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SUMMARY

1) Restoration of peatland headwater catchments has the potential to reduce downstream flood risk
through changesin catchment storage and/orstorm runoff behaviour. To date, however, there has
been little research on stream flow responses to the most common restoration practices of re-
vegetation of bare peat and gully blocking.

2) An intensive field monitoring campaign took place over five-years (2010-14), in the form of a
before-after-control-impact study of degraded micro-catchments on Kinder Scout with additional
data from established reference sites. The monitoring focused on e valuating changesin storm-flow
behaviorfollowing restoration and assessment of watertable conditions and overland flow
generation atvarious stages of the erosion-restoration continuum.

3) Restoration has resulted in statistically significant changes in all but one of the hydrological
parameters studied. Catchments became wetterfollowing re-vegetation —watertables rose by 35
mm and overland flow productionincreased by 18%. Storm-flow lag timesin restored catchments
increased by upto 267 %, while peak storm discharge and hydrograph shape index decreased by
37% and 38% respectively. There were no statistically significant changesin percentage runoff,
indicating limited changes to within-storm catchment storage. Although thereappearto be some
additional benefits of gully blocking, these are not statistically significant when compared to the
impacts of re-vegetation of bare peatalone.

4) The results show that storm water moves through restored catchments more slowly, attenuating
flow and storm hydrograph responses. The key hydrological process response torestorationisa
reductionin flow velocities associated with increased surface roughness following the establishment
of vegetation cover.

5) We conclude thatrestoration significantly alters peatland storm runoff behaviour, delaying the
release of storm-flow from headwater catchments with benefits for downstream flood reduction.
The study provides robust empirical dataand process analyses to inform and calibrate hydrological
models and to quantify the flood risk benefits of restoration at larger catchment scales.
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1 INTRODUCTION

The primary objective of the Making Space for Water project was to demonstrate how land
management changes (specifically peatland restoration) in the Upper Derwent catchment might
impacton floodrisk. There has been considerable recentinterestin the extentto which blanket peat
restorationin headwatersystems can help regulate flood flows to downstream areas (e.g. Bain etal.
2011), with studiesto date focusing on the impacts of ditch (grip) blocking on storm hydrology and
floodrisk (e.g. Holden et al. 2004; Ballard et al. 2012; Lane & Milledge 2012). Landscape-scale
restoration through the re-vegetation of bare peatand the blocking of erosion gulliesisincreasingly
extensive inthe Peak District and otherareas of upland Britain (e.g. Anderson etal. 2009) and these
types of restoration have the potential to significantly alter hydrological functioning of degraded
blanket peat through changesin storm-flow runoffgeneration processes, runoff pathways and
catchment storage. However, despitethe large scale implementation, there has been almost no
research on stream flow responses to re-vegetation and gully blocking (Parry et al. 2014) and we lack
empirical datato both demonstrate the impacts of this restoration on storm-flow behaviourand to
inform and calibrate catchment models of flood risk.

We reporthere ona major, five-year (2010-2014) experiment designed to evaluate the hydrological
changesassociated with peatland restoration by re-vegetation of bare peatand gully blocking. The
main experiment takes the form of a before-after-control-impact (BACI) study of degraded peatland
micro-catchments on Kinder Scoutin the Peak District National Park (Figure 1), focusing on the
monitoring of changesin storm-flow behaviourand otherin key hydrological variables. This
experimentis supplemented by hydrological data obtained from the monitoring of additional
reference sites, in particularanintact blanket peat micro-catchment, a micro-catchmentre-
vegetatedin 2003 (and therefore representing ‘late-stage’ restoration conditions)and furtherbare
peatand restoredsites onthe Bleaklow Plateau. These reference dataare used for‘space for time’
comparisons, assuming that sites with of different erosion/degradation status and restored at
different times constitute atime series through the intact-eroded-restored trajectory.

Blanket peatlands are naturally hydrologically ‘flashy’ systems with stream flow responding rapidly
to rainfall events, relatively short hydrograph lagtimes and high peak flows relative to total storm
runoff volumes (Figure 2)(Evans etal. 1999). However, peatland degradation and erosion through
loss of vegetation cover orgully development can furtherincrease the flashiness of stream f low
response leadingto higher storm-flow peaks (e.g. Grayson et al. 2010). There are several potential
mechanisms by which degradation and restoration might alter storm-flow runoff characteristics and
hence influence hydrograph flashiness and peak flows, but the key factors relate to (i) potential
changesin within-storm catchment storage and (ii) potential changesinthe overland flow
characteristics of the peatland.

In hydrologically intact blanket peat systems storm runoff is dominated by surface or ne ar surface
flow and saturation excess overland flow is the dominant runoff pathway in high flow events
(Holden & Burt 2003). Water tables are typically close to the ground surface (Evans etal. 1999), so
soil waterstorage is limited and rapid saturation excess overland can be generated in response to
significant rainfall events. Severely eroded blanket peats, however, have significantly depressed
watertables (Daniels etal. 2008; Allott et al. 2009) potentially creating more soil water storage
duringrainfall events orincreasing subsurface storm-flow pathways relative to intact catchments
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(Daniels etal. 2008). The surfaces of eroded and bare peat surfaces are also subject to the
development of hydrophobicity (Egglesman et al. 1993; Evans et al. 1999) and potentially to surface
compaction by raindrop action, both of which could reduce infiltration rates and resultininfiltration
excess overland flow productionin high intensity rainfall events. A further consideration is that
depth to watertable isan important control on the production of saturation excess overland flow,
but watertablesare inturn controlled by water balance and evapotranspiration (Rydin & Jeglum
2006). Itfollowsthatchangesinevaporative fluxfrom peatlands associated with changesinsurface
coverand vegetation might alter watertables and hence both soil water storage and the prevalence
of overland flow generation within storm events.

Restoration by re-vegetation could therefore influence water tables, soil water storage and overland
flow generationinanumber of ways. If the development of avegetation layerincreases
evapotranspiration rates this could resultin lower watertables and increased soil water storage
capacity, particularly after dry antecedent conditions, resultingin less flashy storm hydrograph
response. Alternatively, the development of vegetation coverand root penetration could break up
the surface of bare peatareas, increasinginfiltration rates, raising watertables and reducing soil
waterstorage, thereby increasing flashiness. Interms of surface cover changes, the establishment of
a vegetation covermightalsoresultinincreased prevalence of surface depressions between
vegetation clumps, increasing surface storage. Importantly, Holden et al. (2008) stress the role of
overland flow in controlling storm hydrograph response, more specifically demonstrating the role of
surface roughness as a control on overland flow velocity and travel times, and hence on hydrograph
response times. They show that overland flow velocity is afunction of surface covertype, with
velocity on bare peat> Eriophorum spp cover> Sphagnum spp cover, indicating that the re-
establishment of vegetation on bare peat could be important for reducing downstream flood peaks
(Holden etal. 2008; Grayson et al.2010). Gully blockingis also potentiallyimportant, creatinga
series of stone orwooden ‘dams’, which initially resultin the formation of pools within the gully
systems. Although such pools can rapidly fillwith sediment, while extant they could reduce storm-
flows through increased within-storm storage, particularly after dry antecedent conditions.
Importantly, gully blocks also create barriers to flow within the gullies, initially from the presence of
the blocks but ona longertimescalethrough sedimentation and associated vegetation growthin
gully bottoms (Evans et al. 2005). They could therefore reduce flow velocities within gully systems
throughincreased surface roughness, increasing storm watertravel times as expressed through
hydrograph lag.

From these considerationsitis clearthat peatland restoration could alter storm-flow runoff
pathways and associated hydrograph response inanumber of ways, summarised by four working
hypothesesforthe processresponse:

1. Re-vegetation will increase evapotranspiration rates, lowering water tables and increasing

soil water storage

Predicted changes: Increased depth to watertable, reduced overland flow generation,
delayed hydrographresponse (increased lag times)in storm events (particularly afterdry
antecedent conditions)and lower runoff ratios.
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Re-vegetation will increase infiltration rates through the reduction of surface peat
hydrophobicity and root penetration, increasing water tables and reducing soil water
storage.

Predicted changes: Decreased depth to watertable, increased overland flow generation,
reduced hydrograph response times (decreased lag times) and higher runoff ratios.

Re-vegetation and gully blocking will increase within-storm catchment storage due to surface
ponding of water within vegetation and in pools behind blocks respectively.

Predicted changes: Lower runoff ratios andincreasesin lag times, particularly for smaller
storm events orafterdry antecedent conditions.

Re-vegetation and gully blocking will increase surface roughness effects, with peat surface
re-vegetation reducing overland flow velocities and gully blocks and associated gully re-
vegetation reducing channelvelocities.

Predicted changes: Delayed hydrograph response (increased lag times) but no changein
runoff ratios.

Importantly, these different process changes predict different sets of responsesin watertables,

overland flow generation, runoff ratios (the proportion of rainfallwhich generates storm-flow) and
the nature of hydrograph responses. The hypotheses cantherefore be tested by monitoring key
hydrological parameters at the study sites.

The key aims of the study are therefore:

1) To establishthe hydrological and runoff characteristics of restored and un-restored peatlands.

2)

3)

To evaluate changes in storm-flow behaviour following restoration, in particular the key
hydrograph variables of hydrograph lag time and peak storm-flow, in order to establish the

impact of restoration onfloodrisk.

To establish the causes of any detected change in storm-flow behaviour by testing hypotheses of
process change associated with restoration. This focus on process explanation is required to
permit effective up-scaling of restoration effects and the evaluation of downstream flood risk

benefits through robust hydrological modelling.
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2 WATER TABLES

2.1 Introduction

Water table isa fundamental control on runoff production, which in turninfluences storm
hydrograph response. Previousinvestigations of blanket peat watertables have focussed on the
effects of ditch blocking on watertablesinareas of drained peat (e.g. Holden etal., 2004). While
some parallels can be drawn between drainage ditch-and gully-blocking, gullied systems are more
variable and dynamiclandscapes than artificial ditch networks, and amore flexibleapproach to
restoration must be taken, guided by geomorphicand hydrological process (Evans et al., 2005).

Allottetal. (2009) found substantial between-site variation in average watertable conditions which
was strongly associated with erosion status. Intact sites with no erosion gullies at or proximate to
the site have watertables consistently close to the peat surface, while sites with dense erosion
gullies are associated with lower watertable conditions. Allott et al. (2009) also compared water
tablesat bare eroding sites and sites restored by re-vegetation, and although there was not enough
data to produce significantresults, this preliminary study indicated that watertables were higher at
the restored sites, suggesting that watertables can be raised by re-vegetation of bare peat.

This section builds onthe work of Allott et al. (2009), using watertable data from eroding, restored
and intact areas of peatland, gathered at a range of spatial and temporal scales, to furtherour
understanding of the influence of re-vegetation on peatland water tables.

2.2 Methodology

2.2.1 Experimental Set-up and Data Collection

Monitoring focussed on the three main study catchments onKinderScout (F, N, and O) and the
intact control (P) and late stage re-vegetated catchments (J), with additional data derived from bare
and late-stage re-vegetated sites on the Bleaklow Plateau. Watertables were measured at weekly
intervals as part of three different monitoring programmes: two space -for-time substitution studies
based on the Bleaklow sites provideinformation on watertable depths at sites of differing erosion
statuses overthe same sampling period, and the main study catchments on Kinder were monitored
before and afterintervention to assess relative changesin watertable following restoration by re -
vegetation.

The water table depth at each site was determined using dipwells. Allott et al. (2009) showed that
multiple randomly located dipwells are required for the reliable quantification of water table
conditions atthe site scale, and determined that 15 dipwells are required to obtain reliable
estimates of site water table conditions atany given time. Accordingly, clusters of 15 dipwells were
randomly located withina30 x 30 m area at each site. Dipwells were constructed and installed to
the same specifications outlined in Allott et al. (2009). In brief, each dipwell comprised a1l m length
of polypropylene waste pipe (internal diameter 30 mm) with perforation holes drilled at 100 mm
intervals, to allow waterlevels to equilibrate inside the pipe. Dipwells were driveninto pre -prepared
boreholes of the same diameter, with approximately 100 mm of pipe protruding above the ground
surface.
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Manual measurements of waterlevelsinthe dipwells were made using purpose-constructed
electronicdip-meters. Allmanual measurements of watertable depths were made relative to the
ground surface usinga 150 mm long plasticcollarwhich fitted closely overthe protruding section of
dipwell. Throughout each of the three studies, water table depths were measured at each site on
the same days. Details of the timing and duration of the sampling campaigns are summarisedin
Table 1.

2.2.2 Data analysis

A general linear model (GLM) approach based on an analysis of variance (ANOVA) was used to
analyse the effect of vegetation on watertable de pth. A repeated measures design was employed
for the space-for-time studies using site type (bare, re-vegetated, intact) as the fixed between-
subjectfactor, and measurement date as the levels of the within-subject factor. A mixed design was
employed forthe BACI study whichintroduced year (before and after treatment) as a further within-
subjectfactor. Mauchly’s test was used to test for sphericity. In cases where the assumption of
sphericity was violated, the Greenhouse—Geisser correction was used to adjust the degrees of
freedom.

2.3 Spatial variation in water tables

This section discusses the differences in watertables recorded at bare, late stage re -vegetated
(restoredin 2003), and intact peatland sites fromtwo field studies. Data for Study 1 were collected
at bare (T andS) and late-stage re-vegetated (J and Tu) sites on two days in November 2009 (as part
of the Allottetal. (2009) watertable project), then at nine weekly intervals between Septemberand
December2011. Data for Study 2 were recorded at the pre-restoration bare Kindersites (F, N, O)
and late stage re-vegetated and intact Bleaklow sites, at nine weekly intervals between September
to November 2010 at bare, intact, and late stage re-vegetated sites. The variationin the datais
presentedin Figure 3, the corresponding summary statistics are presented in Table 2, and the results
of the ANOVA are presented in Table 3. Water table values are based onthe mean depth to water
table measured ateach dipwell cluster.

Water tables were deeperand more variable at bare sites than at vegetated sites (both restored and
intact). The shallowest watertables were measured at the intact site where the waterlevelwas
always within 150 mm of the peat surface, while atthe bare and re-vegetated sites watertables
varied between 198 and 568 mm and 159 to 427 mm respectively.

The observed differencesin watertable depth at the different sites were statistically significantin
both studies (P =0.000). Median watertable depth at the bare and re-vegetated sites differed by 90
mm inStudy 1 and 102 mm in Study 2. Thisindicates that c.7-8 years after re-vegetation, water
tablesare 24 to 30 % closerto the surface than in areas of bare peat. However, watertables do not
returnto intact, pre-erosion levels as median watertable depth at the re-vegetated site in Study 2
was still 166 mm deeperthan at the intact site.

Figure 4 shows that watertables at the bare sites were consistently deeperthan at vegetated sites
(both restored and intact) on any given measurement day, and that the magnitude of this difference
varied through time. This is confirmed by the interactionterminthe ANOVA which was significantin
both studies (Study 1- P = 0.000, Study 2 P = 0.012) indicating that the relative difference in water
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tables at the study sites varied between measurement days. The largest differences were evident
when watertableswere attheirdeepest(e.g.02/11/09 and 06/10/11), while smallerdifferencescan
be seenwhen watertables were closerto the peat’s surface (e.g. 06/11/09, 04/11/10 and

13/10/11).

2.4 Changes in water tables following re-vegetation

Thissection discusses changesin watertables following restoration by re-vegetation at the main
study catchments on Kinder Scout (F, N, and O). Aninitial sampling campaign collected datafrom the
two then-bare sites between Septemberand November 2010 at 11 weeklyintervals. SitesNand O
were re-vegetated by the application of lime, seed and fertilizerin late July 2011, with subsequent
additions of [ime and fertilizerin July 2012 and July 2013. Gully blocks were alsoinstalled atsite Nin
November 2011 and April 2012, but the dipwell clusters were situated away from gully edges so as
not to be affected by localised water table drawdown. Water table datafrom the two treatment
sites can therefore be combined, and willbe referred to collectively as the treatment site forthe rest
of thissection. Site Fwill be referred to as the bare control. A subsequent sampling campaign
collected datafrom the two sites at 12 weekly intervals between September and Decemb er 2014.
The variationinthe data is presentedin Figure 5and the corresponding summary statistics are
presentedin Table 4. Water table values are based on the mean depth of water measured at each
dipwell cluster.

In 2010, water tables atthe twosites varied overasimilarrange; between 198and 422 mm, and 204
and 439 mm at the control and treatment sites respectively (Table 4). However, despite experiencing
a similarrange of watertable depths, there is a statistically significant difference in watertables at
the two sites throughout the study (P =0.000, Table 5). Thisis because onthe majority of
measurement days, watertables were deeperat the control site, both before and aftertreatment
(Figure 6).

Upon firstinspection of the 2014 data there appearsto have been no change in watertable depth at
the treatment site following restoration, with watertables still varying overasimilarrange —
between 242 and 428 mm (Table 4). However, there is astatistically significant differencein the way
watertables behaved before and afterrestoration atthe two sites (P =0.006; Table5), as
demonstrated by the diverginginteraction linesin Figure 5b. Because peatland water table depths
are primarily controlled by precipitation and evapotranspiration, adirect comparison of watertables
before and afterrestoration at the treatmentsite is notappropriate, as differing rainfall and
temperature regimes may contribute to the observed distribution of watertable depths. While there
was very little change in watertable depth at the treatmentssite following restoration, water tables
at the bare control site were deeperin 2014 than they were in 2010.

By examiningthe relative differencesin watertable depth at the treatmentand control sites ( Figure
7 and Figure 6), the effect of restoration becomes clear. If restoration were to have had no effect,
we would see the same similarrelative differences in water table depth before and after restoration,
but thisis not the case. In 2010, priorto restoration, the relative difference in median watertable
depthwas 27 mm (Table 4), and during periods where watertables wereclosest to the surface,
there was no difference in watertable depth at the two sites (Figure 6a). Three years afterre-
seeding, the relative difference hadincreased to 59 mm, and a greater difference was maintained on

MSW Final Report / Annex 5: Flood Risk / May 2015 8



MOORS FOR THE FUTURE

PARTNERSHIP

the majority of measurementdates, including days where watertables where shallowest (Figure 6b).
Thisrepresents arelative decreasein watertable depth of 35 mm.

2.5 Key results: Water tables

1. Peatland water tables are highly variable in time as they are controlled by variable rainfall
and temperature regimes.

2. Despite this, there are significant differences between water table conditions at sites with
different restoration statuses.

3. The highest water tables were found at intact sites where levels were consistently within
150 mm of the peat’s surface, while the deepest water tables were measured at bare sites
where watertable depths can exceed 560 mm.

4. Re-vegetation significantly raises water tables by up to 38 %, but not to levels comparable
withintactsites.

5. The observed differences between bare and re-vegetated sites were more pronounced
when watertables were at their deepest.

6. Three years after restoration by re-vegetation on Kinder, water tables had risen 35 mm
relative to the bare control, while c.7-8 years post-restoration on Bleaklow, relative water

table was 90 — 102 mm closerto the surface at re-vegetated sites.
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2.6 Figures and Tables
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Figure 3: Distribution of water table depths at: (a) bare and late-stage re-vegetated sites in
2009/2011, and (b) bare, late-stage re-vegetated, and intact sites in 2010.
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Figure 4: Variation in water table depths through time at: (a) bare and late-stage re-vegetated
sites in 2009/2011, and (b) bare, late-stage re-vegetated, and intact sites in 2010.
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Figure 5: (a) Distribution of water table depths at the treatment and control sites before and
after treatment; (b) Interaction plot showing the differences in water table at the treatment and
control sites before and after treatment.
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Figure 6: Variation in water table depths through time at the control and treatment sites before

(2010) and after (2014) restoration.
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Figure 7: Distribution of the relative difference in water table depth between the control and
treatment sites before (2010) and after (2014) treatment.
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Field area Type Treatments Number of dipwell Duration of campaign Number of
clusters measurement days
Bleaklow Space for time bare / late stage re-veg 10 (5 at each type) Oct— Nov 2009 / 2/10
Sept—Dec 2011
Bleaklow and Kinder Space fortime intact/ bare /late stage re-veg 12 (3 intact and re-veg, 6 Sep —Nov 2010 11
bare)
Kinder BACI bare / short term re-veg 6 (3 at each type) Sep—Nov 2010 / 11/12

Sep—Dec 2014

Table 1: Details of the three water table field campaigns.
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Study 1 Study 2
Bare Re-vegetated Bare Re-vegetated Intact
Max 568 427 413 318 141
Q3 426 309 361 284 128
Median 374 284 345 243 77
Q1 323 259 252 223 63
Min 222 179 198 159 52

Table 2: Descriptive statistics for the two space-for-time water table studies.

P - value
Factor Study 1 Study 2
Site 0.000 0.000
Date 0.000 0.000
Site * Date 0.000 0.012

Table 3: Results of the ANOVA employed to compare water table depths in the two space-for-
time water table studies. Significant differences at p <0.05 are highlighed in pink.

Bare Re-vegetated Difference
Before Max 422 439 60
Q3 364 323 33
Median 345 307 27
Ql 255 257 -3
Min 198 204 -17
After Max 484 428 86
Q3 391 325 74
Median 342 293 59
Ql 307 256 33
Min 286 242 -1

Table 4: Descriptive statistics for water table depths before (2010) and after (2014) re-
vegetation.

Factor P - value
Site 0.000
Year 0.469

Site * Year 0.006

Table 5: Results of the ANOVA employed to compare water table depths before and after re -
vegetation. Significant differences at p < 0.05 are highlighed in pink.
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3 OVERLAND FLOW PRODUCTION

3.1 Introduction

Overlandflow is akey runoff pathway in blanket peat systems. Inintact blanket peatlands, the
majority of storm-flow is produced as saturation excess overland flow, particularly on more gentle
slopesand on footslopes where overland flow occurs most frequently (Holden & Burt, 2003). Evans
et al. (1999) show that the generation of near-surface and overland flow isinfluenced by the
maintenance of high watertables close to the peat surface. In contrast, degrad ed peats with
depressed watertables are likely to produce more bypassing rapid subsurface storm-flow through
macropore and soil pipe networks, and therefore generateless overland flow (Holden & Burt 2003).
Furthermore, Allottetal. (2009) highlight the importantinfluence of topography on watertablein
erosionimpacted peatlands, thus variable hillslope morphology is also animportant control on
runoff productioninthese systems. Potential changesin overland flowgeneration associated with
peatland restoration have been outlined in Section 1, and overland flow data are required to test the
working hypotheses for hydrological change following restoration.

This section presents spatial and temporal overland flow data from the study sitesin order to:

(i) assess overland flowin relation to topography (specifically interfluve surface vs footslope
locationsin eroded and restored peatlands);

(ii) evaluate the impact of re-vegetation on overland flow generation.

3.2 Methodology

3.2.1 Experimental Set-up and Data Collection

Sampling focused on the three main study catchments on Kinder Scout (F, N, and O), with additional
data derived fromthe intact control (P) and late stage re-vegetated catchment (J) in orderto place
theresultsinthe wider context of the peatland restoration continuum. Runoff generation was
investigated in two stages. Aninitial sampling campaign collected data priortorestoration of sites N
and 0in 2010, and a second sampling campaigntook place in 2014, three years afterintervention.
Samplingtook place at weekly intervals between Septemberand November 2010 (n = 11) and
Septemberand December 2014 (n= 12).

The occurrence of overland flow was detected using crest-stage runoff traps. These traps comprised
a short tube, sealed ateach end, but with holes drilled into the sideto allow waterto enter. Clusters
of nine tubes were sunkinto the peat surface at each site with theirentry holes flush with the peat
surface. Entry holes were aligned with the local slope so thatany overland flow or surface ponding
around the tube wouldresultinthe tube filling with water. The clusters were checked for the
presence of waterat weekly intervals throughout each sampling campaign. The number of tubes
containing waterwas recorded, before ‘wet’ tubes wereemptied toresetthe clusterforthe
subsequent week of sampling. Tubes wereemptied with alarge syringe keeping disturbance toa
minimum. The proportion of tubes containing water was used to calculate a runoff quotient (RQ) to
allow runoff behaviourat each site to be compared. RQs can range between0Oand 1; aRQof 1
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would indicate that evidence of surface runoff was captured in all crest-stage trapsina cluster, while
a RQ of 0 would mean no surface runoff was detected.

Three clusters of crest-stage traps were installed on interfluve surfaces at each site, apart from N
and O where two and one cluster were installed respectively. Sites N and O were both re-vegetated
inJuly 2011, and gully blocks were additionally installed at site Nin November 2011 and April 2012.
Gully edge watertable drawdown, and hence an effect that gully blocking has on watertable, is
localised to within 2m of gully edges (Allott etal., 2009); the crest-stage clusters were therefore
positionedininterfluve surfacesin such away that they would not be affected by the presence of
the gully blocks. Consequently, runoff behaviour following restoration at sites Nand O can be
considered analogous, allowing datafrom the two sites to be combined. Sites N and O will
henceforward be referred to as the re-vegetated treatment site, and F the bare control.

A secondaryfield study into the effect of topography on runoff generation wasimplemented during
the 2014 sampling campaign. Three additional clusters of crest-stage traps were installed at both the
treatmentand bare control sites. These new clusters were situated atlower elevations than the
original set up to confirmthe hypothesis that overland flow occurs more frequently on footslopes
than oninterfluve surfacesin degraded systems, which would be consistent with the model of
saturation excess overland flow dominated runoff.

The crest-stage clustersinstalled at site J were intended to serve as a late-stage re-vegetation
comparisontothe more recentre-vegetation on Kinder. However, there were significant differences
inthe relationship between site J and the intact control (P) between the two sampling campaigns,
indicating that surface runoff at site J was not behavingin a consistent manneracross the two
sampling campaigns. Therefore, site J cannot be used as a control, and the results are not reported
here. However, some additional overland flow data are availablefrom 1 x 1 m runoff plotsin
operation during the 2010 sampling campaign. Two manual plots were installed each at sitesJ and P,
and two further plots were installed at the then-bare peat Kinder catchments, with surface runoff
and rainfall measured on a weekly basis. Because of operational difficulties, these runoff plots were
not usedinthe 2014 sampling campaign, butthe 2010 data provide insightintothe relative
differencesin runoff production at bare, late-stage re-vegetated, and intact sites.

3.2.2 Data analysis

Three different statistical analyses were employed to examine the data. A mixed design ANOVA was
used to analyse changesinoverland flowbeforeand afterrestoration atthe bare and re -vegetated
Kindersites. At-test was additionallyemployed to evaluate the relative difference between the two
sites. Differences in overland flow generation oninterfluve surfaces and footslopes were
investigated using arepeat measures design ANOVA. The factors used in each statistical test are
summarisedin Table 6. Mauchly’s test was used to test for sphericity. In cases where the assumption
of sphericity was violated, the Greenhouse—Geisser correction was used to adjust the degrees of
freedom.

3.3 Changes in overland flow generation following re-vegetation

Thissection discusses the relative changesin overland flowgeneration at the treatment (N and O),
and bare control (F) sites on Kinder Scout following restoration by re-vegetation. The variationin the
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datais presentedin Figure 8, the corresponding summary statistics are presentedin Table 7, and the
results of the mixed design ANOVA are presentedin Table 8.

In 2010, before restoration, overland flowat both sites was highly variable but median RQvalues
were similar—0.22 at the control and 0.19 at the treatmentsite (Table 7). In 2014, there was less
surface runoff production at both sites. The greatest reduction was at the control site (median RQ =
0.04) where the occurrence of surface flow was also considerably less variable than in 2010 ( Figure
8a). ANOVA indicates nosignificant difference in overland flow production between the two sites
(Table 8). However, the intersection of the interaction lines in Figure 8bindicates that restoration
has had some effect onthe generation of surface runoff, relative to the control.

Overland flow productionis linked to water table behaviour, so runoff generation is influenced by
the same antecedent conditions (e.g. precipitation and temperature) that control watertable depth.
Consequently, as outlined in Section 2, the relative differences between the catchments must be
considered (Figure 8c). In 2010 the median relative difference in RQat the two sites was negative ( -
0.07; Table 7), indicating that prior to restoration, the treatment site was slightly less productive of
overland flow thanthe control. In 2014 the relationshipis reversed —the median relative difference
in RQ was positive (0.11) — demonstrating that afterrestoration, the treatment site had become
more productive of runoff than the control. Indeed, before restoration, the distribution of relative
RQ was relatively evenly spread around zero (Figure 8c) meaningthere was no consistent difference
in surface runoff production at the twossites, but after restoration relative RQon all bar one
measurement day was positive, indicating that the re-vegetated site was consistently more
productive of overland flow. This equatestoan 18% increase in relative overland flow production,
and is statistically significant (P =0.041; Table 8).

3.4 Influence of topography on overland flow generation

Figure 9 shows the differencesin overland flow generation on interfluves and footslopes at bare and
recently re-vegetated sites. The corresponding summary statistics are presentedin Table 9, and the
results of the repeat measures ANOVAare presented in Table 10. Significantly more runoffwas
detected atfootslope plots regardless of vege tation cover (P =0.000). This is consistent witha
saturation excess overland flow dominated hydrology (Holden & Burt, 2003). The disparity between
the highand low lying plotsis more pronounced at the bare site where median RQdiffers by 0.29
(versus 0.15 at the re-vegetated site). This differenceis exemplified by the converging gradients of
theinteractionlinesin Figure 9b, butis not statistically significant (P =0.135; Table 10), indicating
that re-vegetation does not substantially change the dominant overland flow mechanismin erosion
impacted peatlands.

3.5 Kinder in the wider peatland restoration context

Figure 10 comparesthe pre-restoration runoff data generated fromthe runoff plotsinstalled at the
then-bare Kindersites, with runoff plot datafromthe intact (P) and late stage re-vegetation (J)
reference sites. Figure 11 compares the pre- and post-restoration runoff datadescribedin Section
3.3 with concurrent data collected from the crest-stage clusters at the intact control site (P). The
corresponding summary statistics are presentedin Table 11 and Table 12.
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Figure 10 and Figure 11 both show that the intact site was highly productive of surface runoff, and
that the high level of production was consistent between the two sampling campaigns. In 2010, the
late stage re-vegetated site was slightly more productive of surface runoff than the bare site, but
both experienced substantially less surface water generation compared to the intactsite. Typically
only2 -7 % and 4 — 12 % of weekly rainfallbecame overland flow at the bare and late-stage
restored sites respectively (based on Qland Q3; Table 11), compared with 36 — 74 % at the intact
site. The Kindersites produced significantly lower RQvalues than the intact site in both 2010 and
2014 (Figure 11a). In 2014, surface runoff production hadincreased atthe Kindertreatmentsite
relative tothe bare control, butas discussedin Section 3.3, this change was subtle, and was not
comparable tothe level of overland flow generated at the intact control.

3.6 Key results: overland flow production

1. Surface runoff production is highly variable in restored and unrestored blanket peatlands in
both space andtime.

2. Overlandflowis more regularly generated atintact sites.

3. Inareasimpacted by erosion (both bare and re-vegetated), lowerlying areas (footslopes) are
more productive of surface runoff than interfluve surfaces.

4. Overland flow productionincreases by 18% oninterfluve surfaces f ollowing re-vegetation.

5. However, surface runoff remains less prevalent at re-vegetated sites thaninintactareas.
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3.7 Figures and Tables
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Figure 8: Runoff quotient (RQ) values at bare control and re-vegetated sites before and after
treatment.

(a) Distribution of RQ values at bare control and re-vegetated sites before and after treatment; (b) Interaction plot
of RQ values at bare control and re-vegetated sites b efore and after treatment; (c) Distribution ofthe relative
difference in RQ values between bare control and re-vegetated sites, before and after treatment
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Figure 9: Runoff quotient (RQ) values on interfluve surfaces and footslopes at bare control
and re-vegetated sites.

(a) Distribution of runoff quotient (RQ) values and (b) Interaction plot showing the differencesin RQ values on
interfluve surfaces and footslopes at bare control and re-vegetated sites.
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Figure 10: Distribution of % weekly runoff values at bare, re-vegetated and intact sites in 2010.
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Figure 11: Runoff quotient values and surface runoff production

(a) Distribution of runoff quotient (RQ) values at bare and intactcontrol sites, and re-vegetated treatmentsites,
before (2010) and after (2014) restoration; (b) Variation in surface runoff production through time at the control
and treatmentsites before restoration; (c) Variation in surface runoff production through time at the control and

treatmentsites after restoration.
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Study Years Sites Test Dependent Fixed Within-subject factor
variable factors
Before and after 2010 and 2014 F,N, O Mixed design ANOVA RQ Site, Year Measurement date
restoration
t-test Relative RQ Year -
Interfluves vs. 2014 F,N,O Repeat measures ANOVA RQ Site, Measurement date
footslopes Position

Table 6: Details of the overland flow field campaigns.
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Control Treatment Difference
2010 Max 0.78 0.93 0.37
Q3 0.61 0.28 0.09
Median 0.22 0.19 -0.07
Ql 0.11 0.07 -0.33
Min 0.07 0.00 -0.72
2014 Max 0.81 0.52 0.41
Q3 0.09 0.33 0.22
Median 0.04 0.15 0.11
Q1 0.02 0.09 0.04
Min 0.00 0.04 -0.41

Table 7: Descriptive statistics for runoff quotient (RQ) values before (2010) and after (2014) re-

vegetation.

Test Factor P - value

ANOVA Site 0.915
Year 0.077
Site * Year 0.199

t-test Relative difference 0.041

Table 8: Results of the ANOVA and t-test employed to compare overland flow production
before and after re-vegetation. Significant differences at p <0.05 are highlighed in pink.

Bare Re-vegetated
Interfluves Max 0.81 0.52
Q3 0.09 0.33
Median 0.04 0.15
Ql 0.02 0.09
Min 0.00 0.04
Footslopes Max 0.81 0.70
Q3 0.43 0.52
Median 0.33 0.30
Q1 0.22 0.17
Min 0.11 0.11

Table 9: Descriptive statistics for runoff quotient (RQ) values on interfluve surfaces and

footslopes.
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Factor P - value
Site 0.345
Position 0.000

Site * Position 0.135

Table 10: Results of the ANOVA employed to compare overland flow production on interfluve
surfaces and footslopes. Significant differences at p < 0.05 are highlighed in pink.

Bare Late stage Intact
re-vegetated
Max 13.65 18.50 100.00
Q3 7.30 12.28 74.34
Median 2.22 7.45 52.01
Q1 1.63 3.77 36.44
Min 0.00 0.00 0.00

Table 11: Descriptive statistics for % weekly runoff values at bare, re-vegetated and intact sites
in 2010.

Bare Recently Intact
re-vegetated
2010 Max 0.78 0.93 0.85
Q3 0.61 0.28 0.83
Median 0.22 0.19 0.78
Q1 0.11 0.07 0.72
Min 0.07 0.00 0.19
2014 Max 0.81 0.52 0.85
Q3 0.09 0.33 0.81
Median 0.04 0.15 0.78
Q1 0.02 0.09 0.59
Min 0.00 0.04 0.04

Table 12: Descriptive statistics for runoff quotient (RQ) values at bare, re-vegetated and intact
sites, before (2010) and after (2014) restoration.

MSW Final Report / Annex 5: Flood Risk / May 2015 26



MOORS FOR THE FUTURE

PARTNERSHIP

4 STORM-FLOW CHARACTERISTICS

4.1 Introduction

Much work on blanket peat restoration has focussed on mined and drained peatlands (e.g. Charman,
2002; Holdenetal., 2004), where efforts focus onincreasing biodiversity and restoring peatlands to
an actively accumulating state. Less attention has been paid to eroded peatlands, and littleis known
about the effects of restoration on hydrological behaviourin erosion i mpacted systems. However, as
discussedin Section 1, there is theoretical and some empirical evidence to suggest that re-
vegetation of bare peat and blocking of erosion gullies will alter storm-flow runoff pathways and
change storm hydrographresponses.

In orderto assess the effects of re-vegetation and gully blocking on storm-flow behaviour, fourkey
hydrograph metrics are investigated: (i) lag-time, (ii) peak storm discharge, (iii) Hydrograph Shape
Index (HSI), and (iv) percentage runoff (see Section 4.2.2.1for more detail). By considering post-
restoration changesinthese metrics, the following questions can be addressed:

1. Doesstorm-flow behaviour change afterrestoration?

2. Whatisthe magnitude of any observed changes?

3. Isany effect of treatment immediate (i.e. discemible within one year of intervention), and is
there further progressive change with time afterrestoration?

4. Do re-vegetationand gully blocking both impact storm-flow behaviour?

The ultimate aim of the MS4W programme is to test the hypothesis that peatland restoration
reduces downstream flood risk. Downstream flooding results from high magnitudeevents, soin
addition to analysis of the full storm-flow dataset, we consider hydrographs derived from the highest
recorded total rainfall values to evaluate whether observed patterns in storm-flow behaviourare
alsoevidentduringlarge events.

4.2 Methodology

4.2.1 Experimental Set-up and Data Collection

Monitoring focused on the three main study catchments on Kinder Scout (F, N, and O), with
additional dataderived from the intact control (P) and late stage re-vegetated (J) catchments (Table
13). Intensive monitoring started at the five catchmentsinJune 2010. V-notch weirs and pressure
transducers were installed at the catchment outlets. Pressure transducers recorded the depth of
water (cm) flowing overthe v-notch weir, which was subsequently converted to discharge (Lsec™).
Discharge values were then standardised by dividing by catchment area (ha) to produce discharge
values that could be compared between the different catchments (Lsec™ ha™). The pressure
transducers were setto continuously monitor flow depth at 10 minute intervals. Rain gauges were
alsoinstalled, and set to continuously monitor rainfall at 10 minute intervals.

Rainfall and discharge data are available for each catchment fromJune 2010 to September 2011,
and April 2012 to December 2014. However, due to operational issues associated with monitoring
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remote field locations, there were periods where no datawere collected for some sites, resultingin
gaps inthe record. Restoration commenced atsites Nand O inJuly 2011 with applications of lime,
seed and fertilizer, and gully blocking at site N was carried outin November 2011 and April 2012.
Data from 2010 and 2011 (priortoJuly 2011) therefore represent pre-restoration conditions, and
data from April 2012 onwards represent post-restoration conditions.

4.2.2 Numerical Data Acquisition

For each catchment the available rainfall and runoff data between June 2010 and December 2014
were collated. Hydrographs were extracted for all rain events where: (i) total rainfall exceeded 4 mm,
and (ii) rainfall occurred as a discrete event, with asingle associated discernible main peakin
discharge. Complexmulti-peak hydrographs were excluded.

4.2.2.1 Hydrograph metrics

Lag-time

Lag time was derived from the time interval (in minutes) between maximum rainfall intensity and
peak storm discharge (Figure 12a). Lag time gives anindication of the rate at which precipitation
runs off the landscape and enters the channel, with longerlagtimesindicating that wateris being
released more slowly.

Peak storm discharge

Peak storm discharge (Peak Q;; Lsec ha™)isthe difference between the maximum recorded
discharge, and the coincident baseflow component (Figure 12b). Duringand immediatelyfollowing
storm events baseflow becomes elevated. Due to the ephemeral and ‘flashy’ nature of flowin
peatland catchmentsthisis limited, but baseflow does become slightly elevated following storm
events, eveninthe micro-catchments usedin this study. To account for this, the ‘constant slope’
method (McCuen 1998) was used to separate the storm-flow component of the hydrograph from
the baseflow component. This method assumes that baseflow increases linearly throughout the
storm event (Figure 12).

Hydrograph Shape Index(HSI)

The HSI is defined as the ratio of peak storm discharge (Lsec™ ha™) to total storm discharge (m>ha™)
(Figure 12b and c). This index provides asimple measure of overallhydrograph shape; relatively high
ratios represent more ‘flashy’ hydrographs which are highly reactive to rainfall and runoff generation,
while relatively low ratios indicate more attenuated hydrographs with lower peak flows relative to
the size of the discharge event.

Percentage runoff

Percentage runoffisthe proportion of storm rainfall that reaches the stream channel to become
discharge withinthe storm event. Low percentage runoff values indicate substantial within-storm
storage of waterin the catchment, whereas high percentage runoffvalues indicate that most of the
rainfall generates storm-flow. The parameteris derived from total storm rainfall and total storm
discharge (Figure 12 cand d).
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4.2.2.2 Rainfallmetrics

Two rainfall characteristics were also derived to compliment the hydrograph metrics: total rainfall
(mm), and maximum rainfall intensity (mm 10min™). Storm-flow characteristics are strongly
influenced by the antecedent conditions leading up storm events, and the intensity and duration of
rainfall.

Table 14 shows that there are strong correlations between precipitation variables and hydrograph
characteristics, sovariationinrainfall characteristics between sites could influence runoff generation
and thus obscure or bias any differencesin storm-flow behaviour between catchments. Particularly
notable relationships include the significant effects of maximum rainfallintensity on both lag time
and the HSI.

4.2.3 Analysis

A general linear model (GLM) approach based on an analysis of variance (ANOVA) was employed to
determine the statistical significance of the influence of restoration on the four key runoff metrics.
For the space-for-time studies where differences in sites were considered without a time factor, Site
was the only factorused. For the before-after-control-impact studies, Year or Before/After were
introduced as within-subject factors. Tukey’s pairwise comparison was applied post-hoc, in order to
assess where any significant differences lie. All relationships were tested at the 95 % level (P <0.05).

4.3 Before restoration

Kinder site comparison

Itisimportant to determine whether runoffin the three Kinder catchments (F, N and O) was
respondingto rainfall eventsinasimilarway priorto restoration, to seta baseline for the post-
restoration comparisons. Rates of data capture were high throughout the pre -restoration
monitoring programme, as the relatively wet late-summer/autumn conditions in 2010 resultedin
over45 identifiable storm events of varying magnitude, providing a substantial data set with which
to evaluate pre-restoration runoff characteristics. The four key hydrograph metrics and three rainfall
behaviour metrics were analysed using aone-way between groups ANOVA. Figure 13shows the
relative spread of dataforthe four hydrograph metrics at the three sites, and the results of the
various hydrograph and rainfall ANOVAs are presented in Table 15. Summary statistics for this
period are presentedin Table 18.

The 2010/11 dataset captured a range of rainfall totals and intensities, with the largest rainfall event
totalling nearly 36 mm, and peak storm discharges ranging from 0.3 Lsec ™ ha™ to nearly 50 L sec™
ha™ (Table 18). There were nosignificant differences in any of the rainfall metrics, so we can assume
that any variationin hydrograph metrics were aresult of catchment characteristics rathe rthan
variationsinrainfall. Catchment O appearsto have a flashierresponse than the othertwo
catchments, with higher peak flows and higher HSI values (Figure 13, Table 18), consistent with the
smallerareaand consequently shorter routing lengths of this catchment. However, these differences
are notstatistically significant, so we can assume that any change in runoff behaviour after
restorationis due tointervention. Figure 14 exemplifies the similarities in hydrograph behaviour at
the threesites.
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This pre-restoration dataset provides an excellent foundation for evaluating the subsequentimpacts
of peatrestoration on catchment hydrology and storm-flows.

Kinder in the wider context of peat restoration in the area

To supplement the main study, the pre-restoration hydrograph data detailed above can also be
compared to concurrent data fromthe intact reference site (P) and ‘late stage’ restored reference
site (J). We have already established that the three Kinder catchments were behavingina
hydrologically similar manor priorto restoration (Section 0), soin orderto make a broader spatial
comparison of the hydrological behaviour and characteristics of catchments with different
degradation and restoration conditions, datafrom the three then-bare Kinder catchments have been
combined. This allows the establishment of a furtherbaselinefor comparison with the post-
restoration data. For the rest of this section, the Kindersites willbe referred to as bare, the ‘late
stage’ restored site as re-vegetated, and the intact reference site as intact.

Figure 15 shows the relative spread of data forthe four hydrograph metrics at the three sites, and
ANOVA (one-way between groups) results are presented in Table 16. Summary statistics are
presentedin Table 17. There are clear differencesin storm-flow behaviour dependent on restoration
status. Lag times differed significantly atall three sites. Median lagtimes at the bare site were
extremely short (20 min) - half that of the re-vegetated siteand less than a third that of the intact
site (70 min). Both the bare and re-vegetated catchments produced higher peak storm discharges
than the intact catchment, but while the bare site produced high HSI values, indicating a ‘flashy’
system, the re-vegetated catchment produced HSI values similarto the intact site, indicating that the
presence of vegetation may attenuate flow. All sites produced variable amounts of runoff. This was
foundto be similarat the bare and intactsites, but while coveringasimilarrange, values were
statistically significantly higher atthe re-vegetated site. This indicates that catchment factors other
than vegetation may influence the amount of runoff produced.

4.3.1 Effect of restoration on storm-flow

4.3.1.1 Data quality control

Data for a total of 547 hydrographs were extracted from the Kinder micro-catchments: 161 storms
for catchmentF, 188 for catchment N, and 198 for catchment O. The extracted metrics forthese
storms are summarised in Table 18. The full dataset covers a total of 329 storm events. However,
thisincludes 223 storms where hydrographs fitting the strict selection criteria could only be
extracted fora single site. There were 68 storm events where hydrographs could be extracted forall
three catchments.

As storm-flow characteristics are influenced by antecedent conditions and the nature of rainfall
events, the mismatchinstorm eventsinthe complete dataset could lead to substantial bias when
comparing metrics between catchments. Forexample, in 2014, only 19% of storms extracted for
catchment F had total rainfallsin excess of 10 mm, while 49% of storms extracted for catchmentO
exceeded 10 mm total rainfall (Table 19a), and in 2012, less than 14% of storms had a maximum
rainfall intensity greater than 2 mm 10min™ at catchment O, but 39% of storms extracted for
catchment F exceeded this (Table 19b). Overall, the distribution of maximum rainfall intensity was
significantly different at the three catchments (P =0.049). A further parameter —the precipitation
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shape index—whichisthe ratio of maximum rainfall intensity to total rainfall and gives an indication
of the relative overall intensity of the storm event was also significantly different (P =0.018).
Consequently, if we wereto compare metrics derived from the entire dataset, we could not be sure
if observed differences in runoff behaviourare aconsequence of the restoration treatments, or the
nature of rainfall events. We can eliminatethis bias by disregarding storms that could not be
characterisedforall three catchments.

By analysing only the 219 hydrographs derived from the 68 storms events for which metrics could be
extracted for all three catchments, runoff behaviourresulting from similar rainfall and antecedent
conditions can be directly compared. This ‘paired’ dataset allows forastrictand robust comparison
of the data, and is the primary dataset used for all subsequent statistical analysis of hydrograph
metrics. There is still aconsiderable amount of ‘noise’ in the reduced dataset, due to the variety of
rainfall behaviours and antecedent conditions encompassed; total rainfall ranges from4to 56 mm,
and maximum rainfallintensityrangesfrom 0.3 to 9 mm, leading to a wide range of runoff responses
inthe extracted storm-flow metrics. This ‘noise’ masks changes in streamflow behaviour which may
resultfromrestoration. By standardising the metrics derived atthe treatment catchments against
the control catchment we can differentiate responses due to restoration tre atment from natural
variation. Thisis done by deriving the relative difference between the metrics produced by control
and treatmentsites.

4.3.1.2 Lag

The yearly descriptive statistics for lag-time are presented in Table 20, the distributions of lag-times
by yearand are presentedin Figure 16. As established Section O, lag-times were similar at three
catchments priorto treatment; median lag-times ranged between 15and 30 min, and the
catchments experienced asimilarrange of lag-times (Table 20, Figure 16a). There was a well-defined
step change in lagbehaviouratthe two treatment catchments from 2012 onwards, indicating that
the effect of restoration wasimmediate. Thisis clearly reflected in the relative data ( Figure 16b),
which shows thatin the years following restoration, the vast majority lag-times at two treatment
catchment were longerthan at the bare control.

The relative increase in lag-time following restoration, regardless of treatment type, is statistically
significant (P =0. 000; Table 21). Median lag-time relative to control increased by 35 min at
catchmentN, and 20 min at catchment O (Figure 17a). If we assume that withoutintervention,
catchments N and O would have continued to behave in asimilar way as catchment F, restoration
has increased lag-times by 267% and 67% in catchments N and O respectively (Table 22). Catchment
N produces a steeperinteraction linethan catchment Ointhe interaction plotin Figure 17b. This
indicatesthatthe increase inrelative lag-time was more pronounced at catchment N following
restoration, suggesting that the presence of gully blocks may have increased lag-times further than
re-vegetation alone. However, despite catchment N exhibiting a substantially greaterincrease inlag
time than those catchment O, there is no statistically significant difference between the effect of
restoration atthe twosites (P=0.061; Table 21).

4.3.1.3 Peak Qs

The relationship between Peak Q; and restorationisless clearthan that for lag-time. Before
treatment, asimilarrange of Peak Q, was produced at all three catchments (Figure 18a), with the
two treatment catchments producing slightly higher median Peak Q, than control catchmentF. In
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2012, the yearimmediately following restoration, treatment catchment O exhibited the lowest
median Peak Q; while treatment catchment N exhibited the highest; but the subsequent two years
of monitoring (2013 and 2014) produce the opposite relationship with the lowest median Peak Q; at
N, and the highestat O (Table 20 and Figure 18a). Thisindicates that restoration has changed the
relationship between Peak Q, produced at the control and treatment sites, but we mustlook at the
relative difference between the treatment catchments and the control to fully understand the
nature of the change. Figure 18b shows that inthe years following restoration, the majority of Peak
Q, produced at each of the treatment catchments were lower than at the bare control.

When consideringthe difference inrelative Peak Q; before and aftertreatment (Figure 19), thereisa
statistically significant reduction in Peak Q; at the two treatment sites following restoration,
regardless of treatmenttype (P =0.010; Table 21). Median relative Peak Q, was reduced by 37% at
catchmentN, and 8 % at catchment O (Table 22). Again, despite restoration seemingly havinga
greaterimpactat catchmentN, there is no statistically significant difference in the effect of the two
treatments (P =0.528), indicating thatthe gully blocks in N have had no additional effect on Peak Q..

4.3.1.4 HSI

Before treatment, all three catchments produced very similar HSl values (Figure 20); median HSI at
all sites was either0.17 or 0.18 (Table 20). Inthe three years following restoration, both of the
treatment catchments (N and O) consistently produced substantially lower median HSI values than
the control catchment (F), indicating thatintervention had animmediate effect on this, and
therefore on hydrograph shape. When considering the difference inrelative HSI before and after
treatment, there is a statistically significant reduction at the two treatment sites following
restoration, regardless of treatment type (P =0.000) (Figure 21).

Median relative HSI was reduced by 0.08 at catchmentN, and 0.04 at catchment O (Table 22). If we
assume that withoutintervention, catchments N and O would have continued to behave inasimilar
way as control catchmentF, thisrepresents reductionsin HSI of 38% and 19% respectively. The
interaction plotin Figure 21b shows that the reduction in HSI at the two treatmentsites behaved in
a verysimilarway, and there is no statistically significant differencein the effect of the two
treatments (P =0.843), indicating that the gully blocks in catchment N have had no additional effect
on the reduction of HSI.

4.3.1.5 Runoff

Before treatment, the proportion of rainfall entering the channel varied greatly between storms at
all three catchments (Figure 22); the inter-quartile range in % runoff was 43.5 at control catchment F,
and 35.6 at the two treatment catchments. In the three years following restoration, thereis no
consistent patterninrelativerunoff behaviourinthe three catchments. The interactionplotin
Figure 23b shows that thereisa slight reduction in runoff following restoration; however, itis clear
fromthe box plotsin Figure 23a that this is minimal, and there is no statistically significant difference
in % runoff afterrestoration, regardless of treatment (P =0.461). The parallellinesin the interaction
plotin Figure 23b indicate that while catchment O is significantly more productive of runoff (P =
0.001), the relationship between the two treatment sitesis not altered by differing interventions
(P=0.905). This difference in runoff productionin the two treatment catchments is consistent with
the smallerareaand shorterrouting lengths of catchment O, noted in Section 0.
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4.3.2 High magnitude events

In orderto assess the effect of restoration on storm-flow characteristics produced by large
magnitude storms, datafrom the ten biggest pre- and post- restoration storms were compared. In
2013 there was a relatively high magnitude event (c. 50 mm total rainfall) which has no comparable
eventinthe before dataset (largest storm c. 32 mm total rainfall). This large event significantly
skews the distribution of rainfall metrics, so that the before and after data are not comparable (total
precipitation, P =0.031; max precipitation, P=0.006). Removingthisanomalously large storm (and
replacingitwith the 11th biggest storm) producesa comparable set (total precipitation P =0.865;
max precipitation P =0.065). As withthe analysis of the main dataset, the analysis of the large
storms was based on standardised metrics from the two treatment sites relative to the control. The
variationin the data is presentedin Figure 24, the summary statistics are presentedin Table 23, and
the results of the one-way between groups ANOVAs are presented in Table 24.

The changesin hydrograph behaviour, discussed in Section 4.3.1, are still apparent when only
consideringthe largest stormsinthe dataset. There are still nosignificant differences between the
two treatmentsites, or the interaction terms, (Table 24), indicating that storm-flow behavesin the
same way regardless of treatmenttype duringlarge events. As with the full dataset, % runoff does
not change, indicating that restoration has no effect on the amount of runoff produced, regardless
of storm magnitude.

Relative lagtimesincreased significantly at both of the treatment ssites (Figure 24; Table 24), but the
magnitude of the change at site N was less than that found in the whole dataset. Afterrestoration,
median lagtime at the bare control (F) and re-vegetated only (O) sites were the same for high
magnitude storms as for all storms (15 and 25 minrespectively), but medianlagtime at N was 35
min— 20 minlessthan when all storms are considered. Nevertheless, the relative difference inlag at
site N was double that of site O, and represents a 133% increase in lag for high magnitude storms
afterrestoration (Table 25). Figure 24b shows that post-restoration, Peak Qs produced by large
storms were considerably lower at the two treatment sites relative to the bare control (54% at N, 12
% at O; Table 25). This reduction is greaterthan when considering the whole dataset (Table 22), but
(unlike the whole dataset) does notyield a statistically significant difference (P =0.140; Table 24).
Thisis likely due to two substantial outliersin the ‘before’ data; in small datasets such as this, the
meanis easily skewed by such values which can affect the power of statistical tests. Itis clearfrom
the boxplotin Figure 24 that in general, Peak Q, was markedly reduced. HSI was also substantially
reduced duringlarge storms at the two treatment sites following restoration ( Figure 24c). The
magnitude of this change was less than for the whole dataset at both sites (Table 22and Table 25),
but the reduction was still statistically significant (P = 0.0018; Table 24) indicatingthat hydrographs
produced by large storms became less ‘flashy afterrestoration.

4.4 Key results — Storm-flow

1. Storm hydrographs and their associated metrics are highly variable in blanket peat systems
and are strongly controlled by nature of rainfall events and antecedent conditions.
2. Despite this variability, clear and significant differences in storm-flow behaviour can be

detected at sites with different restoration status (Figure 25).

MSW Final Report / Annex 5: Flood Risk / May 2015 33



MOORS FOR THE FUTURE

3. Bare sites behave differently to intact sites, producing flashier hydrographs with shorter lag
times, and higher peak discharges.

4. Followingrestoration:

e |agtimesincrease by upto267%

e peakstorm discharge decreasesby upto37%

o hydrographshapeindex reduces by upto38%

e thereisno consistentchangein percentage runoff

5. This indicates that restoration attenuates flow in headwater peatland catchments, with
stormwater released at a slower rate than in unrestored systems, but that there are no
detectable changesin within-storm catchment storage afterrestoration.

6. Although there are some apparent additional benefits of gully blocking, there is no
statistically significant difference in hydrograph changes between the re-vegetated
catchmentand the catchment which was re-vegetated and gully blocked.

7. The observed changes in hydrological response are statistically significant for high

magnitude events, so persistin large storms.
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4.5 Figures and tables

Precipitation (mm)

Discharge (L sec’ ha™)

Time (min)

Figure 12: A typical storm hydrograph.

(a) indicates the time interval between maximum rainfall intensity and peak storm discharge used to determine
lag-time; (b) indicates the magnitude of peak storm discharge, when the baseflowcomponenthasbeen
deducted.; (c) the pale grey shaded area representstotal storm discharge; (d) the dark grey shaded area
represents total rainfall/precipitation.
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Figure 13: Distribution of the four key hydrograph metrics at sites F, N and O before
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Figure 14: Example of storm hydrograph responses at sites F, N and O before restoration
(4/11/2010).
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Figure 15: Distribution of the four key hydrograph metrics at bare Kinder sites, and late-stage
re-vegetated and intact Bleaklow sites.
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Figure 16: Distribution of lag-times by year.

(a) allthree Kinder catchments; (b) the two treatmentcatchments relative to the control catchment. Starred
numbers outside ofbounding box representthe number of outliers exceeding the range of the y axis. Data
derived from the paired-storm dataset.
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Figure 17: Lag-time differences before and after treatment.
(a) Distribution oflag-times atthe two treatmentcatchments relative to the control catchment, before and after

treatment. Starred numbers outside ofthe bounding box representthe number ofadditional outliers which exceed
the range of the y axis; (b) Interaction plot showing the differencesin lag-time in the treatmentcatchments before
and after restoration. Data derived from the paired-storm dataset.
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Figure 18: Distribution of peak storm discharge by year.

(a) At allthree Kinder catchments; (b) At the two treatmentcatchments relative to the control catchment. Starred
numbers outside ofbounding box representthe number of outliers exceeding the range of the y axis. Data
derived from the paired-storm dataset.
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Figure 19: Peak storm discharge (Peak Q) differences before and after treatment.

(a) Distribution of peak storm discharge (Peak Q) at the two treatment catchments relative to the control catchment,
before and after treatment. Starred numbers outside of the bounding box represent the number of additional outliers which
exceed the range of the y axis; (b) Interaction plot showing the differences in Peak Q; in the treatment catchments before
and after restoration. Data derived from the paired-storm dataset.
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Figure 20: Distribution of Hydrograph Shape Index (HIS) by year.

(a) At allthree Kinder catchments; (b) At the two treatmentcatchments relative to the control catchment. Starred
numbers outside ofbounding box representthe number of outliers exceeding the range of the y axis. Data

derived from the paired-storm dataset.
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Figure 21: Peak storm HSI differences before and after treatment.

(a) Distribution of peak storm HSI at the two treatment catchments relative to the control catchment, before and after
treatment. Starred numbers outside of the bounding box represent the number of additional outliers which exceed the

range of the y axis; (b) Interaction plot showing the differences in HSI at the treatment catchments before and after
restoration. Data derived from the paired-storm dataset.
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Figure 22: Distribution of pecentage runoff by year.

(a) At all three Kinder catchments; (b) At the two treatment catchments relative to the control catchment. Starred numbers
outside of bounding box represent the number of outliers exceeding the range of the y axis. Data derived from the paired-
storm dataset.
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(a) Distribution of percentage runoff at the two treatment catchments relative to the control catchment, before and after

treatment. Starred numbers outside of the bounding box represent the number of additional outliers which exceed the
range of the y axis; (b) Interaction plot showing the differences in percentage runoff in the treatment catchments before

and after restoration. Data derived from the paired-storm dataset.
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Figure 24: Distribution of the four key hydrograph metrics for high magnitude events at the
two treatment catchments relative to the control catchment, before and after treatment.

Data derived from the paired-storm dataset.
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Figure 25: Example of storm hydrograph responses to typical autumn storm events at sites F,

N and O in 2010 before restoration (4/11/2010) and in 2013 after restoration (16/10/2013).
Note the shifts in lag times and peak discharges atthe restored sites (N, O) relative to the control site (F).
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F N 0] P J
Eroded Eroded Eroded Intact Late-stage restoration
Catchmenttype (Control) (Experimental) (Experimental) (Reference) (Reference)
Treatment/s None Re-vegetation (seeded 2011) Re-vegetated (seeded 2011) None Re-vegetated (seeded 2003)
Gully blocked (2011/12)
Catchmentarea(m?) 7008 7096 4468 5120 2952
Altitude of catchment 612 611 611 504 584
outlet(m)
Catchmentrelief (m) 6 8 6 11 13
Proportion of
2. 28. 22. . 28.
catchmentgullied (%) 329 8.5 9 8.4 8.5
Table 13: Kinder micro-catchment characteristics.
Total rainfall IV!ax ralr'1fall Lag PeakQ HSI Runoff
intensity
0.457 -0.2 0.717 -0.206 0.588 Total rainfall
-0.471 0.695 0.403 0.479 Max rainfall intensity
-0.583 -0.632 -0.337 Lag
0.338 0.828 PeakQ
-0.028 HSI
Runoff

Table 14: Spearman rank correlation matrix based on rainfall and hydrograph metrics for the pre-restoration storm dataset at sites F, N, O, and P.

Correlations significantat<0.001 are shaded red, and correlations significantat <0.01 are shaded green.
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Metric P- value
Lag 0.194
Peak Qs 0.284
HSI 0.052
Runoff 0.326
Total rain 0.870
Max rain 0.579
PSI 0.448

Table 15: Results of the ANOVA employed to compare hydrograph metrics and rainfall

characteristics in the Kinder micro-catchments before restoration.
Significantdifferences at p < 0.05 are highlighed in pink.

. Post-hoc testing of difference
Metric ANOVA
Bare / Intact Bare / Re-vegetated Re-vegetated /Intact
Lag 0.000 0.000 0.038 0.008
Peak Qs 0.012 0.010 0.987 0.155
HSI 0.000 0.000 0.017 0.890
Runoff 0.010 0.952 0.009 0.014

Table 16: Results of the ANOVA employed to compare the four key hydrograph metrics at bare

Kinder sites, and late-stage re-vegetated and intact Bleaklow sites.
Significantdifferencesat p < 0.05 are highlighed in pink.
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Bare Re-vegetated Intact

Max 120 140 260

Q3 30 75 104

Lag Median 20 40 70
(min) Q1 10 20 48
Min 0 0 25

Max 49.7 18.4 10.9

Peak Storm Q3 12.7 14.3 4.1
Discharge Median 4.4 6.9 2.9
(Lsec™ ha”) Q1 2.2 3.4 13
Min 0.3 0.9 0.6

Max 0.68 0.17 0.18

Q3 0.24 0.12 0.10

HSI Median 0.18 0.10 0.08

Q1 0.12 0.09 0.07

Min 0.05 0.07 0.04

Max 86.5 92.4 66.6

Q3 53.6 80.1 42.6

Runoff Median 35.7 46.7 33.2

(%) Ql 18.2 33.9 27.8

Min 3.2 19.8 10.2

Table 17: Descriptive statistics for the four key hydrograph metrics at bare Kinder sites, and
late-stage re-vegetated and intact Bleaklow sites.

MSW Final Report / Annex 5: Flood Risk / May 2015



MOORS FOR THE FUTURE

PARTNERSHIP

2010-11 2012 2013 2014
F N o F N 0] F N (0] F N o
N 34 44 45 36 46 42 45 42 53 37 35 47
Max 120 90 120 75 330 205 215 355 315 195 235 275
Q3 325 40 30 25 133.8 76.25 30 157.5 75 45 125 75
Lag (min) Median 30 20 20 15 75 45 15 80 35 25 75 45
Q1 20 20 10 15 38.8 25 5 15 25 15 35 25
Min 10 10 0 0 5 10 5 -5 5 5 15 5
Max 49.7 25.1 40.1 31.7 29.3 30.8 63.4 31.8 62.3 31.6 14.4 17.2
Peak Storm Q3 11.9 12.9 14.4 10.0 5.7 5.0 8.1 3.7 5.3 9.1 5.4 7.1
Discharge Median 4.0 4.2 7.1 4.3 3.0 3.1 4.1 2.1 2.8 4.1 3.5 3.6
(Lsec”ha™) Q1 20 22 26 22 18 19 20 02 12 22 12 24
Min 0.5 0.5 0.3 0.5 0.1 0.7 0.6 0.0 0.4 0.6 0.1 0.1
Max 0.36 0.59 0.68 0.98 0.36 0.77 0.89 1.71 0.49 0.83 0.71 0.55
Q3 0.20 0.27 0.26 0.46 0.14 0.21 0.32 0.32 0.24 0.41 0.17 0.23
HSI Median 0.14 0.17 0.59 0.27 0.11 0.14 0.20 0.13 0.16 0.23 0.12 0.15
Q1 0.11 0.12 0.21 0.18 0.09 0.10 0.13 0.10 0.10 0.17 0.08 0.09
Min 0.05 0.07 0.12 0.09 0.04 0.06 0.06 0.06 0.05 0.10 0.05 0.04
Max 71.0 66.3 86.5 52.3 72.2 58.8 67.9 1243 63.3 59.1 61.9 106.9
Q3 50.1 51.9 57.5 31.6 45.7 39.2 40.6 33.6 41.4 33.6 46.4 48.0
Runoff (%) Median 32.1 32.0 38.9 22.5 31.6 29.0 26.8 20.2 28.8 22.9 29.8 35.5
Q1 16.6 18.2 20.1 13.4 22.6 19.2 13.3 0.6 16.8 14.9 15.8 22.7
Min 5.5 3.2 4.5 4.2 0.4 8.2 33 0.0 2.8 3.4 0.1 0.5
Table 18: Descriptive statistics for the four key hydrograph metrics by year, based on the full dataset.
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Proportion of storms with
< 10 mm total rainfall (%)

Proportion of storms with
> 10 mm total rainfall (%)

F (0] N F (0] N
2010 /11 65 75 66 35 25 34
2012 69 61 74 31 39 26
2013 69 64 74 31 36 26
2014* 81 51 70 19 49 30
(b) Proportion of storms with Proportion of storms with
maximum rainfall intensity maximum rainfall intensity
<2mm (%) >2mm (%)
F (0] N F 0] N
2010 /11 88 94 82 12 6 18
2012* 61 86 69 39 14 31
2013 69 76 83 31 24 17
2014 70 71 72 30 29 28

Table 19: Distribution of storm events with differing rainfall characteristics at the three Kinder
micro-catchments over the four years of sampling, based on the full dataset.
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2010-11 2012 2013 2014
F N (0] F N (o] F N (o] F N (o)
N 20 20 20 16 16 16 19 19 19 13 13 13
Maximum 90 60 50 75 155 115 75 355 85 195 235 275
Q3 30 37.5 37.5 52.5 107.5 76.25 15 105 35 35 130 55
Lag Median 30 20 15 20 60 42.5 15 35 25 25 45 35
(min) Q1 20 20 10 15 36.3 17.5 5 15 25 15 30 25
Minimum 10 10 0 0 20 10 5 5 5 5 15 15
Maximum 49.7 25.1 40.1 31.7 29.3 30.8 63.4 31.8 62.3 16.9 14.4 17.2
Q3 13.0 14.7 14.3 10.4 7.3 9.7 11.0 4.7 11.1 13.3 8.5 12.7
Peak Storm .
Discharge Median 4.9 6.1 7.5 5.1 5.6 4.2 4.5 2.2 5.2 8.8 4.5 9.4
(Lsec? ha) Ql 2.4 2.9 3.2 2.6 2.1 2.1 2.5 0.6 2.7 2.6 1.7 3.5
Minimum 0.5 0.5 0.8 1.1 0.1 1.2 1.2 0.0 1.0 1.6 0.2 2.9
Maximum 0.28 0.33 0.59 0.57 0.26 0.77 0.89 1.21 0.44 0.64 0.34 0.37
Q3 0.20 0.20 0.24 0.36 0.18 0.28 0.36 0.31 0.31 0.48 0.27 0.29
HSI Median 0.16 0.16 0.20 0.21 0.11 0.17 0.22 0.14 0.18 0.22 0.16 0.17
Q1 0.12 0.12 0.11 0.14 0.10 0.10 0.14 0.11 0.12 0.14 0.11 0.12
Minimum 0.05 0.08 0.06 0.09 0.08 0.06 0.06 0.07 0.05 0.10 0.08 0.08
Maximum 71.0 66.3 79.6 52.3 57.1 58.5 67.9 62.2 60.5 59.1 60.0 85.4
Q3 61.1 56.4 63.7 39.4 49.8 39.0 39.6 30.9 45.6 42.5 42.6 61.0
Runoff Median 40.3 40.9 48.5 31.4 34.2 31.1 28.7 19.4 32.0 24.4 28.8 44.1
(%) Q1 19.1 19.7 28.3 19.1 22.7 18.4 15.8 5.1 16.4 17.3 19.2 31.2
Minimum 5.8 3.7 8.7 6.6 0.4 8.2 7.7 0.2 6.5 6.8 0.3 11.7

Table 20: Descriptive statistics for the four key hydrograph metrics by year, based on the paired dataset.
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Factor Lag Peak Q HSI Runoff
Site 0.010 0.028 0.362 0.001
Before/After 0.000 0.010 0.000 0.461
Interaction 0.061 0.528 0.843 0.905

Table 21: Results of the ANOVA employed to compare the four key hydrograph metrics in the
two treatment catchments relative to the control catchment before and after restoration.
Significant differences at p < 0.05 are highlighed in pink.

Site  Expected* Recorded Difference % Change

i N 15 55 40 267

Lag (min)
PeakQ (Lsec*ha?) 5.9 3.7 -2.2 -37
5.9 5.4 -0.5 -8
Hs| N 0.22 0.14 -0.08 .38
0 0.22 0.18 -0.04 -19
Runoff (%) N 29.5 25.6 -3.9 13
9 29.5 34.3 4.8 16

Table 22: Changes in the four key hydrograph metrics at the two treatment sites following
restoration.

Significantdifferences at p < 0.05 are highlighed in pink.*Expected values taken from the bare control,based on
the assumption thatthe treatmentsites would have behaved this way without intervention.
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Before After

F N o F N o]

Max 90 60 50 195 235 275

Q3 30 45 20 30 425 425

Lag (min) Median 25 20 10 15 35 25
Ql 20 20 10 15 175 25

Min 10 10 0 5 5 5

Max 49.7 251 40.1 334 179 229

Q3 16,5 149 186 163 9.8 126

PeakQ(Lsec'ha’) Median 11.3 126 124 11.8 54 104
Ql 5.3 7.6 7.4 79 35 60

Min 2.2 4.1 4.9 1.5 02 36

Max 028 033 031 0.89 0.56 0.44

Q3 019 017 019 028 026 0.23

HSI Median 0.14 012 0.16 0.18 0.15 0.16
Q1 011 011 0.11 012 010 o011

Min 007 008 0.09 0.06 0.07 0.05

Max 71.0 663 69.7 67.9 62.2 818

RUNOFF (%) Q3 . 61.1 634 63.7 52.1 504 56.8
Median 522 50.6 57.5 303 321 443

Ql 39.1 455 412 143 147 287

Min 126  27.0 348 68 03 6.5

Table 23: Descriptive statistics for the four key hydrograph metrics derived from the ten
highest magnitude storms before and after restoration, based on the paired dataset.
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Factor Lag Peak Q HSI Runoff
Site 0.566 0.158 0.951 0.065
Before/After  0.001 0.140 0.018 0.448
Interaction 0.200 0.882 0.692 0.319

Table 24: Results of the ANOVA employed to compare the four key hydrograph metrics
derived from the ten highest magnitude storms before and after restoration. Significant

differences atp < 0.05 are highlighed in pink.

Expected* Recorded Difference % Change

N 15 35 20 133

Lag
0] 15 25 10 66
PeakQ 11.8 5.4 -6.4 -54
11.8 104 -1.4 -11
HS| N 0.18 0.15 -0.03 -15
0] 0.18 0.16 -0.02 -8
Runoff 39.3 32.1 -7.2 -18
39.3 44.3 5.0 12

Table 25: Changes in the four key hydrograph metrics at the two treatment sites following
restoration derived from the ten highest magnitude storms before and after restoration.

Significantdifferences at p < 0.05 are highlighed in pink. *Expected values taken from the bare control,based on
the assumption thatthe treatmentsites would have behaved this way without intervention.
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5 DISCUSSION

5.1 Evidence of impact

Restoration has had a pronounced effect onthe hydrology of the peatland headwater catchmentsin
this study, producing statistically significant changesin watertable depth, runoff production, and
storm-flow behaviour. Re-vegetation has raised water tables by 35mm afterthree years, and up to
102 mm after 8 years, ‘re-wetting’ the treated catchments, whichinturn hasincreased the incidence
of overland flow. Restoration has also had a substantial impact on storm hydrograph characteristics
—increasing average lagtimes by up to 35 min (267%), decreasing average Peak Q, by up to 37%, and
HSI by up to 38%. However, there has been no change inthe proportion of storm event rainfall that
becomes storm discharge. Gully blocking does seem to enhance the benefits of re -vegetationin
‘slowingthe flow’ through restored systems (lag-timesin particularappearto be substantially
increased by the presence of blocks), but this additional effectis not statistically significant within
the variability of the data. The observed changes to hydrograph behaviourare also evidentin high
magnitude events, indicating that the hydrological impacts of restoration in peatland headwaters
have significantimplications for downstream storm-flow behaviour and flood risk.

5.2 Process controls - What might be causing these effects?

5.2.1 Watertable

The comparison of water tables before and afterrestoration presentedin Section 2.4 suggests that
re-vegetation hasarapid(c. 3 years) impact on water table depth. Possible reasons forthisinclude:
(i) increased infiltration due to root penetration; (ii) reduced evapotranspiration due tothe
insulating properties of vegetation coverand increased surface albedo associated with the change
fromdark bare peatto vegetated surfaces. The dataoutlinedin Section 3.4indicate that the bare
peat catchments experience saturation excess overland flow, so infiltration does not appeartobe a
limiting factor on watertable depthin erosionimpacted systems. Furtheranalyses of net radiation
and evapotranspiration dataare needed to confirm the latter hypothesis.

The spatial studies detailed in Section 2.3showed that at late stage (c. 7-8 years) re-vegetated sites,
the relative difference in watertable between bare and restored sites was greater than afterthree
years (90 — 102 mm versus 35 mm), suggesting that there may be a longertermrecovery of water
table conditions. Re-vegetation may encourage structural changesinthe peat matrix overtime,
reducing hydrophobicity and increasing the peat’s ability to retain water. However, it must be noted
that these observations span peatlands with differing topographicand slope settings, so the
observed spatial patterns may be due to variable topography, ratherthan maturity of restoration.
Further monitoring of the Kinder micro-catchments is needed to examine these effects.

5.2.2 Surface runoff

Section 3 shows that the erosionimpacted catchments (both bare and re-vegetated) are productive
of saturation excess overland flow. Thisis contrary to the hypothesis thatinfiltration excess overland
flow would dominate at bare sites. Incidence of overland flow increases following re -vegetation,
consistent with the raised water tables discussed in Section 2. However, re-vegetation does not
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restore runoff conditions to those of anintact site, suggesting watertable recover may be limited by
the topographiceffects of gullying as outlined above (Section 5.2.1).

Despite the observed increase in overland flow, percentage runoff values do not change following
restoration (Section 4.3.1.5) indicating that there is no change in catchment storage during storm
events. This suggests that otherrunoff processes, such as subsurface storm-flow (c.f. Holden and
Burt, 2003; Danielsetal., 2008), must be prevalentin erosionimpacted systems.

5.2.3 Hydrographresponse

When considering the changes to storm-flow runoff and associated hydrograph response

the four working hypotheses in Section 1, Hypothesis 4: “Re-vegetation and gully blocking will
increase surface roughness effects, with peat surface re-vegetation reducing overland flow
and gully blocks and associated gully and re-vegetation reducing channel velocities” is
explain all of the observed changes, and is the only hypothesis where the predicted process
responses are met (

Table 26). The roughness effect from the newly re-instated vegetationis key in slowing the flow of
storm water through the catchment, with some additional in-channel roughness potentially
provided by gully blocks. There is no change in catchment storage during storm events, but
increasedlagtimesand decreased Peak Q, and HSI indicate that the rate at which storm rainfall
entersand travels through the channel has been attenuated.

5.3 Implications for downstream flood risk and flood risk assessment

The significant post-restoration changesin hydrology observed in this study will reduce flood risk at
the headwaterscale. These headwater effects will propagate downstream, with the potential to
substantially reduce flood risk at the wider catchment scale. However, the extent of any reduction
indownstream flood risk will depend ontwo important scale factors:

1. The scale of restoration relative to the size of the catchment (i.e. the proportion of the
catchmentarea that istreated).

2. Catchmentand sub-catchment geography and associated hydrograph synchronisation
effects (i.e. the extent to which delivery of water from restored sub-catchments becomes
‘decoupled fromthe wider catchment hydrograph, and therefore reduces downstream peak
flow). Thisisanimportant consideration, although it should be noted that restored blanket
peats are typically located at the extreme upper end of drainage and catchment networks,
so that anyincrease in storm-flow travel times from these systems would be expected to
reduce downstream peak flows.

The use of monitoring approachesto evaluate these scale effects,and to quantify the benefits of
restoration on downstream flood risk reduction, is problematic. This is due to multiple influences on
flow regimesin wider catchments and confounding factors, makingit difficulttoisolate the effects
of restoration within empirical storm-flow datasets. Itis also extremely difficult to identify suitable
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control systems at the large catchmentscale (i.e. where all catchment attributes are identical except
for restoration effects). However, the benefits of restoration effects on flood risk reduction at larger
catchment scales can be quantified using hydrological models (e.g. Lane & Milledge, 2012).
Importantly, the results of the current study provide the basis for realisticand robust hydrological
modelling of downstream flood risk change. It has quantified changesin lagtimes and peak flows
from headwaters associated with restoration, and has clearly demonstrated the hydrological process
that underlie these effects. These two factors permit appropriate model formulation and calibration
(See Annex 6).

5.4 Key findings

1. Restoration byre-vegetationand gully blocking has had statistically significant effects on
peatland hydrology and storm-flow behaviour, specifically:

e Reducingdepthtowatertables (upto 38%);

e Increasingoverland flowproduction (up to 18%);

e Increasingstorm-flow lagtimes (upto 267 %);

e Reducingpeakstormdischarge (upto 37 %);

e Attenuatingstorm hydrograph shape (upto 38 % reductionin HSI).

However, there has been no change in percentage runoff within storm events (i.e. the
proportion of storm rainfall producing discharge).

2. Theseresultsindicate that:

e Catchments become wetterfollowing re-vegetation (exemplified by decreased
depth to watertable and increased incidence of overland flow);

e Thereisno changein catchmentstorage during storm events (exemplified by no
change in percentage runoff);

e Storm-flowisslowed/attenuated (exemplified by increased lag times, decreased
peak storm discharge, and reduced HSI).

3. Gullyblocking has apparent additional benefits for attenuating flow, but these are not
statistically significant.

4. The observed changesare consistent with the hypothesis that re-vegetation and gully
blocking has an increased surface roughness effect. Surface re-vegetation reduces overland
flow velocities, and gully blocks and associated gully floor re-vegetation may also reduce in-
channel velocities.

5. Peatrestoration by re-vegetation and gully blocking has benefits for downstream flood risk
reduction by ‘slowingthe flow’ in peatland headwater catchments, but modellingis required
to evaluate the benefits atlarger catchment scale. This study provides robust empirical data
and process analysis to calibrate such models.
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5.5 Recommendations

1. Re-vegetation of eroded peatlands leads to a partial but significant restoration of runoff
hydrology, delaying the release of storm-flow from headwaters with potential positive impacts for
downstream flood risk reduction. These positive impacts need to be incorporated into ecosystem
service assessments of the restoration of upland peatlands.

2. The presence of vegetation cover provided by nurse crop grasses has been shownto be keyin
attenuatingthe flow of storm waterthrough the catchments. However, Holden et al (2008)
demonstrated that Sphagnum spp. had asignificantly greater slowing effect on overland flow than
peatland cotton grass cover, so Sphagnum re-introduction should be prioritised as an additional
restoration measure in these blanket peat systems.

3. Longer term monitoring is essential to fully understand the continuing and potentially time-
dependentimpacts of peatland restoration. Further monitoring of watertables at the main Kinder
micro-catchments will providefurther evidence forthe trajectory of watertable recovery through
time, and help us understand the possible changes to peat structure which may drive this. Continued
monitoringin these catchments would also confirm the long term effects of gully blo cking, and any
progressive changesin storm-flowbehaviour as the vegetation cover matures from nurse grasses to
sedge dominated heath, and (potentially) Sphagnum spp. recovery orintroduction.

4. The finding of this study would not have been possible without the use of a bare peat control
micro-catchment due tothe inherentvariability in storm-flow response associated with synoptic
conditions, and additional year-to-year hydrological and climate noise. Therefore, itis essential to
maintain the bare control micro-catchmentand site, in order to effectively monitorthe effects of
any future restoration trajectories orthe addition impacts of further treatments, such as the large -
scale reintroduction of Sphagnum spp.

4. Modellingis required to evaluate the flood reduction benefits of headwater restoration at a
larger catchment scale. The data produced inthisreport provides a detailed empiricaland process
grounding on which to base such models.
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Changes

Observed

Hypothesis Predicted changes in Data?
1 Re-vegetation will increase evapotranspiration rates, lowering (i) Increased depth to watertable NO
watertables andincreasingsoil waterstorage (i)  Reduced overland flow generation NO
(iii)  Increasedlagtimes YES
(iv)  Lowerrunoffratios NO
2 Re-vegetation will increase infiltration rates through the (i) Decreaseddepthtowatertable YES
reduction of surface peat hydrophobicity and root penetration, (i)  Increased overland flowgeneration YES
increasing watertables and reducing soil water storage (iii) Decreasedlagtimes NO
(iv)  Higherrunoffratios NO
3 Re-vegetationand gully blocking will increase within-storm (i) Lowerrunoffratios NO
catchment storage due to surface ponding of waterwithin (i)  Increasedlagtimes YES

vegetationandin pools behind blocks respectively.

4 Re-vegetationandgully blockingwill increase surface roughness (i) No change in runoff ratios YES
effects, with peat surface re-vegetation reducing overland flow (i) Increasedlagtimes YES

velocities and gully blocks and associated gully re-vegetation
reducing channel velocities

Table 26: Summary predictions from the four working hypotheses of hydrological process change following restoration proposed in Section 1,
and whether these predictions are met in the data.
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