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Peatland restoration increases
water storage and attenuates
downstream stormflow but does
not guarantee an immediate
reversal of long-term
ecohydrological degradation

Naomi Gatis©@%2*, Pia Benaud*?, Karen Anderson®23, Josie Ashe?,
Emilie Grand-Clement?, David J. Luscombe'?, Alan Puttock®? & Richard E. Brazier'?

Peatland restoration is experiencing a global upsurge as a tool to protect and provide various
ecosystem services. As the range of peatland types being restored diversifies, do previous findings
present overly optimistic restoration expectations? In an eroding and restored upland peatland

we assessed short-term (0-4 year) effects of restoration on ecohydrological functions. Restoration
significantly reduced discharge from the site, transforming peat pans into pools. These retained
surface water over half the time and were deeper during wet periods than before. In the surrounding
haggs water tables stabilised, as drawdown during dry conditions reduced, increasing the saturated
peat thickness. Despite these changes, there were no effects on photosynthesis, ecosystem
respiration or dissolved organic carbon loads leaving the site. Soil respiration did not decrease as
water tables rose, but methane emissions were higher from rewet pools. Restoration has had a
dramatic effect on hydrology, however, consequent changes in other ecosystem functions were not
measured in the 4 years after restoration. Whilst restoration is crucial in halting the expansion of
degraded peatland areas, it is vital that practitioners and policymakers advocating for restoration are
realistic about the expected outcomes and timescales over which these outcomes may manifest.

Peatlands are the world’s largest terrestrial carbon store, estimated to hold ~ 500 + 100 gigatonnes of carbon',
despite only covering 3% of the global land area. They form where waterlogged conditions restrict soil decom-
position, enabling a slow build-up of partially decomposed plant material. Over thousands of years these organic
rich peat soils can become several meters thick. However, roughly 10% of the worlds peatlands are degraded? due
to drainage for forestry or agriculture, burning, overgrazing, extraction for horticulture and climate change®=>,
so instead of slowly drawing down and storing carbon, many of these peatlands are rapidly releasing carbon,
exacerbating the current climate emergency>*.

Wetland rewetting is a voluntary activity for reporting under the Kyoto Protocol’, consequently, governments
and businesses are increasingly investing in peatland restoration through carbon trading initatives. Typically,
restoration is carried out by conservation organisations, non-governmental organisations, landowners and multi-
group partnerships, who have developed the necessary knowledge and practical skills. Water companies have also
invested in rewetting peatlands, where they drain into the rivers and reservoirs used for drinking water supplies.
Initially focused on reducing water discolouration at source and lowering the amount of chemicals and energy
required to treat the water to potable standards®, more recently rewetting is being considered part of the natural
flood management toolbox’.
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Restoration usually consists of a physical intervention (for example, ditch blocking, bund building and repro-
filing) to alter the flow of water across the landscape'’. By slowing overland flow, water stays in the peatland
longer, raising and stabilising water tables’. Wetter conditions should promote the re-establishment of more
typical peatland communities, sometimes combined with further interventions such as Sphagnum planting
or moss layer-transfer techniques'’. A change in ecohydrological condition, that is a change in the hydrology
and ecology and their interactions, is key to the longer-term re-establishment of a peatland’s many beneficial
ecosystem functions'%

Initially, peatland restoration focused on cut-away peats (following peat abstraction for horticulture), and
forested or large, bare, eroding gullies with variable results'®'*. The range of peatlands and types of degradation
included in restoration have recently diversified to meet the challenge of Net Zero targets, provide natural flood
management and improve drinking water quality, among other functions. It is now more important than ever to
accurately represent the effects across a broader range of peatland habitats, to prevent overly optimistic targets.

Herein, we quantify the short-term (0-4 year) effects of rewetting on a peatland’s multiple ecohydrological
functions by combining hydrology, water quality and greenhouse gas emission data collected from a degraded
and eroding, and then subsequently restored upland peatland in South West England. Restoration at this site
involved moving peat, either from nearby borrow pits or small protuberances, to form hydrological barriers to
disconnect dendritic erosional features and block gullies.

We hypothesised that a disruption in hydrological connectivity by peat blocks would reduce flow from the
site (peak discharge and lag times)?; this would raise and stabilise water table depths®'*'%, in turn this would
decrease gaseous carbon losses'*'*"'8—with any increase in methane offset by a reduction in the net ecosystem
exchange of carbon dioxide'®®. Raised water tables would also reduce the production of dissolved and gaseous
carbon by peat soil decomposition (as measured by heterotrophic respiration)' reducing aquatic carbon losses®
thereby improving water quality.

Results

The action of restoration caused previously connected peat pans to be isolated by peat blocks, which physically
obstructed the dendritic flow pathways, enabling the accumulation of surface water. From the first rainfall event
following restoration, an increase in pooled surface water was apparent (Fig. 1). The peat pan areas were typi-
cally 1.5 m wide, <0.5 m deep and surrounded by steep sided, vegetated peat haggs which can be seen before
and after restoration in Fig. 1.

Figure 1. Images of the site before and after restoration with a conceptual diagram showing how rewetting has
altered the hydrological connectivity of dendritic flow pathways across the site.
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Reduction in flow

The hydrological response within the monitored downstream gully changed following restoration, demonstrated
by the change in the shape of the General Additive Model (GAM) hydrograph (Fig. 2a). While rainfall event size
is the most significant (p <0.001) positive control on peak flow, restoration had a statistically significant impact
on reducing peak flow (p <0.001) (Fig. 2b), by 0.0131 m? s™' per unit of rainfall.

Estimated marginal means, which provide an average value while taking into consideration rainfall, dem-
onstrate a 49% reduction in peak flows following restoration, with mean peak flow decreasing from 0.0282 CI
[0.0256, 0.0307] to 0.0143 CI [0.0130, 0.0157] m® s7". This is accompanied by a 21.4% reduction in the overall
variability in flows (based on the ratio of flows observed at 5 and 95% of the time), with the highest flows (Q5;
5th quantile) decreasing by 66%, from 0.036 to 0.012 m® s and the lowest flows (Q95; 95th quantile) decreasing
by 56.7% from 0.002 to 0.001 m? s™". Storm event analysis also showed a 33.3% reduction in lag times, meaning
the time delay between the start of rainfall and peak discharge was shorter after restoration. There was a 68.1%
CI [66.7, 69.4] reduction in the mean gradient of the hydrograph rising limb.

Water table depths

The most striking change in the peat pans (0.5 m distance from the edge) was the increase in the 5th quantile, the
water table depth achieved 5% of the time, representing wetter conditions (Fig. 3a). This increased by 0.14 m, with
smaller increases occurring in the haggs at 0.5 m from the edge (0.008 m) and 1.5 m from the edge (0.053 m).

In the haggs, the most notable change was the increase in 95th quantile, the water table achieved 95% of the
time, representing dry conditions (Fig. 3). This increased in all distance classes with the greatest increase 0.5 m
from the edge of the peat pan (0.073 m), then 1.5 m from the edge (0.064 m) and the smallest increase occurred
in the pans themselves (0.035 m).

Median water table conditions remained similar following restoration (Fig. 3) at all distances, however paired
t-tests showed a significant (p <0.001) rise in mean water tables after restoration for all distance classes. Mean
water tables rose in the peat pans from 0.003 m below the ground level to 0.064 m above. In the vegetated haggs
water tables rose from 0.188 to 0.175 m below the ground level in the areas closest to the edge of the pan (0.5 m)
and from 0.174 to 0.161 m further away from the edge (1.5 m). Although the range increased following resto-
ration in all distance classes (Fig. 3), the difference between the 5" and 95" quantiles decreased in the haggs
following restoration.

Gaseous carbon fluxes

Restoration has had no significant impact on either photosynthesis (Fig. 4a) or ecosystem respiration (Fig. 4b).
Both are highly variable between, and within, years and between monitoring locations (not shown). Ecosystem
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Figure 2. Shaded ribbons represent model 95% confidence limits for before and after restoration. General
Additive Model (GAM) hydrographs with individual rainfall records presented as points (a) and individual
event hydrographs presented as lines (b) with average event peaks shown as black crosses. General linear model
fitted to the relationship between total hydrological event rainfall and peak event discharge (c).
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Figure 3. Depth to water table (m) before and after restoration in (a), the peat pans and (b), the vegetated
haggs. Ground level is indicated by the horizontal dashed line, this is offset by 0.2 m between the panels as the
peat pans are stepped down relative to the surrounding haggs. Vertical lines reach the minimum and maximum,
boxes stretch from the 5th to the 95th quantile, the horizontal bar indicates the median.

respiration ranged from 1.8+0.3 to 4.9+ 0.6 pmol CO, m™? s™! and maximum potential photosynthesis from
4.3+2.6t010.2+2.8 umol CO, m~*s7"). The ability to drawdown CO, at low light levels, as measured by alpha*!
(Fig. 4c), varies from 0.011 +0.003 to 0.33 +0.010, this also shows no change in response to restoration.

Measured methane fluxes were highly variable, particularly in the sparsely vegetated pans, ranging from
an emission of 0.27 to a drawdown of —0.02 umol CH, m™ s! (Fig. 5a). No ebullition was observed and only
measurements with a linear increase in methane were included. Estimated marginal mean methane emissions
were significantly (p <0.001) greater in the sparsely vegetated peat pans than in the vegetated haggs. Allowing
for the significant effects of soil temperature (p <0.001) and spatial variation between measurement locations
(Fig. 5b) there was no significant effect of rewetting in the vegetated haggs.

Estimated marginal mean methane emissions were greatest in the restored, sparsely vegetated peat pans,
although this difference was not significant from the new control collars due to the large variability in measured
fluxes within this group. Fluxes from the partly restored collars were significantly higher than the new control
collars.

Peat soil respiration

Mean measured soil respiration was greatest in 2018 (1.3 1.3 to 3.1+2.3 pumol CO, m™ s™!) and least in 2016
(0.3+0.3 t0 0.6 0.4 pmol CO, m™2s™") (Fig. 6a) across all rewetting treatments despite restoration occurring
at the end of the 2014 growing season. Allowing for the significant effects of soil temperature (p <0.001), air
temperature (p <0.001) and spatial variation between measurement locations (Fig. 6b), estimated marginal
means show significant variation between years (p <0.001) and treatments (p <0.001), particularly compared
to the new control collars (red).

Water quality and aqueous carbon loss

Restoration has not had a significant positive impact on water quality or resulted in a significant reduction in
aqueous carbon losses (Fig. 7). The flow weighted mean concentration (FWMC) of dissolved organic carbon
(DOC) for the sampled hydrological events ranged from 6.3 to 13.8 mg L™! (mean: 9.3 + 2.8) before restoration
and from 6.6 to 17.9 mg L™ (mean: 12.1+3.3) after restoration. This represents a non-significant increase in
DOC concentrations following restoration.

There was also no significant correlation observed between DOC and flow, both before and after restoration
(Fig. 8a). DOC concentrations were more variable with the lower flows observed after restoration, however
when adjusted for total rainfall (allowing for the reduction in rainfall observed following restoration) this effect
was reduced (Fig. 8b). The load of carbon exported during the monitored events varied both before (0.64 to
56.5 kg ha™!) and after (0.46 to 39.1 kg ha™!) restoration, representing the wide range of events that were sampled
(Fig. 7b). However, there was no significant reduction in DOC loads resulting from restoration, with mean loads
12.2+20.0 and 9.25+ 10.8 kg ha™! before and after restoration, respectively.

Restoration has resulted in a significant change to water colour (Abs**) (p <0.05) and specific ultra-violet
absorbance (SUVA) (p <0.001) (Fig. 7c, ). FWMC colour, where higher DOC concentrations typically result
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Figure 4. Maximum photosynthesis (a), ecosystem respiration (b) (umol CO, m™s™') and alpha (c) from
seasonal light response curves for different rewetting treatments in the vegetated haggs. Restoration occurred
between the 2014 and 2015 measurements marked by the vertical line. Values are in Supplementary Information
Table 1.

in darker, more coloured water, increased from 5.4+1.3 to 7.1+1.4 Au m™. There was a small, but significant
increase in SUVA from 3.46 +0.24 to 3.76+0.26 L mg™' m™, indicative of less hydrophilic, less labile DOC. The
significant increase in colour did not result in a significant change to the colour/carbon ratio (Fig. 7d). However,
the colour/carbon relationship did become more variable after restoration (from 0.57 +0.03 to 0.60 +0.08).

Discussion

Reduction in flow

The observed changes in the hydrograph geometry following peatland restoration provide valuable insights
into hydrological dynamics (Fig. 2a). These changes indicate that restoration activities, delivering modified flow
pathways and reducing hydrological connectivity'’, have had a positive effect on the overall flow regimes within
the peatland ecosystem. By physically altering the landscape, restoration has influenced overland flow pathways

Scientific Reports |

(2023) 13:15865 | https://doi.org/10.1038/s41598-023-40285-4 nature portfolio



www.nature.com/scientificreports/

a
‘T(I)
o
£ 0.15
<t
T
O
© 0.10
€
3
c
S—
2 5 0.051
- L
25 ml
J ©
& < 0.001
o O
==
Sparsely Vegetated Pans Vegetated Haggs
b~
(]
o
€
<+ i
5 0.15
5 ab ab a
g 0.104
—_ X
T 3
S
2o 0.051
2§
i et
I} ()
%= 0.001
E c
23
w=

Sparsely Veéetated Pans Vegetatéd Haggs

. Baseline -> Restored

Treatment . Baseline -> Part-Restored

. New Control

Figure 5. Measured mean (a) and estimated marginal mean (b) dark methane emissions (umol CH, m™s™)
for different rewetting treatments in vegetated haggs and sparsely vegetated peat pans. All measurements were
taken following restoration. Letters denote statistically significant groups.

and the storage of water within the peat and in surface pools (Fig. 3), leading to reductions in rising limb gradient
and peak flow (Fig. 2b), increasing hydrological residence time within the catchment.

The 49% reduction of peak storm flow following restoration is an important benefit of restoration (Fig. 2b).
Reduced peak flows can play a crucial role in mitigating further erosion of the peatlands and minimising par-
ticulate carbon losses. This is important as organic carbon losses in solution or suspension contribute to peatland
degradation, affecting their overall carbon sequestration potential, while a shift from an eroding state can lead
to rapid accumulation of carbon®. In unrestored peatlands, the further expansion of erosional features, such as
peat pans and gullies, can result in continued dissolved, particulate* and gaseous carbon? losses. By reducing
peak flows, peatland restoration can also deliver natural flood management (NFM)® by attenuating downstream
flow and reducing flood risk. Incorporating peatland restoration as a component of NFM strategies at larger
scales and in conjunction with other interventions within catchments**~?” can enhance the effectiveness of flood
mitigation efforts.

Post-restoration, the lag time between the start of a rainfall event and peak discharge has decreased, aligning
with the suggestion that restoration decreases water storage capacity within the peat between rainfall events’. A
reduced lag time could also support the interpretation that flow peaks observed post-restoration were generated
from the immediate area (proximal to the monitoring location), and that water further up the catchment (distal
to the monitored gully) was attenuated. In theory, these changes should have a positive impact on baseflows,
increasing the flow of water between rainfall events, however during this study reductions in flows during dry
periods (Q95) have also been observed, consistent with the suggestion that even hydrologically intact peatlands
often have minimal baseflow?®. The implications of reduced lag times on the NFM potential of the peatland res-
toration, particularly during wetter months and sequential rainfall events, warrant further investigation. Most
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Figure 6. Measured mean (a) and estimated marginal mean (b) soil respiration rates (umol CO, m™s™) by
year for different rewetting treatments. Restoration occurred between the 2014 and 2015 measurements marked
by the vertical line. Letters denote statistically significant groups.

importantly, understanding the relationship between antecedent conditions, particularly recent meteorological
conditions, and subsequent flow responses could provide valuable insights into how peatland restoration can
contribute to water resource and flood risk management.

Raised and stabilised water table
Mean water tables rose within the peat pans from just below the surface to above the surface following restora-
tion with a large increase in water table depths during wet conditions (5th quantile) (Fig. 3). This occurred as
peat blocks filled in gaps between adjacent haggs creating a continuous but permeable barrier within which
pools could form (Fig. 1). Larger mean increases (0.22 m) have been reported behind plastic dams in gullies'*,
reflecting the greater width and depth of these gullies and the impermeable dam material but these effects will
be site- and restoration-specific.

As found elsewhere?, the effect of restoration on mean water table depths within the haggs was small and
spatially variable, driven by fine-scale topographic variation'>. Median water table depths increased near the
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Figure 8. Event-based flow weighted mean concentration (FWMC) of dissolved organic carbon concentration
(DOC) (mg L) against total event flow (m?) as measured (a) and normalised for rainfall (b) (m® mm™), before
and after restoration.

edge of the peat pan but reduced with increasing distance perhaps reflecting a meteorological control on water
table depths. Water table depths 2 m from blocked ditches similarly showed no effect of restoration®’. However,
at both distances from the edge of the peat pan, the range in water table depths between the 5th and 95th quan-
tiles decreased, indicating more stable water table depths following restoration. This was primarily driven by a
reduction in water table drawdown during dry conditions. Similar shifts in exceedance probabilities to higher
water tables during dry weather have been shown following ditch blocking'®. The 95th quantile water table depth
rose by 0.073 and 0.064 m (Fig. 3) at 0.5 and 1.5 m respectively. This represents an increase in the thickness of
peat habitually saturated, which will influence the availability of oxygen in this zone and consequently effect
decomposition processes.

Allowing for the offset in ground levels, 95th quantile water table depths were similar in the peat pans to the
haggs. However, the change following restoration was smaller as 95 quantile water table depths were closer to
the surface before restoration.

Gaseous carbon fluxes

Peatland restoration has been found to promote carbon dioxide sequestration!®!%, but restoration effects are
most positive where restoration increases vegetation cover which increases photosynthesis. The capacity for this
change is greatest where the site is bare or sparsely vegetated prior to restoration’. Similar to our site (Fig. 4),
other vegetated drained blanket bogs have shown no significant effect of ditch blocking on CO, emissions which
have been attributed to high spatial and temporal variability in fluxes observed®! compared to the size of the
restoration effect and a lack of vegetation change®.
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The effect size was likely limited here as no significant change in vegetation was observed following restora-
tion within the greenhouse gas monitoring areas. Transects located within the study site did show changes in
vegetation™ but disturbance associated with monitoring may have affected vegetation growth, although Sphag-
num growth over other equipment was widely observed.

Previously, it has been found for a Molinia caerulea dominated peatland, photosynthesis was higher where
the water table was deeper®*. However, the small change to median water table depths (<0.016 m) observed in
the vegetated haggs here was insufficient to either directly drive changes in photosynthesis and ecosystem res-
piration, which are more sensitive to normalised difference vegetation index and soil temperature at this site*
or to indirectly drive changes in vegetation composition away from the peat pan edges within this timeframe.

Restoration has competing effects on ecosystem respiration. Raised water tables may reduce soil respiration
but increased plant cover leads to an increase in plant (autotrophic) respiration. As no changes in photosyn-
thesis (Fig. 4a) or soil respiration (Fig. 6) were observed it is not surprising there was no change in ecosystem
respiration (Fig. 4b).

Modelled growing season maximum potential photosynthesis and ecosystem respiration values were higher
than annual measured values reported for a “pristine” peatland in the UK?, but similar to the range of modelled
values found for a “pristine” ombrotrophic peatland in Canada®**’. However, comparisons are challenging as
data for an equivalent “pristine” peatland to the one from this study could not be found.

Comparing to other peatlands with Molinia caerulea noted in the vegetation community, our site had higher
ecosystem respiration than an Atlantic Bog in Ireland®, lower than a Czech drained ombrotrophic bog® but
similar to a temperate rewet ombrotrophic bog in Germany*’. Maximum potential photosynthesis was similar
to all three peatlands®-** bearing in mind inter-annual variability.

Alpha is a measure of the ability of a plant or ecosystem to photosynthesise at lower light levels*!, which com-
monly occur in these cloudy upland peatlands. Alpha values observed in this study lie within the range observed
for northern peatlands®! and were similar to those found for a “pristine” ombrotrophic peatland in Canada®
but generally lower than those found for laboratory grown Molinia caerulea*', herbaceous vegetation in a rewet
cut-away bog*? and a rewet temperate ombrotrophic bog*’. Similar to maximum potential photosynthesis, a
significant change in alpha following restoration is unlikely without vegetation change.

There are no pre-restoration methane data as portable methane analysers were not commercially available
at the start of this study. Comparing across different rewetting treatments was complicated by differing initial
vegetation and wetness conditions, however, methane emissions were higher in the restored and partially restored
areas (Fig. 5).

Methane emissions around zero from the control vegetated haggs reflect the dryness of these areas. Whereas
emissions from the rewet vegetated haggs are relatively high, reflecting a combination of higher water tables and
high cotton grass (Eriophorum spp.) cover at these sites. Cotton grasses have hollow stems (aerenchyma)* which
allow methane to diffuse up the stems by-passing the oxic zone, facilitating methane emissions to the atmosphere.

Emissions from the restored peat pans lie between emissions reported for restored pools behind ditch blocks®
and cotton grass dominated infilled ditches* reflecting the high water tables and sparse vegetation present within
our pools. Emissions are significantly higher than in the control areas (Fig. 5) suggesting restoration has had an
effect. As methane emissions for pristine peatlands are unknown in this area it is not possible to say if this is a
short-term spike that will reduce as the cotton grasses (Eriophorum spp.) are succeeded by other vegetation or
if emissions will continue to rise for over a decade® as ecohydrological function is restored.

Peat soil respiration

A strong link has been shown between lowering water tables and increased soil respiration* as the depth to
which more rapid aerobic respiration could occur increased. However, reversing this process is not as simple as
raising water tables. Over time, aerated peat becomes increasingly degraded, and its physical properties change,
leaving more recalcitrant, denser, less porous material behind. Rewetting does not reverse these physical changes
to the peat* and respiration continues to be higher from long-drained peat than less well drained peat even when
water tables are similarly raised*®. It is likely for these reasons, that despite a rise in the water table 95th quantile
(Fig. 3) reducing the thickness of aerated peat, there was no trend to reducing peat soil respiration with time
following restoration (Fig. 6). Respiration rates were higher in the new control sites which may indicate an effect
of restoration, more likely this reflects spatial variability across the site preceding restoration.

Water quality and aqueous carbon loss

Despite the restoration efforts and the significant changes observed in hydrological function, no significant reduc-
tion in aqueous carbon losses were observed in the 3—4 years following restoration (Fig. 7b), consistent with other
UK-based studies***. Two potential processes can be considered to explain these findings. Firstly, the reductions
in flow (Fig. 2b, c) following restoration may have resulted in decreased dilution of dissolved organic carbon
(DOC) concentrations during rainfall events, potentially leading to higher observed DOC concentrations in the
water. Alternatively, the physical changes associated with restoration activities may have temporarily increased
the supply of carbon to the water, counteracting any expected reductions in carbon losses.

The significant changes in hydrological function observed after restoration, most notably the slower flows and
increased water table depth, would suggest that as the site recovers from the disturbance effects of restoration,
the sources of DOC should shift, resulting in fresher, lighter and more labile DOC. A positive change in DOC
source would therefore result in a decrease in specific ultra-violet absorbance (SUVA) and the colour-to-carbon
ratio (C/C). The slight but significant increase in SUVA (Fig. 7e) and C/C (Fig. 7d) observed in this study, sug-
gests that while restoration activities have an effect on the source of the carbon being released, the carbon is
darker and slightly less labile than before restoration. This can be attributed to short-term disturbances to the
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peat mass by restoration works, mobilising deeper and darker carbon into aqueous carbon pathways. However,
increased DOC concentrations combined with higher aromaticity have also been found to persist following
restoration in other locations'.

The DOC concentrations observed are lower than those reported at other degraded peatlands®™*! where
short-term changes in DOC concentrations have also not been observed. This suggests that without an under-
standing of DOC exports from the same peatlands in pristine conditions, caution should be taken when relying
on peatland restoration for improvements in water quality. There are examples of peatland restoration reducing
DOC® and it is plausible that greater time since restoration is needed before significant changes in water qual-
ity are observed on these peatlands, where decadal processes lead to increases in carbon storage?. Long-term
studies are needed to define what realistic timescales and trajectories are for significant change of DOC sources
and concentrations in response to restoration.

The variable relationship between flow and DOC concentrations observed in this study (Fig. 8a), highlight
the complexities in aqueous carbon processes and pathways in degraded/restored peatlands. Instances of low
DOC concentrations occurring with lower flows likely indicate the effect of supply depletion, while higher DOC
concentrations in lower flows could demonstrate a reduction in dilution. To reduce uncertainty surrounding
aqueous carbon processes and pathways, future studies could also incorporate continuous monitoring of DOC
concentrations, capturing the effect of season and antecedent conditions. Additionally, examining hysteresis
patterns, would also help elucidate the relative influence of supply depletion, dilution and spatial sources.

50,51

Implications

The timescales of peatland restoration projects, research and monitoring projects and political cycles operate at
the scale of 3-5 years whereas the ecohydrological process driving peatland communities and carbon accumula-
tion run in decadal to centennial timescales. This mismatch makes proving positive outcomes from restoration
difficult as a wider range of peatland types are studied.

High and stable water tables underpin all ecological processes in a functioning peatland. At this site restora-
tion has had a dramatic effect on the hydrology (water tables and flow) demonstrating near immediate potential
for NFM, but we are not seeing consequent changes in water quality and carbon fluxes in response to this. There
are signs of progress towards more natural functioning, such as increased methane emissions, and we would
expect change to continue over time.

Methods

Study site

The study site is in an area of degraded peatland in Dartmoor National Park (50.614° N; 3.961° W) in the south
west of England. The peatland features a pattern of erosional peat pans (generally <1 m deep) between vegetated
haggs***2. Where the gradient is steeper, these peat pans form dendritic erosional features and gullies. The site
lies at 515 m above sea level and the vegetation is classified as National Vegetation Classification class M17
Scirpus cespitosus—Eriophorum vaginatum blanket mire> with a high coverage of Molinia caerulea. Peat at the
study site is estimated to be between 3.6 and 4.0 m thick®*. Restoration occurred between August and September
2014. Peat, either from borrow pits or small protuberances, was used to block gullies and disconnect dendritic
erosional features.

Hydrological and meteorological

Stage in the gully was measured every 15 min from 09/04/2012 to 22/01/2018 using a vented submersible pres-
sure transducer (IMSL Geo100 Impress, UK). This was converted to discharge using a rated trapezoidal flume
structure and a Doppler area velocity meter (ISCO 2150, Teledyne ISCO, USA). Mean rainfall rate across the
contributing area was derived from the NIMROD radar system® and aggregated to 15-min timesteps. Rainfall
and runoff events were identified and paired using a semi-automated rules-based approach?. As hydrological
datasets are typically non normally distributed and event size and number varied between the before and after
restoration periods, statistical approaches were adopted that account for this variability*>?’. General Additive
Models (GAM) were fitted using the gam package® to explore changes in hydrograph shape and provide an
approximation of mean hydrological response. As hydrological events are strongly controlled by rainfall, General
Linear Models (GLM) were used to explore how peak flow were related to rainfall events, with restoration as an
additive covariate, allowing changes in flow to be determined while accounting for differences in meteorologi-
cal conditions.

Water table depth (WTD) was measured every 15 min using vented pressure transducers (IMSL Geol00
Impress, UK or Onset HOBO, USA) from 19/04/2012 to 28/12/2018 in a nested monitoring array in zones 0-1 m
and 1-2 m from the edge of the bare peat. Dipwells were constructed from 40 mm plastic tubing, drilled with
8 mm holes, and inserted 2.5 m into the peat.

Outliers were removed by a generalised Extreme Studentized Deviate filter with a 6-h moving window, gaps
up to 12 h were filled by spline interpolation. Two-sided paired t-tests were used to compare mean water table
depths before and after restoration at each distance class.

Water quality

Storm-based, flow-integrated, water sampling (up to 24 per event) was carried out from the gully using automatic
pump samplers (Teledyne ISCO, USA). Samples were collected within 48 h, and subsequently stored at 4 °C in
the dark prior to analysis within one week.

Scientific Reports |

(2023) 13:15865 | https://doi.org/10.1038/s41598-023-40285-4 nature portfolio



www.nature.com/scientificreports/

Filtered (0.45 pm) sub-samples were analysed by UV spectrometry for dissolved organic carbon (TriOS ProPS
analyser, TriOS GmbH, Germany) and colour (at 254 nm and 400 nm), (Unicam UV4-100 analyser, Thermo-
Fisher Scientific, UK) following Grand-Clement et al.>’.

A selection of samples were analysed by thermal oxidation (South West Water analytics facility, Hach Lange
TOC analyser, USA) or non-purgeable organic carbon analysis (TOC-VCPH Shimadzu, Japan) to build a linear
regression between spectral absorbance and dissolved organic carbon. Specific ultra-violet absorbance (SUVA)*®
and colour per carbon unit (C/C)* were derived by dividing the dissolved organic carbon content by absorbance
at 254 nm and 400 nm respectively.

To ensure the results captured adequately represented event conditions, event based statistics were only
derived if the samples were collected within a separated event, were greater than 3 in number and covered >70%
of the event flow™”.

The flow weighted mean concentration (FWMC) (Eq. 1) was calculated for DOC, Colour at 400 nm, SUVA
and C/C to account for variations in flow and sample numbers between events, after Dinsmore et al.*:

> (Cix t; x Q)
Dot x Q)

where DOC (FWMC) is expressed in mg L™}, C; is the instantaneous concentration (mg L™), ¢, is the time step
between samples, and Q; the instantaneous discharge (m?).

Total C load (kg) per event was calculated using Method5 (Eq. 2), after Walling and Webb®, which weighs
the mean event load by the mean of all measured flow. This was calculated using the function developed for the
Riverload package ' and is calculated as follows:

> i1 Gi % Qz‘)—
L=K(&=lzi <
< Z?:l Qi < @

where L (g) is the total DOC load for the time period, K is a conversion factor to account for the measurement
units, Q (m®s™!) is the mean flow from the continuous record throughout the event, Q; (m®) is the instantaneous
flow, C; (mg L") is the instantaneous concentration, and n the number of samples.

Following log10 transformation, all data remained non-normally distributed, so a Wilcoxon rank-sum test
was used to quantify the significance of the restoration effects.

FWMC = 1)

Ecosystem gaseous carbon flux

Net ecosystem exchange was measured in 12 locations (6 in the vegetated haggs, 6 in the erosional peat pans)
before restoration and 15 locations (5 rewet vegetated, 3 control vegetated, 4 rewet peat pans and 3 control peat
pans) following restoration. Measurement locations varied pre-and post-restoration as the rewetting flooded
the planned control locations. Measurements were taken approximately monthly.

In the vegetated areas pre-restoration CO, measurements were taken using LiCOR-8100 infra-red gas analyser
(LiCOR, Lincoln, Nebraska) with an 8100-104C transparent chamber and a (LiCOR Li-190 Quantum Sensor).
Post-restoration CO, and CH, measurements were taken using a Los Gatos Ultra-Portable Greenhouse Gas
Analyser (San Jose, California, USA) with a 0.3 m diameter 0.5 m tall Perspex chamber and Quantum Sensor
(Skye, Llandrindod Wells, Wales, UK).

In the peat pans pre-restoration, CO, measurements were taken using an EGM-4 infra-red gas analyser and a
transparent CPY-4 canopy assimilation chamber (PP Systems, Hitchin). Post-restoration CO, and CH, measure-
ments were taken using a Los Gatos Ultra-Portable Greenhouse Gas Analyser (San Jose, California, USA) with
a 0.3 m diameter, 0.1 m tall floating chamber. No ebullition was observed.

Pre-restoration measurements were taken on sunny days at 100, 60, 40, 10 and 0% light levels using a combi-
nation of shade cloths, post restoration only 100 and 0% light levels were measured. The chamber was removed
between measurements to restore ambient conditions.

The net gas exchange was calculated from the linear change in chamber concentration measured every 2 s
over 2 min. Linear accumulation rates with an r? < 0.7 were discarded unless the maximum change was less than
2.8 ppm CO, or< 1 ppb CH, in which case a 0 flux was assigned.

Hyperbolic light response curves?!, with the formula NEE = REco - a.PPFD.Pmax/(a.PPFD + P, ) were fit-
ted for each growing season (June-September) for each rewetting treatment separately using nls®>. NEE is net
ecosystem exchange, Pmax the maximum rate of photosynthesis and REco the ecosystem respiration all in pmol
CO, m™?s7. PPFD is the photosynthetic photon flux density (umol photons m=s™!) and « the initial slope of
the rectangular hyperbola (umol CO, pmol photons™).

A linear mixed effects model was fitted to dark methane emissions using Imr®. Soil temperature at 0.1 m,
site (vegetated hagg or sparsely vegetated peat pan) and treatment group were fixed effects with an interaction.
Collar code was nested within sampling date as random variables to allow for spatial and temporal heterogeneity.
Although including water table depth improved the model, this was not included as this masked rewetting effects.

Below-ground carbon dioxide respiration

Below ground soil respiration was measured within the vegetated haggs (2 replicates) at six locations pre- and
post-restoration with an additional three control locations added post-restoration as the original control loca-
tions were impacted by restoration. Polyvinyl Chloride collars (0.16 m diameter, 0.08 m height) were sealed to
the peat surface using non-setting putty (Evo Stick “Plumbers Mait”, Stafford, UK). The collars were routinely
cleared of vegetation and trenched to 0.2 m depth in a circle 0.2 m from the collar. This excludes live roots ena-
bling measurement of the below-ground heterotrophic component.
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Soil carbon dioxide flux measurements were taken approximately fortnightly over the growing seasons before
and monthly over the growing seasons after restoration using an EGM-4 infra-red gas analyser and a CPY-4
canopy assimilation chamber (PP Systems, Hitchin, UK).

A linear mixed effects model was fitted to natural logarithmic transformed respiration (LogR) rates using
Imr®, emmeans® was used to calculated the estimated marginal means for this model (LogR~T10+T_
Air + Year*Group + (1|LocCode)). Soil temperature (T10) at 0.1 m, chamber air temperature (T_Air), treatment
group and year were fixed effects, with an interaction between treatment group and year. Collar code (LoCode)
was a random variable to allow for spatial heterogeneity between locations. Although including water table depth
improved the model, this was not included as this would be expected to mask rewetting effects.

Data availability
All data and analysis codes are available from the University of Exeter Open Research Exeter repository at https://
doi.org/10.24378/exe.4844.

Received: 29 May 2023; Accepted: 8 August 2023
Published online: 22 September 2023

References
1. Yu, Z. C. Northern peatland carbon stocks and dynamics: A review. Biogeosciences 9, 4071-4085 (2012).
2. Joosten, H. The Global Peatland CO, Picture: Peatland Status and Drainage Related Emissions in All Countries of the World. (Wetlands
International, 2010).
. Holden, J. et al. Environmental change in moorland landscapes. Earth-Sci. Rev. 82, 75-100 (2007).
. Harris, L. I. et al. The essential carbon service provided by northern peatlands. Front. Ecol. Environ. 20, 222-230 (2022).
. Loisel, J. et al. Expert assessment of future vulnerability of the global peatland carbon sink. Nat. Clim. Change 11, 70-77 (2021).
. Leifeld, J., Wiist-Galley, C. & Page, S. Intact and managed peatland soils as a source and sink of GHGs from 1850 to 2100. Nat.
Clim. Change https://doi.org/10.1038/s41558-019-0615-5 (2019).
7. United Nations Framework Convention on Climate Change. Report of the Conference of the Parties Serving as the Meeting of the
Parties to the Kyoto Protocol on Its Seventh Session, Held in Durban from 28 November to 11 December 2011. 27 (2012).
. Ritson, J. P. et al. Managing peatland vegetation for drinking water treatment. Sci. Rep. 6, 1-9 (2016).
9. Shuttleworth, E. L. et al. Restoration of blanket peat moorland delays stormflow from hillslopes and reduces peak discharge. J.
Hydrol. X 2, 100006 (2019).
10. Parry, L. E., Holden, J. & Chapman, P. J. Restoration of blanket peatlands. . Environ. Manag. 133, 193-205 (2014).
11. Hugron, S., Guéné-Nanchen, M., Roux, N., LeBlanc, M.-C. & Rochefort, L. Plant reintroduction in restored peatlands: 80% suc-
cessfully transferred—Does the remaining 20% matter?. Glob. Ecol. Conserv. 22, 01000 (2020).
12. Grand-Clement, E. et al. Evaluating ecosystem goods and services after restoration of marginal upland peatlands in South-West
England. J. Appl. Ecol. 50, 324 (2013).
13. Andersen, R. et al. An overview of the progress and challenges of peatland restoration in Western Europe. Restor. Ecol. 25, 271-282
(2017).
14. Dixon, S. D. et al. Restoration effects on water table depths and CO, fluxes from climatically marginal blanket bog. Biogeochemistry
118, 1-18 (2013).
15. Holden, J., Wallage, Z. E., Lane, S. N. & McDonald, A. T. Water table dynamics in undisturbed, drained and restored blanket peat.
J. Hydrol. 402, 103-114 (2011).
16. Nugent, K. A,, Strachan, L. B., Strack, M., Roulet, N. T. & Rochefort, L. Multi-year net ecosystem carbon balance of a restored
peatland reveals a return to carbon sink. Glob. Change Biol. 24, 5751-5768 (2018).
17. Clay, G. D., Dixon, S., Evans, M. G., Rowson, ]. G. & Worrall, F. Carbon dioxide fluxes and DOC concentrations of eroding blanket
peat gullies. Earth Surf. Process. Landf. 37, 562-571 (2012).
18. Wilson, D. et al. Carbon and climate implications of rewetting a raised bog in Ireland. Glob. Change Biol. 28, 6349-6365 (2022).
19. Komulainen, V.-M., Nykénen, H., Martikainen, P. J. & Laine, J. Short-term effect of restoration on vegetation change and methane
emissions from peatlands drained for forestry in southern Finland. Can. J. For. Res. 28, 402-411 (1998).
20. Wallage, Z. E., Holden, J. & McDonald, A. T. Drain blocking: An effective treatment for reducing dissolved organic carbon loss
and water discolouration in a drained peatland. Sci. Total Environ. 367, 811-821 (2006).
21. Frolking, S. E. et al. Relationship between ecosystem productivity and photosynthetically active radiation for northern peatlands.
Glob. Biogeochem. Cycles 12, 115-126 (1998).
22. Milner, A. M. et al. A regime shift from erosion to carbon accumulation in a temperate northern peatland. J. Ecol. 109, 125-138
(2021).
23. Pawson, R. R., Evans, M. G. & Allott, T. E. H. A. Fluvial carbon flux from headwater peatland streams: Significance of particulate
carbon flux. Earth Surf. Process. Landf. 37,1203-1212 (2012).
24. Gatis, N. et al. Assessing the impact of peat erosion on growing season CO, fluxes by comparing erosional peat pans and surround-
ing vegetated haggs. Wetl. Ecol. Manag. 27, 187-205 (2019).
25. Ellis, N., Anderson, K. & Brazier, R. Mainstreaming natural flood management: A proposed research framework derived from a
critical evaluation of current knowledge. Prog. Phys. Geogr. Earth Environ. 45, 819-841 (2021).
26. Graham, H. A,, Puttock, A. K,, Elliott, M., Anderson, K. & Brazier, R. E. Exploring the dynamics of flow attenuation at a beaver
dam sequence. Hydrol. Process. 36, 14735 (2022).
27. Puttock, A., Graham, H. A, Ashe, ], Luscombe, D. J. & Brazier, R. E. Beaver dams attenuate flow: A multi-site study. Hydrol. Process.
35, 14017 (2021).
28. Holden, J. Peatland hydrology and carbon release: Why small-scale process matters. Philos. Trans. R. Soc. Math. Phys. Eng. Sci.
363, 2891-2913 (2005).
29. Holden, J. et al. The impact of ditch blocking on the hydrological functioning of blanket peatlands. Hydrol. Process. 31, 525-539
(2017).
30. Green, S. M. et al. An experimental study on the response of blanket bog vegetation and water tables to ditch blocking. Wetl. Ecol.
Manag. 25,703-716 (2017).
31. Green, S. M. et al. Methane and carbon dioxide fluxes from open and blocked ditches in a blanket bog. Plant Soil 424, 619-638
(2018).
32. Gatis, N. et al. Drain blocking has limited short-term effects on greenhouse gas fluxes in a Molinia caerulea dominated shallow
peatland. Ecol. Eng. 158, 106079 (2020).
33. Lunt, P. Dartmoor Mires Project Vegetation Survey Data Analysis 2018. (2018).

N U W W

el

Scientific Reports |

(2023) 13:15865 | https://doi.org/10.1038/s41598-023-40285-4 nature portfolio


https://doi.org/10.24378/exe.4844
https://doi.org/10.24378/exe.4844
https://doi.org/10.1038/s41558-019-0615-5

www.nature.com/scientificreports/

34. Gatis, N. et al. The effect of drainage ditches on vegetation diversity and CO, fluxes in a Molinia caerulea-dominated peatland.
Ecohydrology 9, 407-420 (2015).

35. Hambley, G. et al. Net ecosystem exchange from two formerly afforested peatlands undergoing restoration in the Flow Country
of northern Scotland. Mires Peat https://doi.org/10.19189/MaP.2018.DW.346 (2019).

36. Bubier, J. L., Bhatia, G., Moore, T. R, Roulet, N. T. & Lafleur, P. M. Spatial and temporal variability in growing-season net ecosystem
carbon dioxide exchange at a large peatland in Ontario, Canada. Ecosystems 6, 353-367 (2003).

37. Moore, T, Bubier, ., Lafleur, P, Frolking, S. & Roulet, N. Plant biomass, production and CO, exchange in an ombrotrophic bog.
J. Ecol. 90, 25-36 (2002).

38. Laine, A. et al. Estimating net ecosystem exchange in a patterned ecosystem: Example from blanket bog. Agric. For. Meteorol. 138,
231-243 (2006).

39. Urbanov4, Z., Picek, T., Héjek, T., Bufkova, I. & Tuittila, E.-S. Vegetation and carbon gas dynamics under a changed hydrological
regime in central European peatlands. Plant Ecol. Divers. 5, 89-103 (2012).

40. Holl, D., Pfeiffer, E.-M. & Kutzbach, L. Comparison of eddy covariance CO, and CH, fluxes from mined and recently rewetted
sections in a northwestern German cutover bog. Biogeosciences 17, 2853-2874 (2020).

41. Vernay, A., Balandier, P, Guinard, L., Améglio, T. & Malagoli, P. Photosynthesis capacity of Quercus petraea (Matt.) saplings is
affected by Molinia caerulea (L.) under high irradiance. For. Ecol. Manag. 376, 107-117 (2016).

42. Waddington, J. M., Strack, M. & Greenwood, M. J. Toward restoring the net carbon sink function of degraded peatlands: Short-
term response in CO, exchange to ecosystem-scale restoration. J. Geophys. Res. Biogeosci. 115, G01008 (2010).

43. Lloyd, D. et al. Methanogenesis and CO, exchange in an ombrotrophic peat bog. Atmos. Environ. 32, 3229-3238 (1998).

44. Cooper, M. D. A. et al. Infilled ditches are hotspots of landscape methane flux following peatland re-wetting. Ecosystems 17,
1227-1241 (2014).

45. Urbanova, Z. & Birta, ]. Recovery of methanogenic community and its activity in long-term drained peatlands after rewetting.
Ecol. Eng. 150, 105852 (2020).

46. Moore, T. R. & Dalva, M. The influence of temperature and water-table position on carbon-dioxide and methane emissions from
laboratory columns of peatland soils. J. Soil Sci. 44, 651-664 (1993).

47. Schimelpfenig, D. W., Cooper, D. J. & Chimner, R. A. Effectiveness of ditch blockage for restoring hydrologic and soil processes
in mountain peatlands. Restor. Ecol. 22, 257-265 (2014).

48. Johnson, A. M. et al. Determining carbon dioxide emission response in soil microcosms from a shallow mid-Atlantic peatland:
The influence of water table restoration. J. Coast. Res. 38, 261-268 (2022).

49. Worrall, F, Armstrong, A. & Holden, J. Short-term impact of peat drain-blocking on water colour, dissolved organic carbon
concentration, and water table depth. J. Hydrol. 337, 315-325 (2007).

50. Evans, C. D. et al. The impact of ditch blocking on fluvial carbon export from a UK blanket bog. Hydrol. Process. 32, 2141-2154
(2018).

51. Alderson, D. M. et al. Trajectories of ecosystem change in restored blanket peatlands. Sci. Total Environ. 665, 785-796 (2019).

52. Carless, D., Luscombe, D. J., Gatis, N., Anderson, K. & Brazier, R. E. Mapping landscape-scale peatland degradation using airborne
lidar and multispectral data. Landsc. Ecol. 34, 1329-1345 (2019).

53. Rodwell, J. S. Grasslands and Montane Communities. British Plant Communities. (Cambridge University Press, 1991).

54. Gatis, N. et al. Mapping upland peat depth using airborne radiometric and lidar survey data. Geoderma 335, 78-87 (2019).

55. Met Office. Met Office Rain Radar Data from the NIMROD System. NCAS British Atmospheric Data Centre, Date of Citation.
http://catalogue.ceda.ac.uk/uuid/82adec1f896af6169112d09cc1174499. (2003).

56. Hastie, T. gam: Generalized Additive Models. (2023).

57. Grand-Clement, E. et al. Antecedent conditions control carbon loss and downstream water quality from shallow, damaged peat-
lands. Sci. Total Environ. 493, 961-973 (2014).

58. Weishaar, J. L. et al. Evaluation of specific ultraviolet absorbance as an indicator of the chemical composition and reactivity of
dissolved organic carbon. Environ. Sci. Technol. 37, 4702-4708 (2003).

59. Dinsmore, K. J., Billett, M. E. & Dyson, K. E. Temperature and precipitation drive temporal variability in aquatic carbon and GHG
concentrations and fluxes in a peatland catchment. Glob. Change Biol. 19, 2133-2148 (2013).

60. Walling, D. E. & Webb, B. W. Estimating the discharge of contaminants to coastal waters by rivers: Some cautionary comments.
Mar. Pollut. Bull. 16, 488-492 (1985).

61. Nava, V., Patelli, M., Rotiroti, M. & Leoni, B. An R package for estimating river compound load using different methods. Environ.
Model. Softw. 117, 100-108 (2019).

62. Baty, F. et al. A toolbox for nonlinear regression in R: The package nlstools. J. Stat. Softw. 66, 1-21 (2015).

63. Bates, D., Michler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48 (2015).

64. Lenth, R. emmeans: Estimated Marginal Means, aka Least-Squares Means. (2022).

Acknowledgements

The authors would like to thank the members of the South West Peatland Partnership and Dartmoor Peatland
Partnership for their help. The authors would like to thank Ed Malone, Gemma Dooling and others for their
assistance with fieldwork and laboratory analysis. We would like to thank J Ratcliffe and a second anonymous
reviewer for their thorough and constructive comments. This research received financial support from South
West Water Ltd and the University of Exeter (SK05284, SK06855, SK04809, SK04823) as well as the Knowledge
Transfer Partnership programme (KTP ID 8099) funded by the Technology Strategy Board and NERC, and
EPSRC (EP/L016214/1). For the purpose of open access, the author has applied a ‘Creative Commons Attribu-
tion (CC BY) licence to any Author Accepted Manuscript version arising.

Author contributions

N.G., KA, E.G.C, D.J.L. and R.E.B. designed the experiment; P.B., N.G,, ].A., E.G.C., D.J.L. and A.P. carried
out data collection and fieldwork; P.B. and N.G. carried out data analysis; N.G. and P.B. wrote the first draft of
the manuscript, all authors revised and contributed to the manuscript, R.E.B. and K.A. supervised, supported,
mentored, and won the funding to support this work.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2023) 13:15865 | https://doi.org/10.1038/s41598-023-40285-4 nature portfolio


https://doi.org/10.19189/MaP.2018.DW.346
http://catalogue.ceda.ac.uk/uuid/82adec1f896af6169112d09cc1174499

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40285-4.

Correspondence and requests for materials should be addressed to N.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:15865 | https://doi.org/10.1038/s41598-023-40285-4 nature portfolio


https://doi.org/10.1038/s41598-023-40285-4
https://doi.org/10.1038/s41598-023-40285-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Peatland restoration increases water storage and attenuates downstream stormflow but does not guarantee an immediate reversal of long-term ecohydrological degradation
	Results
	Reduction in flow
	Water table depths
	Gaseous carbon fluxes
	Peat soil respiration
	Water quality and aqueous carbon loss

	Discussion
	Reduction in flow
	Raised and stabilised water table
	Gaseous carbon fluxes 
	Peat soil respiration
	Water quality and aqueous carbon loss
	Implications

	Methods
	Study site
	Hydrological and meteorological
	Water quality
	Ecosystem gaseous carbon flux 
	Below-ground carbon dioxide respiration

	Data availability 
	References
	Acknowledgements


