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This CREW Combined Technical Appendices document informed the basis of the Main Report on
Wa2 RSNIEGMNBYSE Ay 6FGSNI FBFAtFoAtAGE Ay {020t yR
(ISBN 978-90270194-6) anda Policy Note that were commissioned by the Centre of Expertise for

Waters (CREW).

This combined document consists of eight appenslice

Appendix k Definitions ofWetland Characteristics

Appendix I Water Holding Capacity ofWetlands

Appendix Ik BufferingMechanisms

Appendix I\¢ Wetland Health

Appendix \ KeyAspects oBiodiversity(species, habitatand communities)ntrinsic toWetlands
Appendix Vt ClimateChangelmpacts

Appendix VIg Biodiversityimpacts

Appendix VIt HOSTDSM ofWetlands in Scotland
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Executive Sonmary

The overall aim of this project was to review the role of functioning wetlands in moderating extremes
in water availability in a Scottish context. This was achieved by undertaking a comprehensive

assessment of the current and future buffering capacity@®Si f | yYRQa 6SGf I yRa G2

flows. The four research questions (RQs) posed, and our key findinggy{kers)n the Main Report
are summarised below:

RQ1: How do a broad range of wetlands in Scotland buffer extremes of water availability&t\Ate
the mechanisms for this and their relative importance?
1 KF1.1Buffering capacity is wetland type health- and locationspecific

(0]

(0]

(@)

The main buffering capacity mechanisms are the storage of water and the delayed
movement of water out of a wetland.

They are controlled by the complex interaction of topography; hydrological
connectivity to groundand surface waters; soil type and condition, vegetation cover
and surface roughness.

Seasonal variability of used and free water storage capacity is keyfferihg.

Knowledge on the buffering capacitytbe 18specific wetland typesonsideredvas

often limited, thus a cautious assessment was mad®e majority were foundo have
limited buffering capacities for low and high flows wharahealthystate.

However, there are a number of wetland types that do provide good but variable high
and/or low flow buffering capacity (Table E.1). These wetland types should be
prioritised fa appropriate restoration and management.

K

¢cFoftS 9dm 2SGfryR GelLlSa gAGK KAIK FYyRk2NI t2¢ Ft2¢ 0dzZFFSNRAY:

High flow buffering Low flow buffering
Wet meadows Floodplain fens
Fen meadows Swamps
Alderand Fen wet woodland Reedbeds
Basinfens

Transition grasslands

High and low flow buffering
Floodplain fens
Swamps
Reedbeds

1 KF1.2: Buffering capacity is catchmerand wetland-specific but improving total wetland
extent through restoration andappropriate management can improve buffering capacity.
0 Beyond prioritising those wetlands summarised in Table BEv&éndghe loss or poor

health status of many wetlands, restoration and allowing expansion of all wetlands is

expected to improve buffering gacity.

o0 Depending on the hydrological connectivity and nature of the catchnsegteater

total extent of healthywetlands, potentially increases the high and low flow buffering
capacity regardless of whether wetlands are riparian or isolated.

1 KF1.3:Site-specific monitoring is key to understanding buffering capacity of a particular
wetland.
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RQ2: How is this bufferingapability compromised when wetlands are degraded due to land use
conversion or climate change?
1 KF2.11and use conversion, land use management and climatangehaveimpacts across
the full range of buffering mechanism contrals

0 The exact impacts of suchange on wetland buffering capacities are dependent on
the site-specificnature of buffering mechanism controls and wetland health for which
there is often insufficient data, knowledge and a lack of monitoring.

o Knowledge on the impact of land use management on buffering capacity is greater
than the impact of climate change; there are large uncertainties as to whether
wetlands are more resilient to climate change than land management changes.

1 KF2.2: De to climae changethereis likely to begreater variability in weather conditions
with altered seasonality and more frequent extremes of weathaffecting wetlands.

o Water availability, particularly limate changedriven combinations of mbughts
followed by floodng are key sources of impadskto wetland buffering capacity.

0 Thefuture health of most types of wetlands is likely to decrease as a result of climate
change if naemedialaction is takeneastern and southern Scotland are likely to see
increased dryig, whereas the nortlwest may become wetter. All locations are likely
to experience both drier and wetter years.

RQ3: What are the impacts, caused by extremes of water availability, on the biodiversity of Scottish
wetlands?
f KF3.1:Wetlands provide aK 6 AGF G F2NJ YIye 2F {020fFyRQa N
O2yGNROGdzGI2N) G2 {O020fl yYRQA O0OA2RAQGSNRERAGES
0 Ninety-eight out of 700 species on the Scottish Biodiversity List in the two highest
OFGS3a2NASaE 2F O2yOSNY aO02yaSNIORAKYAZYIiAOEA 2
are associated with wetlands
1 KF3.2We have very limited ability to predict the impacts of hydrological changevestland
biodiversity.
02S f101 O2YLNBKSyaA@S RIOGl 2y -speiici aLISO
hydrological conditions.
1 KF33: We can identifywetland plant species at risk within each national vegetation
community class and whether they are rare species
0 Most wetland vegetation communities possess some species at riskir affected
by increased dryness and some at riskrmfreased wetness
1 KF3.4:.Changes in vegetatiocommunities canchange the buffering capacity of wetlands
(e.g., changes t&phagnuncover).

RQ4: Are there opportunities or potential changes in land or water management, which could
enhance thiduffering capability of wetlands in Scotland?

1 KF4.1Afavourablepolicy environment, Brexidriven changes in funding mechanisms, and
public and private sector organisatiagnQ Y I y I 3SYSy (i 27T ootldiaddl f O LI
key opportunities in land or water management for enhancing wetland buffering capacity
in Scotland.

1 KF4.2: The active management of wetland water balances to maintain seasonal variability
and expansion of wetland networks through restoration and allowing growth of exisgfi
wetlands, could help to improve resilience to climate change.

0 Investment in local community employment to implement such activiti©sir
assessment suggests that prioritising efforts on for example floodplain fens, wet
grasslands and deciduous wet wadadds may be more effective (Table E.1).
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1 KF4.3: Key barriers to implementing potential changes in land or water management for
enhancing wetland buffering capacity in Scotland were also identified, including:

o SHgnificant requirements for funding, human m@gces and monitoring

0 Reaching agreements with landowners and other actors

o Conflictsbetween the achievement of different policy aimsd/or climate mitigation
strategies (e.g., wetland restoration, carbon sequestratiotiee planting, food
production and water management).

Recommendations

1 Creat, restor, and mantain networks ofhealthywetlands at the catchment scale.
9 Target additional fundsyithin and outwith desigated sites, for restoration and maintenance of:
0 Wetlandsthat areless in the policy spotlight thaievertheleshave the most potential to
buffer low and high flowsTable E.L
0 Wetlands incatchmentareasthat overlaps those areaailnerable to floodingr droughts.
1 Reviewthe current system of Site Condition Monitoringth consideration to:
o Focussinghe new approacton wetland healthand functional mechanisms.
0 Re-evaluaingthe current designated site seriesd its purpose
1 Completethe Scottish Wetland Inventotyy:
o Invesingin site-specific wetland assessment and letl@ggm monitoring.
o Develognga network of representative reference wetlands across Scotland.
1 Improve future projection and modelling capabilitiesfiib gaps inour understanding of impacts
on the complex controls determining wetland buffering capacities.
o For example, to better understand how key species, particugslyagnummay respond
to climate change.
I Raise the profile in poliajocumentsof the capacity ofvetlands to buffer low flows.
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Alluvial. Sediment deposited by rivers.

Glossary

Attenuation (in relation to hydrology).The reduction in flow peak height due to storage of water and
slowing of runoff caused Kyydraulic roughness.

Baseflow.Low magnitude flows in watercourses mainly supplied by groundwater that sustains water
flow in drier periods between precipitation events.

Baseflow Index (BFIA measure of the proportion of annual flow-{J that is contibuted towards
sustaining baseflows.

Basepoor. Indicates low pH wetlands, deficient in base cations; pH rangé.8.5

Baserich. Indicates high pH wetlands, rich in base cations and often bicarbonate; pH range 5.5 or
above.

Basins.Basins are bowlike depressions, but may differ considerably in shape, size, openness and
topographical irregularity.

Blanket bogMire type of ombrotrophic peatland where the surface relief follows the underlying soil
like a blanket.

Bog.A wetland that accumulates peand is mainly fed by precipitation.

Bog woodland.Areas where woodland and bog -eaist. The tree growth is very slow, and the
hydraulic function of the bog remains intact.

Bottom. Bottom is used mainly as a generic term for a range of topogenousisitisaibasins, flats,
floodplains and troughs).

Community.An interacting group of various species in a common location, sometimes split up into
LI NI A adzOK & aLX yd O2YYdzyAdeeé o

Degraded. Condition of a bog with dysfunctional hydrology due dvainage, erosion, and
management.

Digital Soil Mapping (DSMPSM is a form of predictive mathematical or statistical modelling that
relates information from soil maps and observations with their environmental covariates to produce
maps of soil propertie and soil functions.

Discharge A measure of the volumetric flow rate of water in a watercourse. Typically measured in
cubic metres per second.

Drift deposit. The material overlying solid bedrock in a landscape. Examples include mlaisabl
or river deposited sediment (alluvium).

European Nature Information System (EUNIB)the context of this report, it is used to describe the
Habitat Classification system used in describing and mapping vegetation in a common framework
across Hrope.
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Evapotranspiratont KS f 234 2F ¢l GSNJ FNRY (GKS SINIKQA &dzNF
vapour through botrevaporation and transpiration.
Favourable ConditionA condition category relating to Site Condition Monitoring. The category
relates to the good condition of the wetland community, but also absence of negative factors like tree
encroachment.

Fen.A peatland that receives water that has been in contact with bedrock or mineral soil.

Floodplains.Floodplains are usually more or less flat vatbeytom surfaces alongside relatively
mature watercourses which are episodically flooded by these.

Groundwater.Groundwater refers to water in, or sourced from, a bedrock or drift aquifer.
Headwaters.The snaller water courses in the upper part of a catchment.
Hydraulic conductivity A measure of the rate of water movement through a material.

Hydrology. The study of the water cycle including rainfall, evapotranspiration, its storage within
catchments andunoff.

Hydrological droughtProlonged periods of low water availability in surface and groundwater arising
from reduced water input (Meteorological drought) and drainage over proceeding months or years.

Hydrological wetland types.Wetlands are categmed into headwater or floodplain wetland
hydrological types. Headwater wetland types are further subdivided depending on the presence or
absence of hydraulic connectivity with groundwater or of direct outlet connectivity with the river
network.

Hydrologyof Soil Types (HOSTHOST is a soil hydrological classification devised to predict river flows
at ungauged catchments in the UK based on the rate and pathways of water movement through the
soil.

Hyper-oceanic.A climate in which there is little differendetween the warmest and coldest months
of the yearg typically <10 degrees centigrade.

Indicator. Ecological indicators are used to reduce the complexity of ecosystems to communicate
information, to aid in monitoring or to assist in making managementsiecs.

Kettle hole. A hollow resulting from the melting of a trapped mass of ice in glacial drift. The hollow
fills with water and can become a wetland.

Lagg fenA fen immediately adjacent to a raised bog and separating it from adjacent habitats with
mineral substrates-ed by a mixture of water from the bog and more minerotrophic water.

Meteoric water. Water of recent atmospheric origin, that is, direct precipda.

Meteorological drought.Periods of reduced precipitation input to surface level and increased water
loss due to evapotranspiration, usually over short periods (days, weeks) due to weather conditions.
Contrast with Hydrological drought.

Minerotrophic water. Water containingiutrients derived from mineral soil.
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Mire. A peatland where peat is currentbeing formedand accumulating.

National Vegetation Classification (NV@).comprehensive classification and description of the plant
communities of Brita, each systematically named and arranged and with standardised descriptions
for each.

Niche.Ecological niche is a term for the position of a species within an ecosystem, describing both the
range of conditions necessary for persistence of the specnekita ecological role in the ecosystem.

Oligotrophic.Low fertility, nutrient poor (not necessarily also bgseor).

Ombrotrophic.Where nutrient supply is derived from precipitation (rain, snmwnist), also referred
to as rainfed.

Peat. The remains of plant and animal litter accumulating under more or less water saturated
conditions through incomplete decomposition. It is the result of anoxic conditions, low temperatures,
low decomposabilityf the material and other complex causes.

Peatland. A peatcovered terrain. In Scotland the minimum depth of peat is required for a site to be
classified as peatland is 50cm.

Permeability. A measure of the ease at which water can flow through a material.

Poor fens. Fens where the water is derived from bgseor rock such as sandstones and granites
occur mainly in the uplands, or are associated with lowland heaths. They are characteriwattoy
vegetation with a high proportion of bog mosseghagnunspp. and acid water (pH of 5 or less).

Porosity. A measure of the void or empty spaces available within a material that can influence the
movement and storage of water.

Precipitation.Thetra/ 8 FSNJ 2F 4+ GSNJ TNRBY GKS 9FNIKQa FdYzald
snow or as occult precipitation (dew, hoar frost, fog, cloud or rime).

Quagmire, quaking mat, floating mat, schwingmooPeatforming vegetation floating on water.
Often with aSphagnunor brown moss covering but held together and kept afloat by the roots and
rhizomes.

Richfens. Fens which are fed by minerahriched calcareous waters (pH 5 or more) where there are
localised occurrences of basieh rocks such as limestone the uplands. Fen habitats support a
diversity of plant and animal communities.

Riparian.An area of land including the riverbank that is close to a watercourse.

Roughnessl Y SI &adz2NB 2F (GKS NBaradlryOoS G2 41 GSN Y20SY
watercourses.

Runoff. The movement of water over land surfaces and down watercourses.

Scottish Biodiversity List (SBIAlist of animalsplantsand habitats that Scottish Ministers consider
to be of principal importance fdsiodiversity conservation in Scotland.
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Soligenous wetlands.Wetlands which occur on sloping ground, where water supply from
precipitation, surface runoff or groundwater inflow exceeds the outflow rate. Water movement is
predominantly lateral through theasl or discharging from the rock, such as spring fens or flushes.

Standard Percentage Runoff (SPRhe % of rainfall expected to occur as surface runoff in a rainfall
event.

Substratum.The layer of soil beneath the wetland.

Telluric water.Telluric wakr refers to water that has been in contact with mineral soil. It encompasses
(most) groundwater and surface water.

Terrestrialisation.The transition of a wetland from wet ground to dry ground, which occurs as the
wetland infills with material or drainageatterns change diverting water away from the wetland.

Throughflow.The movement of water through the soil.

Topogenous wetlandsWetlands which occur where water collects on flattish ground or in hollows.
Topogenous wetlands are maintained by retentiof precipitation, surface runoff or groundwater.
Water movement is predominantly vertical and overland, resulting in water ponding in depressions
such as valleys, basins and floodplains.

UKCP18Climate projections for the UK produced by the Meteorolab@ffice in 2018.

Water table. The level to which water will rise in a hole in the peatland, i.e. the upper surface of the
groundwater.

Wetland health. Through observation anehonitoringofthe currentwetland structure and
function, providesan indicaton of a state wherevital functions are performedormally.

Wetland mosaicAn area of wetland containing complex of many different wetland vegetation types.

Note: Keywetland glossary definitions sourced fro(Bruneau and Johnson, 2014; Rydin and Jeglum,
2013; Acreman et al., 2011; McBgzidt al., 2011)
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1. Appendix I: Definitions ofWetland Characteristics
by Gillian Donaldsoiselby and Stephen Addy

0.1 Research questions

The key research question that this appendix sought to answer were:

What is meant by wetland and the different hydrological wetland types?

What are the water supply mechanisms?

What are the different characteristics of wetland habitats in Scotland?

What are their physicecological supporting conditions?

What are the possible habitat conversion trajectories of these wetlands resulting frahuse
change and other factors?

=A =4 =4 =8 =4

0.2 Objective

Toundertake a literature reviewo LIN2E @A RS (KS LINRP2S0GQa 62Nl Ay3 RSTF;
water balance, as well as to present an introductory overview of the different habitats within the
typology of wetlands, describing their key characteristics and, where available, information about the

form of land use which may be found on them.

This objective also prepares the ground for the estimation of wetland health as covered in Appendix
IV. It also inludes discussion of what imeant by a degraded or healthy wetlany gathering
information from the literature on possible habitat conversion trajectories (transitions) for each of the
wetland habitats. This identifies drivers of wetland degradation e & possible consequences, for
example, in terms of transitions in species composition and habitat.

0.3 Approach and structure

The literature research used search engines (Google Scholar, WOS etc.) and collated/summarised an
initial selection of scietfic literature as well as the SEfAmmissioned report on water supply
mechanisms (SNIFFER, 2014). It has also made use of grg@ganaaviewed research that, although
preliminary and less certain, provides valuable new knowledge.

Section 1 provided Y i N2 RdzOG A2y 2y gSiGflyR 02yOSLIiad LG LINE
wetlands and of the five hydrological wetland types that have been adopted to categorise the broad

range of wetland habitats upon which the project focuses. The sectiodwdes by introducing the

approach to wetland water balance calculations.

Thereafter, in Section 2, information from a large body of literature has been compiled for each
specific wetland habitat grouped according to hydrological wetland types:

I Characteristics
9 Land uses found in the habitat
9 Possible habitat conversion trajectories

This Appendix concludes with:

1 Alist of knowledge gaps
i References

Appendix k Gillian Donaldsotselby and Stephen Addy
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1. An overview of wetlands and hydrological wetland types

1.1 Defining wetlands

The UNESCO ConventmmWetlands, otherwise known as the Ramsar Convention, defines wetlands

Fd aF NBFa 2F YIFINBRKI FSys LISIGtlIYyR 2N gl G§SNE ¢6KS
water that is static or flowing, fresh, brackish or salt, including areas of marater the depth of

GKAOK G t2¢6 GARS R2Sa y2i0 SEOSSR &4AE YSiNBagédo L
habitats such as marshes, peatlands, floodplains, rivers and lakes, and coastal areas such as
saltmarshes, mangroves, intertidaldiflats and seagrass beds, and also coral reefs and other marine

areas no deeper than six metres at low tide, as well as humade wetlands such as dams, reservoirs,

NAOS LI RRASA FyR ¢l aidSegl S RamsaiXbnievitdry Secretdfiaf, Ra |
2016,p9)

Although wetlands may occur in a wide range of landscapes, a common feature is the saturation or
waterlogging of their substratum for all or part of the year. Waterlogging occurs either when water
movement is either impeded by impermeable layers or wheruaderlying aquifer forces it to rise
(Acreman et al., 2011Wheeler and Shaw (199%jserve that waterlogging occurs in three main
conditions of water source and topography:

1 Topogenous wetlands occur where water from precipitation, surface runoff or groundwater is
retained in hollows (Figure 1).

9 Soligenous wetlands occurs on sloping ground where inflow from precipitation, surface runoff or
groundwater exceeds outflow (Figurg. 2

1 Ombrotrophic wetlands are exclusively fed by direct precipitation (Figure 3).

Topogenous

Figure 1 Water source in a topogenous wetlan@. DonaldsorSelby).
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Soligenous

Figure 2 Water source in a soligenous wetlar&. DonaldsofSelby).

l l i Ombrotrophic-

Figure 3Water source in a ombrotrophic wetland(E. DonaldsofSelby).

Water is the primary factor controlling the environment and the associated plant and animal life.

Mitsch and Gosselink (2015, p1i®jte that hydrology isthex & A y 3t S Y2ald AYLER NIl y i
the establishment and maintenance of specific types of wetlands and wetland précésse | @ RNR2 f 2 3
influences physical and chemical properties including:

1 soil and water salinity
1 nutrient availability
1 soil oxidative state
1 sediment dynamics

As well as substrate characteristics such as:

I texture
T pH

Hydrology also influences ecological aspects of wetland ecosystems for example the depth and
duration of water inundation determines the type, extent, and distribution of wetland vegetation

Appendix k Gillian Donaldsotselby and Stephen Addy
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communities. In turn the type and health of the wetland vegetatiais implications for the hydrology
of the wetland.

1.2. Hydrological wetland types
Bullock and Acreman (2003hus categorise wetlands into five types, based on three broad
hydrological features:

9 General catchment location (headwater vs floodplain)
9 Connectivityto water sources
9 Connectivity with downstream channels

Ly {80iGA2Y HZ 635 RS &fDwImesshyddofical cateydriest y R KF oAl G Q

1.2.1 Surface water slope

Physiceecological supporting conditions

Surface water slope wetlands occur on fairly flat and gentle slopes and are generally associated with
headwaters (Figure 4). Their water source itgguclude rainfall and snowfall, and they are not fed by
stream sources or groundwater. There is direct outlet connectivity with the river sy®&eftock and
Acreman, 2003; Acreman et al., 2011)

Overland Precipitation  Evapotranspiration

€

s)
i

PSS o el GRS dmed SE— g—

Figure 4 Surface water slopéS.DonaldsonSelby). Adapted fromCooper and Merritt (2012)

1.2.2 Surface water depression

Physiceecological supporting conditions

Surface water depression wetlands occur where precipitation and overland flow are collected in a
ground depression (Figure 5) and may be found in wgdaand lowlands. There is limited or no
hydraulic connectivity with groundwater and no surface water outlet. The water table is usually below
the ground level of the wetland. Water may only leave by ground infiltration and/or
evaporation/transpiration Bullo& and Acreman, 2003; Acreman et al., 2011)

Appendix k Gillian Donaldsotselby and Stephen Addy
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Overland Precipitation Evapotranspiration

R

—

Figure 5 Surface water depressio(5. DonaldsorSelby). Adapted fromCooper and Merritt (2012)

1.2.3 Groundwater depression

Physiceecological supporting conditions

Groundwater depression wetlands occur in surface depressionsctiratect with the groundwater

table (Figure 6) and are usually found in the lowlands. Their water sources include precipitation, runoff
and groundwater inflows. There is little or no surface drainage away from the wetland or connectivity
with the river sytem (Bullock and Acreman, 2003; Acreman et al., 2011)

Overland Precipitation Evapotranspiration

flow

—>
Groundwater
inflow

Figure 6 Ground water depressioifS. DonaldsofSelby). Adapted fromCooper and Merritt (2012)
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1.2.4 Groundwater slope

Physiceecological supporting conditions

Groundwater slope wetlands occur where geological conditions restrict the downward flow of water
(Figure 7) and are usually found in the uplands. There is hydraulic connectivity wittothelgater

which discharges as springs into the wetland. Water sources may also include precipitation and
overland flow. Water from the wetland may flow from the downslope of the wetland. There is direct
connectivity with the river systerfBullock and Acreman0R3; Acreman et al., 2011)

Overland Precipitation Evapotranspiration

flow
Streamflow

Groundwater ” e

inflow

Figure 7 Ground water slopgS. DonaldsofSelby). Adapted fromCooper and Merritt (2012)

1.2.5 Floodplain

Physiceecological supporting conditions

Floodplain mires occur onrelatively flat valleybottom surfaces alongside major
mature watercourses and are episodically flooded through overspill from the watercourse (Figure 8).
Water Inputs are dominantly upstream river flows. They are predominantly topogenous with a high
water table maintained primarily by the topography of theegWheeler, $84; Bullock and Acreman,
2003; Wheeler, Shaw and Tanner, 2009)

Overland  Precipitation Evapotranspiration

flow
\ l Overspill ’T

Main Marshy grassland
Channel or Fen

RS

Figure 8 A floodplain systen(S. DonaldsofSelby). The height of ground between main channel and fen has been
deliberately exaggerated.
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1.3 Calculating wetland water balances

The volume of surface and sshirface storage of water in a wetland will vary depending on the
relative contribution of inflows and outflows of water (Figure 9). Understanding the nature of these
fluxes is central to determining the water balance or chaimgeet water storage. Quantifyingater
balance is a commonly used tool to evaluate the hydrology of ecosydqtaker, Thompson and
Simpson, 2009)Iit conveys the relationship between hydrological inputs and outputs, facilitating a
determination regarding the imease or decrease of water within a wetland as well as the underlying
hydrological processes responsible for the chan(@sadker, Thompson and Simpson, 200%)e water
balance of a freshwater wetland can be expressed in the following equéaker, Thompson and
Simpson, 2009

kS=(Rclo) +tO+U+1+GCEDB(OcG-Go

kK { is changein storagewithin the wetland
R is precipitation directlyonto the wetland
lo is water intercepted by andsubsequentlyevaporatedfrom vegetationwithin the wetland

o) areinputs from overlandbow (bothA y U f (ieXdessahdzaturationexcess)

U, areA y b drégnéthe unsaturatedzone

I is inundation from water bodies(e.g.,sea rivers, lakesand estuaries)

G are groundwaterA y b Zrdnéthe saturatedzone

ET, isevaporationfrom openwater andthe soil andtranspiration from wetland vegetation

o) are2 dzii b Zaoverlandbow

G, are2 dzii b @agigdwithin channels

G, are2 dzii b @suliing from seepageand groundwater recharge beneath the wetland
H areanyA Y b Zamda dzii b @sulingfrom human activities

110
Inputs Outputs Storage
1 ¢ Precipitation B) 6 ¢ Evapotranspiration E)  9¢2 F 1§ SNJ ad 2 g 3
2 ¢ Overland flow Q) 7 ¢ Overland flow Qo)
3 ¢ Inundation () 8 ¢ Groundwater rechargelp)

4 ¢ Subsurface stormflowd)
5 ¢ Groundwater discharge (G

Figure 9 The water balance of a wetlan(based on Baker, Thompson and Simpson, 2009)
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Where inputs exceed outputs, water is stored either in the wetland soils and/or on the surface. Where
outputs exceed inputs there is a net loss of water from the wetland and the water table drops below
the surface(Tiner, 2016)All wetlands are affected by direct input via precipitation and outflow via
evapotranspiration. However, other inflow and outflow processes, and their relative influences, varies
both spatially and temporally. Spal variations depend on differences of landscape position,
topography, geomorphology, hydrological connectivity, soil and vegetation across a landscape.
Temporal variations for example over a year, may occur due to the seasonality of precipitation,
evapdranspiration and river flooding. Over longer timescales (e.g. annual or decadal) temporal
variations may occur as a result of alternating flood rich and flood poor periods observed in the UK
and EuropegPattison and Lane, 2012)onger term changes in climate or land use can also affect
wetland hydrology and can lead to changes in type, associated vegetation communities and, or
characteristic functioning. Although wetland types can be broalififierentiated by differences in
hydrology, within a single wetland type there can be considerable variation in one or more of the
variables determining its water balan¢Baker, Thompson and Simpson, 2009Jhis means the
hydrological functioning of a wetlandsite specific.

Appendix k Gillian Donaldsotselby and Stephen Addy
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2. Characteristics and habitat trajectories of wetland habitats

The wetland habitat types considered in this project and their relationship to the existing broader
hydrological classification of Bullock and Acreman (2003) and broad landscape position classes are
summarised in Table 1. In total 18 wetland habitat typevant to Scotland were considered. These

are grouped according to four landscape locations: upland wetlands, lowland wetlands, wet
woodlands and wet grassland/floodplain meadows.

Table 1 Wetland habitat types considered in this study in relation to hydrological wetland ty{@aillock and Acreman,

2003)and landscape position.

Raised bogs Surface water
depression

Transition Mires and
quaking bogs

Open water transition
fens

Baserich fens Groundwater slope

Reedbeds and swamps

Basin fens Groundwater
depression
Floodplain fens Floodplain

2.1 Upland Wetlands: Surface water slope

Fen woodland Groundwater
depression;

Alder woodland Groundwater slope;
Floodplain

Bog woodland Surface water slope

2.1.1 Blanket bog

Characteristics

Blanket bog Surface water slope

Wet heath

Depressions on Surface water
peat substrates depression
of the

Rhynchosporion

Baserich fens,
alkaline fens

Groundwater slope

Fen meadow

Groundwater slope;
Floodplain

Wet meadows,
marshy
grassland

Floodplain

Transition
grasslands

Transition
saltmarsh

Blanket bogs (ombrotrophic peatlands) are the most common form of upland peatland in Scotland
and hyperoceanic areas of the world. They can also be found in the lowlands in northern Scotland.

Appendix k Gillian Donaldsotselby and Stephen Addy
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They initially begin development goncave hollows and gentonvex crests and gradually spread,
following the underlying topography of the landscape like a blanket (Figure 10). Blanket bogs can occur
on g slopes of up to 35n the northwest Highlands. Blanket bogs are dependent on precipitation
(rainfall, snow and mist) and require that an equilibrium must exist between the supply of water by
precipitation, lateral drainage and evapotranspiratiBragg, 2002; SNIFFER, 20Blanket bog
develops through a mixture of paludification and infilling and may, in time, incorporate other types of
peatlands such as basin and raised bogs. Threstioféitic conditions for the formation of blanket

bogs is high rainfall (>1000mm p.a., >160 rain days p.a.), limited seasonal variability, a mean
temperature < 15C in the warmest month (limiting evaporation), and impeded drainagedsay et

al., 1988; Tallis, 1998; SNIFFER, 2014)

Figure 10Blanket bog at Balmoral Estate in Aberdeensh{&. DonaldsorSelby)

Land uses found on blanket bog

Land uses found on blanket bog may include: forestry (coniferous trees such as Sitka Spruce and
Lodgepole Pine), sheep grazing, wild harvest products (venison and grouse), limited peat extraction
(horticulture), recreation (wildlife watching, hiking, and fishirfgyorrall et al., 2010; Bruneau and
Johnson, 2014; Thom et al., 2019)

Habitat conversion trajectories

Blanket bog habitat may be negatively affected by burning, drainage, pollution, poaching, peat
extraction and climate ltange.This can resulin changes irspecies compositiord{sappearance of

dwarf shrubs andSphagnunp towards wet heath, dry heath, swamp, fen, bog woodland, wet
woodland, dry scrub, marshy grassland, montane grassland and bare eroded peatland (Table 2)
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(Ramchunder, Brown and Holden, 2009; Bruneau and Johnson, Rtkéased winter rains may then
lead to stripping of the peat, bog bursts and peat slifiegans and Warburton, 200A)ith changes
in species composition the peatland may change from a ¢afB®) sink to a carbon source.

Table 2 Possible trajectories for blanket bog in the event of drainage, erosion, peat cutting, lowered water tables,
excessive grazing or increased nutrition. Adapted from SNIFFER (2014)

Cause
TSevere erosion  [fiDrainage TLowered water [Drainage
removing allor  {Peat cutting to table followed by f[Chronic
most bare peat mineral floor scrub and tree | excessive
fi(increased nutrition) | invasion grazing
Tincreased
nutrition
Resulting fwet Heath f1Swamp fBog Woodland, f[Marshy
habitat fiDryHeath fFen fOther Wet Grassland
conversion Mwet heatht Woodland fMontane
fDry Scrub / Grassland
Woodland

2.1.2 Wet heath

Characteristics

Wet heath usually occurs on gently sloping, acidic, shallow peats (< 500 mm) or sandy soils with
impeded drainage, resulting in seasonal waterlogging. The water table is near ground level for a part

of the year.Erica tetralixends to be the dominant spées, rather than heather (found in dry heath),

as well as sedges a®phagnun{Figure 11). Wet heath are typically found in the north and west of

the United Kingdom at altitudes of 177m to 290m, rising to >500 m in the Cairng8MiSFER, 2014)

requiring a rainfall of between 1200mm to 1600mm per anniidolden et al., 2007; Hampton, 2008;

Wheeler, Shaw and Tanner, 2009; SNIFFER, 2009a; SNIFFER, 2009b; Rydin and Jeglum, 2013; Bruneau
and Johnson, 2014; SNIFFER, 2014)

1 Expert opinion from PSG member D. Spray, 22 September, 2021.
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Figure 11Wet heath, at Gartly in AberdeenshirgAndrew McBride)

Land uses found on wet heath

Landuse on wet heath may include: forestry, livestock, recreation (hiking, and mountain biking), wild
harvest products (venison and grouse) and construction (roads, buildings and wind (idemmg)ton,
2008; SNIFFER, 2014)

Habitat conversion trajectories

Wet heath habitat may be negatively affected by burning, drainage, pollution, poaching, peat
extraction, climatechange induced temperature changes, changes éltdiggical characteristics, and
alteration of water chemistryThis can resulin changes irspecies compositiond{sappearance of
dwarf shrubs an@&phagnumtowardsdry heath, woodland, peat bog, acidic / neutral grassland, bare
peat, and eroded peat (T&b 3; Hampton, 2008) SNIFFER (201dbserves that management for
livestock andgame (including burning) prevents wet heath from reverting to blanket bog or wet
woodland.
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Table 3 Possible trajectories for wet heath in the event of lowered water tables, insufficient or excessive grazing, raised
water tables, or increased nutrition. Adapted frorSBNIFFER (2014)

Cause
TLowered fLack of grazing [Tincreased [fRaised TLowered fLowered
water table | or burning nutrition water water table | water table
TExcessive table and and
grazing or increased increased
burning acidity nutrition
Resulting {Dry Heath  fMolinia TOther fPeat Bog fDry Heath fAcidic or
habitat dominated Wet | Marshy for very Neutral
conversion Heath Grassland Acidic Grassland
TWoodland Grassland
TErosion and Dry
Heath

2.2 Upland Wetlands: Surface water depression

2.2.1 Depressions on peat substrates of tRBynchosporion

Characteristics
Depressions on peat substrates of tReRynchosporioFigure 12) occur in complex mosaics on humid,
exposed peat on:

1 the edges of lowland welteath seasonal bog pools;

9 the patterned areas of valley mire;

9 transition mires;

1 the stripped areas and margins of bog pools and hollows in both raised and blanket bog

The typically open vegetation is characterised by the presence of:

Rhynchospora alba
Sphagnundenticulatum
Drosera rotundifolia
Drosera intermedia
Drepanocladus revolvens
Scorpidium scorpioides
Rhynchospora fusca
Lycopodiella inundata
Sphagnuntuspidatum
Sphagnunpulchrum
Drosera anglica

=4 =4 =4 =4 -4 -8 a8 -8 a9

And the absence of:

I Molinia caerulea
9 Trichophorum cespitosum

(Joint Nature Conservation Committee, 2002b; European Commission: DG Environment, 2013;
Mountford, 2018)
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Figure 12Depressions on peat substrates witRhynchosporiorat Methven Moss, Perth and Kinrogg&ndrew McBride)

Land uses found on depressions on peat substrates of the Rhynchosporion

No literature found. It occurs as a mosaic within more extensive/widespread habitats e.g. blanket bog,
and is therefore subjedb the management regimes/pressures acting on thesather than being
managed separately.

Habitat conversion trajectories

Depressions on peat substrates of tRiynchosporioabitat may be negatively affected lajr
pollution, anthropogenic changes rydraulic conditions, undeior overgrazing, invasive nerative
species, fire and fire suppressiofCountryside Council for Wales, 2011; Joint Nature Conservation
Committee, 2013)No table of information was available from SNIFFER regardindpledsajectories.

2.3 Upland and lowland Wetlands: Groundwater slope

2.3.1 Baseich / Alkaline fens

Characteristics

Baserich fens are primarily fed by minerahriched calcareous groundwater and/or surface water,
and are mainly confined to lowland ang@land areas of basech rock (e.g. limestone). They are more
limited in extent than acidic bogs but may be extensive around water bodies fed byribase
catchments (e.g. sprinfed fens, flushes, basin fens, soligenous track and soakaways). Their
hydrochemistry includes high calcium and magnesium and potassium cations with a pH >5.5, produced
by the surface or ground water, while poor in nitrogen and phosphorus nutrients. Development of
baserich fens is in permanently waterlogged soils with minimal wageel fluctuation. As in poor

fens, the water level is at or near the surface of the substratum and peat formation depends on a
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permanently high water table. Vegetation includes a wider variety of plaatbs, calcicolous sedges

YR Wo NP gRalstriefl2 chrinfitate-and animal communities than those fens fed by base

poor water. Sphagnummosses are often, but not always, absent. Communities may vary widely
between fens. They are extremely speeieh (Figure 13) , accounting for a third of Ukiveaflora, >

a half of UK dragonfly species, thousands of other insect species, and are an important habitat for
aquatic beetle§Whed SNJ I YR t N2POG2NE HannnT W2AY(d bl Gdz2NE /2y
~STFFSNIFYR WHYt 12 HanyT aO. NARS S Ff®X wnanmmT {b
Agency, 2019)

Figure 13Base rich Fen at Murder Moss, Scottish Bordéksdrew McBride)

Land uses found on baseh/alkaline fens
Base rich fens often occurs within a mosaic within more extensive hahitdtss therefore subject to
the management regimes and pressures acting on those.

Habitat conversion trajectories

The loss of a healthy basieh fenhabitat can be observed in a change in species composition to scrub

and woodland, which may result fromlak of management or cessation of traditional practices, or
eutrophication caused by runoff of agricultural fertilisers and herbicides. Appropriate management,
including grazing and cutting, can control the succession of rank species. Water abstraotitach

to lowered water tables thereby causing either a) drying out and desiccation of the fen habitat or b)

inflow from other water sources, exacerbating eutrophication and fluctuating water lévelS ¥ ¥ S N2 @t =
~ S ¥ T SahKkk; 2008; McBride et al., 201The current state of many Scottish fens is as a result of
traditional land use, including seasonal grazing and mo(8hNJFFER, 2014)
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2.4 Lowland wetlands: Surface water depression

2.4.1 Raised bogs

Characteristics

Raised bogs usually occur in lowland areas on wet floodplains, basins or depressions. They can b
recognised by their convex surface (Figure 14). They often develop afioeeotrophicfen peats,
forming anombrotrophic surface in the centre. They may alsom upon sections of blanket bog.
Where there is sufficient and regular precipitation, slower decomposition rates and faster peat
development occurs in the wetter centre, thereby raising the vegetation above surface water and
groundwater, in some casegproaching 10 metres above the surrounding landscape. Eventually the
entire surface becomes exclusively rainfed, with different growth rates (higher in the centre, lower on
the edges), to form a dome or raised bog. Surface and groundwater from the ésielylog centre

drains across the shoulder (rand) of the bog to the thinner margins of the bog (lagg), where nutrients
from underlying mineral soils and minerotrophic groundwater support fen vegetation (lagg fen). The
lagg may also contain a swamp habit®aised bogs require precipitation >475mm per annum
(Wheeler and Shaw, 200Qjndsay, 2010; Bruneau and Johnson, 2014; SNIFFER, 2014; Thom et al.,
2019)

)

Raised bog in Scotland originallyweced about 95,008la, approximately 5% of the total UK bog area.
Lowland raised bogs are now in decl{SNIFFER, 20143dlego-Sala et al. (2016)ote that a survey
of Scottish lowland bogs showed that of those raised bogs considered restorable:

1 Almost all had been damaged

1 97% had been affected by ditches

1 74% had been affected by substantial areas of woodland, planteohtifthe 1980s
1 9% were subject to commercial peat cutting for horticulture and fuel
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Figure 14Lowland raised bog at Threepwood Moss, Scottish Bord@msdrew McBride)

Land uses found on raised bogs

Substantial areas of lowland raised bogs have been converted to forestry, cropland, or improved
grassland for foragelindsay and Immirzi (199@pserve that the greatest proportion of habitat
change to raied bogs is the result of agricultural land conversibmose bogs used for arable or root
crops are usually subject to deeper drainage than those used for grass production. Often the peat has
been stripped rather than just drained. For example, near &iirlivhere the area of a raised bog was
once much more extensiveln many cases the lagg fen is no longer pregenith the land drained

and agricultural land extending right up to the edge of thebagwland bogs continue to provide
peat for the hortcultural and whisky industry, and in the past have supplied peat for heating. The
Scottish Government have committed to the cessation of peat extraction for horticulture. Although
Scottish Government policy on new planting on deep peat has changed ateestill extensive areas

of commercial forestry on raised bog. Where lowland peat cuttings have been abandoned the bogs
have developed into scrub or heath or filled with wateindsay, 201Maltby et al., 2011; Aspinall et

al., 2011; Bruneau and Johnson, 2014)

Habitat conversion trajectories

The loss of a healthy raised bog habitat can primarily be observed in the diminishment and
deterioration of the charactestic peat dome, caused by the deep drainage required both for
agriculture and mechanized peat extraction. When drained, the peat consolidates and desiccates,
creating macropores which further increases downward seepage, leading to oxidation. Vegetation

2 Expert opinbn from PSG membdd. Spray22 September, 2021.
3 Expert opinion from PSG member D. Spray, 22 September, 2021.
Appendix k Gillian Donaldsotselby and Stephen Addy Page |17



6 CENTRE OF
EXPERTISE
FOR WATERS

composition (dwarf shrubs an8phagnummay become dominated yioliniaor Callund species, or
give way to bare pedRegan et al., 2019)

2.5 Lavland wetlands: Groundwater slope

2.5.1 Transition mires and quaking bogs

Characteristics

Transition mires form in areas of high groundwater input, surface water fed basins, and in floodplain
settings (e.g. the Insmarshes on Speyside), and at the edge of bogs and valley Y&getation and

ecology are transitional between fen and bog, and surface conditions can range from acid bog to base
rich fen. They are often associated with level, static open waters vatiaeacteristic higtwater table.

Floating mats of vegetation may form around the edge of the open water which are very unstable
JAGAY3I NRAS G2 GKS GSNXY WijdzZr 1Ay3a 623Q 6CAITdzNBE wmp
known as aschwingmer. Welldeveloped examples will exhibit large, bryophgeminated,
ombrotrophic hummocks, and hollows with minerotrophic dominated species, which give rise to the
transitional bog hydrochemistry. Where the vegetation mat overlies water, the bog withmiddall

with fluctuating water levels, whereas if it overlies peat vertical movement will be limited. Transitional

and quaking mires can be found in the Scottish Highlands, Perth and Kinross, and 8Boattsh

(Wheeler and Proctor, 2000; Joint Nature Camadon Committee, 2002a; McBride et al., 2011;
Kimberley and Coxon, 2013; European Commission: DG Environment, 2013; SNIFFER, 2014; Lindsay,
2016;)
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Quaking bog
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—pGroundwater flow
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[ \ '\'\,_ R — ; / j
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\
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/ PR ' \
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Figure 15Conceptual model of a quaking bdbased on SNIFFER, 2014)

Land uses found on transition mires and quaking bogs

Quaking bogs may often be managed as part of a wider managementhnimanagement outside

the extent of this particular wetland may affect it. For example, where it is unmanaged, livestock may
graze the drier edges.

Habitat conversion trajectories

Transition mire and quaking bb@bitatmay be negatively affected bgweredwater tables, excessive
grazing, increased nutrient levels, and increased acidity. This can iesaltanges inspecies
composition towards fen, swamp, open water, peat bog, poor fen, or rich fen (Table 4). Quaking bog

4 Expert opinion from PSG membex. Spray22 September, 2021.
5 Expert opinion from PSG membex. Spray22 September, 2021.
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is the dominant habitat in the Insinarshes, which is most likely strongly influenced by summer
groundwater floodingGrieve, Gilvear and Bryant, 1995; SNIFFER,.2014)

Table 4 Possible trajectories for transition mires and quaking bogs in the event of lowered water tables, insufficient or
excessive grazing, raised water tables, orre@sed nutrition. Adapted from(SNIFFER, 2014)

Cause
fMLowered fExcessive [fincreased [[Raised fTLowered fLowered
water table | grazing nutrients water table | water table | water table
and and increased
increased nutrition
acidity
fLoss of fFen fFen TSwamp fPeat bog [Rich Fen
Resulting | floating fiOpen water [Poor Fen
habitat rafts
conversion [TOther wet
woodland

2.5.2 Openwater transition fens

Characteristics

Openwater transition fens develop where the groundwater table creates level and relatively static
open water bodies such as lakes, oxbow lakes, pools and reservoirs (Figure 16). They are widespread
in Britain. Operwater transition fens and basin fens asamilar but differ in that the proportion of

water in openwater transition fens is greater than that of basin fens. Fleating vegetation may
establish on the fringes of the water body and gradually infill the basin. Uplandwegatar transition

fens ae generally bas@oor, while those in lower catchments may be baish, depending on the
underlying bedrock and mineral bagéoint Nature Conservation Committee, 1989; Wheeler, 1984;
SNIFFER, 2014; Lindsay, 2016)
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Figure 16 Anopen water transition fen Kilconquhar Loch, Figdndrew McBide).

Land uses found on transition fens
Drainedopenwater transition fens may be used for agricultuyerimarily grazing for animals.

Habitat conversion trajectories

Openwater transition fen habitat may be negatively affected blganges in water level, and
eutrophication caused by nutrient enrichment. Water abstraction may either lead to a) lowered water

tables thereby causing inflow from other water sources thereby causing acidification or
eutrophication, or b) desiccation and idation of the peat. This can resuhl changes irspecies

composition to marshy grassland, wet woodland, degraded fen, poor fen to rich fen, swamp or
reedbed, or open water (Table 5 STFTFSNR Ot = ~STFSiedtal RO VI {Z HAnyT

Table 5 Possible trajectories for opemvater fens in the event of lowered water tables, poor or excessive grazing, raised
water tables, increased acidity or increased nutrition. Adapted fr@dNIFFER (2014)

Cause
fMLowered fPoor grazing [fincreased [fRaised waterff[Lowered [Lowered
water table | management | nutrition table water table | water table
fNo grazing and and increased
TExcessive increased | nutrition
grazing acidity
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Resulting fiMarshy fOther wet fPoor Fen f[Swamp or [TRich Fen toff{Marshy
habitat grassland | woodland to Rich Fen| Reedbed Poor Fen | Grassland
conversion [TOther wet [Degraded Fen Open water [TMarshy fOther wet

woodland Grassland | woodland

TWet Heath

2.5.3 Reedbeds

Characteristics

Natural reedbeds require standing water and can be found next to or near streams, lochs, floodplains,
canals, basins and valley bottoms, often in swdikg settings. The dominant species is the common
reed Phragmites australiswhere reedbeds are adjacemd rivers or lochs, surface water is the
dominant water source, and may be inundated during high river or loch levels. The dominant water
source for reedbeds situated in basins or valley bottoms is groundwater and overland flow and the
water table is les$ikely to remain near the surface compared to reedbeds supplied by loch or river
water sources (Figure 17). Reed growth requires a stable water regime and are therefore uncommon
in agquatic environments which are subject to erratic variation in water sevReedbeds provide a
hydromorphological function by absorbing wave energy, thereby protecting the banks of rivers and
lochs from erosiorfNatural England, 2008; McBride et al., 2011; SNIFFER, 2014)

'

Figure 17Reedbed at Kilconquhar Loch, Fi{fandrew McBride)
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Land uses found on reedbeds
The main land uses of reedbeds include cutting for commercial thatching, basketwork and biofuels, as
well as for grazing. Constructed reedbeds are used forifitjeiarm effluent and pollutiofSNIFFER,
2014)

Habitat conversion trajectories

Reedbed habitat may be negatively affected by lowered water tables, heavy grazing, raised water
tables, increased nutrition levels arising frodrainage, engineering works, changes in farm
management, and pollution. This cegsultin changes ispecies composition to fen, aquatic habitat,
eutrophic swamp, talherb fen, rich or poor fen, and marshy grassland (Table 6; SNIFFER, 2014)

Table 6 Possible trajectories for reed beds in the event of lowered water tablasavy grazing, raised water tables, or
increased nutrition. Adapted fronSNIFFER (2014)

Cause
fLowered THeavy fincreased [TRaised TLowered fLowered
water table | grazing nutrient water table | water table | water table
inputs and and increased
increased nutrient
acidity inputs
) fMFen TAquatic fMEutrophic  [TSwamp TPoor Fen  fIRich Fen
Res.ultlng habitat Swamp fMAquatic MMarshy fMarshy
habitat fTaltherb habitat Grassland | Grassland
conversion Fen
2.5.4 Swamps
Characteristics

Lowland swamps (< 350 mADd&e found in flat to gently sloping topography, mostly along stream or
loch locations, as fringes along open water or in estuarine/coastal settings. They may also occur on
the edges of fens and saltmarshes, basins, valley bottoms, as well as withisldokeand machair
habitat (Figure 18). Upland swamps are restricted to narrow margins surrounding lochs and lochans.
The dominant water source for swamps on loch shores and floodplains is from adjacent water bodies
during flooding, which can occur throughicdhe year. Where there is no directly adjacent waterbody,
groundwater is an important source. Water table levels tend to be above ground most of the year,
including summer, although large fluctuations are possible, particularly where swamps are fed by
suface water. Swamps near open water (loch, river or estuary) are dominated by the respective
bodies water levels leading to periodic inundation. High groundwater tables may also lead to
inundation of swamps in low lying areas. Depending on geomorpholcggtiihg, there may be a
significant depth of standing water, providing permanently waterlogged conditBwrakish swamps

may be found in areas subject to seawater flooding upon dune and machair, and where there is a
mixing of fresh and saline waté8cottish Natural Heritage, 2010; SNIFFER, 2014)
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Figure 18 Swamp habitat at LogieraiMires, Perth and KinroséAndrew McBride)

Land use$ound on swamps

The main land uses of reedbeds include cutting for commercial thatching, basketwork and biofuels, as
well as for grazing. Constructed reedbeds are used for filtering or attenuating farm effluent and
pollution (SNIFFER, 2018NIFFER (201#)tes that direct management of inland and coastal swamps

in Scotland is minimal as managemeantisually undertaken on the adjacent water body or land. Chief
management pressures are grazing, water abstraction and changing nutrient levels. The exception is
those swamps used for sustainable drainage systems (SuDS), which require vegetation maitiiig a
removal. Artificial swamps may also be used for effluent and pollution treatif&WtFFER, 2014)

Habitat conversion trajectories

Swamphabitat may be negatively affected bgised or lowered water tables, preferential grazing, and
increased nutrient levels. This can resnlthanges ispecies compsition towards rich fen or poor

fen, marshy grassland, and aquatic habitat (Tabl&ludrient enrichment from agriculture has caused
eutrophication of many Scottish lowland swamps, while upland swamps remain relatively natural.
Grazing and cutting will fluence species composition and, if carried out regularly, can prevent rank
species from replacing those less able to compete. The presence of sheep and cattle along unfenced
river banks and loch shores may lead to denuding and poaching of the wet edgehyttdamaging

roots and rhizome$SNIFFER, 2014)
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Table 7 Possible trajectories for swamps in the event of lowered water tables, increased acidity, preferential grazing,
raised water tables, or increased nutrition. Adapted fro(8NIFFER, 2014)

Cause
fMLowered [fPreferential [fincreased [Raised fLowered fTLowered
water table | grazing nutrient water table | watertable | water table
levels and and increased
increased nutrient levels
acidity
_ fFen fChangein [Changein [[Changein fPoor Fen [[RichFen
Resulting  igmarshy Swamp NVC | Swamp NVC Swamp NVCfMarshy fMarshy
habitat Grassland [flLoss of fAquatic Grassland | Grassland
conversion Swamp habitat

2.6 Lowland wetlands: Groundwater depression

2.6.1 Basin fens

Characteristics

Basin fens may form in kettle holes, the swales between beach ridges, and the embayments of seas
or lakes that have been isolated by beach ridges. They are often small and usually waterlogged,
receive water from a range of sources including rainfall,agérfrunoff, groundwater and influent
streams. They are usually four southern Scotland on suitable slopes. They may be located in
lowland and upland settings and may benefit from high precipitation levels, lower temperatures and
higher levels of cloudawer associated with hilly ground or montane regidmnssome cases they may

be succeeded by raised bogdroundwater inflow is normally nutrient deficient but may range from
baserich to basepoor. The variety of vegetation is determined by a mix of watgoply mechanisms,
vegetational succession and management. Vegetation may, in time, form a floating mat
(schwingmoof; Figure 19) which may eventually cover the water b@theeler, 1984; Joint Nature
Conservation Committee, 2004; Rydin angdldm, 2013; Lindsay, 2016)

6 Wheeler & Proctor (200Guggest that the ternschwingmooiis used onlywhere the mat covers thahole
site
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Figure 19Basin fen, at Whitlaw Mosses, Scottish Bordéfmdrew McBide).

Land uses found on basin fens
Drainage, afforestation and grazing are the most common types of land management which affect
lowland fens in Scotlan@icBride et al., 2011)

Habitat conversion trajectories

Basin fenhabitat may be negatively affected by raised or lowered water tal#esessiveor no
grazing, increased nutrition levels, and increased acidity. This can iasalianges inspecies
composition towardsnarshy grassland, wet woodland, degraded fen, rich fen or poor fen, swamp or
reedbed, open water, or wet heath (Table(8)cBride et al., 2011; Natural England andiPBS2014;
SNIFFER, 2014)

Table 8 Possible trajectories for basin fes in the event of lowered water tables, poor or excessive grazing, raised water
tables, increased acidity, or increased nutrition. Adapted frq®NIFFER, 2014)

Cause
TLowered Poor grazing [fincreased {fRaised [flLowered waterffLowered
water table | management | nutrition water table and water table
No grazing table increased and increased
Excessive acidity nutrition
grazing
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fTMarshy TOther wet fPoor Fen ff[Swamp/ fRich Fento  [TMarshy
Resulting grassland | woodland to Rich Fen| Reedbed | Poor Fen Grassland
habitat fOther wet [fi[Degraded Fen TOpen fTMarshy TOther wet
conversion | woodland water Grassland woodland
TWet Heath

2.7 Lowland wetlands: Floodplain

2.7.1 Floodplain fens

Characteristics

Floodplain fenglevelop on waterlogged, periodically inundated floodplains adjacent to streams and
rivers(Figure 20)Riverbank levee prevénor limits the flow of floodwater back into the river, which
then continues to move slowly downstream thereby causing waterloggedfpeaing conditions.
Floodplain fens may also form on flat valley bottoms where the watercourse is small and overbank
flooding is not substantial. Groundwater may be a significant water supply source. Floodplain fens are
some of the largest fen complexes in the UK often supporting shallow lakes and pools within the
surrounding fen. Areas @naerobicstagnant water favouthe development of peaforming species
(e.g.Sphagnunspp) which, aided by the high humidity on the floodplain and regular precipitation,
may develop large ombrotrophic raiséag domes. Floodplain fens in Scotland, such as the Insh
Marshes, are generally bagmor (Wheeler, 1984; McBride et al., 2011; Lindsay, 2016; Thom et al.,
2019)

—

Figure 20A floodplain fen on Speyside, Highland (Andrew McBride).
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Land uses found on floodplain fens
The chief land use of floodplain fens is agriculture.

Habitat conversiofrajectories

Floodplain ferhabitat may be negatively affected bgised or lowered water tables, excessive or no
grazing, increased nutrition levels, and increased acidity. Habitat may altelbted both by direct
drainage and by reducetbnnection with the river due to construction of flood bankkis can result

in changes ispecies composition towards marshy grassland, other wet woodland, degraded fen, rich
or poor fen, swamp or reedbed, open water, or wet heath (Table 9). Floodglagnhave a medium

to high risk of enrichment from floodwaters and groundwater, particularly in intensively farmed
landscapegWheeler, 1984; McBride et al., 2011)

Table 9 Possible trajectories for floogblain fens in the event of lowered water tables, poor or excessive grazing, raised
water tables, increased acidity or increased nutrition. Adapted frd®NIFFER, 2014)

Cause
fMLowered [Poor grazing [fincreased [TRaised waterff[lLowered [f[Lowered
water table | management | nutrition table water table | water table
fNo grazing and and increased
TExcessive increased | nutrition
grazing acidity
fTMarshy TOther wet fPoor Fen f[Swamp / TRich Fen tofTMarshy
Resulting grassland | woodland to Rich Fen| Reedbed Poor Fen | Grassland
habitat fOther wet fDegraded Fen fOpen water {TMarsh fOther wet
conversion | woodland Grassland | woodland
fTWet Heath

2.8 Wetwoodlands: Groundwater depression

2.8.1 Fen woodland

Characteristics

Also known as fewarr, fen woodlands are mainly found on topogenous sites throughout the lowlands
- floodplain fens, open water transition fens and basin fens, as wéll B®lated woodland stands,
and may extend into open fen areas (Figures 21 and 22). Vegetation is doming&atixgpp Alnus
glutinosa, Betula spp and rarer fen species such d@&hamnus catharticus and Frangula
alnus.Large sedge tussocks grow in the water bdlyint Nature Conservation Committee, 1989;
McBride et al., 2011Wheeler (1984hotes the development of fen woodlands occurs in the following
steps:

Initial lake muds under a shallow depth of open water

Colonisation by a senflioating reed swamp, dominated largely Dypha angstifolia

Development into a wetPhragmites australidominated "early fen"

Subsequent colonisation by tussock<Jair ex paniculatdprming a secondary swamp
Colonisation of the tussodiops by trees (alder and willow) causing depression and degenaratio
of the fen raft, leading to the development of a swaitgur

Gradual stabilisation into mature fen woodland

=A =4 =4 -8 -4
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Figure 21 Fen woodland at Blackpool Moss, Scottish Bordgisndrew McBide).

Land uses found on fen woodland
Fen woodland has value as a source of timber.

Habitat conversion trajectories

The loss of a healthy fen woodland habitat can be observed in increases to woodland density,
indicating intenal enrichment and, or drying out of the féRcBride et al., 2011) This could lead to
transition to established deciduous forest cover.

2.9 Wet woodlands: Groundwater slope / Floodplain

2.9.1 Alder woodland

Characteristics

Alder woodlands form part of wet woodlands characterised by afdeus glutinosand willowSalix
spp. on floodplains in a range of situations ranging from islands in river channelsligrigwetlands
(Figure 22). The habitat consists typically of basle, poorly drained or seasonally flooded soils, such
as in fens and bogs, pond and lakesides, river banks, and flushed h{iRédedken, 1981; Lake et al.,
2015; The Wildlife Trusts, 2020)
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Figure 22 An alder dominated woodland, the Quithel Wood (SSSI) in the riparian zone of the neim&Kiver Dee in
Aberdeenshire (S. Addy).

Land uses found on alder woodland
Alder woodland have been extensively drained for agriculture and has limited value for timber
production.

Habitat conversion trajectories

Riverine woodland clearance has elimirchitmost true alluvial forests in the UK and converted them
to farmland(Lake et al., 2015)n some cases however, wet woodland has expanded due to lack of
management by grazing/cuttiig

2.10 Wet woodlands: Surface water slope

2.10.1 Bog woodland

Characteristics

Bog woodland consists of mature Scots Pine scattered across an ombrotrophic (rain fed) bog surface,
without loss to other bog species (Figure 3NIFFER, 2009Bog woodland is a conservation priority
habitat type under the EU Habitats Directive and is rare in the UK, maintaining a fine balance between
tree growth and bog developmeriBruneau and Johnson, 2014)is usually located on topographies
ranging from wet hollows on gentle slopes to valley bogs in the highlands. They are found in the
Cairngormsand a few other places in Scotland, typically located at altitudes from 0 to 600 m, where
rainfall is high. However, drying out of upper peat layers during dry summer periods may be necessary

" Expert opinion from PSG membex. Spray22 September, 2021.
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for the establishment of tree roots. Peat depths can vary 50, SNIFFER, 20143NIFFER (2014)
OAGAY3 hQ{dzZE t AGFYyI wmpT T3 2991) duBgésts thatdhe oakity df JoBR 5 NH
woodland is probably the result of losigrm loss of native pine woodland, an expansion of blanket

bog, forest clearance, and grazing pressure.

Figure 24 Bog woodland at Abernethy, Highland (Andrew McBride).

Land uses found on bog woodland
Land use on bog woodland include grazing, forestry, peat cutting and tree harvesting. Many of the
degraded UK raised bogs have succeeded to cloaadpy pinewood oribchwood (SNIFFER, 2014)

Habitat conversion trajectoes

Bog woodland habitat may be negatively affected by burning, drainage, pollution, poaching, peat
extraction and tree harvestingThis can resulin changes inspecies composition towarddry
woodland, degraded bog woodland, bog, and degraded bog (TEB)lelncreased rainfall under
climate change could lead to extensive waterlogging and a reversion to blanket bog. A decrease in
rainfall could allow the bog woodland to dry out, leading to encroachment by more trees, resulting in
a closed canopy woodlanl®NIFFER, 2014)
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Table 10 Possible trajectories fobog woodland in the event of lowered water tables, insufficient or excessive grazing,
raised water tables, or increased nutrition. Adapted fro(8NIFFER, 2014)

Cause
fLowered fincreased [fincreased [fRaised fLowered fTLowered
water table | grazing nutrition water table | water table | water table
pressure and and increased
increased nutrition
acidity
Resulting [Dry fTDegraded [fiDegraded [Bog fiDegraded Dry Woodland
habitat woodland bog bog bog
conversion fWoodland / | Woodland / Woodland /
Bog Dry Dry
woodland woodland

2.11 Wet grassland / floodplain meadoviaroundwater slope / Floodplain

2.11.1 Fen meadow

Characteristics

In the UK, fen meadows, rush pasture and associated mires are restricted to moist, seasonally
waterlogged and slowly permeable soils (e.g., Stagnogley soils, Stagnohumic gley (humose) soils o
Stagnohumic (peaty) soils; (Figure 25). Stagnohumic gley soils are the soil type most commonly
associated with this wetland typéJiddleton et al. (2006) note that in Europe fen meadows are
classified as ground or surface wafied mown grassland that is not peat forming as they were formed
after partial drainage of a fen or developed on moist soil. Consequently, fens and fen meadows are
considered to be different ecosystentsen meadows aressociated with lowland fens but occur on
drained or drier soils. In the past natural fens with a sufficient supply of-belsegroundwater was

able to stabilise the nutrient poor fen vegetation over many centuries. However, since the middle
ages, many fes have been partially drained, forming (fen) meadows requiring management of some
form and then used as unfertilised grasslands, thereby creating species rich vegdtat®ootland
Juncus acutifloruandJ. articulatusare the main rushes found in feneadows, together with sedges

and a wide variety of forbsA slow groundwater flow is required to maintain the high biodiversity,
prevent erosion and stabilise nutrient recycliffheeler, 1984; Middleton et al., 2006; Grootjans and

Van Diggelen, 2009; Scottish Natural Heritage, 2010; Tallowin, 2011; Natural England, 2014; Lake et
al., 2015)
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Figure 25Fen Meadow, Lauder, Scottish Borders (Andrew McBride).

Land uses found on fen meadows

After 1946 agriculture became increasingly mechanised and there was no longer a need to use fens
for pasture. Consequently, mowing of fen meadows ceased, causing a shift from shorter, diverse,
vegetation to taller and woody herbaceous vegetat{dfiddleton et al., 2006)

Habitat conversion trajectories

Fen meadow habitat may be negatively affected by hydrological changes, eutrophication,
fragmentation, sedimentation, cessation of grazing and climate chd@geotjans et al., 2006;
Middleton et al., 2006; Tallowin, 2011; McBride et al., 20This can resulin changes irspecies
composition towards rank species.

2.12 Wet grassland / floodplain meadow: Floodplain

2.12.1 Wet meadows / marshy grassland

Characteristics

Marsh grasslands occur on relatively level, seasonally saturated, areas of mineral dailg, tlae
perennial highwater tables of fens or the large water table fluctuations of marshes, and generally do
not form deep peat soils (Figure 26). Tlwnt Nature Conservation Committee (20h@pitat survey
describes marshy grassland as a broad category covering certain purple moor grass grasslands;
grasslands with a high proportion of rush, sedge or meadowsweet species; antheastows
supporting communities of marsh marigold and valerian, with a predominance of broadleaved herbs
rather than grasses. Marsh grasslands provide a broad range of provisioning, regulating and cultural
services. They are often created by tpartial reclamation of natural floodplain wetlands he
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vegetation is generally the result of agricultural treatmermtsntrol of the flooding regimdpngterm

mowing and, or grazing, often on degraded lafddint Nature Conservation Committee, 2010;
Acreman and Mountford, 2010; Cooper and Merritt, 2012; SNIFFER, 2014; Mainstone, Hall and Diack,
2016)

Figure 26 Marshy grassland dominated by rushes aMblinia species on the Allanmoréoodplain of the River Dee, near
Braemar in Aberdeenshire. (S. Addy

Land uses found on wet meadows
Wet meadows are often used for livestock forage and hay production.

Habitat conversion trajectories

Wet meadows and marshy grassland habitat may be neggt affected by excessive drainage,
nutrient input, and a lack of management for example ungezing. This can result in changes in
species composition towards rank species.

2.12.2 Transition grasslands

Literature on transition grasslands is lackirmgaae clear definitions.However, their vegetation and
hydrology are likely to be intermediate between wet meadows/marshy grasslands described above
and drier, rough grassland

2.12.3 Transition saltmarsh

Knowledge on transition saltmarshes (Figure Z7pparse. They occur in association with true
saltmarshes but have a lower inundation regime (Webb et al., 2018). Vegetation communities that
occur in transition saltmarshes are intermediate between true saltmarshes and those vegetation
communities thatare adapted to saline environments (e.g. reedbeds; Webb et al., 2018).
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3. Knowledge gaps

The following wetlands had very little literature associated with them on tipeireral character:

9 Transition grasslands
9 Transition marshlands

There was a lack of knowledge on the change trajectory of the following wetland types:

baserich/alkaline fens

raised bogs

fen woodland

alder woodland

Fen meadow

depressions on peat substrate§the Rhynchosporion

=A =4 =4 =4 -8 -4
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2. Appendixll: Water Holding Capacity of Wetlands

by Stephen Addy

0.1 Research questions

The key research questions that this appendix sought to answer were:

1 What are the different types of water holding features that naturally functior(imgdisturbed)
wetlands provide?

1 What are the spatial and temporal controls on water holding capacity?

1 How does the water holding capacity of different wetlands vary?

0.2 Objective

To produce a literature review of information on the water holding capacity of each type of wetland
and how it relates to characteristics such as soil profile, extegogspiration or other criteria.

0.3 Approach

This review begins with a summary (Sectignol general water holding concepts in relation to
wetlands. The rest of the review (Section 2) is structured according to the same wetland habitat
typology presented in Appendix |. The literature research has used search engines (Google Scholar,
WOS etg and collated/summarised the scientific literature as well as the SBR¥nissioned report

on water supply mechanisms (SNIFFER, 2014). It also reviewed gr@ganarviewed research.
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1. General concepts water holding capacity

1.1 Defining water holding capacity

As covered in Appendix |, the storage of water held in a wetland reflects its water balance (McCartney
and Acreman, 2009). The water holding capacity of a wetland can be divided into two types: used
water storage and avaitde free storage with the balance between the two varying (Figure 1). When
all available storage is used, compared to other terrestrial landscape features, wetlands have the
potential to hold considerable quantities of water.

A Vegetation
controlled rainfall
interception & A Precipitation input
evapotranspiration
\a., ; A Surface water
W W ASurface water storage WIPOY & anput
Ground surface || ' — |

! P—=Available (free)
storage

AWater table
Saturated layer

(groundwater)

'A Groundwater Drift deposits,
input & recharge deep peat and/or — Used storage
bedrock

Figure 1 Conceptual summaryof wetland water holding characteristics. Note not all wetlands are connected to
groundwater or surface water and the combinations of input and outputs are not universal.

Water within a wetland is stored both at and beneath the ground surface (Figur&bove the ground
surface water is stored as open water where it collects in hollows and channels. Beneath the ground
surface, water is stored or flows through the soil (i.e., throughflow) in the unsaturated zone between
soil pores or at depth withithe saturated zone as groundwater (i.e., saturated zone beneath the level
of the water table). The saturated zone is not static with the water table varying sgeatiporally in

height and potentially spans the soil, and permeable soil parent matefadrbck or superficial drift

(e.g., sedimentary deposits overlying the bedrock) layers. Moreover, soil moisture levels also vary
depending on pedological characteristics and nature of overlying vegetation.

Several metrics are calculated to assess the watdding characteristics of a wetland (Table 1).
Frequently, the water table is used to characterises the hydrology and to give a metric of the nature
of water storage in a wetland (Gilvear and Bradley, 2000; see Table 1). Water tables can alsdybe readi
measured using manual measurements taken from a dipwell or piezometer instruments over long
time to give an understanding of spatiotemporal variability of wetland hydrology (Gilvear and Bradley,
2000; SNIFFER, 2014). Ideally water tables should beuredagver several years to account for
interannual and seasonal variability. Other less commonly used metrics to characterise the hydraulic
properties and retention of water in wetlands include soil hydraulic conductivity, specific yield and the
extent o surface water inundation (Table 1).
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Table 1 Summary of metrics used to characterise the water holding characteristics of wetlands.

Metric Definition Method Application and References
examples metrics
Water table Synonymous with | Measured using | Allows Duval and
waterlevel. The | manual understanding of | Waddington,
fluctuating measurements | maximum and (2018);
boundary in dip-wells or minimum ranges of| Bradley et al.,
between automatically water table for (2010);
unsaturated with electronic | different wetland Grieve et al.,
conditions above | piezometric types over annual, | (1995)
and saturated instruments. summer and winter
conditions below periods. Percentage
(groundwater). exceedance curves
When a wetland is and percentiles
saturated, water values (e.qg.
table level is at or medians, 5%
above the surface) percentile 95%
percentile) can be
produced (e.qg.
SNIFFER, 2014).
Hydraulic Describes the rate| Measured using | Allows Duval and
conductivity of water water table level| understanding of | Waddington
movement recovery tests in| hydraulic (2018);
through a dipwells and conductivity of a Gilvear and
material. boreholes. Erron material. This giveg Bradley
from this information on the | (2000)
technique can | rate of water
be large so movement and
multiple ability to retain
measurements | moisture in the soil
are needed. under saturated
and unsaturated
Can also be conditiors.
measured using
infiltration ring
tests or lab
analysis of
saturated and
dry soil cores.
Specific yield Measure of the Lab analysis of | Gives an indication| Duval and
quantity of water | saturated and of water retention | Waddington
movement to or | dry soil cores. capabilities of a soil (2018);
from storage Baggaley et
(associated with | Field al., (2009)
movement up or investigation
down of the water | With theta
table). probes.
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Soil moisture Measure pore Neutron probe | Give an indication | Dimitrova
water content or | (Pore water of soil water Petrova et
pressure. content) storage al., (2020);
characteristics. Marshall et
Tensiometer al., (2014);
(pore waer Bradley et al.,
pressure) (2010)
Cosmic Ray
Neutron
Sensors.

Areal extent of Area of wetland | Mapping using | Gives an indication| Baker et al.,

surface water surface field techniques | of surface water (2009);
submerged by or remote storage. When Gilvear and
water. sensing. combined with Bradley

information on (2000)
water depth and

underlying

topography,

volumetric

calculations of
water storage are
possible.

Measurement of water tables can be used to give an indication of the whole surface water balance of
peat mires (Bragg, 2002). It also gives an indication of the amount of used saturated water storage
and free, available storage the unsaturated zone above. Wetlands are defined by an excess of inflow
over outflow for a given period but seasonal and longegm changes to water balance can occur
(Gilvear and Bradley, 2000). Over a given period of time, a hydrological feasaiid to be in storage
deficit if it has a negative balance whereby outputs from the wetland exceed inputs. This condition as
indicated by a relatively low water table and reduced extent of surface water inundation during dry
conditions. In contrast dumg wetter periods, a storage surplus situation occurs where inputs exceed
outputs and there is no additional unsaturated storage available. These conditions occur when the
water table has risen to above the surface leading to a relatively deeper and exithart of surface
inundation.

1.2 Controls on water holding capacity

The different combinations and regimes of in and-fatvs that determine water balance as outlined

in Appendix 1, is an important control on wetland type and in turn potentially wabégtihng capacity
(Baker et al 2009). For example, ombrotrophic (i.e.-fad) raised peat mires are not connected to
groundwater or external surface water inputs but are affected by inflow via precipitation and outflow
via evapotranspiration and potentlglsurface water runoff. As explored further in Section 2.1.2, such
wetlands where undisturbed, tend to be fully saturated to a level close to or at the ground surface all
year round thus having limited available free water storage. In contrast to pgasna floodplain
wetland that is also controlled by surface water input from an adjacent river that seasonally floods
and potentially other sources of inflow, may show a greater variation of water balance and level of
saturation through the year (Gilveand Bradley, 2000). Thus, floodplain wetlands may more often
have available free water storage.
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The volume of water that is stored and nature of its storage (i.e., duration, storage type: on the
surface, in the soil as moisture or as groundwater) haevemay vary temporally and spatially
depending on hydrological processes both operating within the wetland and the wider adjacent
catchment area (Figure 2). Within a wetland, the nature of the topography is amongst the most
important controls on how muctvater is stored and moves on the surface or is absorbed in the sub
surface through infiltration. Hollows, dips and channels can catch and maintain water storage
received from multiple sources (Acreman and Holden, 2013).

The hydrological connection ofvgetland to the adjacent landscape is also an important control. For
SEIFYLXSE AT | ¢6SGftlyR A& &t2LAyYy3 2N KIFIa |y 2dzif
compared to an isolated, topographical basin with no connection to a surface watet.oéthother

connectivity aspect that determines differences in storage of water throughout a year for a given
wetland type is its size relative to the contribution area (Baker et al., 2009). For example, a receiving
wetland with a large upland contribuniy area relative to its size would have a larger surface inflow
component relative to a larger wetland with a smaller contributing area.

Internal controls External ontrols
T Topography 1 Hydrological connection
f  Evapotranspiration to catchment
Vegetation T  Climate
1 Hydraulic properties of 1l S'ZE; yge'f[!and relative to
soils, bedrock and, odrift contripution area
1 Groundwater

Water holding capacity of a wetland

Figure 2 Summary of hydrological controls on the spatial and temporal variability of water holding capacity of wetlands.
Internal controls refer to factors operating within the wetland and external controls refers to factors outside the area of
the wetland.

The evapotranspiration of water to the atmosphere is a key temporal control on the duration, extent
and depth of surface water storage. Evapotranspiration is one of the most important outflows from
a wetland and accounts for the greatest loss of watenfrmost wetlands (Mitsch and Gooselink,
2000). The evapotranspiration rate depends on the climate and vegetation and is strongly linked to
seasonality with greater rates occurring during the summer months. Evapotranspiration also depends
on where the wateis stored; surface standing water is more prone to loss than water stored beneath
the surface. The effects of vegetation upon evapotranspiration rates from wetlands however varies
depending on the vegetation type and coverage (Baker et al., 2009).
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The nature of the vegetation can determine the canopy interception and temporary moisture storage.
Thus, overlying vegetation can provide a potentially considerable type of indirect water storage in
wetlands. For example, interception rates as high @& Have been observed in open (i.e. no tree
cover) fens (Gilman and Newson, 1983). Moreover, vegetation creates surface roughness and
irregularities that in turn can aid the slowing of flood waves and capture surface water (Thomas and
Nisbet, 2007; Shuttworth et al., 2019). Wetland vegetation communities are sensitive to changes in
hydrology (Appendix VII) and changes in community composition can lead to shifts in their
hydrological influence on a wetland. For example, where both surtawe groundwagr inputs are
present, an increase in surface water flooding could lead to a change in the vegetation types present
- with a loss of those that are dependent on ground water. This could in turn alter evapotranspiration,
interception, and roughness attribes of the wetland.

The hydraulic properties of the underlying material also influence surface water storage regime. The
soil hydraulic conductivity determines the sabrface absorption of water from above and in turn the
volume and duration of watestored on the surface (Baker et al., 2009). Hydraulic conductivity
depends on the nature of the underlying soil (stratigraphy, grain size and organic content), bedrock or
drift deposits (e.g. sand and gravel glacial deposits) beneath the surface, chistastehat vary
greatly over a catchment.

Often, the soils underlying wetlands are poorly draining, with low hydraulic conductivity (e.g., peats,
clays and gleys) and higtater tables meaning there is limited potential free storage within thé soi
However, seasonally wet wetlands, for example those underlain by soils with better drainage
characteristics (e.g., alluvial mineral soils) with lower water tables may have additional water storage
at certain times compared to wetlands that are permatigsaturated to a shallower depth.

The groundwater regime of a wetland is a particularly important control on wetland water storage for
certain wetland types. More commonly, the groundwater regime is an independent control on
wetland hydrology producm groundwater fed and groundwater dependant wetlands (McCartney

and Acreman, 2009). In rarer cases however, depending on the wetlandctijpate and season,
wetlands can lose surface water storage to an aquifer through infiltration and recharge grotendwa
stores (McCartney and Acreman, 2009; Gilvear and Bradley, 2009). In such cases, groundwater acts
as an additional water store to the surface water store of the wetland.  Alluvial valley fills in river
valleys potentially represent a major store abgndwater (alluvial aquifer) that can be recharged
following surface water inundation during floods (e.g. Macdonald et al., 2014).

2. Water holding capacity of different wetland types

2.1 Upland wetlands

Surface water slope

Blanket bog

By nature of their extent (Appendix 1), blanket bogs represent a major hydrological component of
headwaters in many catchments and are well studied. The water holding capacity of peat is
dependent on its hydraulic conductivity which can vary depending meat type, extent of
decomposition and depth (Holden and Burt, 2003; Gilvear and Bradley, 2009). It also depends on the
extent to which the blanket bog has been damaged or drained which can reduce the storage capacity
of a bog (Appendix IIl). In blankwgs, the existence of two hydraulically distinctive layers represents
an important control on their hydrology. Peatlands consist of two layers: the upper acrotelm layer
and the lower catotelm layer. The permeable (relatively high hydraulic conduditlityugh it can

vary between sites; Holden and Burt, 2003) acrotelm layer which is typieallych in depth, defines

the zone in which the water table fluctuates (Clymo, 2004). In contrast the catotelm layer lies
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underneath the water table and is permamtly saturated with a relatively low hydraulic conductivity
(Gilvear and Bradley, 2009). In addition to these factors, the existence eusialte macrepores
and pipe networks in peat can also strongly affect the movement of and residence time of suatlr
features can account for up to 1% of river discharge (Holden and Burt, 2002).

Blanket bogs are typically saturated from their base to a shallow depth within the acrotelm, beneath
the surface all year round. The water table of ombrotropheatands typically occur within the
topmost <0.1 m layer beneath the surface (Bragg, 2002). However, there can be variations between
sites. In the English Pennines, water tables have been observed within 0.4 m of the surface 80% of a
year (Holden and Byr2003) and within 0.05 m of the surface 93% of the time (Evans et al., 1999). In
Scotland, water tables have been observed typically to range betw@€i and-0.3 m (SNIFFER,
2014) and less tha#©®.05 m on average (Scheliga et al., 2018). Typieadtgr tables fluctuate only

slightly through the year with perennial saturation within the catotelm layer and fluctuations of 0.1 to
0.2 m have been observed (Gilman, 1994). Rare summer droughts can lead an even greater shift of
water tables than normah a given year. Observations during the summer drought of 2018 from the
Bruntland Burn catchment in nortbast Scotland showed that groundwater levels and soil moisture
were significantly lower than normal conditions; three boreholes located in vallggrageaty soils
showed water levels were 0.150.4 m lower than normal (Soulsby et al., 2021).

Blanket bogs reach depths on average of 0.5 to 3 m (Bragg and Tallis, 2001). Considering the
dominance of a near complete saturation throughohetyear, typical peat depths and blanket bog
extent (Appendix I, Appendix VIII), this presents a considerable volume of albyearwater storage

in upland environments. For example, in the Bruntland Burn, electric resistivity tomography surveys
were wsed to assess the extent of drift deposits and peat to estimate the water storage across the 3.2
km? catchment (Soulsby et al., 2016). It was estimated that in areas of valley bottom blanket bog
which extended up to 4 m in depth, up to 10,000 mm of priegfjpn equivalent of water storage was

held. Given the typically highater table levels of peat soils, the availability of free capacity (i.e. a
storage deficit) to store additional water inputs during rainfall or snowmelt events within the acotelm
layer is limited however (Bragg, 2002).

An additional form of water storage in blanket bogs but on a comparatively smaller scale to the
subsurface, is that offered by the overlyiBghagnuntover. Sphagnunmoss occurs in three different
forms in peatlands thizhave their own distinctive micrtopography and range @&phagnunspecies.

These three types have different positions relative to the water table which are in descending order:
hummock, lawn and hollow (McCarter and Price, 2014). Humrsptlagnumspeces are most
common in blanket bogs and are distinctive for having higher water retention capacity than species in
lawn and hummock settings (Campbell, 2014; McCarter and Price, 2014). The position of the water
table exerts a strong influence on the moisuregime and in turn survival @phagnumcover
although these characteristics also depend on the underlying soil moisture and water pressure
(Ketcheson and Price, 2014). Therefore, the soil hydrology and the overall health of the blanket bog
are important controls on the condition of th8phagnunctover, its storage capacity and the hydraulic
roughness it offers. In contrast, the control that direct rainfall has on the moisture regime of
Sphagnums weaker and its retention within the moss is limitedt(keson and Price, 2014)

Wet heath

Wet heaths like blanket bogs have a persistently figlter table that is rarely deeper than 0.2 m
below the surface and periods of surface water inundation during the winter (SNIFFER, 2014; Wildlife
Trusts, 2018)Soil types underlying heaths tend to be poorly draining mineral soils (e.g. gleys or peaty
gleys) and shallow (<0.5 m) peats (Hampton, 2008). Observational studies from wet heaths are limited
(SNIFFER, 2014). However, given the poor drainage characterigt heaths have a limited capacity

to store excess water especially during the winter when water levels are at or close to the surface.
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Surface water depression

Depressions of peat substrates

Runoff from peatlands tends to be rapid. However, the movement and storage of water on the surface
during saturated conditions that promote overland flow, depends on the surface roughness as
determined by the vegetation and the ground topography. On k#aMogs topographical variation
produced by surface erosion and variable peat development can produce hollows and dips that
provide storage of surface water in poolfepressions can also occur on peat substrates of the
Rhynchosporiosometimes in assaafion with Narthecium ossifragumy Sphagnunpapillosummire
providing additional surface water storage (Stalleggar, 2008).

Micro-topographic variation can create marked differences in hydrology over small (<10 m) scales. In
a study in the Bmtland Burn catchment in the northast Scotland, riparian groundwater fed hollows
were generally associated with higher water tables (-80£m below surface) and more frequent
inundation during precipitation events compared to the neighbouring hummabks remained
relatively drier (Scheliga et al., 2019). The topography of hollows and hummocks can also vary through
time as a result of hydrological variation with changes in water table and soil moisture resulting in
fluctuation of the ground surface [ghammari et al., 2018). These changes could affect the-small
scale surface hydrology as a result through changing runoff pathways and the availability of storage.

Groundwater slope

Baserich fens, alkaline fens

Baserich or alkaline fensggre groundwater fed and often found in association with springs or flushes

on midslopes or where there are breaks in slope or changes in geology occur. Groundwater fed
wetlands tend to exhibit stable, near constant surface water discharge thus anntexl tables are

at or close to the surface (SNIFFER, 2014). However, elevated water levels of up to +0.15 m can occur
over brief periods (SNIFFER, 2014) although given the sloping nature of such sites, surface storage
opportunities tend to be limited.

2.2 Lowland wetlands

Surface water depression

Raised bogs

Similar to blanket bogs, raised bogs feature similar hydrological characteristics reflecting the
hydrological properties of the acrotelm and catotelm layers within the peat. Typical water table level
are alsdike blanket bogs with the water table at the height of the acrotddetween-0.22 and 0.03

m relative to the surface (Wheeler and Shaw, 2010) with surface water inundation occurring during
wetter conditions and within hollows and seasonally inundated pools (SNIFFER, 2014).

Like blanket bogs, raised bogs generally have dtorage deficits and thus free capacity for storing
additional water in responses to hydrological events is limited. However, the ability of a raised bog to
store water and its subsequent contribution to roiff can vary temporally. Studies on the Dvass,

a raised mire in the Grampian foothills of eastern Scotland, showed that peatffruesponse to
rainfall was delayed by 22 hours following a dry summer that created a storage deficit (Bragg, 2002).
In contrast under O storage deficit conditiomsflecting wetter conditions, the runoff response delay
was reduced by 3 to 6 hours. The runoff response of raised bogs is also potentially dependant on the
surface runoff slowing effect (Shuttleworth et al., 2019) and water holding capacity of the/iogerl
Sphagnummoss. Observations from the restored Blawthorn Moss in West Lothian showed that four
different Sphagnunspecies distributed over the 109ha site could hold 0.0¥8v of water or the
equivalent of eight commonwealth swimming pools (CampRéi,4).
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As raised bogs can reach considerable depths (e.g. up to 7 m; Clymo, 2004) that can exceed that of
blanket bogs, they have the potential to store water to a considerable depth. However, compared to
the extent of blanket bogs, raised bogs &ss common and more localised in extent (SNIFFER, 2014)
thus their cumulative contribution to catchment scale water storage may be limited compared to
blanket bogs. It is also important to place raised bogs within their landscape context. Lagg fens are
often associated with the margins of raised bogs (Bragg, 2002) and potentially sympathetic
management beyond the extent of a raised bog may help to restore and sustain these associated
wetlands. As further explored in Appendix IV, such management togentae extent of wetlands,

could help to increase overall storage capacity and hydrological resilience of raised bogs and
surrounding associated wetlands.

Groundwater slope

Transition mires, open water transition fens and quaking bogs

Knowledge on théydrology of transition mires, open water transition fens and quaking bogs is limited
but some monitoring data from Scottish sites exists. These wetland types are characterised by flat
surfaces (SNIFFER, 2014) thus lack topographical heterogeneityhfomoimg surface storage and

their hydrology is controlled by fluctuations of the adjacent standing waterbody. Water table levels
are usually close to the surface and surface water inundation often occurs. An example of a quaking
bog was monitored over tavyears on Uist and exhibited water levels above the surface for nearly the
whole duration although there were data reliability problems (SNIFFER, 2014). These observations
suggest the capacity of such wetlands to provide additional free water stordigaitesd. However,
groundwater fed transition mires may maintain more variable storage availability with longer periods
of water table below the surface. Available, surface storage may increase during dry periods which
could help to provide storage duriregmmer rainfall events.  For example, in the Insh Marshes of
the upper Spey Valley, groundwater fed transition mires occur which are prone to groundwater
flooding during the summer months (Grieve et al., 1995). The potential for additional storage also
depends on the landscape context for example the particular assemblage of wetland types in a given
area and the nature of the transitions between adjacent wetlands.

Baserich fens

Baserich fens in lowland areas may exhibit a simigdrological regime to upland examples being
groundwater fed by underlying aquifers consisting of bask rocks (McBride et al., 2011). However,

in lowland settings, controls on water balance can vary over short distances depending on topography
and lardscape position (Duval and Waddington, 2018). In a study of a calcareous fen complex in
Ontario Canada (Duval and Waddington, 2018), it was found that the riparian fen was dominated by
surface water inputs from a stream and the high retention of this wateied little throughout the

year (i.e. the potential for additional storage was limited). In contrast the trough fen and basin fen
were more influenced by evapotranspiration and precipitation with the basin fen receiving greater
groundwater inputs. Tha) the availability of free storage was more variable through the seasons.

Reedbeds and swamps

Reedbeds and swamps are characterised by permanent or frequent, deep inundation supplied by
surface water bodies (nearby loch or river) and, or groundwatputs (SNIFFER, 2014). Generally
compared to other wetland types, swamps or reedbeds exhibit very high annual mean water depths
and ranges of water depth that are comparable to lakes (Weller, 1994).

However, differences in surface storage regime sttewn by swamps depending on the source of
water supply. Swamps fed by surface water tend to exhibit greater fluctuations of water levels
compared to groundwater fed systems which are more stable (SNIFFER, 2014). Based on five
monitoring sites from Sctind, median annual water levels typical of swamps or reedbeds are +0.02
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m above the ground surface and as high as +2 m during wet periods (SNIFFER, 2014). Swamps can
thus hold large volumes of open surface water all year round compared to other weylpes Wwhere

the water table is at or below the ground surface. Thus, swamps can offer potentially useful free
capacity for water storage.

Groundwater depression

Basin fens

Basin fens are mainly sustained by groundwater and possibly surfaceinpaits and their lowlying
topographies give rise to groundwater discharge and the accumulation of surface water at or near the
surface. Basin fens that are groundwater fed tend to have less variable water levels than surface water
fed floodplain fenshat fluctuate more rapidly and over a greater range (SNIFFER, 2014).

Monitoring case studies of basin fens are limited in number but data from the Whitlaw alkaline fen in
southern Scotland, provides useful information on their main hydrological ctarsits (SNIFFER,
2014). Situated in a topographic basin, surface water inundation occurred 75% of the time in winter
and 50% of the time in summer. In contrast, in adjacent surface water fens, surface water inundation
occurred <5% of the time duringtleér winter or summer. The Newham Bog in Northumberland is
another example of a groundwater fed fen supplied by an underlying aquifer and nearby esker that
bounds the site (Large et al. 2007). Based on long term monitoring of water table of levels etwee
1983 and 2002, the naturally functioning period of the wetland following recovery, the hydrology was
characterised by regular winter inundation and average water levels of +60L3an relative to the
ground surface. Both examples suggest some capbmitadditional water storage especially during
summer and dry periods however potentially sympathetic management and restoration outside the
current wetland area, could increase wetland extent and water storage capacity as further explored
in Appendix 1V

Floodplains

Floodplain fens

Floodplain fens are affected by occasional or seasonal inundation from a nearby watercourse during
flood events and can also be affected by upwelling groundwater inputs for example at the foot of
hillslopes alongalley margins (Grieve et al., 1995). As such, floodplain wetlands in general tend to
have a variable hydrology (Gilvear and Bradley, 2000). Floodplain fens specifically tend to exhibit
water tables that fluctuate more than mainly groundwater fed fendIfFFER, 2014). Usually, water
table levels in fens fed by surface water flows are close to the surface all year round with times of
surface water inundation when the presence of ponds and depressions aid surface water storage
(~ ST FSNER @t al.{ WD8).y 1A @bhtrast during dry periods, the lower water table and greater
potential surface water storage, means floodplain fens may receive water from the nearby
watercourse (Gilvear and Watson, 1995) thus helping to recharge the wetland. However, despite
these seasonal patterns, based on observations from 12 Scottish sites, the majority of which were
mainly surface water fed, annual median water tables w&@3 m indicating that the capacity for
additional subsurface water storage of fens is typicatiynimal (SNIFFER, 2014).

Floodplain fens occur close to other wetland habitat types that naturally functioning floodplain
systems are comprised of. In the Insfarshes for example, localised base poor fens, which are
synonymous with transition mire and quaking bog wetlands (SNIFFER, 2014), occur within the wide
floodplain amongst adjacent areas of swamp, basin mire, scrub, marsh and open water (R3PB, 200
Valey aquifers composed of alluvial and glacial sediments that can be extensive and deep in many
river systems are connected to wetlands (Macdonald et al., 2014; O Dochertaigh et al., 2018). The
seasonal recharge of floodplains and the wetlands they cotiatugh flooding, could help to sustain

long term groundwater stores.
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Groundwater depression; Groundwater slope; Floodplain
Fen and alder woodland

Other types of wet woodland (fen and alder woodland) exist which like bog woodland,irrema
understudied. These wet woodlands occur in groundwater depressions, groundwater slopes and
floodplains although specific knowledge to differentiate their functioning in relation to wetland
hydrology type is limited. Like bog woodland, the interactetween the water table, soil type and
evapotranspiration regime dictate the effects of trees on the wetland hydrology and vice versa. The
presence of trees in otherwise open floodplain fen and groundwater fed wetlands can be indicative of
the change to der conditions in the wetland (McBride et al., 2011). Thus, development of tree cover
may indicate water table lowering due to climatic or land use change factors and in turn the presence
of trees may further modify the water table through altering theapotranspiration regime. This may
lead to improved provision of available water storage in the unsaturated soil layer compared to the
previous, more saturated wetland condition. However, this could in turn lead to a loss of the
characteristic wetland \getation species. Hydrological monitoring is needed to ensure sufficient
water levels are available to maintain the characteristic vegetation.

2.3 Wet woodlands

The hydrology of stable, naturally functioning wood covered wetlands may be broadly similar to that
of their gpen examples. Limited monitoring of two contrasting Scottish sites (one surface water fed
site and one groundwater fed site) give indications of the range of water table conditions associated
with tree covered wetlands (SNIFFER, 2014). Over two wet ydtrdlooding, the median water
table level was at O but sitepecific differences were apparent. At the groundwater fed site (alder
tree cover; Whitlaw site) water table levels changed little through the year with a range of +0-3 and
0.3 m relative tahe ground surface reflecting the stable groundwater discharge regime. In contrast
at the Loch Lubnaig site (willow tree cover), water levels ranged from +G8(.&an reflecting the
inundation and drawdown periods of the nearby loch. The presenceee$tdeadwood and shrub
vegetation found in these types of wetland, may also aid the attenuation and capture of surface water
runoff through increased roughness (Thomas and Nisbet, 2007).

Surface water depression

Bog woodland

Since bog woodland characiged by infrequent birch and Scots pine trees is associated with
ombrotrophic raised bogs (SNIFFER, 2014), the hydrology of this wetland type is broadly similar to
raised bogs lacking tree vegetation but there can be important differences. Althoughmektudies

are limited, high water tables at or near the surface are a feature of these wetlands with water tables
showing a seasonal pattern (highest during the winter months and lower in summer; Bragg, 2002;
SNIFFER, 2014). However, the presence dfdles can increase evapotranspiration rates leading to
lowering of water tables both in the summer and winter (Bragg, 2002; SNIFFER, 2014). Progressive
changes in water table level linked to climate or land management could affect the suitability of
condtions for tree growtha feedback that could in turn further influence the soil moisture and water
table regimes of the wetland (SNIFFER, 2014). Depending on their effect on interception, evaporation
and transpiration conditions, an increase in tree @ogould free up more capacity for water storage

in the unsaturated zone (acrotelm) compared to open raised bogs with infrequent tree cover. The
presence of trees and deadwood may also aid the attenuation of surface water runoff through
increased roughnes (Thomas and Nisbet, 2007). However, these changes could result in the
transition of the bog woodland to a scrub or forest habitat and the loss of the characteristic eco
hydrological features of this wetland type.
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2.4 Wet grassland and floodplain meads

Groundwater slope; Floodplain

Fen meadows, wet meadows and marshy grassland

Marsh grasslands and wet meadows (including fen meadow vegetation classification; SNIFFER, 2014)
are characterised by water table levels just below the surface. Based on the monitoring of surface
water fed sites in Scotland (Loch Lubnaig), the mediamanmater table was0.06 m relative to the
ground surface with a clear seasonal pattern; flooding up to +0.5 m occurred 10% of the time during
winter and the water table lowered to as low as neadlyt m in summer (SNIFFER, 2014). Hydrological
monitoring of Oxley Mead a floodplain meadow in Southern England managed through traditional hay
cutting, showed a similar seasonal pattern and a high total range of water levels (Rothero et al., 2016).
Between 2009 and 2013, the water level at one dipwell ranfyech +0.3 m to-0.6 m. These
observations suggest that that the capacity to store additional water is low during the winter months
when the soil is saturated but can be relatively high during the summer months.

Bradley et al., (2010) monitored the soil water pressure at 30 and 60 cm depths of a headwater
floodplain wetland dominated bi¥olinia species and rush vegetation in Wales. The study showed
that the soil responded rapidly to rainfall by infiltration andsvalso strongly influenced by river stage.
However, soil moisture varied across the site depending on the sedimentology of the floodplain.

Other types

Transition grassland

Knowledge on the hydrology of transition grasslands is lacking but it istiikieé similar to floodplain
meadows and wet meadows described above with widely ranging, seasonally controlled water tables.
Thus, available free storage is most likely during the summer months when water table drawdown
occurs.

Transition saltmark

Specific literature on the hydrology of transition saltmarshes is lacking. However, there may be some
similarities with adjacent true saltmarshes that are regularly fully inundated by tidal seawater. The
hydrology of saltmarshes are complicated refiegtthe wide range of factors that determine their

water balance and also remain understudied (SNIFFER, 2014). In a hydrological study of the Bay of
Fundy Nova Scotia, eastern Canada, it was found that geomorphology, rainfall and soil type were more
important controls on hydrology than the tidal height regime (Byers & Chmura, 2014). Water tables
are typically at shallow depths; based on observations from Balranard in the Outer Hebrides, annual
median water table levels wer®.04 m but levels fell in theummer months t60.09 m for half of the

time.

3. Knowledge gaps

Based on the review of literature sources outlined above, the following wetland types appear to be
under studied in terms of their water holding capacity:

Depressions on peaubstances
Baserich fens

Transition mires and quaking bogs
Open water transition fens

Basin fens

Bog woodland

Transition grassland

Transition saltmarsh

=4 =4 =4 =4 -8 -8 -8 -9
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In general, there is a lack of empirical fibldsed studies that assess water holding capacity of the
wetland types consideredThereis aparticularneed for waterbalancebasedstudies that robustly
guantify changes in wetland net storage, inflows audflows over different seasons.
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3. Appendixlll: BufferingMechanisms

by Stephen Addy

0.1 Researclguestions

The key research questions that this section sought to answer were:

1 How do a broad range of wetlands in Scotland buffer extremes of water availability, focusing on
both low and high flows?

What are the mechanisms for this and their relative importance?

How is this buffering capability compromised when wetlands are degraded due to land use
conversion or climate change?

T
1

0.2 Objective

The objective was to produce a literature review of the hmatisms by which wetlands in Scotland
buffer extremes of water availability, both in terms of water scarcity and flooding (high flows and low
flows). The review defines each mechanism in turn, their relative importance and how these
mechanisms are affectedthen the wetland is not in a healthy condition.

0.3 Approach

The first half of this review introduces concepts on buffering capacity and the potential impacts that
climate change and land use change can have. The second half of the review has bearedtru
according to the wetland typology specified in Appendix | and the different mechanisms (e.g. sub
surface storage, climate, vegetation and surface roughness) by which wetland buffer hydrological
extremes. The literature research used the followiegrsh engines (Google Scholar, WOS etc.) and
collated/summarised the scientific literature as well as the S&dPAmissioned report on water
supply mechanisms (SNIFFER, 2014). It also reviewed greyeeioreviewed research.
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1.1 Hydological extremes and effects of climate and land use changes

1. Introduction

Hydrological changes caused by climatic and land use changes have potentially significant implications
for the condition and functioning of wetlands.

Climate change

The occurrence afiydrological extremes of flooding and drought are expected to increase through
climate change (Guerreiro et al., 2018). This has implications for understanding and managing
wetlands in the future both in terms of how the hydrological processes withinandd are affected

and their ability to buffer extremes that result in high or low flows.

Although projections are inherently varied and uncertain, in Scotland the following hydrological
impacts of climate change are likely:

1 Milder and wetter winters with more extreme precipitation events leading to higher flood
frequency (Werritty, 2002; Hiller et al. 2019).

1 Decreased annual snow cover and depth from the 2030s in upland areas (Rivehgtion2019
leading to increased winter flows and diee of spring flows as snowmelt reduces (Capell et al.,
2013).

1 Average summer precipitation is expected to decrease but extreme rainfall events are expected to
become more intense (Chan et al, 2018).

9 Increased temperatures are expected to result in morensier droughts leading to increased
periods of low river flow, reduced groundwater recharge (Cuthbert et al., 2019; Rivington et al.,
2020) and depletion of groundwater storage (Fennell et al., 2020).

1 Changing seasonality of precipitation patterns altgrithe temporal patterns of groundwater
recharge and droughts (Rivington et al., 2020).

9 Accentuation of the east to west difference in climate with the west becoming wetter and east
becoming drier (Rivington et al., 2020).

1 Projected sea level rises of-83 cm for Edinburgh in 2100 under a medium emissions scendrio (5
to 95" percentile values; Fung et al., 2018).

Land use change

Changes in land use are varied thus there are a range of potential effects on wetlands. Changes in
land use can occur withiand, or adjacent to a wetland resulting often in profound direct or indirect
changes in wetland hydrological processes. Examples of land use changes both within wetlands and
in the catchment of wetlands that can have hydrological impacts include:

9 Alterations of floodplain hydrology through the construction of flood embankments and dredging
and straightening of watercourses which disconnects the natural exchange of water, nutrients,
seeds, and sediment (Ward and Stanford, 1995; Kondolf et al. 2006).

9 Afforestation of blanket bog including drainage ditching leading to changes in vegetation and
accelerated runoff especially following clear felling (Joosten, 2009).

1 Overgrazing and moorland burning which can reduce water infiltration of soils and accelerate
runoff (Holden et al., 2014; Murphy et al., 2021).

9 Drainage and cultivation for increasing agricultural productivity leading to complete
transformation of a wetland to a different type of land use, soils and vegetation (Cook et al., 2009).
Drainage can ab accelerate runoff downstream and exacerbate flood peaks (Czicova et al., 2013).

1 Urban expansion leading to increased coverage of impermeable surfaces that reduce infiltration
and accelerate surface runoff leading to heightened flood peaks downstrigtifar(et al., 2014).
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1 Another anthropogenic pressure, but localised in nature that can affect wetlands, is through the
over-abstraction of surface and groundwater at the site of a wetland or within the catchment area
for drinking, agriculture or industryfhis can lead to a lowering of the water table and wider effects
of reduced river basflow (McCartney and Acreman, 2009) and depletion of groundwater reserves
(Fennell et al., 2020).

Changes in catchment hydrology and wetlands

Whilst a range of hydrolacgl effects can result from climate and land use change, the effects will vary
depending on the nature of the catchment. For example, the combinations of land use, topography,
geology, soil cover and vegetation are catchment specific and can resuiteireces in catchment
response to projected changes in climate (Capell et al., 2013).

In relation to wetlands, these wider changes in catchment hydrology have the potential to alter their
water balance (Appendix I) and inherent hydrological charactehas been predicted that more
intense droughts will have the greatest impact on wetlands in general and cause wider water level
fluctuations (Cizkova et al., 2013). However, the style and magnitude will depend on the capacity of
the wetland type to absd change. For example, rdied wetland vegetation communities are
expected to be impacted by climate change more than wetlands sustained by river flow (Acreman et
al., 2009) or groundwater (Winter, 2000). In some cases, changes in hydrology coutdtieatbss

of wetlands; a trend that has taken place since the 1970s with an estimated global loss of 31% (Dixon
et al., 2016). An even greater global historic loss of possibly as high as 87% since 1700 AD has been
estimated (Davidson, 2014). The potahtthange in wetland functioning thus has wider implications.
Changes to their character can alter the movement, routing and storage of water downstream
throughout catchments. As wetlands constitute one part of a catchment hydrological system, their
potential to mediate or buffer the wider effects of hydrological extremes at local to catchment scales
could change in response to changes in their hydrological functioning.

1.2 Buffering of hydrological extremes

High flows

Downstream flooding can baiitigated via the delay of flood peaks, attenuation of flood peak
discharge or through reduced volume of runoff. The capacity of a wetland to buffer the effects of
flooding is commonly highlighted as a service that naturally functioning wetlands offespéésl
controls include wetland location within a catchment, its size and the distance from a receptor (e.g.
downstream urban community; Larson, 2009). However, certain wetlands may have the opposite
effect by functioning as net contributors to floodirfBullock and Acreman, 2003) whereas some
wetlands may have no effect on flood generation and moderation as a result of being isolated from
stream networks (Larson, 2009). In temperate regions, generally, wetlands hydrologically connected
to headwater strams in upland areas tend to be flood generating as soils are often saturated due to
high rainfall input and poor drainage leading to rapid saturation excess overland runoff (Acreman and
Holden, 2013; Scheliga et al., 2018). In contrast, floodplain wetladfacent to higher order rivers
downstream, are larger and have more permeable soils thus offering greater capacity to attenuate
flood peaks (Bullock and Acreman, 2003). Aside from these catchment position controls, the inherent
roughness, topographyp# characteristics and vegetation of a floodplain wetland, as explored further
below, present further controls on the precise response to a flood wave in a wetland. Generally,
extensive floodplains with numerous channels, hollows and rough vegetatianahgreater capacity

to slow flood waves, store excess surface water and slowly release water following cessation of a flood
event (Acreman and Holden, 2013).

Low flows
Some wetlands also have the potential to buffer the effects of dry periods and low flonwugh
sustaining groundwater outflows that in turn maintain baseflows in watercourses. However, most
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wetlands compared to other habitat types, tend to reduce streamflow during dry periods by reducing
inputs to baseflow (Bullock and Acreman, 2003)is Téflects the retention of water and through loss

to the atmosphere through evapotranspiration. The ability to buffer the effects of dry periods is
nonetheless dependant on the wetland type. For example, floodplains, and the wetlands they
potentially sipport, have water tables strongly coupled to the level of water flow within the adjacent
stream or river (e.g. Burt et al., 2002; Addy and Wilkinson, 2021). During periods of low river flow, a
hydraulic gradient between the floodplain and adjacent watense tends to exist. This directs
groundwater into the watercourse thus helping to sustain the baseflow of that watercourse during
dry periods (Burt et al., 2002). Floodplain deposits represent a potentially large store of groundwater
and major source fobaseflow in the headwaters of large catchments (Tetzlaff and Soulsby, 2008).
Peatlands (blanket bog and raised bogs) represent a potentially large store of groundwater in upland
catchments as already summarised in Appendix Il. In a typical large extthtompared to other
wetlands they can cover a larger proportion of the areas of a catchment. Their contribution towards
sustaining river baseflows has been observed to be limited on account of their low hydraulic
conductivity (Evans et al., 1999) busteration of degraded peatlands could improve water holding
capacity, aid groundwater recharge and potentially provision of baseflows (Wilson et al., 2011; Fennell
et al., 2020).

1.3 Controls on capacity of wetlands to buffer hydrological extremes

The arangement and extent of wetlands

The arrangement and extent of wetlands also represent major controls on the hydrological buffering
capacity of wetlands. Hydrological models have been used to explore the possible catchment scale
effects of climate changen wetland functioning. For example, based on modelling of a Canadian
catchment with a dry continental climate, wetlands positioned close to water courses were predicted
to play an important role in attenuating high flows that was disproportionate torthmber of, and

size of wetlands (Ameli and Creed, 2019). In contrast, with increasing distance from watercourses,
the attenuation function through storing excess surface water, declined. In the same study, it was
found that loss of wetlands led to praatied increased peak flows and generated flooding downstream.
Loss of wetlands has also been predicted in another Canadian study to compromise the baseflow
contribution they provide during dry periods, but responses are catchment spe€Ediséy and
Rouseau, 2016) The size of wetlands also determines their vulnerability to future changes and wider
hydrological effects; small, hydrologically isolated wetlands are less resilient to human or natural
change compared to larger wetlands that are well conaddtAcreman and Macartney, 2009). Thus,
loss or further shrinkage of such vulnerable wetlands may reduce the potential for catchments to
buffer future hydrological extremes. Expanding the number and size of wetlands through restoration,
creation and appwpriate management that improves their connectivity to sources of water supply
(Appendix V), has the potential to improve the buffering capacity of isolated, small wetlands.

Vegetation

Changes in vegetation through land use or climatic charigese the potential to affect the
hydrological character of a wetland through altering the evapotranspiration regime, roughness, soil
water infiltration and canopy storage. In the UK, it is anticipated that reduced summer rainfall and
increased summer ep@dtranspiration will put additional stress on plant communities within wetlands

in the late summer and autumn months especially in the south and east (Acreman et al., 2009).
Reduced vegetation cover through overgrazing or deforestation can lead to dedré#gtration

(thus reducing soil moisture storage and potentially groundwater recharge) and lower the surface
roughness leading to increased surface runoff (Marshall et al., 2014). Changes in vegetation type could
also alter patterns of water loss thugh evapotranspiration. In addition to these aspects, increased
frequency of hydrological extremes predicted under climate change is a further factor. Extreme
droughts or floods could lead to crossing of hydrological thresholds for the vegetation coti@auni
characteristic of a particular wetland type leading to disappearance of certain species, changes in
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wetland community type and prevention of any recovery (Acreman et al., 2009; Appendix VII). These
changes in vegetation could in turn alter the chaeaistic hydrology of a given wetland type and the
buffering capacity.

Groundwater

In Scotland, groundwater contributes to at least 30% of the flomast rivers O Dochartaigh et al.,
2015. Groundwater is an important reserve of water because ofatemtially large volume within a
catchment and its role in supplying rivers with continuous water input when seasonallyedog®
reduce rainfall and surface water runoff and storage (McCartney and Acreman, 2009). However,
relatively small changes in tgrarature and rainfall regime could result in large impacts on
groundwater recharge and in turn the condition of aquifers. Lowering of water tables due to climate
change is expected to be an effect in many wetlands (Freeman et al., 1993). An indirecbkffe
climate change could be increased human use of aquifers through groundwater abstraction as other
sources of water supply become less reliable. This could result in depleted groundwater reserves that
in in turn lower water tables that affect wetlarffdcreman and McCartney, 2009) and wider catchment
hydrology.

Soils

Wetland soils have an important role in retaining excess water and hence flood regulation (Cook et
al., 2009). Soils could change in nature under climate change but predicting chdiffjeLils due to

the inaccuracy of global circulation models and the slientn nature of experiments (Cook et al.,
2009) but it has been predicted that soils during summer months generally will become drier for longer
(Appendix VI; Acreman et al., 2009).recent study from a Scottish headwater catchment with peaty
soils has shown the cumulative effect of a dry winter followed by a dry summer led to abnormally low
soil moisture; such changes could make the soil more prone to fire risk and degradatitsbySatu

al., 2021). Moreover, more frequent drought episodes could make certain soils hydrophobic thus
leading to increased surface runoff during storm eventsowever, the precise hydrological response

will vary depending on the soil type and landseqgosition within a catchment; some wetlands may
have greater capacity to store water during the summer months. Factors such as the depth, organic
matter content, particle size distribution and presence or not of macropores and cracks are important
determinants of the storage capacity of soils.

Evapotranspiration

As all wetlands are affected by evapotranspiration, it represents an important control on water
balance. With climate change, evapotranspiration rates are expected to increase as atmmospheri
temperatures increase. In general, wetlands evaporate more water than other types of land cover
(Bullock and Acreman, 2003) thus evapotranspiration changes could significantly alter the hydrology
of wetlands (e.g. Thompson et al., 2017). The effechahging evapotranspiration however will vary
depending on the wetland type. In opevater dominated wetlands, evapotranspiration is not limited

by water availability compared to wetlands where the water table is frequently below the surface
where vegetation controls the evapotranspiration regime (McCartney and Acreman, 2009).
Evaporation from wetlands where the water table is below surface may be less than cases where
surface and/or open water dominates and may be correlated with the water table deptar{@aer et

al., 2003). Thus, wetlands with opemter storage may be particularly vulnerable to the effects of
future droughts.

Timescales

It is important to note that hydrological functioning and thus buffering capacity of wetlands varies
temporally over avariety of time scales. Long term (e.g. decadal), seasonal and event scale temporal
factors result in important changes to used and available storage of water within a wetland At the
event scale, for example a high rainfall or snowmelt event or pesfatfought over a longer

timescale, the antecedent hydrological condition of the wetland in part determines the response.
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For example, a floodplain wetland already saturated with a high water table during winter, is unlikely
to provide as much of a flocaktenuation service in response to a rainfall event as the same wetland
during summer conditions with a lower water table.

2. Buffering capacity of different wetland types

2.1 Upland wetlands

Surface water slope

Blanket bog

Healthy blanket bogend to be dominated by high water tables all year round (Appendix II) and rapid
saturation excess overland flow with high event runoff coefficients of around 0.6 (i.e. the proportion
of rainfall that runs off; Tetzlaff et al., 2007). Generallych area have little capacity to reduce
flooding. This characteristic is broadly true of upland wetlands in general that have little spare
capacity to store additional rainfall and thus mitigate floods (Acreman and Holden, 2013).

Given the projected increasds winter rainfall and decreased snow cover, winter is likely to be the
most dominant period of heightened flood generating conditions. Observations in the Bruntland Burn
catchment, northeast Scotland, givéydrologicalinsights intoa catchment with valey bottom
blanket bog during the exceptionally wet winter of 2015/2016 (Scheliga et al., 2018). During the very
wettest periods, the catchment was almost fully saturated with no spare capacity following previous
snowmelt and rainfall events. As a resoitthese antecedent conditions, riparian peat soils were
almost fully saturated and over large areas that connected to the stream resulting in exceptionally
KAIK AGNBIY Fft26a GKIFIG O2yGNROdziSR (G2 {(Ket H ™
(Scheliga et al., 2018).

In contrast to these hydrological responses during very wet periods, in dry summer conditions when
water tables are lower in blanket peat, there can be available water storage. A study from the
peatlands in Minnesota, USA, sted that for two storms of similar volume and intensity, responses

in the peatland varied between the spring in summer. In response to the summer event, the lower
water table prior to the event compared to the spring, meant the available storage wascetaed,
resulting in reduced surface runoff (Boeler and Vetl§97). This suggests that during dry periods
provided the blanket peat is healthy, there may be improved capacity in the short term to mitigate
flooding prior to resaturation of the peat whie the peat loses its high flow buffering capacity.

Degradation of blanket bog caused by climate change or land use change can further alter the ability
of such wetlands to buffer floodegradation results in more frequent piping and cracking (Appendi

| and Il; Section 1.1) that can accelerate runoff (Holden, 2005). Areas with high soil moisture deficits
may also enhance surface runoff during the summer. Sometimes after dry periods or wildfires, peat
soils dry out and become hydrophobic so even drthis capacity for water storage within the soil it

is not readily absorbed leading to infiltration excess overland (Hortonian) flow (Holden et al., 2014).
Increased drying out of peat due to climate change, drainage, increasing incidence of delibberate o
wild-fires, or increased groundwater abstraction, may as a consequancelerate runoff responses
during dry periods leading to heightened flood peaks downstream (Acreman and Holden, 2013).
Moreover, longterm drying out of peat could affect their dity to retain water by altering their
physical structure (Huesco et al., 2012). Restoration through drain blocking can help to improve the
flood buffering capacity of degraded blanket bog by increasing surface pooling (Wilson et al., 2011)
although comgete recovery may take years (Holden, et al., 2011).

Changes in peatland vegetation could also affect the potential for floodihg. water retention
capacity of healthy, undegraded peatland ecosystems is slightly improved during the summer growing
season when evapotranspiration is higher than in winter because of the periodic lowering of the water
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table (Kolmanova et al1999). One consequence of climate change or overgrazing may be increased
erosion of sloping peat reducing vegetation cover (Heaiteyd 993). This could result in more and
larger extents of bare, exposed peat which is more prone to surface runoff than vegetated surfaces
with higher roughnesdeading to increased flood risk (Shuttleworth et al., 2019). Small blanket bog
catchments (<0.01 kfprestored withSphagnunplanting and drain blocking, reduced peak flows by
27% and increased lag times by 106% compared to bare peat control siteserfanth, the loss of
Sphagnuntover characteristic of healthy blanket bog, either directly or indirectly, could reduce the
water storage capacity it potentially offers (Appendix I1).

Deep peat bogs in headwater areas can be extensive (Appendixdjeaadontributor to the baseflow

of streams that have their source in such areas. However, when compared to other soil units at the
catchment scale, peaty soils generally tend to contribute less groundwater towards sustaining
baseflows and are characteed by low Baseflow Indices (BFI < 0.3; Tetzlaff et al., 2007). In
catchments in the Cairngorms dominated by hydrologically responsive peat soils, groundwater
contributions towards total runoff have been observed to be less than 35% with short residerese t

(less than 0.5 year) compared to those dominated by more freely draining soils (e.g. alluvial soils),
where runoff contributions of older groundwater were greater than 40% (residence times greater than
1 year; Soulsby et al., 2006). The contributidrgroundwater towards sustaining baseflows in very

dry periods may be further compromised when soil moisture and water tables become depressed. In
the Bruntland Burn during the exceptional drought of summer 2018, soil moisture storage across the
catchmen was less than half the summer average and groundwater levels were 0.5 m lower than
average resulting in a large catchment storage deficit (Soulsby et al., 2021). Over May to September,
very low stream flows equivalent to a total of 100 mm of precipmat(mean annual precipitation:
~1000 mm), were supplied almost completely by groundwater. The study of Evans et al. (1999)
showed the baseflow contribution of peatlands during the dry summer of 1995 in the northern
Pennines was limited despite near recaainfall during the preceding winter and water tables being
never lower than 42 cm. For example, flows in August of that year in the Troutbeck catchment (11.4
km?) were less than 5% of the mean daily flow for the thyear period (0.49 ffs). The imptation

they suggested was that higher rainfall projected during the winter months due to climate change
would be lost as excess runoff and not contribute to sustaining summer baseflows. In boreal peatlands
where blanket bog had been degraded due to drgmawater table levels were lower than natural
examples (Haapalehto et al. 2014) and so compromised groundwater contributions towards
sustaining baseflows.

Wet heath

Specific information on the buffering capacity of undisturbed wet heaths is lirbitiéés outlined in
Appendix | and Appendix Il, their hydrological characteristics are broadly similar to that of blanket bog.
As a result, similar sensitivity to wider hydrological changes and capacity to mitigate hydrological
aspects would be expectedis wet heath is a semmatural habitat influenced by the management of
grazing and drainage, it is thus sensitive to land management changes including tree planting (SNIFFER,
2014). Vegetation communities characteristic of wet heath require periodicajty water tables in

the winter and are vulnerable to dry conditions (Elkington et al., 2001). Thus, change to dry tolerant
vegetation communities (potentially succession to tree cover) and in turn altered hydrology, may
result from the drying out of weheaths due to land drainage or climate change. Wet heaths can
occur both in basins and gentle slopes (SNIFFER, 2014). Wet heaths that are isolated, (e.g., occur in
topographical basins) are less likely to buffer the downstream effects of hydrologicajecba stream
networks compared to those that occur on sloping ground. Restoration that seeks to increase the
area, condition where degraded, and number of wet heath habitats could increase the buffering
capacity of such wetlands (Appendix V).
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Surface water depression

Depressions of peat substrates

Occurring adjacent to or within areas of blanket bog and raised bog, it would be expected that
depressions on peat substances have similar characteristics. However, the small and isolated nature
of such features (Stalleger, 2008) makes the characteristic vegetation communities both vulnerable to
change and unlikely to have a major role in buffering hydrological extremes. Reduction in the
underlying water table and soil moisture is an effect oftging through drainage or droughts that
results in surface subsidenc&lghammari et al., 2038 This could in turn alter the depth and extent

of surface micrescale hollows that enhance surface water storagel roughnessut knowledge is
lacking on e nature of such potential changes.

Groundwater slope

Baserich fens, alkaline fens

cCSya GKFdG FNB &SLINIGS FNRY NADGSNE YR GKSNBTF2NEB
to store water and create surface runoff but they tend to hydrologically respond to longer wet and

dry phases than short term rainfall (Acreman and Ho|d2013). There is a dearth of information on

how these types of wetland may influence floods at larger catchment scales (Acreman and Holden,
2013). However, given their small and isolated nature and near constant groundwater discharge, their

ability to buffer floods is likely to be limited.

Fens may play an important role in maintaining baseflows in upland catchments during dry periods
through their connection to shallow or deeper aquifers within drift materials and fractured bedrock.
Studies of the gochemistry of alkaline springs and groundwater seeps in the Girnock Burn in north
east Scotland, showed that such sources were important for sustaining baseflows in contrast to water
sourced from soil (Soulsby et al., 2007). Extended droughts, abstragtidand drainage and
afforestation could reduce the ability of fens to sustain baseflows by reducing aquifer recharge.

2.2 Lowland wetlands

Surface water depression

Raised bogs

As raised bogs are dominated by peat soils, their ability to buffer hydrological extremes is likely to be
limited as it is for blanket bogs previously detailed. Furthermore, nearly all raised bogs are degraded
(Appendix I). However, there may be some amant differences in their hydrological functioning

and potential changes under climate change compared to blanket bog. Firstly, raised bogs are
scattered in their distribution and tend to be isolated which may make them more vulnerable to
change. Furtér shrinkage in their number and size and condition could reduce their groundwater
contribution to sustaining baseflows. Raised bogs in good health and their association with intact lagg
fens are important aspects to consider. Such raised bogs arettikedye a greater potential to buffer

floods in the summer months when available storage is higher (Appendix Il; Bragg, 2002). Restoration
of degraded raised bogs that includes restoring their associatepfésmg may help to improve their

ability to bufer floods in summerAppendix 1V). Secondly, it has been suggested that higher
temperatures and longer dry periods could result in the invasion of uncharacteristic vegetation
communities. (Niedermair, 2007 from Stallegger et al., 2008). Dependingarathre of vegetation
community change, this could further lower water tables especially during dry periods that could
AYLINROS aLI NBE OFLIOAGE F2NJ gl GSNI ad2N)F 3S | &a&dzy
Thirdly, it has also been suggested thatreased rainfall may lead to the expansion of peat at lower
elevations (Heathwaite, 1993). Expansion of raised bogs could in turn alter the effect of raised bogs
on wider catchment hydrology.
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Groundwater slope

Transition mires, open water transitiofens and quaking bogs

With the exception of groundwater fed transition fens that exhibit variable water tables, transition
mires, open water transition fens and quaking bogs are characterised by high water tables throughout
the year and often experience peds of surface water inundation (Appendix Il). Their spare capacity
for storing excess floodwater is therefore limited. The projected increase of winter rainfall and
associated river flows or higher loch levels, would be expected to increase thetsatueaels during

the winter given the hydrological connection to such waterbodies. This could further impede the
ability of these wetlands to mitigate flood events and lead to the increased incidence of localised
flooding. However, as these wetland aften restricted by adjacent land use or drained (Appendix
1), allowing them to expand and naturally fluctuate in response to rainfall could help to improve their
flood buffering capacity (Appendix V).

The increased frequency of water supply durthg winter, may in turn increase the duration of
saturated water storage and help to aid the maintenance of baseflows during dry conditions. The rise
in water tables could lead to the conversion to swamp wetlands characterised by deeper and more
permanentstanding water features (SNIFFER, 2014). However, the likelihood of this would be checked
by projected increases in summer evapotranspiration that could lower water tables and increase the
availability of spare water storage capacity during storm eventthe case of quaking bogs, this could
lead to the loss of the characteristic floating vegetation rafts if they become anchored to the substrate
during dry periods (SNIFFER, 2014).

Baserich fens

The capacity of basech fens to mitigate floodig will vary depending on the topographical setting.
Baserich, riparian fens connected to watercourses may have limited capacity throughout a typical
year for storing excess floodwater compared to those situated in troughs and basins that have more
varialde free storage (Appendix II; Duvall and Waddington, 2018). Thus, trough and basins may have
slightly more capacity to store water during floods resulting in localised flooding in these areas.

Being mainly sustained by groundwater and usually smallatributions of rainfall and surface water,
baserich fens may play an important role in sustaining baseflows during droughts. Like their upland
counterparts, provision of this function is vulnerable to any changes in the water supply regime as a
result d climate change, land use changes, or groundwater abstraction.

Reedbeds and swamps

As reedbeds and swamps occur in topographical hollows and basins they may provide local flood risk
mitigation, although information on the services they provideengyal is limited (SNIFFER, 2014). As
they are often hydrologically linked to nearby water courses or lochs (Appendix Il), their water levels
can fluctuate. This results in variable spare capacity for water storage during flood events with the
amount ofsurface storage determined by the size and number of hollows, which can be considerable
for example in intact floodplains containing oxbow lakes and relict channels. The accumulation of
surface water in turn facilitates loss through evapotranspiratiore il and dense vegetation that

can occur in reedbeds or swamps would be expected to offer greater hydraulic roughness than
grassland (Chow, 1959). Thus, increased surface roughness of such wetlands would be expected to
slow surface flows and attenuatéobd peaks during floodplain inundation events more effectively
than wetlands with shorter vegetation.

As the presence of large areas of surface standing water is a feature of swamps and reedbeds, they
may be particularly vulnerable to water loss througrapotranspiration during periods of drought or
through drainage. This could in turn impair contribution towards sustaining baseflows.
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Groundwater depression

Basin fens

By definition, as these wetlands are isolated and have poor outflow suwWater connectivity, it is

likely they can have a downstream impact on catchment scale flooding. As basin fens are
characterised by more variable water levels than fens supplied by watercourses and lochs (Duvall and

Waddington, 2018; Appendix II), they metytimes have more capacity to store water during summer
flood events than their floodplain counterparts, resulting in localised flooding within the basin fen.

Given the hydrological disconnection from water courses and their isolated nature, itlysthie
basin fens provide a more limited role in sustaining baseflows during dry periods than other wetlands
that are hydrologically better connected.

Floodplains

Floodplain fens

Floodplain systems and the variety of wetland types they support, provide capacity for floodwater
storage primarily within the soil and ground surface in hollows. The flood regulating service that
naturally functioning floodplain systems provide is weltagnised. For example, the senaitural

Insh Marshes on upper River Spey which contains base poor fens and other wetland habitat types,
provide an estimated average annual saving of £83,000 in avoided downstream flood damage (Dawvis,
2004). Controls ok capacity of floodplains to attenuate floods include the degree of connectivity
between the river and its floodplain (i.e. extent and height of flood embankments), the roughness of
the floodplain as determined by the vegetation and extent of topograph@ma points that collect

water (Acreman and Holden, 2013; Czikova et al., 2013). Climate change could lead to increased
seasonality of flood buffering capacity. With anticipated increases in winter flooding frequency, the
availability of spare capacity likely to be more limited during the winter compared to the summer
months.

As outlined in Appendix Il, floodplain fens together with other floodplain wetlands represent a
potentially significant source of groundwater that could helpmdigate the effects of droughts on
baseflows. Floodplain fens however are often degraded through drainage for agriculture (Appendix I)
resulting in changes that compromise their hydrological functior{idgndolf et al., 2006) For
example, drainage oehlands in the River Ouse catchment in eastern England, led to loss of peat soils
and lowering of the land surface by several metres. This has left remaining undisturbed fens isolated
and more vulnerable to the impacts of further drainage and groundwexténaction (Lock et al., 1997).

This could in turn further limit the ability of such wetlands to buffer hydrological extremes in future.
The expansion of the area of floodplain fens through restoring drained areas and restoring
hydrological connectivityo the adjacent watercourse, could help to reinstate their buffering capacity.

2.3 Wet woodlands

Groundwater depression; Groundwater slope; Floodplain

Fen and alder woodland

As outlined Appendix II, forest covered wetlands have temporally variable waidds and soil
moisture capacity depending on tree water usage, evapotranspiration and thus variable spare capacity
to store floodwater. The conditions of the trees (density, age, size and phenology) and other
vegetation also affects surface roughnessi an turn further influence the attenuation of high flows
through reducing floodplain conveyance (Thomas and Nisbet, 2007).

Fen woodland may increase in extent if water tables in open fens drop as a result of climate change
or land drainage. Dependiran the density and maturity of the trees, this could thus increase the
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spare soil capacity available for floodwater storage through increasing atmospheric loss through
transpiration. Such a change however could negatively affect groundwater contribtitiosasds
sustaining baseflows during dry periods and lead to the loss of the characteristic vegetation
community.

Surface water depression

Bog woodland

It has been suggested bog woodland provides a flood regulating service (SNIFFER, 284et)thew

capacity may be limited as it is for open raised bogs and blanket bogs with seasonal variations of water
table dictating availability of spare capacity (Appendix IlI). Flood regulation is also dependent on any
longer temporal changes in the nat of the trees and the water balance of the surrounding bog.
Increasingly dry summers may result in the lowering of the water table and invasion of uncharacteristic
invasive vegetation that could in turn affect the flood regulating service (SNIFFBR, @@hversely,

if conditions become wetter, trees may decline, and the bog could change to an open raised bog
(SNIFFER, 2014). As bog woodlands are isolated and have limited extents where they do occur, they
may be especially vulnerable to such changes

As explained earlier (Section 2.1), the baseflow contributions of peatlands and raised bogs and in turn
the capacity to buffer the effects of dry periods in general is limited. A similar and perhaps even more
limited role given the tree water usagepuld be expected in the case of bog woodlands.

2.4 Wet grassland and floodplain meadows

Groundwater slope; Floodplain

Fen meadows, wet meadows and marshy grassland

Marshy grassland, fen meadows or wet meadows that occur on floodplains provide a nomber
ecosystem services including flood mitigation (SNIFFER, 2014). Reflecting the seasonality of water
tables (Section 2), capacity to mitigate floods in such wetlands is most likely to occur during the
summer months. As these wetland types have waterddalihat are strongly controlled by the
adjacent water course, increased winter flood frequency predicted due to climate change, could lead
to changes in vegetation communities as predicted for the River Shannon in Ireland (Maher et al.,
2015). Wetter coditions could result in conversion to swamp and inundation grassland wetlands
(Rothero et al., 2016). Conversely, floodplain wet grasslands have been predicted to exhibit greater
seasonality of water tables but become drier overall under climate chartbe southeast of England
leading to changes in vegetation community (Thompson et al., 2017). These possible changes in
vegetation community under different scenarios, may in turn alter the vegetation water usage
patterns and surface roughness charactiées thus influencing the flood mitigation role of such
wetlands.  Marshy grassland supplied by groundwater seepage are unlikely to have a substantial
flood mitigation role given their upland locations, small size and typically stable groundwater
dischage regimes.

Fen meadows, wet meadows and grassland are likely to play a role in recharging floodplain aquifers
and thus sustaining baseflows during dry periods. Moreover, groundwater dominated marshy
grassland is likely to represent an important souatebaseflow during dry periods through their
groundwater contribution. Nonetheless baseflow provision is vulnerable to long term changes in
climate and land use or groundwater abstraction that could alter the characteristic water balances.

Other types

Transition grasslands
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Where they occur within floodplains, transition grasslands are likely to have broadly similar flood
mitigation and baseflow contribution services to that of floodplain fen meadows and wet meadows
described above with seasonally variable water tables.

Transition saltmarsh

Salt marshes provide a wide range of ecosystem services including attenuating wave height and storm
energy (SNIFFER, 2014). Transition saltmarshes would be expected to play a similar role but their
capacity to mitigate storms may aftéhrough climate change related sea level rise. Sea level rises of
up to 61 cm in Scotland have been predicted (Fung et al., 2018) and storm surge extremes may
increase in the North Sea region (Woth et al.,, 2006). This could lead to alterations étcthe
geomorphology of saltmarshes and transition saltmarshes. In some cases, inundation due to chronic
sea level rise could result in the complete loss of such wetlands and thus the services they provide
(Kirwan et al., 2010). However, salt marshes hagacity to adjust to changing sea levels through
inland migration if there is an adjacent natural transition wetland present (SNIFFER, 2014). Thus,
transition saltmarshes may convert to true salt marshes due to climate change. Moreover, through
feedback®f vegetation growth, sediment deposition and organic matter accretion, salt marshes have
the ability to adapt to slower rates of sea level change (Kirwan et al., 2010).

3. Knowledge gaps

Based on the review of literature sources outlined abowe, following wetland types appear to be
under studied in terms of buffering capacity:

Depressions on peat substances
Baserich fens

Transition mires and quaking bogs
Open water transition fens

Basin fens

Bog woodland

Transition grassland

Transition saltmesh

= =4 =4 -8 -8 -4 -8 -9

In general, there is a lack of empirical fiblldsed studies that assess the role of wetlands during dry
and wet periods in influencing streamflow generation.
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4. Appendix IV: Wetland Health

by Andrew McBride and Gillian Donalds8alby

0.1 Research questions

The key research questions that this section souglatriewer were:

1 What is meant by wetland health?

1 What do Site Condition Monitoring results indicate in terms of wetland condition?
9 Does Site Condition Monitoring measure wetland health?

1 What is the condition of the whole wetland resource?

0.2 Objectives

1 Estimation of wetland health.

1 Use knowledge from literature on designated sites to provide qualitative estimates as to the
proportion of healthy wetland in designated sites and other sites.

1 Provide qualitative estimates of wetland health.

0.3 Approach

This review included a definition of wetland health and condition, a review of current data, assessment
of the total area occupied for each of the described habitat types, the proportion that is under

designation, and used grey literature seagsho identify any further evidence for natesignated

sites. We then extrapolated from this data to estimate the condition across the full area for each
wetland type in Scotland.

1. Introduction to Wetland Health: What does this mean?

1.1 Definition

Areview of the literature on wetlands, specifically, provides several notable guides and indicators of
health and degradation, including the water balance, that could be used for assessing wetland health.
However, faced with the complexity of a wetlands®m it is often difficult to define the state of
health. Due to the huge diversity of wetland types, there is no one clear definition that describes a
healthy wetland.A reasonable way to describe wetland health is the comparison of the wetland of
interest with similar sites that are considered fully functional. This is clearly subjective and relies on
there being sites in good health to make that comparison that could provide an idea of comparative
health from the benchmarkThe hydrological requiremés of each wetland type could be clearly
defined in terms of acceptable levels and range, but this is not currently available. Measuring
attributes over time as in Site Condition Monitoring (SCM) provides a method for measuring aspects
of wetland health bt depends on the scope and frequency of the attribution
measurement5 SLISY RAY 3 2y (K2a&aS FGONARodziSas AT (GKS
measure up to the potential benchmark of healthiness, it could be termed unhealthy.

Q\
(s}

Costanza(1992, p248) RSTAy Sa S Oas a &dmprehenslvs, I niulfiskale, adynamic,
KASNI NOKAOIf YSI&adaNE 27F aéai SMounfaRIZ20I8n&es, B> 2 NH I
example, that the chief purpose of biological wetland assessment is the quantitative and qualitative
description and enumeration of the species, communities, and habitats present; and that to achieve,

this an inventory is needed, which shouhtlude:
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1 Wetland attributes

o0 physical properties like extent and features within the site
0 species composition
0 structure

1 Soil

1 Water chemistry

1 Hydrological characteristics

According to Karr et al. (1986 biological system ... can be considehedlthy when its inherent
potential is realized, its condition is stable, its capacity forreeHiir when perturbed is preserved, and
minimal external support for management is needed Q

In some cases, definitions of wetland health are strongly anthrepmgand see the wetland function
in the terms of floodwater and sediment retention, recreation, biomass production, carrying capacity
and water purification.

Rapport et alo My p 0 LI LJzZf F NAT SR (KS g2NR aS0O2aeaiasSy
dependability and maintainability, which has the capacity for keeping up its organisational structure
as well as natural regulating and recuperation capacity after resiliébae et a{2020), produced an
excellent summary of the range of approaches to exdwetland health. The evaluation of wetland
environment wellbeing is done by using qualitative assessment methods and techniques to combine
guantitative and qualitative assessments. Patience and Klemas (1993) provide a good outline noting
Ecosystem hedit evaluation involves: 1) the identification- of systematic indicators of ecosystem
structural and functional integrity, 2) the measurement of ecological sustainability and 3) the
detection of potential symptoms of ecosystem disease or stress (Rappor®).1B8ur types of
indicators may be distinguished (Leibowitz et al., 1991): 1) response indicators, which provide a metric
of biological condition (e.g., vegetation community composition); 2) exposure indicators, which assess
the occurrence and magnitudef @ontact with a physical, chemical, or biological stressor (e.g.,
nutrient concentrations); 3) habitat indicators, which characterize the natural physical, chemical, and
biological conditions necessary to support an organism, a population, or a comneugitywetland
hydrology); and 4) stressor indicators, which quantify natural processes, environmental hazards, or
management actions that result in changes in exposure or habitat (e.g., changes in land use). Indicator
selection must be parsimonious, inding only those that most effectively define wetland condition.

Researchers, practitioners, and catchment managers have used water, soil, vegetation, and other
related indicators for determining the health conditions of wetlands. Until recently wetlaadtin
measurements have used field observation data and models to assess the wetland ecology. Péron et
al,, (2013) observed water birds as an indicator of wetland health. AblnedtMinc (2004) indicated

plants as regional indicators of lake ecosystem the&hil and Singh (2017) used water quality data

for determining the health condition of a wetland. Field observation data cannot map and predict the
spatial and temporal scenarios of wetland ecosystem health. However, with high efficiency and multi
phaseinformation, remote sensing is increasingly used to determine and observe the ecosystem
health over extensive areas and through a regular time series. However, field observations are
required to validate the remote output.

Clearly the definition of wetlash health is as complex as the wetland systems it seeks to assess.
Although the terms condition and health are often interchangeably used, there is a distinction.
Wetland health is a holistic concept that not only includes the assessment of conditiongththe
identification of relevant indicators, but also assessment of potential stressors and the ability of the
wetland system to resist and also affect some form of internatregléir once stressors have been
removed. Wetland health can be considérsimilar to human health; for example, a doctor could
assess the condition of a patient from an external examination and by inference from indicators have
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an insight to the patient health. However, to understand the wHuabdely health further examination

and testing would probably be required and the results of which may require expert interpretation
along with an assessment of the prognosis and management of the condition to resume good health
through treatment and selfejuvenation.

For the purposes of this study wetland condition is the measurement of indicators such as positive
and negative vegetation indicators at a broad visual scale that generally relate to physical wetland
structure at a specific juncture in time. Wetland hedithwever, includes all condition indicators and
goes further to include the hydrological functionalityater quality and ability of that wetland feature

to perpetuate and sustain over time. The hydrological health underpins all the other conditionsaspect
that are measured, and without hydrological health the wetland will not fully function. This requires
both sitebased monitoring over long time periods, the use of modelling and expert assessment.

1.2 Assessment of wetland health

1.2.1 Sources of inform@on used

Site Condition Monitoring

Site Condition Monitoring (SCM) is the main data source for assessing the condition of wetlands in
{020t YyR® CKS AYyT2NXIFGA2Yy A& FTNRY 2yfée RSaiAa
Environment web pageshttps://www.environment.gov.scot/data/dateanalysis/protecteehature-

sites/. The SCM is run iny@&ar cycles; Cycle 1: 1992005; Cycle 2: 20042012; Cycle 3: 2@i¢

2018; Cycle 4: 20182024). With over 700 individual Upland and Lowland wetland features to be
monitored it is unsurprising that not all features are monitored in every cycle. SCM has common
standards for bothuplandandlowland wetlands The monitoring covers specific attributes including
habitat extent, structure, vegetation comptisn and indicators of negative change. The method
relies very heavily on the vegetation and response to external inputs. Following the assessment, the
feature is attributed a condition category. The uniform methodology and data collection make this a
good resource for wetland health information.

Note: SCM is progressing to-#i&ed monitoring approach, with Tier 1 being a brief Site Check, Tier
2 equates to SCM and Tier 3 that applies to wetlands includes the option for detailed commissioned
studieson for example, hydrology or water quality, possibly beyond the site boundary.

State of the Environment Wetlands 2014

The State of the Environment (Wetlands) 2014 Repudgestghat the state and trend for Scottish
wetlands was Poorhigh agreement, medium evidence and Trend: Stable/declitiigh agreement,

low evidence. The assessment was based on the level of agreement between the specialists involved,
and the quality andjuantity of the supporting evidence. Most of the supporting evidence relates to
SCM data on designated sites.

Article 17 Reporting

Every six years, all EU Member States are required to report on the implementationsfi tHebitats
Directive (under Article 17 Article 17 Reporting includes assessments of the condition of all Natura
habitats, whether within or out with desigited sites. In theory it should provide a reported insight

into the condition of nordesignated sites. The last Report was delivered in 2019. The reported data
sheets suggest the following with regards to condition, in most cases best estimates areobased
GEGNI LI2TFGA2Y TNRBY The dsdesShantS &e genéraliyzyaded @ntthe FesulfislofQ ®
the most recent SCM which in some cases could predate the previous Article 17 Report.
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1.2.2Sources of information not used

Agrienvironment Schemes

Agrienvironment schemes (AES) are the main European policy response to biodiversity loss caused
by agricultural intensification. Maximizing their effectiveness is a key policy challenge for the Scottish
Government. Wetland management aockation are included in the scheme prescriptions. There is

no specific wetland monitoring and research papers tend to focus on specific species and not the
wetland health. By way of the scheme scoring system, activities are focussed on designataddaites,

as such the expectation is that monitoring wetland health is recorded in SCM. Data and information
from Scottish Government AES is difficult to access and tends to relate to specific prescriptive items
rather than wetland health and so in this casasanot requested.

Scottish Wetland Inventory

As part of the response to the Water Framework Directive, the Scottish Wetland Inventory started in
2010 and was developed by assimilating spatial data from NatureScot (SNH). The data relates to
designated sis only and the whole country has not yet been surveyed and as a result the dataset
only displays known wetlands. The wetland inventory database comprises a number of fields that
include the main WFD95 wetland type which relates to water supply and |&eltsugh the WFD95
project, water level threshold requirements for surface water and ground water dependent wetlands
were established for a limited number of sites/wetland types. These thresholds will inform the
connection between water pressures and wetliimpacts, but to date the range of sites has not been
extended. The sites where information was collected was on designated sites so this could relate to
SCM. Further details can be foundbsvelopment of a Scottish Wetland Inventory (sepa.org.uk)

The dataset has poor coverage of Adesignated sites, but in the future could provide a good
foundation to link wetland spatial data and wetland health.

NES BC Northeast Scotland Wetland Inventory 20@manda Biggins and lan Francis (RSPB
Scotland) unpublished)

The Northeast Scotland wetland inventory examined the current wetland resources of Moray,
Aberdeenshire and Aberdeen City, with the principal aim of identifying sites with potential for
restoration, expansion or creation and as such the health or currentlidfon was not specifically
monitored.

Lowland Raised Bog Inventory 1994

Lowland raised bogs are the focus of this report, which brings to a close the National Peatland
Resource Inventory (NPRI) lowland raised bog survey of Great Britain. It inclualesiplplied to the

NPRI up to December 1994 and comments received up to January 1996. The Inventory lists all known
existing or former lowland raised bog sites and provides an estimate of their presumed former extent
as recorded by the British Geologicah#&y. The inventory base data does provide some indication

of habitat condition of the whole lowland raised bog resource, but this information is no longer current

to assess wetland health.

Development Environmental Impact Assessments/ Statements Plaaske2lSurveys

Environmental Impact Assessment (EIA) is a process of evaluating the likely environmental impacts of
a proposed project or development. Developers are expected to describe baseline information, but
this does not include consideration or assment of the ecosystem or habitat. EIA do usually map

the different habitats present and could provide information on the wetland condition depending on
(KS aAdNDSe2NDRa | 43a83aaYSydo ¢KSasS INB 2FGSy y2i
difficult to access as a whole resource.
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1.3 Analysis of the usefulness of information sources

Site Condition Monitoring

TheJoint Nature Conservation Committee (2009, 20f=f)ne a broad range of attributes that should

be part of the conservation objectives for any wetland site. These relate to the original selection and
designation of the designated sitescaimclude:

9 Habitat extent: Total extent of the wetland vegetation.

9 Habitat composition: On some sites only a single component wetland may be present, but in others
there may be multiple components in an intimate or extensive mosaic.

1 Habitat structure: Imprtant structural elements such as surface patterning (hummocks, hollows,
and pools), as well as exposed substrate.

9 Vegetation composition: positive indicator species, e.g., floristic structure, focusing on plant
community (NVC) level for topogenous andligenous fens and at supfdVC level for
ombrogenous mires.

1 Vegetation composition: indicators of negative change, including invasive and enative
species, indicators of vegetation change which are inappropriate to the site interest.

1 Vegetation composition: indicators of negative change (undesirable woody species), for example,
the presence of wet woodland may a) indicate drying out of fens and bogs and b) perpetuate drying
out with birch, pine, willow, and rhododendron as being spgcitconcern. In previously forested
peatlands/or forests adjacent to wetland sites, conifer regeneration is a problem.

9 Indicators of local distinctiveness. Features that make a site spe@aj., rare or uncommon
species, structural features, and haltitaosaics

When monitoring wetlands, the perspective is on condition at one point in time whereas wetland
health which involves the functionality of the wetland system and not just the condition which is
historical as it relies on vegetation proxy indiagtoAs far as possible these are tailored to the specific
feature but unable to be too site/geographically specific to consider local variations as this would
affect the ultimate analysis.

For monitoring purposes, it is the dependent biota which is takethe prime indicator of wetland
guality. The Common Standards Monitoring guidance for Lowland Wetland Habltits Nature
Conservation Committee, 2004nhd Common standards monitoring guidance for Upland Wetland
Habitats (Joint Mture Conservation Committee, 200@escribe in some detail the attributes
(particularly NVC communities) ascribed to healthy wetlands.

Does SCM measure wetland health? No, SCM assesses the wetland condition at a point in time by
way of proxy conditiommeasures which are often several years after an event or multiple events for
example pollution incidents. In addition, SCM only reports on the notified wetland features whilst in
many cases, there may be a range of other wetland types present on sité whitribute to the

overall biodiversity and resilience of the site.

Article 17 Reporting

Every six years, all EU Member States are required to report on the implementationsfi tHebitats
Directive (under Article 07 Article 17 Reporting includes assessments of the condition of all Natura
habitats, whether within or out with designated sites. It therefore should provide a reported insight
into the condiion of nondesignated sites. This insight is not quantified as the assessment generally
relies on SCM reporting of designated sites, where that information is available.

Survey of Wetland Specialists/Advisers in Scotland

Given the paucity of informatioon the condition of nordesignated sites, a questionnaire (Survey
Monkey) was sent to 5 wetland specialists within the Government Agencies and NGOs. The 10
guestions covered the main wetland habitats and an overarching question on whether the health for
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all wetland types was better in designated sites than undesignated wetlands. In addition, 3 other
specialists covering woodland and coastal habitats were approached for their opinions on the
condition of the resource outside the designated series.

WETMECg&Netland Water Supply Mechanisms)

WETMECSs provide ecohydrological guidelines for different wetland types. This approach has been
developed in Englan@heeler et al., 2004)ut has been only partially taken up in ScotlaBN(FFER

2007). The resultant project produced limited information from a few selected designated aind

was not continued or developed. Individual site reports were produced but not collated to form one
reference. If developed, the method could provide a significant improvement in the understanding of
wetland function.

1.4 Synthesis of SChMnd other information sources

1.4.1 Site Condition Monitoring

Results from the last SCM round Cycle 3

Results of the last SCM round Cycle 3 (208P for reported condition are shown below in Table 1.
Cycle 4, the most recent SCM cycle, was not analysé¢ol date only 6 features were recorded for the
selected wetland features.

The overall analysis of the SCM condition returns is very positive with 68% of the wetland features in

I bClI @2dzNI 6t Sé¢ O2yRAGAZ2Y YR MmE: dW2 GNY D! y2Fd FONBRIANT
O2yRAGAZY ® ¢KS oFO13INRdzyR NBlazya gKe Fft TSI
sites often relates to much larger issues than those that involve just management of the designated

site. These can include water alzttion and nutrient input. Water abstraction need not be pumped

water but also the effect of tree growth over many years. These aspects require extensive
investigation and negotiation with adjacent landowners that may take many years to complete. In
addtion, some impacts on the wetland system are not immediately detected. For example,
encroachment of reeds, responding to years of additional nutrient input into the wetland system.
CKdzAZ 6KIFG | LIISENB (2 OdzNNBy (fydl 20 1! NV | @R IdH2 dzNISE
being detected early enough to remedy the situation.

Table 1 Reported SCM Conditian

Reported SCM Cycle 3| Favourable | Unfavourable Recovering | Unfavourable | Total Features
Baserich / Alkaline fens 12 3 15
Blanket Bog 46 8 13 67
Raised bogs 20 9 7 36
Depressions on Peat

Substrates 6 3 9
Estuarine Raised Bogs 1 1

8 Note: Raised Bogs: As all SAC and RAMSAR sites are underpinned by SSSI désitivatiom
Degraded features were not analysed separately and only the SSSI Raised Bog feature data was

used.

ACIl @2dzNJ of S¢
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Intermediate Raised

Bogs Upland and

Lowland 1 1 1 3
Transition mires and

quaking bogs 1 1
Openwater transition

fens 19 1 6 26
Swamps Very Wet

Quaking Mire 8 1 9
Basin Fens 16 13 8 29
Valley Fen 10 1 11
Floodplain fens 11 1 1 13
Transition grasslands 1 1 2
Transition saltmarsh 2 1 3
Hydro morphological

mire range 10 1 14
Springs including

Flushes 8 1 9
Transition Open Fen 4 1 5
Transition Sand Dunes 1 1
Totals 176 35 48 254
Percentage Totals 68% 14% 19%

Review of SCM Data from all Cycles
Of the 722 wetland features from all Cycles of SCM, nearly half have not been fully assessed since
2012 or earlier. Unassessed wetland features: Cycle 1: 104, Cycle 2: 248, Cycle 3: 364, Cycle 4: 6.

In terms of wetland health, the important part of tlEssessment is the Original Assessed condition as
this is the true reflection of wetland health trend.

¢KS NBLRZNISR O2yRAGAZ2Y F2N) Fff FSIFGdz2NBa Ay (KS
2NAIAY I § Fa3aSa4SR O2yRA(ARR OFRING 2dMl @F BN wS B2 GSIN
features. This is a major difference in the number of features in Favourable condition and highlights

0KS RATFSNBYOS 06Si06SSy oKIG Aad 20aSNUSR | yR NBLR
w S 02 @S NJoyhanagerRedrSwvhith may or may not be effective. This has a major effect on the
assessment of wetland health. This difference relates partly to remedies and actions being taken after

the recorded condition, moving the site into a more positive conditidiowever, despite those

actions being taken, and for them to have a significant effect on wetland health, this may take many

years. In effect it is therefore probably more accurate to use the recorded condition. In addition, to

assess the progress ofdthealth change, frequent monitoring would be required.

C2NJ G6K2aS FSIF{idz2NBa daSaaSR Fa a!y¥Trg@g2dz2NIof Sé 2N
GAGK Hod NBLR2NISR Ay (GKS da! yFl @2dz2NF 6f Sémuoh G S32 NEB
greater 378 features. As described above, the difference between recorded and reported is very
significant and would suggest wetland condition and by inference wetland health, to be much poorer.

Change in condition between cycles
Table 2 shows all cles and how condition has changed between the last and the current assessment.
¢tKA& NBFESOGa I aAYAtFNI adloAtAdle 2F ardsSa Ay acC
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features to that found in Cycle 3. At 88% of features showing nogehdetween cycles, 4%
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is one of decline with more features declining than improving. In addition, when looking into more
detail from the SCM rounds, theast recent assessed cycle was Cycle 1 for over one third of the
features and dates back to 1999 to 2005. The infrequency of SCM makes an overall assessment of

WNBFf GAYSQ 6SiGftFyR FSIGdNB KSIFfGK RAFFAOdA G |y
wetland health.

LY FRRAGAZ2YY ab2 [/ KFEy3aSé¢ O02dzZ R YSFyYy | FSI {dz2NB A
GKS ab2 [/ KIFIy3aSé¢ OFGiS3a2NE 2FGSy NBfFGSa G2 |y 2N

subsequent monitoring. In the pericglnce 1999/2005, given the pressures on wetland health for
example nutrient input and continued effects of drainage, it is highly likely in the subsequent two
decades that wetland health has changed significantly.

Table 2 Change in Reported Conditionngie last assessment

All Cycles SCM and Condition
change in Reported change
Condition since last
assessment

Reported SCM Favorable| Unfavorable| Unfavorable| Total No Decline| Improving

Recovering number | Change

of
Features

Baserich / Alkaline | 17 1 4 22 21 1
fens
Blanket Bog 101 8 57 167 167
Raised bogs 31 9 20 60 40 11 2
Depressions on Peat 14 1 4 20 20
Substrates
Estuarine Raised 2 2 1 1
Bogs
Intermediate Raised| 1 3 1 5 4 1
Bogs Upland and
Lowland
Laggof raised bogs | 1 1 1
Transition mires and| 12 2 2 16
quaking bogs
Openwater 46 3 9 60 47 11 2
transition fens
Swamps Very Wet | 12 2 2 16 16 0
Quaking Mire
Basin Fens 35 3 21 63 48 6 9
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Valley Fen 21 2 4 27 23 1 3
Floodplain fens 13 2 3 18 15 3

Fen woodland 2 1 3 2 1
Transition grasslandg 3 1 1 5 5

Transition saltmarsh| 4 1 5 4 1
Hydro morphological| 12 6 21 1

mire range

Springs including 12 4 1 36 33 2 1
Flushes

Transition 1 1 1

ombrotrophic mire

Transition Open Fen| 5 1 7 4 1 2
Transition Sand 1 1 1

Dunes

Totals 346 41 138 556 414 38 21
Percentage Totals | 66% 8% 26% 88% 8% 4%

1.5 Expert assessment of the relative health of wetlands inside and outsidedhasignated areas

l'f 0K2dAK GKS AyailuNdHzOGA2y ¢l a F2NI I ISYSNrf wW3dz
to comment with a strong opinion due to a lack of information. Overall respondents considered that
wetland health within the designatesuite is better than in the wider countryside. However, there

were a few exceptions where respondents were more confident in the response. For Lowland Raised
Bogs, of the 6 respondents, 4 strongly agreed that condition was better in the designated series
Reedbeds, Floodplain Fens and Base Rich Fens were also considered in better health in the designated
series. There was an interesting and clear ambivalence in the responses related to Upland springs and
flushes and Depressions in Peat Substrate featwithbsrespondents at both the positive and negative
extremes strongly showing a preference. This may reflect different personal experiences but may also
reflect the remoteness of these features and that, unless drained, these features are relatively
consigent and robust, and designation makes very little difference.

For the coastal communities, th&altmarsh Survey of Scotlarwlas specifically designed to
incorporate the whole resource condition. However, this approach highlighted an anomaly related to
the designation selectior¥8% of the srveyed resource is designated. The undesignated saltmarsh
was in better condition than designated. This was thought to be simply because the larger systems
were most likely to be both designated and damaged. Where there is a greater amount of information
(e.g. Uist), this suggests no difference between designated and the wider countryside habitat
condition, but Uist is atypical for the habitats and so it is difficult to extrapolate to the rest of Scotland.
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The perspective on wet woodlands and bog woodlawds that those outside the designated sites
were in poorer condition but this was caveated by a lack of information to substantiate the conclusion
apart from personal experience. Seral succession of wet habitats to drier habitats was highlighted as
a paticular issue that affected the health of this wetland habitat.

As designated sites are selected for their high quality and representativeness of that feature in an area

of search, it should not come as a surprise that wetland health within the desigrsitesl is
considered better than out with, in many cases. The strongly positive responses for Lowland Raised
Bogs, Reedbeds, Floodplain Fens and Base Rich Fens, probably reflects many years of focused positive
management on these specific habitats throygbjects and agrenvironment schemes mainly on the
Designated wetland sites.

1.6 Article 17 Reporting

Article 17 provides an insight into the wider health of the Natura wetland resource including
undesignated sites.

The assessments are generdised on the results of the most recent SCM which in some cases may
predate the previous Article 17 Report, and do not provide an accurate current indication of wetland
health. As Article 17 covers all Natura wetland types, and not just designatedesipest opinion

and experience is used to fill the knowledge gaps.

Table 3 Article 17 Reporting (2019)

Feature Condition
Alkaline Fens improvement
Blanket Bogs stable
Depression in Peat stable
Substrates

Transition Mires improvement
Raised BoggActive) improvement
Raised Bogs (Degraded) | improvement

The overall assessment from Article 17 is that for the habitats considered, there is a positive general
improvement with some habitats remaining stable. This result possibly reflectethen condition

FNRY {/a odzi Ifa2 GKS SELISNIQa (y26tSR3IS 2F I OGA
does highlight the importance of having up to date information to report wetland health.

2. Qualitative Assessment of Wetland Health fdre different wetland
habitats

The characterised assessment was done utilising the information assimilated in this report and the
personal knowledge of the lead author of Appendix IV. The categories for current and future health
are presented in a basicategorisation of Good, Moderate and Poor.
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The assessment of each wetland habitat type is according to four criteria. The first is:

Its most recent SCM observed conditidhis column shows the ratio of wetlands favourableand
Unfavourablecondition. As there is a very little current health information available, the SCM
condition in these assessments is used as a partial proxy indicator to health. The condition of
Favourable used in these tables, relates to the SCM categorie§adourable Reeering and
Favourable MaintainedFavourable Decliningp the SCM is included &ainfavourablein this table,

since the trajectory towards abinfavourablecondition is highly likely in most casesksvourable
Decliningwetlands particularly with the additional issues created by climate change.

The assessment of the other three criteria was carried out utilising the personal expert knowledge of
the lead author of Appendix IV; information from the 2014 State of the &nnient briefing note on
Wetlands and the Article 17 Habitat Directives Report (2019); and interviews with external experts.
For each wetland habitat type, these criteria are:

1 its estimated current healtfgood/moderate/poor)

1 its estimated futurdnealth(good/moderate/poor) in the context of climate change, with or without
remedial action

9 itsresilienceor lack thereof.

Confidence levels of the assessment are not included as there is a very high level of variability within
each wetland type, depwlant on a wide range of external factors, including location, topography,
and resilience. These factors in turn depend on the long term and sustained management of the
wetland and vegetation dynamics and responses. If we then layer the extremes ohtlamubexcess

water, it becomes difficult to assess the confidence of the assessment. This is also exacerbated by the
consideration that wetlands will have to endure both extremes not just one. The strongest confidence
for resilience of all the wetlanddbitats is in floodplain fen, reedbeds and springs and flushes, all of
which are well adapted to extreme fluctuations in water conditions. However, this is also caveated as
these habitats are also very reliant on the whole catchment and management ofdtetment.

Table 5aA qualitative assessment of the health of upland wetlands

Hydrological Wetland Most recent  Estimated Estimated Resilience
wetland type habitat SCM Current Future Health

Observed Health gAGK WolI

Condition Climae Change

Favourable/ impacts, with

Unfavourable action/no

action

Surface Blanket bog  74/92 Moderate Moderate/Poor Large scale restoration
water slope investment is required,

but risk of wildfires will
escalate if more bogs are
not rewetted. In general
deernumbers still too
high to ensure wetland
health improvement.
Scale of habitat very larg
and not easy to get
agreement over whole
area.
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Wet heath 10/30 Poor Moderate/Poor
Surface Depressions  12/7 Good Good/Poor
water on peat

depression  substances

Groundwater Baserich 12/15 Moderate Mode
slope fens, alkaline
fens

Table 5b A qualitative assessment of the health of lowland wetlands

Hydrological ~ Wetland Most recent SCM Estimated
wetland type  habitat Observed Current
Condition Health
Favourable/
Unfavourable
Surface water Raised bogs 12/48 Poor
depression
Groundwater = Transition 2/4 Poor
slope Mires and

quaking bogs
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rate/Poor

Estimated

Strong likelihood that
tree planting will reduce
extent but may leave
existing resource in good
condition due to changes
in burning regimes.
Wildfire will become an
increasing threat.
Depressions on peat
substrates tend to be
relativelystable but
depend on the health of
the adjacent bog.
Drought may cause
cracking which leads to
peat contraction and loss
of water even after
rewetting.

These fens relfzieavily on
baserich water inputs.
The extremes of Climate
Change could have a
beneficial effect, through
more flushing and more
base rich water input.
This will depend on the
residency of water in the
base rich strata.

Resilience

Future Health

with

WO E (G NB)Y

Climate
Change
impacts, wth
action/no
action
Moderate/
Poor

Moderate/
Poor

Raised bogs in good
health could be
resilient to the
extremes. Good healtl
relies on hydrological
integrity.

These mires are quite
resilient to wide
fluctuations in water
levels. One issue is
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Open water 40/18
transition fens

Baserich fens  12/15

Reedbeds and

swamps
Groundwater | Basin fens 23/33
depression

Floodplain Floodplain fens 12/6

CENTRE OF
EXPERTISE
FOR WATERS

Good Moderate/
Poor

Moderate =~ Moderate/

Poor
Good Good/ Good
Poor Moderate/
Poor
Good Good/
Good
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that persistent drought
could lead to floating
mats becoming rooted
to substrate below.
Increased flooding ma
assist with flushing anc
diluting nutrients in
the system.

Resilient to a wide
fluctuation in water
tables.

These fens rely heavily
on base riclwater
inputs. The extremes
could have a beneficia
effect, through more
flushing and more basi
rich water input. This
will depend on the
residency of water in
the base rich strata.
Reedbeds are very
resilient to a wide
range of water levels
and may encroach on
other wetland habitats
as they dry out.

Basin fens often
contain a range of
wetland features and
could be resilient to
extreme changes. The
impact of runoff
nutrients from within
the catchment could
be countered by
additional flushing due
to heavier rain events.
A resilient wetland
type. Low level of
management required
depending on situation
and river morphology.
Societal responses to
flooding and
agriculture, and hard
river engineering, will
all affect the
connectedness and
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function of floodplain
wetlands.

Table 5¢cA qualitative assessment of the health of wet woodlands

Hydrological Wetland habitat Most recent SCM Estimated Estimated Resilience
wetland type Observed Current Health  Future
Condition Health with
Favourable/ W9 E i NB
Unfavourable Climate
Change
impacts,
with
action/no
action
Groundwater  Fen woodland 2/1 Moderate Moderate/ Resilient wetland that
depression; Moderate  with maintenance of
Groundwater sufficient water levels
slope; can retain a
Floodplain regenerative dynamic.
Alderwoodland  27/29 Moderate Moderate/ Resilient wetland that
/Wet woodland Moderate  with maintenance of
sufficient water levels
can retain a
regenerative dynamic.
Surface water Bog woodland = 0/2 Poor Poor/Poor  This is a poorly mappec
slope wetland habitat,
vulnerable to
mismanagement, but
also the effects of
drainage of the
supporting bog habitat.

Table 5d A qualitative assessment of the health of wet grassland/flood plain meadow

Most recent  Estimated Estimated Future Resilience

SCM Current I SIHfaK oAl

Observed Health Climate Chage

Condition impacts, with

Favourable/ action/no action

Unfavourable
Groundwater Fen meadow 15/14 Moderate Moderate/ Relies heavily on
slope; Poor appropriate management
Floodplain to maintain health.

Connectedness to water
supply and frequency of
inundation important and
much affected by societal
responses.
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Wet Moderate/
meadows, Moderate
marshy
grasslad
Transition 0/2 Poor Poor/
grasslands Poor
Transition 3/2 Good Poor/
saltmarsh Poor

Generally, a resilient
wetland habitat, with
lower biodiversity interest
but good flood retention
potential. And affected by
societal response to
flooding

This habitat is more an
artefact of SCM. The

habitat is part of a dynamic

wetland.

Sea level rises, and extent

to which this habitat can

move isquestionable. This

is a SCM feature which
formalises a dynamic

wetland and is considered

a natural component of a
healthy salt marsh.

The above tables provide an indication of future wetland health. The trajectory of wetland health is
highlydependent on the management of wetland sites. For many of the wetland types, management
measures could mitigate the effects of climate change (Appendix VI). Inevitably, in some smaller sites,
implementing management measures will be unviable due to tkerall cost of the required
management. A prioritisation process would be important to consider as some small sites are home
to rare, immobile species that would warrant the additional expenditure.
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In the case of peatlands, poor health in the form of a dysfunctional hydrology caused by drainage,
affects the vegetation type and cover that protects the surface from the extremes of drought and
flood. Oncethis protective cover is stressed, the water holding buffering capacity in the form of
Sphagnurmmoss is lost. In addition, other factors like herbivore impacts will further exacerbate the
bitdis hebdnda geGradedandyequizte A &
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extensive intervention to restore the hydrological health and replacement of the protective
vegetation cover and restore the buffering capacity. The buffering capacity may not only benefit the

wetland habitat but also sbety and the biodiversity that the habitat supports.

As individual entities, some wetland types such as floodplain fens, wet woodlands and reedbeds are
robust and highly resilient to changes in water regimes. These wetlands have often developed in

conditons where there are large seasonal fluctuations in water levels.

Others through spatial

constraint like basin fens or through large scale management interventions like blanket bog are highly
vulnerable to the extremes of drought and flood. In the calsdeper peat wetlands such as blanket
bog and, less so, lowland raised bog, the climate change extremes will potentially exacerbate
degradation through extreme drying followed by heavy rain which will induce and enhance erosion of
the habitats. Lowlandaised bogs are often vulnerable as the edges of the site have been cut into
removing the buffer of lagg fen making the smaller exposed peat mass more vulnerable to drying out.
This highlights the need to consider wetlands as networks and the habitats whi wetlands as
mosaics of different wetland communities. By restoring and creating wetlands within a catchment,
this will provide a greater buffer to climatic extremes for the existing wetlands. Key to creating climate
resilient wetlands in the futw is the management of the individual wetlands to ensure good wetland
health and to enhance appropriate buffering effects in each location. To improve wetland health

AppendixlV ¢ Andrew McBride and Gillian Donalds8elby

l.j

NI



& CENTRE OF
EXPERTISE
FOR WATERS

future wetlands will require consideration on a spatial and temporal basis to allow meaeal
dynamic processes to occur.

3. Wetland Extent

The hydrological wetland typology is based on broad, landsesqate hydrological features.
Therefore, the landform types of the National Soil Map units were classified into hydrological wetland
types wsing available descriptions of landform characteristics such as slope, relative landscape position
and topography

Wetlands occur where soils are permanently or seasonally wet due to climatic, topographical and soil
hydrological conditions and characteitst (Appendix | and Il) but many of the National Soil Map units
contain a mixture of both dry and wet soils, whose exact location within the polygon is often unknown.

The areas of wet soils were mapped by selecting soils assigned to HOST classes d 809 an
(potentially wet or waterlogged alluvial soils), HOST class 12 (basin peat and some peaty gleys), HOST
classes 14 and 24 (mainly noncalcareous gleys), HOST class 15 (peaty podzols, peaty gleyed podzols
and peaty gleys), HOST classes 26 and 27 (peiltyraainly peaty rankers) and HOST classes 28 and

29 (upland blanket peatdBy spatially overlaying wet soils from HOST DSM and selected habitat types,

the total areal extent of unique HOST class and EUNIS habitat type combinations was calculated.

Table 5e Total areas for the different wetland types/vegetation cover derived from HOST and EUNIS mapping (see
Appendix VIII)

EUNIS (kn?) Ha
C Surface standing and running waters 97| 9,700
D1 Raised and blanket bogs 12078 1,207,800
D2 Valley mires, poor fens and transition mir 351 | 35,100
D4 Baseich fens and calcareous spring mire 12| 1,200
E3 Seasonally wet and wet grasslands 4251 425,100
F4 Temperate shrub heathland 10185/ 1,018,500
F9 Riverine and fen scrub 4| 400
G1Broadleaved deciduous woodland 207 | 20,700
G3 Coniferous woodland 3704 | 370,400
G4 Mixed deciduous and coniferous woodlat 209 | 20,900
Native pinewoods 120 12,000
Total Wetland Area 3,121,800 ha

Comparisons of extent for different types of wetlands are always fraught as there is no one standard
categorisation of wetland types and the wetlands tend to be a mosaic of different types making it
difficult to differentiate the extent of each type. Iddition, many wetland types transition with other
habitats. From the above table, the area for Raised and Blanket bog is considered low (1,207,800 ha),
as the combined total for the two wetland types is thought to be 1,800,600Branéau and Johnson,

2014). The addition of F4 Temperate shrub heathland (1,018,500 ha) would take the figure beyond
the current estimate for Blanket and Lowland Raised Bog. Peatlands are particularly difficult to define
with some methods using peat soils and others considepeatland vegetation. By comparison all
other wetland categories are relatively small in area but may have a very strong local influence on the
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land coer and as such can influence many aspects related to climate change. Before this piece of
work there has not been a concerted effort to map/calculate the area of wetlands in Scotland.
Improved satellite technology and ground truthing with different resdateams answering the
question from different perspectives may start to fill some gapSatureScot are planning to
commence a project to utilise remote sensing to identify wetlands. Ultimately to have accurate
figures, similar exercises like the ScsiitNative Woodland Inventory are required for wetlands.

4. Discussion

Information on wetland health is currently very sparse. The key information is gathered through SCM
and focusses on designated wetlands only. SCM was not set up to measure wetland health in its
entirety, but as a way to collect simple and robust inforroati However, SCM provides a good
indication of condition on sites which are deemed to be the best examples of their type and also sites
where management effort is focussed. From the 571 wetland features monitored in SCM (assessed
condition), 34 had detrled since the last assessment, whilst 19 had improved and no change on the
remaining 518. This would suggest tf@atdesignated sited mostcases thestatus quds maintained

but the overall trend in wetland condition is slightly declining. Howeekthe 518 with no change,

Hmg 2F (GKSaAS aAraidSa 6SNB Ay (GKS a! yTFl @2dz2NI of Sé
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sites. SCM therefore provides an indicator of historical wetland health but is not definitive. This has

a value but does not allow for a quick response to poor health. If a quickCBéek method is used

and shows an issue, a full SCM assessment is brought forward, but even a site check will only look at
the condition and is not an idepth assessment of health.

C
R

The Article 17 Reporting is interesting, as it uses expert opiniotitoififormation gaps, but s limited

to Natura features. Expert judgement which forms the extrapolation of the SCM assessments is limited
to experience which is particularly relevant when considering wetland sites outside the designated
areas. The pollfavetland experts confirmed that it is highly likely that wetland health is better within
the designated sites than in the wider countryside. Outside the designated areas wetlands are
generally under the same pressures as designated sites often witledirmitpetus to improve the
condition or monitoring. Emphasis of agrivironment schemes focusses on management of
designated sites, with the result that the undesignated wetland resource is not appropriately
managed. There are some exceptions to thisewample the Tweed Forum who champion wetland
management in the Borders on all wetlands.

Whilst wetland health is important to monitor particularly in the context of rare habitats and species,
the overall dynamic of wetland health must also be considekgidtorically the wetland classifications
shown above were part of an extensive dynamic network of wetland types that would move according
to prevailing conditions. Within this dynamic process there would be losses and gains and
rejuvenation of the individal wetland and transitional habitats. In many cases today, wetlands are
isolated and no longer part of a dynamic rejuvenating network. Those which come closest to this
dynamic, for example the Insh Marshes, are extensively modified and only haveadlyp#utictional
dynamic. Extensive wetlands like blanket bog still maintain a dynamic but this has often been pushed
into a degraded state by drainage, herbivore management and burning. Smaller lowland wetland
types like basin fens and lowland raised age artefacts of a much larger area of wetland. Inevitably
there will be losses of certain wetland types due to the extremes of drought and flood. This is where
multifaceted prioritisation of all wetlands is required to account for the multiple benefiizected

from wetlands in the future and include the concept of Natural Capital accounting.
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5. Recommendations

The analysis highlights the need for more relevant and contemporary information gathering across all
wetlands. Some of this can be obtainedrbynote sensing but by necessity a considerable amount
will come from basic sample collection and analysis. It is of concern that from the available condition
monitoring, the trend is one of decline with more features declining than improving. Howewer, f
many sites the current condition and by implication wetland health, are unknown.

The following recommendations to improve the characterisation and management of wetlands are
proposed:

1

Complete the Scottish Wetland Inventory. The Wateamework Directive includes all wetlands
GAGKAY AdGa NBYAGO® laasSaaySyid 27F {020fl yRQa
Wetland Inventory, which primarily only covers designated wetland sites. The completed
inventory could underpin all fure strategy and decision making in relation to the impacts of
Climate Change. This is a major undertaking but shown to be clearly possible by the completion of
the native woodlands and salt marshes inventories. Wetlands require a similar level obdetall
probably more to account for the hydrological functionality. Given the variability of wetlands,
remote sensing alone is insufficient and frequent ground truthing to measure condition and health
will make future modelling more accurate.

Mapping of weland features within the designated series to allow accurate reporting and
understanding of the wetland vegetation dynamics. Whilst it is appreciated this is difficult, the
combination of remote sensing and ground truthing would provide a basis for bet#and
vegetation dynamics at a time of great changes in the climate system. The historical records and
surveys from designated sites would provide good baseline information to which further
hydrological information and current mapping could be addedreate a full picture of wetland
health.

The inclusion of theVETMECSystem as a compulsory aspect of SCM wpuddide a much clearer
understanding of the hydrology and provide information relevant to wetland health. Within SCM
there is a strong emphasis on wetland condition and not health. Thwslerstandable as wetland
health is costly to ascertain ovellarge number of wetlands. Using the WETMECs system would
add hydrological characterisation of wetlands in the SCM system. In addition, including water
quality and microbial monitoring would improve SCM.

Explore the potential of remote sensing to assesgetland health through variation in foliage
colour. WETMECS Wetland health is closely aligned to water quantity, quality, periodicity, and
dynamics. WETMECS provides a considered and consistent approach to include this functionality
into an assessmentCurrent protocols for SCM are valid but reconsider some less relevant
attributes to focus on ecosystem function and context. Devising a methodology that addresses this
deficit will be challenging but would create a more accurate health assessivetiand health
monitoring should include more sensitive proxy measures like microbial analysis, diatom analysis.
Repeat a revised wetland SCM at no more than 5 yearly intervals.

The wetland extremes of drought and flood will demand a very high degree of adaptive
management and necessitate rapid decision making in some cases. To make these decisions
effectively requires regular monitoring of changes that are occurring within the wetland and
monitoring of changes in vegetation condition. Key aspects are waterlysupm quality
information. This would be costly, but a focused viided network of more detailed monitoring

sites would provide information to respond to the threat of climate change and provide the
confidence for extrapolation. A catchmebéased appoach is advised to mesh with other
expectations within the catchment.

Fully engage land managers and owners as wetland managers to monitor and maintain wetland
health.
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1 Through wetland creation and expansion, create a network of wetlands and supportiitgthat
all catchments to provide resilience to water extremes and multiple benefits for a prioritised group
of wetlands for example protected areas.

1 Prioritisation. At some stage key decisions are required on wetland health and the financial inputs
relf dZANBR (2 YIAYyGlrAy | w3aI22RQ € S@St 2F KSFfGK GfF
the prioritisation of wetlands in a changed climate and a society looking for different wetland
functions. This would align well with WFD objectives. Theeati designated site series may
NBIljdZANSE I WR2¢6y3INIRSQ 2F az2YS aArGaSa odzi ¢2dA R
wetland health for the future, and not a historical concept of wetland protection.

1 Use experience from other countries that aretively measuring wetland health lik&lifornisand
also already experiencing the extremes of drought and flood to ascertairetip®nse of wetland
communitiesto these extremes.
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5. Appendix V: Key Aspects of Biodiversity (Species,

Habitats and Communitiedntrinsic to Wetlands
by Robin Pakeman

0.1 Research questions

The key research question that this appendix sought to answer was:

1 What is the nature of wetland biodiversity that might be impacted by extremes of water
availability?

0.2 Objective

To producea review ofthe key aspects of biodiversity (habitat and communities) intrinsic to
wetlands in the designated sites

This work builds on Appendix | which explored the potential change trajectories and causes of change
for the habitat attributes of different wetland types.

0.3 Approach

To get an overall picture of what species, plant communities and habitats areassogith or make
up wetlands, three data sources were explored.
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and can be either species or habitat) was summarised by type of protection. The condition of
wetland features across Scotland was also summarised.

1 The National Vegetation Classification lists of rare species associated with each plant community
in the community descriptions.
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Many species are obligatorily associated with various wetland habitats. However, to create this linkage
between biodiversity and wetland type, aorrespondence table between different wetland
Ot aaAFAOFGAZ2ya Aa ySOSaalNERe {dFNIAy3a FNRY
hydrological systems, the guidelines for selection of S&8is:(/incc.gov.uk/ourwork/guidelines
for-selectiorof-sssis/#par2-habitat-chaptery and the manual of terrestrial EUNIS habitats in
Scotland (Strachan, 2017) were used to match up hydrolodyitadtaand vegetation types (Table 1).
Note that vegetation type repeat in the final column as plants respond to local conditions rather than
to landform.

1. Introduction

Table 1. Correspondence between wetland types, EUNIS habitat types and National Vegetation Classifigdy/C)
communities for Scotland. Names of NVC communities, e.g., M1, can be fourdlite 10. Habitats Directive Annex 1
habitat numbers are given in square brackets, e.g. [H7110].

Type Wetland type |Features Supplied habitat list EUNIS
Headwater|Surface water|No hydraulic |Raised bogs: (all types |D1.1 Raised bogs
(not fed by [depression  |connectivity raised, active, degraded|D1.11 Active, relatively

significant with intermediate and undamaged raised bogs
stream groundwater. |estuarine SS$&atures) [(M18, M19, M1, M2)
systems) Outlet has no |Depressions on peat  |[H7110]
direct substrates D1.12 Damaged, inactive
connectivity (Rhynchospora bogs
with river D1.12 Degraded raised
system. bogs still capable of natur

regeneration (M3, M15,
M16, M17, M18, M19,
M20, M25) [H7120]
D1.12x Damaged, inactive
bogs not capable of
restoration within 30 years

(various)
Surface water|No hydraulic  [Blanket bog(all types |D1.2 Blanket bogs (includ
slope connectivity |- blanket bog, D1.21, D1.22, D1.24)
with intermediate blanket bog[H7130]
groundwater. |saddle mire) D1.21 Hyperoceanic low
Outlet has direc altitude blarket bogs,
connectivity typically with dominant
with river TrichophorumM1, M2,
system. M3, M15, M17, M18, M25
[H7130]

D1.22 Montane blanket
bogs,Callunaand
Eriophorum vaginatum
often dominant (M1, M2,
M3, M15, M19, M20)
[H7130]

D1.24 Wet bare peat and
peat haggs on blanket bo
[H7130]
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Wet heathc wet heath
with Erica tetralix and
sub-alpine wet heath

Bog woodland

F4.1 Wet heaths

F4.11 Northern wet heath
(M15, M16) [H4010]
F4.13Molinia caeruleavet
heaths (M25)

G1.5 Broadleaved swamp
woodland on acid peat
G1.51SphagnunBetula
woods

G1.51 Birch bog woodlang
(W4, M17, M18) [H91DOQ]
G1.51x OtheBphagnum
Beula woods (W4)
G1.52AInusswamp woods
on acid peat (W4)

G3.D Boreal bog conifer
woodland

G3.D1 BoredPinus
sylvestrishog woods (W18
M18, M19) [H91DO]
G3.D1 Bog woodland (W4
W18, M17, M18, M19,
other) (includes G1.51,
G3.D1) [H91DO0]

Groundwater
depression

Hydraulic
connectivity
(permanent or
periodic) with
groundwater.
Outlet has no
direct
connectivity
with river
system.

Basin fens (can include
floating Schwingmoor
vegetation- see also
above transition
mire/quaking bog and
valley £ns)

C3.2 Reedbeds and tall
helophytes

C3.26Phalaris arundinace
beds (S28) [H3150]
C3.29 Large sedge swam
communities (S3, S6, S7,
S9, S11) [H3130, H3140,
H3150, H3160, H3260]

D2.3 Transition mires and
guaking bogs
D2.32Carex diandra
guaking mires (M9)
[H7140]

D4.1 Rich fens, including
eutrophic taltherb fens an
calcareous flushes and
soaks

D4.1CCarex rostrata
alkaline fens (M9) [H7230
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Fen woodland, alder
woodland, wet woodlandg

E3.5 Moist or wet
oligotrophic gassland
E3.51Molinia caerulea
meadows and related
communities

E3.511 Calcicline purple
moorgrass meadows (M2
[H6410]

F9.2 Salix carr and fen
scrub

F9.21 Grey willow carrs
(W1, W3)
F9.22Sphagnunwillow
carrs (W4)

F9.23 Bay willow carrs (W

G1.4Broadleaved swamp
woodland not on acid pea
G1.41AInusswamp woods
not on acid peat (W3, W6

(permanent or
periodic) with
groundwater.
Outlet has direc
connectivity
with river
system.

W?7)
Groundwater |Hydraulic Reedbeds andwamps |C3.2Reedbeds and tall
slope connectivity (on designated sites thejhelophytes

are likely to be included
within open water
transition fen features,
basin fen or floodplain fe
features)

Open water transition
fens (can include fen
meadow, fen, swamp,
reedbed),

C3.21Phragmites australis
beds (S4) [H3110, H3130
H3140, H3150]
C3.22Schoenoplectus
lacustrisbeds (S8) [H3130
H3160]

C3.23 Typha beds (S12)
[H3130, H3150]

C3.24 Mediurdall non
graminoid swamp
communities (S10 S14 S1
[H3130, H3150, H3160,
H3260]

C3.25Glyceria maxima
beds (S5) [H3150]
C3.26Phalaris arundinace
beds (S28) [H3150]
C3.27 Halophil&cirpus,
Bolboschoenuand
Schoenoplectulseds (S21)
C3.29 Large sedge swam
communities (S3, S6, S7,
S9, S11) [H3130, H3140,
H3150, H3160, H3260]
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Transition mires and

guaking bogs (very wet
mires/quaking bogs and
some laggs of raised bo

Fens: Base&ch fens,
alkaline fens

D2.2 Poor fens and seft
water spring mires D2.22
Carex nigra, Carex
canescens, Carex echinat
fens (M6, M7)

D2.3 Transition mires and
guaking bogs
D2.31Carex lasiocarpa
swards (M4, M5, M9)
[H7140]

D2.32Carex diandra
quaking mires (M9)
[H7140]

D2.33Carex rostrata
guaking mires (M4, M5, M
M9) [H7140]

D2.33 Transition mires an
guaking bogs (Annex I)
(includes D2.3B3, D2.39,
D2.3) [H7140]
D2.37Rhynchospora alba
guaking bogs (M1, M2)
[H7150]
D2.39Menyanthes
trifoliata and Potentilla
palustrisrafts (S27 non
NVC) [H7140]
D2.3Hypericum elodes
Potamogeton
polygonifoliussoakway
(M29) [H7140]

D4.1 Rich fens, including
eutrophic taltherb fens an
calcareous flushes and
soaks

D4.12Schoenus ferrugine
fens (M10) [H230]
D4.15Carex dioica, Carex
pulicarisand Carex flava
fens (M10) [H7230]
D4.15 Alkaline fens
(includes D4.12, D4.15,
D4.19, D4.1C) [H7230]
D4.17Carex saxatilifens
(M12) [H7240]

D4.19 BritisiCarex
demissa Saxifraga
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Fen meadow

Fen woodland, alder
woodland, wet woodland

aizoidedlushes (M11)
[H7230]

D4.1CCarex rostrata
alkaline fens (M9) [H7230

E3.4 Moist or wet
eutrophic and mesotrophi
grassland

E3.41 Atlantic and sub
Atlantic humid meadows
(M22 M23b MG8 MG9)
E3.42Juncus acutiflorus
meadows (M23a)

E3.44 Flood swards and
related communities

G14 Broadleaved swamp
woodland not on acid pea
G1.41AInusswamp woods
not on acid peat (W3, W6

upstream river
flows

Wet meadows, marshy
grassland, Femeadow,

transition grasslands

W?7)
Floodplain |Floodplain Inputs are Floodplain fens C3.2 Reedbeds and tall
dominantly helophytes

C3.21Phragmites australis
beds (S4, S26) [H3110,
H3130, H3140, H3150]
C3.25Glyceria maxima
beds (S5) [H3150]
C3.26Phalaris arundinace
beds (S28) [H3150]
C3.29 Large sedge swam
communities (S3, S6, S7,
S9, S11) [H3130, H3140,
H3150, H3160, H3260]
D2.3 Transition mires and
guaking bogs
D2.31Carex lasiocarpa
swards (M4, M5, M9)
[H7140]
D2.33Carexostrata
guaking mires (M4, M5, M
M9) [H7140]

D4.1 Rich fens, including
eutrophic taltherb fens an
calcareous flushes and
soaks

E3.4 Moist or wet
eutrophic and mesotrophi
grassland
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Fen woodland, alder
woodland, wet woodland

E3.41 Atlantic and sub
Atlantic humid meadows
(M22, M23b, MG8, MG9)
E3.42Juncus acutiflorus
meadows (M23a)

E3.44 Flood swards and
related communities
(MG10, MG11, MG12,
MG13, OV28)

E3.5 Moist or wet
oligotrophic grassland
E3.51Molinia caerulea
meadows and related
communities

E3.511 Calcicline purple
moorgrass meadows (M2
[H6410]

E3.512 Acidocline purple
moorgrass meadows (M2

G1.1 Riparian and gallery
woodland, with dominant
Alnus, Betula, Populus
Salix

G1.11 Riverin&alix
woodland (W6) [H91EQ]

G1.2 Mixed riparian
floodplain and gallery
woodland

G1.21 Riverin€raxinus
Alnuswoodland, wet at
high but not at low water
(W6, W7) [H91EOQ]
G1.21 Alluvial forests with
Alnus glutinosand
Fraxinus excelsigAIno-
Padion, Alnion incanae,
Salicion albae) (W6, W7)
(includes G1.11, G1.21)
[H91EOQ]

2. Designated sites

5FGF 2y (GKS ydzYo SNE

specifically Ecosystem

Appendix \& Robin Pakeman

Health

YR O2yRAGAZY 2F

Indicator 2¢ Protected Nature Sites

I A 2 4 oA

LINBUSOUSR

p
«



6 CENTRE OF
EXPERTISE
FOR WATERS

(https://www.environment.gov.scot/data/dataanalysis/ecosysterhealth
indicators/?indicator=Protected nature sifes

A range of levels of protection cover Scotland, but this analysis specificallyg goseSites of Special
Scientific Interest (SSSI), Special Areas of Conservation (SAC), Special Protection Areas (SPA) and
Ramsar sites.

There is an overlap between SSSis and the other categories and between Ramsar sites and the other
categories, as sites often have multiple designations. Hence these protection types have been treated
separately.

Roughly a third of SSSIs and Ramsar sites have wetland features, more than half of SACs, but only 15
% of SPAs (Table 2).

Table 2 The numberof protected sites in Scotland with wetland habitats and/or species according to the type of
designation. It should be noted that there are overlaps between the categories as sites may have multiple designations.

Type of protection Number of sites with  |Percentage of total Total number of
wetland habitats and/or{designated sites designated sites
species

SSSI 483 34.0 1422

SAC 140 57.6 243

SPA 25 154 162

Ramsar 16 314 51

The data in Tables 3 to 9 show the overall number of designated featurespanids under each type

of designation. Features, as a term, is equivalent to habitat and can be related to vegetation
O2YYdzyAGASE @Al ¢FoftS m® 510 FNB LINBaSyiuSR Ay
designated feature(s) withinaunitaréh y 3 + RSljdzZ- § St & O2yaSNIBSR>X awSO:
not yet fully conserved but the necessary management mechanisms are in place so that the feature
gAtf NBIFIOK Fl @2dz2NrofS O2yRAGAZ2Y I aG! yFI @2diNI ot S¢é
reach favourable condition unless there are changes to the site management or external pressures
(https://designatedsites.naturalengland.org.uk/SSSIGlossary)aspx

Condition can be seen as one dimension of wetland health, but one that is solely focussed on the
vegetation and any designated species. Assessing condition does take into account hydrology in an
implicit way, but it assumes that monitoring vegetation corsition can be used as an indicator of
wetland quality (JNCC 2004).

From Table 3, it can be seen that langembers of SSSIs contain basin fens, blanket bogs, fen
meadows, open water transition fens, raised bogs and wet woodland. A high proportion of features
with unfavourable condition are evident for basin fen and wet woodland. This is indicative that many
of these basin fens and wet woodlands are in poor health.

Table 3 The number of each wetland habitat feature within the SSSI network, the numbers in each condition category
and the percentage of total in unfavourable condition.

Feature Favourable| Recoveing | Unfavourablg  Percent Total
unfavourable

Alkaline fen 4 1 5

Alpine flush 1 1 2
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Basin fen 34 8 14 25.0 56
Basin fen Schwingmoor type 4 1 5
Blanket bog 76 19 13 12.0 108
Estuarine raised bog 2 2
Fen meadow 25 3 5 14.7 34*
Fenwoodland 2 1 3
Floodplain fen 13 3 1 5.9 17
Intermediate bog (blanket) 1 1 2
Intermediate bog (raised) 1 1 1 33.3 3
Laggs of raised bog 1 1
Lowland wet heath 9 2 16.7 12
Open water transition fen 41 11 19.3 57
Raised bog 34 15 11 18.3 60
Saddle mire 2 2
Spring fen 4 1 5
Springhead, rill and flush 2 2 4
Springs (including flushes) 14 2 2 10.5 M b
Subalpine flushes 6 6
Subalpine wet heath 3 3 6
Transition ombrotrophic mire 1 1
Transition open fen 6 1 14.3 7
Valley fen 23 2 2 7.4 27
Wet woodland 27 3 16 34.8 46
Total 336 73 79 16.1 490
FLYOfdzZRSa m TSy YSIFER2¢g (2 0S RSY20AFASR® ULy Of dzf

Fewer SSSI have been designated for species or their species assemblages (Table 4). Notable numbers
of SSSIs have been notified for their dragonfly assemblages, dunlin, golden plover, greenshank and
hen harriers. What is also highlighted is that all S&S8ified for whimbrel have these populations in
unfavourable condition and that high numbers of populations for dunlin, golden plover and marsh
fritillary are also in unfavourable condition.

Table 4 The number of each wetland species and assemblage features within the SSSI network, the numbers in each
condition category (favourable, recovering, unfavourable) and the percentage of total in unfavourable condition.
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Amphibian assemblage 2 1 3
Bearded tit Panurus biarmicysbreeding 1 1
Beetle Oreodytes alpinys 1 1
Blue aeshna dragonfhAéshna caeruléa 1 1
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Bog orchidlammarbya paludoga

Brown bogrush Schoenus ferrugineys

Club sedgeGarex buxbaun)ii

Corncrake Crex crek breeding

Cranefly ipsothrix ecucullaja

Dragonfly assemblage

Dunlin Calidris alpina schingiibreeding

33.3

Goldenplover Pluvialis apricarip breeding

25.0

Great crested newtT(riturus cristatuy

33.3

GreenshankTringa nebulariy breeding

NP B0

11.8

Greenwinged orchid Qrchis morip

Hen harrier Circus cyaneysbreeding

23.1

Marsh fritillary butterfly Euphydryas aurinja

50.0

Marsh harrier Circus aeruginosysbreeding

Marsh saxifrageSaxifraga hirculys

Narrow-mouthed whorl snail\{ertigo angustior

Northern blue damselflyGoenagrion hastulatum

Northern emerald dragonflySomatochlora arctick

Otter (Lutra lutrg

14.3

Oystercatcherflaematopus ostraleglisbreeding

R oONRRPR PPl w

RedshankTringa totanu$, breeding

100.0

Scottish dockRumexaquaticug

String sedgeGarex chordorrhida

Varnished hooknoss Hamatocaulis vernicosys

Water rail Rallus aquaticys breeding

RPN

Whimbrel Numenius phaeopysbreeding

100.0

OlRIRIRINRPIR(NIN R RN R o

Total

105 3

26

19.4

134

The SA@etwork has been designated using a standard list of habitats listed within Annex 1 of the

Habitats Directive Htips://eur-lex.europa.eu/legatontent/EN/TXT/?uri=CELEX9321L.0043), so

there is a more restricted habitat list (Table 5). As for the SSSI network, many sites contain blanket
bog and raised bogs. In contrast, many sites contain wet heathland which is rarely used as a feature
to notify SSSIs. What is noticeableéhs high proportion of alder woodland on floodplains, blanket

bogs and wet heathland that are in unfavourable condition.

Table 5 The number of each wetland habitat feature within the SAC network, the numbers in each condition category

(favourable, recoveing, unfavourable) and the percentage of total in unfavourable condition.

Favourablg Recovering Unfavourable]  Percent |Total
unfavourable
Active raised bog 20 5 25
Alder woodland on floodplains 3 7 70.0 10
Baserich fens 17 1 4 18.2 22
Blanket bog 30 7 14 27.5 51
Bog woodland 6 1 7
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Degraded raised bog 11 5 2 11.1 18
Depressions on peat substrates 14 2 4 20.0 20
Very wet mires often identified by an 13 2 1 6.3 16
unstable 'quaking' surface

Wet heathland withcrossleaved heath 12 6 12 40.0 30
Total 126 29 44 22.1 199

As for SSSis, fewer species compared to habitats have been used as a reason for designation (Table 6),
but this is also a consequence of the relatively short list of species in Annex@ 5of the Habitats
Directive. More than two thirds of the species features used to notify sites are from a single species,
the otter.

Table 6 The number of each wetland species features within the SAC network, the numbers in each condition category
(favourable, recovering, unfavourable) and the percentage of total in unfavourable condition.

2 ¢/ 3| 2§ °

5 3| 5| &

@ Q o o
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Geyer's whorl snaiMertigo geyeji 2 1 33.3 3
Great crested newtT{riturus cristatus 1 1 1 33.3 3
Marsh fritillary butterfly Euphydryas aurinja 5 5
Marsh saxifrageSaxifraga hirculys 2 1 3
Narrow-mouthed whorl snail\{ertigo angustior 1 1
Otter (Lutra lutrg 39 5 11.4 44
Roundmouthed whorl snail\{ertigo genesji 2 2
Slender green  feathemoss  Hamatocauli 1 1
vernicosup
Total 53 3 7 111 63

The SPA network was designated for the protection of bird species listed in the Birds Directive
(https://eur-lex.europa.eu/legatontent/EN/TXT/?uri=CELEX:32009L014Notable species include
corncrake and hen harrier (Table 7). The relatively small numbers of sitefeatoes makes it
difficult to generalise about which species are notable for the proportion of sites in unfavourable
condition.

Table 7 The number of each wetland species features within the SPA network, the numbers in eachcondition category
and the percentage of total in unfavourable condition.

FavourablgUnfavourablg Percent Total
unfavourablg
Corncrake Crex crek breeding 9 1 10.0 10
Dunlin Calidris alpina schinkiibreeding 5 1 16.7 6
Golden ploverPRluvialis apricarip breeding 1 2 66.7 3
GreenshankTringa nebularig breeding 2 2
Hen harrier Circus cyanel(isbreeding 8 3 27.3 11
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Marsh harrier Circus aeruginosisbreeding
Oystercatcherflaematopus ostralegysbreeding

RPlR N w| e
H
Pl w|w|k

RedshankTringa totanu¥, breeding 33.3

Spotted crakeRorzana porzanabreeding

Whimbrel Numenius phaeopisbreeding

Total 33 8 195 41

There are relatively small numbers of Ramsar sites (https://www.ramsar.org/) in Scotland compared
to the other designations. Notable are the number of designations for blanket bog and the relatively
high proportion of them in unfavourable condition (TaBle

Table 8 The number of each wetland habitat feature within the Ramsar site network, the numbers in each condition
category and the percentage of total in unfavourable condition.

Favourable| Recovering|Unfavourabl¢ Percent Total
unfavourable
Blanket bog 3 2 3 37.5 8
Floodplain fen 1 1
Open water transition fen 3 3
Wet woodland 2 100.0 2
Total 7 2 5 35.7 14

Similarly, relatively few Ramsar sites in Scotland are designated for their wetland species (Table 9).
Dunlin are themain species used for designation.

Table 9 The number of each wetland species features within the Ramsar site network, the numbers in each condition
category and the percentage of total in unfavourable condition.

Favourabl¢ Not Unfavourablel Perent Total
Assesse unfavourabl
e
Dunlin Calidris alpina schingiibreeding 4 1 20.0 5
Otter (Lutra lutrg 1 1
Oystercatcherflaematopus ostraleglisbreeding 1 1
RedshankTringa totanuy, breeding 1 100.0 1
Total 5 1 2 25.0 8

3. National Vegetation Classification rare species

The National Vegetation Classification (Rodwell 1991a, 1991b, 1992, 1995, 2000) lists rare species
associated with each plant community in the community descriptions (Table 10). This assessment was
restricted to noncoastal wetlands. The table can be used to identify habitat types that are rich in rare
species and those, generally the more widespread one, which rarely contain notable plant species.

Large numbers of rare species in a habitat are a partice&ufe of mires receiving more calcareous
drainage water in the oceanic part of the country such as the G&8ex rostrateCalliergon
cuspidatum/giganteumand M10 Carex dioic&Pinguicula vulgariamires or upland flushed wth
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calcareous inputs such as the MCarex demiss&axifraga aizoideand M12Carex saxatilisires.
More common communities such as the widely distributed M3girpus cespitostiEsriophorum
vaginatum blanket mire and M28Mlolinia caeruleaPotentilla erectamire tend to have few rare
species associated with them.

Table 10Rare species listed in wetland communities in the National Vegetation classification where both the community

and the species occur in Scotland (Rodwell 1991a, 1991b, 1992, 1995, 2000).

Suppled habitat list

National Vegetation
community

Rare plant species

Mires

Raised
bog/Depressions o
peat/Blanket bog

M1 Sphagnurnauriculatum
bog pool community

Hammarbya paludosa, Rhynchospora fusca,
Scheuchzeria palustris, Utriculangermedia,
Sphagnunpulchrum

Raised
bog/Depressions o
peat/Blanket bog

M2 Sphagnum
cuspidatum/recurvuniog
pool community

Andromeda polifolia, Carex magellanica,
Sphagnunpulchrum

Raised
bog/Depressions o
peat/Blanket bog

M3 Eriophorum
angustifoliumbog pool
community

Transition mires

M4 Carex rostrateéSphagnun

Carex chordorrhiza, Lysimachia thrysifolia

transition fens

and quaking recurvummire
bogs/Floodplain

fens

Transition mires  |M5 Carex rostrateéSphagnun-
and quaking squarrosunmmire
bogs/Floodplain

fens

Reedbeds and M6 Carex echinata -
swamps/ Sphagnum

Open water recurvum/auriculatunmire

Reedbeds and
swamps/
Open water
transition fens

M7 Carex curteSphagnum
russowiimire

Carex aquatilis, Carex rarifol@phagnum
lindbergii,Sphagnunriparium

Transition mires
and quaking bogs

M8 Carex rostrateSphagnun
warnstorfiimire

Tomentypnum (Homalothecium) nitens,
Sphagnunsubsecundum

Transition mires
and quaking bogs

M9 Carex rostrateCalliergon
cuspidatum/giganteunmire

Carex approprinquata, Carex daindra, Cicuta
virosa, Dactylorhiza traunsteinerioides

(traunsteineri), Potamogeton coloratus, Pyrol
rotundifolia, Utricularia intermedia, Cinclidium
stygium

Fens: Base&ch
fens, alkaline fens

M10 Carex dioicaPinguicula
vulgarismire

Bartsia alpina, Carex capillaris, Equisetum
variegatum, Juncus alpinus, Kobresia
simplisciuscula, Minuartia verna, Primula
farinosa, Schoenus ferrugineus, Sesleria albi

Fens: Baséich
fens, alkaline fens

M11 Carex demiss&axifragg
aizoidegmire

Alchemilla filicaulis ssp. filicaulis, Carex
atrofusca, Carex microglochin, Carex vaginat
Equisetum variegatum, Juncus alpinus, Junc
biglumis, Juncus castaneus, Kobresia
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simpliciuscula, Salix reticulatdchoenus
ferrugineus, Calliergon trifarium, Meesia
uliginosa

Fens: Base&ch M12 Carex saxatilimire

fens, alkaline fens

Alchemilla filicaulis ssp. filicaulis, Carex
atrofusca, Carex microglochin, Carex saxatili
Carex vaginata, Juncus biglumis, Juncus
castaneus, Kobresia simpliciuscula

bog/Depressions o/blanket and raised mire

peat/Blanket bog

Raised M15 Scirpus cespitostErica |[Campylopus atrovirens var falcatus, Campylq
bog/Depressions ojtetralix wet heath setifolius

peat/Blanket

bog/Wet heath

Raised M16 Ericatetralix-SphagnuniLycopodiella inundata, Rhynchospora fusca
bog/Depressions ojcompactumwet heath

peat/Wet heath

Raised M17 Scirpus cespitosts Campylopus atrovirens var falcat@ampylopu
bog/Depressions o/ Eriophorum vaginatum setifolius, Campylopus shawsiphagnum
peat/Blanket blanket mire imbricatum,Sphagnunstrictum

bog/Wet heath/Bog

woodland

Raised M18 Erica tetralixSphagnumAndromeda polifoliaSphagnummbricatum
bog/Depressions o|papillosumraised and

peat/Blanket blanket mire

bog/Wet heath/Bog

woodland

Rased M19 Calluna vulgaris Arctostaphylos alpinus, Betula nana, Vacciniy
bog/Depressions o|Eriophorum vaginatum microcarpon, Kiaeria stakei

peat/Blanket blanket mire

bog/Wet heath

Raised M20 Eriophorumvaginatum |-

M22 Juncus subnodulosus
Cirsium palustréen-meadow

Fen meadow

Thyselium (Peucedanum palustre),
Tomentypnum (Homalothecium) nitens

M23 Juncus
effusus/acutiflorusGalium
palustrerushpasture

Fen meadow

Raised M25 Molinia caerulea
bog/Depressions inPotentilla erectanire
peat/Blanket

bog/Wet heaths/

Wet meadows,
marshy grassland,
Fen meadow

Basin fen M26 Molinia caeruleaCrepis

paludosamire

Primula farinosa

Transition mires
and quaking bogs

M29 Hypericum Bdes
Potamogeton polygonifoliug
soakway

Pilularia globulifera

Mesotrophic grasslands
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Fen meadow

MG8Cynosurus cristatds
Caltha palustrigrassland

Fen meadow

MG9Holcus lanatus
Deschampsia cespitosa

Fen meadow

grassland
Wet meadows, MG210Holcus lanatusluncus|-
marshygrassland, |effususrush-pasture

Wet meadows,
marshy grassland,
Fen meadow

MG11Festuca rubraAgrostis
stoloniferaPotentilla
anserinagrassland

Wet meadows,
marshy grassland,
Fen meadow

MG12Festucaarundinacea
grassland

Wet meadows,
marshy grassland,
Fen meadow

MG13Agrostis stolonifera
Alopecurus geniculatus
grassland

Other vegetation

Wet meadows,
marshy grassland,

OV28Agrostis stolonifera
Ranunculus repens

water transition
fens/Floodplain
fens

Fen meadow community
Swamps
Basin fens/ S3Carex paniculatawamp |-
Reedbeds and
swamps/Open

Reedbeds and

swamps/Open

water transition
fens/Floodplain
fens

S4Phragmites australis
swamp and reedbeds

Cicuta virosaltricularia intermedia

Reedbeds and

swamps/Open

water transition
fens/Floodplain
fens

S5Glyceria maximawamp

Basin fens/
Reedbeds and
swamps/Open
water transition
fens/Floodplain
fens

S9Carex rostrataswamp

Eriocaulon septangulare

Reedbeds and
swamps/Open

water transition
fens

S10Equisetum fluviatile
swamp

Calamagrostis stricta, Lysimachia thrysifolia
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Basin
fens/Reedbeds an(
swamps/Open
water transition
fens/Floodplain
fens

S11Carex vesicariawamp

Carex aquatilis

Reedbeds and
swamps/Open

water transition
fens

S12Typha latifoliasswamp

Cicuta virosa

Reedbeds and
swamps/Open

water transition
fens

S14Sparganium erectum
swamp

Butomus umbellatus, Wolffia arrhiza

Reedbeds and
swamps/Open

water transition
fens

S19Eleocharis paluss
swamp

Floodplain fens

S26Phragmites australis
Urtica dioicatall-herb fen

Basin
fens/Reedbeds an(
swamps/Open
water transition
fens/Floodplain
fens

S28Phalaris arundinacetall-
herb fen

Woodland

Fen woodland,
alder woodland,
wet woodland

W1 Salix cineredsalium
palustrewoodland

Lysimachia thyrsiflora

Fen woodland,
alder woodland,
wet woodland

W3 Salix pentandraCarex
rostratawoodland

Salix myrsinifolia (nigricans), Carex
approprinquata, Carex diandra, Corallorhiza
trifida, Lysimachia thyrsifolia, Pyrola rotundifa

Bog woodland/ Fer,
woodland, alder
woodland, wet
woodland

W4 Betula pubesceniliolinia
caeruleawoodland

Dryopteris cristata

Fen woodland,
alder woodland,
wet woodland

W6 Alnus glutinoséUrtica
dioicawoodland

Fen woodland,
alder woodland,
wet woodland

W7 Alnus glutinosgraxinus
excelsioiLysimachia
nemorumwoodland

Bog woodland

W18Pinus sylvestris
Hylocomium splendens
woodland

Orthilia secunda, Pyrola rotundifolia
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4. Scottish Biodiversity List species

¢tKS {O020GAaK . A2RAQOSNEAGE [AalG o6{.[0 ara | ftAraid
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(https://www.nature.scot/scotlandsbiodiversity/scottishbiodiversitystrategy/scottishbiodiversity

list). These species were categorised as to whether they were assdeiith wetlands.

A number of data sources were used in this categorisation: Bryophytes (Hill et al. 2007), Fish
(https://iwww.fishbase.de), Fungi (except lichens, http://fungi.myspecies.info/, r600_part_1.pdf, SSSI
Guidelinesl4-Nortlichenisedfungl018.pdf, hitps://www.bioinfo.org.uk/), Invertebrates (Webb et

al. 2017), Lichens (Britton et al. unpublished), Mammals (Harris & Yalden 2008), Stoneworts
(https://freshwaterhabitats.org.uk/wpcontent/uploads/2013/09/Stonewort V-Feb15.pdf and
Vascular Plants (Clapham et al. 1987). Other groups and speciesveoed by these sources were
categorised individually from a range of data sources.

The need to do this categorisatiale novaindicates that there is a lack of structured data sources to
do an assessment that links species conservation status to habitaeovation status. The current
data structures really only allow for analysis of habitats and species separately.

Species on the SBL primarily associated with wetlands total 98 out of 700 across the categories
G/ 2yaSNDIFGAZ2Y | OUGA2W OSSSRIROGIEAER odt! @X ASR myuH3D (b 2 ( |
with blanket bogs (and often with raised bogs), 15 associated with-belseind alkaline fens and 14

with wet meadows. A significant number of generalist wetland species are also on the list (15).

Table112 St FyR &aLISOASa ydzYoSNE Ay GKS {O02G0A&aK .7\2R7\QJS ﬂAﬁé [
G! G2AR yS3IILGABGS AYLI Olaé¢od ttSHasS y2a4S8 GKIG GKS LISOASa | NB
in different wetlands habitats, for example a species listed under Blanket Bog may also occur in Raised Bogs.

Number of species
Wetland habitats
Blanket bog 24
Fen meadow 3
Fen woodland, alder woodland, wet woodland 7
Fens: Baseich fens, alkaline fens 15
General wetlands 15
Open water transition fens 1
Reedbeds and swamps 6
Transition mires and quaking bogs 8
Wet heath 5
Wet meadows, marshy grassland 14
Nonwetland habitats
Aquatic 81
Dry habitats, including coastal 521
Grand Total 700

The 98 species (14 %) on the SBL are distributed across many taxa (Table 12). In line with the SBL as a
whole, the dominant taxa in the list are birds and vascular plants.
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Table 12Wetland species in the Scottish Biodiversity List and their primary wetldabitat. A few species have had name
changes from the time since the list was put together and old names appear in parentheses. Data sorted by Wetland type.
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Main group Taxon group Scientific Name |Common name |Wetland type

Aquatic insect- dragonfly |Coenagrion Northern DamselfiyBlanket bog

invertebrates (Odonata) hastulatum

Aquatic insect- beetle Helophorus a water beetle Blanket bog

invertebrates (Coleoptera) (Cyphelophorus)
tuberculatus

Aquatic insect- beetle Hydroporus a water beetle Blanket bog

invertebrates (Coleoptera) elongatulus

Aquatic insect- beetle Hydroporus a water beetle Blanket bog

invertebrates (Coleoptera) glabriusculus

Aquatic insect- beetle Hydroporus Oxbow Diving Blanket bog

invertebrates (Coleoptera) rufifrons Beetle

Aquatic insect- beetle llybius a water beetle Blanket bog

invertebrates (Coleoptera) wasastjernae

Birds bird Pluvialis apricaria |Golden Plover Blanket bog

Fungi lichen Acarospora a lichen Blanket bog
rhizobola

Fungi lichen Cladonia stygia |a Lichen Blanket bog

Fungi lichen Cladonia uncialis |a Lichen Blanket bog
subsp. uncialis

Fungi lichen Lecanora epibryona Lichen Blanket bog

Nonvascular plantmoss Aplodon Carrionrmoss Blanket bog
wormskjoldii

Nonvascular plantmoss Dicranum bergeri |Waved Forkmoss |Blanket bog

Nonvascular plantmoss SphagnunbalticumBaltic Bogmoss  |Blanket bog

Nonvascular plantmoss Sphagnummajus |Olive Bogmoss Blanket bog

Terrestrial insect- spider Centromerus a money spider  |Blanket bog

invertebrates (Araneae) levitarsis

Terrestrial insect- butterfly  |Coenonympha tulliLarge Heath Blanket bog

invertebrates

Terrestrial insect- spider Erigone welchi Welch's Money  |Blanket bog

invertebrates (Araneae) spider

Terrestrial Insect- Hagenella clathrat{Window Winged |Blanket bog

invertebrates trichopteran Sedge

Terrestrial insect- spider Notioscopus Swamp Lookout [Blanket bog

invertebrates (Araneae) sarcinatus Spider

Terrestrial insect- true fly Prionocera a cranefly Blanket bog

invertebrates (Diptera) pubescens

Vascular plants |flowering plant Calamagrostis Scottish Smalleed |Blanket bog
scotica

Vascular plants  |flowering plant Calamagrostis Narrow Smatteed |Blanket ba
stricta

Vascular plants  |flowering plant Carex microglochiiBristle Sedge Blanket bog

Birds

bird

Limosa limosa

Blacktailed Godwit

Fen meadow

Birds bird Porzana porzana |Spotted Crake Fen meadow
Terrestrial insect- true fly Rymosia speyae |a fungus gnat Fen meadow
invertebrates (Diptera)
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Birds bird Poecile montanus |Willow Tit Fen woodland,
alder woodland,
wet woodland

Fungi lichen Biatora a Lichen Fen woodland,

veteranorum alder woodland,
(Catillaria alba) wet woodland

Fungi fungus Cytidiasalicina Scarlet Splash Fen woodland,
alder woodland,
wet woodland

Fungi fungus Entoloma aethiopgBlack Pinkgill Fen woodland,
alder woodland,
wet woodland

Fungi lichen Polychidium a Lichen Fen woodland,

dendriscum alder woodland,
wet woodland

Fungi fungus Stagnicola perplexPuzzling Rootshar|Fen woodland,

alder woodland,
wet woodland

Vascular plants

flowering plant

Rumex aquaticus

Scottish Dock

Fen woodland,
alder woodland,
wet woodland

Nonvascular plantmoss Dicranella Greville's Forklet |Fens: Basech
grevilleana MOoss fens, alkaline fens

Nonvascular plantmoss Hamatocaulis Varnished Hook |Fens: Baseich
Vernicosus mMOosS fens, alkaline fens

Nonvascular plant|liverwort Leiocolea rutheangFen Notchwort Fens: Baseich
var. rutheana fens, alkaline fens

Nonvascular plantmoss Tayloria lingulata |Tongueleaved Fens: Baseich
Glandmoss fens, alkaline fens

Terrestrial insect- true fly Stratiomys a soldier fly FensBaserich
invertebrates (Diptera) chamaeleon fens, alkaline fens

Terrestrial mollusc Vertigo (Vertigo) |Roundmouthed |Fens: Baseich
invertebrates genesii Whorl Snail fens, alkaline fens

Terrestrial mollusc Vertigo (Vertigo) |Geyer's Whorl SngFens: Basech
invertebrates geyeri fens, dkaline fens

Vascular plants

flowering plant

Carex atrofusca

Scorched Alpine
sedge

Fens: Basech
fens, alkaline fens

scotica

Vascular plants  |flowering plant Carex buxbaumii [Club Sedge Fens: Baseich
fens, alkaline fens

Vascular plants  |flowering plant Cochlearia Scottish Fens: Baseich
officinalis subsp. [Scurvygrass fens, alkaline fens

Vascular plants

flowering plant

Dactylorhiza
ebudensis

Hebridean Marsh
orchid

Fens: Base&ch
fens, alkaline fens

Vascular plants

flowering plant

Oenanthe fistulosad

Tubular Water
dropwort

Fens: Baseich
fens, alkaline fens

Vascular plants

flowering plant

Saxifraga hirculus

Marsh Saxifrage

Fens: Baseich
fens, alkaline fens
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Vascular plants

flowering plant

Sesleria caerulea

Blue Moorgrass

Fens: Bserich
fens, alkaline fens

Vascular plants |fern Thelypteris Marsh Fern Fens: Baseich
palustris fens, alkaline fens

Aquatic insect- beetle Donacia aquatica |Zircon Reed Beetl¢General wetlands

invertebrates (Coleoptera)

Aquatic insect- beetle Gyrinus suffriani  |a water beetle General wetlands

invertebrates (Coleoptera)

Aquatic annelid Hirudo medicinalisiMedicinal Leech |General wetlands

invertebrates

Birds bird Circus aeruginosu{Marsh Harrier General wetlands

Birds bird Circus cyaneus |Hen Harrier General wetlands

Mammals land mammal Arvicola amphibiugWater Vole General wetlands

Mammals land mammal Lutra lutra Otter General wetlands

Mammals land mammal Myotis daubentoni|Daubenton's Bat |General wetlands

Nonvascular plant/liverwort Barbilophozia Bog Pawwort General wetlands
kunzeana

Nonvascular plant/liverwort Jamesoniella Marsh Flapwort |General wetlands
undulifolia

Reptiles & amphibian Bufo bufo Common Toad |General wetlands

amphibians

Reptiles & amphibian Triturus cristatus |Great Crested NeviGeneral wetlands

amphibians

Terrestrial insect- true fly Wiedemannia a dance fly General wetlands

invertebrates (Diptera) simplex

Vascular plants

flowering plant

Platanthera bifolia

LesseButterfly-
orchid

General wetlands

Vascular plants

flowering plant

Stellaria palustris

Marsh Stitchwort

General wetlands

Birds

bird

Pandion haliaetus

Osprey

Open water
transition fens

Birds bird Acrocephalus Reed Warbler Reedbeds and
scirpaceus swamps
Birds bird Botaurus stellaris [Bittern Reedbeds and
swamps
Birds bird Panurus biarmicugBearded Tit Reedbeds and
swamps
Birds bird Tringa glareola  |Wood Sandpiper |Reedbeds and
swamps
Fungi fungus Armillaria ectypa |Marsh Honey Reedbeds and
Fungus swamps
Terrestrial insect- moth Rhizedra lutosa |Large Wainscot |Reedbeds and
invertebrates swamps
Nonvascular plantmoss Bryum schleicheri |Schleicher's Transition mires
var. latifolium Threadmoss and quaking bogs
Nonvascular plant/liverwort Lophozia wenzelii |Wenzel's Transition mires
Notchwort and quaking bogs
Nonvascular plantmoss Pohlia obtusifolia |Bluntleaved Transition mires
Threadmoss and quaking bogs
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Nonvascular plantmoss Scorpidium TurgidScorpion  |Transition mires
turgescens moss and quaking bogs
Nonvascular plantmoss Splachnum Rugged CollamosgTransition mires
vasculosum and quaking bogs

Nonvascular plant

moss

Tayloria tenuis

Slender Glananoss

Transition mires
and quaking bogs

Vascular plants

flowering plant

Sagina saginoides

Alpine Pearlwort

Transition mires
and quaking bogs

Vascular plants |flowering plant Saxifraga Mossy Saxifrage |Transition mires
hypnoides and quaking bogs
Birds bird Asio flammeus  |Shorteared Owl |[Wetheath
Fungi fungus Puccinia clintonii |Lousewort Rust [Wet heath
Fungi fungus Puccinia eriophori|Deer Grass Rust [Wet heath
Fungi fungus Puccinia moliniae |Purple Moorgrass [Wet heath
Rust
Vascular plants |flowering plant Wahlenbergia Ivy-leaved Wet heath
hederacea Bellflower
Birds bird Anas gquerquedula|Garganey Wet meadows,
marshy grassland
Birds bird Calidris alpina Dunlin Wet meadows,
marshy grassland
Birds bird Motacilla flava Yellow Wagtall Wet meadows,
marshy grassland
Birds bird Numenius arquata|Curlew Wet meadows,
marshy grassland
Birds bird Vanellus vanellus |Northern Lapwing |Wet meadows,

marshy grassland

Nonvascular plant

liverwort

Adelanthus
lindenbergianus

Lindenberg's
Featherwort

Wet meadows,
marshy grassland

cambrensis

Reptiles & amphibian Epidalea calamita |Natterjack Toad [Wet meadows,
amphibians marshy grassland
Terrestrial insect- butterfly  |Euphydryas aurini{Marsh Fritillary  |Wet meadows,
invertebrates form aurinia marshy grassland
Terrestrial mollusc Omphiscola glabrgMud Pond Snail |Wet meadows,
invertebrates marshy grassland
Terrestrial mollusc Vertigo (Vertigo) |Cross Whorl Snail \Wet meadows,
invertebrates modesta marshy grassland
Terrestrial mollusc Vertigo (Vertilla) |Narrow-mouthed |Wet meadows,
invertebrates angustior Whorl Snail marshy grassland
Vascular plants |flowering plant Dactylorhiza Welsh Marsh Wet meadows,
purpurella subsp. |orchid marshy grassland

Vascular plants

flowering plant

Ranunculus reptar

Creeping Spearwg

Wet meadows,
marshy grassland

Vascular plants

flowering plant

Stellaria neglecta

Greater Chickweet

Wet meadows,
marshy grassland
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Britton, A.J., Mitchell, R,JandRiach, D. (unpublished). A database of lichen attributes and traits.
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6. Appendix VI: Climate Change Impacts

by Mike Rivington, Mohamed Jabloun, Z{Segkas and Robin Pakeman

0.1 Research questions

The key research questions that this section sought to answer were:

9126 gAff OtAYFIGS OKIFIy3aS AYLI OG {O020fFyRQa 6Sif |
126 YAIAKG GKS&AS AYLI Ola FFFSOG 6SGfl YRSt | 6Af A
rainfall?
1 Can we identify the more vulnerable wetland types and develop an approach to identify where they
are?

0.2 Objective

¢2 AYTF2NY aildlF{1{SK2tRSNAR 2F GKS O2YL) SEAGe 2F Of AY
moderate extremes of drought arekcess rainfall events and identify the most vulnerable wetland

types.

To produce projections dhe key aspects of climate change that impawt wetlands, particularly

soil water balance and excess or low water quantitigss includes consideration whter

guantities as inputs to and from wetlands, as well as the duration of extreme events (droughts) and
frequencies of occurrence.

0.3 Approach
We reviewedthe current understanding of climate projections and how extremes of dry and wet
conditions will &ect the ability of wetlands to act as buffers to moderate impacts.

We assessed the risks and opportunities posed by changes in water availability, particularly from
RNRdzZZIKG&a FyR Fft22Ra RdzS G2 OfAYIGS OKacwmes (2
use climate model data as input into a range of tools to spatially estimate the impacts of future daily
weather conditions on soil water balance. To achieve this, we undertook climate impact assessments
using spatial modelling, where climate pgofion, soil properties and wetland type (the HEI3SM

map of wetland coverage developed in Appendix VIl data were integrated to estimate daily soil water
balance). Maps were produced indicating changes in climate conditions and how this results in
changes in wetland water availability, providing information on the location of wetlands vulnerable to

drying and flooding conditions.
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1. Introduction

The climate in Scotland is likely to change over the nekti8cades in terms of inteand intraannual
variability, extreme events and lorigrm averages. Such changes will alter the hydrological cycle and
have impacts on soils, biological (vegetatiomicrobiome), chemical and physical processes and
properties. How these impact on the structure, health and functional ability of wetlands is a complex
mix of changes in precipitation, temperature and evapotranspiration and how soils, microbiome and
vegetafon respond to these, given that there are spatial and temporal distribution variations in these
ecosystem components and the future climate projections.

Previous work within CREW has shown that there has been an observed change in the seasonal and
spatid distribution of rainfall in Scotland (Rivington et al 2019). The west has become wetter whilst
the east has become drier. This trend is likely to continue in the future, along with the occurrence of
more extreme drought and high rainfall events.

1.1 Climate Projection Summary
This study uses the UKCP18 climate projections (see Methods) from which the following published key
messages (UKMQ019) can be summarised as:

9 Hot summers are expected to become more common. The summer of 2018 was thenegoneist
summer for the UK along with 2006, 2003 and 1976. Climate change has already increased the
chance of seeing a summer as hot as 2018 to betwee2b®2. With future warming, hot summers
(like 2018) by miatentury could become even more common, near t&60

1 The temperature of hot summer days, by the 2070s, show increases of 3.7 °C to 6.8 °C, under a
high emissions scenario, along with an increase in the frequency of hot spells.

o For the RCP8.5 emissions scenario (used in this study) the estimated préibabitiperature
increase for the UK by 2070 ranges between 0.9 °C to 5.4 °C in summer, and 0.7 °C to 4.2 °C in
winter.

1 UKCP18 Global (60km), Regional (12km) and Local (2.2km) scale climate model simulations all
project a decrease in soil moisture duringrsuers in the future, consistent with the reduction in
summer rainfall. Locally this could lead to an exacerbation of the severity of hot spells, although
large-scale warming and circulation changes are expected to be the primary driver of increases in
the occurrence of hot spells.

1 The probabilistic projections (¥ember ensemble) provide local low, central and high changes
across the UK, corresponding to 10%, 50% and 90% probability levels. These local values can be
averaged over the UK to give a rangesefsonal average precipitation changes between the 10%
and 90% probability levels. By 2070, in the high emission scenario, this range amodmtton
+2% in summer, and % to +35% in winter (where a negative change indicates less precipitation
and a paitive change indicates more precipitation).

1 Overall increased drying trends in the future, but increased intensity of heavy summer rainfall
events, indicating greater variability and increased frequency of extreme events.

1 Change in the seasonality of eatnes with an extension of the convective season from summer
into autumn, with significant increases in heavy hourly rainfall intensity in the autumn.

1 By the end of the Z1century, lying snow decreases by almost 100% over much of the UK, although
smallerdecreases are seen over mountainous regions in the north and west.

These projected changes will impact wetlands by altering the amount, spatial distribution and timing
of rainfall and increase surface water loss from evaporation.
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2. Methods

Input data sés:

9 Daily UKCP18 climate projections data (see below and Appendix C), downscaled and bias corrected
to 1km resolution.

1 UK Meteorological Office 1 km interpolated gridded observed precipitation and temperature, plus
solar radiation derived from satelliteath (SolarGIS).

1 HOSIDSM wetland types (se&ppendix Vi)l

2.1 Climate Projections

This research uses the UK Climate Projections 2018 (UKZABBdaily weather data: precipitation

(P, mm), maximum and minimum temperature (Tmax, Tmin, °C)salad radiation (SR, MJ*day

1. As agreed with the Project Steering Group, a single greenhouse gas emissions scenario was used,
referred to as the 8.5 Representative Concentration pathway (RCP8.5), which corresponds to the
current high rate of emissiorend continuing towards the end of the century. This pathway is likely

to lead to a global average temperature increase aboveimpdeastrial levels of 3°C. As such the
RCP8.5 represents a plausible possibility, given that whilst GHG emissions fromdutiviias may
decrease, there is a risk that climate feedbacks result in emissions from natural sources (i.e., due to
melting of Arctic permafrost and release of &d CH). It should also be noted that, regardless of
changes to emissions in the nexifelecades, the global temperature increase is currently likely to be

in the region of 2°C due to lock&d climate change.

The baseline and future periods considered in this study were-2834 and 203059, respectively.
Previous research has assesshké titility of the data produced by the Regional Climate Model used
to produce the UKCP data (Rivington et al 2008a) and found that it makes some systematic errors. To
resolve this, a simple bias correction method was applied (a variation on Rivingtor2@0&t,
correcting for means and variance) to improve spatial resolution to 1 km and reduce biases but
maintaining the climate signal within the data. This approach does not remove climate model
representation uncertainty, but it does help with improvingta utility when used to make estimates

of soil water balance. It should be noted though that climate models in general are limited in their
capability to estimate extreme events, particularly high rainfall, where amounts tend to be -under
estimated. Henceoccurrence of high rainfall events should be interpreted with caution, with a
probability that the quantity may be larger than estimated.

Addressing uncertainty:The climate projections consist of an ensemble of 12 different model
members run from the Had®3 Regional Climate model. The 12 climate projections represent a range
of possible futures, with substantial spatial and temporal differences between each ensemble
member (see Appendix C: Probabilistic Climate Projections). The use of ensembles aiptaréo ca
some aspects of the uncertainty in estimating future climate conditions. In this respect it is important
to note:

1 Each ensemble member presents data that are projections, not predictions.

9 Projections are based on a single emissions scenario (RCBr& parent Global Circulation Model
(HadGEM3) and one Regional Climate Model (HadRM3), hence other projections exist, where
precipitation and temperature changes may be more or less.

1 Whilst spatially and temporally there may not be consistent agreemesitvéen ensemble
members, each one is equally plausible, hence it is important to consider the range of projections
as this will better capture the wider possible changes in variation and extremes.

1 Agreement between members helps improve confidence in pteg changes, but it is also
necessary to recognise that the tails of the probability distribution (see Appendix C, Figure 116)
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represent future possibilities that are equally plausible and may have more substantial impacts on
wetlands, |.e. extremes.

1 Areas of topographical diversity such as the Scottish Highlands are difficult areas for climate models
to represent, which means there is likely to be less agreement between ensemble members.

Working with certainty:Whilst there is uncertainty about specifachtions and impacts on particular
wetlands, there are key issues where we can work with greater certainty:

1 The UKCP18 climate projections key messages (above) are based on, and in agreement with, wider
climate modelling community assessments (IPCC ARB5IM

1 The restrictions on our ability to be more precise for specific wetlands should not mask key
underlying principles. Whilst it may not be accurate to make specific projections of climate changes
in space and time, it is possible to state generalisetio
o Higher temperatures will increase evaporation and so alter soil moisture.
o Warmer air can hold more moisture (7% for each 1 °C temperature rise), hence the higher

probability of more intense rainfall.

Presenting the analysisthe number of possible anyales when using probabilistic projections poses
challenges in how we present results, with potentially a very large number of map combinations (i.e.,
monthly data for 12 ensemble members = 144 maps). Here we present estimatbe i whenand

how muchchange may occur by first establishing the observed baseline against which future
projections are compared. We then present maps detailing the level of agreement between ensemble
members and hence where there is a higher probability of the estimated chamgering. Analysis is
presented at the national scale, and in Appendix A for the Cairngorms National Park, Insh Marshes and
three Alkaline Fens: Rassal (noviiest), Mortlach Moss (east) and the Lendalfoot Hills Complex
(southrwest).

How to read the UKCP18 agreement (Certainty) mapise maps presented are for areas classed as
wetlands using the HOSISM (seé\ppendix VI)I Note: land areas shown as white are not classified
as wetlands.

I Wetland areas indicated as uncertafgellow) means there are differences between the 12
ensemble members, hence there is a variable probability of the change in sign when compared
against the observed baseline (i.e. positive = earlier, or negative = later occurrence, or more or less
precipitation or evapotranspiration).

1 Positive change (blue) indicates there is an agreement between the ensemble members for the
represented feature (to occur later in the year, or be more precipitation or evapotranspiration).
Note: the postive change refers thé sign of the feature shown, not the impact on the wetlands.

1 Negative changes (red) indicate there is agreement between the ensemble members for the
represented feature (to occur earlier in the year or to be more precipitation or
evapotranspiration). N@: the negative change refers to the sign of the feature shown, not the
impact on the wetlands.

1 No change (green): estimated to be no change between the baseline period and the agreement
between the 12 climate model ensemble members.

The purpose of preseintg the information in this way is to communicate that there are differing levels

of certainty and uncertainty in space and time when using the UKCP18 projections. For the levels of
agreement maps (i.e. Figure 2), where there is either blue or red, thezawée more confident that

the estimated change is likely to occur. Where there is green, then we can be confident that there is
less likely to be much change. The yellow areas indicate a variable probability of change (could be
either ealier / later, omore / less).
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Note: To best interpret the results it is useful to consider both the agreement maps and those showing
the individual ensemble member estimates, to gain a sense of the level of agreement and the range

in variation. The maps provided on thgraement between climate projections use positive and
negative changes in the sign of the feature shown. The use of positive and negative does not refer to
the impact on the wetlands. We have presented the agreement map based on all 12 climate model
ensemite members, yet is possible to have a situation where 11 are in agreement but 1 is not (for
examples see Figures 88, 89, 90 and 91 in Appendix A). Our advice is to assess the number of ensemble
members that are in agreement and guage how many indicateirgyt

2.2 Modelling Tools

Soil water balance
A simpletipping bucketmodel was used to estimate soil water balan€ke daily soil water depletion
of the root zone at the end of day i (Pwas calculated as follows:

DT"I: = D]’"l:_] _P[ +ﬁ..‘|'|:ETol' +DP|_

where Dri (mm) the root zone deption at the end of the previous day1, R (mm) the precipitation

on day i, ETigmm) the reference evapotranspiration on day i, (§she reduction factor under water
limiting conditions, and DIPmm) is the water loss out of the root zone by deeggolation on day i.
Deep percolation (or water surplus) was calculated as:

DP[ = P[ - ETO[ - Dr[—l

For water limiting conditions, when soil water storage in the root zone has been depleted under a
threshold value, the reduction factor is calculated as:

TAW — Dr,
* T TAW — RAW

where Ks(-) is the reduction coefficient [0,1] on day i, TAW1(e total available water (i.e. water
stored in the root zone between field capacity and permanent wilting point; a root depth of 1m was
assumed for all the wetland classes; (@rm) the rootzone dpletion and RAW (mm) is the readily
available water, a fraction of TAW beyond which crops start to suffer water stress. It was assumed
that Ks=1 when 90% of TAW is depleted.

Drought is defined for conditions when precipitation cannot meet the evapotraaspir demand,
i.e. when the climatic deficit (ETo) is negative for a specific period of time, in this report it is
calculated on a monthly basis.

Climate Indicators

The climate indicators were calculated for the baseline and for each of the 12 memhkesfafure

climate ensemble, after which the projected change (defined as the difference between future and
baseline period) amount and sign were calculated for each grid cell. The change maps from the 12
members were then combined and the different gridere classified into two main classes: class
where all 12 ensemble menbers are in agreement for the change sign (with three subclasses: no
change, positive and negative change), and a class where different change signs were obtained. The
latter class repesents where ensemble member change signal was uncertain. This made it easy to
classify Scotland into different change agreement classes for the different climate indicators. See
below for details on how to read the agreement maps.
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Precipitation

The dailyprecipitation (P) was aggregated to monthly and the most frequent driest month (month
with the minimum precipitation) was determined for the baseline period and each of the 12 climate
model members. The change map was then calculated. The sign of thetptbjghange would

indicate whether the driest month will occur earlier, later during the year or would remain the same.

Dry spell

Dry spell was defined as the maximum consecutive count of days of P < 0.2 mm. It was calculated for
each year, then thenean dry spell was calculated for the baseline and each of the 12 members. The
change map was then calculated. To read the maps, the sign of the projected change indicates
whether the dry spell would increase, decrease or remain at a constant level.

Referece evapotranspiration (ETo)

ETo was calculated using the PennMonteith equation (Montieth, 1965). The daily ETo was
aggregated to monthly values and the most frequent month with the maximum ETo was determined
for the baseline period and each of the 12mbers. The change map was then calculated. To read
the maps, the sign of the projected change indicates whether the hottest month will occur earlier,
later during the year or would remain the same.

Climatic deficit

The climatic deficit (D) was calculatasithe difference between input precipitation (P) and reference
evapotranspiration (ETo) output which represent the climatic demand. A negative climatic deficit
indicates drought conditions.

The climatic deficit was calculated on a daily timescale anteggted to monthly for each grid cell.
The inputs to estimate ETo are daily temperature and daily solar radiation.

The most frequent month with the maximum drought amount was determined for each year for the
baseline and for each of the 12 menbers of tfismate model ensemble. The change map was then
calculated. The sign of the projected change would indicate whether the month with the maximum
drought will occur earlier, later during the year or would remain the same.

The number of successive months wiltought was also calculated. The sign of the projected change
would indicate whether the drought frequency would increase, decrease or remain at the same level.

Water surplus

The water surplus (sum of runoff and deep percolation (Dpi)) was defined asthanaof water that
exceeds the soil water holding capacity (SWHC). It was determined using a simple daily tipping bucket
water balance. The SWHC was calculated using a maximum soil depth of 1m.

The calculated daily water surplus was aggregated to montiliyes and the most frequent month
with the maximum water surplus was determined for the baseline and each of the 12 members and
the change was then calculated.

Agrometeorological Indicators

We have included outputs from other research projects (in ApipeB) on the spatial mapping of
Agrometerological Indicators estimated using observed and UKCP18 climate projections for the whole
of Scotland. The purpose is to provide an overview of changing climatic conditions to aid
understanding of impacts on wetlds and vegetation. For example, Figure 114 shows projections of
plant heat stress (the count of the number of days per year when maximum temperature is greater
than 25°C), illustrating what the increase in temeprature represents in terms of impacts dn plan
stress.
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3. Results and Key Messages

The results indicate that there are spatial and temporal variations in the climate projections and how
they will impact wetlands. Based on the use of the probabilistic projections it is possible to summarise
thesechanges as:

T
1

= =

The timing of when dry conditions are likely to occur will change.

The month when the maximum drought amount will happen is likely to be later in the year, from
currently May towards June in the east and central highlands, but either earlier in theawesh

(from June and July towards Mdwne) or similar to the obserdebaseline (199£014).

May has generally been the driest month, but this is estimated to shift to later (June) in the east
(reasonable agreement between the climate projections). In the west the driest month is likely to
be either similar to the presentrdater (varied agreement between climate projections).

The number of months with successive droughts is likely to increase, mostly in the east (good
agreement between the climate projections) but with some large variation seen between climate
projectionsin the west.

o0 This implies dry periods will last for longer.

In the observed period, July was predominantly the month when the maximum amount of
evapotranspiration occurred. There is general agreement between the climate projections that July
will continueto be the month with the maximum evapotranspiration rate in the east and central
Scotland, but later (August) in the west.

The number of months with successive droughts is likely to increase in the south and east of
Scotland, but with wider variation (gress uncertainty) in the west.

There is a variable range of probability of change to the mean length of dry spells. In the central
and eastern parts of Scotland it is estimated to increase, but in the west and-weghmay
decrease.

The month when maximumvapotranspiration occurs was historically in July, and this is estimated
to remain in the east, south and nortrast of Scotland, but be later in the year in the west.

The balance between input precipitation and water returned to the atmosphere from

evapotranspiration will change.

Precipitation intensity is likely to increase, but with longer dry spells.

Total precipitation input is likely to be spatially and temporally variable.

0 May is estimated to have a variable spatial probability of a decrease dipjiegion in the west
but an increase in evapotranspiration.

o There is good agreement between ensemble members that April is likely to be wetter in the
west and south, July is likely to be wetter in the nentbst, but the north of Scotland will see
reduceal precipitation in December, and the east will have a decrease in August, September and
October.

Between 1994014, July was the month with the highest amounts of evapotranspiration across

most of Scotland. There is generally good agreement between the climate projections that this will

remain the case in the eastern, sowtlstern and nortkeastern m@rts of Scotland. There is
reasonable agreement between ensemble member that in the west and seesh the maximum
evapotranspiration will occur earlier in the year.

The net effect of changes in precipitation water input and evapotranspiration loslis ik be

less water available in eastern areas, but potentially more in the rogsSt.
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The timing of when excess water occurs is likely to change.

There is good agreement between ensemble members in some western and southern parts of
Scotland that theexcess water will occur earlier in the year, i.e. shifting from December to
November.

Other meteorological factors are likely to change.

Air temperatures will increase, impacting evapotranspiration rates and formation of surface dews.
The length of the giwing season will increase. Plants may be able to start growth earlier in the
year and continue later into autumn or winter.

The rate of thermal time accumulation (determining plant and insect phenology) will increase
(growth stages will be reached earlier

There is likely to be a reduction in the number of frost days, with frosts starting later in autumn
and ending earlier in spring.

The number of days when plants may experience heat stress (i.e. above 25°C) is likely to increase.
The number of drglays (P < 0.2mm) is likely to increase in the east, potentially to more than 200
days.

Snow cover is likely to decrease after c. 22060, changing the balance of water stored and
released in upland areas.

There is uncertainty about the impacts of climateange on wind speeds and direction, but there

is a strong possibility that high wind speeds will increase.

Storm intensity will likely increase.

The following Section presents mapped analysis at the national scale for a range of indicators aimed
at showing how conditions will change in space, time and quantity. Please note that on the maps,
white areas on land are not classified as wetlands.
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4. MappedAnalysis at theNational Scale for aRange oflndicators

Month with the maximum drought
Baseline period

Dec

Now

Sep
Aug

Jul

May
Apr

Mar
Feb

Jan

Figure 1 Spatial distribution of the month when the maximum drought occurs over the wetland areas for the baseline
period (1994¢2014). Note: White areas not classified as wetlands.
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The maximum drought during the baseline period occurred between April and Auigdtiay being
the most frequent month in 67% of the total wetland area. Figure 1 serves as the reference condition
to compare future projections with in Figure 2.

Month with the maximum drought
UKCP18 12 ensemble members in agreement with the change

Uncertain  No change Later Earlier

Figure 2 Spatial distribution of the level of agreement between climate projections in thenth when the maximum
drought occurs over the wetland areas over the period 202059. Yellow = variable probability of change; Green = no
change with baseline; Blue = month when the maximum drought occurs later (positive); Red = maximum drought month
occurs earlier (negative); White = not wetlands. Note: positive and negative refer to the sign of change when the driest
month occurs, not the impact on wetlands

In Figure 2, areas shown as yellow indicate that there are differences between the ensemhie$nkii &
estimation of when the maximum drought month will occur, hence there is a variable probability that
it could be earlier or later than at present. There is an agreement between the 12 ensemble members
projection change in 17% of the total wetland ang#h a later occurrence (blue, positive) change in
14% of the total wetland area. The implications are that the maximum drought will be more likely to
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occur in June, rather than May. Figure 3 indicates that there is likely to be a shift to the month with
the maximum drought occurring later in most of Scotland, other than the redht Highlands.

Impacts: These changes will have impacts on the biodiversity of wetlands. Appendix VII highlights
wetland communities where there are species at risk of wetteder conditions. The predictions
relating to the month of maximum drought indicate that species of drier microhabitats in wetlands in
south and east Scotland (and in the areas with differences between ensemble members, Figure 3)
might be impacted as coiittbns provide species of wetter parts of the habitat with a competitive
advantage. The reverse is true for the small areas of the north and west where species of the drier
microhabitats within habitats might be able to increase in abundance. It is netlpeso predict how

this would impact in terms of dominant species and overall community composition with current
knowledge.

The changes in timing of maximum drought occurrence to earlier or later in the year may mean that
water limitations occudifferently from when plants are at key early growth stages. The consequences
of this may vary depending on species phenological development and the warmer temperatures that
may coincide with the drought period.

Knowledge GapTo better understand the corguences of the change in when the maximum
drought occurs, it is also necessary to estimate the precedent soil water state to understand if water
availability will be limited. As well as potential impacts on overall water levels (period of drought or
flood) there could also be more subtle changes in response to a changes in the relative proportions of
groundwater and surface water supplying a given wetland and how water stress influences the plant
annual cycle.
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Month with the maximum drought change
Model 01 Model 04 Model 05 Model 06

Model 08

Model 11 Model 12

Earlier

Figure 3 Variation between ensemble mendrs in the month when the maximum drought occurs (green = no change
from baseline, blue = later, red = earlier, white = not wetlands).
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Driest month
Baseline period

Figure 4 The time when the driest month occurs for the baseline period (198214).
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During the baseline period, Mayas the driest month in more than 81% of the total wetland area.
April, July and August were the driest months in only 3, 9 and 5% respectively of the total wetland

area (Figure 4).

Driest month
UKCP18 12 ensemble members in agreement with the change

Uncertain  No change Later Earlier

Figure 5 Spatial distribution of the level of agreement between ensembigembers when the driest month occurs over
the wetland areas over the period 203R059. Yellow = variable probability of change; Green = no change with baseline;
Blue = month when the driest month occurs later; Red: driest month occurs earlier. Note: pesiind negative refer to

the sign of change in when the driest month occurs, not the impact on wetlands.
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There is an agreement between the 12 ensemble members projection change in 18% of the total
wetland area (Figure 5) with mainly a change to latehayear in 17.5% of the total wetland area.
The driest month is likely to occur later in the eastern part of Scotland as compared to the baseline
period. These estimates are similar to those seen for the month when the maximum drought occurs.
The commondature is that in the east, there is projected to be a shift towards later in the year.

Considering each individual ensemble member (Figure 6), there may be a shift to the driest month
occurring earlier in the year in the west or remaining similar to tmeent period. The east and central
Scotland may see a shift to later occurrence.

Impacts: Similarly to the projections related to month with maximum drought, these estimates
suggest that through eastern Scotland there will be a shift in competitive galgariowards species

of the wetter microsites within wetland communities. It is not possible to predict how this would
impact on dominant species and overall community composition. The SNIFFER (2014) ER37 Wetland
Habitats Report indicates trajectories ihifs in wetland communities in relation to, amongst other
pressures, higher or lower water levels. However, these trajectories will likely be subject to the site
specificity of individual wetlands.
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Driest month change
Model 01 Model 04 Model 05 Model 06

IModel 07 Model 08 Model 09 Model 10

Model 11 Model 12

No change Later Earlier

Figure 6 Variation between climate model ensemble mepers when the driest month occurs (green = no change from
baseline, blue = later, red = earlier).
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Number of successive drought months

Baseline period

12

"

10

Figure 7 The number of successive months with drought during the baseline period (129%4)
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The number of successive months with drought during the baseline period ranged mainly between 2
and 5 months with 2 months being the most frequent in 33% of the totalamdtarea (Figure 7). In

very few wetland areas it can even reach 9 monhiste the definition of drought used here is when
evapotranspiration exceeds precipitation.

Number of successive months with drought
UKCP18 12 ensemble members in agreement with the change

Uncertain  No change More Less

Figure 8 The level of agreement between ensemble members in estimates of the numbiesugcessive drought months.
Yellow: variable probability of change; Green: no change with baseline; Blue: number of successive drought months
increases; Red: number of successive drought months decreases. Note: positive and negative refer to the dignge c

in number of successive drought months, not the impact on wetlands.
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There is an agreement between the 12 ensemble members projection change in 11% of the total
wetland area (Figure 8) with an increase in the number of successive drought month$véposit
change). This implies that in those 11% of the wetland area the average number of months with
successive droughts would increase in the future for the 12 members. This increase is mainly observed
in the southern part of Scotland. Most of the ensemblembers indicate a general pattern of an
increase in the number of months with successive drought in the south and east of Scotland (Figure
9) but gain with a more varied response in the west.

Impacts:In contrast to the previous two sets of predictions, miw of maximum drought and driest
month, this set of predictions suggest increased impacts on biodiversity in eastern and southern
wetlands driving species community change towards those more typical of drier areas with the
concomitant loss of species claateristic of wetter microsites in each habitat. This different
conclusion highlights that we know little about how shifting hydrological conditions may affect
biodiversity. Is it the intensity, length or timing of drought that results in the biggest iteapac
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Number of successive months with drought change

Model 01 Model 04 Model 05 Model 06

Model 07 Model 08 Model 09 Model 10

Model 11

No change More Less

Figure 9 Variation between climate model ensemble members in the number of months with successive drought (green
=no change from baseline, blue = increase, red = less). Note definition of drought used: when Evapotranspiration exceeds

precipitation.
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Month with the maximum evapotranspiration
Baseline period

Dec
MNow
Oct
Sep
~ Aug
~ Jul
~ Jun
— May
Apr

~ Mar

Feb

Jan

Figure 10 The month with the largest reference evapotranspiration (ETo) quantity in the observed period (9841).
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During the baseline period, July was the month with the highest reference evapotranspiration (ETo)
in 96% of the total wetland areaiffare 10). In only 3% of the wetland area June was the month with

the highest ETo.

Month with the maximum evapotranspiration
UKCP18 12 ensemble members in agreement with the change

Uncertain  No change Later Earlier

Figure 11 Level of agreement between climate projections for the month with the largest evapotranspiration amount.
Yellow: Variable probability of change; Green: no chanigom baseline; Blue: month with maximum evapotranspiration

is later (positive); Red: month with maximum evapotranspiration is earlier (negative). Note: positive and negative refer
to the sign of change in the month with the largest evapotranspiration aomb, not the impact on wetlands.
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There is no absolute agreement between the 12 ensemble members on the projected change for the
month with the maximum ETo except in only 1% of the total wetland area: it is projected to occur
earlier during the year (Figumm0O ® | 23 S@PSNE $KSy |aaSaaiay3a (GKS
estimates (Figure 12), there is an indication that July will remain as the month with the largest
evapotranspiration in the east, south and nogast of Scotland. The west is likely to see rienth
with the maximum evapotranspiration being earlier in the year.

Impacts Given the level of uncertainty, it is not possible to suggest potential biodiversity impacts.

Month with the maximum evapotranspiration change
Model 01 Model 04 Model 05 IModel 06

No change Later Earlier

Figure 12Variation between climate model ensemble members in the month when rima¥m evapotranspiration occurs
(green = no change, blue = later, red = earlier).
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Month with the maximum water surplus
Baseline period

Figure 13Month with the maximum surplus water for the observed period (192014).
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There is a wide spatial variation in when the maximum surplus water has occurred abtbeved
baseline period (Figure 13). December and January were the months with the highest water surplus
in 38 and 46% of the total wetland area, respectively.

Month with the maximum water surplus
UKCP18 12 ensemble members in agreement with the change

Uncertain  No change Later Earlier

Figure 14 Levels of agreement between ensemble members in when the month of maximum surplus water occurs (green
= no change from baseline, blue = later, red = earlier). Note: positive and negative refer to the sign of change in the month
of maximum surplus water ozurs, not the impact on wetlands.
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There is an agreement between the 12 ensemble members projection of change in 33% of the total
wetland area with mainly a change to earlier in the year (red, negative, Figure 14). This implies that in
about 32% of the wédand area the water surplus would occur earlier during the year. This is mainly
observed in the western and southern parts of Scotland.

Impacts:The role of winter water surpluses on biodiversity is not known. However, the limit of some
species in wetlandis set by hypoxia, a lack of oxygen in the rooting zone, so a shift to earlier periods
of maximum water surpluses may indicate improved conditions for species of drier microhabitats
would occur earlier in the year. How important this would be for comnmyudytnamics is uncertain.

Month with the maximum water surplus change
Model 01 Model 04 Model 05 Model 06

Model 11 Model 12 Model 15

No change Later Earlier

Figure 15Variation between climate model ensemble members in the month when maximum water surplus occurs (green
=no change, blue = later, red = earlier).
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Average dry spell duration
Baseline period

16
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Figure 16 The number of days making up a dry spell for the observed baseline period (2994}).
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The average dry spell during the baseline period varied between 7 and 17 days with more than 95%

of the total wetland area having a dry spell 618 days (f§iure 16)

Average dry spells
UKCP18 12 ensemble members in agreement with the change

[ : 7 —
Uncertain  No change More Less

Figure 17 Levels of agreement between ensemble members on changes in average dry spell length. (yellow = variable
probability of change, green = no change from baseline, blue = increase, red = decrease). Note: positive and negative refer

to the sign of change in average dry spell length, not the impact on wetlands.
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There is an agreement between the 12 ensemble members projection change in only 7% of the total
wetland area with a positive and negative change in 4 and 3% of the total wetlandrespactively
(Figure 17). Changes in the lengths of dry spells suggest improved conditions for species of wetter
microhabitats in the nortiwest and for species of drier microhabitats in the south. The impact of this

on overall community composition isfficult to predict.

5. Future Work: Risk and Opportunities Assessment Framework

hdzNJ LINPLI2ZASR | LILINRF OK (2 FdZNIKSNJ aaSaa GKS @dz y
Opportunities Assessment Framework (ROAF) wh@s& (and opportunitiesfo a wetland and

impacts on its ability to provide ecosystem services is a function dhiterability and howExposed

it is to a range ofhreats. This R=VET approach is widely used (IPCC, 2001) and enablefaaettalti
approach to CC impacts reseh. It is flexible enough to incorporate other types of threats beyond
climate (e.g., disease). The ROAF consists of a range of modelling, analytical and data visualisation
tools run using integrated spatial data and asset VET criteria. We suggest deyetoiperia for
wetlands based on how the weather (immedigtgm conditions) and climate (loAgrm trends)
combine to affect them and their viability and functional ability. Using the high spatiporal
resolution climate data available to the VETasia to assess changes in risk level and what the impacts

will be on wetlands will enable us to assess specific wetlands. Risk due to climate change is a complex
mix of interacting factors at macr@nd micrascales, requiring a structure within which eoganise
concepts, data and analytical methods. The R=VET approach enables the key determinants of Risk (and
opportunities) to be partitioned and assessed both independently and together to provide
predictability details beyond just general indicators.

Wulnerability:A 8 RSFAYSR Fa a¢KS RSINBS G2 6KAOK | adeads
with, adverse effects of climate change, including climate variability and extremes. Vulnerability is a
function of the character, magnitude, and rate of climate atoin [Threat] to which a system is

SELR &SR Ala aSyairidAagries FyR AGa FRFELGAGBS O LI
SOt YyRQa NBaAftASYyOS FyR AyOtdzZRSaE AGa& FRFELIGAGBS O
its abilityto cope with or withstand different types of Threat (e.g., extreme events) or exceedance of
variation (climate trends). Wetlands may have vulnerability tolerance thresholds (tipping points)
beyond which it cannot or is unlikely to recover. Cascading vaftiléy refers to the interconnection

with other land covers and uses, where wetland may have low direct vulnerability to climate change

but is influenced by other land covers and uses that have high vulnerability.

Exposuredl ¢ KS yI 1dzNB KYRKREIMBEGISGY aa SELRASR (2 &aA;
(IPCC, 2001). Exposure is concerned with the spatial extent and quantity of an asset (abundant versus
rare) and sensitivity to different threats and their probabilities (frequency and spatiaibdison of

droughts).

Threat:encompasses different types of threat (climate, social, biological) an asset is exposed to and
whether it is direct (climate extreme event, flood, drought, storm) or indirect (fire susceptibility due
to drought, altered eerrgy and nutrient transformation in food webs). This includes the nature and
severity of the climate threat, its spatial extent, frequency and intensity and or duration.

Risk assessments of wetlands need to incorporate variation both in natural processes and data used
to represent them and how they might respond to climate change. One suggested solution is to use
probabilistic approaches to capture the range of uncertaintgstimating future risks.
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6. Knowledge Gaps

= =4

Our ability to estimate soil water balance (Appendix I) and evapotranspiration for different
vegetation and wetland water surfaces is currently limited and there is a substantial gap in spatial
and temporal @ta appropriate for model calibration and validation.

The evapotranspiration method used here employs parameters for a reference grass crop, yet this
is only partially representative of the diversity of wetland vegetation communities.

We do not fully undestand the consequences of batkback successive extreme dry yearscon
either for wetlands or other ecosystem types. Whilst wetland ecosystems may be able to recover
over time from an extremely dry springs and or summers, it is not known what the tckenail

be to successive annual dry periods. Future projections indicate an increased probability of more
frequent dry summers.

Groundwater hydrology and variations in water table level: there is need to better integrate
surface level (top 1 m) soil watbalance modelling with groundwater modelling.

The recharge rates of groundwater under future climate conditions remains uncertain.

The role of occult precipitation in providing surface level water to enable key species such as
Sphagnurmio survive dry perids needs further research.

Biodiversity. The ability to model future climate highlights the difficulty of predicting impacts on
biodiversity. Even for the group for which we have the best data, plants, we know very little about
what facets of hydrology cdrol the distribution of species and communities within wetlands. For
instance, are species' niches controlled by the intensity, length or timing of droughts, or by periods
of flooding (causing hypoxia in the root zone). Even then we don't know how thiklwanslate

into community change as competitive interactions under changed hydrological conditions have
been little studied. Finally, how these changes at the plant community level then cascade into
driving change in other species is also unknown.
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7. Recommendations

To improve our understanding of how climate change will impact wetland health and functional
ability, there is need to:

1 Improve soil water modelling through incorporation of groundwater hydrology and how this affects
water table levels andecharge rates after dry periods.

I Use location specific surface characteristics (vegetation type) to better estimate
evapotranspiration.

91 Develop a network of monitoring sites to improve capabilities to measure and monitor wetland
water states (Appendix )Vthis will also assist model validation and refinement hence improving
future projection estimates.

1 A restriction on the ability to calibrate and test models is due to a lack of location specific observed

data. There is good scope for developing a shal&dbase using observed historical experiment

and monitoring data.

LYONBlFasS (GKS dzaS 2F NBY2GS aSyaSR RIGF G2 YSI a

Link this to the monitoring network to grourtduth remote sensed data.

Improve vegetation monitoring to assess responses to new ranges of meteorological variation:

identify species tolerance ranges; understand community competition responses.

1 Improve our understanding of vegetation responses to climate extremes, particularly pralonge

dry periods, to assess their resilience.

Particular attention should be paid to key species sucB@mgnum

Where comparable, assessments of wetland and vegetation responses to observed extremes, i.e.

the summers of 2003 and 2018 in upland England prayide useful indications of how future

extreme events may impact Scottish sites.

1 Better understand the probabilities of successive drought months and years and assess wetland
AaLISOASEAQ NBaAfASYyOS G2 Y2NB FNBIljdzsSyid IyR aS@SNJ

1 Improve our understaging of the role of occult precipitation (mist, dew) to provide water to
surface vegetation, and if this is a critical water input to enable plant survival, how will future
climate conditions affect occult precipitation formation?

= =4 =

=a =

Climate projectionsThis assessment of climate change impacts on wetlands has used a single
emissions scenario (RCP8.5), which arguably represents a plausibéntigmission and impacts
condition. For the purposes of this study this is an acceptable approach. We have alsosiisgle
climate model (HadRMBPE), but to better assess the range of uncertainties in wetland responses,
it would be preferable to use multiple climate models and emissions scenarios. However, it should
be noted that the projected impacts out to arou28402050 do not differ greatly between

emissions scenarios. Climate models are generally not good at representing extreme high rainfall
events. To resolve this, we suggest the additional use of the UKCP18 2.2km resolution Convection
Permitting Model datdo assess local risks and opportunities.
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IPCC2001 The Third Assessment Climate Change 2001SJibatific Basis.
https://www.ipcc.ch/report/ar3/wqgl/
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Appendix A: Wetland Vulnerability Maps

This section presents maps of the same analysis presented at the national scale but focussing in on
different areas. This includes the Cairngorms National Park, the Insh Marshes and three Alkaline Fens:
Rassal (northwest), Mortlach Moss (east) and the Idafioot Hills Complex (soutlvest).

The purpose of these examples is to illustrate that the analysis can be focussed onto specific wetlands.
Whilst not presented here, it is also possible to analyse and present daily time series data for each grid
cell (1 km resolution) to assess observed and projected changes. This may be particularly useful in
assessing conditions beyond normal variation including extremes, and changes in their frequency.

Cairngorms National Park

The Cairngorms is the largest NatioRakk in the UK and one of two National Parks in Scotland. At its
core is the largest area of high mountain plateau in the UK. Around this are extensive areas of hill
ground dominated by blanket bog. There are also extensive tracts of woodland, incleditigety
extensive areas of sematural pine forest. There is limited farmland, most of it associated with the
major river valleys of the Dee, Don and Spey. These valleys also have some significant wetland areas
associated with them.

EU km

. Surface Water Slope (8WS) Groundwater Slope (GWS) Floodplain (FFP)
Hydrological Wetland Types ) )
Surface Water Depression (SWD) Groundwater Depression (GWD) General (GEN)

Figurel8. Wetland classes map for the Cairngorms National Park.
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Figurel9. Observed May mean monthly precipitation (mm) at Cairngorms National Park.

May mean monthly precipitation change
UKCP18 12 ensemble members

Figure @. Projected change in May mean monthly precipitation (mm) by 263069 in comparison to the baseline $94-
2014) for the 12 climate model ensemble members at Cairngorms National Park.
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May mean monthly evapotranspiration for the baseline period
S #y AL u- r .

Figure 2. Observed May mean monthly evapotranspiration (mm) at Cairngorms National Park.

May mean monthly evapotranspiration change
UKCP18 12 ensemble members

Figure 2. Projected change in May mean monthly evapotranspiration (mm) by 22839 in comparison to the baseline
(19942014) for the 12 climate model ensemble members at Cairngorms National Park.
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Month with the maximum drought
UKCP18 12 ensemble members in agreement with the change

R

Uncertain No change Later Earlier

Figure 3. UKCP18 ensemble members in agreement with the sign of their change in the month when the maximum
drought occurs at CairngorsNational Park (blue = later, yellow = no agreement). Note: positive and negative refer to the
sign of change in the month when the maximum drought occurs, not the impact on wetlands.
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Month with the maximum drought change
Model 04 Model 05

¥

Earlier

Figure 2. Variation between ensemble members in the month when the maximum drought occurs at Cairngorms National
Park (blue = later, red = earlier).

Month with the maximum water surplus
UKCP18 12 ensemble members in agreement with the change

Uncertain No change Later Earlier

Figure25. UKCP18 ensemble members in agreement with the sign of their change in the month when the maximum water
surplus occurs at Cairngorms National Park (red=earlier, green = no chaefjew = no agreement). Note: positive and
negative refer to the sign of change in the month when the maximum water surplus, not the impact on wetlands.
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Month with the maximum water surplus change

Model 05

Model 01 Model 06
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Model 07 Model 08
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No change Later Earlier

Figure26. Variation between ensemble members in the month when the maximum water surplus occurs at Cairngorms
National Park (blue = later, red = earlier, green = no change).

Month with the maximum evapotranspiration
UKCP18 12 ensemble members in agreement with the change

Uncertain No change Later Earlier

Figure27. UKCP18 ensemble members in agreement with the sign of their change in thetimahen the maximum
evapotranspiration occurs at Cairngorms National Park (yellow = no agreement, green = no change). Note: positive and
negative refer to the sign of the feature shown, not the impact on wetlands.
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Month with the maximum evapotranspiration change

Model 01 Model 06
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Model 04 Model 05

No change Later Earlier

Figure 28. Variation between ensemble mmbers in the month when the maximum evapotranspiration occurs at
Cairngorms National Park (red = earlier, green = no change).

Driest month
UKCP18 12 ensemble members in agreement with the change

=T = ~ W

Uncertain No change Later Earlier

Figure29. UKCP18 ensemble members in agreement with the sign of their change in the driest month at Cairngorms
National Park (tue = later). Note: positive and negative refer to the sign of change in the driest month, not the impact on

wetlands.
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Driest month change
_Model 04 _ Model

05 Model 06
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No change Later Earlier
Figure ®. Variation between ensemble members in the driest month at Cairngorms National Park (red = earlier, blue =
later).

Number of successive months with drought
UKCP18 12 ensemble members in agreement with the change

Uncertain No change More Less

Figure31. UKCP18 ensemble members in agreement with the sign of their change in the number of successive dry months
at Cairngorms National Park (blue = more). Note: positive and negative refer to the sign of change in the number of
successive dry months, not thienpact on wetlands.
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Number of successive months with drought change
Model

Model 01 Model 04 05 Model 06

"Ry

Figure 2. Variation between ensemble members in the number of successive dry months at Cairngorms National Park
(red = less, blue = more).

Appendix V& Mike Rivington, Mohamed Jabloun, Zisis Gagkasanin Pakeman



a CENTRE OF
EXPERTISE
FOR WATERS
Insh Marshes

InshaF NA KSa Aa . NAGFAyQa €I NBSald ylGdzNIffte TFdzy Ol Az
miles (3km) wide in places. It is a National Nature Reserve (NNR), a Site of Special Scientific Interest
(SSSI), a Special Area of Conservation (SAC),ial $pyetection Area (SPA) and a RAMSAR site. The
@S3ASGl GA2y O2yaraida YrAyte 2F aSR3IAS Rizhewanp G SR WL
and willow carr wetland habitats are well represented. It is the main UK stronghold for string sedge
Carexchordorrhizaand holds other rare plants including least walidy Nuphar pumila awlwort

Subularia aquaticacowbaneCicuta virosand shady horsetalEquisetum pratenselt also has a rich
assemblage of breeding birds, including ospandion haliaais, wigeonAnas penelopeshoveler

Anas clypeatand goldeney®ucephala clanguland a major concentration of breeding waders such

as redshankringa totanus common snipesallinago gallinagand curlewNumenius arquatalnsh

marshes is also the bestaiin Scotland for rare wetland invertebrates including the wetland spider
Wabasso replicatusisnown only from this site in the UK and the aspen hovéttiynmerschmidtia

ferruginea

2km ]

. Surface Water Slope (SWS) Groundwater Slope (GWS) Floodplain (FF)
Hydrological Wetland Types ) )
Surface Water Depression (SWD) Groundwater Depression (GWD) General (GEN)

Figure 3. Wetland classes map at Insh Marshes.
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May mean monthly precipitation for the baseline period

50 60 70 80 a0 100

Figure 3. Observed Mg mean monthly precipitation (mm) atnsh Marshes (Baseline period 1924014)

May mean monthly precipitation change
UKCP18 12 ensemble members

Figure35. Projected change in May mean monthly precipitation (mm) by 263069 in comparison to the baseline (1994
2014) for the 12 climate model ensemble membersiash Marshes
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May mean monthly evapotranspiration for the baseline period
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Figure36. Observed May mean monthly evapotranspiration (mm) kish Marshes

May mean monthly evapotranspiration change
UKCP18 12 ensemble members

_Model 01 Model 05
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Figure 37. Projected change in May mean monthly evapotranspiration (mm) by 22859 in comparison to the baseline
(19942014) for the 12 climate model ensemble memberslash Marshes
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Month with the maximum drought
UKCP18 12 ensemble members in agreement with the change

Uncertain No change Later Earlier

Figure38. UKCP18 ensemble members in agreement with the sign of tlehange in the month when the maximum
drought occursat Insh Marshes (blue = later, yellow = no agreement). Note: positive and negative refer to the sign of the
feature shown, not the impact on wetlands.

Month with the maximum drought change
Model 01 Model 04 Model 05 Model 06
o L L - o
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No change Later Earlier

Figure39. Variation between ensemble members ifé month when the maximum drought occui Insh Marshes (blue
= later, red = earlier, green).
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Month with the maximum water surplus
UKCP18 12 ensemble members in agreement with the change

Uncertain No change Later Earlier

Figure ©. UKCP18 ensemble members in agreement with the sign of their change in the month when the maximum water
surplus occurst Insh Marshes (green: no chge, yellow: no agreement). Note: positive and negative refer to the sign of
the feature shown, not the impact on wetlands.

Month with the maximum water surplus change
Model 01 Model 06
T 7 g A& BT "~ AR

-

No change Later Earlier

Figure 4. Variation between ensemble members in the month when the maximum water surplus ocetitash Marshes
(blue = later, geen = no change).
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Month with the maximum evapotranspiration
UKCP18 12 ensemble members in agreement with the change

Uncertain No change Later Earlier

Figure 2. UKCP18 ensemble members in agreement with the sign of their change in the month when the maximum
evapotranspiration occurst Insh Marshes (yellow = no agreement).

Month with the maximum evapotranspiration change

odel 01 Model 04 Model 05
’ " g ' A BT

w

No change Later Earlier

Figure43. Variation between ensemble members in the montlthen the maximum evapotranspiration occurat Insh
Marshes (red = earlier, green = no change).

Appendix VE Mike Rivington, Mohamed Jabloun, Zisis GagkasRaruin Pakeman Page 162



a CENTRE OF
EXPERTISE
FOR WATERS

Driest month
UKCP18 12 ensemble members in agreement with the change

Uncertain No change Later Earlier

Figure44. UKCP18 ensemble members in agreement with the sign of their change in the driest nairtish Marshes
(blue = later). Note: positive and negative refer to the sign of the feature shown, not the impact on wetlands.

Driest month change

Model 01 Model 04 Model 05 Model 06
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s

No change Later Earlier

Figure45. Variation between ensemblenembers in the driest monttat Insh Marshes (red = earlier, blue = later).
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Number of successive months with drought
UKCP18 12 ensemble members in agreement with the change

Uncertain No change More Less

Figure46. UKCP18 ensemble members in agreement with the sign of their change in the number of successive dry months
at Insh Marshes (yellow = no agreement blue = more). Note:ipee and negative refer to the sign of the feature shown,
not the impact on wetlands.

Number of successive months with drought change
Model 04 Model 05 del 06
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Figure4?7. Variation between ensemble members in the number of successive dry moatiash Marshes (red = less, blue
= more).
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Rassal

Larcamon of Rassal SaC

Rassal Https://sac.jncc.gov.uk/site/UK0030243s both a SSSI and a SACis located between

Shieldaig and Lochcarron. The site contains a large exposure of limestone, limestone pavement, the
largest ashwood on limestone in titighlands and the best example of rich western valley woodland

on calcareous soils. Numerous springs, flushes andtieiséen areas occur, including tufa forming
springs dominated by the mo§yatoneurorand areas dominated by sedges, black-baghScloenus
nigricansand broadleaved cotton graggiophorum latifoliumThe calcareous seepages also support

the rare craneflyOrimarga virgaand the nationally scarce cranefBonomyia conoviensis

Hydreological Wetland Types I

Surface Water Slope (SWS) Groundwater Slope (GWS) Floodplain (FP)
Surface Water Deprassion (SWD) Groundwater Depression (GWD)

General (GEN)

Figure48. Wetland classes map at Rassal.
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May mean monthly precipitation for the baseline period

L e —
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Figure49. Observed May mean monthly precipitation (mm) &assal

May mean monthly precipitation change
UKCP18 12 ensemble members

Model 01 Model 04

Model 05

Figure ®. Projected change in May mean monthly precipitation (mm) by 263069 in comparison to the baseline (1994
2014) for the 12 climate model ensemble membersRassal
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Figure 8. Observed May mean monthly evapotranspiration Rassal

May mean monthly evapotranspiration change
UKCP18 12 ensemble members

Model 01 Model 04

Maodel 05

Figure 2. Projected change in May mean monthly evapotranspiration by 268169 in comparison to the baseline (1994
2014) for the 12 climate model ensemble membersRassal
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Figure53. UKCP18 ensemble members in agreement with the sign of their change in the month when the maximum
drought occursat Rassal (yellow = no agreement).

Month with the maximum drought change
Model 06

Model 01 Model 05
"

No change Later Earlier

Figure54. Variation between ensemble members in the month when the maximum drought ocaiRassal (rec earlier,
green = no change).
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Figure55. UKCP18 ensemble members in agreement with the sign of their change in the month when the maximum water
surplus occurst Rassal (yellow = no agreement, red = earlier). Note: positive and negative refer to timeasithe feature
shown, not the impact on wetlands.

Month with the maximum water surplus
Change

Model 01

Model 04 Model 05
-

No change Later Earlier

Figure56. Variation between ensemble members in the month when the maximum water surplus ocetiRassalblue
= later, red = earlier, green = no change).
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Figure57. UKCP18 ensemble members in agreement with the sign of their change in the month when the maximum
evapotranspiration occurgt Rassal (yellow = no agreement).

Month with the maximum evapotranspiration
Change

Model 01 Model 05
]

No change Later Earlier

Figure58. Variation between enemble members in the month when the maximum evapotranspiration occatsRassal
(red = earlier, green = no change).
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Figure59. UKCP18 ensemble members in agreement with the sign of their change in the driest nadriRlassal (yellow =
no agreement).

Driest month
Change
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No change Later Earlier

Figure 60. Variation between ensemble members in the driest monét Rassal (red = earlier, blue = later).
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Figure @. UKCP18 ensemble members in agreement with the sign of their change in the number of successive dry months
at Rassal (yellow = no agreement)

Number of successive months with drought change

Model 01 Model 04 Model 05 Model 06

Model 08

Model 09 Model 10

Model 15

No change More Less

Figure @. Variation between ensemble members in the number of successive dry momthRassal (red = less, blue =
more).
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Lecation of Morilach Moss S0

Mortlach Moss lfttps://sac.jncc.gov.uk/site/UK00302) Gsan alkaline basifien located 5 km north

of Huntly and is designated as an SSSI and SAC. Thébasimmunity, with abundant bottle sedge

Carex rostrata and lesser tussock sedge Carex diandra, is nationally rare and the best example of its
type in northeast Scotland. The localigre black bogush Schoenus nigricandominates the
adjacent flushes. Notable species include grass of Parn&ssuassia palustriand lesser butterfly

orchid Platanthera bifolia

Surface Water Slope (SWS) Groundwater Slope (GWS) Floodplain (FP)
Surface Water Deprassion (SWD) Groundwater Depression (GWD) General (GEN)

Figure63. Wetland classes map at Mortlach Moss.

Hydrological Wetland Types I
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May mean monthly precipitation for the baseline period

59.0 595 600 605 610 615 620 625

Figure64. Observed May mean monthly precipitation (mm) &ortlach Moss

May mean monthly precipitation change
UKCP18 12 ensemble members

Model 04
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Model 06

IModel 07 Model 08 IModel 09 Model 10

IModel 11

Model 12

IModel 13

Model 15

Figure65. Projected change in May mean monthly precipitation (mm) by 263069 in comparison to the baseline (1994
2014) for the 12 climte model ensemble members atlortlach Moss
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