought studies
when considering climate change scenarios.

Therefore, the aim of this study was to compare the
concentration of DOC in pore water and surface water,
and DOC export between a natural peatland, a peatland
with newly imposed drainage and water table drawdown,
and a peatland with the water table lowered 9 years prior
to the study. Specifically, the objectives were (1) to deter-
mine the effect of peatland drainage on DOC export
during the initial ditching, subsequent two growing sea-
sons and following 9 to 11 seasons of persistent water
table drawdown, (2) to determine the impact through
time of persistent water table drawdown on DOC dynam-
ics in peatland pore water and open water pools, (3) to
determine whether changes in pore water DOC dynamics

induced by water table drawdown varied between peat-
land microforms, and (4) to investigate ecohydrological
controls, such as water table and vegetation productiv-
ity, on peatland DOC dynamics. The results will provide
insight regarding the interaction between hydrology and
ecology for controlling peatland DOC dynamics, provide
information about the potential response of peatland DOC
dynamics to climate change, and provide an estimate of
DOC exported via peatland drainage.

MATERIALS AND METHODS

Study area

The study site is a poor fen fragment (see Kell-
ner et al. (2004)) with peat depth of 0-8—1-5 m under-
lain by clay mineral soil located in St-Charles-de-
Bellechasse, Québec (46°40'N, 71°10'W). The 30-year
normal (1971-2000) precipitation and temperature from
May to September for the region are 590 mm and
15-5°C respectively (climate data available from Envi-
ronment Canada at http://climate.weatheroffice.ec.gc.ca).
The study was carried out between 2001 and 2004, dur-
ing which time 2001 and 2002 were drier than normal
and 2003 and 2004 were close to the long-term average
(Table I).

To examine the effects of peatland drainage on DOC
dynamics through time, three pool—ridge complexes were
compared (Figure 1). The first did not undergo any water
table manipulation (control, C). The second (experimen-
tal, E) pool-ridge complex was monitored for one season
(2001) and then subjected to a water table drawdown with
a ditch connecting the pool to the larger drainage net-
work. The third pool-ridge complex (drained, D) under-
went water table drawdown by the peatland operators
in 1993. Sampling was conducted along the microtopo-
graphic gradient at each site, with the driest ridge loca-
tions referred to as hummocks, intermediate locations as
lawns, low-lying areas as hollows and open water areas as
pools. At D, the water table drawdown almost completely
eliminated the open water area; flooding only occurred in
the spring and after intense summer storms. Also, water
table drawdown has resulted in observable changes to
the vegetation community at E and D. In general, hum-
mocks experienced a reduction in moss cover, lawns

Table I. Climatic data from Québec City (30 km from the St Charles-de-Bellechasse research site) during the four seasons of the
study and the 30-year normal (1971-2000) for the same location. Precipitation gives monthly totals and temperature, monthly mean

May June July August September Seasonal
2001 Precipitation (mm) 584 103-1 722 105-7 93-8 433.2
Temperature (°C) 13-5 17-6 177 18-8 14-0 16-3
2002 Precipitation (mm) 107-6 67-7 63-4 11-8 107-7 3582
Temperature (°C) 9.5 149 19-8 194 156 15-8
2003 Precipitation (mm) 100-6 97-4 129-6 153.2 850 565-8
Temperature (°C) 10-8 17-1 184 18-1 153 159
2004 Precipitation (mm) 1229 117-0 168-8 71-6 115-6 5959
Temperature (°C) 10-5 149 19-5 177 13.7 153
Normal Precipitation (mm) 1055 114.2 127-8 1167 1255 589-7
Temperature (°C) 112 16-5 192 17-6 12-5 155
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experienced an increase in vascular plant cover, and hol-
lows/pools experienced an increase in moss and vascular
plant cover relative to C (Table II). For more information
on vegetation changes, see Strack ef al. (2006), Strack
and Waddington (2007) and St-Arnaud (2007).

Across the site there is a gradient of approximately
50 cm per 100 m, with C at the highest elevation
followed by E and then D. Hydrology and DOC dynamics
were monitored at all sites between July 2001 and August
2004, with measurements generally carried out between
May and September of each study season.

Dissolved organic carbon concentration

DOC concentration was determined in surface and
pore water at each site and in discharge from E and
D. Pore water samples were collected from piezometer
nests installed throughout the peat depth and along the
microtopographic gradient at each site. One nest of
piezometers was placed at a hummock, lawn and hollow
microform at each site. Samples were collected monthly

A

Experimental
E *

n x X

XX

Drained
D

X Piezometer nest hydraulic head and conductivity
| Piezometer nest pore water DOC
* Meteorological station

0 10m
-

Figure 1. St Charles-de-Bellechasse experimental fen showing the extent

of the hollow area at each of the C, E and D sites. Piezometers used

for pore water DOC sampling and determination of subsurface flow are

identified. The unlabelled hollow is an additional natural pool-ridge area
used to assess influx of water into and between natural zones

Table II. Average vegetation cover at each site along the micro-
topographic gradient in 2004 following 3 and 11 seasons of water
table drawdown at the experimental and drained sites respectively

Site n  Microform Cover, average £+ SD (%)
Vascular Moss
Control (C) 7 Hummock 51 +£21 83 +£30
19 Lawn 25420 74 £+ 38
29 Hollow/Pool 13 £+8 7418
Experimental (E) 13 Hummock 65426 59+42
18 Lawn 48 + 31 61 + 38
21 Hollow/Pool 53 + 31 6+ 19
Drained (D) 16 Hummock 60 £27 43 +£36
12 Lawn 75423 62 £ 35
23 Hollow/Pool 51 + 24 71 £29

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

throughout the study period; however, in 2001, only
lawn areas were sampled and no pore water samples
were collected from D. All sites had piezometers with
20 cm slotted intakes centred at depths 25, 50 and 75 cm
below the surface with 100 cm also present at E, and
100 and 125 cm also present at C due to greater peat
depths. Below the piezometer intake was a reservoir
with a volume of at least 100 ml to collect water for
determination of DOC concentration. Prior to sampling,
the reservoir was pumped dry and allowed to refill.
Fresh pore water was then collected in a clean Nalgene
bottle after first rinsing the bottle with a small amount
of sample. Some piezometers refilled quickly and could
be sampled within 1 day of pumping, whereas others
refilled more slowly (particularly at depth) due to the
low hydraulic conductivity of the peat. If at least 50 ml
of sample could not be collected after 3 days, then the
DOC concentration was not determined for that location.

Surface water from the pools and drainage outflow
pipes was sampled every 2 to 3 weeks over the 2002
and 2003 field seasons and monthly in 2001 and 2004.
Nalgene bottles were rinsed with pool or discharge water
and then a sample was collected.

All samples were filtered first with a 1-5 pm glass-fibre
filter (Whatman 934-AH) followed by a 0-7 um glass-
fibre filter (Whatman GF/F) and were then refrigerated
and transported to the National Water Research Institute
where they underwent chemical analysis. The definition
of dissolved is most often made using 0-45 um pore-
size membrane filters, but polymeric filters often bleed
DOC into samples. The use of pre-rinsed glass-fibre fil-
ters eliminates bleed, but compromises the definition of
dissolved somewhat because these filters are character-
ized as having nominal rather than exact pore sizes. The
GF/F filters (Whatman) used in this study were also used
by others in the field (e.g. Qualls and Haines, 1991,
Mattsson et al. 1998, Brooks et al., 1999) and have a
nominal pore size of 0-7 um. Filtered samples from this
study held for archival purposes at 4 °C remained stable
showing no flocculation of colloids during storage for up
to 3 years.

DOC concentrations were determined using an Apollo
9000 Total Carbon Analyzer (Techmar-Dohrmann)
employing platinum on aluminium oxide catalyst at
900°C. Samples were routinely diluted using EPure
(Barnstead) water to ensure they fell within the cali-
bration range (carbon concentration [C] = 0-20 mg 1.
Samples were acidified with 20% phosphoric acid just
prior to analysis and were then sparged for 5 min with O,
carrier gas to remove dissolved inorganic carbon. Each
sample was injected six times and the four nearest repli-
cates were averaged by the Apollo software. Within each
analysis run of 70 vials, a calibration set, five blank and
five check standards were analysed along with the sam-
ples. Blank and drift correction curves were constructed
by regressing the deviations from the true values of blank
and check standards respectively against vial sequence
number, and these curves were applied to the initial
results on each sample, which were then finally corrected
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for dilution. Standard deviations for replicate DOC mea-
surements fell between [C] = 0-03 and 1-46 mg 17! with
an average standard deviation of [C] = 0-4 mg 17".

Inter-microform dissolved organic carbon flux

In order to determine the flux of DOC between sites
and from hummock to hollow microforms within each
site, water flow was computed according to Darcy’s law
and multiplied by pore water DOC concentrations:

F = [DOC]KA dh/dl 1
where [DOC] is the average concentration of DOC
in 2004 for pore water at 50 cm depth, K is the
geometric mean of hydraulic conductivity throughout
the peat profile, A is the cross-sectional area of flow,
and dhi/dl is the hydraulic gradient from hummock to
hollow. One additional transect of piezometer nests was
installed in 2004 from hummock to pool at the upslope
and downslope edge of each site. Hydraulic conductivity
was determined on several occasions throughout 2004
at lawns at 50, 75 and 100 cm depths using bail tests
(Freeze and Cherry, 1979). The hydraulic gradient was
determined as the difference in absolute water table
position between the hummock and hollow across the
horizontal distance of the piezometer transect. The cross-
sectional area of flow was estimated based on the
perimeter of the lawn zone at each site multiplied by
an average peat depth of 1-4 m, 1-2 m and 0-8 m at
the C, E and D respectively. Uncertainty in this flux
was determined according to Bubier ef al. (1999) using
a first-order Taylor series and assuming that uncertainty
in the parameters was independent. Uncertainties in
K and [DOC] were based on the standard deviation
of measurements taken throughout the study season,
whereas the uncertainties for A, dh4 and dl were estimated
as 10%, 0-2 cm and 0-5 m respectively.

Since water generally flowed from hummock to hollow
on the upslope edge of each site and hollow to hummock
on the downslope edge, the net flux of DOC was
determined as the balance of these and expressed on an
area basis relative to the estimated area of the hummocks
and hollow/pool at each site. Uncertainty in the net flux
was determined as the square root of the sum of the
variances of the DOC input and output.

Hydrology and dissolved organic carbon export

Water table position was monitored manually during
all study seasons in 2-5-3 cm i.d. PVC wells installed
systematically throughout the study sites. In 2001, water
table was measured continuously with a counterbalanced
pulley on a potentiometer at a central meteorological
station. This was connected to a CR21X data logger
(Campbell Scientific, Alberta, Canada) measured each
minute and averaged every 20 min. In 2002-2004, the
water table was measured continuously at lawns at each
site. with counterbalanced pulleys and potentiometers
connected to CR10X data loggers (Campbell Scientific).

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

RDS (Remote Data System) wells were also used at each
site to measure water table position in 2004.

Discharge from the experimental and drained sites
were funnelled into horizontal PVC pipes which provided
outflow to the drainage ditches. Discharge was measured
several times a week from 2002 to 2004 at these
outflow pipes for the experimental and drained sites.
Flow was collected into a graduated container over a
timed interval and discharge was calculated. The reported
values represent averages of three measurements. DOC
export was determined for E in 2002-2004 and for
D in 2003 and 2004. To determine export, manual
discharge measurements were regressed against water
table position and this relationship was used to estimate
daily discharge. DOC concentrations were interpolated
between measurement dates and multiplied by calculated
discharge rates to determine daily export values (modified
from Hinton et al. (1997)). Owing to limited discharge
data for D in 2002, export was not determined for this
season. Since export was determined as the product of
discharge and DOC concentration in the discharge water,
uncertainty was approximated as (Devito et al., 1989)

St = 0*Shoc + [DOCT*SE + SpocSph 2)

where Sg is the standard deviation of the export estimate,
Sq is the standard error of the water table—discharge rela-
tionship, Spoc is the standard deviation of discharge DOC
concentrations, [DOC] is the average DOC concentration
in the discharge and Q is the average daily discharge.

The catchment area for each pool (C, E and D) was
determined based on peat surface topography. Since sur-
face water discharge was of interest, catchment area was
determined based on surface topography, as it has been
shown that, within patterned peatlands, little surface flow
occurs when surface pools are disconnected (e.g. Quin-
ton and Roulet, 1998), which was the case throughout
study period. Although some subsurface water movement
occurs (as determined above) and may contribute to sur-
face water outflow, its magnitude is generally less than
10% of surface discharge. Also, since surface discharge
ceases soon after standing water disappears, subsurface
flow likely plays a minimal role in surface water loss. The
estimated catchment size for each of the sites is ~900 m?.
The total export value (grams of DOC-C) for the season
was divided by the catchment area size to obtain export
on an area basis.

Since discharge was not determined during the initial
drainage at E in 2002, the mass of DOC lost per unit
area was determined by multiplying the depth of water
lost (~20 cm) by peat porosity (~0-9 according to Baird
and Gaffney (1995)) and average DOC concentration
measured in the drainage water.

Statistical analysis

Differences in water table position between sites and
DOC concentrations between sites and microforms were
assessed with one-way analysis of variance (ANOVA)
with Tukey pairwise comparisons at a family error rate
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of 0-05. Regression lines between DOC concentrations
and environmental variables were fitted using the least-
squares method and were considered significant when
p < 0-05. All analyses were completed in Minitab 14-1
(Minitab Inc.). Because all piezometers could not be sam-
pled on each sampling date due to low recharge rates at
some locations, sample size for statistical analysis varied
between microforms and sites. In all cases, microform
averages are based on greater than six samples, and in
general the sample size was greater than 12.

RESULTS

Water table position

Based on manual measurements at lawns in 2001 (prior
to water table manipulation at E), average plus/minus
standard deviation water table position was significantly
deeper (ANOVA, p < 0-05) at C (-=9-5+32cm, n =
23, where a negative value indicates below the soil sur-
face) than the E (—5-2 £2-5 cm, n = 23). D had a water
table of —14-0 £1-9 cm (rn = 17) that was significantly
lower than both C and E. Following water table draw-
down on day 161 of 2002, the water table dropped rapidly
at E and remained significantly deeper than C through-
out the remainder of the study (Figure 2). Fluctuations in
water table position were related to precipitation events;
however, the range of these fluctuations varied between
sites. In 2004, the range for water table position during
the growing season was 11-6 cm, 14-1 cm and 16-9 cm at
C, E and D respectively (see also Whittington and Price
(2006)).

Pore water dissolved organic carbon concentrations

Average plus/minus standard deviation pore water con-
centrations were 18-7 +3-8 mg 17!, 24.4+9.5 mg 1!
and 28-1 4 12.0 mg 1-! at C, E and D respectively (n =
61, 69, 41 at C, E and D respectively) during the first
year of the study. Thus, pore water concentration dur-
ing this time was significantly lower at C than at E,
which was lower than at D (ANOVA, p < 0-05). Because
DOC concentrations were initially significantly higher at
E than at C, it is difficult to evaluate changes in pore
water concentration related to water table drawdown sta-
tistically. However, in all seasons following drainage,
average E pore water concentrations were elevated above
their initial levels and similar to those at the drained site
(Figure 3).

In a natural state (C and E prior to water table draw-
down), pore water DOC concentration varied signifi-
cantly along the microtopographic gradient, this being
highest at hummocks, intermediate at lawns and lowest
at hollows (ANOVA, p < 0-05). There was no consis-
tent pattern of DOC concentrations with depth at any
microform; however, DOC concentration increased with
depth at E and D hollows in 2002. This pattern was much
less apparent in 2004 (Figure 4). Following water table
drawdown (E after water-table drawdown and D), there

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

was no consistent pattern for DOC concentration between
microforms.

At E there were few significant changes in DOC
concentration before and after water table drawdown.
The only statistically significant changes were at —50 cm
at lawns and hollows, which had higher concentrations
in the first season after water-table drawdown compared
with initially. In general, there was a trend for pore
water DOC concentrations to decline at the hummock
and increase at lawn and hollow following water table
drawdown (Figures 3 and 4).

Inter-microform dissolved organic carbon flux

Geometric mean hydraulic conductivity in the peat
profile declined from approximately 10~ cm s~! at C
to 107*~107> cm s~' at E and 10°—107° cm s~! at D.
Water table drawdown resulted in subsidence of the peat
surface, with a greater change in peat volume occurring
in low-lying areas than in neighbouring hummocks. This
uneven subsidence resulted in steeper hydraulic gradients
from the hummock to the pool at the E and D. The
combined effect of these changes on site properties
resulted in decreased fluxes of water between hummocks
and pools from about 2 m* day~! at C to 0-3 m> day ™!
at E and 0-06 m® day ™! at D. The change in total fluxes
of DOC between microforms followed the hydrological
changes.

Despite the fact that more DOC moved between
microforms at C, the inputs and outputs of DOC were
nearly equivalent, whereas more water and DOC entered
the pool at E than left from the downslope edge, resulting
in a source of DOC-C to the pool of 5 g m~2 over the
study season (Table III). Owing to the low hydraulic
conductivity at D, very little carbon moved between
microforms.

As a result of the overall gradient of the peatland,
approximately 4 g m~2 DOC-C were transferred from the
C to E, whereas ~0-3 g m~2 DOC-C moved between E
and D during the 2004 study season. Comparing the flux
of carbon between C and a neighbouring natural pool,
0-4 g m™2 DOC-C moved between natural pools over
the same period.

Surface water dissolved organic carbon concentrations

The prior water table drawdown DOC concentra-
tion of surface water in pools was not significantly
different between C and E, with average plus/minus
standard deviation values of 1624471 mg1™' (n =
12) and 22-4 +6-1 mg 1”! (n = 11) respectively. Dur-
ing this period, average DOC concentration at the D
was 25-5 4 3-4 mg 17! (n = 5), which was significantly
higher (ANOVA, p < 0-05) than C but not E (Figure 2).
During the first season after water-table drawdown, E
pool concentrations increased substantially, averaging
40-5 £22-0 mg 1"! (n = 8), whereas C and D pool con-
centrations were on average 19-0 +2.1 mg 1™! (n = 10)
and 30-0 £ 6-1 mg 17! (n = 5) respectively. During this
time, DOC concentration at E pool was significantly
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Figure 2. Water table position at lawns (solid symbols) and pool DOC concentrations (open symbols) throughout the study period. The vertical

dashed line indicates the date of drainage at the E pool. The dotted line gives manual water table measurements during periods when continuous

measurements were unavailable. Pool DOC concentrations in 2003 on day 121 were 12-0 mg 17!, 19-4 mg 17! and 18-0 mg 1=! at C, E and D
respectively (not shown)

higher than C and D. Large variability observed in E
pool DOC concentrations appear to be related to dilu-
tion by precipitation (Figure 2). By the second sea-
son, post-water-table drawdown (2003) E concentra-
tions declined slightly but remained significantly higher
than C. The average concentrations at C, E and D
were 12.6+ 1.9 mg 17!, 272 +£6.6 mg 1~ and 242 &
8-3 mg 17! (n = 10) respectively. During the third season
after drawdown (2004) there were no significant differ-
ences between pools.

Discharge and dissolved organic carbon export

Throughout the 2 days following drainage at E, DOC
concentration in discharge water was determined every
few hours. The concentration increased from 17-3 to
21-7 mg 17! over the first 3 h after drainage and declined
to 20-7 mg 17! over the following 2 days. Based on
the water table decline, pool catchment area and peat

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

porosity, it was estimated that 1-62 x 10° 1 (180 mm)
of water was lost during this initial drainage. Assuming
that this water had an average concentration equivalent
to the mean of all measurements taken during the first
week following the initial ditch opening, i.e. 20-3 mg
17!, an estimated DOC-C of 3.7+ 1.7 g m~2 was lost
during this period from E. During the remainder of the
growing season (days 166—230), DOC-C loss from the E
was 52+ 1-1 mg m~2 (Table IV). Despite the fact that
2004 had the greatest amount of precipitation during the
study (Table I), discharge was highest in 2003 (Table IV).
This was primarily due to precipitation distribution. One
large storm in August resulted in a large proportion of the
discharge in 2003, whereas precipitation and discharge
in 2004 were more evenly distributed. During these two
growing seasons (days 128-230), DOC-C export from
the E and D sites were similar, ranging between 8-4 and
11-3 g m~2 (Table IV).
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Figure 3. Seasonal average pore water DOC concentration at (a) hummocks, (b) lawns, (c) hollows and (d) average site conditions for C, E and D.

Error bars represent one standard deviation. Sample size n varied between microforms and sites as not all sites could be measured on each sampling

date due to low water tables or slow recharge rates. All means are based on greater than five values and ‘total’ values are the mean of greater than
30 samples at all sites

DISCUSSION reveals that these changes take place during the first sea-
son following water table drawdown, whereas D suggests
that they persist for many seasons. Drainage increased
DOC export due to an increase in growing season sur-

Drainage and persistent water table drawdown resulted face discharge from the peatland from near zero to a
in higher DOC concentrations in surface water and pore range of 2—6 mm day'. In addition, DOC export also
water, and increased DOC export. Evidence from E increased due to increased DOC concentration in surface

Effect of water table drawdown on dissolved organic
carbon dynamics
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Figure 4. Profile of seasonal average pore water DOC concentrations before water table drawdown (2001 and May 2002) and during the third season
after water table drawdown (2004) at (a) hummocks, (b) lawns and (c) hollows

and pore water. Our estimate of DOC export in sur-
face water was limited to the growing season and we
have missed export of DOC resulting from snowmelt and
autumn discharge. Since snowpack depth should be sim-
ilar across all sites and spring and autumn pool DOC
concentrations are similar between C, E and D (Figure 2),
then it is likely that DOC lost during this non-growing
season period is similar among sites. Because we were
interested in differences between C, E and D, the growing
season was most important for understanding these differ-
ences; however, year-round monitoring of peatland DOC
export would be desirable. Despite the fact that growing-
season loss of DOC-C via surface water is within the
range (5-40 ¢ m~? year™!) reported for natural peat-
lands (Moore, 1998), it is clear that drainage has greatly
increased DOC export at E and D relative to C.

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

Initially high pool DOC concentrations at E fol-
lowing drainage were likely caused by disturbance,
which has been observed to enhance net DOC produc-
tion (Lundquist et al., 1999; Blodau and Moore, 2003).
Increased concentrations may also result from changing
the source of water to the pool. Following water table
drawdown, uneven peat subsidence resulted in steeper
hydraulic gradients, potentially increasing the input of
higher DOC peat pore water to the pool.

During the second season after water table drawdown,
DOC concentration in the E pool declined, but they
remained similar to D and elevated above C. Elevated
DOC concentrations were also observed in pore water
following drainage, and this was maintained through-
out the study period. Low concentrations in 2004 may
be linked to the larger amount of precipitation (Table I)
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Table III. Hydrologic parameters and inter-microform transfer of water and DOC at control (C), experimental (E) and drained

(D) sites in 2004. Negative gradients dh/d/ indicate a slope from the hollow to the hummock and negative values of DOC flux

indicate a loss of carbon from the microform. Hydraulic conductivity K values are the geometric means of K throughout the peat
profile. Hydraulic gradients are the average of measurements made twice weekly over the growing season

Location K (cm s™1) dh/dl Subsurface discharge (1 day’l) DOC flux (mg m™2 day’l)
Hummock Hollow

Control

Upslope 3x 1074 2 x 1072 2 x 10° —60 £ 200 20+90
n=3_§ n =21

Downslope 6 x 1073 -1 x 1072 9 x 107 304 100 -10£50
n=>5 n=21

Total —30 4200 10 + 100

Experimental

Upslope 4% 1073 8 x 1072 4 x 10? —70 £+ 500 80 4200
n=10 n=21

Downslope 2 x 107 —6 x 1073 1 x 10% 30 4+ 2000 —30 4700
n=2 n=21

Total —40 %+ 2000 50 + 700

Drained

Upslope 1 x107° 7 x 1073 1 x 10! —-4+1 6+1
n =10 n=21

Downslope 3x107° —6 x 1072 3 x 10! 2+4 242
n=10 n=21

Total 2+4 442

Table IV. Calculated DOC export in surface water from 2002 to 2004 at experimental and drained sites. Surface water discharge
was never observed at the control (C) site during the growing season; therefore, both discharge and export are assumed to be zero.
Limited discharge measurements at the drained site in 2002 preclude export determination during that season. Values are given as

average plus/minus standard error. Standard error for discharge and export are computed as described in the text

Experimental (E)

Drained? (D)

Discharge Average DOC-C Discharge Average DOC-C
(mm) discharge export (mm) discharge export
[DOC] (mg1™")  (mgm~2 day™") [DOC] (mg1™")  (mgm2 day™")
Initial drainage (days 180 £ 70 203+ 04 617 £ 283 n.m. n.c. n.c
161-166) n=13
Following drainage 236 + 271 266+ 14 81+ 116 n.m. n.c. n.c
(days 167-230) n=15
2002 growing season 416 £ 341 23.9+£1-0 127 £ 130 n.m. 302 n.c
total (days n =28
161-230)
2003 growing season 646 £ 700 13-8+1-8 110 £ 105 342 + 504 22-4+1-8 104 + 117
(days 128-230) n="17 n="17
2004 growing season 447 £+ 354 107 £ 0.7 91 £38 330 £ 449 141+14 82+ 63
(days 128-230) n=4 n=4

2n.m.: not measured; n.c.: not calculated.

resulting in dilution and flushing of DOC in surface
water (Schiff ez al., 1998, Moore and Dalva, 2001;
Té6th, 2002). In fact, according to Whittington (2005),
seasonal values of precipitation minus evapotranspira-
tion were —10 mm, 7 mm and 72 mm in 2002, 2003
and 2004 respectively; these are inversely correlated
with average surface water DOC concentrations at C
and D.

Despite the fact that higher DOC concentrations at E
may be partially due to an increase in the inter-site and
inter-microform transfer of water and DOC, evidence

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

from D suggests that this enhanced subsurface flow is
not persistent. Over time, subsurface flow is reduced by
continued reductions in hydraulic conductivity caused
by ongoing peat subsidence related to shrinkage and
peat oxidation (Schothorst, 1977; Price, 2003). Moreover,
enhanced hydraulic gradients may be minimized over
time as peat is lost to soil respiration at hummocks
and accumulated in hollows and pools via enhanced
vegetation productivity (Strack et al., 2006). Finally,
the uncertainty in the absolute value of net subsurface
DOC exchange is high, particularly at E, making it
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difficult to assert that the flow of dissolved carbon
to hollows has been increased in the short term by
water table drawdown. Therefore, maintenance of higher
concentrations of DOC in pore water and surface water
at E and D suggests that water table drawdown results in
persistent elevated rates of net DOC production.

Controls on net dissolved organic carbon production

Shifts in the concentration of DOC result from changes
in the balance between DOC production and consump-
tion. Because we determined only concentration, we are
unable to assess whether concentration changes result
specifically from changes in production or consumption,
but know only that net production of DOC has increased.
This net production of DOC in organic soils may be con-
trolled by temperature, soil moisture, soil solution chem-
istry, vegetation community and site hydrology (Moore
et al., 1998; Kalbitz et al., 2000); however, the rela-
tive importance of these controls is not clear (Kalbitz
et al., 2000). Although several field studies have observed
higher DOC concentrations in relation to higher temper-
atures (Moore, 1987; Bourbonniere, 1989; Moore and
Dalva, 2001; Waddington and Roulet, 1997), water table
drawdown had little effect on thermal regime in this study
(see Strack et al. (2006)), suggesting that temperature is
not the major factor influencing DOC concentrations fol-
lowing water table drawdown.

Water table position can also affect net production
of DOC, as anaerobic conditions lead to less efficient
decomposition of organic matter, increasing the produc-
tion of water-soluble intermediate metabolites (Mulhol-
land et al., 1990; Kalbitz et al., 1997). Water table draw-
down exposes the upper peat profile to aerobic conditions,
favouring CO, over DOC as a metabolic end product
(Freeman et al., 2004). However, following drainage,
peat subsidence helped to maintain the water table closer
to the surface than would be observed in a rigid soil (e.g.
Whittington and Price, 2006). There is spatial variability
in the response of DOC dynamics to water table draw-
down because of variability in initial water table posi-
tion and amount of peat subsidence between microforms.
Following water table drawdown, DOC concentrations
increased only at relatively wet microforms (lawns and
hollows). Hummocks have experienced less peat sub-
sidence, more water table drawdown (Whittington and
Price, 2006) and reveal a trend of reduced pore water
DOC concentrations (Figures 3 and 4). Since the water
table at E and D hummocks is generally 30 to 40 cm
below the surface, a large aerobic zone in the peat profile
may result in the dominance of CO, as the end product of
decomposition. This is supported by increases in ecosys-
tem respiration observed at D hummocks (Strack et al.,
2006). The enrichment of DOC in lawn and hollow pore
water is likely linked to larger water table fluctuations and
a changing vegetation community (discussed below).

Aside from the importance of the water table posi-
tion, water table fluctuation can also play an important
role in DOC production. In a review of literature, Kalb-
itz et al. (2000) assert that rewetting following a dry

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

period results in increased DOC concentrations in both
field and laboratory studies. Microbial utilization of DOC
is reduced during dry periods, and turnover of micro-
bial biomass is enhanced upon rewetting, resulting in
enhanced DOC release (Lundquist et al., 1999). Also,
several studies have observed that DOC production in wet
soils decreases with time (Christ and David, 1996; Blo-
dau and Moore, 2003) potentially resulting from a build
up of DOC, which limits its continued production through
the inhibition of anaerobic decomposition or DOC disso-
Iution from an adsorbed phase. Water table fluctuations
can flush DOC from stagnant soil horizons and may pro-
mote further DOC production. In the current study, the
seasonal range of water table position increased with time
after water-table drawdown (i.e. D has larger water table
fluctuations than E). During periods of drought, water
table is drawn down further at E and D than at C, and dur-
ing subsequent precipitation events the water table rises
more rapidly at the former sites (Figure 2). This differ-
ent hydrological response results from decreased porosity
caused by soil subsidence (Whittington and Price, 2006).
These rapid wetting events through a larger area of unsat-
urated peat have likely increased net DOC production at
E and D.

Additionally, increased vegetation productivity can
increase net DOC production (Lu et al., 2000; Kang
et al., 2001). In the current study, water table drawdown
resulted in ecological succession at both E and D (St-
Arnaud, 2007; Strack and Waddington, 2007). At E
and D, the Sphagnum cover at hummocks was reduced,
the sedge cover at lawns increased and the hollows
were colonized by Sphagnum (Table II). Thus, vegetation
productivity at hummocks was reduced, whereas lawns
and hollows have become more productive at E and
D (Strack eral., 2006). These changes in vegetation
productivity are mirrored by the trends in pore water
DOC concentrations. This suggests that enhanced inputs
of fresh organic matter by the changing vegetation
community are partially responsible for the higher DOC
concentrations observed across the experimental and
drained sites following water table drawdown.

Dissolved organic carbon in the context of the carbon
cycle

It is well known that the carbon balance of peatlands
is often very close to neutral (Bubier et al., 1999),
with many sites storing carbon in some seasons and
releasing carbon during others, often in relation to
climatic conditions (e.g. Shurpali et al., 1995; Joiner
et al., 1999). Thus, relatively small losses of carbon
as DOC may be important in relation to the overall
peatland carbon budget. For 2003 and 2004 at E, DOC
export accounted for approximately 17% of the total
carbon budget. Therefore, as has been found in other
studies (Waddington and Roulet, 2000; Billett et al.,
2004), losses of carbon as DOC should be considered
when determining net peatland carbon balance.

Moreover, the rate of carbon cycling can vary greatly
between microforms within a peatland due to varying
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environmental conditions. Several studies suggest that
carbon accumulation is highest at hummocks, whereas
hollows or pools are generally sources of carbon to the
atmosphere (Moore, 1989; Belyea and Clymo, 2001).
However, these studies generally ignore hydrologic fluxes
of carbon, particularly between microforms. We have
found that hummocks tend to lose carbon as DOC while
pools gain DOC, and this may partially account for
differences in carbon accumulation rates determined from
soil—atmosphere gas fluxes alone.

Implications of drainage and climate change on
peatland dissolved organic carbon dynamics

The initial drainage of the 900 m?> E site released
3-3 £ 1-5 kg DOC over several days. In general, peatland
drainage for peat extraction involves deeper drainage over
much larger areas. According to Cleary et al. (2005),
~760 ha of peatland in Canada entered into production
for horticultural peat each year between 1990 and 2003.
Considering the standard method of 30 m ditch spacing,
the water table is lowered from its initial position by
an average of 50 cm (Boelter, 1972; Hillman, 1992).
Assuming a porosity of 0-9 and a DOC concentration
(as observed in this study) of ~20 mg 17!, this drainage
results in an increase in DOC export of 7 x 107 g of
carbon per year, or ~9 g of DOC per square metre
per year in the affected catchments. This represents a
substantial load to downstream ecosystems, delivered as
a pulse, with the potential to alter their physical and
chemical characteristics such as acidity, light penetration,
and metal and nutrient availability (Steinberg, 2003).
Although the percentage of peatlands affected by active
drainage is small in Canada, the majority of peatlands has
been affected in other countries. For example, Minkkinen
et al. (2002) determined that 60% of Finnish peatlands
have been drained for forestry with 70000—80000 ha
undergoing drainage maintenance yearly. This has the
potential to increase export of DOC by 1.5 x 10° g of
carbon per year.

Since the reduction in water table position in northern
peatlands under climate change is expected to result
from enhanced evapotranspiration rates, the water table
drawdown induced via drainage in this experiment is not
directly comparable to potential climate change scenarios.
However, since DOC concentrations in surface and pore
water were observed to increase in this study following
water table drawdown and remain elevated despite the
consistent loss of DOC in surface discharge, it is probable
that DOC concentrations in peatland waters will also
be increased under climate change. Moreover, changing
hydraulic gradients, hydraulic conductivity and patterns
of water table fluctuation resulting from peat subsidence
would occur regardless of the mechanism of water table
drawdown. The shift in the vegetation community along
the microtopographic gradient also resulted from the
drier site conditions. Thus, insight into DOC dynamics
under a climate change scenario can be gained through
comparison of E and D to C.

Copyright © 2008 John Wiley & Sons, Ltd and Her Majesty the Queen in right of Canada.

This study suggests that, if peatlands become drier,
enhanced water table fluctuations and vegetation produc-
tivity will lead to higher DOC concentrations in sur-
face and pore water, particularly at wet microforms. An
increase in aerobic decomposition at dry microforms,
such as hummocks, may lead to reductions in DOC
pore water concentration in these zones. Thus, the ini-
tial hydrologic conditions and pattern of microtopography
may influence the response of peatland DOC dynamics
to climate change.

Higher DOC concentration in peatlands may help to
maintain DOC export from these ecosystems, despite
potential reductions in discharge resulting from higher
evapotranspiration rates (Moore, 1998), or lead to
increases in DOC export, as has been observed in Europe
(Freeman et al., 2001; Worrall et al., 2003) and predicted
in eastern Canada (Clair et al., 2002). Whereas other
studies have raised concerns that observed increases in
DOC export indicate a destabilization of peatland car-
bon stocks, this study suggests that high DOC export
may result from higher ecosystem productivity, poten-
tially having little effect on net peatland carbon storage.
An increase in export of DOC to downstream ecosys-
tems will increase acidity and reduce light penetration
depth (e.g. Schindler et al., 1996). DOC can also act as
a biogeochemical substrate (e.g. Wetzel, 1992); however,
if climate change results in a shift in DOC quality, then
its ability to act as substrate within the peatland and in
downstream ecosystems may be altered (Glatzel et al.,
2003). Further investigation is needed to determine the
effect of disturbance on peatland DOC quality.
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