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Abstract Peatlands are recognised as an important
but vulnerable ecological resource. Understanding the
effects of existing damage, in this case erosion,
enables more informed land management decisions
to be made. Over the growing seasons of 2013 and
2014 photosynthesis and ecosystem respiration were
measured using closed chamber techniques within
vegetated haggs and erosional peat pans in Dartmoor
National Park, southwest England. Below-ground
total and heterotrophic respiration were measured
and autotrophic respiration estimated from the vege-
tated haggs. The mean water table was significantly
higher in the peat pans than in the vegetated haggs;
because of this, and the switching from submerged to
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dry peat, there were differences in vegetation compo-
sition, photosynthesis and ecosystem respiration. In
the peat pans photosynthetic CO, uptake and ecosys-
tem respiration were greater than in the vegetated
haggs and strongly dependent on the depth to water
table (#* > 0.78, p < 0.001). Whilst in the vegetated
haggs, photosynthesis and ecosystem respiration had
the strongest relationships with normalised difference
vegetation index (NDVI) (r2 = 0.82, p < 0.001) and
soil temperature at 15cm depth (= 0.77,
p = 0.001). Autotrophic and total below-ground res-
piration in the vegetated haggs varied with soil
temperature; heterotrophic respiration increased as
water tables fell. An empirically derived net ecosys-
tem model estimated that over the two growing
seasons both the vegetated haggs (29 and
20 ¢C m~%; 95% confidence intervals of — 570 to
762 and — 873 to 1105 gC m™~?) and the peat pans
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(7 and 8 gC m72; 95% confidence intervals of — 147
to 465 and — 136 to 436 gC m™~2) were most likely net
CO, sources. This study suggests that not only the
visibly degraded bare peat pans but also the surround-
ing vegetated haggs are losing carbon to the atmo-
sphere, particularly during warmer and drier
conditions, highlighting a need for ecohydrological
restoration.

Keywords Photosynthesis - Ecosystem respiration -
Heterotrophic respiration - Peatland - Carbon dioxide -
Blanket bog

Introduction

Peatlands are recognised as valuable ecological
resources providing a range of ecosystem services
including food provision, flood alleviation, drinking
water supply, amenity value and carbon sequestration
(Grand-Clement et al. 2013). However, many peat-
lands are damaged, putting these ecosystem services at
risk (Holden et al. 2007). Projects aimed at restoring
the ecohydrological functioning of mires are more
likely to set realistic targets and succeed where the
effects of existing damage are understood (Bonnett
et al. 2009).

Blanket bogs form in cool (< 15 °C mean summer
temperatures) and wet (> 1000 mm rain annually)
conditions (Lindsay et al. 1988). They consist of
multiple peat-forming conditions (e.g. raised bogs,
watershed mires, flushes etc.) which have spread
laterally and joined together smothering the underly-
ing topography. As they rise above the influence of
groundwater they are dependent on precipitation for
both water and nutrients (Moore 1987) resulting in
acidic nutrient poor conditions. In the UK, ecohydro-
logically functioning blanket bogs are dominated by
Sphagnum species which maintain the water table at or
above the ground surface (Clymo 1983; Evans et al.
1999; Holden et al. 2011). The UK has 10-15% of the
world’s blanket peat resource (Tallis 1997) primarily
located in upland areas, consequently they are globally
important.

Burning, grazing, deposition of atmospheric pollu-
tants (Yeloff et al. 2006), thawing permafrost (Schuur
et al. 2008) and climate change (Stevenson et al. 1990)
have all been proposed as causes of peatland erosion.
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These can initiate a feedback loop where peat erosion
reduces vegetation cover leaving bare peat more
susceptible to further erosion by fluvial, aeolian and
freeze—thaw processes forming erosional features
(Bragg and Tallis 2001). These features are of great
concern as they drain the peat, resulting in particulate
organic carbon losses downstream (Evans et al. 2006)
and water table draw-down in the surrounding vege-
tated areas (Daniels et al. 2008), altering vegetation
composition and CO, fluxes beyond their extent (Clay
et al. 2012).

Lower water tables have been shown to alter the
vegetation present away from Sphagnum towards
vascular plants such as Molinia caerulea, Calluna
vulgaris and Eriophorum species (Coulson et al. 1990;
Bellamy et al. 2012). These species have larger and
more dynamic CO, fluxes (McNamara et al. 2008;
Otieno et al. 2009) but are more readily decomposed
(Coulson and Butterfield 1978; Wallen 1993; Thor-
mann et al. 1999) and therefore contribute little to the
long-term carbon store compared to Sphagnum.
Additionally vascular plants can have extensive root
systems which may stimulate the decomposition of
more recalcitrant deeper peat (Fontaine et al. 2007).

To date, studies on CO, fluxes from eroding blanket
bogs (McNamara et al. 2008; Clay et al. 2012; Dixon
et al. 2013; Rowson et al. 2013) have been focused in
northern England where erosional gullies are steeper,
deeper and wider (up to 3 m) than the peat pans of
Dartmoor (up to 1.5 m wide and typically < 50 cm
deep). It is unclear what initiated erosion on Dartmoor
but peat pans (shallow, sparsely vegetated, hydrauli-
cally-connected, intermittently saturated depressions)
and haggs (surrounding vegetated blocks) are limited
to flat areas with insufficient erosional energy for
gullies to form. They expand as the water level is
lowered around the edges of the vegetated haggs
destabilising the peat (Luscombe, pers. comm., 2018).

The deep peats of Dartmoor store an estimated 13.1
Mt of carbon (Gatis et al. 2019) but are vulnerable to
climate change as they lie at the southern limit of the
UK blanket bog climatic envelope (Clark et al. 2010).
This makes them invaluable as indicators of the
potential effects of climate change on other, more
northerly, maritime peatlands. Understanding the
controls on CO, fluxes on Dartmoor may provide an
indication of the future for other deep peats as
temperatures rise potentially initiating more erosion.
The aim of this study was to investigate the controls on
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CO, fluxes in peat haggs and peat pans and quantify
CO; fluxes from these landscape components.

Materials and methods
Study site

The study site is located in an area of degraded blanket
bog in Dartmoor National Park (Fig. la and b),
southwest England (50°36 N, 3°57'W). At Princetown
(Fig. 1b) the long-term average annual precipitation is
1974 mm and has a mean monthly temperature range
of 0.8to 17.7 °C. The site lies at 515 m above sea level
and is classified as National Vegetation Classification
class M17 Scirpus cespitosus-Eriophorum vaginatum
blanket mire (Rodwell 1991). Peat at the study site is
estimated to be between 3.6 and 4.0 m thick (Gatis
et al. 2019) above the average for Dartmoor (0.81 m)
(Parry et al. 2012). The study site is within an
extensive area of erosional peat pans and vegetated
haggs (Fig. 1c and d). The areas is currently used for
extensive sheep grazing.

Net CO, ecosystem exchange measurements

Net CO, Ecosystem Exchange (NEE) measurements
were taken on 10 separate dates at six locations in the
vegetated haggs in a randomised pattern approxi-
mately every month between 05/06/2013 and 20/09/
2013 and 10/04/2014 and 10/09/2014. A 20 cm
diameter, 50 cm tall Perspex collar was attached to
the peat surface prior to each measurement using
silicon putty (Evo-Stick “Plumbers Mait”, Stafford,
UK), and subsequently removed at the end of the
measurement. The collar was 50 cm tall to allow for
the expected mid-summer vegetation height. The
collar was not inserted into the peat as this severs fine
surface roots (Heinemeyer et al. 2011) and alters the
hydrological and micro-meteorological properties of
the peat. Due to limited moss coverage it was possible
to ensure a good seal with the peat surface directly
using silicon putty. A LiCOR-8100 infra-red gas
analyser (LiCOR, Lincoln, Nebraska) connected to a
8100-104C transparent chamber (with a rubber gasket
to ensure an airtight seal) measured variation in CO,
concentrations every 2 s over 2 min concurrently with
photosynthetic photon flux density (PPFD) (LiCOR
Li-190 Quantum Sensor). In order to limit the weight

of equipment carried to site it was not possible to
control chamber temperature, therefore temperature
may have increased during the test potentially stress-
ing the plants resulting in an underestimate of
photosynthesis. The variation in chamber temperature
over the tests ranged from 0.0 to 1.4 °C. To further
limit this effect the chamber was removed between
measurements to restore ambient conditions.

In the peat pans CO, measurements were taken on
15 separate dates at six locations in a randomised
pattern approximately every 2 weeks (concurrent with
soil respiration measurements) from 29/05/2013 to
07/10/2013 and 14/04/2014 and 11/09/2014. The
8100-104C transparent chamber was too heavy to
float so CO, concentration was measured from a
16 cm diameter, 13 cm tall floating collars every 9 s
over 90 s using an EGM-4 infra-red gas analyser and a
transparent CPY-4 canopy assimilation chamber
(2.427 1) (PP Systems, Hitchin) concurrently with
chamber air temperature and PPFD. No ebullition or
sudden increases in CO, suggestive of ebullition were
observed so it is assumed CO, was not released via this
mechanism. Measurement of the same location via the
two different methods resulted in an uncertainty of
0.2 pmol m % s~

CO, measurements were taken on sunny days at
100, 60, 40, 10 and 0% light levels using a combina-
tion of shade cloths. It is acknowledged that shade
cloths can underestimate photosynthesis at low light
levels compared to naturally low light conditions.
However, this seemed the most practical solution
given the remoteness of the site and labour availabil-
ity. The net CO, exchange at each light level was
calculated from the linear change in chamber CO,
concentration. Linear accumulation rates with an * of
less than 0.7 were discarded unless the maximum
change in CO, concentration was < 1 ppm in which
case a flux of 0 umol m~2 s™' was assigned. Of the
1041 samples collected, 8 were discarded from the
vegetated haggs and 25 from the peat pans at this
stage.

To account for variability in solar radiation between
measurements, net CO, fluxes were fitted to a
hyperbolic light response curve (Eq. 1) using a non-
linear least-squares fit across the different light levels
measured for each plot for each month.

P - PPFD

NEE = Rpq — % "~ 1
B k + PPFD (1)
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Fig. 1 Location of a Dartmoor National Park (shaded area)
within the south west of England, b Study site (red square)
within the national park (grey), ¢ the study site (black square)
within an area of erosion, and d the arrangement of plots and
monitoring equipment; vegetated (grey squares) and bare (white

where NEE is the net CO, ecosystem exchange
(pmol m~? s_l), Pax is the rate of light saturated
photosynthesis (mol m~2 s™'), k is the half-satura-
tion constant of photosynthesis (mol photons m™~ -
s~ 1), PPFD the incident photosynthetic photon flux
density (PPFD) (umol Photons m2s™") and Rge

ecosystem respiration (umol m~>s~'). Only light

@ Springer

squares) net CO, ecosystem exchange and total (white circles)
and heterotrophic (black circle) below ground respiration. In
c and d the green vegetated areas are the vegetated haggs and the
grey, watery areas are the peat pans

response curves with an %> 0.7 were accepted
therefore a further 11 and 171 measurements from
the vegetated haggs and peat pans respectively were
discarded.

Rg., was determined for each plot from each light
response curve (one per sample day) using Eq. 1.
Photosynthesis and net ecosystem exchange were then
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determined for a PPFD of 1000 pmol photons m~> s~

(Pg1o0o and NEEgg), the light saturated photosyn-
thesis rate, using Eq. 1 and the parameters Py, and K
previously determined from each light response curve.
As different PPFD meters were used in the peat pans
and vegetated haggs, a cross-calibration with a
continuous (every 15 min) onsite global irradiation
meter (r2 > 0.90, n = 284; Adcon, Klosterneuburg,
Austria) was used to ensure that fluxes were being
standardised to the same light intensity.

Soil CO, efflux measurements

At each vegetated hagg plot four Polyvinyl Chloride
collars (16 cm diameter, 8 cm height) were installed
within 50 cm of the NEE plots (Fig. 2). These were
sealed to the peat surface in March 2013 using non-
setting putty (Evo Stick “Plumbers Mait”, Stafford,
UK). All collars (n = 24) had above-ground vegeta-
tion removed by regular clipping so they measured
below-ground fluxes only. In addition, 56 cm diam-
eter, 20 cm deep trenches were cut around half the
collars to exclude live roots enabling measurement of
the below-ground heterotrophic component. At each
of six plots, the two replicates of each treatment were
averaged to produce a single value for total soil
(clipped) and heterotrophic soil (trenched and clipped)
respiration. Repeated trenching was used to prevent
root re-growth, rather than a barrier, to minimise the
effect on the hydraulic properties of the peat.
Trenching and clipping were chosen as inexpen-
sive, simple and established methods subject to well
documented uncertainties (Kuzyakov and Larionova
2005; Subke et al. 20006) such as severing roots which

Fig. 2 Schematic
equipment layout. Perspex
net ecosystem exchange
collar (NEE) co-located
with dipwell (DW) in both
the vegetated haggs and peat
pans. In the vegetated haggs
polyvinyl chloride collars
were also located measuring
total (T) and heterotrophic
(H) below ground
respiration

Vegetated Hagg

decompose leading to an overestimation of hetero-
trophic respiration. Collars were installed 2 months
prior to the start of sampling to reduce disturbance
effects.

Soil CO, flux measurements were taken on 17
separate dates in a randomised pattern approximately
every 2 weeks from 13/05/2013 to 1/11/2013 and
14/04/2014 to 11/09/2014. CO, flux was measured
over 2 min using an EGM-4 infra-red gas analyser and
a CPY-4 canopy assimilation chamber (PP Systems,
Hitchin, UK). The autotrophic component of soil
respiration was calculated from the difference
between total and heterotrophic soil respiration mea-
sured at each location for each sample round.

Auxiliary measurements

Concurrently with both NEE and soil CO, flux
measurements soil temperature was recorded down a
single vertical profile at 5, 10, 15, 20, 25 and 30 cm
(Electronic Temperature Instruments, Worthing)
below the peat surface in the vegetated haggs. In both
the peat pans and the vegetated haggs the water
table depth below the peat surface was measured using
a ruler in a perforated tube. Water table depths were
measured at nearby dipwells automatically every
15 min with in situ submersible water pressure
transducers (IMSL Geol00 Impress, UK). Soil tem-
perature was continuously measured at a depth of
15 cm every 15 min (Gemini Data Loggers, Chich-
ester, UK) at vegetated plot 4. Rainfall was measured
using a tipping bucket rain gauge (0.2 mm tip, RTI,
Adcon Telemetry, Austria). Global irradiation was
measured every 15 min (Adcon, Klosterneuburg,

Peat Pan
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Austria). Data gaps were filled in by correlation
(r2 = 0.91, p < 0.001) to the closest meteorological
station, 18 km to the northwest and 340 m lower in
elevation than the study site; North Wyke (UK
Meteorological Office 2012) (50°46'N 3°54'W).

Vegetation composition, seasonal development
and productivity

Vegetation composition and productivity

Visual inspection of the area inside the NEE collars in
August 2013 assessed the percentage coverage of each
species as well as total cover of bare ground, standing
water, herbs (forbs), grasses, sedges, non-Sphagnum
moss and Sphagnum moss. The number of species
present at each location was counted to derive the
species richness. The Shannon Diversity Index (Shan-
non 1948) (Eq. 2) and Inverse Simpson Diversity
Index (Simpson 1949) (Eq. 3) were calculated; the
first quantifies the uncertainty in predicting the next
species, whilst the second describes the richness of a
community increasing from 1, a community contain-
ing only one species.

Shannon Diversity Index = Z P;-InP; (2)

i=1

Inverse Simpson Diversity Index = 1 Z;VI(VNWJU

(3)

where 7 is the number of species encountered and P;
the fraction of the entire population made up of species
I, N is the total area of species i present and N the total
area of vegetation.

Ellenberg’s Moisture Indicator Values (Hill et al.
1999) were determined for each location. Vascular
species have been classified according to their eco-
logical niche on a 12 point scale ranging from 1
(extreme dryness) to 12 (submerged plants). The
classification values for the vascular species identified
in this study were looked up and the average value for
the species present at each location was calculated.

Destructive samples were collected to measure
annual net primary productivity (ANPP) on 29/08/
2013 and 07/08/2014. The timing was selected to
coincide with flowering and peak biomass of the
dominant vegetation, Molinia caerulea. All green
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material in a 0.2 x 0.2 m area near the CO, collars
(different location each year) was collected and oven
dried at 78 °C to constant mass.

Vegetation seasonal development

Proxies for vegetation seasonal development were
derived from Moderate Resolution Imaging Spectora-
diometer (MODIS). MODI15A2 fPAR
(1000 x 1000 m resolution) and MODIS9A1 surface
reflectance (500 x 500 m resolution) were down-
loaded from USGS Earth Explorer (http://
earthexplorer.usgs.gov). The normalised difference
vegetation index was derived from bands 1 (Red) and
2 (near infra-red) of the surface reflectance where
NDVI = (Band 2 — Band 1)/(band 2 + Band 1).

Data were screened and poor-quality data (cloudy,
high aerosol concentrations or poor geometry) given a
weighting of 0 and all other data a weighting of 1. To
minimise variation due to atmospheric conditions,
illumination and observation geometry a third order
Fourier smoothing filter was applied. Points outside
the 99% confidence interval were excluded. All
remaining points (30 in 2013 and 23 in 2014) were
then weighted equally and a Fourier third order series
fitted to form a continuous daily timeseries (Gatis et al.
2017).

Seasonal net CO, ecosystem exchange estimation

Seasonal NEE was modelled directly rather than
modelling photosynthesis and ecosystem respiration
separately and then combining them. Modelling the
components separately requires the derivation of gross
photosynthesis for each measurement based on the
assumption that the full dark measurement represents
ecosystem respiration. This adds additional uncer-
tainty. As the closed chamber method measures NEE
it was decided to work with these data directly. Given
the binary nature of the system, NEE was parame-
terised for peat pans (n = 398) and vegetated haggs
(n = 423) separately, using all the quality controlled
closed chamber measurements collected at a range of
light levels.

Linear, exponential, Arrhenius, Lloyd—Taylor and
tolerance relationships were tested using combinations
of NDVI, soil temperature at a range of depths and
water table depths. The models selected had the
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greatest coefficient of regression, smallest root mean
square errors and were the most parsimonious.

The NEE model for the vegetated haggs (Eq. 4) had
two components, the first is dependent on NDVI and
the second shows an Arrhenius relationship with soil
temperature at 15 cm, the soil depth with the greatest
correlation with ecosystem respiration).

Pax - NDVI - PPED —
- K1 +a-exp 0l (4)

The NEE model for the peat pan (Eq. 5) is also
made up of two components, the first is dependent on
NDVTI; the second is dependent on soil temperature at
15 cm depth and water table depth.

Prax - NDVI - PPFD W
max i +c- exp‘]‘T‘5 -expf WD
(5)

where NEE is the net CO, ecosystem exchange
(umol m 2 s7Y), P is the rate of light saturated
photosynthesis (umol m~%s~"), NDVI the normalised
difference vegetation index, PPFD the incident PPFD
(umol Photons m~2 s_l), k the half-saturation con-
stant of photosynthesis (imol photons m~2 s~ '), 75
soil temperature at a depth of 15 cm, a, b, ¢, d and
f (dimensionless) are coefficients.

An hourly timeseries of PPFD was created by
correlating episodic measurements taken concurrently
with the flux measurements to global irradiation
measured onsite (see Auxiliary measurements). Water
table depths and soil temperature measured every
15 min (see Auxiliary measurements) were averaged
to produce hourly time series. The growing season was
defined as from the first three consecutive days with
daily mean soil temperature > 10 °C till the first three
consecutive days with daily soil temperature < 10 °C
as this is the temperature at which root initiation and
subsequent leaf growth occurs (Taylor et al. 2001).

Seasonal estimates were determined by the accu-
mulation of hourly fluxes over the duration of the
growing season. Model confidence intervals (95%)
were determined from the root mean squared error of
modelled values compared to measured values. Input
parameter uncertainty was accounted for by using
lower and upper 95 percentile values in the model.
These two sources of uncertainty were summed
together for each hour over the duration of the
growing season. By convention CO, fluxes are

NEE =

NEE =

reported relative to the atmospheric pool so the
peatland is a net CO, source if positive.

Statistical analysis

To assess temporal and spatial variation in water
table depth and soil temperature, a two-way repeated
measures ANOVA was carried out with time as the
within subject factor and landscape component (hagg
or peat pan) as the between subject factor. To
investigate potential temporal controls on CO, fluxes,
stepwise linear regressions were carried out on
photosynthesis at a PPFD of 1000 pmol pho-
tons m~ 2 s~ (Pg1o00)s ecosystem respiration (Rg¢,)
and total, heterotrophic and autotrophic below—ground
respiration as measured and natural log-transformed.
The temporal variables tested were water table depth,
soil temperature at 5, 10, 15, 20, 25 and 30 cm, fPAR,
NDVI, total PPFD in the preceding day and hour, total
rainfall on the day of measurement (Rain(Q) and
preceding 1, 7, 14 and 28 days. Exponential, Arrhe-
nius and Lloyd-Taylor relationships between below-
ground respiration and soil temperature at 5, 10, 15 20,
25 and 30 cm were also tested.

Results
Water table depth

Water tables were on average deeper and less variable
in the vegetated haggs; mean of 9.1 £ 5.4 cm and
varying from 28 cm below to 1 cm above ground level
compared to a mean of 7.1 £ 10.1 cm and varying
between 23 cm below to 21 cm above ground level in
the peat pans (Fig. 3). During the 2013 growing season
water table depths fell to a maximum low in July then
rose again until late October 2013. Water table depths
were generally higher in 2014 reaching a maximum in
early June and a minimum in early July. Water
tables dropped below the ground surface at all plots
within the peat pans in July 2013. However, plots 5
and 6, which were located at a lower elevation than the
other plots, had greater standing water depth and were
more often saturated than the other bare peat plots.
Water table depth varied significantly with time (two-
way ANOVA p < 0.001) and between haggs and pans
(p = 0.004).
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Fig. 3 Water table depth (cm below ground level) in the peat
pans (top) and vegetated haggs (bottom) over the 2013 and 2014
growing seasons the six replicate plots within the study site
(Fig. 1d)

Vegetation composition

Molinia caerulea was present in all vegetated NEE
collars (8 to 50% coverage) and was the dominant
vegetation in 5 out of 6 collars covering 20-50%. In
vegetated collar 6 Narthecium ossifragum was the

Table 1 Most significant variables from stepwise multiple
regression analysis of temporal controls on average CO, fluxes;
photosynthesis at 1000 pumol Photons m2 s7! (PG1000)»

most common species (50%). Erica tetralix was the
only other species present in all collars (3 to 20%
coverage). In the peat pans either Eriophorum angus-
tifolim and/or Sphagnum denticulatum was present. A
full species list is provided in the supplementary
material (Table 1). Shannon Diversity index, Inverse
Simpson diversity index, and species richness were all
greater in the vegetated haggs (Fig. 4a—c). This is due
to the presence of herbs, grasses and mosses in the
vegetated haggs but not in the peat pans (Fig. 4f, g and
1). Although there was some vegetation present in all
collars, bare ground and standing water were present
in the peat pans but not the vegetated haggs (Fig. 4k
and 1). Ellenberg’s Moisture indicator values denoted
the vegetated haggs were damp and the peat pans wet
and often water saturated as observed. In the vegetated
haggs above-ground annual net primary productivity
(ANPP) was not significantly different between 2013
(217 +39gm ™) and 2014 (214 + 23 gm ).
ANPP was not assessed for the peat pans.

Seasonal CO, fluxes

Photosynthesis at a PPFD equivalent to 1000 pmol
Photons m ™2 s~ (Pg1000) and ecosystem respiration
(REco) followed similar seasonal patterns (Fig. 5) in
the vegetated haggs, with Rg., and photosynthetic
CO, uptake (Pgiggo) increasing through late spring
into summer. The greatest Rg., was recorded in July
2014 (3.6 £ 0.9 umol m~2 s—') whilst the greatest

ecosystem respiration (Rg,), total (BGRrt,), heterotrophic
(BGRyy) and autotrophic (BGR4,) below-ground respiration

Landscape component CO, flux Variable Coefficient P P
1 2 1 2
Vegetated PG00 (n = 10) NDVI — 8.951 < 0.001 0.82
LnRg,, (n = 14) T15 0.172 0.001 0.77
Peat PG00 (n = 10) WTD —0.111 < 0.001 0.87
Reeo (n = 14) WTD 0.077 < 0.001 0.78
Vegetated LnBGRyy (n = 17) T5 0.21 < 0.001 0.72
BGRy (n = 17) WTD Rainl 0.125 0.084 < 0.001 0.75
LnBGRpy (n = 17) T30 0.474 < 0.001 0.69

Input variables: water table depth (WTD), soil temperature and natural log-transformed soil temperature at 5, 10, 15, 20, 25 and
30 cm, fraction of photosynthetically active radiation (fPAR), Normalised Difference Vegetation Index (NDVI), total PPFD in the
preceding day and hour, total rainfall on the day of measurement (Rain0O) and preceding 1, 7, 14 and 28 days
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Fig. 4 Comparison of vegetation composition indices between
the vegetated haggs (VH) (n= 6) and the peat pans (PP) (n= 6).
Error bars reach the maximum and minimum recorded values.

photosynthetic CO, uptake was measured in Septem-
ber 2013 (— 6.1 & 2.2 umol m~2 s-'). Photosyn-
thetic CO, uptake peaked towards the end of the
growing season (August and September) whilst Rg.,
peaked in mid-summer (July) reflecting seasonal
temperature variation.

In the peat pans Rg., and photosynthetic CO,
uptake (Pgioop) were lower than in the vegetated
haggs (Fig. 5) except in July 2013 when there was a
notable increase coinciding with low water
tables (Fig. 3). Neither Pgjgo0 nor Rg., showed a
clear seasonal pattern.

Total and heterotrophic below-ground respiration
in the vegetated haggs showed similar seasonal
patterns generally rising from mid-May to late-August
then decreasing to late-October in 2013 and rising

The vertical box extends from the 25th to the 75th percentile
with a horizontal line at the 50th percentile

from mid-April to mid-August in 2014 (Fig. 6). There
was noticeably greater respiration in July 2013 when
the soil temperature was greatest (17.6 °C), corre-
sponding to the spike in photosynthetic CO, uptake
and ecosystem respiration observed in the peat pans
(Fig. 5¢). Heterotrophic respiration was greater than
autotrophic respiration except during October 2013
and July and August 2014. The proportional contri-
bution of autotrophic respiration to total soil respira-
tion varied between 1 and 66% with the lowest
contributions occurring in May 2013 and April 2014
and greater contributions later in the growing season.
During the growing season autotrophic contributed on
average 42%.
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Fig. 5 Seasonal variation in ecosystem respiration and photo-
synthesis and net ecosystem exchange at 1000 pmol Pho-
tons m > s~ in the vegetated haggs (a and b) and peat pans
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Fig. 6 Seasonal variation in mean total and heterotrophic soil
respiration rates (n=6) (umol m~2 s_l). Error bars are 1
standard error

Temporal controls on CO, fluxes
Ecosystem respiration and photosynthesis showed no

significant relationships with water table depth in the
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vegetated haggs (p > 0.57) however, in the peat pans
ecosystem respiration and photosynthetic CO, uptake
significantly increased when the water table fell
(Table 1). This relationship was strongly driven by
the high CO, fluxes (Fig. 5) and deep water tables in
July 2013 (Fig. 3). In the vegetated haggs photosyn-
thetic CO, uptake showed the strongest relationship
with  NDVI (Table 1), increasing when NDVI
increased. Ecosystem respiration showed a significant
exponential relationship with soil temperature at a
depth of 15 cm (Table 1). Additional variables did not
increase the coefficient of regression for photosynthe-
sis or ecosystem respiration in the vegetated haggs or
peat pans.

Of the soil temperature depths measured, total and
heterotrophic below-ground respiration showed the
strongest regression coefficients with an exponential
function dependent on soil temperature at a depth of
5 cm (Fig. 7a and b) with respiration increasing as
temperature increased. Autotrophic respiration,
although significantly related to soil temperature at 5
cm (Fig. 7¢), showed the strongest exponential rela-
tionship with soil temperature at 30 cm (Table 1).
Multiple regression analysis indicated that water
table depth was a stronger factor than soil temperature
in controlling heterotrophic respiration (Table 1,
Fig. 7e). Adding total rainfall on the preceding day
increased the proportion of variability explained by
8%. Total and autotrophic below-ground respiration
were also significantly related to water table depth
(Fig. 7a and e) with higher respiration rates during dry
conditions but their relationships with soil temperature
were dominant (Table 1).

Seasonal net CO, ecosystem exchange estimation

The model for the vegetated haggs (Eq. 4, Table 2),
based on all the CO, flux measurements collected
explained a greater proportion of the variability (76%)
than the model (Eq. 5, Table 2) for the peat pans
(67%) however, it also had greater root mean square
errors (Table 2). It can be seen that the model errors
(Table 2) are large when compared to Pggp and Rgc,
(Fig. 5) resulting in great uncertainty in the seasonal
estimates (Table 3). Itis estimated that it is most likely
both the vegetated haggs and the peat pans were net
CO; sources over the 2013 and 2014 growing seasons
(Table 3).
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Fig. 7 Temporal relationship between soil temperature (°C) at
a depth of 5 cm (a—c) or water table depth (cm below ground
surface) (d—f) and total (a and d), heterotrophic (b and e) and
autotrophic (¢ and f) below-ground respiration from the
vegetated haggs (n= 6). p< 0.001

Discussion

Haggs and Pans: a binary system

Water table depths and vegetation composition
Average water table depth in the vegetated haggs
(9.1 £ 0.4 cm) was shallower than those reported for

inter-gully areas (23.4 + 8 cm) (McNamara et al.
2008) and upslope of drainage ditches

Table 2 Sample number (n), regression coefficient (rz), root
mean squared error (RMSE) and coefficient estimates (standard
errors) used in net CO, ecosystem exchange models (Eqgs. 4
and 5)

Vegetated hagg  Peat pan
n 423 398
”? 0.76 0.67
RMSE (umol m~2s™")  1.39 0.37
Coefficient estimate (SE)
Prax — 13.05 (0.67) — 2.25(0.19)
K 1299.27 (241.05) 2606.31 (649.86)
aorc 11.49 (1.98) 0.05 (0.02)
bord 19.49 (2.31) 0.15 (0.03)
f - 0.06 (0.01)

(19.8 4 0.38 cm) (Coulson et al. 1990) in Calluna
vulgaris dominated British blanket bogs. In addition,
peat pans were frequently inundated (Fig. 3) suggest-
ing these peat pans function differently to both gullies
(McNamara et al. 2008; Dixon et al. 2013) and
drainage ditches (Cooper et al. 2014) where the water
table is more commonly below ground level except
during storm events. It is likely the shallow topo-
graphic gradients and poor connectivity between peat
pans (Fig. 1c) resulted in less water table drawdown in
the peat pans when compared to both erosional gullies
and drainage ditches (Parry et al. 2014). Despite this,
hydrological monitoring at this site has shown that in
the vegetated haggs the water table drops lower
adjacent to the peat pans than further away (Lus-
combe, pers. comm. 2018). Sphagnum cover was <
20% in the vegetated haggs whilst cover of grasses
and herbs reached 53 and 50% respectively (Fig. 4f, g
and j) further indicating the deterioration of ecohy-
drological function in the vegetated haggs.
Vegetation in the peat pans was sparse (Fig. 4).
This could be because active erosion (Foulds and
Warburton 2007) removed peat preventing a contin-
uous vegetation cover from developing (Ingram
1967). In addition, intermittent dry conditions
(Fig. 3) may have made re-colonisation impossible
for Sphagnum species (Price and Whitehead 2001).
Eriophorum vaginatum has been shown to recolonise
gullies starting from zones of redeposited peat (Crowe
et al. 2008) and facilitate recolonization by other
species (Tuittila et al. 2000). On Dartmoor, in nearby
areas where lower connectivity has limited erosion

@ Springer



198

Wetlands Ecol Manage (2019) 27:187-205

Table 3 Estimated

Growing season
seasonal CO, flux

CO, flux (g C m_z) 95% confidence interval

06/06/2013 to 28/10/2013
Vegetated haggs
Peat pans

16/05/2014 to 12/10/2014

Positive values indicate the Vegetated haggs

ecosystem is a net CO,

Peat pans
source to the atmosphere

29 — 570 to 762
7 — 147 to 465
20 — 873 to 1105
8 — 136 to 436

and maintained more stable water tables, dense areas
of Eriophorum angustifolim have formed. This sug-
gests that if erosion could be halted and water
tables stabilised then vegetation would be expected
to recolonise these sparsely vegetated areas.

CO; fluxes

Photosynthetic CO, uptake and ecosystem respiration
were lower in the peat pans than in the vegetated haggs
(Fig. 5) even allowing for a 0.2 umol m~~ s~ ' uncer-
tainty due to different CO, chambers (15.7 1 compared
to 2.4 1) and analysers (Li-8100 compared to EGM-4).
This difference was most likely driven by significant
variation in vegetation diversity, species richness and
vegetation cover (Fig. 4) due to different water
table depths (Fig. 3).

Summer mean Pgggo (— 1.0 pmol m~2 s~") from
the peat pans was similar to an Eriophorum spp.,
Vaccinium myrtillus and bare peat naturally revege-
tating gully (— 1.1 to — 1.6 pmol m~%s™") (Clay
et al. 2012; Dixon et al. 2015) but photosynthetic CO,
uptake was less than a rewet cut-away Eriophorum
spp. dominated peatland (— 2.3 pumol m 2" (Wil-
son et al. 2016) and much less than a rewet cut-away
Eriophorum spp. tussock (— 15.5 pmol m—2 s~ ")
(Tuittila et al. 1999). Given these annual results
include large periods with PPFD levels below satura-
tion it can be seen that these peat pans have low
primary productivity even when compared to other
damaged peatlands.

There was a notable spike in R, in late July 2013
(2.1 pmol m2s7h (Fig. 5) coincident with warmer
and drier conditions (Fig. 3). Although notably higher
than other values recorded in this study, it is approx-
imately half that reported for Eriophorum vaginatum
in a naturally revegetated erosional gully
(4.1 pmol m~2 sfl) (McNamara et al. 2008) under
similar water table and temperature conditions.
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Growing season mean ecosystem respiration from
the peat pans (0.5 pmol m~2 s™') was greater than
annual (0.2 to 0.4 umol m~? sfl) (Clay et al. 2012;
Wilson et al. 2013; Dixon et al. 2015) and summer
(0.04 pmol m~? s™') (Tuittila et al. 1999) Ry, rates
for bare peat most likely due to some, albeit sparse,
vegetation cover. However, compared to annual mean
Rgco for an Eriophorum spp. and bare peat channel
floor (0.6 pmol m~%s™') (Clay et al. 2012) and
Eriophorum spp. and Sphagnum spp. rewet cut-away
peat (0.5 m~? s_l) (Wilson et al. 2016) the summer
mean Rg., from the peat pans seems low. Again this
probably reflects variation in vegetation cover and low
primary productivity rather than differences in water
tables directly, as the rewet peatland was wetter (— 9.5
to — 15.5 cm) (Wilson et al. 2016) than this study and
the natural channel (13.9 cm) (Clay et al. 2012) drier.

Maximum Rg,, in the vegetated haggs
(3.6 pmol m~ 2 s7!) was similar to August Rg, from
Moor House, a Calluna vulgaris, Eriophorum vagi-
natum and Sphagnum spp. upland blanket bog, (3.3 to
3.4 pmol m~2 s~ ') (Hardie et al. 2009; Lloyd 2010).
Summer mean Rg., (2.4 umol m 2 sfl) was smaller
than for a Vaccinium spp., Eriophorum vaginatum,
Molinia caerulea and Calluna vulgaris upland bog
(3.1 pmol m~? s_l) (Urbanova et al. 2012) however,
the mean water table was deeper in this drained bog
(19.5 cm).

Heterotrophic respiration rates (Fig. 6) were gen-
erally lower on Dartmoor (mean and maximum of 0.8
and 2.7 pmol m ™ s~') compared to those from
August and September at Moor House (1.0 to
1.7 pmol m2s! (Hardie et al. 2009; Heinemeyer
et al. 2011). This is surprising given the difference in
water table depths; 0 to 8 cm at Moor House (Hardie
et al. 2009) compared to — 1 to 28 cm in this study. It
is possible variation in leaf litter quality (Ward et al.
2010) and quantity affected heterotrophic respiration
rates. However, as the two studies at Moor House were
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based on only four sample events there is insufficient
data to fully understand these differences.

Clipping and trenching severs roots which decom-
pose leading to an overestimation of heterotrophic
respiration (Kuzyakov and Larionova 2005; Subke
et al. 2006) and therefore an underestimation of
autotrophic  respiration. Collars were installed
2 months prior to the start of sampling to reduce
disturbance effects and the data do not show a
systematic decrease in the proportion of heterotrophic
respiration over time (Fig. 6) suggesting the effects
were minimal.

Summer mean Pgjog0 (3.8 pumol m sfl) in the
vegetated haggs was similar to summer mean photo-
synthesis for a Vaccinium spp., Eriophorum vaginatum,
Molinia caerulea and Calluna vulgaris upland bog
(— 4.2 pmol m~2 s™1 (Urbanovi etal. 2012), however
this includes periods with lower PPFD so it is difficult to
compare these values. Maximum photosynthetic CO,
uptake (Pgiooo) (— 6.1 pmol m > s~ ') in this study
was greater than maximum potential photosynthesis
(Pmax) from Calluna vulgaris, Erica tetralix, Molinia
caerulea and Sphagnum spp. hummocks in Irish blanket
bog (— 4.2 pmol m 2 s7!) (Laine et al. 2006) but less
than those reported for a Calluna vulgaris, Eriophorum
vaginatum and Sphagnum spp. upland blanket bog
(Moorhouse (— 16.3 to — 16.9 pmol m2sh (Lloyd
2010). The bogs in these studies had similar vegetation
to this study (Molinia caerulea, Erica Tetralix, Erio-
phorum angustifolium, Calluna vulgaris) but given the
sensitivity of photosynthesis to vegetation composition
it is likely much of this variation is due to differences in
the vegetation community present. However, above-
ground annual net primary productivity was greater at
Moor House, (approximately 300 g m~2) (Ward et al.
2007) than Dartmoor (214 £ 23 g m 2 in 2014) so the
greater rates of photosynthesis may also in part be due to
greater biomass, reflecting more optimum growing
conditions.

The summer maximum photosynthetic CO, uptake
(PG1000) and Ry, measured in this study (Fig. 5a and
b) were lower than those found on Exmoor (— 23.1 and
10.9 pmol m™2 s™' respectively) (Gatis 2015), an
upland also located within the south west of England.
On Exmoor Molinia caerulea is more dominant and
grows taller (up to 60 cm) than on Dartmoor (up to
20 cm). This is reflected in greater above-ground
annual net primary productivity = (ANPP);
517 + 30 g m™> on Exmoor. A greater quantity of

leaf litter resulting from greater ANPP may also
explain the higher rates of heterotrophic respiration on
Exmoor (1.5 £ 0.1 pmol m™?s™") (Gatis 2015)
where peat thickness is shallower (< 0.56 m). As high
rates of photosynthesis have been found to increase
autotrophic respiration (Subke et al. 2006) the differ-
ence in photosynthetic rates observed between these
moors may explain the lower average autotrophic
respiration rates from Dartmoor (Fig. 6) than Exmoor
(1.3 £ 0.2 pmol m~2 s™"). No other values for auto-
trophic respiration could be found for comparison in
this region, reflecting the large uncertainty in measur-
ing autotrophic respiration (Subke et al. 2006).

Drivers of temporal variation in CO, fluxes

In the vegetated haggs and peat pans, photosynthetic
uptake at 1000 pmol Photons m > s~' became sig-
nificantly greater during periods of higher NDVI
(Table 1). Photosynthesis has been related to vegeta-
tion seasonal development measured by NDVI in
northern peatlands (up to 71% of variation explained)
(Kross etal. 2013), NDVI in alpine grasslands (71% of
variation explained) (Rossini et al. 2012), leaf area
(Nieveen et al. 1998; Street et al. 2007; Otieno et al.
2009), vegetative green area (Riutta et al. 2007;
Urbanova et al. 2012) and leaf biomass (Bubier et al.
2003). In the peat pans Pgiooo showed no significant
relationship with NDVI most likely due to the minimal
vegetation cover.

In the peat pans, both ecosystem respiration and
PgGiooo (Table 1) showed the strongest relationships
with water table depth. Photosynthetic CO, uptake
increased in the peat pans during dry periods
(Table 1). Although Eriophorum angustifolium is a
wetland species, evolved to live in waterlogged
conditions, vegetation often close stomata in response
to raised water tables, limiting gases exchange through
the leaf surface (Pezeshki 2001). Photosynthetic
uptake from Eriophorum vaginatum plots has been
found to increase as water levels fall from 16.8 cmto a
maximum at 14.6 cm below ground surface (Riutta
et al. 2007). Where Eriophorum spp. plots were
submerged following re-wetting of a cut-over peat-
land, vegetation cover initially decreased before
increasing in the second year following re-wetting
(Tuittila et al. 1999) suggesting Eriophorum spp. can
adapt to submerged conditions but not
instantaneously.
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Water table depth has commonly been found to
influence ecosystem respiration (Tuittila et al. 1999;
Laine et al. 2006, 2007; Riutta et al. 2007; Wilson et al.
2007, 2013; Soini et al. 2010) with greater respiration
occurring during drier conditions. Lowering the water
table increases the depth to which oxygen can diffuse,
thus enabling more rapid aerobic heterotrophic respi-
ration to occur (Clymo 1983; Moore and Dalva 1993).
In addition, greater rates of photosynthetic CO, uptake
and consequently autotrophic respiration also
occurred during periods with lower water tables.

Total, heterotrophic and autotrophic below-ground
respiration all showed significant exponential increase
with soil temperature at 5 cm (Fig. 7a—c). Soil tem-
perature measurements from shallower depths have
been shown to be better predictors of respiration
(Lafleur et al. 2005; Lloyd 2010) especially when the
proportion of autotrophic respiration is greater,
although autotrophic respiration showed the strongest
exponential relationship with soil temperature at
30 cm; the deepest depth measured in this study
(Table 1). Perhaps reflecting a mix of autotrophic and
heterotrophic sources, ecosystem respiration showed
the strongest exponential relationship with soil tem-
perature at 15 cm. This is similar to the depth found by
Updegraff et al. (2001) but deeper than other studies
which found air temperature (Schneider et al. 2012);
an average of air temperature and soil temperature at
20 cm (Laine et al. 2006); soil temperature at 5 cm
(Bubier et al. 2003; Lund et al. 2007; Wilson et al.
2007) and 10 cm (Blodau et al. 2007; Otieno et al.
2009; Lloyd 2010) to have the strongest relationships.

Soil temperature and water table depths commonly
co-vary and interact to amplify effects on below-
ground respiration. For example, warm and dry
conditions are often concurrent, with both conditions
increasing rates of below-ground respiration (Fig. 7).
Water table depths did show a significant relationship
with total, heterotrophic and autotrophic soil respira-
tion (Fig. 7) indicating respiration increased during
periods of lower water tables. However, multiple
regressions indicated that soil temperature was the
primary control on below-ground autotrophic and total
soil respiration suggesting the apparent relationship
with water table depth may have been due to co-
variation of water table depths and soil temperature.

Water table depth was the strongest control on
heterotrophic respiration possibly due to increased
aerobic heterotrophic respiration (Clymo 1983; Moore
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and Dalva 1993) and enhanced gas diffusion through
oxygenated peat (Blodau and Moore 2003). Although
below-ground respiration varied with water table,
ecosystem respiration did not (Table 1) possibly due
to different drivers affecting the multiple respiration
sources that contribute to ecosystem respiration. This
is consistent with other studies that have found
temperature to be the main control on ecosystem
respiration under wet conditions (Updegraff et al.
2001; Bubier et al. 2003) and within Molinia caerulea
dominated systems (Nieveen et al. 1998) but in
contrast to studies that found water level to have the
strongest control over respiration (Silvola et al. 1996)
or a small but significant effect (Lafleur et al. 2005;
Otieno et al. 2009).

Seasonal net CO, ecosystem exchange

Given the sparse vegetation cover (Fig. 4) it was
unsurprising that the peat pans were gaseous CO,
(Table 3) as well as aquatic carbon sources (Malone,
pers. comm. 2018) over the growing season. NEE
fluxes (0.1 gCO, m~? dfl) were lower than those
observed for bare Canadian cut-over peat (0.6 to
2.1 gCO, m~?d™") (Waddington et al. 2010) and
Eriophorum spp. tussock and inter-tussock plots in a
Finnish cut-over peatland (0.3 to 1.2 gCO, m 2 d ™)
(Tuittila et al. 1999). This might be due to the limited
vegetation cover as a closed Eriophorum spp. cover
has been found to be a smaller net CO, source (or even
a net CO, sink) compared to a non-vegetated surface
under the same environmental conditions (Tuittila
et al. 1999).

It was unexpected that the vegetated plots were a
greater net CO, source over the growing season
(Table 3) given the greater vegetation cover (Fig. 4).
However, Hardie et al. (2009) found 37-35% of
summer ecosystem respiration flux to be from soil
(RBG-Tot) Suggesting 63—-66% was from the vegetation
so although the vegetated haggs had greater photo-
synthesis much of this would be rapidly re-released. In
addition, root exudates add fresh organic matter to the
subsurface stimulating microbes to decompose more
recalcitrant peat (Fontaine et al. 2007). This would be
enhanced by deeper water table depths in the vegetated
haggs (Fig. 3) allowing oxygen to penetrate deeper
into the peat resulting in increased decomposition
(Silvola et al. 1996).
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Other studies in a range of peatlands have also
reported vegetated plots to be growing season net CO,
sources (Tuittila et al. 1999; Waddington et al. 2010;
Urbanova et al. 2012; Strack and Zuback 2013).
During measurements all sites were net CO, sinks,
however, these were collected during bright, daytime
conditions. It should be noted that this model assumes
the dependency of ecosystem respiration on temper-
ature is the same in the day and night. Daily variation
in autotrophic respiration (and primed heterotrophic
respiration) has been shown to result in significant
differences between day and night Rg., at the same
temperatures (Juszczak et al. 2012; Wohlfahrt and
Galvagno 2017). Therefore, it is most likely ecosys-
tem respiration is overestimated by this model. In
addition, shade cloths underestimate photosynthesis at
low light levels compared to naturally low light
conditions and a lack of temperature control within the
chamber may have resulted in plant stress also
underestimating photosynthesis. Consequently, this
experimental design is biased towards overestimating
CO, release.

The models explained 76% of the variability in
observed NEE in the vegetated haggs and 67% in the
peat pans (Table 2) however, the root mean square
errors are large in comparison to Pgigoo and Rge,
fluxes observed (Fig. 5). This has resulted in uncer-
tainties many times larger than seasonal NEE esti-
mates (Table 3). This uncertainty consists of both
natural variability which is known to be significant
when using multiple plots (Laine et al. 2009) and
uncertainty associated with modelling. It has been
shown that different treatment of closed chamber data
can result in variation in estimated NEE of
0.25 gCO, m > d~" over annual estimates (Huth
et al. 2017) sufficient to change the estimate of
ecosystem exchange from a net CO, source to a net
CO, sink. Accepting this uncertainty, the models
suggest both landscape components are losing carbon
with greater loss from the haggs even with a greater
vegetation cover.

Given, that in this study, NEE was modelled for the
growing season only, when the majority of carbon
uptake occurs, Dartmoor would be expected to be a
larger source over the whole year. This suggests peat
pan formation and expansion has altered the ecohy-
drological functioning of the whole mire not just the
eroded pan areas, altering the balance of CO, uptake
and release towards carbon loss. Ecohydrological

restoration is required to prevent further carbon loss
and promote a return to carbon sequestration.

In the UK restoration schemes have blocked
erosional gullies using a combination of materials
(peat, wood, stone, plastic piling and heather bales) to
slow water flow, trap sediment and raise local water
tables (Parry et al. 2014). This would be expected to
halt the expansion of the peat pans and encourage peat
deposition behind dams which should provide zones
for colonisation by pioneering species such as Erio-
phorum spp. (Crowe et al. 2008) which may facilitate
recolonization by other species (Tuittila et al. 2000). In
rewet cut-away peatlands high and stable water
tables have been found to rapidly increase Eriophorum
spp. cover but also shift Eriophorum spp. dominated
plots towards growing season net CO, sinks (Tuittila
et al. 1999; Waddington et al. 2010). In the vegetated
haggs the response would be expected to vary with
vegetation type (Komulainen et al. 1999) with raised
water tables reducing respiration but also possibly
photosynthesis. It should be noted that this study has
focused on CO,, raising water tables has been shown
to increase the release of CH, particularly in areas of
open water (Best and Jacobs 1997; Komulainen et al.
1998; Strack and Zuback 2013; Cooper et al. 2014;
Wilson et al. 2016). However, in the longer-term,
higher and more stable water tables might alter the
vegetation present towards those associated with
wetter conditions (Bellamy et al. 2012) and carbon
sequestration.

Conclusion

This study aimed to investigate the spatial and
temporal controls on CO, fluxes in a climatically
marginal, eroding blanket bog and to quantify CO,
fluxes from these landscape components. Understand-
ing the effects of existing damage and the potential
effects of restoration should enable more informed
management choices to be made.

The water table was significantly higher in the peat
pans than in the vegetated haggs resulting in clear
differences in vegetation composition and productiv-
ity which lead to significant differences in photosyn-
thesis and ecosystem respiration between these
landscape components. CO, fluxes in the peat pans
were dominated by changes in water table depths
whilst photosynthesis in the drier vegetated haggs was
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related to normalised difference vegetation index (a
proxy for vegetation seasonal development). Although
ecosystem respiration was strongly related to temper-
ature, heterotrophic below-ground respiration signif-
icantly decreased as water tables rose suggesting
higher, more stable water tables may reduce the peat
being respired. An empirically derived net CO,
ecosystem exchange model suggests that over the
growing seasons studied the drier vegetated haggs
were a greater net CO, source than the peat pans
despite greater vegetation cover.

Peat pan formation and expansion has affected the
ecohydrological functioning of the whole mire not just
the eroded pan areas. This demonstrates the need to
limit the spread of bare peat pans to protect the
biodiversity of the mire, prevent further loss of stored
carbon and promote a return to carbon sequestration.
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