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Abstract

Blanket bogs are globallyrare type ofombrotrophicpeatlandinternationally recognised
for longterm terrestrial carbon storage, the potential to serve as carbonssankl habitat
provision Themajority ofrecognised areas of this habitatEurope aréoundin the United
Kingdomand Ireland but the rarer examples foundn Spainrepresent the southernmost
continentaledgeof-range Howevergaps in the peatland inventory suggest that a nemb
of blanket bogsn the Cantabrian Mountains (mihern Spain)re not recognised and are

at increased threat of loss

This studydentifies and providegeo-hydromorphobgical classificatiofor 14 unrecorded
blanket bogs and one protectdalanket bogocated between the administrative regions of
Cantdria and Castilla y Le6PReat depth surveys armhrbon analysis of peat cores were
used to determine the amount of carbon stored within thewly identified blanket bogs
andthe current rate and drivers of peatlanddegradationwere examinedusing remote

sensing techniques.

A totalextent ofblanket bog covering4.45 ha(>40 cm peat depthgontainingmore than
500,000 m of peat andan estimated44.88 + 3.3kt Cwas mappedApproximately30.8%
of the surface ofblanket bog examinedvas expsed peat and even in the protected site
exposed peasurfacesare losinga minimum of 1.7 t C rhyr'. The presence of livestock in
unprotected sitesis increasg the rate of erosion by over five timgsand without

protection exposed peasurfaces areeleasing as much as 3.84 t & ymr™.

The peatlands identified in this research extend the known limit of blanket bogs in Europe
farther south than previously recorded and represent 10.5% of blanket bog currently
recognsed and protected irSpain. The range of anthropogenic pressures currently acting
on peatlands in the Cantabrian Mountajrspecifically livestocand windfarms, indicates

that without protection these important landforms and stored carbon may be. |&st
urgent update of Elopean peatland inventories is thus required to preserve these valuable

carbon stores and potential carbon sinks.
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Chapter 1

Introduction



1.1. European blanket bogs

Peatlandsonly coveraround2.84% (4.23 milliokm?) ofthe B NIi K Q& f (Xyetal, & dzNF | OS
2018) but represent approximately 20% of rtestrial organic carbon storageand

thereforeplay an important role in the global carbon cy(&orham, 1991, Yet al,, 2010)

Blanket bogs are globallyrare and unique type abmbrotrophic (rainfed) peatland that

mainly form in areas withoceanicclimates characterised blyigh atnospheric moisture

content and precipitation (>1,000 mm-Y); low average temperatures (<15°C) and low

seasonal temperature variabilif.indsayet al,, 1988) They carcoverentire landscapes

and in addition to providing carbon storage, blanket bogare also recognisedfor

internationally important habitat provision(Tallis, 1998)and are protected wnder the

Eulopean Habitats Directive (92/43/EE&uropean Gmmission, 2019)

In Europethe largestexpanses oblanketbogs are mainlyound in the United Kingdom,
Ireland and Norway (Lindsay 199%&jth smaller and more isolatedxamplesn Sweden,
France and Spain (Joostet al. 2017 Figurel.1..1). The value bisolatedblanket bogs
often outweigls their extent, aghey containa record oflocal and regionavegetation
extending for potentially several milieia (Rami#Rego and Aird&rodriguez, 1994; Ellis and
Tallis, 2000; Pontevedi@ombalet al., 2019). Moreover, the edgeof-range examplesf
this habitatmay provide valuable insiglmto the effects of predictedclimate change on

blanket bog distributiorand evolution(GallegeSala and Prentice, 2013)

Spanish blanket bogs are located in the north of the ntpu along the Cantabrian
Mountains, which extend from Galicin the wesbf the IberianPeninsulao the Pyrenees
in the eastFigure 1.). The role of climate and topography in blanket bog formation is clear
(Lindsay, 1995)and in north Spairthe climate of the Atlantic bigeographicalegionis
heavily influenced by the Atlantic Oce@teraset al,, 2017) with the majority of blanket
bogslocated above 600 masgthere climatic conditions are more suitable for this habitat
(PontevedraPombalet al., 2009) The largest areas of protected blanket bagSpainare

in Galicia at Serra d¥istral decreasing their size and numbefrom west to eastalong
the Cantabrian MountainEuropean Environment Agency, 20Fgure 1.}, althoughthe
majority of blanket bogrecorded in Aturias are suggested to be roiassified and are in
fact other typesof peatland (Rami#Regoet al, 2017 Figure 1.1 There is only one

recognised kanket bog in the Basque Country (Zalama blanket bog) and this is currently
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the known southernmost edgef-range of this habitat icontinentalEurope(Heraset al,,
2017. Hs SOSNE GKS /FyldloNAlFIY az2dzydlAya I NB
currently no blanket bogs recorded in the region of Cantabria, and an important gap in the
inventory has been highlighted to exist between the regions of Cantabria and&@as&dn

(RamiRegoet al., 2017; Heras and Infante, 2018gure 1.1

A

A

included in Natura 2000

B Site with blanket bog
[ EU countries

Other countries

|| Regions

Biogeographical region

Atlantic 500..\ =
Mediterranean C—Jkm

Atlantic Ocean

‘& . Asturias #
Cantabria

Basque
Count
Galicia w &

50 e Castilla y Le6n T Q
C—Jkm

{

Figure 11. A)Natura 2000 sites with recognised blanket bog (7E80pss EuropandB)in Spain
highlightingthe gap in theblanket bognventoryin northern Spain

1.2. Blanket bogs and climate change

Peatlandshavestored carbon from the atmosphere over millennial timescalBgérezDiaz
et al, 2016; Bunsen and Loisel, 2028hd they can continugeo sequester carbon for

centuries(IPCC, 2019)Protecting this storeof carbonandtheir potential functionto act



as carbon sinkéNugentet al., 2018)could bean important approach tanitigating the
impacts of climatehange(Joosten, TapiBistrom and Tol, 2013posteret al,, 2016) and
decrease currengreenhouse gasmissions by reducing the conversion aaflands to
other land uses (g. agriculture IPCC 2019) However, alarge number ofpeatlands,
including large extets of blanket bogs, are degradeshdare now actingascarbonsources
(Joosten, 2009)Approximately 10% ajlobalpeatlandsare either draird or undegoing
mining activitiesand a total of 1,298 Mt of Cfare emitted every year from degraded
peatlandgJoosten, 2009However, it has beerdemonstratedthat restored peatlands can
return to function as carbon sinks and &gt thelongterm store of carbor(Nugentet al,
2018)

Thetotal amount ofcarbon storedn blanket bogswvithin the Cantabrian MountaingSpain)
Is currently unknown, although estimationsit Serrado Xistral(Galicia)ndicate thatover
8.6 Mt of carbon are storeth this regioralone, highlighting themportanceof this habitat
for its contribution to regional and national carbon budgé®mezorellanaet al,, 2014)
While determination of the carbon stored in other regoised blanket bogs in Spain is
undoubtedlyrequired,it is not clear howcurrently unrecognised blanket bogsntribute

to terrestrial carbon storage

1.3. Degradation of blanket bogs

The majority opeatlands across the world are damaged or degraated result ohdiverse
range ofnatural and anthrpogenic pressure§Evans, 1977; Price, Heathwaite and Baird,
2003; Warburton, 2003; Yeloff, Labadz and Hunt, 2006; Hoddeal, 2006; Evans and
Warburton, 2007; Foulds and Warburton, 2007b; McHugh, 2007; Veardl, 2007,
Luscombeet al., 2016; Wawrzyczekt al., 2018; Liet al., 2018) Natural pressuresthat
facilitate degradationor loss of peatprimarily relateto erosiondriven byaeolian, fluvial

or freezethaw processeqWarburton, 2003; Evans and Warburton, 2007; Foulds and
Warburton, 2007a; Li, Holden and Grayson, 2088)ch erosiomprocessesnainlyact on
areasof exposed peatalthough the relationship between atural pressure and the
influence of the anthropogeniactivitiesthat may increase exposure of peat surfaces

key to understanahg degradation across blanket bogsre widely



Anthropogenic pressures dranket bogsnclude prescribed burninfyallopet al,, 2006)
wildfires (Yeloff,Labadz and Hunt, 20Q6)rainaggHoldenet al., 2006) overgrazingWard

et al,, 2007)andwindfarms (Heras and Infante&008; Wawrzyczelkt al., 2018) In northern
Spain peat extraction,windfarms and livestock have been reported to be the most
sigrificant factorscausing degradatioof blanketbogs(Heras and Infante, 2008; Herels
al., 2017) although prescribed burning and wildfiratso playan important role(Heras,
2002) Both peat extaction and the construction ofvindfarms can result in largecale
removal of peg, and in some cases, the complete loss of the peatldheras and Infante,
2008; Hera®t al., 2017) In contrast, burning activities to imgve grazingplus the direct
impact of livestockincrease the extent of exposeaueat (Herss, 2002) but the scale of

damage caused by livestoisknot known

Recognised blanket bogs in Europe are protected utitee Habitats DirectivéEuropean
Conmmission, 2019; European Environment Agency, 2@t@) EU funding is available
enable restoration and conservation dfese ecosystems. However, ueognised and
unprotected areas of blanket bognamber of which may exigh the gap identified (Figure
1.1), could beunderincreased threatThere is currently little in the way d¢égislationor

official conservatiorguidanceto prevent anthromgenic damage

1.4. AIMS

To further our understanding of theaumber and significance of blanket bogs in the

Cantabrian Mountainghis researctset out fourkeyaims

1) Toidentify and classify currently unrecognised blanket bogs irgdg@notedin the
Cantabrian Mountains.

2) Toestimate the total carbon stored acssany newly identified blanket bogand
guantifythe currentextent of the degradation ithe peatland surfaces

3) To develop & ultra-high resolutionmethodto measure surface change blanket
bogs using TerrestrialLaserScanner and compare the ratef changen exposed
peat between restored and unrestored area

4) Todetermineannual and seasonal rates of erosipeat lossand carbon loss from

blanket bog (restored and unrestored) in Spain to enable the rate of degradation



to be placed in context wht the rate of degradation of other blanket bogs across

Europe

1.5.THESIS OUTLINE

The research undertaken in this thesis is placed in the context of previous and current
related work in Chapter 2T'he distribution and classifications oégtlandsare reviewed

with particular emphasison blanket bogsincluding examples in SpainNatural and
anthropogenic pressuresn peatlandave also beereviewed in order to understand the

current status of this habitat in Europe and Spain.

The dentification and classifation of unmapped Spanish blanket boigsdetailedin
Chapter3, mapping the southernmost edgef-range of this habitat in EuropAssessment
of the current state ofdegradation and total carbon storad the newly identified blanket

bogs is examined i@hapter 4.

Chapters 5 and @ocus ondetermining therate of surface changeboth erasion and
deposition for blanket bogs in the Cantabrian Mountaififie development of anethod
to measuresurface change ultra high-resolution(mm changeis presentedn Chapter
5 along withthe results ofa trial undertaken a three blanket bogsThis is expanded in
Chapter 6 to report mnual and seasonal erosion ratdésr one restoredblanket bogand
two unprotected blanket bogs This provides estimates ofthe rate of natural and
anthropogenially influenced erosionand evaluates the impact of restoration actions in
Spanish blanket bog$stimates of peat loss and carbon loggesentedin Chapter 6

highlight the significance of the work in Chapter 3

The importance ofthe newly mapped blanket bogdentified n this researchand their
relevance in the context of climate change and current degradation ratdscussedn

Chapter 7



Chapter 2

Peatland & mires: Definition, distribution,
classificationthreatsand importance



2.1. PEATLANENVIRGMENTS

2.1.1.Definition ofpeat and peatland

Peat is a type of sodonsisting ofat least 30%partially decomposedry organic material
(Joosteret al., 2017) An area coveredppeatis defined asa peatland, but only classified
as a mire when peat forming speci@® presenin the ecosysten(Kivinen, 1980; Immirzi,
Maltby and Clymo, 1992; Charman, 2002; Joosteal., 2017) A peatlandis an area where
peat accumulated over théand surface (Gorham, 1953; Joosteat al., 2017) most
commonlyas aconsequence of waterloggirandlow oxygenconditions(Sjors, 1948)The
thickness of the peat layeor peat depth, whichis requiredto HefineQ péatland varies
between countries and regionsn Europe, peatlands argenerallyconsidered asreas
where there is a minimum of 30 cm of pe@#tivinen, 198Q)but this varies depending of
the country. For eample, the minimum peat depth required in Ireland is 40 cm
(Cruickshank and Tomlinson, 1990; Evans and Wanbu2@07) comparel to 20¢ 30 cm
in Germany(Keppeler, 1922; Schneider, 197&hd 50 cm irScotland(Bibby, 1984)This
highlights anissuein the lack of a standardisgukat depthto define peatlands.

Peatlandsare assumed thiave two main layerghe acrotelm(top layer in contact with the
surface)and the catotelm (deep layer in contact with the substratthgram, 1978)The
upper laye (acrotelm) is characterisdaly highrate of conductivity and fluctuatios inthe
water table which is rich in plant material and aerobic péatming bacteria(lngram,
1978) The lowest water levetypicallydefines the boundarypetweenthe acrotelm and
the catotelm the latter of whichissaturated with water and@¢ontainshighlevelsof partially
decomposed organic materiglngram, 198). Five main factordhat define peatland
environmentsinclude climate, geomorphology, geologyné soils, biogeography and
human activities(Charman, 2002)The interaction betweenthese factorscan instigate
formation of peat and therefore the development of @eatlard environment. There are
two main processes for peatland initiatioesulting fromexcess of waterterrestrialisation
and paludification (Romell and Heiberg, 1931; Gorham, 1957; Charman, 2002)
Terrestrialisationis a process whera shallowwater body is slowly filled by organic and
inorganic materials. This accumulatigrcontinuous until a point where the water table is
above the surface ad peat accumulate over the previous deposi{Payette, 2001,

Charman, 2002)while mludification is a process where peat accumulates oxewmet
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substrate or mineral soil(Charman, 2002)The majority of peatlands have developed
through paludificationtypically coveringfar largerareas thanthose peatlands initiated
through terrestrialisation(Sjérs, 1983)Based on theource ofwater, peatlands camalso
be divided irto two main groups, fens and bogs. If the peatlasdainfed, it is definedas
a bog or ombrotrophic while, ift is groundwatesfed, it is categorisedas a fen or

minerotrophic peatland environmen(Du Rietz, 1954)

2.1.2.Distribution of peatland environmest

2.1.2.1.Global distribution

Peatlandscoveronly 2.84% (4.23 milliokm?) of the EarthQ land surfacgXuet al.,, 2018)

but representapproximately20% of the terrestrial organic carbon storagbusplay an
important role in the global carbon cyd&orham, 991; Yuet al, 2010) Themajority of

the global peatland environmentgre concentrated in the Northern Hemisphemhere

the largest proportion lies iksia (38.4%) andorth America (31.6%)n fact,Europe only
contains12.5% ofglobalpeatlands fdbwed by South America (11.5%), Africa (4.4%) and
Oceania (1.6%{Xuet al., 2018) Nonetheles, true estimation of theextent ofpeatlands is

difficult and varies betweeauthors(Figure 2.1

B Immirzi et al. (1992) m Lappalainen (1996) m Joosten (2009) = Xu et al. (2018)
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Figure2.1. Comparison between estimations of peatlaextensiondy continents. Europe include
former Soviet Union itmmirzi, Maltby and Clymdl992) Centrd America has been includexs
South America or North Americadoosten 2009)and Xuet al. (2018)

On a continental scalg Africa, Asia and Americ§Central and North) have been

underestimated in previous inventorieand over time, the reported extent of peatlands



has increased 3.8 timegreater in Africa 3.7 times in Asia and 5.5imes in America.
However, in the case of Europe and North America,ast@mated extent of peatland ha
reduced by 0.3 and 0.8 times respectiveBceania shows the mosixtreme changein
peatland extensiorwith 37.3times increase(Xu et al. 2018)in comparison withearlier
estimates byimmirzi, Maltby and Clymo (1992)Vhen considering individual cotries,
Russias identified aghe country withthe largestextent of peatland (137.5 Mhafpllowed

by Canada (113.4 Mhdnhdonesia (26.6 M), the United States (22.5 Mha) and Finland
(7.9 Mha)(Jocsten, 2009)

Thepercentage bland covered by peatlandfes notnecessarily relate tthe total extent

of peatlandsandthisis important for understandng conservation and protection policies
Europe haghe higlest percentage of lanccovered by peatlands and requires special
attention in terms of conservationfor that reason, the European Union has protected
peatlands under the HabitatDirective (92/43/ECC)see section 2.1.3.5Countries like
Ireland, Finlandind Sweden have largexterts of peatlands in their territoriesandin the
case of Irelandnore thanthe 24% of the lands coveredby peatland environment@~igure

2.2), whidh only amounts td..6 Mha of peatland extent.

Joosten (2009) 1 Xu et al. (2018)
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Figure 2.1Comparison opeatland coverby percentage ofand areain differing countries and
continents.

10



2.1.2.2.European distribution

European peatlands only represent 5.2% of e NJi l&n@ surface (Xu et al, 2018)
however, in somecountriesthis envionment isa very relevantpart of the landscpe
(Figure 23). The distribution of peatlands in Europeelargelybased on their geographical
location and precipitationwhich enables them to bdivided irto ten distinct regions
Moving from highlatitudes to low latitudes, a range of habitats canfoend: Artic and
polygon mire region, Palsa mire regions, Northern fen region, Typical raised bog region,
Atlantic bog region, Continental bog and fen region, Nemsudimeridional fen region,
Colchis mire region, Southern European marsh region and Cerdgoalthern European

mountain compound regiofMoen, Joosten and Tanneberger, 2017)

® Immirzi et al. (1992) Pfadenhauer et al. (1993)
§ Montanarella et al. (200€; Tanneberger et al. (2017)
©
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Figure2.3. Comparison opeatlands extenbf the main European countriesccording different
authors.

The reported distribution of peatlandsacrossEuropehas changed through time foa
variety of reasons;for example,peatland distribution is nowbetter understood than
previously particularly in light of the EU Habitats Directive that regularisel and
standardisedpeatlands typeqsee section 2.1.3.5ut alsofactors, such aschanges in
country boundariescould have an impacbn the total peatlandextent by country(e.g.

Germany).
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Finland has alwaysbeen noted as the Europeacountry with the greatest extent of
peatland environmentsince thel990s, that amount t@lmosta third part of the pedlands
in Europe(Montanarella, Jones and Hiederer, 2006pwever, there hadeen a clear
reductionin peatland extent irthis countryin recent inventoriegFigure 2.3 potentially
as a result of peatlandegradation Peatlands are distributethroughout country with a

high concentration of bgsin the south(Lindholm and Heikkila, 2017)

Swedenrhasthe secondargest extent of peatlands of &luropearcountries(Tanneberger
et al., 2017) although early inventories did not include large exteof peatlands in this
country (Immirzi, Maltby and Clymo, 1992; Pfadenhaatal.,, 1993) There are two main
concentratons of peatlands in Sweden; the first area is locatethe north and central
areas with a dominance of minerotrophic peatlands (femgh exception of alpine and
coastal areas where peatlands are rare. The set®hatatedn the southwest part of the

country where ombrotrophic (bogs) are dominghtfroth, 2017)

Thefinal Nordic country witHarge extensions of peatlands is Norway. Ombrotrophic bogs
are widely distributed through the countryinder oceanic climatic conditionsajthough
drainagehas impactednore than 100,000 ha of bodMoen, Lyngstaénd @ien, 2017)
Fens are commommn this country,but they are especiallpoted in oceanic areagMoen,
1990)

The United Kingdom and Ireland are further countriethva high influence of oceanic
climate conditions and thereforelarge extens of peatlandsPeatlands also represent a
large proportion of the land inthese countries coverin@0% of the United Kingdom
(Lindsay and Clough, 201af)d 16.8%to 20.6%0of Ireland(Hammond, 1981; Connolly and
Holden, 2009)In the United kKhgdom, bogs are more common than fen argasreover,

a higher conentration of peatlandsare notedin Scotland covering 66% of the land
comparison with11% in England, 25% in NKuwern Ireland and 21% in Walésindsay and
Clough, 2017)in Irelandbogs arenvidespread particularlyon the west coast anth central
Ireland Ombrotrophic peatlandsare the most extensive typef peatlandin the country,

with somefen areadocatedmainlyin central IrelandHammond, 1981)

CentralEurope, Germany and Polahdwe alsolarge extens of peatland environments. In

the case of Geramny, fen peatlands are dominaahd bogs are restricted to th@orthwest
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of the country where theinfluence of oceanic climate conditions are stron§€repelet
al., 2017) In Poland, fens represes.4% ofpeatlands and only 4.3% are boggh their

originassociate tdake systemgKotowski, Dembek and Pawlikowski, 2017)

In Mediterranean countries such Haly, France an&painpeatlands are mainly located in
Atlantic, Alpine and Continenteggions rather than Mediternaean regiong¢Bragazzet al,,
2017; Heraet al,, 2017; Julve and Muller, 201 Peatlands represernly a smalportion
of these countries(0.6 ¢ 1.1%of Italy (Montemaggiori, 1996)0.52%60f France and.07%
of Spain(Tannebeger et al., 2017).

Finally, countries in Eastern Europelso hae extensive areas of peatlands (Ukraine,
Belarus, Btonia, Slovenia and Latvia), althoughissia (European paddntainsthe largest

areaof peatlandscoveling between 23 to 68 Mha of lar{d@annebergeet al., 2017)

2.1.2.3.Peatland environments in Spain
The climate conditions in Spainare diversewith oceanic climate conditions in the
Cantabrian Mountains the northanda dominance of Mediterraneaclimatethroughout
the rest of the ountry, althoughhigh mountain anges also have an impamt the climate
creating a diverse range of conditiomssome parts of the Mediterranean regio(ideras
et al, 2017) Thecountry is divided ito two biogeogaphical areasheing theAtlantic and
Mediterranean regiongEuropean Topic Centre on Biological Diversity, 200@) clear
differencesin annualprecipitation.Peatland landscapes are rare in Spain #remajority
of peatlandsare smalland do not cover aslarge extens as peatlands located in other
European countriessuch & United Kingdom and Irelan@igure 2.3 but are still very
important in terms of carbon storagand aspotential carbon sinksThetotal extent of
reported peatlandsin Spain variebetween 4,000 ha(Goodwillie, 19800 40,000 ha
(Tannebergeet al, 2017) althoughsome gaps in the inventoryave been highlighted
(Heraset al, 2017; RamiRegoet al., 2017; Heras and Infante, 201@mphasisingthat a
nationalstandard is requiredo enablebetter evaluation of theextentand distribution of
peatlands in SpairfHeraset al., 2017) The firstinventory of peatlands in Spain was
completed in 1903 (Calderon, 1903and until thel1990s therewas no systematic approach
to inventoryingSpanish peatlarslin 1996, standard classification and characterisation was
adopted classifying peatlandsased orhydrology, gemorphology and vegetatiofRami
Rego, Rodrigue@uitian and RodrigueQubifia, 1996) However, the peatlandinventory
13



for Spainremains incomplete across the country(Heraset al, 2017) despite the
regulations and protection that the European HabstBirective92/43/ECGequiresof all

EU statanembers and corinued periodical reviews.

Bogsin Spairare manly located in theAtlanticregionsdue to higher precipitation and the
influence of the oceanic climat@/though somebogsare alsooccasionallyfound in the
Mediterranean regiongHeraset al., 2017) Fens are disibuted across theentire country
(Heraset al,, 2017) and in manycasesbogs areinterconnected to fen(minerotrophic)

areas

2.1.3.Types of peatlands

A general classificatiolor peatlands is difficult mainlybecause each country has ita/io
classifcation accordingo the environmentin which thepeatlandexists Environmental
factors such as the climate, geology andgegation, are usuallyutilisedto classify these
peatlandenvironments(Joosteret al,, 2017) howeverthere is nosinde classiying factor
that covers all peatland¢Lindsay, 2016aHistorically,classification of peatlandsas
driven by theireconomic value andootential exploitation, however, more recently
classifications aremainly based on three main variablestydrology, vegetation and

geomorphologyJoosteret al.,, 2017)

2.1.3.1.Classification by water so@s

The acidity ofwater in apeatlandhas a largémpact on the vegetation covealthoughthis
is not theonly factor to considr in term d vegetation coveage (Sjors, 1950)Based on
water acidity, peatlands fit into six differentlassification Moss, Extreme poor fen,
Transitional poor fenintermediate fen, Transitionaich fen and Extreme rich fefsjors,
1950) Moss peatlandsare usually more acidic and pouwr nutrients (pH 3.7 ¢ 4.2) when
compared withfens pH5.2 ¢ 6.4), although fen areas could range from extremely poor
fens pH 3.8 ¢ 5.0) toextremely rich fensgH 7 ¢ 8.4) (Sj6rs, 1950)Similarclassificatons
were utilised by Gorham 1954) on Swedish peatlandsalthough this classification
introduced the €rm raised bog for those wittolv pH (<3.9).In 1990, pH was alslopted
to define two groups of peatlands: bo@gs4.6)and fens(>5.8)(Sjors, 1950; Gorhaset al,,
1985) however, a transitionagiroup of peatlandswas proposedin addition to bogs and

fensfor those pealands hat are between pH 4.6 and 5(&orham and Janssens, 1992)
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In addition to the acidity, therigin of the water is als@ relevantfactor for classifying
peatlands If the peatland is rainwatefied the habitat is defined as ombrotrophiand if
the water souces are from groundwatethe habitat is defined as minerophic (Du Rietz,
1954) More recently the terms bog for rainwaterfed and fen for groundwaterfed

peatlandshave been widelyaccepted(Lindsay, 2016a)

2.1.3.2.Ecosystem classification

This classification combiséifferent variablessuch as water andegetation to provide a
list of peatland typesMoore and Bellamy1974)synthesized alpeatlandclassificatios
based on water sources, chemistry and geomorpholdgy2002,a clasification was
proposed basean the water source origin and evolution of the peatlan@oosten and
Clarke, 2002)completely overlookinghe fact thatthe peatforming mechanisms may
changeover time (Lindsay, 2016b)n this classificationmethod, two main groups were
defined: ombrogenous (bogs) and geogenous (feradhough fen peatlands were
subdivided irto three further caegories based onwhere the terrestrialisation occurred:
soligenousfor those formed in a moopool; lithogenous for peatland formed in lakes
and thalanssogenoysfor peatlands created fronmwater rise in coastal transgression
(Joosten and Clarke, 2002)

2.1.3.3.Geamorphological classificaticand relationship with water origin

Peatlandshave also been definedy the topography and landforms of the substrages
these are bothrelevantin defining peatland typesand functions The first attempt to
classify peatlandaccording to the geomorphologyccurredin 1903 defining three main
types of peatland environments: Hochmoor, Flachmoor and Mischmoor. Hochmoor was
described as peatland with a dome, Flachmoor was a flat peatland and Mischmoor was a
peatland with domesand flat areas(Weber, 1903) The topographical locatiorand
geomorphologyis also relevant to classify peatlandss they can béocatedin different
landscapessuch adills, slopes, flaareas, channels and basiiSemeniuk and Semeniuk,
1995) andthese factorwill determinethe type of peatlandin addition to the fope, asa
primary limitation for peatland development and expansiflrawrenceet al., 2009) Early
geomorphologcal classifications were describdyy Moore and Bellamy(1974). These

authors classified mires and peatlands based onithecation in Europe and some
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geomorphological featuregor first time definingvery distinctive peatlands such a&lley

Bogs, Raiseddgs, Basi Bogsand Blanket BoggMoore and Bellamy, 1974)
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Figure2.4. Hydromorphic classification of peatlandased onJoosteret al. (2017)
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When geomorphology is combined with hydrology, peatland classification becomes
substantially more efficient and representati@@osteret al,, 2017) This classification has
recently been fullydescribed to improve peatland classification across Europe (Figure 2.4

Joostenret al,, 2017)

Finally, in addition to the study of the landforms amdter sources, geographical scale is
also relevant in the correct classification of peatlands due to the different areas and
extensions that this environmemould cover. Based on scaleanok (981)defined three

main levels to study peatlands: microtope, mesotope and macrotope.

2.1.3.4 Hierarchicatlassification

Hierarchicalclassificationis based onthe scale of analysisand hasdifferent levels of
classificationwith a specificset of criteria for each level within the peatland aredhis
classification combire vegetation, landforms and hydrologyto provide a better
understanding of thecomplexity and relationshipsvithin the peatland environment
However,to perform this on a larger scalgn deailed surveys)requiresa considerable
amount of timeto cover snall areaslargelydue to the detaiéd descriptionrequired This
method was initially described in 198primarily utilisingthree main levels based on
vegetation patterns scalémicrotope) hydrological unitsscale (mesotope) anavhole
landscapescale (nacrotope)(lvanok, 1981)butthis classificatiommas developeaver time
seeingthe introdudion of further levels ofclassification The current systenncludes six
levels: Supertope, Macrotope, Mesotope, Microtope, Nanotapel VegetationLindsay,
2010) All lewels ofclassificatiorare interconnectedfor example Sphagnum capillofolium
could form a nanotopgsuch as an individual hummock.i¥hummock could be within an
area covered in hummocks (microtope) and connected with other microtogaesh as
hollows in the top of a ridgeeomprisinga mesotope unit. This mesotope could be
connected with other mesotopesr fen areasat the edge of thepeatland forming a

macrotope that could be next to other macrotopes covering the landscape (supertope).

2.1.3.4.1Vegetation
Vegetation level isvhere the individual species are the most relevant feature. In some

cases, methods of vegetation classification camel at this leve(Lindsay, 2016b)
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2.1.3.4.2Nanotope

This level represents all the small features within the mire/peat/auth as hummocks,
tussocks, pools and ridges. Vegetation and water levels play an important role to define the

types d nanotopes(Lindsay, 2016b)

2.1.3.4.3 Microtope

This level is defined bgpeated surface patterssuch as pool systems. This level is usually
related with the hydrology of the acrotelmyar and the peatland gradierftvanok, 1981,
Lindsay, 2016b)

2.1.3.4.4 Mesotoes

This unit is clearly defined by the hydrologibalundaries and the water flowst is the

most descriptive form and clagisation for peatland system@.indsay, 2016b)

2.1.3.4.5Macrotope

This level is when several mesotopes interlickeating a peatland complex that is
completelyconnected and dependsn each dher to be a functional peatland. A good

exampleof this,is a raied bog conne@d to a fen aredlvanok, 1981; Lindsay, 2016b)

2.1.3.4.6.Supertope
A smaliscale level that coverlarge areas of peatland. Usually refers the whole
landscapewith several macrotpes linked via fens or streani$oosten and Clarke, 2002;

Lindsay, 2016b)

2.1.3.5.European Union Habitat Directi{@2/43/EEC¢glassification

Since 1992the Habitats Directive 92/43ECC has provided @dearregulation to promote
the maintenance ohabitat diversity considering the economic value of the habitas
well as the socialgultural and regional aspect&uropean Qmmission, 2019)As the
European Uniorhas grown the Habitas Directive has been modified to includgher
habitats existing in new EU member statésrexample, in 2004, ten countries joined the
EU andhesenew habitats were added to the inventory tmver the new ecosystems from

thosecountries.
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The Habitats Directive protect over 1,000 species and 200 habitat typéssed on
vegetation distribution ad hydromorphologyreporting the status of these habitais

each member state every 6 year3he lat report highlighted that more than 80% of
peatlands are in bad or inadequate conservation stataainly as a result oddrainage
activitiesin this habitat (European Qmmission, 2015)Habitats areclassified by grops,

and all peatland typeare in the group designated asw - A & SR 0 2 3 & JFigtd NB a

2.5;European Commission, 2013)
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Figure 2.1. Classification of peatlands based on the Habitat Directive 92/43/Hapean
Commission, 2013)
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2.1.4.The importance of peatlanehvironments and protection

2.1.4.1.Climatechange and peatlands

Peatlands play an iportant role in the global carbon cyclé&orham, 1991)in fact, this
ecosystem represents the largest tedrial store of soil carbon(Limpenset al., 2008) If
peatlands are in pristine or restored status, they coalkb actas carbon sink@Nugentet
al., 2018) beingthe most efficientterrestrial carbon storgParishet al., 2008) However a
large extent 6 peatlands hadeen reportedin degraded or damaged statEigure2.6;
Joosten, 2009and therefore maynow be acting as carbon sourc€¥allopet al., 200).
Therefore, heir conservation and restoration coutetlp to mitigate climate change in the

currentglobalcontext(Joosteret al,, 2016)
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Figure2.1.1. Extentof degraded peatlands millons of hectaregJoosten, 2009).

The majoity of degraded pedands areconcentrated in Europand Asia(Figure 2.8. In
the case of Europe, Finland (28.8%) and European Russia (28r@%6h) more than 50%
of degraded peatlandslthough agpreviously notedtherearelarge extens of peatlands
in both areas. IAsia,63% of degraded peatlandse reportedto be in just one country,

IndonesiaFigure 2.6Joosten, 2009)

The Northern Hemisphereontainsthe largest amount ofpeatlands and therefore the

stocks of carbon are g¢iner in this hemispherealthough carbon accumulati@nare
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predominantlycontrolled by the status of the peatlansvhere pristine peatlands could
accumulate more carbon than peatlandader anthropogenic pressures such as burning
(Turetskyet al., 20@). Rwssiahasthe largestcarbonstock in peatlandswith 214 Gt C
(Botchet al,, 1995) North American peatlandsiso represent important carbostoreswith
191.5 Gt Candpeatlanddocated in Canada are of particular importar{Bgidghamet al.,
2006; Joosten2009) In Europe, between 20Q 455 Pg Ghasaccumuated during the
Holocene (Gorham, 1991; Turunemt al, 2002) but these carbon estimationsre
dependenton the peat depth and this has not beemvell studiedin all the European
countries(Byrneet al., 2004) The total carborstoredin Europe has been esiated to be
at least 43.6 GC(Joosten, 2009¥Finally, tropical peatland®presentat least 11 to 14 %
of the globalpeatland carbon stocks ranging from 81.7 to 91.9 Gt, @redominantly
concentrated in Indonesia (57.4 Gt(€nge, Rieley and Banks, 2011)
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Figure2.7. A) Global emissions of €@ degradel peatlandsby continents. B) G@missions from
degraded peatlands in the European Union countries and United Kindgdoasten, 2009)All
values for 2008 in Mtons = 1,000,000 tons.

Greenhouse gaf@GHG) missions from degraded peatlandse crucial in thecontext of
global climate changdsiarepresentshe continent withthe highestGHGemissions from

degraded peatlanddollowed by Europe and Americkigure 2.A). Within the Eurogan
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Union courtries, Finland and Germanyave the highestemissions from degraded
peatlands, but emissions from Eastelfuropeancountries such as Latvia, Estomad

Lithuaniaare also significanfFigure 2.7B).

The netchange of carbomstorage (uC)of a peatland is complex to definand there are
many variables to study before concladif a peatland iscting asa carbonsink or source

of carbon(Figure 2.8)Firstly, the atmospheric carbon amg@dseousexchange neesito be
evaluated, mainly studying the C®and CH fluxes (Figure 2.8 Furthermore dissolved
organic carbon (DOC) and particulate organic carbon (POC) are also impiortant
understandng the carbonbalanceof peatland environmentsHigure 2.8 Chapinet al.,
2006)
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Figure2.8. Carbon fluxes ipeatlands.

The net ecosystem exchange (NE&Sentially representthe balance between the carbon

fixed through photosynthesis and the loss through ectesysrespiration(Figure 2.8)and
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isthe most important componenivhen consideringhe carbonbalance of peatlands (73%).
The CHifluxes represent 21%but only 6% iselated with DOC flugoehler, Sottoarnola
and Kiely, 2011)in terms of atmospheric gasas exchanges, peatlands have a strong
influenceon the quantity and balance of three GHG (£CH and NO), and usuallyhave
apositive effect(sink)in the sequestration of CQalthoughon along teem scale, peatlands
have a negative effe¢source)on CH (Moore and Knowles, 1987, 1989; Pamshl., 2008)

If the peatlands are degraded or disturbed, the positive; G&ance could turnto a
negative contributing to global warmg (Parishet al,, 2008) in fact, drainageactivitiesin
peatlandscould dfect the total emissions of GH&ince there is a relationship between the
water table and GHGMoore and Knowles, 1989)or instance natural peatlands or
peatlands in pristine status usuaklct assinks of carbor(Sottocornola and Kiely, 2005;
Rouletet al, 2007) whereasdegraded peatlands act ascarbon sourcgWaddington,
Warnerand Kennedy, 2002)nterestingly peatland types could have an impact on GHG
capacities; for exampléogs have a higher potential in £§@questration and lower source
of CH when compared witHen peatlands(Parishet al., 2008) Nevertheless, restoration
actions could have a positive impamt the GHG sequestratiomeversirg the source of

carbonresulting fromdegraded peatlandgo carbonsinkstatus(Nugentet al., 2018)

2.1.4.2.Ecosystem services

More recently, pedands environments have been recognised for the services that they
provide.In addition to climate regulatigrfurther services such as agriculédtand, peat
extraction, field sports or renewable energgan result from peatland enviraments
regardlesof any positive or negative consequenctss may haveon their conservation.
Thereisa commoninternational classification of ecosystem servjoghich isdivided irto
three main sections: Provision, Regudatand Cultural Servicg8ISE, 2019)n regards to
peatlands, provisioning servicase mainlyrelated with the use of peat asfuel, in food
production (farming) and fresh water. In terms of regulating sswj climate regulation
will be the mostsignificant,but also water regulatiorand purification should not be
overlooked Finally, cultural services related with recreational or ediocet activities are

hugely importantKinmel and Mander, 2010)

Therefore, gatlandsare important for a vaiety of reasors, such aswater quality or

prevention of floodingalthough in thecontext of climate change and global warming
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causal by GHG, theirclimate regulationservice appearsto be the most relevant.
Nonethelessthe current degraded status of pe#@nds across the world could be affecting
this natural sink of carbon and they may beting as a source of carbotherefore
increasingatmosphericGHG. Despite this, restoration amnservation actions could

provide away of mitigating climate change rad preseringthesecarbon stoes.

2.2.BLANKET BOGS

2.2.1.Definitionand types

There are two main typesfdoogs (ombrotrophic peatlandsplanket and raised bogs
(Figure 2.4 Figure 2.9 The main geomorphologicdifferencebetween these two types
lies inwhether they are covering the substrate asnantle Figure 2.9blanket bog) or if
the morphology is dominated by the peatcumulatiorand a domégFigure 2.9raised bog)
(Weber, 1903; Lindsay, 1995)

Blanket bog Raised bog

Rock Outcrop

Nl’\_

I Bog [ Fen [ Bedrock

Figure 2.9. Graphical representation @ftypical blanket bog andhised bog

Blanket bogs usually cover large landscaffeégure 2.9, but can alsde relatively small
dependingon their location,as size may be limited by the topographyHeras, 2002)
Blanket bog landcapes often have isolated aeas with nepeat (e.g. outcropskrigure 2.9
Lindsay, 1995And the peat deptltanvary from a few centimetres to 8 r{Lindsay 1995)
The most common origin of blanket bogs is throutje paludification processand
landformswithin the peatlands are usually kd with thetopography of theunderlying
surface(Lindsay, 1995)
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The simplest classificatianf blanket bogs based on thie hydromorphic characterstics
Based on this classification, blanket bogs areddwiin three main groups: Slow, Mound
and Plane blanket bo@Figure 2.1 Joostenet al., 2017). Slping blanket bogs have a
distinct slope over 3and erosion channels the direction of the slopeMound blanket
bogsusually coer hill simmitsandmayhave some erosion channeknally, Plane blanket

bogs ardflat or with a very weaklope(Figure 2.10

Sloping blanket bog Mound blanket bog Plane blanket bog

AN

I Bog [ Fen [E Bedrock

Figure2.2. Blanket bog macrotope typeBased odoosteret al. (2017).

Hierarchal classification has been developed to classify blanket bingmore detai)
particularly at macrotope and mesotope levels. macrotope level classification ishe
sameas hydromorphic classification. At mesotope level, hydrolagy location arekey
factors. Mesotopes are definethrgelyby water flows andhe origin of thewater source,
although more than 80% of this waterustbe fromdirect precipitation tobe considered
aspart of the blanket bog complexr macrotope. There are four mamesotopetypes:

watershed, saddlenire, spurandvalleyside(Figure 2.11

Watershed Watershed

Valleyside

Figure2.11 Blanket bog mesotope types. Basedldndsayet al.(1988)
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2.2.1.1.Watershed

This subktype of blanketbog, or mesotope unitoccurson hill summits or areaghat slope
away in all directions. This mesotope is clearly ombrotropleicause the central area of
the unit is highethan the landsurrounding it, andhe only waer sourceis precipitation.
Thisprecipitation could be rain, snow or occult precipitation. Erosion features are common

in the mesotope unit in the directioof slope(Lindsay, 1995)

2.2.1.2.Saddle mire

This mesotope is locatecebveen two higher elevationsvithin a depressionand it may
receive ground water with some minerotroghinfluence in the blanket bog. This type of
blanket bog usually develsglownhillwhere two sidesmeet (Figure 2.1}, depending of

the slope angléLindsay, 1995 herefore this bog lastwo upslope and twalownslopes.

2.2.1.3.Spur

This suktype isa crossbetween a watershed and saddle mire maepe. Usually it is
located ina watershed aregbut with aslopingside higher than the peat bodyloreover,
the central part of the Spur is usually higher than the edges will still receivesome
ground wateron one of the blanket bog edgeBigure 2.1). Thelargestconcentration of
peat is usually in the uphill slope rather than in the downhill ma@nd the downhill edge
is generalljlimited by a steep slopé.indsay, 1995)

2.2.1.4 Valleyside

This blanket bog sutype is commoron gentleslopes where a water course or fen is
located onthe downhill margin. There igenerallyan uphill margin where ground water
can passhrough and the peat deptat the top is usuallgreaterthanthat downhill, where

some erosion or inundationmay haveaken placgLindsay, 1995)

2.2.2.Distribution of blanket bogs

2.2.2.1.Global context

A global inventoy of blanket bogs is difficult to compile due to diffeces inclassification
of this habitat(see section 2.1.3ndthe lack of research about this habitat, particularly in
the Soutlern Hemisphere Despite thispbased @ climatic and terrain conditions total
amount of 10 million haf blanket boghasbeen estim&ed to exist globallyLindsayet al.,

1988) Blanket bogs are predominantlpcatedin areaswith oceanic climate conditions
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(Figure 2.12 characterised byhigh precipitation (>000 mm yr') and atmospheric
moisture content, low averagéemperatures (<15°C) and low seasonal temperature
variability (Lindsayet al, 1988) In boreal areashlanket bogs can be cowet bysnow for
severalmonths of the year(Solem, 1994)although themajority havelittle or no snow

cover througtout the year(Doyle, 1997)

- Blanket bogs

Figure2.12 Blanket bog distbution across the worldupdated fromLindsayet al. 1988).

The main areas with known blanket bogs are located ad@e both hemispheres. In the
Northern Hemisphere, North American blanket bogs cover large extents of AlBgka,
1985) and the west and east coasdf Canada (particularly in Queheberranovaand
Labrador;Wells and Pollet, 1983; Price, 1992; Graniero andePt999) In Asia, some
examples have been described in Jaf@akaguchi, 2001; Razzhigaetal., 2009)and the
Kamchatka Peninsul&urope has a high concentration of this habitat across different
countries, with the Mantic climate conditions being a key factor of their distribution. In
the Southern Hemisphere, the majority of blanket bogs are located in Tierra del Fuego,
between ArgentingDykes and SelkufRell, 2010and ChilgKleinebecker, Holzel and Vogel,
2007) although further areas have been described in South Australia, Tasdasichke
and Succow, 2004and New ZealandMcGlone, Mark and Bell, 1994iowever, the
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research publishedegardingblanket bogsis limited when compared to thesignificant
distribution of this rare environmentherefore,the global distribution of blanket bogs are

well elucidated in some areashile other areasare yet to befully investigatede.g. Spain).

Interestngly, researk on blanket bogs (Figure 2.1Bas largelyoeenfocusedon examples
in the Nortrern Hemisphere, particularlthe United Kingdom and Irelandrhese two
countries comprisenore than84% of research calucted(Scopus, 201%Figure 2.13). This
IS not surprigng, asthe majority ofpeatland research is concentrated in EurgpanBellen
and lariviere, 2020)

Publications

-2 1-25
-+ B 26-125
s5-6 > 125

7-10

Figure2.13 Global maputlining the quantity of research on blanket bogs by cou(fgopus 2019)

Since 1956, a total of 480 studies have been publigiredlanket bogs, blanket missor
blanket peas across the worlgaccording tahe Scopus database in 20IBhe majorityof
blanket tbg research hasocused onpeatland origin and general descriptions of the
geomorphology, soils and hydrology. Vegetatiopeatlands haslsobeen an important
researchtopic, as well asanthropogenicimpacts onpeatland environments and their
effects o degradation process and conservation. In the last 20 yeassarch orclimate

change and cémon in blanket bogs l&ncreased the globalimportance since this habita
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is a type of peatland and thefore an important carbon ste and potential carbon sink
(Figure2.14;Figure 2.1%

200 - 190

43

Number of publications

14

Description Anthropogenic Vegetation Climate Restoration Others
and origin  and natural and fauna change and and
pressures carbon  management

Figure2.14.Number of researcpaperspublished about blanket bogs from 1956 to 2qB2opus
2019.
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Figure2.15 Evolution of thepeatlandsrelatedresearch fronl956 to April 2019

2.2.2.2.Europeamand Spanisblanket bogs

Blanket bogs in Europe araainly locatedin the United Kingdom, Ireland and Norway

(Lindsay, 1995ith limited occurrence in Sweden, Fi@m Spain Portugal and Austria
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(Moen, Joosten and Tanneberger, 201They aremainly limited by climatic conditions
describedbefore, and therefore tend to beoncentratal in areas with a high or markedly
oceanic climate(Lindsayet al., 1988) although some recognised blanket bagsAustria

are located in alpine environmen(Buropean Environment Agency, 2019)

In the United Kingdonhlanket bogs are widespread across the countmginlylocatedin
Scotlam, Wales, Northern Ireland arttie north of Englandcovering2.28 Mha(Lindsay
and Clough, 2014nd represen®0% of the peatlands thesecountries(Bainet al,, 2011)
Further blanket bogs have also been noted on hill sutsim the Isle of Man(Lindsay and

Clough, 2017)

In Ireland, blanket bogs arethe most extensive peatland typecovering 7739 kn?
predominantlyin upland areas andn the western coasacrossGdway, Kerry, Mayo and
Donegalo C2 &a I YR h @QithaahighPreskrte offaisedbdgsin this country,
peatlands are separatechto two main groups, lowlanditlantic and mountain blanket
bogs. Lowland blanket bogs are maildgatedin the western part of the countrywhere
precipitation is higher and oceanic cliteaconditions are strongerparticularly in the
county of West Mayo(Hammond, 1981)Mountain blanket bogs are more widely
digributed across Irelandout are alsolocatedmainly in the western and northern areas
(Hammond, 1981)lt has recently been hidighted that over2,287 kn? of Irish blanket

bogsare in an unfavourable consemian status6 C2 a4 | YR hQ/ 2yy Sttt wHnmto

Another country oparticularinterestin regards tdlanket bog habitat is Noray, although
the protection and designation is different to the restfiiropeasthe EU Habitat Directive
policy does not appy to this country Therefore, hey are classifiednto two main
categories; mound (rare) and gimg (common) blanket bogd mecrotope level They are
mainly located along the most oceanic parts of the courfiipen, Lyngstad and Qien,
2017)

Portugal has fewexamples of blanket bog habitdtowever,despitethe oceanic climate
in the north of Portugal,all blanket bogsare located inthe Azores achipebhgo in the
Atlantic Ocearrather that in continenal Europe. Blanket bogmly covera small area in

comparison withother countriesand form an important part of the Azores landscape
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despitethe factthat more than 50% of th@eatlandson this islanchave been destroyed

(Mendes and Dias, 2017)

France Austriaand Sweden only have a fewcognisedlanketbogs in their inventories.
The total extent of this habitat is very Iowut with a great diversityFrancecontains the
largest quantity of thisabitat coveiing 4.3 knt of Britannia andhe PyreneegJulve and
Muller, 2017) followed by Austria with 1.6 kfrof blanket bogin pristine statugEssl and
Steiner, 20X) and only 1 kn? of Sweden is coved by blanket bog, although hese are

reported to be ina favourable conservation statso6froth, 2017)

Spanishblanket lbgs are very limited by climatic conditions and topography. They are
usually located at high elevans between 600 and 1,500 maskhe Atlantic climate region
with up to 5 m of peat acauulation (PontevedraPombalet al., 2009; Heragt al.,, 2017)
Howeversome protected blanket bogs with lower elevaticare locatedclose to the coast

in Asturiasat Sierra Plana de la BorbollBleraset al, 2017; RamiRegoet al, 2017
Europeaan Commission, 2019) The najority of the protectedSpanishblanket bogs are
located in Galiciacovering extensive areas$erra do Xistral, Montes do Buio and Macizo
da Taxiza with anapproximate extent of 770 hand representing the soutiwestern
Eurgean boundary of this habitah the continent(Heraset al, 2017) According to the
current inventory included in thélabitats Directiveanother administrative region with a
high number of blanket bogs is Asturi@urgean Comission, 2019)however, recent
research has suggested that several blanket bogs here have been misclassifiering
the total rumber of blanket bogs to a few locatioas Sierra Rina de la BorbollgRam#
Regoet al,, 2017) Thefinal protected and recognised blankbog is located between the
administrative regions of Cagtily Leén and Basque CountBalama blanket bo(Heras,
2002) This peatland protected under the Habitats Directiveand recently restored

represensthe current southernmost edgef-range of this habitain Europe.

2.2.3.Threats and blanket bog uses

2.2.3.1.Naturalpressuresn blanket bog areas
Environmental conditions and wildfireé®th representpressureon blanket bogs surfaces
although thesenatural phenomena are usually closely related with anthropogenic

presaires gee section 2.2.3)2Moreover, feat isalsoremoved fromexposedoeat surfaces
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through naturalprocessesdriven bywater, ice, wind and chemical oxtion (Evans and
Warburton, 2007)In the followingsection,the mainnatural erosion processscaused by
water and windwill be describedndan overview of wildfires will bgiven to define their
iImportance in fire management activitiesuchas rotatioral or prescribedurningwhich

is discussed in further detddter (see section 2.2.3.2).

2.2.3.1.1 Winderosion

Wind erosion is a natural procesghich occurswhen the wind pick up loose surface
material and transports iWilson and Cooke, 198Meat is veryprone towind erosiondue

to its low density (Warburton, 2003) hencea number of studies havhighlightedthe
importance of this pocess in peatland environmen{Bower, B61; Zuidhoff, 2002Wind
erosion has been recognised as importantnatural pressure opeatlandsasearlyasthe
XIXCentury (Rastall and Smith, 1906; Samuelssl910; Bower, 1960put was notdirectly
quantified until 2002on degraded peatlandgn CanadgdCampbell, Lavoie and Rochefort,
2002) and one year later orseminatural blanket peatlands in therlited Kingdom
(Warburton, 2003) Moreover, measuringwind erosion as an independent process
present difficulties, as this process isusually combined with further environmental
variables such aspreciptation, defining erosion intwo different processesaeolian
transport of dry paticles, and crust and wingissisted splash transport undeblique rain
(Warburton, 2003; Evans and Warburton, 200B)th of these processesare strongly
related with weather pattern{Foulds and Warburton, 2007a, 2007®nce the peat is
eroded it is transported by differentaeolian processes. Under dry conditions with a
desiccated, cracked and crusted surfapeocesses includingpltation, creep, suspension,
reputation and kite transpar  O2 dzf R (| { S ArdinisplaS@onditigni, &INde W g A y R
aeolianprocesseslescribed fodry conditions coul@dlsobe a wayof transportingthe peat
with the exception of kite transport Futhermore, rain splash and wash coullso
contribute to the transport processes under et and windy conditions(Evans and
Warburton, 2007) Therefore,wind erosion is a clear aeoligamocess that affectexposed

areas of peawithin the peatland avironments.

32



2.2.3.1.2 Fluvial erosion

The locationand topographyof blanket bogs(Figure 2.9 makes this type of peatland
vulnerable to fluvial erosio(Klgve, 1998 urthermore these areas of peatlands have high
precipitation regimes and are located in oceanic ar@dasdsayet al., 1988) which in
combinationwith the low infiltration capacityf peat, produces high quantities of runoff,
thus impactingerosian rates and sediment transpofEvans and Warburton, 200Aluvial
erosionin peatlands caoccurthrough three different process dissection sysims, sieet
erosion and marginal facerosion(Bower, 1960)In blanket bogs, dissection systems are
the most important fluvial erosion proceasid carnbe sub-divided irto two differenttypes
(Bower, 1961)Type lerosionisthe mostcommon processn deep peat on flat areas with
a welldeveloped gully systenType llis generallylessdeveloped in comparison witlype

I, and individual gullies are the main characterigiBower, 1961)Sheet eosion is also
highly relevart to bare peat surfacesoften combined with wind erosion(Bower, 1961)
The third importanfluvial erosion process ocawn the marginal faces gleatlands vinere
the terrain is more abrupt and causenass movement of peaBower, 1960)Another
important element to consider in fluvial erosion is peat pipasually located in the

transition between the peat body ansubstrate(Holden and Burt, 2002)

Sediment flwof fine-grained peat particlefom fluvial erosion is ketp understandngthe
importance of this procesg peatland environments. Earlgesearch demonstratech
relationship etween the sediment flux andtorm events where water flows are higher
and therefore increase the total sediment (peat) transpor(€disp, 1966 However, in the
1980s, some studiesighlighted the imporanceof summer desiccation in autunifrancis,
1990)and frost action in winteras causes of the main sediment fluXéabadz, Burt and
Potter, 1991) However, location and climatic conditions need to be consdeto
understand the main reasafor increasing sedimerftuxes(Evans and Warburton, 20Q7)
although researchers agree that the weathering proesssefore a storm eventis keyto
understandng sediment fluxes rather than the direct fluvial erosigrancis, 1990; Labadz,
Burt and Potter, 1991)More recently,the role of needle iceerosion impacting orthe
stability of peatlandsurfaceshas been highlighted, as well the significant ipactthis has

on erosion rates ad sediment fluxegLi, Holden and Grayson, 2018)
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Another fluvial erosioml processknown as'Peat blockfusually occursin active gully
systems where large blocks are cut from the gully banksch subsequentlgollapse into
the channel within the gully. ihay also happemwhen the margin of the peatland is near
to a stream(Evans and Warburton, 2007hese blocks can contribute ®ediment fluxes
particularly when they are dquosited within the main stream and water flodue torapid

abrasion(Evans and Warburton, 20Q7)

2.2.3.1.3Wildfires

It is important to highlight the differecesbetween wildfires ad prescribed fires or burning.
Wildfires are unplanned, whereagprescribed burningis usually premeditated and
controlledto lower the risk ofdamage Andersonet al. (1989)defined two categories of
fires: cool fires and hot firescool fires refer to prescribed burningnd hot fires refer to
wildfires. Cool fires will be describad detaillater as they are related with anthropogenic
pressuregsee section 2.2.3.2). Hot fires are not controlled and tend to ocaduring the
summer and dry season. They can cover large extensighshighintensity and severity
(Davies and Legg, 2008e initiationof thesefires iscommonlyhuman related mainlyas

a consequence ofegligencgTedim, Xanthopoulos and Leone, 2QJ&tertially resulting
in peat burningfor several week¢Anderson, Radford and Mackenzie, 198®)wever, it
canalso be initiated by naturatausessuch as lightningalthoughthis represents a very
small proportion of the total fires(Tedim,Xanthopoulos and Leone, 2018)ot fireshave
consequence®n the peatland because thegxposethe top layers of peat to oxidation
(Lindsayet al., 1988) and consequentlalter vegetation and peat erosio(Yeloff, 2001) In
fact, the role of hot fires in the initiation of peat erosibias beernwell studied since 1965
and in several areas across thiited Kingdom(Radley, 1965; Tallis, 1987; Anderson,
Radford and Mackenzie, 1989 oreover,it has beenpostulatedthat this initiatesor at

leastincreasespeat erosion in SpanisHdnket bogqHeras, 2002)

2.2.3.2.Anthropogenigressuresand impacs on blanket bogs

There is a close relationship between humans and peatlandironments; in fact,
ecosystem conservatioms usuallyrelated to the human services providefbr this
environment §ee section 2.1.4)2Drainageof peatlandsappearsto be thekey pressure

as it is needed in order tvansformpeatlandsand enable otler uses such asagricultural
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land, grazingpeat extraction or forestryOther pressuressuch as rotational burningre
also relevanto the majority of blanket petlandswithin the United Kingdomin order to
provide another ecosystem service: huntirfgeloff, 2001 Yallopet al., 2006. More
recently, windfarm developmentsrepresent a challenge for the conservation of blank
miresglobally but particularly in the United Kingdom, Irelafidndsy, 2016c; Wawrzyczek
et al, 2018)and Spair{Heras and Infante2008). These aforementionegressures lead to
diverse consequences describiadhis sectionalthoughthe ultimate issudies inpeatand

carbon loss through erosion processes instigdig@nthropogenic pressures.

2.2.3.2.1 Drainage

Artificial drainage habeen a pressure in peatlandgr centuries(Holden, Chapman and
Labadz, 2004undertakento use the peat asn energy source, expand agricultural land,
the forestry industry and horticultural purposédrmentano and Menges, 198®rtificial
drainage has been very important @ountriessuch as Ireland ddnited Kingdomyhere
peatlands have plged an important role in farmin@Villiams, 199), andare locationsvith
more extensve drainage system in the lan@aldock, 1984)Drainagesystems usually
consist ofditches of 50 cm deep and 50 to 70 cm wide across the peat @Fdysronget
al., 2009) The impacts of diaage could affeca number ofvariables such as catchment
hydrology (water tables)soil properties,water chemistryand erosion rategHolden,
Chapman and Labadz, 20Q4ut alsothe peatlandgunctionality and geomorphologwith
processes such as subsidence of the peatland fbahdsay Birnie and Clough, 20&¢%

whichin some cased)asbeen up to & 6 m(Heathwaite, Gottlich and Cooke, 1993)

Peatlands catchments are defahdy hydrological patterns; however, if draga systers
are introduced the hydrological patternsare altered, impactingthe catchment.
Hydrological responsdo artificial drainage have been studied for decades withariety
of aims,such as the effeston peatland water storager annual runoffHolden, Chapman
and Labadz, 2004rurthermore,soil propertiescanalso be affected by peatland draige.
In thisscenarig the acrotelm could chage its propertiesthuschanging the peatorming
vegetation todrought resilient specie@.indsay, Bnie and Clough, 208t Changeso soil

properties couldalso have an impacton water chemistry, short term studiebave
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demonstrated the impacts of drainagm solute concentrationgHolden, Chapman and
Labadz, 2004)

Drainage alsplaysaparamountrole in GH@missions. This anthropogenic pressure could
produce up t08.5 Tg yt* of CQ (Gorham, 1991)moreover, in cuteer peatlands, the
emissionsof CQ are three times greater tharthat of natural peatlandg{Warner, 1999;
Waddington, Warner and Kennedy, 200@)wever, restoratiorof peatlandswith drainage
systems could easily revdttis situation and reestablish thesink function of the peatland
within 6 to 10 yearg§Waddington, Strack and Gneeood, 2010)

Finally soil pipescan develop as consequence opeatland drainage, increasing the
particulate carbon loséHolden,2006) although it has beemoted that soil pipes are also

a natural geomorpholgical landform of peatland environmen{3ones, 2004)

2.2.3.2.2 Peatcutting andextraction

The use of peat as fuel and horticulture has been an anthropogenic pressur@n
peatlands sincat leastthe Neolithicin the Stone AggJoosten and Tanneberger, 2017)
Peatonly has half of the heating value of cadlut is easier to storand isextremely easy

to obtain (Asplund, 1996; Gerding, Karel and de Vries, 2004 first countryin which
large scale peat extcaion for fueloccurredwas The Netherlangdand in 1859, the energy
obtained from peat was simitato that obtained from coaglalthough by 193%eat only
represented3% of the national deman{Gerding, Karel and de Vries, 2016 aglobal
scale, the use of extraetl peat as fuel represents 50%tofal peat extractionJoosten and
Clarke,2002) although nowadaysthe main use oextracted peatis for agricultural and
horticulture purposes In some countrigssuch as United Kingdom, governments are
encouraginghe industry to replace peat for other more suitabheaterials(Alexander et

al., 2008) highlighting the importance of peat conservation for climate regulation and

ecosystem servicesée section 2.1.4)2

Peat extraction in blanket bogs is lessportant than in another types of peatlands;
however, the impact is great as blanket bogs amare and the rate of peat accumulation
is lowerin comparison with other peatland types. Despite timghe United Kingdom, large
extractionsof peatoccurin blanket bogss they represent large areas of the landscape

which the peat isprimarily used for horticultural purposeqLindsay, Birnie and Cigh,
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2014a) In Spain, blanket bogs are located in remote areabkere hisorically peat
extraction did not occuruntil the 1940s(Heraset al, 2017) In 2012, a total of 61.4
thousand tonnes of peatvasextracted mainly for horticultural and gardening purposes
(Instituto Geoldgico y Minero de Espafia, 1978; Hesagl, 2017)and this included
extraction fromsome importantraised and blanket bogsuch as Tornos and Saldrgpo
which have been @mpletely destroyedas a resul{Figure 2.16Heras and Infante, 2008)
Moreover, as a resultfgeat extraction, he southernmost edgef-rangeof blanket bogs

in Europe has been destroyed by this activity.

Figure2.16.Photograph of Tornos blanket b¢GantabriaSpain)after peat extraction.

The impacts associalevith peat extraction are mtiple andcan bedifficult to quantify. In
the short term,removing vegetation and creating a drainage systé&@s adirect impact
in the peatforming systemand on hydrologyby changing groundwater patterndngram,
1992) Furthermore,additional discharges of DOC and Gh@y alsooccurin degraded
peatlands(Waddington, Warner and Kennedy, 2002)

2.2.3.2.3 Forestry

Many peatlands have been commercially foresteatluding blanket bogs posirainagein

the United Kingdomand Ireland(Holdenet al., 2007) but also in other countrigssuch as
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large number of peatlandsn Nordic countries, Canadand Russia(Rydin and Jeglum,
2006Db) It isestimated that 15million ha has been affected by this actiiBaavilainen and
Paivanen, 1995)and that 20% of European peatlands have been drained for forestry
(Drosleret al,, 2008) For this activity, larger ditches arequired and fertilisaton is also
necessaryn order to plant trees angrow asuccessful’ O N@dldenet al., 2007) The
main consequences afrainagehave ben describegreviously (see section 2.2.3.2.19r
example, subsidencalthough this islesserimpact compared witlpeatlandsdrainedfor
agricultual purposes(Minkkinen and Laine, 1998Fhanges irthe carbon balanceof the
peatlandthrough GHG exchange could also be relewafdrestry areagRydin and Jeglum,
2006a) but may not be anegativeimpactin terms of carbon exchangdlinkkinenet al.,
2002) assomecan remairto function ascarbon sinks ithere are onlysmall changes in the
water tables(Minkkinenet al., 2018) Astudy in Irish peatlands suggested that carbon,loss
as consequence dfrainageand tree plantation is compensatedby the trees carbon
uptake (Byrne and Farrell, 2005however, DOC or POC were not considered in this
reseach, suggesting that if these variablesere consideed, a source of carbowould be
observed in the final resul{Sloanret al., 2018) Further research is needed to evaluate the

impact of forestry in peatland environmenits terms of carbon balance.

Drainage for forestry can also have consequertethe vegetation ashe peat becomes
drier. Peatforming speciessuch asSphagnunspp, couldsee more thara 75%reduction,
and be replacedby drier mosseghat require less weer, such asPolytrichum commune

(Rydin and Jeglum, 2006b)

2.2.3.2.4Burning

Burning is a common prdce in peatland environments; however, in this cdges or'€ool
firesasAndersoret al. (1989)denominated, are controlledndare intended toonly burn

the vegetation cover; particulari@alluna vulgarigor grazing and gnase activitiegY eloff,
2001 Yallopet al., 2006. Burning is restricted to certain times of the year in order to
protect the wildlife nesting season and avoiot fire€ddue to na-favourable climee
conditions(Clay, Worrall and Fraser, 201There is a long debate about the pros and cons
of prescribed burning asis adivity could produce several issues in peatland environments

such as changes the water table water quality, vegetationas well asffectingcarbon
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stores and sequestratignbut may alsobring beneficial outcomessuch as diversity,
ecosystem functiorand reduce the risk of wildfires. In addition, burning praciceuld

provide a range of ecosystem services.

Deeper water tables and higher variability was foundournt peatlandsHoldenet al.,
2015) althoughanother study suggested thawater tables were less deep in peatlands
with burning practiceWorrall, Armstrong and Adamson, 200t)should be noted that
recent research has mapd significant mesosta erosion featureswithin the areas

examined that may have greater impact than burni@uterbucket al., 2020

Water quality is also important in order to quantify the impacts of rotational burning
(Harperet al,, 2018) In the United Kingdomwater sources inupland catchments where
the majority of the peatlands arkcated represent 70% of the freshwatéBonnet al,,
2009) DOC and water coloration are two good indicattar define water qualitybut also,
as previously highlighted (Figure 2.8, DOC isa source of carbon from peatlands and
therefore an important compoent in the climateregulatoryfunction of peatlands.DOC
represents an important source of carbon loss from stream sys{@itierbuck and Yallop,
2010)and may represent up to30 ¢ 50%o0f the net exchange carbofArmstronget al.,
2012) It is widely accepted thaturnt areas have increasel DOC concentrations
(Clutterbuck and Yallop, 2009, 201@jthough a few studis have claimed there isno
correlation between rotational burmg and DOC concentration&lay, Worrall and
Aebischer, 2012)it has been noted that the scale of the study areas caaxglaina
difference in the reportedesults in whichcatchment scale studies shew an increase of
DOC and plot sde studies shoad the opposite(Harperet al., 2018)

In terms of biodiversity (flora and faunag¢searchhashighlighted that burning is beneficial
and has significant beneficial impacts biodiversity and eosystem functios (Davies and
Legg, 2008)Prescribed burningnay prevent or reduce the extent the severity and
intensity ofwildfires or Hot fireQand their negative impacts in peatlarehvironments
(Davies and Legg, 2008)owever, recent research did not agree with this statement
suggesting that burning does not stop wildfire expansiand in fact areas with gully
blocking andSphagnunspp.were more efficient in stoppingnd helpng to reduce the
extent of the fire(Swindell, 2019)Consequently, burning practisenodify thevegetation
cover from bog vegetation tGallunadominated vegetatiorfLindsay, 2010and significant
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differences inthe vegetation composition have been found at regaand national scate
in the United Kingdonbetween unbuned and bured areas witHessSphagnunmosses
and greater Calluna ulgarisin burned areagNobleet al, 2017. Recentresearch also
identified no beneficial evidenagf burningon the occurrenceof SphagnummossegNoble

et al,, 2017)

Carbon dynamics caiso bealtered by burning practiceaffecting different aspects of the
carbon function and fluxes described previously in this seatioalation to theimportance
of peatland environmentsHigure 2.8. Carbon storage ansequestration are key reasen
to preserve peatlandgivencurrent climate changeand the effects of burning are relevant
in order toimprovethe conservation of the largest carbon storagebally It has been
demonstrated that rotatimal burning reduce the carbon storage in above ground
vegetation(Ward et al,, 2007; Faraget al., 2009) although some researchasclaimed
that carbon loss is reduced under burning regirf@gsy, Worrall and Rose, 2018)milarly,
burning reducs the carbon accumulain in the peat surfacéWard et al, 2007) and
therefore the carbon storagen a longterm scale.On the face of itand considering the
C in the peatland, burning seems to be benefigiateducing the sotce of carbon in
comparison with unburnt areagClay, Worrall and Rose, 201@Jthough again, other
researchers claim the opposite saying that burning is not beneficial fogq@@Vorrall et
al., 2010)

2.2.3.2.5 Agriculture, horticulturand gazing

Peatlandgboth bogs and fenshavealso beerused for agriculturgalthoughthe ground
need to be prepared in order tprovide an appropriatesurface for crops. Peat extraction
is usually a stage of prepag land for agricultureby removing the peat vegation and
creating a drainage systerfRydin and Jeglum, 2006blhis drainage systems usually
consiss of shallow ditches with 1@ 15 m spacingn peatlands witha pea depth lower
than 1 m(lInicki, 2003)After drainage, the peatland surface will sinkaasonsequence of
a process died subsidencethat in some cases coultesults in a 2.5m subsidence
(Berglund, 1996)This practice of combimextradion with agricultualuses has beervery

commonacross Europe @#lich et al. 1993).

40



Another common use of peatland environmentseistraction of pat for horticulture.
Sphagnummosses, a pedbrming plant, have positiveproperties such as moisture
retention, good aeration and high cation exchange capagiydin and Jeglum, 2006b)
Seedbedspeat pots and composting are the mdiorticultural purpose®f peat(Bélanger
et al, 1989.

Finally, grazing activities are common in blanket hageerelow levels of livestockan be
supported by peatlands (0.4 sheep/hhindsay, Birnie and Clough, 2014hbwever,
overstockng is a common practice across Europe and could damage peatland
environmens, not only te vegetationcover, but also the peatland surfacdue to
trampling (Lindsay, Birnie and Clough, 2@). Thisleadsto the creation of small tracks or
paths and bare peat surfasevhere ndural erosion processs (seesection 2.2.3.1could

be initiated(Ellis and Tallis, 2008ince 1980, EU sheep meabsdieshave increased ils
issue rather than redungthe problem of grazingn peatlandsacross the United Kingdom
(Douglas, 1998; Fuller and Gough, 1999xddition,another issue related withivestock
isthe emissions of GH@®Vorrall and Clay, 2012 fact, in theUnited Kingdomsheepplay

an important role in GHG fluxes in peatland environmentereoveran increase in grazing
activity could lead to an increase in GHG. For example, trampling will increase tloé loss

DOC and POC if erosion increa@¥srrall and Clay, 2012)

2.2.3.2.6 Windfarns

Blanket bogs argypicallylocated in areas wh high winds and relataly goodaccessibity,
meaning thesareas are attractive favindfarmdevelopmentLindsay, 2016cY his recent
pressure in blanket mire complexes not ondpmprises disturbance fronturbine
installation but also the tracks, subtations and associatadfrastructure(Lindsay, 2016c;
Wawrzyczelet al., 2018) Windfarminfrastructures have impacian the pedland surface
affecting mesotope units and hydrologl patterns (Wawrzyczelet al, 2018) as well as
promoting changes in the vegetation cover and habitat IgSsagaet a., 2008) In some
cases, blanket bogs have been completeémoved asa consequence ofwindfarm
development(Heras and Infante, 2X8). Drainage around the track&igure2.17) is also an
important fador in understanding the impactof thesewindfarmshave on blanket bog

hydrology and mesotope units. In addition, peat subsidence and erosion could be dhitiate
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by track constructionas consequence of drier conditions and exposed peat surfaces
(Figure 2.%; Figure 2.18 In Scotland55% ofwindfarms are insalled in deep peafBright

et al., 2008) which could havea much greater impacbn carbon storage and balance
although it has been reported thatindfarm developmens will demonstratea potentally
positive effect in carbon balance after 28ay ofwind farming (Nayaket al., 2010) however,
recent developments in # carbon calculator modghave concludd that blanket bogs in
good conservation status may not result in a positive carbon feedlaackit might not be

beneficial in terms of carbon balanaethe long-term (Smith, Nayak and Smith, 2014)

In Spainwindfarms could represent an important pressure for the habifeteras and

Infante,2008) and vegetation diversit{Frageet al., 2008) yet they are not currently listed

as an important threatEuropean Comnsson, 2012a)

Figure2.17. Windfarmtrack construction at Malverde blanket bog in northern Spain (Cantabria).
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Figure2.18 Evidenceof erosionadjacent towindfarm development in northern Spain
(Cantabria)

2.2.3.2.7 Climatechange

Since blanket bogs alinited by climatic conditionsée section 2.2)landare dependent
on high precipitation and humidity with low temperatures to forfnindsayet al., 1988)
the currentsituation with climate change is a challenge for this hahitthough other
areas could become suitable for this habitat. Some kdarbogsare more than 10,000
yearsold, and therefore they have sufferelom changes in climatic coiittbns. A clear
exampleof thisis the Medieval Climate Anomaly (MC®here precipitation decreased
and temperatures increasegrodudng a change in vegetain andpromotingerosion in
blanket bog surfaceéTallis, 1997a; Efliand Tallis, 2001Lhanges inlenate conditiors
likely explain the early distribution of blanket peatlands in theldéene and later

expansionGallegeSaleaet al., 2016)

Over the last millennium, peatlands in tidorthern Hemisphere across North America,
Russia and Europkave accumulated carbon; however, serateswere higher duringhe

MCAand lower in the Little Ice AdelA) highlighting the important roléhat temperatures
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play inpeatlands and the potentiakffect of global warmingn peatlands(Charmaret al.,

2013)

In the current context of climate change, several researshave reported the importance
of peatlandsand their role in the carbon cygleut also highlightedhe likelihood otclimate
change affeahg peatland environments. For example, in Canada, it is expetigdan
increasein the annual air temperature of 3 to 8C would result inland and coastl
peatlandsbeingaffected by sea level riseeleasingGHG mto the atmosphergTarnocai,
2006) Moreovercurrent sea level change could affetti@ast 7.4% (+5 m sea level rise) of
the total global extent of blanket bogé/Nhittle and Gallegesala, 2016)In the United
KingdomJarge areas dbioclimaticblanketpeatlandsmaybe affeced, potentially reducing
their extent (GallegeSalaet al., 2010)

2.2.3.3.The erosion problem

Erosion in peatlands is a natural process caused by natural environnglevetis, such as
wind and water. However, the natural or anthropogenic caudt initiate erosion in
blanket bogs have beewidely discussedlnitially, natural causes were more likely to
explain erosion in blanket mires. Early research suggested that ggnnot accumulate
indefinitely (Moss, 1913)and therefore a peat cycle was proposed based on three stages:
1) Peat accumulation; 2) Maturity; 3) Pastturity, the last only happering when an
instability in the peatland surfaceccurs(Johnson, 1957)Pipe erosion has been also
described as potential cause of the erosion process in peatlands and the cause of peat
hags(Glaser and Janssens, 1986)the earlyl960s,it was suggestethat early erosion
occurredbefore human activitiesalthoughthis problem was noted more recently and
related with human activitiesuch as changes in vegetatifiallis, 1964)At the end of the

last century, climatic changes/er the last 3,000 yars were studied to understand the
problem of erosion identifyinpvo main periods of erosigrthe first period was around the
Early MCA (125Q 1450 AD) and the second period wa®und 1750 AD (Tallis, 1997a
Table 2.). It hasalso beensuggested that theonset oferosion was related with climatic
changes in the LlAut the same authoremphasisedhe importance of burning intensity

asapossible irtiation of erosion(Stevenson, Jones and Battarbee, 1990)

44



Table2.1. Main factor of peat erosion dtlolme Moss (Wited Kingdom (Tallis, 1997hb)

Date Fector of peat erosion
1450 Desiccation MCA
1770 Fire

1800 Loss ofSphagnum
1940 Overgrazing

1976 Fire

The combination of human activities and climate conditions are thereftre main
reasons of peat erosion. Nile deforestation could change the hydogy and therefore
alsohas an impacbn the blanket peatland erosion, climatib@nges could increase the
impacts of this pressureespecially whemombined with more contemp@aneous issues

such as grazin(llis and Tallis, 20Q1)

Over the last 250 years, erosibasincreasedn magnitude across the worl@Mackay and
Tallis, 1996; Huang, 2002} the same time graag and agriculturdas intensifiedHuang,
2002) as well asan increase ipollution, particularly irthe British uplamls(FergunsonLee
and Bell, 1978; Yeloff, Labadz and Hunt, 20Bi6¢sare also imporant (Yeloff, Labadz and
Hunt, 2006)and since very early ofire relatederosion has been highlighted ase of the
main problens for peatlands and the current era isoted asperiod with greater rates of

erosion(Bower, 1960)

In blanket peatlands, erosios@s a processs describedn three different stages. The first
stage is when the blanket bog is covered in vegetation and it is removed due to natural or
anthropogenic pressuresuch as fire, grazingnd peat extraction(see section 2.2.3)2
creating an exposedpeat surface.Secondly, atural processessuch as desiccation in
summer (Francis, 19909r frost in winter (Labadz, Burt and Potter, 1991prepares the
surface for erosionHnally, in the last stage, the surface is remove by natural erosion
processes such as wind, waterice or oxidation (Tallis, 1998) Early research also
highlighted the importance of altituden relation with erosionsuggesting that at higher
altitude the eroded area is lower and closely related with meteorological condjtanm
potentiallylessanthropogenic pressures thate lower in high altitude@hillips, Tallis and
Yalden, 1981)
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2.2.4.Protection and legislatioof blanket bogs

2.2.4.1.Current situation of degradation

Under EU legislatiorthe European Union stateeport the status of each habitat every 6
years to review the status and restoration/consetiga strategies. Ithe United Kingdom,

the country withthe largest extenbf blanket bogs, all peatland types are in unfavourable

¢ bad conditions(European Comission, 2012hthe worst status of the Habitat Directive
evaluation rankingand ro changes or progress have bessted between 2007¢ 2012.A
similar situationhas beerreported for Irelandwhere all blanket bogs are imfavourable

¢ bad conditiongEuropean Comission, 2015and a recent reportfor the period 2013,
2019noted no changein this situation reducingn their extenson, the ecosystem services
and predicing the same status in théuture if no action is takenNPWS, 2019)n Spain,

the last assessment of the habitat status highlighted that in 2013, only one peatland in
Spainwasin favourable condition. The rest of the recognised peatlands are in unfavourable

¢ inadequatecondition(European Commission, 2012a)

2.2.4.2.Current status of protection across Europe

The European HabitaDirective (92/43/EC) lsadentified a rangeof peatlard typesacross
Europe that need to be protected in order to preserve carbon storageliversity andhe
potential of the peatland tdunction as carbon sinkBlanket bogs are protected under this
legislation with a total of 200 blanket bogsoted (European Gmmission, 2019; European
Environment Agency, 2019)he United Kingdom Isamore than %% of the esignated
blanket bogsKigure 2.19Figure 2.2Dwhich isunsurprisingconsidering thathis country
is located in an area with high influence of oceanic climatand thereforecontains the
largestextent of blanket bogs in Europe and 13% of the NI RQa o(BdingtalSi 062 34
2011) Ireland is the second countmyith the mostdesignated blanket bog$ollowed by
Span (Figure 2.19Figure 2.20
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Figure2.19. Number of designatedreas withblanket bogs in the European Union éguntry in
2019(European Environment Agen@019)
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Figure 2.20. Percentageof blanket bogextert in the European Union by countriga 2019
(European Environment Agency, 2019)

Despitethe importance of blanket bogs in the current context of climate chamg their
diversity, rarity and unique geomorphologyhere are major gapsin the Spanish blanket
bog inventory(Heraset al., 2017; RamiRegoet al, 2017) Moreover,several mistakes in

the Spanishnventoryof blanket bogs havalso overestnated the extent ofthis habitatin
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the country (see section 2.2.2)2 where the Asturias regionhas been defined as an
iImportant area for blanket boggut only onearea of blanket boghas recently been
confirmed (RamiRegoet al, 2017) In 2019, the Natura 2000 network providech
estimation ofthe total extent of blanket bogsh Asturia of 2,499.5 habut in reality only

16.98 ha are blanket bogRam#Regoet al., 2017; European Environment Agen@p19)

2.2.5.Blanket bog restoration

Peatland restoration across Europe (United Kingdom, Germany, Poland, Sweden, Ireland,
and Spain)is very common, particularlyn EU countries where the HabiwDirective
protects peatlands and promosgheir conservationTheLIFE program is a schefimg the

EU to promote restoration and conservation actions in the environment and climate
actions since 992. The budget for theeriod of2014¢ 2020 was3.4e billion (European
Commission, 2019 pain has been the main receptor of funding for LIFE projettsved

by Italy and the United Kingdo(European Commission, 201@ver 260 LIFE projects have
restored peatlands through Européncludingthe United Kingdom and Spawvhere the
LIFE prograrhas helped to restore several blanket bogs acrossstheountries(Jamsten,
TapieBistrom and Tol, 2012)

There are several strategical elemeirigestoring peatland environmentgnd improvng
the ecosystem servicedor example, the identification of all peatlands is crucial to
determiningtheir true extent, furthermoretheir evaluation ikeyto determiningthe total
carbon storage and potential to serve as carbon si@dk®sen, TapieBistrom and Tol,
2012) Recent research has showed the recovery of ecosystem serfrm@seroded

peatlands after LIFE project restoratia#ddersonet al., 2019)

There are several restoration techniqyesach as gully blocking to increase the wdsibles
and reduce the sediment loss, reprofiling and bare peat stabilisation to reduce the erosio
process and peat loss ratesr revegetation to promote the pedbrming species

recolonization in the degraded peatlands.

2.2.5.1.Bare peat stabilisatioand reveetation
Bare peat alsoreferred toas exposed peats the main area exposed to natural erosion
(e.g. fluvial(Evans and Warburton, 200@hd wind(Foulds and Warburton, 2007band

previouslydescribed pressurefsee ction 2.2.3. This exposed peat coulievelopinto
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gully systemsthusincreasng erosion rates and degradation. The aim of cavgexposel
peat isto create a microhabitat that allove vegetation growh and therefore reducse
erosion processs (Parry,Holden and Chapman, 2014; Aguirre, Benito and Galera, 2017)
In some cases, exposed peat is covered by heather brash (e.g. United Kjnigdbatso
geotextile techniques ha been used to reduce the erosion rates and increase t
vegetation cover (e.g. SpaifAguirre, Benito and Galera, 2QJigure 2.2}l Heather brak
contains different peatorming species apaftom heather to protect the bare peat and
promote the reestablisiment of vegetation; howeve in Spain, geotextikeseem to be
enough to promote the vegetation regeneratioffrigure 2.210), although some peat

species havalso beerplanted (Aguirre, Beito and Galera, 2017)

s

Figure2.21. A) Expsed peat area at Zalama blanket bog (Photo: DFB); B) Geotextile example
covaing exposed peat surface at Zalallanket bog (Photo: DFB); C) Area of exposed peat after
restoration actions using geotextile.

Geotextile is usually attached with metal piosavoid los®f the geotextile and in the case
of Spain, pine wood has been used to make the area more sialbigh winds (Aguire,
Benito and Galera, 2017)he geotextile is biodegradabd® will disappeawith time, but
the metal pins should be removed after vegetatisncovering the target are@Chico and
Clutterbuck, 2019)This method has reduced the total extent of exposed paatl the peat
loss ratesare lower than degraded and exposed areas in northern Sf@hico and

Clutterbuck, 2019)

In some casessuch asn the United Kingdom, vegation will colonise thee areas very
slowly, potentially due tothe peat propertiesnot beingsuitable for vgetationbecause of
high concentrations of atmospheric pollution particles and low(lpétgunson, Lee anc:§
1978) In this case, bare peat is limed and fertilised to increase the pH |evsdsre-

establish the ggetation(Luntet al., 2010)
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In addition to the geotextile covein Zalama blanket bog, livestogkere also excluded
from the area topreventgrazingon the peatland surfacéAguirre, Benito and Galera, 2017)
A clear change in the vegetation commurstieassincebeen noted(Chico and Clutterbuck,
2019) although some grasses have beglanted in the area as part of the restoration

actions.

2.2.5.2.Gully blockingdam constructionsind reprofiling

Gullies are one of the main problems in blanket bogs across different coyrduels as
United Kingdom, Irelandnd Spain. Gully erosion contribug¢o carbon los§Evans and
Lindsay, 2010Qyeduces water quaity and ha a negative impct on water tablegDaniels
et al., 2008) Gully blocking is considered to reduce the erosion rdbes also to hold the
water backand increase the water tabl@Moors for the Future, 2020using different
materials such as plasticlipig, wood, stone or peafParry,Holdenand Chapman, 2014)
Gully Bocks (or @ms) are built withimpermeable materials (e.g. plastic) when the
restoration ains are toincrease water tables and trap sedimefMoors for the Future,
2020) In Spain, gully systems are not well developead tb the small extent of peatials;
however, there are several peat faces exposed to peat erosiguie2.21A) and some
timber dams have been constructed in some restoration pr@jéetg. Zalama blanket bog)
to reduce the runoff and trap sedimesfAguirre, Benito and Galera, 201&nother action
related withgully blocking and dam consttions is reprofilingwhen the exposed peat is
located in steep slopes or thewrre peathags (e.gFigure2.21B). The nain problem in
theseareas is the contribution to PQEvans and Warburton, 2004nd this adon will
reduce the erosion in thseareas creating a more homogenous sldgygemoving the oer

hags(Parry,Holdenand Chapman, 2014)

2.2.5.3.Artificial drain blocking

Artificial drainage i®ne of the most common probie in peatlands fee sectior2.2.3.2,
andrestoration actions to reverse the negative impacts of drainage is one of the main aims
of restoration projectgHolden, Chapman and lhadz, 2004)Materials used to block the
drainage system are usually heather bales, peat, plastic, wood or shdnleck the gully,
although peat is the most common material used for this restoration agdasmstronget

al., 2009) Although thematerialused can bémportant for restoration succesa different

sites the dam spacing is also relevant; particularly if there is a gradieneep sope (e.g.
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blanket peatland). In this case, more dams need to be installed to compensate the flow
force and topography neexto be carefully considere(Armstronget al., 2009) The most

effective damsare the ones built with peat (74.D)%Armstronget al., 2009)

2.2.5.4.Sphagnum reintroduction

Sphagnunspp. areone of the main peatforming plants in blaket bogs; however, wildfires
and burning have reduced tH&phagnuntover in blanket bogéTallis, 1964)particularly
prior to the industrial revolution. More recently, with the industrial era, air polluticas
dramatically affected the distribution of Sphagnumbecause the peat is too acidic and

containssulphuric acidFergunson, Lee and Bell, 19.78)

Early approaches fd8phagnunreintroduction in British blanket bogs inw@d includng
propagules in heatkr brash thatwere used to cover the bare peat to reduce the erosion
and POC loss with successful results (95% reduction after 2 yRidasigton, 2015)
However, despite this methothaving apositive effecton reducing erosion rates and
evapotranspiration, the vegetation covdeveloped into a sward and witlib Sphagnum
mosseqWittram et al,, 2015) More recently,two more direct method$iave beerusedto
cover large areas micro-plugs and clumpshowever both these methodsre rather

expensive and the coverage will depend on the source mat@hiatram et al., 2015)

2.3. MONITORING EROSION IN BLANKET BOGS

2.3.1.Traditional methods

Traditional methods to measure erosion ratnbe divided ito two main groups: diret
and indirect. Direct methods are those thaivblve observinga fixed point and surface
movements andemovalsare measured. The indirect methodse basedn trapping the
sedimens removed from the surfacand extapolating toestimat the total volume of

peat losgTallis, 1973)

2.3.1.1.Erosion pins

Erosion pinsare a direct method to measure erosion that have been used in multiple
environments (e.g.sand dunes gullies, river banks or peatlands) since the 1950s
(Boardman and Favidortlock, 2016)Ercsion pins are rods thare installed and fixeohto

the mineral substrateéo measure how much soil has been removed (or accumulated) in a
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period of time by measuring the total length outside the gbliaigh, 1977; Boardman and
FavisMortlock, 2016)and is the mostomnon method usedto measire erosion(Haigh,
1977) This method is cheap and simpleut will only cover small ags (Boardman and
FavisMortlock, 2016) The most commopin materialused ignetal, but cheaper materials
such as plastic and bamboo canes have been aed (hillips, Tallis and Yalden, 1981)

although for longterm studies, metal is recommeed.

This methodhas been highlighted agdealfor exposedyeat environments with high erosion
rates (Boardman and Fawvidortlock, 2016) however, livestack grazing (e.g. sheep) is
common practiceon blanket bogs and they can damage the erosion pins by trampling the
area resulting in loss ahformation for the specificstudy site(Birnie, 1993)In addition,

four main sources of errors have been identifitat this technique inpeatlands: 1)
movement of erosion pins (e.g. livestock, ice)ginges in the surface elevation (e.g. mire
breathing); 3) influence of the pin on the erosion rates (e.g. dead vegetation around the
erosion pin) and 4human interference(Couper, Stott and Maddock, 2002; Bsand
Warburton, 2007)

There are multiple studies that have meastifgeaterosion rates using erosion pirigable
2.2) mainly locatedn the United KingdomThe majority of the studies are in England (15)
followed by Wales (3), Scotland (2) and Tasmadbialthe range of erosion rates is variable
across England from 73.8 mym! in Holme MossTable2.2,; Phillips, Talli@nd Yalden,
1981)to 1.03 mmyr?in a recent study in Flow Mos$gble2.2.; Baynes, 2012however,

it is important to highlight the location whemneasurementsare takenasthe angle and
slope could play an imptant role in erosion rate¢Tallis and Yalden, 1983 this case,
the highest erosion rate has been recorded in a peat margnost exposed to weatherig
erosion and oxidationwhereasa lower erosion ratehas been reportedn a peat hag. In
order to determinate erosion rates for a whole complex peatland environment, different
zoneswithin the exposed peat areawith varyingslopes should be considexd to gain an

understanding ofeal erosion rate.
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Table2.2. Peat @osion rates measured by erosion pins acrossWhéed Kingdormand Australia

Location Surface change Reference

(mmyr?)
North York (England) 40.9 Imeson, 1974
Snake Pass (England) 7.8 Phillipset al.,1981
Moor House (England) 10.5 Phillipset al.,1981
Holme Moss (England) 73.8 Phillipset al.,1981
Snake Pass (England) 54 Phillipset al.,1981
Holme Moss (England) 33.5 Tallis andralden, 1983
Cabin Clough (England) 18.5 Tallisand Yalden 1983
Doctors Gate (England) 9.6 Tallisand Yalden 1983
Peak District (England) 18.4¢24.2 Ander®n, 1986
Plynlimon (Wales) 30 Robinson and Newson, 1986
Mid Wales (Walées 23.4 Francis and Taylor, 1989
Plynliman (Wales) 16 Francis, 1990
Shetland (Scotland) 10¢ 40 Birnie, 1993
Forest of Bowland (England) 20.4 Mackay and Tallis, 1994
Harrop Moss (England) 13.2 Anderson, Tallis and Yalden, 199
Monachyle (Scotland) 59 Stott, 1997
Macquarie Island (Tasmania 43 Selkirk and Saffigna, 1999
Moor House (England) 19.3 Evans and Warburton, 2005
Upper North Grain (England 34 Evans, Warburton and Yang, 200!
Flow Moss (England) 1.03 Baynes, 2012

2.3.1.2.Sediment traps

An exampleof anindirect method to measure erosion rateer in this casesediment loss,

is sediment traps. This method can cover larger areas instead of a single point and can
provide a better understandg of the sediment movement in the exposed pédie results

of this methodare atotal sediment budget that can be convertedtansurface change
(retreat of peat surface)althoughit is difficult to compare due the nature of the method
(Evans and Warburton, 2007%imilarto erosion pins, several limitations need to be
consideed with this indirect method. Since sediment traps measure the sediment
transported, the desigmmust be capable of trappingsedimens moved by different
transport methodssuch as suspension or rolled in the case of wind ero8fmmeover,to
collect the sediments, traps ndeto be inserted ito the peat and thus could accelerate

the erosion procesgBirnie, 1974) Evans and Warburtor{2007) also highlight the
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importance of the location in this methgds well as the area of sedimiecontribution and
slope Therefore, sdiment traps arebetter to cover larger areasvhen comparedwith
erosion pinsalthough the experiment design (e.g. location) is importardriier to obtain
comparable results with other methoddurthermore sediment traps and erosion pins

could be measuring different aspects of the erosion pro¢esans and Warburton, 20Q7)

2.3.2.New geospatial techniques

Since 2010new techniques have been developttht are capable of measimg surface
changes in high resolution. Remote sensing technigueh as aerial photograpt{3ower,
1961; Tallis, 1973and airborne LiDARWalsh, Butler and Malanson, 1998; Evans and
Lindsay, 2010Q)can cover surface chges over large areas in comparison with the
traditional methods However thehighcost and resolutiontypically25 cmat bes) are the
main limitationsin measuringmall change&Clutterbucket al., 2018) However other new
geospatial techigues such agygroundbased photogrammetry employirgtructurefrom-
Motion (SfM)techniques conventional photogrammetry frordnmanned Aerial Vehicles
(UAV) and Terrestrial Laser Scanning (TLS) are bectimeingost popular methodsto
measure erosion rates1 peatland environmets (Graysonet al, 2012; Kalacskat al.,
2013; Glendelkt al, 2017; Leet al, 2018) These techniques capbtain mm resolution
erosion ratesand covergreaterextentswhen compared with mordraditional methods

such as erosion pinBoardman and&visMortlock, 2016)

2.3.2.1.Aerial photographs andirborneLiDAR

Early studies have defined erosion featyrmsch as gullies using aerial photografBswer,
1961; Tallis, 1973AirborneLiDAR data has beenilisedto provide high esolution maps

of gullies where erosion isignificant particularlyin the United KingdontWalsh, Butler
and Malanson, 1998; Evans and Lindsay, 201® use of Digital Elevation Models (DEMs)
to estimate the depth and extent afully erosiorhave beensuccessfullyised(Betts and
DeRose, 1999; Betts, Trustrum and De Rose, 2003; Evans and Lindsag|?@l@h the
resolution is important in order tdully quantify erosion. LIDAR data provilaigh
resolution and accurag and has bee successfully applied to map gully erosion across
different environments and areas of the gu{ijancock and Evans, 2006; James, Watson
and Hansen, 207; Evans and Lindsay, 201dpwever despite the powerful information

derived from Airborne LIDAR datand aerialphotograghy for landscape assessments
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erosion rates in blanket bogge smalleithan the resolution of tis data (typically25 cm)
and therefore a quantification of erosion ratassingthis method will not provide high
resolutionresults although it will provide a range of useful data to defwhere erosion is

taking place.

2.3.2.2.Unmanned Aerial \feclesand Structurefrom-motion

Unmanned AerieVehicleUAV)are an extremely valuable tool to collect data in peatland
environments. They have capacity to create high resolution DEMso and Clutterbuck,
2019) at centimetre resolution (and potentially mm if the UAV is flown low enough)
althoughan aerial view will not derive 3D morphology of overhanging features such as peat
hags,a typical featue in peatland environmentsThe cosbf this technique is lower tha
aircraft datg although the areas coverad high resolution will take longer thaan aircraft
(Clutterbucket al,, 2018) A benefit of UAVs is the capacity to collect photographs at high
resolution that cansubsequenthpe used fo constructionof 3D modelshrough Structure
from-Motion (SfM) at high resolution (<&m), although this method couldalso be
conductedwith grourd camerasSfMhas been widely applied in peatland environments
(Kalacskeet al, 2013; Knothet al, 2013; Lehmanret al, 2016; Lovitt, Rahman and
McDermid, 2017; Smith and Warburton, 2018@8nd has be@& successfullyutilised to
estimateerosion ratesAlthoughSfM has been described as a cheaper technidpuet al,
2018) when large areasf assessmenrdire required, UA\S appearto be themost efficient
technique in terms of cosaindonly SfM is moreeffective for plotscale areagGlendellet

al., 2017). In addition, data processing is also an important variable in terms of-{oost,
which hasot been considexd in some researcfLiet al., 2018) where SfMrequiresmore
time than another techniquegGlendellet al, 2017)and whee ground photographs
implicate disturbancef the studiedarea, UAV and otr newertechniques such as TLS
are less intrusiven a habitat that is vergersitive to disturbancesTherefore the wider
application of SfM for understanding erosion in peatland environmeotdd be combine

with UAV and TLS for a better assessmergunface changes.

2.3.2.3.Terrestrial Laser Scanner
TLS is capablef achiewng ultra-high resolutionand accuracy thus has been used aa
benchmark forother techniquessuch as SfM(Castillo,et al., 2012; Eltner, Mulsow and

Maas, 2013; Gome@Gutiérrezet al, 2014; Ouédraoget al., 2014; Neugirgt al., 2016)
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This technique has rapidly advanced in the last decamel nowadays TLS units are
portable and capabl®f recordng more than 1 million paits per second at ultrigh
resolution with accuracies upa 1l mm at 1@; 15 m from the scanngidrees and Pradhan,
2016) Despite thepotential value of TLS to measure erosion in peatlaadgironments,
only a few studies have beaonductedusing this methodGraysn et al,, 2012; Glendell
et al, 2017) and insome of them, the error;n assessmentvere higher than theate of
erosionmeasured(Graysonet al., 2012) Several challenges have been notedh this
method, such as the limitatiogin assessingreas with vegetatiomnd surfacechanges as
consequence of mire breathin@fzraysonet al., 2012) In addition, gven that rates of
erosioncan beas low as 1.03 mm yr(Baynes, 2012Zhe highest resolution data that can
be collected using the least intrusiveethod is required forassessing peatlands. It is of

course key that the existence of a peatlan#nswn first.

In the next chapters, this research will &lgap in the Spanish inventory of blanket bpgs
classifyingany blanket bogs identifietb mesotope level and undertalk®ssessmentithe
characteristics and degradation bfanket bogsidentified. A method using TLS will be

developed to enablaltra high resolutiorassessmentf erosion
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Chapter 3

Identification and gedaydromorphological
F44SaayYSyd 27F 9dzNPLIS
bogs

The content of thichapter has been partially published
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3.1.INTRODUCTION

In some countries across Europe, peatlands account for >20% of the land (e.g. Estonia,
Finland and Ireland), yet in Spain these ecosystems are extremely rare and cover only 0.07%
of the country(Tannebergeet al., 2017)being one of the countries with least percentage

of peathnds globally(Joosten, 2009)Blanket bogs are even scarcer in Spain, as their
presence is specifically limited by topography and climatic conditions required for this
habitat: high precipitation ad humidity with low temperature variatiorfLindsy et al,,

1988) Spanish blanket bogs are restricted, therefore, to the north of the couftigure

3.1)in the EureSiberian geographical area (Heetsal, 2017), where climatic conditions

I NB &adzAadGroftS YrFAyte 2y Wik Cdn@bridn MBuntains | f 2y 3 (K
(MartinezCortizaset al, 2000; Heras and Infante, 2003). Despite their small extent and
occurrence, these blanket bogs contain an important palaeoenviromental record and have
stored carbon from the atmosphere for ovej080 yeargPérezDiazet al., 2016)These
habitats also provide valuable contemporary biodiversity for the country, and have the

potential to function as carbon sinks (Heetsal,, 2017).

- Confirmed protected areas with 7130
- Confirmed protected areas without 7130

A

Atlantic Ocean

Galicia

— et L : Castillay Leon /-

Figure3.1 Protected areas with blanket bogs (713@) Spain. In blue, areas with presence of
blanket bogs and in red, areas with incorrectly blanket bogs clasgietbpan Environment
Agency, 2019)

The majority ofrecognised and protectedlanket bogs in Spain are located in the regions
of Galicia and Asturia@-igure3.1; European Environment Agency, 2018jh only two
examples in the eastern part t¢ie mountain range in or on the boundaries of the Basque
Countryand Castilla y Ledn: Zalama blanket fidgras, 2002and Montes de Valnera Site

of Community Interest (SEurgean Environment Agency, 2018owever, the majority
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of blanket bogs recognised the region ofAsturias under Natie 2000 are not located in
areas where the topography and climatic conditions are suitable for blanket bog
development(Figure 3.1andthe most recent inventoryf peatlandsdoes not recognise
anyblanket bogm this regionPonevedraPombalet al., 2017) Furthermore, some recent
European projects have highlighted significant errors in the Natura 2000 inyeatut
indicate that <1% of the blanket bogs recognised in this region are actually blanket bog
(RamiRegoeet al,, 2017 Table 3.1)In addition tomissclassification, a gap in the inventory

of blanket bogs has been indicated to exist between Picos de Europa in the eastern part of
Asturias andhe Pyrenees in the Basque Country and Navarra regiéigsire 3.Error!
Reference source not founérror! Reference source not foundrror! Reference source

not found.; RamiRegoet al, 2017; Heras and Infagt 2018). These unrecorded blanket

bogs could in fact represent the soutimenost edgeof-range of this habitat in Europe.

N

A - Confirmed protected areas with 7130
Atlantic Ocean :I Gaps in the inventory

i /| ees). Cantabria oz :
e RN e ‘. ——— o JYrenees
> T L Al S : i Basque {
Galicia By Fra G Ml\‘\?«g . “‘ Country X :
4% Ca : &4 Navarra
200° AR Castillay Le6n et

Figure3.2. Potential gap areas with blanket bogs in northern Spain.

Table3.1. The extent of blanket bog in Spaicorded under the Natura 2000 netwofEuropean
Environment Agency, 2018gether with the rectification in Asturias regiqgiRamidRegoet al,
2017) * Current area of blanket bogs in Asturias.

Region Area (ha)

Protected Asturias 2,499.5
*16.98

Galicia 373.4

Castillay Leén 14.61

Basque Country 4.41

Although a large nutver of Spanish blanket bogs are protected, areas that are not mapped

are exposed to anthropogenic and natural pressures that contribute to their degradation.
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Historically domestic peat cutting may have been common in these regions for local use
(Heras, 2002althoudh the main anthropogenic pressures today are linkedlit@stock
(Heras and liante, 2018), vegetation burningHeras, 2002)commercial peat extraction

(Guerrero, 1987and more recentlywindfarminfrastructures(Heras and Infante, 2008)

In light of the gaps noted in the blanket bog invent@RamiRegoet al., 2017; Heras and
Infante, 2018) it is important to assess areas where currently unrecognised blanket bogs
could exist. This will identify the wider extent atyppesof blanket bogs in Spain and enable
understanding of the range of pressures and the current statushisf rare habitat.
Therefore, this chaptesimsto identify and classify currently unrecognised blanket bogs in

the Cantabrian MountainsThe folloving objectives were set:

a) Use climatic and topographical data for northern Spain to identify potential areas
where blanket bogs may exist but are curremttt recognised in the areas reported
with gaps.

b) Undertake ground survey to confirm the presence o&fpand neasure the peat
depth in each identified blanket bog.

c) Define the extent and volumef peat ineach peatland unit&sed on the peat depth
results.

d) Describe the landscape context of blanket bogs through aspect and slope analysis.

e) Classify the peatlads based on the hierarchical classificatiomegsotope level.

This chapteexpand onthe information presentedn two publicationsChico et al(2020)

GeoK2 RNRY2NLIK2t 23A0Ft aasSaavYSyul.EathS@fdebP LISQa &2«
Processes antlandformg5 (12), 2742760 and Chico et al(2019)Identification and

classification of unmapped blanket bogs in the Cordilleradaiata, northern SpaiMires

and Peat, 24 (02),c12.

3.2. METHODS
3.2.1.Identification

3.2.1.1.Climate and topographical analysis
Potentid areas of unrecognised blanket bog were identified in the Atlantic Bioregion

between the eastern limit of Asturias (Picde Europa) and the northfdNavarra (The
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Pyreneesfigure 3.2. Climaticmodeldata for the period 19742000 were obtained from
WorldClim (Hijmanset al, 2005) Precipitation and temperature (maximum and mean)
were analysed in ArcGl8ersion 107 to identify potential areas with >1,000 mm of
precipitation per year, low maximum temperatures (<15°C) and limited seasonal vriabil

in temperaturegLindsayet al,, 1988) Addtionally, precipitation was examined in July and
August and temperatures were also explorednbgteorologicalseasonsDigital Elevation
Models (DEM) at 0.25 m resolution for 2017 were obtained fimstituto Geografico
Nacional (2019)and were used to exclude areas under 600 m as these areas will have low
precipitation and high temperatures not suitable for blankeigsand it has been defined

as the limit of blanket bogs in SpafRontevedraPombalet al, 2009) Areas of land
identified with suitable climate and topogphy were then examined bgrid squares
(sectors) 30 km by 30 km to locate potential areas of blanket bog based onebenge of

pool systems, erosion features and exposed peat visible in aerial photos (RGB) from 2017
(Instituto Geogréafico Nacional, 2019\fter exploration of each sectorppographical
factors such as rock outcrops, changes in vegetation or anthropogenic features (e.g. vehicle
tracks) were used to definehé potential extent of the peatland. Finally, an -site
assessmentvas undertaken to confirm the presence of peat andefne the potential

extent of the peatland based on the field assessment.

3.2.1.2.Peat depth, volume and peatland extent

For areas of peatland that were confirmed as blanket bagsystematic square grid of
points was createdusing the tool Fishnet in ArcGIS.10Peat depth surveys were
undertakenbetween May 2017 and July 2019. Each survey point was located using a
Garmin GPSMAP64 handheld GNSS reporting an accuraay3oin and gat depth
measurements were collectagsing connectable 50 ctength section®f steel rod (6 mm

in diameter). Alditional survey point locations were added where peat depththe edge

of the initial extent wasgreater than 30 cnusing the same systematic square grid
Peatlandswith a potential large continuougpeat surfaceg>200 n?) were surveyed using a
30 m by 30 m square grid and peatlands with rock outcrops or evideihdiscontinuous
areasin the peatland bodyvere surveyed using a 15 m by 15 m square grid to provide the
best defnition of the peatland extentPeat cors werecollected from one location dive

of the study sites and the depth determined using the auger was typically witbm @af
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the depth estimated using a depth rod prior to core extractifrable 3.2). Similar
observatons have been observed in another peatlandshiese regions athe peat base

lies directly on thédedrock with very little or nelay layeHeras, 2002)

Table3.2 Comparison between rod measurements and peat core length

Peatland Peat depth using Peat core

the rod(cm) length (cm)
Zalama 248.5 246.5
llsos de Zalama 230.0 229.5
Collado de Hornaz: 251.5 249.0
La Marruya 145.5 145.0
Malverde 296.0 294.0

Peat depth measurements for each site were interpolated to create a map of the peatland
using a spline gbrithmin ArcGIS 10,7and the main body ahe peatland was delimited
using a minimum peat depth of 40 c(@ruickshank & Tomlinson, 1990)he peatland
margins were identified as areas where peat depth ranged from4Dcm, and the volume

of peat at each site was determined from all interpolated peat deptheslu

3.2.1.3.Landscapeharacteristics

Landscape analysis was undertaken to understand the main characteristics of the peatland
areas through slope and aspect analyses in ArcGIS 10.7 to understand the peatland
geomorphology and landscape conteusinga DEM at (25 m resolutio (Instituto

Geografico Nacional, 2019)

3.2.1.4.Statistical analysis

Relationships between peat depth, peat volumgeat extent, aspect, latitude and
longitude wereexamined usindgPearson coefficient and Spearman correlation tests (if the
data were normally distributed or not respectively). In addition, a Generalized Linear Model
(GLM) was designed tdentify the most influential factorsontrollingdevelopment othe

blanket bogsdentified. All statistical analyses were undertaken in R 3.6.2.

3.2.2.Gechydromorphologicallassification
Hierarchical classification was undertaken classify the peatlands at mesotope level.

Surface water flow paths for each site were detémed from theDEM at 0.2%n resolution
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from 2017 (Cantabria Government, 2019)sing the hydrology tools in ArcGIS 10.7.
Individual mesotope units were identified and mapped for each site from the hydrological

flow patterns and peat deptflvanov, 1981; Lindsay, 2010).

3.3.RESULTS

3.3.1.ldentification

3.3.1.1.Climaticconditions and topographical analysis

Analysis oprecipitationexcludedarge areasvith the potential for blankd bogs mainly in
the south andwest of Cantabria anthe south of the Basque Countwhere precipitation
wasbelow 1,000 mm yt (Figure 3.3 In terms of temperatureareas close to the coast had
the highestannual maximum temperaturethereby reducing lage areas ofpotential
blanket bogsin these areasInterestingly, some areas of Asturias where a destigph
blanket bog is present(Figure 3.}, were identified as having precipitation and
temperaturesthat were suitable for this habitatand adds confidence to the method
adoptedin this research However, when temperatureare examinedby seasonsit is
apparent thatmaximum temperatures acrosdmost the entirearea are greater thaa5 °C
(Figure 3.3 However,it is important to highlight thathe climate models donot include
the influence of the fog and occult precipitatiomhich arekey forblanket bogn northern

Spain(Heras and Infante, 2018)

With the inclusion of topography, #@tal area of landbetween Picos de Europa and the
Pyrenees across four regions in northern Sgawering 331,57 ha was identified abeing
suitable for blanket bogsT@ble 33; Figure 3.4 This is particularly interesting givémat
modelspredicting presence dflanket bogslo not include Spain as a potential area for this

habitat (GallegeSala and Prentice, 2013)

Table3.3. Final potential areas suible for blanket bogs by regions.

Region Area (ha)
Basque Country 60,471
Navarra 74,436
Cantabria 84,822
Castillay Ledn 111,788
Total 331517
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A) Precipitations

Annual accumulation

- > 1,000 mm/year

< 15°C Max. annual
temperature

20
Ikm

Autumn

Winter

20
Jkm

C) Topography

iF

Castillay Leén

20
—Jkm

D Atlantic bioregion :______J Regional boundaries A

Figure 3.3. Analysis of suitable areas for blanket bogs developnitveen Picos de Europa
(Asturiasland PyreneegNavarra) A) Precipitations, B) Temperatures, C) Topography.
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Europa

Figure3.4. Final suitable areas for blanket bogs

3.3.1.1.1ldentification ofpeatland features using aerial photos

Within the area identified by dlhatic and topographic analysis,tatal of 42 potential

blanket bogs weranitially identifiedin three of48 square30km x30 kmsectors Table 3.4

Figure3.5). Themost commorevidenceandicatingthe presence ofblanket bogvasvisible
erosion features or exposed peat. Onlyeav areas hadvisible pool systemssuch aghe
recognisedZalama blanket bodpcated between the regions of Cala y Leén andhe

Basque Country

Althoughmore than 74,000 ha of the remi of Navarra were identified as suitable for
blanket bog(Table 3.3 no evidence of a single peatlamdsvigble inthe region from
aerial photographyOnlyone blanket bog was identified irhe Basque Countrgt Zalama
althoughthe mire complexat Satluerolocated2.5 km northeastmay contain blanket bog
elements Salduerds, however,largelydegradedand the peatland igoredominantlyfen
(Chico and Clutterbuck, 201@nd therefore was excluded. The greatest number of
potential blanket bogs identified in this research were located in the regions of Cantabria
and Castilla y Leoalthoughthe majority of theseare locatedon the border oboth regions

alongthe administrative boundaries

65



3.3.1.1.2.Ground validation of final areas

During groundassessment &rge number of the initiai2 areasidentified were reduced
or removed(Table3.4). The most common reas was where peat was found to extend
betweenidentified areas thereby indicating that theserm part of the same peatland.
Three areas were so sever@lggraded thathere was almost no peat remainingnd two

areas were found to be fens

Table3.4. Fnalnumber ofblanket bog areadeterminedafter ground assessment.

Number ofblanket

bogs
Initial aerial photos exploration 42
Sameblanket bogunit -19
Degraded (peat extractiomyindfarms, others) 3
Requiregground assessment -3
Other peatland tpe (e.g. fens) 2
Finalblanket bogareas 15

A total of 15blanket bogs were confirmed after ground assessment althaughould be
noted that three additional areastill require ground assessmeahdneed to be reported
andassessed in thiaiture. The peat survey®cused in two main areatf)e Ordunte Sector
andthe Cantabria SectdFigure 3.5)The Ordunte sectoonly contains two blanket bogs

the protected and designated Zalama blanket bog and less than 500 m to the west an
unprotectedand degradedarea In the Cantabria Sectoml large number of blanket bogs

are concentrated along thhkill summitand would appear toepresent the southernmost

boundary of blanket bogs in Europe.

The vegetation at all sites containgukat-forming speciesi dzO K | -fil cKtlor\gjEag3a
(Eriophorum vaginatuin common cottorgrass Eriophorum angustifoliujrandSphagnum
spp. includingSphagnum palustreSphagnum fallaxSphagnum denticulatupSphagnum
cuspidatum and Sphagnum compactunHeather Calluna vidaris), crossleaved heath

(Erica tetralixand bilberry Yaccinium myrtilluswere abundant.
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Figure3.5. Study areas included in this research after ground assessment.

3.3.1.2.Peat depth, volume and peatland extent

A total of 2,530 peat depth measurementsngd¢aken across th&4 currentlyunrecognised
blanket bogsdentified in this researcland the one protected and restoredlanket bog
(Zalama)The blanket bog a¥lotas del Pard@overed the largest extent (10.8&),nearly
twice the extent oZalama blaket bog(6.49 ha and Malverde, blanket bo.94 haFigure
3.6, Table 3.5 The maximum peat deptmeasured for all sitesanged from 1.61 ng 3.78

m, and nterestingly the greatest peat depth was recorded at Matle (3.78 m) over 1 m
more than the greatest peat depth recorded at Motas d&rdo .65 m)(Table 3.5
Despite this observation, maximupeat depth, peatland extent and volume of peat were
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all significantlyand positivelycorrelated (see section 3.34). The nean peat depth
determinedfor all siteswasunder 1 mandappeasto show less variatiothan maximum
peat depth (0.35 m¢ 0.80 m; Table 3.5)Using 40 cm peat depth ake limit of the
peatlands, the totaareaof blanket bog mapped covers 4§, but increases to 64.ha if
the margins are include(lable 3.%. The total volume of peagstimated to be contained
across all sitewas 554,266 /) an important value to enable estimaion of the total

amount ofcarbon storedn these blanket bogs i€hapter 4.

Table3.5. Peatland characteristics by study area in the Cantabrian Mountains).Spai

Mean = Peat Peat

Site Sl;rr\ézy O?:LT’\?:; Altitude  Location Maxir;s;r: SD peat extent extent volzfnaé
(ha) points (masl) (degrees) depth (m) depth (ha; >40 (ha; >30 (m)
(m) cmdepth cm depth

dg’l";tzrs o 49.50 516 1,390 ‘fg:%ég 265 %‘é‘; 10.86  20.00 153,198
Malverde — 9.45 a0 1325 O ars 0 5.94 6.49 91,262
Zalama 2137 225 1330 oo 282 9% 6.49 9.87 74,341
Z‘l’:n‘jz 7.16 81 1,280 ‘g:gﬂ 216, g:gg 3.18 425 40,127
Mahiya 11.30 125 1360 3000 s 0% 2.13 462 35850
::cr;?:; 7.28 84 1280 1058 275 9% 3.15 415 34,747
s(;(r)];er:t?es 6.14 277 1,413 ‘fg’:gigg 247, %.?é 3.47 426 34414
Cercio 3.25 120 12711 SO%S o1 00 2.00 226 20,624
El Cuito 2.56 15 128 3053 e 97 1.67 187 15,657
El Coteo 2.71 121 1474 30840 212 0% 1.41 176 13,671
Slej'g;a'a 2.21 102 1,246 ‘g:gggg 172 %'.363 1.24 147 11,908
oontos 231 104 1427 3000 s 00 1.01 129 9,903
Clstgrsc;:’: 1.39 63 1,492 ‘g’:gggé 206, %‘_397 0.91 108 8732
OFj):sﬁt?a 1.32 62 1452 _‘3"?’7'2239 197 %‘i‘z 0.56 0.74 5559
El gS:ero 0.77 37 1481 ‘}g;ggég 187 %‘_?3 0.43 054 4,273

Totals 44.45 64.65 554,266
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Figure 3.6. Peat depth map for each blanket badentified in this research in the Cantabrian
Mountains, northern Spain.

3.3.1.3.Landscape characteristiaad anthropogenic influences

All 15 blanket bogassessed in this researalere locatedat an altitude ofover 1,200masl|

(Table 3.%. Themean slopeacrossthe blanket bogganged from11.6° to 18.8 and the

dominant aspecof the mainpeat bodywas northg northwest, except fortwo blanket bogs
at Cercio and Cantos Calientes where the main peat ladlyasouth ¢ southwest aspect
(Table 3.8. Interestingly the maximum peat depth in each peatland was alwaygerded

in the areaorientated on north facing slopes

Evidence of anthropogenic pressures were visible in all peatlands with exception of Zalama
blanket bog. Grazingjvestockcomprisinghorses goatsand cattlewere seen atall blanket

bogsduring field surves, but vegetation burning was only visible in the first field survey
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campaign in 2017 at Motas del Pardo, Collado de Hornaza and La Makawaver,
evidence of historical burningcivitieswas visible in all peat cores collectésee section
4.3.1). Windfarm infrastructures were presentat Cantos Calientes, Malver@ad El Cuito,

the mostwestelly peatlandsassessedh this research.

Table3.6. Landscapeharacteristic for each blanket bog identified.

Mean £ SD Dominant Daf')sm:ar::??rtl
Site slope spect Livestock Windfarms Tracks  Burning
(degrees) aspect relation with
max. peat depth
14.5
Zalama +81 N N
lisos de 11.6
Zalama +8.4 E NW P P P
Motas del 12.3
Pardo +6.6 E NW P P P
Collado de 17
Hornaza +8.1 N NW P P
15.9
La Marruya 167 NW N P P
o 18.8
Sel de la Pefia +106 N NW P
. 14.9
Cercio +8.4 Sw NW P
Cotero 13.7
Senantes +84 NE W P
14.7
El Cotero £77 N W P P
El Cotero Sur 12 N NE P
+ 8.8
Cotero de la 12.8
Osera +7.7 NW NW P P
Pefia Ojastra 14.3 NW NW P P
) +9.9
Cantos 14.9
Calientes +11.8 S N P P P
14.3
Malverde +08 N N P P P
. 12.6
El Cuito 107 N NW P P P

3.3.1.4.Statistical analysis

Perhapsunsurprisingly here was a strongand highly significanpositive correlation
between the volumeof peatandthe peatland extent(r = 0.98, p < 0.0QXand significant
positivecorrelations between maximum peat depth and peatland extertq159, p=0.02)
and between maximum peat depth and peat volume=(0.62, p= 0.02; Table 3.7. Of
particular note was the identification of significant correlations betwdatitude and
peatland extent(r = 0.55, p=0.03 and peat volume (r= 0.55,p = 0.04 and ketween
longitude and peatland extent §0.53, p=0.05) and peat volume & 0.53, p=0.05; Table

3.7).
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Due to highcollinearity between latitude and longitud@®.9), the longitude variablewas
excludedfrom the GLMAIl variablescombinedin the modelexplan 96% of peat volume
(Adjusted Rsquared = 0.96547althoughindividuallythe peatland extent and maximum
peat depth arehe mostinfluential (Table 3.8).

Table 3.7. Statistical analysis of peatland and landscape characteristics acrosadgilastas. r

vaues from Spearman test exceépvhere normal distributed data was found and Pearson test was
applied.* indicates significant.

Maximum Peatland
Slope eat depth Latitude Longitude extent Volume
P P (> 30 cm)
: -0.34 -0.05 -0.31 -0.22 -0.40 -0.45
Altitude
0.22 0.86 0.26 0.43 0.14 0.09
-0.04 0.07 0.04 -0.001 -0.04
Slope
p 0.89 0.80 0.88 0.99 0.89
Maximum peat r 0.30 0.49 0.59 0.62
depth p 0.28 0.07 0.02* 0.02
) r n/a 0.55 0.55
Latitude
p 0.03 0.04
) r n/a 0.53 053
Longitude
p 0.05 0.05
Peatland extent ' 0.98
(>30cm) p <0.00%

Table3.8. GLM to study the variablésfluence inthe peat volume across all study areamdicates
significant.

Estimate SE T value Significance
Intercept 1.97%7 2.20%7 0.90 0.397
Altitude -3.79% 2.82701 -1.34 0.216
Slope -6.132 1.39'03 -0.44 0.671
Maximum peat depth ~ 1.34%4 4.74% 2.83 0.022
Latitude -4.53% 5.06% -0.90 0.396
Peatland extent (>30cn  7.63% 8.48°2 8.99 < 0.00%

3.3.2.Gechydromorphologtal dassification
3.3.2.1.Mesotopes

73



Wy -’

. Castilla y Len
- 3
N ~‘a 75 p e
3 + |!'|
—p Flow direction —m—m Rocks Mesotopes Fen
——— Elevation (m) Streams Saddle - Watershed -
®  Wind turbine —— Track B spur [ Vvalleyside Raised bog

C :| Regional boundary @ Karstsinkhole

74



75


























































































































































































































































































































































































































































































