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Abstract

The focus of this study is the relationship between water table depth (WTD) and water vapor
[evapotranspiration (ET)] and carbon dioxide [CO,; net ecosystem exchange (NEE)] fluxes in a
fen in western Canada. We analyzed hydrological and eddy covariance measurements from
four snow-free periods (2003-2006) with contrasting meteorological conditions to establish the
link between daily WTD and ET and gross ecosystem CO, exchange (GEE) and ecosystem
respiration (Reco; NEE = R..,—GEE), respectively: 2003 was warm and dry, 2004 was cool and
wet, and 2005 and 2006 were both wet. In 2003, the water table (WT) was below the ground
surface. In 2004, the WT rose above the ground surface, and in 2005 and 2006, the WT stayed
well above the ground surface. There were no significant differences in total ET
(~ 316 mm period™ "), but total NEE was significantly different (2003: 8gCm *period ;
2004: —139 g Cm 2 period ; 2005: —163g Cm *period *; 2006: —195g C m >period '), mostly
due to differences in total GEE (2003: 327 g Cm 2 period ; 2004: 513 g C m > period*; 2005:
411gCm *period '; 2006: 556 gCm *period ). Variation in ET is mostly explained by
radiation (67%), and the contribution of WTD is only minor (33%). WTD controls the
compensating contributions of different land surface components, resulting in similar total
ET regardless of the hydrological conditions. WTD and temperature each contribute about
half to the explained variation in GEE up to a threshold ponding depth, below which
temperature alone is the key explanatory variable. WTID is only of minor importance for
the variation in R..,, which is mainly controlled by temperature. Our study implies that future
peatland modeling efforts explicitly consider topographic and hydrogeological influences
on WTD.
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Introduction

Northern (i.e. boreal and subarctic) peatlands encom-
pass a diverse range of water-logged ecosystems that
accumulate carbon (C) in the form of peat due to the
slight but persistent exceedance of net primary produc-
tivity (NPP) over the decomposition of organic matter.
Northern peatlands in Eurasia and North America
have accumulated C at a mean long-term rate of
15-30gCm 2yr ! since their formation 6000-10000
years ago, after the last deglaciation (e.g.,, Gorham,
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1991; Turunen et al., 2002). As a result, northern peat-
lands now store up to one-third of the global soil C,
while covering only about 3% of the terrestrial land
surface (Gorham, 1991; Maltby & Immirzi, 1993). North-
ern peatlands are important in the global C cycle from a
climate change perspective because they act as long-
term sinks of carbon dioxide (CO,) and sources for
methane (CH4) and export dissolved organic carbon
(DOC) (Moore et al., 1998). Water table depth (WTD)
and peat volumetric soil moisture content constitute
primary controls over northern peatlands’ long-term
CO, sink and CH4 source strengths since they
determine the zones of aerobic and anaerobic condi-
tions. Complete multi-year annual peatland C balances
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(e.g., Roulet et al., 2007; Nilsson et al., 2008) for years of
contrasting meteorological conditions are still rare.
Thus, the response of northern peatlands’ hydrological
and C cycle processes to changing climate is complex,
and the fate of northern peatlands” CO, sink and CH,
source remains uncertain.

A commonly used classification for northern peat-
lands is based on their water balance and resulting
nutrient status and distinguishes between bogs and
fens. Bogs are fed by precipitation only (ombrotrophic)
and other hydrological inputs are considered negligible.
Fens, commonly subdivided into rich and poor fens, are
alkaline and nutrient-rich peatlands due to additional
hydrological inputs in the form of surface and subsur-
face flow (minerotrophic).

An important component of the peatland water bal-
ance is precipitation minus evapotranspiration (P—ET)
(Roulet et al., 1997), i.e. the net atmospheric flux of
water, where ET represents the latent heat (AE) flux of
the peatland surface energy balance. ET is dependent on
meteorological and environmental conditions, and in
turn has the potential to control peatland C dynamics
through the peatland water balance.

A series of studies have shed light on the relative
importance of hydrological and environmental controls
on water vapor and CO, fluxes in northern peatlands
using techniques such as chamber and eddy covariance
(EC) flux measurements and process-oriented ecosys-
tem modeling (e.g., Bubier et al., 2003; Yurova et al.,
2007; Sagerfors et al., 2008). Some studies identified
WTD as the major control on net ecosystem CO, ex-
change (NEE) or its component fluxes of photosynthesis
[gross ecosystem exchange (GEE)] and total ecosystem
respiration (Reco) (€.g., Arneth ef al., 2002). Other studies
concluded that WTD was a less important control than
light, and air (T,y) or soil temperature (T, (e.g.
Lafleur et al., 2005b). Similarly, contrasting evidence
on the influence of WID on peatland ET is provided
in the literature (e.g., Lafleur et al., 2005a; Humphreys
et al., 2006). In a review, Roulet et al. (1997) concluded
that ET from bogs and poor fens is generally lower than
from other peatland types as a result of the complex
interaction between WTD and factors such as topogra-
phy, vegetation composition, and meteorological condi-
tions. These studies provide important insights into the
role of various controls on peatland functioning for a
range of peatland types in different climatic settings.

Here, we report 4 years of EC and supporting mea-
surements (May 1-October 31, 2003-2006) for the Sand-
hill fen in central Sasketchawan, Canada. The goal is to
explore the relationship between daily fluctuations in
WTD and water vapor and CO, fluxes. To meet this
goal, we first assess changes in WTD in response to dry
and wet meteorological conditions. Next we compare

diurnal and daily variations in ET and NEE and its
component fluxes GEE and R, and assess the relative
importance of WTD, radiation (ET) and temperature
(GEE, Re.,) as controlling factors.

Materials and methods

Site description

The Sandhill fen (SF; 53.80°N, 104.62°W) site is located
within the Boreal Plain ecoregion of western Canada,
about 115 km northeast of Prince Albert, Saskatchewan.
The Northwest-Southeast-oriented 8.5km? peatland is
classified as open, minerotrophic, and moderately rich
fen (Zoltai et al., 2000). It was the fen site of the southern
study area (SSA; Suyker et al., 1997) of the Boreal
Ecosystem Atmosphere Study (BOREAS; Sellers et al.,
1997) and is now one of the peatland sites of the
Canadian Carbon Program (CCP; http://www.fluxnet
-canada.ca). The climate of the area is classified as sub-
humid with a mean annual total P of 467 mm [Environ-
ment Canada 1971-2000 climate normals) for Waskesiu
Lake (53.92°N, 106.07°W)]. The mean annual T, is
0.4 °C, with mean monthly T,;, ranging from —17.9°C
(January) to 16.2°C (July). The winter season usually
begins in early November and lasts until April.

The SF site is situated in an open depression within
Pleistocene glacial deposits. The ‘drier’ margins of the
SF site are elevated (<1m) and inclined toward its
center. The ground surface pattern in the open and
generally ‘wetter’ central portion (~ 2.4km?) is caused
by East-West-oriented ridges and adjoining swales, i.e.
topographic depressions, with a relief of about 0.25-
0.30m. The swales are interspersed with hummocks
and hollows with a relief of about 0.20m. Ground
surface elevation changes follow changes in WTD with-
in 020m (Hogan, 2005). The elevated margins are
dominated by shallow peat with a depth between 0.5
and 1.0 m. Peat depth increases to ~ 3.3 m in the open,
central portion of the SF site. Lateral saturated hydrau-
lic conductivity was determined to be as high as
9%x10°ms™' for the less decomposed peat at the
ground surface, and as low as 107 to 10 °ms™! at
depths of >2m (Hogan et al., 2006).

The multi-scale topographic features are well-re-
flected in wetness and vegetation composition, com-
prising <10 m-high tamarack (Larix laricina) trees over
<0.5m-high evergreen (bog rosemary; Andromeda poli-
folia) and deciduous (dwarf birch; Betula glandulosa)
shrubs and various species of dominating sedges (e.g.,
mostly Carex spp., Eriphorum spp.) over a discontinuous
ground cover dominated by brown mosses on drier
ridges. Wetter swales are mostly covered by ~ 0.2m-
high sedges, dwarf birch, and herbs such as buck bean
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(Menyanthes tridoliata), and <2m-high tamarack trees
(missing in the open portion of the SF site) in wetter
swales. Mean tree leaf area index (LAI) [standard
deviation (SD)] along a 200-m transect was estimated
in October 2003, a relatively dry year when the WT was
well below the ground surface (Meteorological and
resulting hydrological conditions). Tree LAI increased
from 0.38 (0.08) at the center of the SF site to 1.29 (0.06)
near the margins (Bhatti et al., 2006). Similar values for
tree LAI were obtained in August 2006 (unpublished
data), which was a relatively wet year. Shrub/sedge
LAI measured along several 200-m transects in August
2006 (unpublished data) when the WT was above the
ground surface had a mean value (SD) of 1.57 (0.79).
Unfortunately, shrub/sedge LAI was not measured in
2003 and aboveground biomass measurements do not
exist. However, we observed that under dry conditions
the abundance of green shrubs increased while the
abundance of dominating sedges was substantially low-
er due to earlier senescence. This observation is in
accordance with other studies in fens dominated by
Carex spp. reporting stressed vegetation in drier com-
pared with wetter years (e.g., Griffis et al., 2000; Bubier
et al., 2003).

EC and supporting measurements

Sensible (H; Wm™2) and latent heat (.E; Wm™?), and
CO, (F; umol m—2s71) flux densities between the SF site
and the atmosphere, and the change in CO, storage (F;
pumolm 2s™!) between the ground surface and the
instrumentation height were measured by the EC tech-
nique. A 15-m scaffold micrometeorological tower was
located about 150m west of the eastern margin in the
open, southern half of the SF site. The EC instrumenta-
tion was mounted on the tower on a 4-m boom oriented
toward the West (prevailing wind direction) at a height
of 3m above the mean ground surface. The EC instru-
mentation comprised an open-path infrared gas analy-
zer (IRGA; model LI-7500; LI-COR, Lincoln, NE, USA)
to measure the molar densities of CO, (pc(,; mmol m~)
and water vapor (py,o; mmol m ), a three-dimensional
sonic anemometer-thermometer (3D-SAT; model
CSAT3, Campbell Scientific, Logan, UT, USA) to mea-
sure zonal, meridional, and vertical wind velocities (u;
v; w; ms 1) and sonic air temperature (Tsonic; °C), and a
fine-wire thermocouple (25 um in diameter) to measure
air temperature (T,ir-fine; “C). The high-frequency digital
signals from these three instruments were recorded by a
personal computer at a scan rate of 20 Hz. The upwind
fetch of the tower was roughly estimated as 300 m to the
West and as 600-800m to Southwest and Northwest,
respectively (Suyker et al., 1997).

Supporting meteorological and environmental mea-
surements were made at the tower or in close proximity.
These included incoming and outgoing shortwave (Kiy;
Kous Wm™2), longwave (Lin; Loy Wm ™) and net (R
W m ) radiation measured using a four-component net
radiometer (model CNR1, Kipp and Zonen, Delft, the
Netherlands). The radiometer was mounted on a 4-m
boom at a height of 15m and oriented to the South.
Incoming and outgoing photosynthetically active radia-
tion (PAR;,; PAR i pmol m s~ 1) were measured with
quantum sensors (model LI190sa; LI-COR). Relative
humidity (Uyn; %) and air temperature (Thir 2m; °C)
were both measured at 2m above the average ground
surface (model HMP45CF; Campbell Scientific). Preci-
pitation (P; mm) was measured with an accumulating
gauge (model Belfort 750 with an Alter shield; Belfort,
Baltimore, MD, USA) at a height of 2m. Both wind
speed (u; ms™ 1) and direction were measured at a
height of 15m using a propeller anemometer and vane
(model 05103; R. M. Young, Traverse City, MI, USA).
Soil temperature (Ts.y; °C) was measured using chro-
mel-constantan thermocouples at eight depths (0, 0.05,
0.1,0.2,0.3,0.5,0.75, 1.0, and 1.25m) below the ground
surface about 50 m east of the tower and in a drier ridge
(Tsoilriage) @and an adjacent wetter swale (Tsoilswale),
about 200 m west of the tower. At the ridge and swale,
ponded-water temperature (Tiyater; °C) was measured
using chromel-constantan thermocouples at 0.05m
above the ground surface. Ground heat flux (G;
Wm %) was measured in two ways: using four heat
flux plates (model HFP01; Hukseflux Thermal Sensors,
Delft, the Netherlands) buried at a depth of 0.1m
(corrected for heat storage above the plates), and based
on heat storage changes in the peat and ponded water,
integrated to 1.25m depth, estimated when the WT was
approximately at the ground surface. Because the
ponded-water temperature was measured at 5-cm
height only, it was not possible to calculate G when
the ponded water was deeper, excluding many periods
in 2004-2006. All meteorological variables were logged
by a datalogger (model CR23x, Campbell Scientific)
using a scan period of 5s and recorded as half-hourly
mean values.

Data handling and processing of EC measurements

Half-hourly mean fluxes of H, AE and F. were calcu-
lated from the high-frequency data of Tyir-fines Tsonics 1, U,
W, pp,0, and pco, measured with the EC instrumenta-
tion. To remove the effect of air density fluctuations,
pPm,0 and pco, were converted to H,O and CO, mole-
mixing ratios, Sco, and Sw,0, respectively (Webb et al.,
1980). Furthermore, a three-axis coordinate rotation was
applied so that mean u, v, w, and the covariances
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between them equalled zero (Tanner & Thurtell, 1969).
We calculated AE and F. from the rotated covariances of
w and Sy,0 and Sco,, respectively. An approximation of
the half-hourly mean flux of F, was calculated with:

ASco,
Fo = Il (1)

where ., is the height of the EC instrumentation (m), p;,
is the mean molar density of dry air (mmolm?), and
ASco, is the difference between the mean Sco, of the
previous and the subsequent half-hours, respectively.
Finally, the half-hourly NEE time series data
(umolm 2s™!) was calculated as the sum of F. and F,,
and the half-hourly ET time series data (mm day_l) was
derived from AE. Neither NEE nor ET were corrected for
the lack of surface energy balance closure. However, as an
indicator for EC system performance, we evaluated en-
ergy closure for the snow-free periods by comparing the
sum of the turbulent flux densities H + AE against inde-
pendently measured available energy (R, = Rpe:—G),
integrated over periods when G summed to zero. The
closure fractions were 0.82, 0.69, 0.79, and 0.82 for 2003—
2006, respectively, and are comparable to those reported
for other sites (Wilson et al., 2002).

Gaps due to missing data are a common characteristic
of high frequency EC time series data. Additional data
gaps are introduced through screening the half-hourly
EC time series data for outliers and for stable atmo-
spheric conditions with low turbulent mixing. It was
estimated that the annual coverage of EC time series
data is reduced to approximately 65% on average due to
missing and screened data (Falge et al., 2001). At the SF
site, 57% and 58% of all possible NEE and AE data
points (n = 35328), respectively, were available after
screening (Table 1).

Before screening the half-hourly NEE time series
data, we first separated them into day- and night-time
periods (PAR;, <4 pmol m2s7Y). For outlier detection,
we applied the technique described by Papale et al.
(2006) to day- and night-time periods [with a ‘conser-

vative’ z-value of 5.5 for Eqns (2) and (3) in Papale et al.,
2006]. We investigated the issue of the influence of
stable atmospheric conditions on NEE measurements
during night-time periods using the common approach
of a ‘friction velocity (u,) — threshold’. A scatterplot of
u, vs. night-time NEE data points from all four snow-
free periods (data not shown) showed small variation in
NEE at higher values of u,. However, at lower values of
u, (u,<0.055ms "), NEE varied over a wide range
from around —16 pmolm ?s™' (unrealistically indicat-
ing massive night-time CO,-uptake), up to around
30 pmolm 2s~'. This overall pattern is in accordance
with what was reported for other northern peatland
sites (e.g., Lafleur et al., 2001; Arneth et al., 2002), but
contrasts the general decrease in night-time NEE with
decreasing u, that was shown to result in night-time
NEE underestimation. Despite the subjectivity of defin-
ing a u,-threshold based on visual inspection (Gu et al.,
2005), night-time NEE data points with u,<0.055ms ™"
were discarded. Similar to NEE, the half-hourly AE time
series data was first separated into day- and night-time
periods and subsequently screened for outliers after
Papale et al. (2006) with a conservative z-value of 5.5.
The half-hourly AE time series data were not screened
for stable atmospheric conditions.

The calculation of daily and seasonal totals of NEE,
Reco, GEE, and ET from incomplete half-hourly NEE
and AE time series data requires the application of a
gap-filling / flux-partitioning technique. A recent study
showed a modest impact of most techniques on calcu-
lated annual totals of NEE (Moffat et al., 2007). This
study also demonstrated the general applicability of
simple non-linear least square regression-based gap-
filling techniques as originally introduced by Falge
et al. (2001). We filled smaller gaps (<3h) in the NEE
time series data with linear interpolation and larger
gaps (> 3h) with a technique that uses modelled Reco
and GEE driven by T,i;»m and PAR;,, respectively, to
complete the half-hourly NEE time series data (Desai
et al., 2005). To estimate the uncertainty in total NEE,

Table 1 Percentages of missing NEE (umol m2s~ ") and JE (Wm™?) half-hourly data points (1) for the snow-free periods of 2003—

2006 (max. n = 8832)

Parameter

Missing n (of which are night-time)
Missing n* after screening (of which are night-time)

Missing n after short-term (<3 h) gap-filling{ (of which are night-time) NEE

Missing n (of which are night-time)
Missing n* after screening (of which are night-time)

Missing n after short-term (<3 h) gap-filling+ (of which are night-time) JE

Flux 2003 2004 2005 2006
NEE 44 (60) 47 (60) 27 (60) 29 (60)
NEE 50 (86) 54 (87) 33 (78) 35 (80)
43 (82) 47 (82) 24 (72) 25 (73)
JE 44 (60) 47 (60) 25 (60) 25 (60)
JE 50 (86) 54 (86) 31 (77) 32 (78)
43 (82) 47 (82) 22 (70) 22 (71)

*Qutlier detection after Papale et al. (2006) and u,-threshold (1, <0.055ms™?).

tGap-filled with linear interpolation.
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Reco, and GEE due to gap-filling/flux-partitioning, we
created 999 artificial incomplete half-hourly NEE time
series data sets by bootstrapping the original incom-
plete half-hourly NEE time series data (Efron & Tib-
shirani, 1993). Each data point (including data gaps) of
the original data set is sampled with the same prob-
ability and can occur multiple times in each artificial
data set or not at all. In addition, each data point of the
artificial data sets was randomly increased or decreased
by 20% to account for the uncertainty inherent in the EC
measurements themselves (Wesely & Hart, 1985). These
artificial data sets were gap-filled and partitioned into
their component fluxes after Desai et al. (2005), and
summed. The uncertainty in each total of NEE, GEE,
Reco is reported as the SD of the respective mean total
obtained from the original time series data sets plus 999
bootstrapped artificial time series data sets. We use the
atmospheric sign convention so that negative NEE
indicates net CO, uptake by the ecosystem whereas a
positive NEE indicates net CO, loss to the atmosphere.

Similar to NEE, we filled smaller gaps (<3h) in the
half-hourly AE time series data with linear interpolation.
Larger gaps (> 3h) were filled with the mean diurnal
variation approach of Falge et al. (2001). The uncertainty
in the totals of ET due to gap-filling was estimated as for
NEE.

Hydrological measurements

The hydrological data set consisted of hydraulic head
(h; ma.s.l.), WT (ma.s.l), and ground surface (ma.s.l.)
elevation measurements from a piezometer located
about 150 m from the tower. We assume that this piezo-
meter location is representative for the hydrological
conditions within the footprint of the tower. Technical
details on the installation of the piezometer and the
measurement procedures are outlined in Hogan (2005)
and Hogan et al. (2006). In brief, continuous hydraulic
head measurements within the glaciofluvial sand un-
derneath the SF site were made with a levelogger
(model Solinst 3001 M5, Solinst Ltd., Georgetown,
ON, Canada) every 30 min. Manual WT elevation was
measured at 1-week to 1-month intervals using an
electronic water-level tape (model Solinst 101 and 101
Mini, Solinst Ltd.). Manual ground surface elevation
measurements were made at 1-week to 1-month inter-
vals using a bog shoe (Roulet et al., 1991). Repeated
manual ground surface elevation measurements during
2003 and 2004 made along a 100 m transect extending
north of the piezometer showed that the entire ground
surface moves in unison, with no significant differences
between ridges and swales (Hogan, 2005). Continuous
ground surface elevation measurements were made at a
nearby location by means of a sonic sensor (model SR50;

Campbell Scientific) mounted above a black-painted tar-
get platform attached to a bog shoe starting in October
2003. The signal was logged by a datalogger (model
CR10X, Campbell Scientific) using a scan period of 1min
and recorded as half-hourly mean values. We compiled a
mean daily ground surface elevation time series based on
the continuous measurements. For the time before October
2003, we used the manual measurements with the missing
days filled by linear interpolation. Daily WTD was calcu-
lated as the difference between mean daily ground surface
elevation and mean daily % (i.e., positive WTD: WT below
the ground surface; negative WTD: WT above the ground
surface). The ground surface elevation at the continuous
measurement location is equal to the average ground
surface elevation of the nearby swales (Hogan, 2005). A
WTD of 0 therefore corresponds to the water level being
within a few centimeters above or below the ground
surface in the swales and up to 0.30m below ground
surface beneath the ridges.

Analyses

In addition to daily and seasonal totals of NEE, Reco,
GEE, and ET, we performed different analyses. Correla-
tion (Pearson’s product-moment correlation coefficient)
and regression analyses between daily R, and WTD
and ET, respectively, and between T,.; and WTD and
GEE and R, respectively, were performed for days
with more than 36 half-hourly data points after filling of
short gaps (Table 1).

Initial diagnostics using ordinary least-square (OLS)
regression indicated heteroscedascity and the presence
of influential outliers. To overcome the violation of OLS
regression assumptions, we employed robust multiple
regression (iterated re-weighted least-square fitting)
with a re-descending M-estimator (Tukey) to quantify
the relative influence of R,et and WTD on log-trans-
formed daily ET:

In (ET) = a + bRyet + cWTD? + ¢, (2)

where 4, b, and ¢ are regression coefficients, and ¢ is the
residual. Similarly, we used robust multiple regression
to quantify the relative influence of Ty, and WTD on
log-transformed daily GEE and Rec,

In(Y) = a+ bTsoi + cWTD + ¢, 3)

where Y is either GEE (1gCm *day ' was added due to
some slightly negative values) or Re., 4, b and c are
regression coefficients, and ¢ is the residual. We used the
variance of inflation factor (VIF) as a measure for potential
multicollinearity. The relative importance of the predictor
variables (and the bootstrap confidence interval of their
differences) in Eqns (3) and (4) was calculated after Linde-
man et al. (1980, p. 119ff) as implemented by Groemping
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(2006) in the relaimpo package for the R (v2.7.1) computing
environment (R Development Core Team, 2008). The
application of the relaimpo package to robust multiple
regression followed Groemping (2007).

We calculated bulk surface conductance g. (Monteith,
1965) and the Priestley-Taylor opr coefficient (Priestley &
Taylor, 1972) as two ET-related bulk parameters from half-
hourly mid-day (10:00-14:00 hours) gap-filled AE time
series data. Daily and monthly mid-day means of g.
(ms™!) for AE were calculated through inversion of a
rearranged Penman-Monteith equation (e.g., Humphreys
et al., 2006; Ryu et al., 2008). Owing to reasons outlined
above (Data handling and processing of EC measure-
ments), we were not able to calculate R, as used in the
Penman-Monteith equation directly from an independent
set of measurements for the snow-free periods of 2004-
2006. Instead, we approximated R, as the sum of AE and
H, thus avoiding the issue of energy-balance nonclosure.

The Priestley-Taylor opy coefficient is defined as the
ratio of measured AE to equilibrium latent heat flux,
AEEqulibrium, thereby indicating evaporation efficiency.
Daily and monthly mid-day values for apr of approach-
ing 1 are indicative for evaporation occurring at rates in
the order of the potential rates, thus indicating unlim-
ited water supply. We calculated apr from AEgquiibrium
using half-hourly data points at least 10 hours after the
last rainfall:

A X R,
(A+7p)’
where y is the psychrometric constant. We used the

following relationship comprising the hyperbolic GEE-
PAR;, relationship of Michaelis & Menten (1913) and

(4)

;LEEquilibrium =

2003
181 mm; 12, 2°C

30-year normals 2004

320 mm; 11 0°

567 mm; 9. 4°C

the exponential Reco—Tair 2m relationship of the well-
established Q9 model:

o X PARjn X Amax

EE = —
N o X PARin =+ Amax

+ Ry X anir_Zm*TmVlO (5)
to calculate «, the effective quantum yield (umol CO, p
molPAR;,), and Apax the maximum photosynthetic
capacity (umolm ?s™'), as mid-summer (1 June-30
September) GEE-related bulk parameters, and Ry, i.e.
the R at 10°C (umolmf2 s, and Qy, i.e. the relative
Reco increase for a temperature increase of 10 °C as mid-
summer R..-related bulk parameters from half-hour
values of NEE, PAR;,, and T,;», time series data. All
four variable parameters, i.e. &, Amax Ri0, and Qjo (and
their confidence intervals) were determined through
unconstrained, nonlinear least-square regression (Le-
venberg-Marquardt algorithm). Calculation of the ET-,
GEE-, and Re.,-related bulk parameters was performed
using the MATLAB (v7.5) computing environment (The
MathWorks Inc., 2007, Matlab, v7.5, The MathWork,
Matick, MA, USA).

Results

Meteorological and resulting hydrological conditions

The meteorological conditions varied substantially
among the snow-free periods of 2003-2006: 2003 was
warm and dry, 2004 was cool and wet, and 2005 and
2006 were both wet (Fig. 1a). In 2003, total P was
distributed fairly evenly, with about 67% occurring
throughout June to September (normal: 82%) in the
form of daily P events with usually <10mm. This
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Fig. 1 Variations of (a) daily mean air temperature (T, » ; sShown as lines) and total precipitation (P; shown as bars) and comparison of
snow-free period means (Tyir-2m) and totals (P), respectively, to 30-year normals, (b) daily mean hydraulic head (h), water table (WT), and

ground surface elevations at the piezometer.

© 2009 Blackwell Publishing Ltd, Global Change Biology, 16, 1762-1776



1768 O. SONNENTAG et al.

20

(a)
~ 15 T
2 y
€ kS
1, 10 ‘ | D:j_z
A <
5 o
0
o ©
£ g
& :
__ Swale (depth=0.05 m)
- --- Ridge (depth=0.30 m)

5 10 15
Time of day (h)

20

0.11 1200
(b) -- PAR . —e—2003 =
0.1 — PARAbedo® 4. w 2004{ 1000 4,
bedg ’f"fﬁ‘ e 2005 o
0.09 = 800 ¢
S
0.08 600 2
2
0.07 400 <
o
0.06 200 <
o
0.05 0
15
(d)
1
0.5
L
3 3
0

5 10 15
Time of day (h)

20

Fig. 2 (a) Mean diurnal patterns of air temperature (T2 m), (b) soil temperature (T,o), (¢) incoming photosynthetically active radiation
(PAR;,,) and PAR albedo (PARAbedo), and (d) vapor pressure deficit (D).

pattern changed substantially in 2004 when heavy P
events started in early August. About 87% of the total P
in the snow-free period of 2004 fell during June-Sep-
tember, 60% of which fell in August and September
(normal: 40%), mostly in the form of daily P events with
>10mm. The two subsequent years were characterized
by temporal patterns in daily P similar to 2004, i.e.
summers that had about 83% and 73% of the total P
with 64 (2005) and 53% (2006) in August and September.
In all four snow-free periods, the SF site received
similar amounts of Ki, (~ 2.76 GJ m2). Ryt was about
50% of Kj, except for 2004 with 56%.

The switch from dry to wet conditions in 2004 was
reflected in h, WT, and ground surface elevation (Fig.
1b). However, WTD was also strongly controlled by
cold season processes related to the presence of a
seasonal snow pack, which, through its influence on
the vertical profile of Ty, controls frost penetration
depth (data not shown). After snowmelt in mid-April
2003, the presence of frozen peat until the end of May
led to the formation of a perched WT, i.e. the localized
occurrence of saturated conditions above the h that
decoupled h and WT (Fig. 1b; WT >h). After the com-
plete thawing of seasonally frozen peat and the disap-
pearance of the perched WT by the end of May,
WT ~ h, both of which reached a minimum depth of
around 0.05m below the ground surface. As a result of
dry conditions, both WT and h dropped to a maximum
depth of about 0.4m below the ground surface. In
response to the pronounced changes in h and thus
WT, the ground surface elevation dropped by around
0.20m. In 2004, WT and h were similar to 2003 but due

to higher P, the WT stayed slightly below or above the
ground surface until the switch from dry to wet condi-
tions. As a result of the continuing heavy P events, both
WT and h continued to rise to a minimum ponding
depth of —0.4m above the ground surface (Fig. 1b).
Owing to the more saturated and thus warmer peat
profile at the end of the snow-free period, frost penetra-
tion in the following winter (2004-2005) was less deep
(data not shown). After the rapid and complete thawing
of the peat profile in 2005 (almost fully saturated) and
2006 (fully saturated), continued P caused the WT to
stay well above the ground surface throughout each
snow-free period. Under the resulting saturated peat
profile in the wet years 2004-2006, ground surface
elevation changes were negligible (<0.05m).

The mean diurnal pattern in 5-cm Ty in a swale
during the dry conditions of 2003 followed the course
of the mean diurnal pattern of Tyir»m (Fig. 2a and b).
However, based on a relief of about 0.25m, the mean
diurnal pattern in 30-cm T, on an adjacent ridge at the
same absolute measurement elevation was completely
dampened due to the greater relative measurement
depth. During the wet snow-free periods (2004-2006),
the topographic effects on the soil thermal regime di-
minished due to inundation, which completely damped
mean diurnal patterns in Tyl ridge-030m and Tsoitswale-
005m- Mean diurnal patterns in T,iy.om (Fig. 2a), PARy,
(Fig. 20), and D (Fig. 2d) reached the highest mid-day
peaks in 2003, indicating generally less cloudy sky con-
ditions and higher sensible heat fluxes, which is in
accordance with 2003 being drier and warmer compared
with the three subsequent years.
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Table 2 Total evapotranspiration (ET), net ecosystem CO, exchange (NEE), gross ecosystem exchange (GEE), and total ecosystem
respiration (Re.,) based on measured, filtered, and gap-filled / flux-partitioned time series data sets (Table 1) and mean total ET, NEE,
GEE, and Re, reported as the mean of 1000 ET, NEE, GEE, and R, totals calculated from the measured, filtered, and gap-filled time
series data sets plus 999 bootstrapped artificial AE and NEE time series data sets (see text for more details)

Parameter ET (SD) NEE (SD) GEE (SD) Reco (SD)

Unit mm period ! gCm 2period ! ¢Cm 2 period " gCm 2period !
2003 300; 315 (6)a -2;8(7)a 317; 327 (15)a 315; 332 (15)a
2004 305; 315 (6)a —170; —139 (11)b 508; 513 (32)b 338; 380 (34)b
2005 319; 316 (6)a —157; —163 (8)c 414; 411 (14)c 256; 265 (13)c
2006 323; 316 (6)a —190; —195 (9)d 448; 556 (23)d 297; 371 (24)d

The uncertainty in mean totals due to gap-filling (ET) and gap-filling/flux-partitioning (NEE, GEE, and R..,), respectively, is
reported as 1SD. Different lowercase letters indicate that the totals are significantly different at o = 0.05 (Tukey—Kramer’s honestly

significant difference criterion).
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Fig. 3 Mean diurnal patterns of gap-filled (a) latent heat (AE) and (b) net ecosystem exchange (NEE).

The inundation in 2004-2006 also had a clear effect on
the mean PAR albedo (PARAbedo) (Fig. 2¢). PAR Albedo 1S
to a large extent controlled by the structure and espe-
cially the greenness of vegetation. In 2003, PARApedo
was generally lower than during the three subsequent
wet years, the result of the lower vegetation abundance
resulting in increased exposure of relatively ‘dark’ peat
background. Furthermore, under wet conditions a
certain fraction of the green vegetation was inundated
(Fig. 1b). The surface of the ponded water is character-
ized by an oily film due to iron carbonate produced by
the oxidation of ferrous iron in the presence of carbo-
nate and bicarbonate in the pore water. This oily film
may have caused parts of the SF site to appear ‘brighter’
and thus more reflective.

Evapotranspiration

Total ET varied only slightly among the four snow-free
periods (Table 2). Taking into account the uncertainty

due to gap-filling, the mean total ET of the 1000 time
series data sets were not significantly different for
o= 0.05 (Table 2).

The mean diurnal pattern of AE was quite similar in
all four snow-free periods. AE generally peaked be-
tween around noon and late afternoon (Fig. 3a). The
peaks of AE roughly corresponded to the peaks of PAR;,
occurring in the early afternoon (Fig. 2¢) rather than to
the peaks of D occurring later in the afternoon (Fig. 2d).
Accordingly, daily ET was also quite similar between
the four snow-free periods with a mean value (SD) of
1.69 (0.37) mmday ' (Table 3; Fig. 4a).

Daily ET followed the seasonal variation of daily Rt
(Fig. 4b). The high daily ET at the beginning of each
snow-free period corresponded to increased daily Rpet
following snowmelt, when a perched WT stayed at or
just below the ground surface (2003; 2004) or when the
WT was well above the ground surface (2005; 2006).
Daily ET was positively correlated with daily Rpet
(2003-2006: correlation coefficient (r) = 0.76, P <0.0001,
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Table 3 Summary of mean daily (ETperioa) and mean daily summer (ETsymmer) ET, mean daily mid-day Priestley-Taylor coefficient

(opr), and bulk surface conductance (g.)

Parameter ETperioa (SD) ETsummer (SD) apr (SD) 3. (SD)

Unit mm day mm day - ms™!

2003 1.63 (0.95)a 2.23 (0.58)a 0.79 (0.25)a 0.0039 (0.0018)a
2004 1.65 (0.85)a 2.16 (0.71)a 1.04 (0.25)b 0.0045 (0.0016)b
2005 1.74 (0.86)a 2.17 (0.67)a 0.99 (0.31)b 0.0046 (0.0015)b
2006 1.76 (0.99)a 2.43 (0.75)b 1.03 (0.32)b 0.0045 (0.0013)b

Different lowercase letters indicate significantly different mean values (Tukey—Kramer’s honestly significant difference criterion).

n =430). For comparison with mean daily ET from
other Canadian peatlands as provided by Lafleur et al.
(2005a), we also calculated mean daily summer ET for
the three summer months June-August (Table 3).
Mean daily mid-day oprindicates that ET occurred at
potential rates under wet conditions (2004-2006), but at
significantly lower rates in the dry conditions of 2003
(Table 3). Generally, g. was significantly lower in 2003
when atmospheric demand was highest compared with
the subsequent 3 years, which were not significantly
different (Table 3). No pattern emerged for the relation-
ship between daily mid-day (data not shown) or
monthly g. and D (Fig. 5a) but a parabolic relationship
between monthly g. and WTD (Fig. 5b). Monthly means
of daily mid-day opr increased with increasing g. only

in 2003, but were insensitive to changes in g. in 2004—
2006 (Fig. 5b).

Net ecosystem CO, exchange

The totals of NEE, GEE, and R, varied substantially
among years. In 2003, the SF site was almost CO, neutral
but acted as moderate sink in 2004-2006 (Table 2). Taking
into account the uncertainty due to gapfilling/flux-par-
titioning, the differences in the mean totals of NEE, GEE,
and R.., based on the 1000 time series data sets were all
significantly different at « = 0.05 (Table 2).

As expected, the mean diurnal pattern of NEE dif-
fered substantially. Generally, there was higher photo-
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synthetic uptake (negative NEE) in 2004-2006 com-
pared with 2003 (Fig. 3b). Nighttime losses of CO,
due to Reco when NEE = R, were just slightly differ-
ent, not showing a consistent pattern.

The substantial difference in the diurnal pattern of
NEE was reflected in daily NEE (Fig. 4c). The totals of
GEE and R, and the mean diurnal patterns of NEE
suggest that the differences in daily NEE were mainly
due to differences in daily GEE rather than in Rec,. For
correlation analyses we used daily T (Fig. 4d) calcu-
lated as the mean of Tsoil—ridgefOBO and Tsoil—swalefOAOS
instead of Ty 2m, because the latter was used for gap-
filling / flux-partitioning. Daily GEE and Re.,, were both
positively correlated with daily mean T,y (GEE 2003—
2006: r=0.77, P<0.0001, n=405, R, 2003-2006:
r=10.78, P<0.0001, n = 405).

We assessed the response of half-hourly NEE to PAR
and T, »m with Eqn (6) (Table 4). One of the two GEE-
related bulk parameters, Anax, showed a continuous
increase over the four snow-free periods. The other

GEE-related bulk parameter, o, did not show a consis-
tent pattern or trend. Similarly, the two Rec.-related
bulk parameters, Ryp and Qjo, did not reveal any clear
pattern.

Influence of WI'D on evapotranspiration and net
ecosystem CO; exchange

Because of the broad range in WTD, spanning drought
to flooding, the data were stratified into two WTD
classes, above and below the flux optimum. Daily ET
was weakly positively correlated with WTD when the
WT was above (WTD < 0) and negatively correlated
with WTD when the WT was below the ground surface
(WTD>0) (Fig. 6a). The scatterplot of daily NEE vs.
WTD suggests that maximum net CO, uptake occurred
when the WT was slightly above the ground surface
(0<WTD < —-0.20m; Fig. 6b), declining for both higher
and lower WTD. For example, in 2004 with the switch
from dry to wet conditions, net CO, uptake increased as
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Fig. 5 Relationships between monthly means of daily mid-day bulk surface conductance (g.) and (a) vapor pressure deficit (D), (b) water
table depth (WTD), and (c) Priestley-Taylor coefficient (opr).

Table 4 Mid-summer (1 June-30 September) model parameters for Eqn (4) as determined through non-linear least-square
regression (CI =95% confidence interval)

Parameter
Unit

o (CI)
pmol CO, mol~! PAR™!

Amax (CD)

pmolm 25!

Ry (CD)

pmolm 25!

Q1o (CD

2003
2004
2005
2006

0.076 (0.067; 0.085)
0.103 (0.092; 0.114)
0.043 (0.040; 0.046)
0.040 (0.038; 0.043)

10.81 (10.42; 11.21)
16.30 (15.68; 16.91)
19.91 (19.04; 20.79)
28.17 (26.83; 29.50)

3.32 (3.16; 3.48)
3.67 (3.44; 3.89)
2.57 (2.42; 2.73)
2.95 (2.79; 3.10)

1.51 (1.46; 1.56)
1.06 (0.98; 1.14)
1.31 (1.23; 1.40)
1.18 (1.12; 1.25)
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Table 5 Robust multiple regression coefficients (a, b, c¢) for daily evapotranspiration (ET) and net Radiation (X;: Ryet) and water
table depth (X,: WTD), and gross ecosystem exchange (GEE) and soil temperature (Xi: Tsi) and WTD (X,), and ecosystem
respiration (Reco) and Tgoi (X7) and WTD (Xj) (type of regression (Reg. type): 1 = linear, ¢ = quadratic; # = number of data points;
Residual SE = residual standard error; R? = coefficient of multiple determination; X; = relative importance of Xj; X, = relative

importance of X,; CI =95% confidence interval)

WID (m) Type n a b ¢ Residual SE R X (5) X (=) X1-X (CD (-)
INET) ~ Ry + WID  — 1+q 430 —011 001 624 046 (mmday ) 068 067 033 034 (0.21; 0.49)
In(GEE) ~ Tgoy + WID  >—-0.11 I1+1 136 1.07 0.04 —-147 0.19 (ng_2 day_l) 0.81 0.53 0.47 0.06 (—0.07; 0.21)
In(GEE) ~ Tgoy + WID < -011 1+1 269 0.66 0.08 8.05 0.27 (ng’z dayfl) 0.74 0.89 0.11 0.78 (0.69; 0.86)
IN(Reco) ~ Tooit + WID  >-011 1+1 136 098 0.04 —037 0.08 (gCm 2day ) 086 078 022  0.56 (0.40; 0.71)
IN(Reco) ~ Too + WID < —011 141 269 085 004 041 010 (gCm 2day ) 082 090 010  0.79 (0.70; 0.87)

the WT rose to an optimum negative WTD above the
ground surface, then declined as the WT rose further.
Similar to NEE, both GEE and R, reached a maximum
at a WID of —0.11m (WTD resulting in the lowest
correlation coefficient for WTD vs. GEE and WTD vs.
Reco for WTD > —0.11 m). Daily GEE and R, were both
negatively correlated with WID for WTD>—0.11m
and more weakly positively correlated with WTD for
WTD < —0.11m (Fig. 6¢ and d).

We evaluated the relative importance of WID for the
daily variation of water vapor and CO, fluxes com-

pared with other important environmental controls
(Evapotranspiration, Net ecosystem CO, exchange),
Rpet (ET) and Ty (GEE; Reco), through robust multiple
regression. The quadratic term in Eqn (3) accounts
for an optimal response of ET to WTD. Rpe; and WTD
account for 68% of the variation in daily ET. The con-
tributions of R,.s and WTD were 67% and 33%, which
suggests that ET generally follows the seasonality of Ryt
and is only weakly controlled by WTD (Table 5). As
indicated by VIF=1.37, very weak multicollinearity
between Ryt and WTD may be present.
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For GEE and R..,, the regressions were run twice, for
WTD above and below the WTD optimum of —0.11 m.
Under drier conditions WTD > —0.11 m), T,.;; and WTD
together account for 81% of the explained variation in
daily GEE. Daily WTD contributes almost half to the
explained variation and there is no significant differ-
ence between the contributions of WTD and T,; (Table
5). For wetter conditions (WTD < —0.11 m) in contrast,
the contribution of WTD to the explained variation in
daily GEE is minor (Table 5). For both WTD> —0.11m
and WTD < —0.11m, only very weak multicollinearity
was found (VIF=1.35 for both WTD>—-0.11m and
WTD < —0.11m). Reco responded differently. Daily Reco
is strongly related to Ty for both dry (WTD > —0.11m)
and wet (WTD < —0.11m) conditions, which suggests
that Rec, generally follows the seasonality of T,.; and
WTD is a minor influence (Table 5). Again, for both
WTD>—-0.11m and WTD < —0.11m, only very weak
multicollinearity may exist (WTD > —0.11 m: VIF = 1.28;
WTD < —0.11 m: VIF = 1.36).

Discussion
Evapotranspiration

As indicated by mean daily summer rates (Table 3), ET
at the SF site fell into the range of values reported for
various peatlands in Canada (Lafleur et al., 2005a;
Humpbhreys et al., 2006). The difficulty in understanding
peatland ET lies in the interaction of various factors
including fluctuations of a shallow WT above or below
the ground surface, resulting in increased complexity
compared with other ecosystems. As a result, relation-
ships that hold for upland ecosystems, such as g. vs. D,
may be weak or insignificant for peatlands (e.g., Hum-
phreys et al., 2006; Pejam et al., 2006; Ryu et al., 2008). At
the SF site, substantial fluctuations in WTD created
extreme hydrological and ecological conditions that
are characteristic for interior, central Canada.

The role of WID on peatland ET is still uncertain
(Lafleur et al., 2005a). For example, Kim & Verma (1996)
and Kellner (2001) found for a fen in Minnesota and a bog
in Sweden, respectively, that WTD exerted some control
over ET. In contrast, the data presented by Lafleur et al.
(2005a) for a bog in Canada suggests that WTD had
almost negligible influence on ET. An intercomparison
study of seven peatlands across Canada (including the SF
site) for July and August 2004 does not show any notable
influence of WID on ET (Humpbhreys et al., 2006).

A recent conceptual peatland ET model by Lafleur
et al. (2005a) suggests bogs and poor fens show a limited
response of ET to WTD fluctuations up to a critical depth
(0.65m at the Mer bleue bog in Ontario, Canada) when

root water-uptake of vascular plants might stop and
water extraction of Sphagnum mosses in hollows through
capillary forces becomes limited. The presence of Sphag-
num mosses guarantees wet ground surface conditions
over a wide range of WTD, dampening the response of g.
to D due to reduced ground surface resistance
(ggrlound = fsoil X g;;il + fmosses X gr;\Lsses +fwater X g\;;ter
With fooil, fmossess and fwater being the relative hypothe-
tical fractions of soil, mosses, and open water, respec-
tively). Theoretically gground approaches zero with the
start of water ponding (=0 x g;}ﬂ +0x g;}mes +1x
g;\,;ter and g;\,;ter = 0). Under these conditions, variations
in g. are a function of vascular plants and thus stomatal
conductance (gstomata) ONly. In contrast to Sphagnum
mosses, brown mosses are not able to remain as wet
through capillary forces as Sphagnum mosses do (Jans-
sens ef al., 1992) and thus are more sensitive to WTD
fluctuations. At the SF site, WTD under dry conditions
was never as high as at the Mer Bleue bog under dry
conditions (~ 0.75m). Owing to the differences in vas-
cular plant and moss species, a maximum WTD of just
0.4m was probably sufficient to cause vegetation stress
due to drought. It does not seem surprising to see an
influence of WTD on ET, which is similar in terms of
maximum WTD to the peatland sites of Kellner (2001)
and Kim & Verma (1996).

The conceptual model of Lafleur et al. (2005a) was
complemented through analysis of the different re-
sponses of g. to D obtained from various peatland sites
(Humphreys et al., 2006). In Humphreys ef al. (2006) and
Fig. 5a, the SF site showed only a very weak and no
response, respectively, of g. to changes in D. Our data
show no clear relationship between g. and D under the
wet conditions of 20042006 due to ponding water. No
clear response of g. to changes in D under dry condi-
tions was found, but instead a parabolic relationship
between g. and WTD combined for dry and wet condi-
tions combined (Fig. 5b). The parabolic response of g. to
changes WTD suggests that daily ET is comprised of
varying contributions from different ground surface
components (bare soil, mosses, and ponding water)
and vascular plants in response to the seasonal varia-
tion in Ry as regulated by WTD.

In 2003, WTD increased continuously after snowmelt.
As a result, g. decreased mainly due to increased
Sground (= froit 1) X Zeoi + frnosses( 1) X Gmosses + 0 X Gwater
with || and { indicating decrease and increase, respec-
tively, of the respective hypothetical fraction), and to some
degree due to increased g{a}\()py (e, g;(l,mata at ecosystem
scale, which is a function of vascular plant abundance
expressed through aboveground biomass or LAI) in re-
sponse to increasing D, resulting in lower rates of daily ET.

After the switch from dry to wet conditions in 2004,
the WT stayed at the ground surface similar to 2003, but
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WTD started to continuously decrease with increased P.
A continuously larger proportion of the ground surface
and vascular plants was covered by ponding water. As
a result, g. decreased (Fig. 5) because of the decrease in
vascular plant abundance since g. was continuously
more controlled by g;alnopy alone due to the continuous
decrease of g;Jrface (:fsoil ( U ) X ggolil +fmosses ( U ) X
g;ﬂosses + fwater( 1) X g;,later). Because Carex spp. are well-
adapted to wet conditions (e.g., Bubier et al., 2003), the
reported effect of partial stomatal closure under saturated
conditions (Zhang & Davies, 1987; Else et al., 1996) was
rather negligible and aboveground biomass or LAI was
most likely higher in 20042006 (LAlye) than in 2003
(LALyry). If LALyet > LAlyy, then a reduction in LALyet
due to inundation should still result in higher values for
Scanopy under wet compared with dry conditions and
explain the reduced sensitivity of g. under wet condi-
tions. Unfortunately, no aboveground biomass or LAI
data exists to investigate this hypothesis.

In 2005, the WT fluctuated above the ground surface
and varying proportions of vascular plants were
inundated. A notable increase in WTD at mid-August
caused the WT to almost reach the ground surface when
Ryt was about highest. As a result, g, as mainly con-
trolled by gc’a]nopy increased because a smaller proportion
of vascular plants was covered by ponding water, result-
ing in the highest rates of daily ET. The increase in WTD
did not affect the relative hypothetical fractions of soil,
mosses, and open water since the SF site was still inun-
dated/ ie. g;l}rface =0x g;oh +0x g;n})SSeS +1x g;v;ter and
g;,éter =0. The mid-August increase in WTD was fol-
lowed by a WTD decrease, i.e. an increasing proportion
of vascular plants covered with ponding water.

In 2006, the WT was stagnant and stayed above the
ground surface. Consequently, the proportion of vascu-
lar plants covered by ponding water under saturated
conditions was constant and not controlled by WTD
fluctuations resulting in changes in g. through changes
in g;I,llrface (=0x 8570111 +0x grz\ltvsses +1x g;vlater)~ As a re-
sult, daily ET rates were a function of the seasonal cycle
of Ry alone.

Overall the contributions of vascular plants and dif-
ferent ground surface components under varying me-
teorological conditions appear to compensate each
other. For example, the reduced contribution from bare
soil, mosses, and vascular plants to total ET is compen-
sated by the contribution from open water, as indicated
by the insignificant differences in total ET (Table 2).

Net ecosystem CO, exchange

The importance of WTD for peatlands’” C balance has
been emphasized in various studies from different
perspectives (e.g., Bubier et al., 2003; Lindroth et al.,

2007; Yurova et al. 2007). Our analyses show that NEE
from the SF site responded differently to dry and wet
conditions, which had no overall effect on total ET but
most likely affected the contributions of vascular plants
and different ground surface components. In contrast to
ET where WTD has direct (e.g., the contribution of
ponding water evaporation to ET) and indirect (e.g.,
earlier senescence due to drought) effects, a different
picture emerges for GEE and R.., which are controlled
by WTD only indirectly. Decreased wetness caused
vegetation stress and thus decreased g.. The dry condi-
tions in 2003 most likely resulted in earlier senescence
(i.e. shorter growing season) of the generally less
healthy and productive vascular plants that are well-
adapted to wet conditions. Despite cooler temperatures
in 2004, vascular plants were generally healthier and
more abundant and productive due to increased wet-
ness, resulting in higher GEE. In 2005 and 2006, both
similarly wet but warmer than 2004, photosynthetic
uptake remained high or even increased further. This
further increase was most likely related to longer grow-
ing seasons due to the earlier thawing of the less deeply
frozen peat profile. The effect of increased wetness on
growing season length, especially onset and dormancy,
was reported to be crucial for differences in NEE and
especially GEE (e.g., Griffis ef al., 2000; Sagerfors et al.,
2008). A similar response of GEE to changes in meteor-
ological conditions was reported for various other fen
sites with similar species composition and nutrient
status (e.g., Griffis et al., 2000; Bubier et al., 2003).
Regarding R, our results show that T,.; was a more
dominant control than wetness, which is in accordance
with several studies from a range of different peatland
types (e.g., Bubier et al., 1998; Lafleur et al., 2005b;
Lindroth et al., 2007). Overall, the variability in NEE
was mainly controlled by the variability of GEE, which
is supported by increased maximum photosynthetic
capacity under wetter conditions with higher vegeta-
tion abundance. Humphreys et al. (2006) reported
strong relationships between A, and aboveground
biomass and LAI, with higher A« for sites with more
aboveground biomass and higher LAIL Overall, the
GEE- and Rcrelated bulk parameters o, Amax, Rio,
and Qo are approximately within the range of values
provided by Frolking et al. (1998) and Humphreys et al.
(2006) both of which include the SF site. The increased
maximum photosynthetic capacity (Ama) under wetter
conditions at the SF site is consistent with generally
lower NEE due to higher GEE and is most likely related
to increased vascular plants abundance.

Ultimately, water vapor and CO, fluxes are linked
since photosynthesis, and transpiration and moss eva-
poration are tightly coupled through g, and gmoss
respectively. The linkage of these two fluxes can be
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quantified through water use efficiency (WUE), which
is the ratio of CO, uptake through photosynthesis and
water vapor lost by the ecosystem through transpiration
(vascular plants) or evaporation (mosses). WUE is com-
monly determined at the leaf-level and reported in units
of mmol CO, mol H,O ! (Ponton et al., 2006). This ‘real’
leaf-level WUE was approximated through the ratio of
EC-derived GEE and — measured ET at the ecosystem
scale (e.g., Law ef al., 2002; Humphreys et al., 2006).
Understanding the temporal variability of ecosystems’
WUE is crucial for the understanding of climate-
change-induced alterations of the C and water cycles
and thus ecosystem functioning. Our results show that
such as an analysis would be misleading for ecosystems
that experience both drought and inundation because of
the varying contributions of different photosynthesiz-
ing (vascular plants, brown mosses) and nonphoto-
synthesizing (bare soil, open water) land surface
sources to total ET. Understanding the water vapor
contributions from different land surface sources has
recently been identified as a responsibility of growing
importance for the more realistic but more complex
treatment of terrestrial water and C cycles in land
surface schemes (Lawrence et al., 2007).

Conclusions

For this study we analyzed hydrological and micro
meteorological measurements from four snow-free per-
iods (2003-2006) from the Sandhill fen in central Sas-
ketchawan, Canada. The goal was to explore the
relationship between fluctuations in daily WTD and
water vapor and CO, fluxes. The results of our study
provide important insights into these complex relation-
ships: WTD has a negligible effect on total ET, which
appears to be due to the impact of WTD on g. and thus
the compensating contributions of vascular plants and
different ground surface components. Furthermore,
WTD is only of secondary importance for explaining
variations in daily ET relative to radiation and thus
seasonality. However, WTD has a considerable effect on
daily NEE, mostly due to the influence of WTD on GEE.
Up to a minimum ponding depth, about half (relative to
temperature and thus seasonality) the explained varia-
tion in daily GEE is contributed by WTD. In contrast,
the influence of WTD on daily Re., appears to be of
secondary importance regardless of WTID. The results
of our study pose an important challenge to future
modeling efforts focusing on peatlands similar to the
SF site, namely, the (spatially) explicit consideration of
subsurface and surface water flows in response to
topography, hydrogeology, and meteorological condi-
tions to allow for a more realistic simulation of peatland
hydrology including ground surface elevation changes.
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