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Abstract

Knowledge of the ecology and ecosystem functioning of pools created by the
peatland restoration method of drathlocking is limitedThis thesis provides the most
comprehensive study of these peatland pecbsystems to datdData were collected
to investigate the spatial and temporal distribution of macroinvertebrate communities
in both drain-blockedand naturallyoccurringpools on areas of blanket bog in
northern England. Corresponding environmental datxe analysed to identify any
mechanisms underpinning biodiversity metrics. The metabolism (i.e. rates of
photosynthesis and respiration) of dralocked pools was estimated using the diel
dissolved oxyge(DO)method.

Drainblocked pools were found tbouse macroinvertebrate communities
similar to those in natural pools, including taxa characteristic of-agid pool
habitats thusproviding suitable habitat for peatland aquatic tax@here was some
evidence that pools in reprofiled drains were more biodiverse thahdped pools.

New pools were colonised quickly with taxon richness peaking in pools aged five to
eight yearsandpools aged 15 yealsusingsome fauna not found in young@ools.

Results suggested that gamma diversity would be best encouraged by creating a range
of pool sizes with diverse vegetaticomposition.

Drainblocked pools were found to be strongly heterotrophigth highrates of
respiration driven by elevate@Vels of dissolved organic carbon and the relatively
large sedimeniater interface. Water temperature andOprofiles obtained from
pools in England, Scotland and Sweden revealed severe diurnal stratification regimes,
with implications for sampling methadogies, gas fluxes and carbon cycling. This
research will help to inform future draiblocking schemes and also has relevance for

studies analysing the biogeochemistry and biota of other shallow waterbodies.



List of Abbreviations

DO dissolved oxygen

DOC dissolved organic carbon
EC electrical conductivity

GPP gross primary production
MOB methane oxidising bacteria
NEP net ecosystem production
POC particulate organic carbon
R respiration

TDS total dissolved solids

Glossary

Alpha diversity

The diversity of aingle site (local species pool).

Autotrophic

A system which fixes more carbon via photosynthesis than it respguresrganism

capable of photosynthesis.

Beta diversity

The difference in species composition between sites.

Dystrophic
Having brown acidigvater that is low in oxygen and supports little life, owing to high

levels of dissolved humus.



Eutrophic

Rch in nutrients and so supporting a dense plant population, the decomposition of

which may be harmful to biota by depriving it of oxygen.

Gamma bidliversity

Diversity measured at a landscape scale (the regional species pool).

Heterotrophic

A system which releases more carbon via respiration that it fixes via photosynthesis.

An organism which cannot fix carbon for itself and relies on external saurces

Humic substances

A major component of the DOC in peatland aquatic systems; an organic compound of

decaying organic matter made up of humic and fulvic acids.

Minerotrophic

Fed bywater which has flowed over or through rocks or other minerals, often

acquiring dissolved chemicals which raise the nutrient levels and reduce the acidity.

Oligotrophic
Relatively poor in plant nutrients but often containing abundant oxygen in the deeper

parts.

Ombrotrophic

Fed exclusively by precipitation
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Chapter 1introduction

1.1 Researcktontext

Peatlands are an important global resource of carbon, water and biodiversity.
They cover approximately 3% of tBel NI K Q& G SNNBaAGNRF & dzNF | (
and high latitude peatlands alone store betweerga5t™> 2 F G KS 62 NI RQA
(Limpens et al., 2008)n the UK, peatlands cover an estimated 18RB8(Baird et al.,
2009)and provide valuable ecosystem services such as water provision, the regulation
of greenhouse gases by the sequestration of carbon (C), recreation, agriculture and the
provision of renewable energy via wind fari&mchunder et al., 20098 lanket peat,
which forms over gently rolling terrain in cool, wet hyperoceanic regions where there
is an excess of rainfall over evapotranspiration, aots for 87% of UK peatland
coverage (around X25% of the global distribution) making the UK an internationally
NEO23IyAAaSR Wie LS (Haldeheia. 2902 Bird &AL{I2RODA K| 0 A
Lindsay, 2010However, common management practises such as rotational heather
burning, overgrazing and the installation of drainage ditches have resulted in
widespread peatland degradatidiiolden et al., 2007b, Ramchunder et al., 2009)
Historical peatland drainage, implemented on a wide scale in the UK after
World War 1l in an attempt to improve the landscape for forestry and farming,
generally failed to meet its objectivéStewart and Lance, 1983Fjurthermore,
drainage has been shown to be detrimental; it alters hydrological procéblstden et
al., 2004) increases carbon emissioftdooijer et al., 2010Q)affects the terrestrial and
stream ecologyCarroll et al., 2011, Ramchunder et al., 201&M) increases sediment
loads and discoloration in upland streaitchell and McDonald, 1995, Holden et al.,

2007a, Armstrong et al., 2010p response to these issues, and also to UK and



2

European lgislation which requires peatland habitats to be maintained in a favourable
condition, a program of peatland rewetting schemes (mainly dbdacking) has been
implemented widely across the UK over the last two decdtiedden et al., 2007b,
Armstrong et al., 2009, Parry et al., 2018yainblocking metlods vary between
projects but typically involve the installation of dams, usually made from peat turves,
spaced at regular intervals down the length of the drainage difeinstrong etal.,
2009) Water quickly collects behind the dams, and so dldatking has created of
hundreds of thousands (possibly millions) of small pools across the UK peatland
landscape. To date, research into the potential consequences of-dlaiking has
concentrated mainly on hydrological aspects with a legal and / or financial implication
for landowners / water companies, such as levels of dissolved organic carbon (DOC)
and water discoloration in peatlands streaifWgallage et al., 2006, Armstrong et al.,
2010) Howeverdespite the fact that draiblocking is a rare case of freshwater
habitat creation, comparatively little is known about the ecology of pools themselves.

The importance of studying the ecology of drsilocked pools is underpinned
by the fact that smalllentic water bodies are known to make a vital contribution to
biodiversity, particularly at a landscape level, by sustaining a high number of rare and
uncommon macroinvertebrate speci@d/illiams et al., 2003, Biggs et al., 2008)e
high level of gamma biodiversity seen in ponds and ditches is facilitated by their
isolated nature, small catchment areas and heterogeneous physiemical
attributes, which enable individual ponds to support diverse floral and faunal
communities. Indeed, naturalgccurring peatland pools are known to house rare and
endangered macroinvertebrate taXMaitland, 1999, Verberk et al., 2001, Verberk et

al., 2006b) Even pools that do not house rare or endangered spetieskely to host
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taxa that rely, to varying degrees, on aanke habitat and are therefore important for
their persistencgBoyce, 2004)

While some areas of UK blanket peat already have extensive natural pool
complexes, most notably the Flow Country in northern Scot(@wadyea and Lancaster,
2002) others, like the Pennines in northern England, are maarhgstrial landscapes,
with aquatic features limited to streams and isolated sink holes and tarns. It is in these
areas that drairblocking has the potential to be especially beneficial to aquatic
biodiversity, by extending the aquatic landscape to nemfiers. Not only will this
benefit the taxa which live in the pools, but also the fauna higher up the food chain
which feed on them, mainly moorland birds such as Black Grdieteaf tetriy,

Dunlin Calidris alpingg Golden PloveRuvialis apricarip GreenshankTringa

nebularig, Curlewumenius arquatd and Redshank ¢(inga totanu$, most of which

are categorised as red or amber on the UK Birds of Conservation Concern list, and also
the economically important Red Groudeaopus lagopus scotigu®ownie et al.,

1998b, Buchanan et al., 2006urthermore, the configuteon of pools in blocked

drainage systems (i.e. a cluster of pools regularly spaced over a given area) should act
to facilitate the existence of metacommunities, allowing aquatic species to persist in
the wider landscape when stochastic disturbances makea more pools in the

cluster temporarily uninhabitabl@_eibold et al., 2004)'his clustered pool

configuration may also attract more moorland birds, as Dunlin abundance in the Flow
Country was found to increase along with proximity of a patch of moorland to a pool
system(Lavers and Hainesoung, 1996)Furthermore, pools created by dralrtocking

may provide future refuge for geies forced to migrate upwards and northwards in

the face of climate chang@Valther et al., 2002, Rosset and Oertli, 2011)
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The many pantial benefits to peatland biodiversity created by draiocking

will, however, need to be weighed against any increase in carbon emissions. For

example, terrestrial carbon inputs to lentic waterbodies were reported to be, on

average, eight times morekkly to be mineralised and emitted to the atmosphere than

to be buried in sedimentAlgesten et al., 2004Peatland pools are alrdg regarded as

hotspots for methane (CHireleaseg(Baird et al., 2009, Holden, 200&)d, although

less is known about fluxes of carbon dioxide {CiDis now widely accepted that most

freshwater systems a@s carbon sources rather than carbon sifideellein et al.,

2013) Indeed, the small size of drallocked pools might serve to increase their

potential as bioreactors compared to larger lakes, due to the proportionddedyer

water-sediment interface compared to larger lakes, which facilitates the input of

organic matter and nutrients to the system and also provides a home for the bacterial

communities which process them. Therefore, the role that peatland pools pléein t

carbon cycle needs further clarification, especially as one of the reasons given to justify

the large amounts of money spent drdntocking is a reduction of carbon emissions

from peatlandgBaird et al., 2009, Holden et al., in press)

1.2 Research aims

The overall aim of this thesis is to increase understanding of the environmental
characteristics, macroinvertebrate communities and metatrolof drainblocked
pools located on blanket bog in the UK, and to compare them to natuwatiyrring

pools. Specifically, it aims to answer the following questions:
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1) What are theenvironmentalcharacteristics and macroinvertebrate
communities of drairblocked pools, will they act as suitable ecological
surrogates for natural peatland pools, and does the didocking
methodology impact on pool biodiversity?

2) How do the environmentatharacteristics and macroinvertebrate communities
of drainblocked poolshange ovetime and what are the main drivers
underpinning any changes?

3) How do rates of photosynthesis and respiration vary in space and time in
peatland pools, and are these systems acting as biological sources or sinks of

carbon?

By answering these gs&ons, this thesis aims to enhance our understanding of the
ecological consequences of drétocking, with a view to informing land management
policy in the British Isles dbeyond and helping land managers when undertaking

new drairblocking schemes and/or managing already restored catchments.

1.3 Thesisstructure

The thesis structure is summarised in Figure ArlLindepth review of the
global literaturereviewconcerning historical drainage, rewetting measures and the
ecology of natural peatland pools and those created by rewetting measures is provided
in Chapter 2. Chapter 3 investigates the environmental characteristics and
macroinvertebrate communities of @&sof natural and draifblocked pools in the
Penninesand also comparedrain-blocked pools created by two different blocking

methods. Chapter 4 is concerned with how the macroinvertebrate communities and
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environmental characteristics of dralsiocked pods change over time and uses both a
chronosequence (spader-time) and continuous monitoring approach. The
metabolism of a set of drathlocked pools is analysed in Chapter 5, and Chapter 6
goes on to investigate the diurnal thermal stratification of dinaatland pools and to
discuss its impact on biogeochemistry. Finally, Chapter 7 synthesises the main research

findings and summarises how they might be incorporated into dodmickingschemes
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Chapter 2: Biodiversity and ecosystem functioning in natural bog pools

and those created by rewetting schemes

2.1 Introduction

Peat is an organic soil which consists of the slowly decaying remains of plant
material (oftenSphagnunspp.) which has developed in waterlogged conditi{ligg
and Tallis, 2001 Peatlandsvhich actively accumulate peat are referred to as mires
(Lindsay, 20109nd are important carbon sinks which store approximateige third of
0KS 62 NI RQYuetal 2000phbulytbtifey have the potential to rapidly
release it when they become degrad@dolden, 2005, Baird et al., 200®eatlands
are sub-divided into bogs, which are ombrotrophic (exclusively Hfaith), and fens,
which are minerotrophic (influenced by groundwater). However, a peatland landscape
may contain areas of both fen and bog. For example, whilst raised bogs massifs (dome
like structures of peat) are indeed exclusively ombrotroptiimdsay, 201Ghey can
be found within a wider landscape which reflects a trophic gradient, including
minerotrophic sources and transitional (lagg) zofem Duinen, 2013Blanket mires
(in which peat cloaks the landscape in a layer that reflects the underlying topography)
aremainly ombrotrophic (blanket bog) but may also contain areas of minerotrophic
fen (Lindsay, 2010Blanket mire is a globally scarce habitat which is especially well
represented in the UK and Irelaifdndsay, 201Q)This review concentrates mainly on
pools that form on areas of ombrotrophic bog, but takes into account trophic gradients
when studies have looked at the wider peatland landso@pg. van Duinen, 2013,
Verberk et al., 2010a)

Permanent pools are common features on many northernso@ggure2.1).

They constitute one of a series of nanotopes (sreedlle structural elements also
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known as microformg)Lindsay, 201Q)Table2.1) and there are many theories about
how they form(cf.Belyea and Lancaster, 200Rpols situated entirely within a rafied
peat profile are characterised by low pH, low levels of primary production and
nutrients but high levels of dissolved organic matter which stain the water brown,
making the pools dystrophic rather than oligotraphHowever, pools which have any
sort of minerotrophic input (e.g. those which are exposed to a mineral substrate) may
differ from this pattern and have, for example, higher levels of pH. In general terms,
ponds make a vital contribution to biodiversipyarticularly at a landscape level, by
sustaining a high richness (including rare) of macroinvertebrate species compared with
other waterbodiegWilliams et al., 2003)n the 2007 UK species and habitat review
ponds were therefore added as a new priority habitat, along with dystrophic lakes
(JNCC, 2007However, dystrophic bog pools, which are known to house rare taxa
including Red Data Book species and those with nalipnatable status, remain

relatively understudiedMaitland, 1999, Towers, 2004, Drinan et al., 2013)

Figure 2.1.Photographs of natural pool systerfe in the Flow Country, northern Scotland, anddq(i)

peatland near Abisko, Sweden

Degradation of blanket peat through drainage (an attempt to dry out and

improve the land for forestry and farming) and cuttioger (harvesting for peabased
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products) has resulted in global problems with increased carbon emis&drsla et
al., 1996, Hooijer et al., 201,dpss of biodiversity and conservation iss{lagtlewood
et al., 2010, Carroll et al., 201HIthough seeChapman et al. (2003)r evidence that
limited peat extractiormay actually enhance biodiversity) and reduced water quality
(Holden et al., 2004, Armstrong et al., 201@pwever peatlands have a high
conservation value and are one of the habitats listed in the RAMSAR agre@uignt
1971F SpHagnunt OA R 06234Q FNB fAaiGSR dzy RSEHU,! yy SE
1992)and blanket bog is also a UK Biological Diversity Action Plan priority habitat
(JNCC, 200 recent years emphasis has been placed on rewetting peatlands to try
and restore them to a fully functioning, revegetated stétwlden et al., 2007k@nd
the benefits of rewetting for carbon sequestration has been recognised on an

international scale by the Kyoto protoddloosten, 2012)

Table 2.1 Classification of nanotopes found on ombrotrophic bogs in Britsiiapted fromLindsay
(2010)

Terrestrial (T) microforms

Code | Name Description

Occupies a vertical range of ~ 0 to 15cm above the average water table.

T Low ridge Generally the most species rich zone.

Occupies the vertical zone of ~ 15 to 25 cm alibeeaverage water table.
T2 High ridge Forms the predominant nanotope for blanket bog where there is a distinct slope, §
for bogs which have suffered some degree of human impact.

Occupies the vertical zone of ~ 25 to 1m above the average water table.

3 Hummock Invariably formed by moss growth.

Aquatic (A) zones

Code | Name Description

Occupies the vertical zone of ~ 0 to 10cm below the average water table.

Al Sphagnum hollow Dominated by a morer-less continuous carpet of the aquatic Sphagnum cuspidati

Shallow pools no more than 20cm deep.
A2 Mud bottom hollow Has no dense, continuous mat of Sphagnum, merely scattered pockets of either §
subsecundum or S. cuspidatum.

Occupies the vertical zone of ~ 20 to 40cm below the avenager table.
A3 Drought sensitive pool | Has an evident expanse of open water, though there may also be loose floating n)
of Sphagnum cuspidatum or S.Subsecundum.

Pools which may be 3 to 4m deep, extending almost to the minerabasb, with
solid, vertical wad.

Consists largely of an open water body in which some detritus and a range of aq
invertebrates can be found.

A4 Permanent pool
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By far the most common restoration method adopted in blanket peatlands
around the world is to dam drainage ditch@gerberk et al., 2006a, Armstrong et al.,
2009)creating pools of water behind each dam (Figure 2.2). The dams (and therefore
the pools) are typically spaced evenly along the length of the drairttengools,
being constrained by the drain dimensions, araikr in size, unlike pools in natural
systems which can vary substantially in area and d€pétyea and Lancaster, 2002)
In the British Isles many thousands of these artificial pools have been created to
restore peatland hydrologfRamchunder et al., 2012dh many areas (e.g. much of
the Penninespools in blocked drains form the only pool complexes within the
peatland, thus extending the aquatic landscape to new frontiers and providing habitat
for aquatic species as well as vital food and water sources for the many species of
moorland birds that tilise blanket bogDownie et al., 1998b, Buchanan et al., 2006)
However, he ecological status of these artificially created pools is almost unknown
with only two reports looking at their macroinvertebrate assemblages in the British
Isles(Boyce, 2010, Ramchunder et al., 2012a}he Netherlandsyan Duinen et al.
(2003)studied pools on areas of raised bog created by rewetting measures and in
CanadaMazerolle et al. (2006tudied pools that they had dug themselves on an area
of restored peatland. Other studies have looked at the aquatic ecology of restored
peatlands but concentrated on waterbodies which already existed prior to restoration.
For exanple, Verberk et al. (2006agampled bog pools, ditches and puddles of
different water types (e.g. minerotrophic / ombrotrophic) both before and after re

wetting measures on a heterogeneous bog remnant in the Netherlands.



Figure 2.2Photographs of pools in blocked draifag at Moor House National Nature Reserve (NNR),
Cumbria, England, and (b¢ar Malham Tarn, England.

The aim of this review is to provide guidance for land managers involved in
drain-blocking schemes on areas of bog who wish to maximise ecological tisdpefi
the aquatic communities in the newbyreated pools. We provide some contextual
background to the formation of natural pools and the creation of those formed by
rewetting measures, before reviewing the literature on the ecology
(macroinvertebrates, aphibians and primary producers) of both pool types. We then
focus on macroinvertebrates and assess the main factors driving community
composition in bog pools to help underpin predictions about community assembly in
drain-blocked pools on areas of ombrofbic bog. Based on the evidence outlined in
the following sections, Figuiz3 provides a conceptuachematicof the potential
ecological development of drainlocked bog pools through time, with corresponding
suggestions for research questioiisis thess intends to answer the questions

highlighted in red.
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Suggested Research Questions

New pools - bacteria Early colonisers Arrival of weak fliers & How does the macroinvertebrate species
FAUNA already present in the | active fliers (e.g. —» passive dispersers |—— composition change over time?
peat beetles) (e.g. via phoresy)
Is there increased usage by birds and
* amphibians over time?
. N Rates of
. M hr I
METABOLISM Proagcgll?gac::r::;g by I photosynthesis L Sphag?'l‘:::'lpPg‘:uﬂher Are the pools net heterotrophic or autotrophic?
" increase along f
consuming DOC with algal PP boosts photosynthesis What are the relative contributions of PP, MOB
* + and DOC as basal sources of carbon?
. . . Does the contribution of PP increase with plant /
New pools lack Pioneer algal species Establishment of moss cover and does this influence trophic
FLORA vegetation cover - (% arrive via animal and ||  Sphagnumand  [— status?
mainly open water wind vectors macrophytes
* How does the algal species composition change
over time?
»| Plant cover increases . ) . .
"1 habitat heterogeneity Does increased habitat heterogeneity contribute
to greater faunal diversity?
Is there a change in macroinvertebrate functional
feeding groups with increased vegetation cover
Low nutrient levels pH decreases as (e.g. fewer carnivores, more herbivores?)
CHEMICAL | and low pH (unless »  Sphagnum cover [«
substrate exposed) increases
Can pool size thresholds be defined which relate
to different assemblages of macroinvertebrates?
. - Community assembly Does pool size influence pool selection by
PHYsIcAL | o0l size constrained »| influenced by pool |€— amphibians or birds?
Y size / permanence
Are pool dimensions or water chemistry more

Y

Do macroinvertebrate communities in drain-
blocked pools resemble those of natural pools?

important in defining community assembly?

Figure 2.3Conceptuakchematicand associated research questiokiew the different ecological

elements of drairblocked pools on areas of ombrotrophic bog might develop and interact over time

from the moment of pool creation (i.e., since blocking).

2.2

Natural pools

2.2.1 Formation distribution and morphology

Open water bog pools have been reported from every continent except

Antarctica(Glaser, 1998and form one of a series of hanotopes which contribute to

the patterning characteristic of bogs (Tal2é). Under the rigt conditions pool

complexes can be extensive. For example, small, open water features3<irar up

to 77% of the surface area of minerotrophic peatlands in high boreal Quebec, Canada

(Connolly et al., 2014)n the British Isles, the presence of permanent open water

pools is generally restricted to the most northerly, oceanic areas, making them

especially prevalent in areas of Scotlghthdsay, 1995)here, in strongly patterned
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areas such as parts of the Flow Country, pools may cover up to half of theesarta
(Bragg and Tallis, 2001)

The formation and development of bog pools is strongly relatette local
hydrological regime and its interaction with the prevailing climate and topogréplay
Glaser, 1998)These factors also interact with vegetation to determine the form and
extent of the patterninge.g. Eppinga et al., 200Hlany authors provide evidence for
the role of differential rates of peat accumulation and the processes surrounding
decay(e.g. Belyea and Lancaster, 20@Rgcently, advances fechnology such as
Ground Penetrating Radar (GPR) have enabled potential links between the positioning
of some pools and underlying geological features (e.g. esker crests formed by glacial
retreat) to be positedComas et al., 2011)

Morphologically, the dimensions of natural pools on blanket bog are generally
constrained by the depth of the peat profile; therefore they are typically shallow with a
large surfacearea to depth ratio. Fundamentally, this structure affects the ecology of
the pools; vegetation is able to colonise further into the centre of the water body,
although high levels of turbidity can constrain this process leading to mainly-open
water pools. Shallow pools do not exhibit the seasonal thermal stratification seen in

larger lakes and are more susceptible to reduced water levels in periods of drought.

2.2.2 Primaryproducers

Although some natural bog pools are heavily vegetated the macrophyte
diversity is low. In the British Isles bog pool vegetation is limited toveafguatic
Sphagnunspecies such &. cuspidatunand S. auriculatumsundews such d3rosera
intermedig the sedge£arex rostrataand Eriophorum angustifoliurand the bog

bean;Menyanthes trifoliataLindsay, 1995)This pattern seems to be repeated
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globally. For example a study of natural bog pools in Cafada a similar
community structure, dominated b$ph@nummosses, other mosses and liverworts,
with lower coverage of ericaceous shrubs, eGhamaedaphne calyculateeather
leaf) andVaccinium oxycoccdbog cranberry), Carex grasses and sundews (e.g.
Drosera rotondifolip(Mazerolle et al., 2006)

Whilst Sphagnums seen as the major vegetation component in bog pools,
algal communities are also presdiMataloni and Tell, 1996, Novakova, 2002)
Microalgae disperse between waterbodies via animal vectors (e.g. birds, water
beetles) but there is also some evidence for airie dispersal via the wind, especially
for green algadcf. Kristiansen, 1996AlthoughSphagnungenerally contributes much
more than algae to primary production in wetland habité&sgee, 2005)here is
evidence that algae forms an important constituent of the food webs in bog pAols.
study byvan Duinen et al. (20138)ndertaken in pristine raised bogs in Estonia found
algae to be an important basal component in the diets of consumers. Isotopic analysis
suggested that periphtyo(of which green algae was the major component) sustained
~ 1% of the invertebrate population, but results also implied that different species of
algae might be responsible for sustaining the entire invertebrate food web.

A study of the phytoplankton communities of pools on raised bog in Tierro Del
Fuego, Argentina, found distinct assemblages in different pools, which appeared to be
driven mainly by physical variables (pool area and mean depth), with shallower pools
displayng higher levels of algal density and species rich(Msasaloni and Tell, 1996)
Novékova found that algal communisién subalpine peat pools in the Czech Republic
were dominated by diatoms and desmids with shallow, peaty pools displaying the
highest levels of biodiversifiNovakova, 2002)n the British Isles recent scientific

literature on bog pool algae is notably scarce, singed (1949)escribed several new
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and rareChrysophyceag@olden algae) founth peat pools in the Lake District.
However, a recent halepth and systematic study of desmid communities found along
the hummocklawn-pool nanotope gradient in Scottish blanket mire systems has
greatly enhanced our understanding of British peat pool aigaimunities, and also
provided evidence for a new species of desmid, of the g&tasrastrum(Goodyer,

2014)

2.2.3 Macroinvertebrates

Table 22 lists pagers which have studied macroinvertebrate communities in
naturally-occurring water bodies on areas of bog along with the taxa identified. In the
British Isles, much of thliterature is based in the Flow Country of Caithness and
Sutherland, Scotland, whestudy sites are readily available. This body of work is
supplemented by studies from Ireland and England, although studies based in England
are rare due to the relative paucity of naturathgcurring pools. The taxa identified
most often in these studieare; Coleoptera (beetles), Diptera (true flies),
Ephemeroptera (mayflies), Hemiptera (true bugs), Odonata (dragonflies and
damselflies) and Trichoptera (caddisflies). Other taxa include; Araneae (spiders), small
crustaceans such as amphipodastropodscopepods and cladocerans (water fleas),
Hirudinea (leeches), Hydracarina (wameites), Hymenoptera (e.g. wasps, bees),
Megaloptera (e.g. alderfliesNeuroptera (e.g. lacewings), Oligochaete (worms) and
Tricladida (flatworms). Stoneflies (Plecoptera) wisted in only one study where the
speciedNemoura cinereavas present in the Korenburgerveen nature reserve in the
NetherlandgVerberk et al., 2010a) he scarcity of stoneflies in peat pool studies can

perhaps be explained by the fact that thase cold water stenotherms, rarely found in



Table 2.2 A selection of peatland pool macroinvertebrate studigdocation along with taxa identified. Papers marked with * studied only theitadieated in the table. Ara

=Araneae, Col = Coleoptera, Cru = Crustacea, Dip = Diptera, Eph = Ephemeroptera, Hem = Hemiptera, Hir = Hirudineaaddyida, Mgty = Megaloptera, Neu =
Neuroptera,0Odo = Odonata, Oli = Oligochaete, Ort = Orthoptera, Pllecoptera, Trich = Trichoptera, Tricl = Tricladida

Paper | Study Site | Water Body | Ara | Col | Cru | Dip | Eph | Hem | Hir | Hyd | Meg | Neu | Odo | Oli | Ort | Trich | Tricl
Caithness and Sutherland, Scotland
Foster (1995) Loch Fleet Pools \ \% Vv
Downie et al. (1998a) Badanloch bog Pools \% \% \% \% \% \%
Standen et al. (1998) Loch nan Clar & Woodcoc
Standen (1999) Hill Pools v v v v v v
Towers (2004) Forsinard Pools \% \% Y Y \% \% \% Y, Y, \%
England & Ireland
Connemara (Ire) Lakes, tarns, pools &
Crisp and Heal (1998) Moor House (Eng) réservoirz \% \%
South Pennines (Eng)
Gibbons (1998) (BE"';“S Mere, Staffordshire Mere Vv Vv v v Vv Vv Vv Vv Vv Vv
Hannigan et al. (2011) Efgélr;élélﬁey (Ire) Pools \% \% Y Y \% Y, \%
. pools >100 A
gﬁ?ﬂ”ﬁggfg)d Kety Various- Ireland pools 10.£100 n? v v v v Vv Vv Vv Vv Vv Vv Vv v
Sphganum hollows
Drinan et al. (2013) West of Ireland Lakes and meres \% \% Y,
International
Verberk et al. (2006a)
Verberk et al. (2006b) :(,\‘l’éter:‘ebrfggzgee” Poo'si'tg‘]‘:;“es &1 v v v Vv v v Vv Vv v Vv
Verberk et al. (2010a)
van Kleef eth (2012} | Estonia & the Netherlands Var'?;’r;;‘i'zzg bog v v v
Mazerolle et al. (2006) | New Brunswick (Canajla Pools \% \% \% \% \% \% \

8T
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water above 25°C, and are adapted to live almost exclusively in oxygenated, running
waters(Brittain, 1990) Their presence in the still waters of bog pools is an interesting
development and perhaps suggests the importance of such habitats as fefuge
species not usually associated with them.

With regards to rare and vulnerable species, in the Flow Country, northern
Scotland (blanket bogJ,owers (2004)ecorded three beetle species with Nationally
Notable statusDytiscus lapponicyu#lybius aenescenandGyrinus minutend the
IUCN British Red Data Book caddisfly spédeaotaulus punctatolineatusA baseline
survey of acid mire invertebrates on Dartmoor, England, made prior to restoration,
found two water beetle species classed as nationally Scarce CategoyoBtby
(2010) Paracymus scutellarend Helochares punctatugBoyce, 2011 Verberk et al.
(2006b)found the rare chironomidl,.asiodiamesa gracilign oligotrophigpools at their
study site in the Netherlands. However, and perhaps unsurprisingly, peatlands with a
trophic gradient have been shown to house more rare and endangered aquatic species
than do purely ombrotrophic bogs. Studies from the Netherlands, lockimgpols
situated throughout a raised bog remnant with water chemistry ranging from
oligotrophic to minerotrophic, reported many rare beetles includirdy@betes
paykulli (Verberk et al., 2010a@nd the seriously threatened specidsaliplus
fulvicollis,which wasfoundin pools influence by seepage wat&ferberk et al., 2001)

A study undertaken in pristine raised bog in Estonia found six species of vulnerable,
endangered or critically endangered Trichoptera, of which five were far more
prevalent in transitional or lagg zones than in the ombrotrophic bog massifKleef

et al.,2012) However, the literature suggests that bog pools may be especially

AYLRNIFYG F2NJ N)NB 2NJ SYyRFY3ISNBR 2R2y I GS:
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Aeshna caerulefthe Azure Hawkerfsomatochlora arcticéthe Northern Emerald)
andLeucorrimia dubia(the WhiteFaced Darter{Maitland, 1999) Six species of
critically endangered, endangered or vulnerable odonates were found in irdesetd
bog in Estonia, includin@oenagrion hastulaturtthe Northern damselfly), of which
three were more prevalent in the bog massif (ombrotrophic) and three in the
transitional or lagg zongwan Kleef et al., 2012)owers (2004)ecorded the presence
of C. hastulatun{the Northern Damsefly) in Scotland aDdnan et al. (2013he

endangered speciegSordulia aene@he Downy Emerald) in Ireland.

224 Amphibians

Results from a Canadian study looking at artificial and natural bog pools
identified four amphibian taxa associated with the pools; green frBgséaclamitans
melanotg), leopard frogsRana pipiens wood frogs Rana sylvaticaand the American
toad (Anaxyrus americandigMazerolle et al., 2006)Tadpoles, as well as
metamorphosed juveniles and adults were present. Amphibian occurrencenwels
higher in artificial than natural bog pools, although there was no relationship detected
between amphibian abundance and pool size, pool depth or pH. The only strong
relationship found was a negative one between the occurrence of green frog tadpoles
and cover of herbs and floating vegetation. In contrast, a studMunyter et al. (2009)
in the Kosciuszko National PaNew South WalesAustrala, found that the males of
the critically endangered Southern Corroboree Friéggudophryne corroborge
selected nest sites in the banks of larger and deeper pools, with a weaker positive
relationship between occupied male nest sites and midday pool teaipee. A study
of amphibians living in a range of fens in a reserve near Nijmegen, the Netherlands,

found six anuran species including the common fiRgn@a temporaripgand the
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common toad Bufo bufg (Strijbosch, 1979)The results indicated that spawning did
not takeplace in the most acidic water (pH 3.7), most likely due to the increased
occurrence of the spawn being attacked by the freshwater m@&aldrolegnia
Moulding decreased as pH increased and was virtuallyaxistent in water with a pH
of ~6. In the Britislsles, although mphibians such as the common toad (a UK BAP
priority species), smooth_{ssotriton vulgarijsand palmate I(issotriton helveticys
newts and the common frog are known to utilise pools on blanket(hdtjewood et
al., 2010) quantitative literature is rare. One exampleDiner et al. (2014who
analysed how the common frog utilised poolsnature plantation forests, cledelled
areas, unplanted blanket bogs, and roadside drainage ditches in the West of Ireland.
The results indicated a clepreference for roadside drainage ditches as breeding sites.
Other studiedooking at, for example, pool occupancy rates or the relative importance
of amphibians as tofevel predators in the absence of fish, are needed to build on

these interesting finding

2.3 Pools created by restoration measures

2.3.1 Background

Globally, peatlands have been subjected to anthropogenic drainage for a
variety of reasons. For example, in so@thst Asia, vast swathes of tropical peatlands
have been drained to facilitategriculture and forestry, leading to increased>-CO
emissions(Hooijer et al., 2010Harvesting peator fuel or horticultural products is
Ffa2 I 6ARSALINBIR LINFYOGAAS YR 200dz2NB AY
deposits such as Russia and Can@dsttila et al., 2000, Van Seters and Price, 2001,

Poulin et al., 2004)n the UK drainage of upland blanket peat was actively encouraged
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by the Government after Waat War Il and subsidised at 70% of the d&ewart and
Lance, 1983)The closehgpaced drains across blanket peat landscapes were originally
cut with the intention of drying out peat to develop upland terrain for agriculture;
mainly improving sheep grazing and red grouse habitat, and for afforest@itemvart
and Lance, 1983, Holden et al., 2004)ainage reached a peak in the 1960s and
1970s, especially in the English Penniftésiden et al., 2004 )with aerial photograps
of England and Wales suggesting that in some areas over 50% of blanket bog and
moorland has been drained and in Scotland some 5000dfmplands have been
subjected to drain developmer{Coulson et al., 1990)

The Britsh upland drainage policy is now widely regarded as having been
unsuccessfulCoulson et al., 1990, Holden et ab0Zb)with no evidence that the
original aims were mefe.g. Holden et al., 2007bfurthermore, there is evidence that
drainage was detrimental. As well as the erosion caused by the drainage itgékérfu
degradation was triggered by the increased stocking rates of large grazing animals.
Side effects of degraded peatlands included decreased carbon accumulation rates
(Silvola et al., 1996, Baird et al., 20@8y increased dissolved organic carbon (DOC)
loads and water discoloration in peatland streafi¢allage et al., 2006, Armstrong et
al., 2010) Ecologically, drainagdtered biodiversity by lowering the water table,
resulting in a loss of vegetation adapted to the wali@gged conditions and negative
impacts on downstream river biodiversifiRamchunder et al., 2012b)hus, a process
of drain blocking was started in the UK in the late 1980s with the main aim of
encouraging watetable recovery and thus the establishment of pdatming species,
notably SphagnummosseqgArmstrong et al., 2009)

The potential consequences of dréiocking have been the subject of

research which has ceentrated mainly on hydrological aspects with a legal and / or
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more direct financial implication, such as levels of DOC and water discoloration
(Wallage et al., 2006, Armstrong et al., 200@)jch require treatment for potable
supply. In contrast, the ecological implicatsohave received scant attention, despite
the stated aim of many schemes to restore fa@inage ecological conditiorfParry et
al., 2014) One study based in Northern England looked at the impact on stream
macroinvertebrates and physicochemis{igamchunder et al., 2012@nother
analysed the impact of draiblocking on cranefly larvae in the peat adjacent to
blocked draingCarroll et al., 20113nd a third looked at vegetation colonisation in
pools formed by draiblocking(Peacock et al., 2013)Vith regards to
macroinvertebrates, some studies have looked at the impact of peatland restoration
on existing lentic waterbodie@/erberk et al., 2006a, Verberk et al., 2006b, Hannigan
et al., 2011)However, there are only two reports dealing with the macroinvertebrate
communities which inhabit dratblocked pools in peat systems in the British Isles
(Boyce, 2010, Ramchunder et al., 201ait seevan Duinen et al. (2003)r a study
based on a restored raised bog in the Netherlands).

The need to analyse and quantify the potential ecological benefits of-drain
blocking is urgent, as there is some evidence to suggest that-ojéer pools on
areas of peatland may act as hot spots for emissions of greenhouse gases, especially
methane(Baird et al., 2009, Holden, 200®nother potential issue is that pools may
increase the abundance of the dipteran family Cerapotogonidae (biting midges) which
are known to spread diseases, such as the Schmhb#eg virus, amongst sheep
(DEFRA, 2013)These potentially detrimental impacts of drditocking need to be
balanced with the possible ecologldenefits as the new pools may provide valuable

habitat for algae and invertebrates and also food and water for amphibian and bird
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species. Therefore any decision on possible doimcking methodologies needs to be

informed by a solid evidence base.

2.3.2 Primaryproducers

Studies on vegetation in draislocked pools are scarcklazerolle et al. (2006)
undertook a study on a previoysiined and partially restored peatlamgar Quebec
City(Canada) in which eight artificial pools were created and the vegetation growth
monitored and compared to nearby natural pools. After four years the artificial pools
still exhibited substantially lssvegetation cover than the natural pools. In particular,
meanSphagnuntover was only 21.6% compared to 89.5% in the natural pools. In
contrast,Peacock et al. (2013judied60 drainblocked pools on a blanket bog in
north Wales and found that poolsfegetated quickly, displaying a mean total
vegetation cover of 76% only eighteen months after restoration. This apparent
discrepancy ray be explained by varying levels of-@Che water, as low levels have
been shown to limit the growth of the aquat®phagnunspeciesS. cuspidatum
(Paffen and Roelofs, 1991)evelf CQ may vary due to the abundance of
methanotrophic bacteria living alongside the moss which oxidise methane to produce
CQ (Raghoebarsing et al., 200but CQdata were not available foihe two studies.
Shallower pools in the North Wales stu@@eacock et al., 2018)ere dominated by
Eriophorunsedges whereas deeper pools exhibitedre Sphagnuntoverage, and
two pools exhibited substantial algal growth. In newtgated pools with limited
vegetation cover algal growth can be substantiRéacock et al., 201a8nhd may
contribute significantly to the food web.

There is evidence that drainlocked pools promote algal biodiversity, as

artificial pools at Moor House NNR (English Pennines) were recently reported to house
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a speciepreviously unreported in the British IsleSaturnella saturnu@Figure2.4)
(Beadle et al., 2014A study byGoodyer (2014)poked at how desmid communities
reacted to both drainage and dralriocking in Scottish blanket mires. Results showed
that desmid species richness was very low in drained peatland, compared to nearby

intact mire, but that it did recover, after draiblocing, to ~ 70% of the diversity of

nearby intact peatland after twelve years.

Figure 24.Photograph of thegreen algeBaturnella saturnugound for the first time in the British Isles

in drainblocked pools at Moor House NNR, Upper Teesdale, EnglabdrSCarter (6cvw@freeuk.com).

2.3.3 Macroinvertebrates

A study byan Duinen et al. (2009 various raised bogs in the Netherlands
compared macroinvertebrate communities found in remnant pools (formed in old peat
cuttings or buckwheat trenches abandoned 50+ years ago) and restored pools (created
by rewetting measures no longer than 29 yearsyously). The pools housed five
provisional redist beetles species as defined Dyost et al. (1992and the redlisted

odonatesLeuchorrhinia dubighe WhiteFaced Darter) andd@nagrion lunulatum
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(the Crescent Bluet or Irish Damselfly), along with fourligtéd caddidfes. In Canada,
Mazerolle et al. (2006pund only Coleoptera, Hemiptera and Anisoptera in eight
pools they had dug on an area of ted peatland four years previously. The species
found were not reported as being rare or endangered, but the authors did note that
the beetle species included several peatland specialists suClolgmbetes paykulli
andHydrobius fuscipes

In southern Egland, the Exmoor Mire Restoration project, undertaken by
South West Water, carried out a survey of invertebrates (terrestrial and aquatic) on
areas of blanket peatland subjected to drditocking(Boyce, 2010)Four aquatic taxa
were targeted by ponghetting; Odonata, Hemiptera, Coleoptera and Diptera
(Tipuloidea crandlies). Although no Red Data Book species were identified, the
authors listed several key species including the-aaiieé specialistSympetrum danae
(Black Darter dragonfly) and the water boatman spektlespercorixa castanea.
Amongst the beetle speciesas the aciemire obligateHelochares punctatysvhich is
classed as Nationally Scarce CategoffoBter, 2010)Ramchunder et al. (2012a)
provided initial findings from a study looking at 20 natural and 20 dosocked pools
in the English Pennines. Twenty six macroinvertebrate species had been identified to
date including; Hemiptera oleoptera, Trichoptera, Plecoptera, Diptera (craneflies and
chironomids) and Odonata (damselflies). These findings generally agree with the
existing British Islebased literature on natural pools, especially with regards to the
dominance of chironomiddeetles and true bugs. The presence of stoneflies
(Plecoptera) in this study was especially interesting as this taxa was listed in only one
other study reviewed for this papgWerberk et al., 2010ayvhen the occurrence of
one speciesNemoura cineea, was found to have increased followingwetting

measures in a raised bog remnant in the Netherlafftie.species found in th8ritish-
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based study waalso from the genus Nemourllémoura cambrig), and was foundn

both natural and artificiapools.

2.3.4 Amphibians

A study looking at amphibians in artificial pools, based in Canada, involved
pools dug on peatland by the authdiglazerolle et al 2006) The results showed that
use of artificial pools by amphibians was substantially higher than use of naturally
occurring pools; for example, the mean number of green frog tadpoles found in 70
natural bog pools was 2.1 £ 10.8, and in only eightrmade pools was 22.9 + 64.8.
These findings indicate that drablocked pools may provide a vital addition to the
habitat range of these taxa, although the sampling took place in different years-(1999
2000 for the natural pools and 2003 for the artiiicpools) so differences due to other
factors (e.g. weather) cannot be ruled out. However, a studibyer et al. (2014in
the West of Ireland also found that artificial waterbodies firstcase roadside
drainage ditches) were utilised more by the common frog than other, natural
waterbodies in the same area. One potential reason for this may be that drainage
ditches provide useful connectivity within the landscape. If this is the case,drain
blocked pools in drainage systems on areas of bog may well prove to be similarly

useful.

2.4  Environmentalinfluenceson macroinvertebratecommunity

composition

The factors which enable ponds to contribute so much to landssapée
diversity;their isolated nature, small catchment areas and heterogeneous physico

chemical attributegWilliams et al., 2003, Biggs et al., 2085)p lead to low levels of
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inter-pool community similarity. This, along with the often stochastic nature of
community assembl{Belyea and Lancaster, 1992 make it difficult to compare
pools and analyse the potential mechanisms driving the processes of colonisation and
subsequent community assembly. However, some factors known to gdayt an the
community structure of lentic habitats are discussed here, with a view to explaining
the pool macroinvertebrate communities described above (sectioB8 2and2.3.3).
These factors will be considered to identify which could be most influantgtaping
community assembly in pools created bywetting measures on areas of bog.
However, it must be noted that pool characteristics often combine to shape

community structure, so there is some inevitable overlap between the sections.

2.4.1 Poolsize / permanence

Ecologists have long observed a positive relationship between habitat area and
0KS ydzYoSNI 2F &4LISOASE TFT2dzyR GKSNBRBSFQLKSYy2YSy
curve(Connor and McCoy, 1979ne explanation for this is that larger areas usually
encompass moredbitat types(Williams, 1943)However MacArthur and Wilson
(1967)expanded upn this with the equilibrium theory of island biogeography, which
argued that both the size and the isolation of an island play a part in the number of
species present by helping to determine the balance between immigration and
extinction. Lentic water bads are effectively habitat islands, with smaller pools
especially prone to stochastic extinction events such as extreme temperature
fluctuations and desiccation. In this way, pool size and permanence are inextricably
linked and together play a vital role shaping their aquatic communities. However, it
has also been posited that small, isolated waterbodies may be an exception to the

theory of island biogeography, at least for certain téSaheffer et al., 2006Y hese
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authors argue that the impact of species interactions, namely the absence of top
predators (i.e. fish) from such habitats, means that the relative abundance and species
richness of other taxa (e.g. macrophytes, macroinvertebrates and amphibians) can
flourish. The absence of fish also promotes a more speibsand complex pool
vegetation structure. Thus, small, fishless waterbodies will house more
macroinvertebrate taxa per unit area than larger lakes containing fish. However,
although bog pools are figtds, they are known to be home to amphibighgtlewood
et al., 2010)nd are fequented by moorland birds which may act as-tepel
predators.

Oertli et al. (2002analysed data from 80 pmls across Switzerland, including
bog pools, which were assigned to different size classes. Whilst increased size
correlated with increased richness and abundance, the relationships were fairly weak
for most taxa with the exception of Odonata and Gastrogpo@donates are widely
represented in peat pool studies where they have been found to dominate in larger,
more permanent pool¢Larson and House, 1990, Foster, 1995, Standen et al., 1998,
Oertli et al., 2002, Mazerolle et al., 2006)his could be due to several factors such as
increased availability of prey or oviposition sites, but may also be because their
relatively longer, often semivoltine, life cycle requires thetpotion of permanent
water coverage for the developing larvae, as is the caseAathna junce@Common
Hawker)(Johanssor2000) However, another of the species commonly found in bog
pool studies Sympetrum danaéBlack Darter has a univoltine life cycl@ohansson,
2000) so may be equally able to thrive in smaller pools.

For other species the relationship is less cl@amers (20043tudied 22 natural
bog pools in a complex at Forsinard, Scotland and found only a weaisjgraficant

relationship between pool size and species richness. The author theorised that this
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maybe because all the pools across the size gradient had similar vegetation structures
and also were in close proximity to each other, allowing comdsnisation of an
already impoverished species pool. Dralncked pools will also meet these criteria,
being similar in structure and closely grouped together. The analy3Jiswérs (2004)
did, however, show a change in community composition along a gsitghgradient,
with at least one sizeelated character (perimeter, area or depth) always proving
important in explaining community composition. For example, depth was the only
significant vaiable explaining Dytiscid beetle assemblages in baited traps, probably as
they actively use the water column for predation. Similarly, in a studydmerolle et
al. (2006)n Canada the capture rates of Hemipterans in natural peat pools was
positively correlated with pool perimeter, potentially because many Hemipterans (e.g.
Gerridae) make use of the pool surfagestudy byHannigan and Kel@uinn (D12)
highlighted the differences between peatland poalsd Sphagnunhollows The
authorsstudied pools > 100 fpools 10.k, 100 n? and Sphagnunhollowson
peatlands in Ireland anfibund that, whilst here was no significartifference between
habitats in terms of taxon richness abundancecommunity compositiorand
structurediffered significantly between the pools and hollows.

Several studies have found that small pools tend to house small beetles.
Standen et al. (199&howed that temporary pools the Flow Country of Scotland
were dominated by small beetles of the subfamily Hydroporinae. In another study in
the Flow CountryDownie et al. (1998dpund no individuals from the anatomically
largestsubfamily (Dytiscinae) in the smallest pools in their study, which instead were
dominated by the comparatively smaller Hydroporinae and Colymbetinae. A study by
Foster (1995pf peat pools at Loch Fleet, Scotland, also found that shallow pools were

dominated by small diving beetles (gertgdroporu$ whereas deep pools housed the
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comparatively larger diving beetles (genégabusandllybiug. These findings may be
suggestive of a level of niche differentiation, with smaller and larger beetles potentially
dividing resources to avoid direct competition. All dytiscids are predators, both as
larvae and adults, so will compete for the same food sesy but smaller species
should be able to fulfil their nutritional requirements in a smaller water column.
However, all beetles with a univoltine life cyeldat includes a summer larvae and
overwintering adult phase (e.g. the larg&gabus arcticus will be able to take
advantage of smaller, temporary pools in the summer for larval development.

Pools of different sizes may promote biodiversity due to their exploitation by
species with different functional traits and life histori&erberk et al. (200&nalysed
macroinvertebrate datasets from a range of waterbodies located in the
Korenburgerveen nature reserve (Netherlands), including bog pools. They found that,
whilst large and small bog pools were relativeiyilar with regards to the lif@istory
strategies of the macroinvertebrates inhabiting them, small, shaded bog puddles
differed slightly as species needed to be able to react to more unstable water levels.
Species addressed this in different ways, wehistant diapausing stages or with
relatively longlived adults capable of dispersal during dry periods. This indicates that
even very small pools can be useful to a range of macroinvertebrates.

The above studies suggest that, whilst there is a relatigmhtween
increased pool size and changes in community composition, it is a complex one
underpinned by other variables, both biotic and abiotic. The size of pools formed in
drains will be constrained by the drain dimensions and the topography of thenerra
If, however, one of the objectives of blocking on a particular site is to encourage
colonisation by a wide of aquatic macroinvertebrates, then land managers could

consider creating a range of different size pools by manipulating the shape of the
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drainsdirectly behind the dam, both vertically and horizontally. It seems reasonable to
assume, for example, that the creation of larger pools may especially benefit taxa with
semivoltine life cycles (i.e. life cycles that take more than one year to complete) b
affording more stability and protection for the developing larvae. Such taxa include
some species of dragonflies and damselflies which are amongst the most charismatic

taxa to inhabit pools on blanket bog.

2.4.2 Habitat heterogeneity

The link between higher levels of habitat heterogeneity and increased
biodiversity is a weléstablished ecological theo(fews et al., 2004)he theory
assumes that more complex habitats (usually referring to the range of vegetation
structure present) provide more niches for species to exploit and therefore promote
increased biodiversity. Previously, habitat heterogeneity has been regarded simply as
part of the speciesarea curve theory (sectio24.1) but increased size does not always
lead to increased structural heterogeneity, and bog pools are a good example of this.
For example, in British peat pools macrophytes are generally limited to a few species,
mainly aquaticSphagnunspecies anderiophorunmsedgeqLindsay, 1995, Peacock et
al., 2013)and this relative homogeneity of vegetation was onedheposited by
Towers (200490 explain the lack of a speciasea relationship in hework looking at
bog pools of different sizes at Forsinard. In this section, we look at the influence on
macroinvertebrate communities of (1) the structural complexity within an individual
pool and (2) the diversity of habitats within the wider landscape.

Different taxa of aquatic beetles are known to make use of different
mesohabitats such as pool surfaces (e.g. Gyrinidae), the water column e.g. (Dytiscidae)

and steepsided pool edges (e.g. larger species of Dytiscidae), whilst others utilise
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Sphagnuncarpets and vegetation matd~oster and Bilton, 1998, Fairchild et al., 2000)
Indeed, variance in the morphology of different beetle species (e.g. body shape, size,
leg configuration) dictates their swimming capability, particularly the balance between
velocity and manoeuvrability, and therefore whether the species is more stoted
open water (i.e. pool middle) or more denselggetated habitats (i.e. pool margin)
(Ribera et al., 1997 his was reflected in a study Werberk et al. (2005h the
Netherlands, which found a clear link between invertebrate locomotion and
microhabitat preference. HoweveDownie et al. (1998&pund no significant
difference in either individual amdance or community composition between pool
centre and edge for Coleoptera or Hemiptera in a study based in the Flow Country. In
contrast, a study of peatland restoration measures in Canadddzerolle et al. (2006)
found that capture rates of some macroinvertebrate taxa were influenced by different
types of pool vegetation. Beetles and damselflies were negatively associated with tall
shrubs and emergent vegetation, whereas Hemipterans were negatively associated
with low shrubs and moss cover. Capture rates of damselflies increased amongst
submerged and floating vegetation. Thus, encouraging the colonisation of different
types of vegetabn may increase macroinvertebrate diversity in dralocked pools,
although the practicality of this process is untested. For exanipézerolle et al.
(2006)found that an attempt to encourage vegetation colonisation by stocking half of
their artificial pools with aquatic vegetation, includiBghagnum cuspidatunfrom
nearby sources had no significant impact on subsequent vegetatewitly compared
to the unstocked pools.

Landscape heterogeneity, as opposed to withool heterogeneity, may also
be a factor in levels of biodiversityerberk et al. (2006a and 2008bpked at how

restoration (rewetting) measures impacted on macroinvertebrate communities in
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areas of raisethog with waterbodies along a trophic gradient (and therefore
increased landscape heterogeneity) in the Netherlands. The authors found that re
wetting led to an overall decrease in biodiversity, with common species increasing in
numbers and rarer, charaatistic species declining. However, the study areas in this
report were on raised bog with pockets of minerotrophic input amongst the
ombrotrophic areas, meaning that there was more inherent heterogeneity (and
therefore probably more macroinvertebrate divgty) than would be found on blanket
bog, which tends to have a more constant nutrient status. Thus, the homogenising
potential of rewetting measures would be, by definition, greater on areas of
heterogeneous raised bog than on its blanket counterpagoAinany of the areas in
England subjected to draiblocking do not have naturally occurring pools prior to
restoration, so there are far fewer existing aquatic populations which can be adversely

impacted by the measures.

2.4.3 Poolage
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Walker, 2011)s a wellestablished ecological theofZonnell and Slatyer, 197 7he

communities of most habitats change through time due to many reasons, e.g. species

environment interactiongChase, 2007 speciesspecies interactionfacarthur and

Levins, 1967, Abrams, 1988)d stochastic or neutral factors such as birth, death,

colonization, extinction and speciatighlubbell, 2001)Community assembly is

dictated by three main factors as discussedB&yyea and Lancaster (1998jspersal

constraints, environmental constraints and internal dynamics, and it is reasonable to

assume that macroinvertebrate communities in newhgated pools will differ from
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those in longestablished pools as a result of these factors. For exampld,ggsowas
found to be the most important factor determining beetle assemblage in 18
freshwater lowland ponds in Pennsylvania, B&irchild et al., 2000yvith predatory
dytiscids prevailing in young ponds and herbivorquscges in older ponds with more
developed vegetation communities. However, a study in a heterogeneous bog
remnant in the Netherlands found that deterministic processes and stochastic
processes operated simultaneously, but that their relative importancesddor
species with different liféhistory traits; habitat generalists were more influenced by
stochastic processes (e.g. colonisation and extinction rates) and habitat specialists by
deterministic processes (e.g. environmental conditiqiv®rberk et al 2010b)

The age of many natural peat pools is unknown, but dbdacking measures
provide an ideal opportunity to analyse community assembly in lentic habitats by
monitoring floral and faunal succession in draiocked pools from the moment of
pool creation. Also, as land managers usually keep detailed records about when drains
are blocked, and pools form almost immediately behind the dams, pools can be
reliably aged and chronosequence (space for time) studies may be undertaken.

There is some evahce that older pools house more rare and characteristic bog
species than younger pools. A studyMay Duinen et al. (2008n areas of remnant
and restored raised bog in the Netherlands, found that the older remnant water
bodies (at least 50 years old) housed more faialse, rare and veryare species than
the yourger restored pools (no more than 29 years old), as well as more species
classed as characteristic of raised bog systems. In a shertarstudy in Canada,
Mazerolle et al. (2006Jug eight pools in an area of peatland formerly subjected to
peat extraction but now undergoing restoration measures. After four years,

invertebrate abundance and species richness was still substantially loves marn
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made pools as opposed to natural pools in nearby, relatively undisturbed peatlands.
However, in a study on restored blanket bog in County Wicklow, Ireldaanigan et
al. (2011¥ound no significant difference in macroinvertebrate communities between
natural pools on an intact peatland and those on a baiaeed fifteen years
previously. Taken together as a timeline these three studies suggest that artificial pools
may come to more resemble more established / natural pools with increased age,
although this is likely to happen over a period of decades ratiean years (so
chronosequence studies may be more th@kective than those based on direct
observation). Thus, it seems probable that the communities in evbinoked pools
could develop over time to provide suitable letegm habitats for aquatic specsaf
they were allowed to persist. Of course, this also depends on the suitability of the
Ll22fa GKSYaStgSa o0SYy@ANRYYSyidlt FFOG2NRARO
communities(Van Duinen et al., 2007Another point to note is that larger, deeper
pools would be more likely to remain as open water systems so if the establishment of
aquatic macroinvertebrate communities is a consideration in peatland restoration

measures, then the creation of at leasinse larger pools should be considered.

2.4.4 Dispersal ofaquatic invertebrates

Aquatic invertebrates are usually classed as either passive or active dispersers
(Figure2.5). Active dispersal is achieved by adults with flying capabilities whereas
passive @spersal is accomplished via animal vectors or transport by {@itthn et al.,
2001) A further type, temporal dispersal, could be defined as the ability to survive
through periods of unsuitable enviromental conditions (e.g. dormant propagules
stored in sediment or diapause). Neighbouring pools are more likely to exhibit similar

community composition then those further apart due to two main factors: (1) ponds

by R
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closer together are likely to have similaneronmental conditions which suit certain
taxa and (2) invertebrate dispersal occurs in fragmented populations between

reachable, suitable habitats, leading to the existence of npetpulations.

Figure 25. Potential dispersal mechanismsmfcroinvertebrates inhabiting peat pools.

In England, although draiplocked pools in the same drainage system are very
Ot2asS G2 SIOK 20KSNE AyAlUAlLffe GKSe& R2 VY;
community close by, due to the lack of naturadgaurring pools. Instead, colonising
invertebrates potentially come from tarns or sink holes, or valley bottom lakes and
streams, but these are often sparse and isolated. It seems likely, therefore, that initial
colonisation of drairblocked pools may be slolut that once a few pools in a system
are invaded then the capacity to spread out along the entire drainage system would

increase. Also, the more drainage systems are blocked, the more pools are created and

crosscolonisation between areas is facilitateéthis is reflected in a study of lowland
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urban ponds which found a highly significant correlation between macroinvertebrate
species richness and pond density (i.e. more species were found in ponds that were
close together(Gledhill et al., 2008)urthermore, a stdy by(Verberk et al., 2006b)
found that adjacent watebodies in a heterogeneous bog remnant were more similar
than environmental conditions would have anticipated. This suggests that
invertebrates will disperse to neaylwaterbodies even if environmental conditions are
not ideal, so prioritising areas of drained bog close to existing waterbodies for blocking
will facilitate the dispersal of invertebrates across the wider landscape.

Predatory dytiscids (Coleoptera) hdveen shown to be early colonisers of
newly created poolgFairchild et al., 20004 likely explanation for this is that flight is
an important element of the life cycle of the vast majority of adult water beetles. For
exampe, the strong flight capacity @olymbetes paykulla beetle restricted almost
entirely to the coldwater of sphagnum bogs, was demonstrated\bgzerolle et al.
(2006) This species colonised a maade pool in Canada within two years of its
creation when the nearest natural pools were 40km awAg.with beetles, some adult
hemipterans are able to actively disperse via flight andefae may also be amongst
the first to colonise drakblocked pools. Evidence for this was providedvMazerolle
et al. (2006)who dugeight pools in an area of Canadian peatland. After four years,
Hemiptera and Coleoptera accounted for almost the entire invertebrate community in
the manmade pools, suggesting they are effective early colonisers.

Passive dispersal is a risky strategy, as an organism has no control over its final
destination. Hence, many passive dispersers have evolved adaptations to increase
their chances of success. These include physical features such as hooks or sticky
appendags to facilitate adhesion to an animal vector, and also phenological

adaptations which include timing the productiofthe bulk of small dispersing stages



39
to coincide with bird migrationgBilton et al., 20Q). In the case of dratblocked pools,
passive dispersal via bird vectors could prove to be a successful mechanism as
moorland birds are attracted to areas of blanket bog with many p@iadsers and
HainesYoung, 1996and, due to the drainage systems in which they form, drain

blocked pools often occur in large numbers and in close proximity to eheln.o

24.5 Water chemistry andgases

One element of water chemistry which has been shown to be important in
dictating community composition in at least some lentic habitats i§Bdizer and
Wissinger, 1996 However, studies concentrating specifigaon peat bog pools have
generally discounted pH as a contributory factor when explaining community
composition(Standen et al., 1998, Towers, 2008his is likely due to the fact that pH
levels in peat bog pools are kept consistently low, typically <pH 4.5 in areas dominated
by Sphagnun{Clymo, 1967)Readings from studies ingl-low Country, Scotland, vary
very little, for example from just below 3.5 to just above @Bwers, P04)and such
restricted ranges are unlikely to account for much variation in species assemblages. In
a more heterogeneous raised bog landscape, the pH range is greater and does
contribute to higher levels of biodiversitg.g.van Duinen, 2013)

Bog pool studies which measure pH levels do not always measure other
chemical properties such as electrical conductivity (EC), nutrient levels or dissolved
oxygen(Standen et al., 1998, Mazerolle et al., 200@)wers (2004jneasured EC and
total dissolved solids (TDS) but did not relate either to community composition.
Nutrient levels in peat pool water are generally low, witannigan et al. (2011)
reporting that that levels of nitrite, nitrate and ammonia meetoo low to be detected

(<0.001mgH Y, with pools also exhibiting low conductivity, ranging from 50.5 to 55.67
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> { E®lYseems that such properties are seen as unimportant in defining bog pool
communities, perhaps because readings are consistentigve@nd / or unvaried.
However, in this respect as with pH, drdilocked pools may differ from natural

(ombrotrophic) pools if they have eroded down to the underlying mineral substrate.

2.4.6 Foodwebs andcarbon cycling

The low levels of primary produot in bog pools have traditionally been
attributed to the low levels of nutrient availability, although a recent stud)hylsson
et al. (2009proposed that light availability (affected by coloured organic matter input)
could be the main limiting factor in unproductive lakes. In bog pools, such
allochthonous (external) sources of organic carbon are readily available because of the
high levels of dissolved organic carbon (DOC) in the surrounding peat, a large part of
which is made up of humic substand®gallage et al., 206). These substances drain
into the pools providing a source of organic carbon for bacteria which is independent
of the within-pool primary production and may mean that peat pools are net
heterotrophic (i.e. they respire more carbon than is fixed \hatpsynthesis). Many
studies looking at the ratios gfossprimary production (GPP) anecosystem
respiration (R) in a range of lentic systems, using the dissolved oxygen change
technique(Odum, 1956)have reported negativeet ecosystenproduction (NEP)
values, making them net heterotrophic and thus biological sources of carbon to the
atmosphere(Cornell and Klarer, 2008, Coloso et al., 2008, Staehr et al., 20fltag
proves to be the case with artificial peat pools then, from a climate change
perspective, this would constitute a negative aspect which land managers weatt

to consider alongside the potential benefits to biodiversity afforded by pool creation.
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Using isotopic analysigan Duinen et al. (2013t out to establish the relative

contribution of diffelent basal food sources in bog pools in Estonia. The results

indicated that zooplankton relied mainly on bacteria, and insects on algae, with

periphyton (dominated by green algae) estimated to sustain ~ %2 of the invertebrate

food web (Figure.6). Methane «xidising bacteria (MOB) were believed to contribute

to the food web both directly (i.e. consumed by zooplankton and chironomid larvae)

and indirectly, by releasincarbon dioxide €Q) which was then assimilated by the

algae in the pools and passed up thephic levels (Figur.6). The potential

importance of methane as a basis for food webs in lentic habitats was also suggested

by a study of Australian billabongs, in which carbon isotope analysis found that

macroinvertebrates were to&*Gdepleted to have derived their carbon purely from

pool vegetationBunn and Boon, 1993The authors hypothesised that

methanotrophic bacteria may have been an important sowtearbon despite the

large biomass of littoral and fringing biomass in the pools. It seems likely then, that the

presence of humic substances and methanotrophic bacteria may help to sustain

substantial macroinvertebrate communities in drédolocked pool$efore, and even

after, largescale vegetation colonisation.
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Figure 26. Schematic representation of the food web in raised bog pdldie percentages next to the
black arrows indicate the mean estimated contribution of the basal food sources to the aquatic
macroinvertebrates, as derived from isotopic analysis. The dashed arrows indicate possible additional
trophic relations based on phpholipid-derived fatty acid (PLFA) data. The green dotted arrows indicate
the possible role of methanexidizing bacteria (MOB) in the carbon supply to the primary producers.
PUFAs, polyunsaturated fatty acids. (Reprinted with permission fiamDuinen et al. (201&opyright
2014 The Society for Freshwater Science).

2.5 Conclusios

Natural peat pools house important communities of macroinvertebrates,
including many acidnire specialists, and rare and endangered species. Creating new,
artificial pools on peatlands may have conservation benefits by extending the habitat
range for suctspecies. However, a distinction should be made between wadelies
on areas of blanket bog, such as those studied in the British(&skgsTowers, 2004,

Boyce, 2011, Hannigan et al., 20&ahy the heterogeneous raised bog remnants
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studied in the Néterlands(e.g. Verberk et al., 2006ayith the latter having mee

inherent biodiversity due to the different water and vegetation types studied. Whereas
large-scale rewetting has proved to be somewhat detrimental to diversity in the
Netherlands, this may not be the case on areas of blanket bog such as those in the
British Isles, where the revetting measures are unlikely to impact on existing water
bodies and instead will generally create new freshwater habitat. The creation of drain
blocked pools in areas without natural pool systems is also likely to attract madorlan
birds and amphibians therefore benefitting the wider ecosystem.

In areas of blanket peat, pool size and water level stability appear to be major
factors in defining species assemblages, with smaller, astatic pools home to different
communities than large permanent pools. Therefore, land managers looking to
create pool systems for the benefit of macroinvertebrates should consider creating an
array of pools of different sizes by manipulating the physical dimensions of the drains
immediately behind the dash Guidelines on the actual size ranges for dldacked
pool systems that would help to promote aquatic biodiversity could be deduced from
empirical studies. More studies on amphibians are also needed to determine the main
physicachemical variables undginning their pool selection behaviour, so that this
can be taken into account during drdhocking planning. Amphibians may also be
important as toplevel predators in these fishless pools, yet this theory is also as yet
untested.

The literature on nattally-occurring lentic water bodies suggests that drain
blocked pools should be net heterotrophic, and that both algae and allochthonous
sources of organic carbon should form an important basal element of the food webs in
these systems. Further studiesascertain the rates of GPP, R and NEP would help to

elucidate the issue, as would analysis of the carbon isotopes found in the various food
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sources and consumers. If the pools prove to be biological carbon sources then this
would need to be considered algaide the potential ecological benefits to
biodiversity. Whether more heterogeneous vegetation cover promotes
macroinvertebrate diversity is unclear from the literature. However, as the
morphology and lifenistory traits of different species makes themtsdito either
openwater or more densehyegetated areas, it seems likely that a heterogeneous
vegetation structure which includes open water areas would be beneficial. However,
the practicality of inducin@phagnumnto grow in pools poses problems and the
process of seeding pools wiphagnunis still in its infancy.

The literature suggests that macroinvertebrates will attempt to colonise nearby
waterbodies even when environmental conditions are not ideal. Therefore, land
managers should consider priosing catchments for drathlocking which are near to
existing water bodies, such as streams, tarns and sinkholes, then working outwards.
This will maximise the chances of successful dispersal by existing biotic communities.
Monitoring could begin as soorsdhe pools form, to look at initial community
assembly and ascertain how long it takes for different taxa to colonise the pools. If
long-term monitoring is not an option, then pools belonging to different age classes
could be sampled to analyse how thenmmunities change over time. The literature
from the Netherlands looking at raised bog pools suggests that older pools tend to
house more diverse communities, including more species classed as rare or
characteristiqvan Duinen et al., 2003[t remains unknown if this is the case in blanket
bog pools.

Drainblocked pools could prov® be an important addition to the ecological
landscape of blanket mires, not just for aquatic species but for terrestrial biota as well.

Baseline datasets on the taxa that inhabit them are vital not just for current
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understanding but also to enable mooring in the face of climate change and the
increased likelihood of extreme weather events such as dro(lgat, 2013) The large
number of pools created by these measures should act as a lag#enst such
disturbances and may eventually provide refuge for taxa from more marginal habitats
which respond to the changing climate by migrating upwards and polewavdiher
et al., 2002) Peatland rewetting measures constitute a rare case of freshwater habitat
creation and their biodiversity should therefore be carefully managed and monitored

to maximise the potentially largscale ecologicdienefits.
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Chapter3: Macroinvertebrate biodiversity in natural and artificial

peatland pools

3.1 Introduction

Small, lentic water bodies such as ponds and ditches are known to make an
important contribution to catchmentcale biodiversityWilliams et al., 2003, Biggs et
al., 2005) Not only do they sustain a high number of rare and uncommon
macroinvertebrate species compared to larger lakes and rivers, but the abiotic and
biotic dissimilarity between sites leads to high rates of beta dive(Sigrtli et al.,

2005, Davies et al., 2008)s habitat islandgonds act as stepping stones in the
landscape, enhancing connectivity between wabedies and facilitating the existence
of metacommunities(Caudill, 2003, Cottenie and De Meester, 2005, McAbendroth et
al., 2005)and this role will only become more important in the face of climate change
and associated species migrations both upwards and polewavadther et al., 2002,
Rosset and Oertli, 2011onds also act as good model systems for taogde surveys
and experimental manipulation, due to factors such as their abundance, small size,
environmental heterogeneity and response to anthropogenic influeribesMeester

et al., 2005)

Although there is no defined size range for a pongaol, it is generally
accepted that they range from 13to either 2 ha(Biggs et al., 200%y 5 ha
(Céreghino et al., 2008n the UK, in the year 2000, there were an estimated 400,000
inland freshwater bodies ranging in size from 2%m5 ha (25 to 50,000 #i, which
accounted for 97% of the total number of all discrete standing water bd@iggs et
al., 2005, Oertli et al., 2005 owever, thenumber of even smaller pools (1 to 25)m

is unknown and perhaps unquantifiable, due to their transitory nature and to the
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limitations of the current mapping technology, although large numbers must exist
across the country. Although ponds are not mentiomethe EU Water Framework
Directive(Davies et al., 2008)heir numbers are increasing on a global scale as a result
of peatland rewetting schemes€itapter2); a rare case of freshwater habitat creation
at a time of increasing threat from damaging anthropogenic influeiibesigeon et al.,
2006)

Peatland rewetting schemes have taken place in, for exangaeada
(Ketcheson and Price, 2011, McCarter and Price, 2@i&Netherlandgvan Duinen et
al., 2003, Verberk et al., 2010&)eland(Hannigan et al., 2011, Wilson et al., 20a8)
countries in Northern Europe such as Estonia, Sweden and Fi(laittla et al., 2000,
Vasander et al., 2003[prainblocking in the UK was instigated in the early 1990s,
mainly asa response to European legislation concerning the protection of priority
habitats(Holden et al., 2004)rhe main aim of dratblocking is to encourage water
table recovery and thus the establishment of péatming species, notablgphagnum
mosses. The process involves installing dams in the drains, generally using peat turves
(Armstrong etal., 2005 & dzf G Ay 3 Ay (GKS ONBFGA2Yy2 2F &°
(personal observation). Sometimes, the drain is reprofiled, with the steep edges pulled
inwards to form a slope and the vegetation redistributed to cover bare peat. This
theoretically results in shallower channel profile with a correspondingly shallower,
smaler pool behind the danfParry et al., 2014Figure3.1a). Sometimes the peat
used to make the dam is dug out from the side of the drain, creating a larger, square
AKFLISR LR2f gKAOK LINE G NURESIALIZGRA INBAZA (A fy?
drain (Figure3.1b). In contrast, natural peat pools tend to be shallow, with a large

surface area to depth ratio and irregular margins (Figute).
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Figure 3.1Photographs of reprofiled-thaped and natural pool®) a reprofileddrain with a rounded
pool (GeltsdaldRSPB Reserve), (b) aghaped pool in an uprofiled drain (Yad Moss) and (c) a natural

pool on intact blanket bog (Harwood Fell). All sites in Cumbria, UK.

Drainblocked pools on peatland nomumber in the hundreds of thousands
across the UK, and thereay even be several millioRor example, using a calculation
based on the total length of drains blocked and the average spacing between dams, it
is estimated that ~500,000 pools have been created in the North Pennines AONB alone
since 1995 (Alistair k&ett, North Pennines AONB, pers. commgwever, little is
known about the ecology of these artificially created dam pools. In areas of peatland
where natural pools are more abundant, such as in the Flow Country in Scotland, their
macroinvertebrate commnities are fairly welktudied(Foster, 1995, Downie et al.,
1998a, Standen et al., 1998, Standen, 1999, Towers, 2004je is also a body of
work looking at the characteristics of lentic peatland water bodies in Ire{Blaginigan
and KellyQuinn, 2012, Drinan et al., 2013, Baars et al., 20b#@rnationally, there is a
wider body of literature looking at the effect of peatland restoration on aquatic
macroinvertebrate communites, such as in Irelghthnnigan et al., 2011in Canada
(Mazerolle et al., 2006nd especially in the Netherlands (i(ean Dinen et al., 2003,
Verberk et al., 2006a, Verberk et al., 2006b, van Kleef et al., 20@R)ever, these

studies did not look specifically at the ecology of pools which form in drains as a result
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of blocking. Indeed, there are only two Wsed studies looking at the
macroinvertebrate communities of draiolocked poolgBoyce, 2010, Brown et al.,
submitted) with the first of these lookingt selected taxa only (Coleoptera, Odonata
and Heteroptera).

A review of the macroinvertebrate diversity found in peat pools, both natural
and drainblocked, suggested that pool size was a more important factor in dictating
biodiversity and community congsition than was, for example, water chemistry (see
Chapter2). This is due patrtially to the relatively homogeneous nature of peat pool
water chemistry(Hannigan and Kebl@uinn, 2014pand also to the speciegrea curve
theory (Connor and McCoy, 1979, Towers, 20B#)wever, in very small water bodies
such as thoséormed by drairblocking, water permanence also comes into play. Small
volume pools are more susceptible to drying, which shapes community structure by
acting on species persistenf@ellbomn et al., 1996and recolonisation dynamics
(Jeffries, 2011)Furthermore, here is some evidence that Odonates select sites based
on predictable visual clues linked to hydroperiod, espécthle extent of vegetation
cover(Buchwald, 1992, Urban, 2004jJowever, it is unclear whether threstricted
size range of draHblocked pools would result in different levels of biodiversity or
community composition.

The aim of this study was to assess the suitability of dobooked pools as
habitat for aquatic macroinvertebrates. This was achieved by comparing the
environmental characteristcs and macroinvertebrate communities of eloéooked
and natural pools, andlso by comparing pools created using two different blocking
methodologies (i.e. reprofiled drains aneshaped pools). These two restoration
methodologies were chosen due to their prevalence in ddocking programs in the

study area (the English Penes). The two methods should also create pools with
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different physical properties, as reprofiling is intended to encourage smaller, shallower

pools with more vegetation covéParry et al., 2014)Three hypotheses were tested:

H. ¢ Physically, the blocked pools wenepected to be deeper than the natural
pools and to hold more water, with thedhaped pools expected to be larger than the
reprofiled pools due to the reprofiling methodolog@yarry et al., 2014)Water
chemistry was predicted to be similar between all pool tyfiéannigan et al., 2011,
Brown et al., submitted)

Hz ¢ Poolcommunities in all pool types were expected to be dominated by
chironomids, beetles and hemipterans, as these have been shown to be the most
common taxa found in small, peatland water bodi€hapter 2) Dfferences in
macroinvertebrate biodiversity and community composition between the pool types
were expected to be small due to the homogeneous nature of peatland water
chemistry(Hannigan et al., 2011, Brown et al., submitted)

Hs - Any differences in biodiversity or community compsoition were predicted
to be diven more by the physical dimensions of the pool theater chemistry
(Chapter 2) For example, larger, deeper pools should house more species and
individuals(Oertli et al., 2002, Towers, 2004nd be more attractive to larger beetle
taxa and species with semoltine life cycles such aslonates(Larson and House,

1990, Foster, 1995, Downie &k, 1998a)
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3.2 Methods

3.2.1 Studysites

A total of 60 pools were sampled; 20 reprofiled, 26hlaped and 20 natural. All
pools were located at sites in the Pennines, northern England (Babl€igure 3.2
Potential sites were identified via communications with land management agencies
and byviewing online satellite and aerial images, then site visits were carried out to
confirm the blocking method and suitability of the sites and the pools (e.g. site
accessibility, pool size, etc) before a final site list was compiled. Natural pools are rare
in the Pennines and only one truhatural pool complex was identified (Butterburn
Flow, pers.comm Richard Lindsalfe other natural pools were isolated features in
otherwise intact peatlandd. f f OK2 &Sy LJ22f a 2KArifiallpoold dzNJF | O
GSNBE | faz2z O2yGNBEEfSR F2NJ F3S> gAGK |t L
between 16th July and 1st August 2012 and the sampled pools at each site were
selected randomly on sitéll sites had blanket peat cover, with vegetation dominated
by Eriophorunmspp. andCalluna vulgari¢L.), with varying amounts &phagnunspp.

cover

Table3.1. Details of thestudysites and the number of pools sampled at each.

Site Name Pool Type ﬁgé)lgf Lat Long Altitude (m) Drains Blocked
Butterburn Flow Natural 9 55° 4' 34"N, 2° 30' 22"W 280 n/a
Geltsdale Natural 4 54° 53' 39"N, 2° 36' 42"W 600 n/a
Harwood Fell Natural 2 54° 41' 46"N, 2° 20' 26"W 620 n/a
Widdybank Fell Natural 5 54° 39'50"N, 2° 16' 43"W 525 n/a
Geltsdale Reprofiled 10 54° 52'55"N, 2° 36' 21"W 590 2008
Stean Moor Reprofiled 10 54° 8'59" N, 1° 54' 44" W 390 20092010
Langdon Common L-shaped 5 54° 42' 16"N, 2° 13' 42"W 540 2009
Tynehead Fell L-shaped 10 54° 42' 34"N, 2° 20' 48"W 560 2007

Yad Moss L-shaped 5 54° 43'15"N, 2° 20' 36"W 615 2006
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Figure 3.2Map of the study sites

3.2.2 Samplingmethodology

For each pool, the altitude (m) and OS grid reference were recorded using a
Garmin eTrex Handheld GPS Navigator. The long axis, short axis and perimeter were
measured and depth measurements were taken at regular intervals, the exact number
being appropriag to the pool size (although always >40 measurements). The
approximate water volume was estimated by multiplying the surface area (calculated
by multiplying the long and short axes) by the mean depth. Each pool was sketched
and photographed and % vegetati@over was estimated. Upper water column (top
10cm)electrical conductivity (EC), dissolved oxygen (DO), water temperature and pH
readings were taken in the field using a portable HACH HQ30d miatditionally, a

50 mL water sample was collected for further analysis in the laboratory, where it was
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passed through a 0.4am filter and subsequently analysed for total nitrogen (TN),
total phosphorus (TP), dissolved organic carbon (DOC), major anip8&JGind a
range of metals and cations (Al, Ca, Fe, K, Mg, Na@h8iyationale behind collecting
such a wide range of ionic data was mainly to provide a more complete picture of the
water chemistry of ombrotrophic peat pools than that provided by plagers
reviewed in Chapter 2, which tended tollect dataonther 2 NB Wa Gl Yy RI NRQ
collected inaquatic studies, such as pH, EC, nutriemd DOC. All the iorsampled
have some biological relevance, for example Fe, as well as being a-miGemt
element, can also be toxic to freshwater biota at elevated levels, as qaviréh and
Stephenson, 1991, van der Welle et al., 2006peaty areassulphate (SQ) can be
reduced to toxicsulfide, which can be detrimental to freshwater bidtean der Welle
et al., 2006)The other ions are aflither macre or microelements which are
essential, by varying degrees, to freshwater plants and ani(@atkson and Jackson,
2000) Therefore, ions were sampledainlyto providebaseline data but also to
ascertain whether they helped to explain any patterns in macroinvertebrate
biodiversity.Water colour wasneasured using an UV/VIS spectrophotometer, but
because water colour absorbance at 254 nm and levels of DOC were very highly
positively correlated (Spearman Rark10.92, p <0.001), water colour was excluded
from subsequent analyses.

Macroinvertebrate samples were collected using a iagdled pondnet
(250um mesh)Biggs et al. (1998uggested that pools should lsampled for three
minutes with time being divided between mesohabitats. The pools in this study were
very small so two minutes were divided equally between observed mesohabitats (i.e.
open water, floating vegetation, littoral vegetation, bottom sedimerdsyl a further

one minute was spent searching for surface dwelling taxa. Samples were preserved in
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70 % methylated spirits and transported to the laboratdrite pondnet methodology
was choseras itis recommended by Pond Acti¢Biggs et al., 199&ndallows br a
comprehensive survey of the entire pool system in one sampling effarthermore,

in a previous study of blocked pools in the Pennjmpesdnetting had been shown to
capture a wide range of both active and sessile invertebré@eswn et al., submitted)
One alternative methodavould have beentte combined use of activity traps (either
baited or unbaited) along witeediment samplege.g. Towers, 2004However, this

was ruled out mainly for pratical reasons (i.e. the need for repeatat$ ¥eGsremote
sites)but also toavoid withintrap predationin the period between the trap being laid
and collectedAfter sorting, macroinvertebrates were identified to species level
(where possible) under a light microscope (up to x40 magnificationyjssandard
keys(see Pawley et al., 2011 and references theréihere Chironomidae abundance
totalled >50 individuals, Chironomidae were ssdmpled (n=50)Rees et al., 2008pr
identification to the lowest possible taxonomic resolution. Individuals were immersed
in a solution of 10% potassium hydroxide and heated to 70°C for 10 minutes. The
chironomids were then transferred into a solution of 95% glacial acetic acid for five
minutes, then 80% methylated spirits for five minutes before being stored 100%
methylated spirits. Individuals were mounted on slides using Euparal and identified

using acompound microscope and followirigranston (1982andBrooks et al. (2007)

3.2.3 Statisticalanalysis
For the purposes of statistical analysis, taxonomic adjustmentappbed
when it was not possible to identifpdividuals to species leyehainlybecause they
were too smallln such cases, when only one adult species had been identified in that

genus or family, then the small individual was attributed to the&cies For example,
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only one species of stoneflilémoura cambricawas identified, so all thBemoura
spp. individuals were classedldscambricaln other cases, for example with the
Dytsicidae larvae, it was possible that the larval pool, as well as including young of the
adult species identifieth the particular poglalso represented speciésund n the
wider dataset or even other speciast found in any of the poolsgs bog pool beetles
are much more diverse than bog pool stoneflies. Therefore, Dytiscidae larve were
included in the analysis as a separate categaAppendix A provides a completstlof
taxaidentified and further details of the taxonomic adjustment undertaken.

Analyses were carried out to look for differences between (1) the natural and
blocked (reprofiled and-Ehaped combined) pools and (2) the natural, reprofiled and
L-shaped pols. Principal Component Analysis (PCA) was used to examine variance in
the environmental variables with data standardised usirsgdres prior to analysis
(Clarke and Gorley, 201%rincipal components (PCs) with Eigenvalues >1 were
retained and % variance of each record€eneralised linear model&[Ms) were
used to determine significant differences in PC scbetgieen pool types, with the
most appropriate error distribution determined by maximum likelihood estimates

(MLES)

Biodiversity was analysed for all taxa (after taxonomic adjustment) and also for
the two most taxonomically rich and abundant groups; tier@omidae and
ColeopteraFor each pool, the following biodiversity metrics were calculated: (i) the

number of macroinvertebrate taxa (taxon richness), (ii) number of individuals

(abundance), (iii) diversity L A YLJA2y Qa4 5AOBSNEAGE LYRSE <0

1¢6 < {n-1)/N(NA)
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where N is the total number of individuals in a sample aiid the number of
individuals of taxom, with a resulting figure of between 0 and 1; the higher the score
the more diverse the samplend (iv) dominance (Bergérl NJ SNJ TheRSE W5 Q0 @
BergerParker Index is a measure of taxon evenness / dominance and expresses the
number of individuals in the most abundant taxon&N as a percentage of overall
abundance (N):

D = Ma¥N

The higher the resulting figure (between 0 and 1) the higherdominance and the

lower the evenness in the samplglagurran, 2004)The tSimpsons index was chosen

Qx

over the Shannon index because of therQa | aadzyLJiA2y GKIF G F € f
infinitely large community areepresened in the sample being analysed. When this
assumption is not met it gives rise to a source of error which incresleag with a
declines in theroportion of speciegepresented(Magurran, 2004)

To test for spatial autocorrelation, Moran's | values were calculated for each
variable(both environmental and bioldgal)in the dataset{Dormann et al., 2007)n
this chapter, spatial autocorrelation was found for seven of the environmental
variables (EC, TN, DOC, Al, Ca, Mg and Na) and for the biodiversity metrics of
taxonomic richness and abundanice the Coleoptera dataseWhere variables were
not spatially autocorrelated, GLMs were used to compare betweenypek, with
the most appropriate error distribution determined by maximum likelihood estimates
(MLEs); this was typically negativgomid for countdatad h Q1 | NI 'y R Y24l S=
Where spatial autocorrelation wggesent generalised linear mixed models (GLMMs)
were used with pool as a random factor, in preference to G{Msmann et al., 2007)

For the GLMMs, tere the data vere not normally distributedthe penaised

H N
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guasilikelihood PQI) method was used to specify tligstribution of the residuals

(Bolker et al., 2009)

In the case of the environmental variables, 95 test resubige reported,
increasing theehance of false discoveries (itgpe | errors;accepting resultsa
significant when they are nhtTherefore,q values were estiated from the original p
valuesusing theQVALUE package i{&orey, 2002)Thebiodiversitydatasets
reportedfar fewer results (n 20) so, although there was stdlchance of slightly

elevatedtype | error reportingit was not thought necessary to calculateajues.

To analyse the community structure of the pools, nMDS wateriaken in
PRIMEHE. nMDS was used because of its-panametric approach to multivariate
analysis of ecological propertiéSlarke, 1993)it being especially useful for datasets
containing large numbers of zeros (e.g. abundance dagjheS ¢ SNBX & SO S NI f
taxa included in the analysis (iX9 of the 58 taxa occurred in only one or two pools),
the biotic data were squareoot transformed prior to analysishus reducing the
distortion that a small number of large values can caase slightly elevating the
importance of the rare specieét the other end of the dataset, 21 taxa were found in
¥ Mn Ll22f &3 gAGK mo 2F (K2&a@8erdbusE| F2dzy R
transformation (e.g. fourth root or log(X+1)) was deemed unnsasgs itwould have
underrepresented the importance of these more common taxdl subsequent
analysis was based on a Bi@urtis coefficientriangular similarity matrix. The
ANOSIM routine was used to test for significant differences in communitiagiy
between the pool type¢Clarke and Green, 1988Jhe ANOSIM routine provides a
global R statistic ranging between 0 and 1 (where 0 is completely the same and 1 is

completely different). The best@mensional nMDS solution was overlain with the
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environmental variables which correlated most strongly (>0.5) to the biotic ordination
co2 NRAY I 1S&d 6a5{mM YR a5{H0 dzAAy3 tSINBER2Yy Q&
(Clarke and Gorley, 2015)o aid visual interpretationhte Chironomidae nMDS
ordinationwas reduced to a subset by removifige outlyingpools (four from
Butterburn Flow and one from Stean Mopthiese pools were outliers as they
contained either no chironomids or very small populations of taxa rarely found in this
study.The SIMPER routine was used to define community composition by highlighting
the taxawhich contributed most to the overall similarity of the each pool tgpel also
to the average dissimilarity between the pool tyg€darke, 1993)Finally, GLMs were
used to look for relationships between thieur biodiversity metrics and the
environmental variables, to ascertain which were most important in driving

biodiversity in the poolsAll GLMsaand GLMMsvere performed using R 3.1.2.

3.3 Results

3.3.1 Environmentalcharacteristics

There were several sigicant differences between the blocked (combined) and
natural pools (Tabl8.2). Physically, the blocked pools weignificantlydeeper with a
larger water volumeThenatural pools had, on average, larger perimetansi also
exhibited more vegetationaverthan the blocked pools, although neither of these
differenceswassignificant With regards to the water chemistry, the natural pools had
significantly higher levels of DO, whereas the blocked pools had significantly higher
levels of DOC, AhdFe(Téle 3.2). When the blocked pools were separated into

reprofiled and kshaped, many of the significant differences seen between the blocked
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and naturalpools remainedsignificant, but further distinctions were elucidated (Table

3.2).

Table3.2. Environmental variableand GLM / GLMM resultdledians (and interquartile range) of the

different pool typesjblocked = reprofiled +&haped), along with GLM / GLMM results reporting the
differences for each variable between the pool types. Overallltesefer to natural v reprofiled v-L

shaped. Significant resulg >0.05) N3 KA IKf AIKGSR 0602t R® W AY.RAOIGSaA

Pool Type GLM/ GLMM Results
variable | Natural Blocked Re L- Blocked Overall Natural v | Naturalv | Reprofiled
combined | profiled | shaped] v natural Reprofiled | L-shaped | v L-shaped
Depth 9 20 26 18 t=5.04 <0.001 t=541 t=4.08 t=-1.85
(cm) (9) (11) (10) (10) g<o.001 | 4% g <0.001| gq=0.001| q=0.07
Perimeter 534 504 393 542 t=2.08 = 0.001 t=3.69 t=0.24 t=-3.45
(cm) (231) (200) (222) | @A75) q=005 | 9% q=0.001| g=0.38 | q=0.002
Volume 0.17 0.34 0.26 0.37 t=-2.21 -0.07 t=-1.50 t=-2.31 t=-0.81
(md) (0.32) (0.48) ©53) | (038 | g=004 | 977 g=0.11 | ¢=0.03 q=0.22
Vegetation | 28.00 16.00 10.00 45.00 t=0.87 -0.22 t=1.29 t=0.26 t=1.03
cover (%) | (85.25) | (81.25) (83.75) | (82.50) g=0.21 a=90 q=0.14 g=0.38 g=0.19
DO 10.28 8.85 7.77 8.92 t=3.48 <0.001 t=4.94 t=1.60 t=-3.34
(mg L) (2.91) (4.12) 6.43) | @.08) | q=0002 | 9% g <0.001| g=0.10 | g=0.002
HEC 26.15 31.75 39.90 30.25 t=-1.39 -0.15 t=-1.71 t=-0.76 t=0.98
(scem) | 12.13)| (@5.90) | (21.03)| (598 | g=013 | 977 q=008 | g=0.23 q=0.20
H 4.40 4.34 4.29 4.36 t=-0.25 - 021 t=0.47 t=-0.92 t=-1.39
P ©0.26) | (0.18) | (0.18) | (029 | g=038 | 97 q=032 | q=021 | =013
UTN 1.01 1.05 1.83 0.87 t=0.36 -0.06 t=-0.91 t=1.56 t=-2.47
(mg L) (1.02) (1.60) 46) | (082 | g=035 | 977 g=021 | g=0.11 q=0.03
TP 0.03 0.03 0.06 0.02 t=-0.08 -0.43 t=-0.13 t=0.01 t=0.14
(mg L) (0.05) (0.08) ©.11) | (004) | g=o042 | 977 q=040 | q=0.09 q=0.40
uboC 20.40 36.95 42.51 35.75 t=-5.75 <0.001 t=-6.28 t=-4.06 t=224
mgt) | (15.93)| (22.25) | 44.30)| (7.03) | q<0.001 | 9= (<0.001 | q=0.001| q=0.04
HAI 0.03 0.09 0.14 0.07 t=-3.13 = 0.004 t=-3.71 t=-1.82 t=1.89
(mg L) (0.04) (0.14) ©.13) | 013)| g=o001 [ 977 q=0.002| q=0.07 q=0.07
UCa 0.24 0.50 0.37 0.50 t=-2.14 - 009 t=-1.56 t=-2.11 t=-0.55
(mg L) (0.20) (0.56) ©.66) | (046) | g=o005 | 977 q=0.10 | g=0.05 q=0.30
Fe 0.14 0.75 2.10 0.68 t=-3.47 <0.001 t=-5.09 t=-251 t=3.64
(mg L) (0.29) (3.43) 4.99) | 135 | g=0.002 | 9% q<0.001| g=0.02 | g=0.002
K 0.06 0.03 0.03 0.03 t=1.70 -015 t=1.70 t=1.22 t=-0.49
(mg 1Y) (0.08) (0.03) 0.03) | (005) | g=009 | 977 q=008 | q=0.15 q=0.32
UMg 0.18 0.23 0.30 0.23 t=-2.03 -003 t=-2.80 t=-1.73 t=1.10
(mg 1) (0.08) (0.35) ©50) | (029 | g=006 | 977 q=001 | ¢=0.08 q=0.18
UNa 1.57 1.66 1.73 1.64 t=-0.88 -016 t=-1.45 t=0.09 t=1.36
(mg 1Y) (0.38) (0.42) (0.45) | (0.27) g=021 | 97 q=012 | q=0.42 q=0.13
Si 0.06 0.11 0.14 0.11 t=-2.01 - 004 t=-2.60 t=-0.92 t=1.68
(mg 1Y) (0.04) (0.18) 028 | (013)| g=006 | 977 q=002 | g=0.21 q=0.09
Cl 1.62 1.35 1.57 1.11 t=-2.38 021 t=-0.76 t=0.35 t=111
(mg 1) (0.40) (1.35) @as81) | (071 | g=o038 | 977 q=023 | ¢=0.35 q=0.17
SQ 0.34 0.19 0.23 0.14 t=0.66 021 t=-0.07 t=1.21 t=1.27
(mg 1) (0.40) (0.30) 029 | (016) | g=026 | 977 q=042 | ¢=0.15 q=0.14
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For example, whilst both blocked pool types still had larger water volumes than the
natural pools, the difference was only significant between ti#haped and natural
pools.The kshaped pools were shown to have longer perimeter lengths than the
natural pools, with the reprofiled pools perimeters being significantly shorter than
either of the other pool types. Similarly, the natural pools were found to have less
vegetation coer than Lshaped pools but still more than the reprofiled pools.
Chemically, the natural pools still exhibited the highest levels of DO, but both the
natural and kshaped pools had significantly higher levels than the reprofiled pools.
Both blocked pool tyes hadsignificantly higher concentrations of DOC and Fe than
the natural pools, but in both cases concentrations in the reprofiled pools were also
significantly higher than in thedhaped onesThreewater chemistry variables; Al, Mg
and Si, all followe the samepattern, with levels being highest in the reprofiled pools,
then Lshaped pools and lowest in the natural pools, with the difference between
reprofiled and natural pools being significant. Concentrations of TN, which were not
significantly diffeent between the blocked (combined) and natural pools, were shown
to be significantly lower in the-¢haped pools tham thereprofiled pools (Table 3.2).

The PCA generated five PCs with Eigenvalues >1 with the first two PCs
accounting for 55.2% of th@tal variation (Tabl&.3). The strongest loadings on PC1
were negative; Fe.314) and Mg-0.347). Two loadings on PC2 were also belw;
DOC and Al, with strong positive loadings for DO, K andV8ii&n the PC scores were
analysed by pool type theldcked pools were associated with the negative values on
both PC1 and PC2, and this association was driven mainly by the negative scores of the
reprofiled pools (Figur8.3). In contrast, the natural pools displayed positive mean
scores on both PC1 and P@&hough the PC1 scores for the natural and blocked

(combined)pools were not significantly different, the reprofiled pools had significantly
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lower (more negative) scores thalme naturalpools ¢ =-2.55 p = 0.0} (Figure3.3a).
The PC2 scores were significantly different between the natural and blocked
(combined) poolgt = 4.32 p < 0.00}, and also between th natural and reprofiledt(=
-5.21, p< 0.00), natural and tshaped (= 2.62 p = 0.0} and reprofiled and-shapel
(t =-2.59 p = 0.0} pool types(Figure3.3b).

Table3.3. PCAnetrics Sores, Eigenvalues and % variance explained for the five PCs with Eigenvalues

>1. Scores > 0.3 and®3 are highlighted to aid interpretation.

Variable PC1 PC2 PC3 PC4 PC5
Mean Depth 0.064 -0.267 0.285 -0.495 0.246
Perimeter 0.188 0.259 -0.030 -0.384 -0.216
Volume 0.170 -0.055 0.230 -0.607 0.023
Veg cover -0.142 0.172 -0.300 -0.133 -0.517
DO 0.199 0.355 -0.180 -0.140 -0.041
EC -0.238 0.082 -0.289 -0.160 0.269
pH -0.100 0.201 0.436 0.045 -0.346
TN -0.285 0.084 -0.215 -0.110 0.171
TP -0.142 0.119 -0.215 -0.105 0.422
DOC -0.221 -0.393 -0.205 -0.103 -0.028
Al -0.246 -0.335 -0.098 -0.124 -0.195
Ca -0.282 -0.010 -0.069 -0.268 -0.252
Fe -0.314 -0.165 0.171 -0.018 -0.071
K -0.142 0.416 -0.134 -0.170 0.041
Mg -0.347 -0.084 0.006 -0.065 -0.131
Na -0.271 0.203 0.130 0.055 0.271
Si -0.257 0.096 0.415 0.051 0.061
Cl -0.295 0.113 0.082 0.102 -0.079
SQ -0.222 0.312 0.278 -0.057 0.123
Eigenvalues 7.61 2.88 2.06 1.73 1.06
%\Variation 40 15.2 10.8 9.1 5.6
3.0
20 (a) (b)
1.0

£ 0.0

Sl 4

& 20
-3.0
-4.0
-5.0
-6.0

Natural Blocked Reprofiled L-shaped Natural Blocked Reprofiled L-shaped
Pool Type

Figure3.3. PCA metricsMean PC scores (+ st. dev) for each pool type; (a) PC1 and (b) PC2.



62

3.3.2 Macroinvertebratebiodiversity

Altogether 13160 individuals were collected andrBdcroinvertebrate taxa
were identified although the number of taxa included for statistical analydisraf
taxonomic adjustment was 5@\ppendix A). The richest taxonomic orders were
Diptera (27 taxa, of which 21 were Chironomidae) and Coleoptera (18 adult species
and 4 larval taxa). Overall, Chironomidae were by far the most abundant taxon,
accounting for 74% of all individuals (TaBl&). The total abundance of chironomids
was highest in the-shaped pools and lowest in the natural pools (Tabe Figure
3.4a). The only other taxa to account for >5% of the overall relative abundance were
beetles (adults and larvae combined) at 16 &3d hemipterans (adults and nymphs)
which accounted for 7.38% of overall abundance. Beetles were most abundant in the
reprofiled pools and least abundant in theshaped pools, whilst hemipterans and
trichopterans were far more abundant in both blocked poges than in the natural
pools. Plecoptera, although rare, were found almost exclusively in the reprofiled pools,
whilst Odonata were found exclusively in thehaped pools (Tabl@4). The relative
abundance of Chironomidae was similar between theuraltand blocked pools, with
the largest difference falling between the two blocked pool types; the reprofiled pools
had the smallest relative abundance and thshaped pools the largest (Taliet,
Figure3.4b). The relative abundance of Coleoptera wascimhigher in the natural
pools than the blocked, whilst the opposite was true of the relative abundance of
Hemiptera (Tabl&.4, Figure3.4 b).

On average, the blocked pools had higher levels of taxonomic richness and
abundance than the natural pools latiugh the differences were not significant, and

the average values for the two diversity indices were almost identical (TekI€igure
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Table3.4. Totaland relativeabundancametricsof the different taxa found in the pool types along with

their relative contribution to overall abundance. Chironomidae are separated from other Diptera to

highlight their major contribution to the overall abundance figures.

- —
Taxon Natural Blocked Reprofiled | L-shaped Total o ST
overall
. . 2241 7514 3216 4298
ShiTemeies (70.92%) | (75.14%) | (68.78%) | (80.73%) | °7°° 74.13
743 1442 874 568
COECHEE 2351%) | (14.42%) | (18.69%) | (10.67%) | 218° 16.60
. 99 872 496 376
R 3.13%) | (8.72%) | (1061%) | (r.060) | %% .38
. 19 116 61 55
Trichoptera (0.60%) (1.16%) (1.30%) (1.03%) 135 1.03
42 19 11 8
CalEmleei (1.33%) | (0.19%) | (0.24%) | (0.15%) | ©* 0.46
. 9 6 1 5
Other Diptera (0.29%) (0.06%) (0.02%) (0.09%) 15 0.11
0 13 12 1
G 0.00%) | (013%) | (026%) | ©o02%) | 13 0.10
6 7 5 2
e ©019%) | (0.07%) | (©10%) | (©o0a%) | 13 0.10
0 10 0 10
Scenaie 0.00%) | (0.10%) | (00%) | (19%) | 1° 0.08
. 1 1 0 1
AR 0.03%) | (0.01%) | (0.00%) | (0.02%) 2 0.02
Total 3160 10000 4676 5324 | 13160 100.00
mChironomidae M Coleoptera M Hemiptera M Trichoptera W Others
(a) (b)
12000 100 E— — — —
T oW
. 10000 — )
£ €
T 3000 ]
K 2w
.g 6000 -g 50
< ___q
i v 40
2 4000 2
© - g ®
2000 g 0
10
0 0
Natural Blocked Reprofiled L-shaped Natural Blocked Reprofiled L-shaped
Pool Type

Figure 34. Total and relative abundancaetrics.(a) Total abundance and (b) relative abundance of the
macroinvertebrate orders found in the pool types. Orders accounting for <1% of the overall relative
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3.5). However, when the blocked pools wesglit into the two subcategories, the

reprofiled pools were found to house significantly more taxa than both the natunal
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L-shaped poolsThe kshaped pools housed the highesterageabundance of
macroinvertebrates but there was no significant diffece in abundance between the
three pool types The L-shaped pools displayed significantly lower Simpson's diversity

and higher BergeParker scores than both reprofilethd natural pools

Table3.5. Biodiversitymetrics and GLM resultdeans (+ st.devipr the different pool types (blocked =
reprofiled + kshaped), along with GLM results reporting the differences between the pool types. Overall

results refer to natural v reprofiled vdhaped. Significant results are highlighted bold.

Pool Type GLMResults
. Re L- Blocked Natural v | Naturalv | Reprofiled
VEREEE el | Eede profiled | shaped| v natural Gl reprofiled L-shaped | v L-shaped
Taxon 10.25 11.48 13.05 9.90 t=-1.06 -0.03 t=2.20 t=0.28 t=2.47
Richness (5.04) (3.74) (3.50) (3.34) | p=0.29 p=0 p=0.03 p=0.78 p =0.02
Abundance 158 250 234 266 t=-1.85 —018 t=1.36 t=-1.81 t=-0.45
(160) (213) (198) (230) | p=0.07 p=0 p=0.18 p =0.08 p =0.65
1-Simpsons 0.75 0.72 0.78 0.66 t=0.84 - 0.001 t=0.97 t=2.56 t=3.53
P 0.10) | (0.13) | (0.09) | (0.13) | p=0.4r| P p=034 | p=0.01| p=0.001
Berger 0.41 0.43 0.36 0.50 t=-0.48 ~0.002 t=-1.30 t=-2.21 t=-3.51
Parker (0.12) (0.15) (0.12) (0.15) | p=0.64 p=0 p=0.20 p =0.03 p =0.001
20 (a) 1000 (b)
18 900
16 800
@ 14 o 700
g £
% 12 k 600
x 10 c 500
- =
g s S 400
P o6 300
4 200
2 100
0 0
1.0 (c) 1.0 (d)
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w 0.7 L o7
£ ]
g,_ 0.6 “ 0.6
g 05 g 05
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Natural Blocked Reprofiled L-shaped Natural Blocked Reprofiled L-shaped
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Figure3.5. Biodiversity metric$or the pool types; (a) Taxon richness, (b) Abundance, (c) Simpsons
5A @S NE A ilpand(y) BefgEParkex Dominance Index (D). Error bars denotel8t. Dev.
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3.3.3 Macroinvertebratecommunity composition

The nMDS ordination showed some degree of separation between the natural
and blocked (combined) pools and, to a lesser extent, between the reprofiled-and L
shaped pools (Figur@6a). The most distinct grouping weemed by the Butterburn
Flow pools, and the two reprofiled sites (Geltsdale and Stean Moor) were also shown
to be fairly distinct from each other. The ANOSIM tests reported a significant
difference in macroinvertebrate community similarity between theurat and
blocked pools (ANOSIM, Global R 90,9 = 0.001), which was still significant when
comparing the natural, reprofiled anddhaped pools but with a reduced R statistic (R
= 0.2L3, p = 0.001). Pairwise comparison of the reprofiledhaped and atural pools
revealed that the biggest difference lay between the natural and reprofiled pools (R =
0.32%5, p = 0.00), followed by the natural and-thaped pools (R = @%, p = 0.0G3).

The kshaped and reprofiled pools were the most similar (R 34).Aa= 0.0&1) (Figure
3.6a).

SIMPER analysis showed that the blocked pools were, on average, more similar
to each otherthan the natural poolswhich were the least similar of all four pool types
(Table 36). The top three taxa contributing to similarity inetbblocked pools were
Dytiscidae larvae, followed by two chironomid taka;obviusandZ. mucronataFor
natural pools Dytiscidae larvae were followed by two beetle takaristisandH.
obscurusWhen the blocked pools were broken down into the two sabegories, the
reprofiled poolsdisplayed the highest level of similarity and theHaped pools were
slightly less similar (Table 3.6). Whilst Dytiscidae larvae again contributed most to the
simiarity of each pool type, the other main defining species differed between pool
types. For ishaped pools the remaining similarity was accounted for by three

chironomid taxaZ. mucronataP. obviusand Macropelopia In the in the reprofiled
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pools the listof defining taxa was headed ltye chironomidsP. obvius and C.

plumosus but also includedhe hemipteranC. wollastoniTanytarsini spp. and the

beetle specied\. bipustulatusandH. gyllenhalii(Table 3.6).

(a)

. bipustulatus
Tanytasini sp

2D Stress: 0.18

T. mendax
o AA *k
a
ok ok
A [ |
Xk
%k
A
-1- %
T T T T
-2 -1 0 1
nMDS1
(b) 2D Stress: 0.19
14
~ 3k
8 +
A
2 o- A
Veg cover
|
3k
sk
1 *
T T T T
-2 -1 0 1

nMDS1

Natural Pools

A Butterburn Flow
s Geltsdale - natural
m Harwood Fell

-+ Widdybank Fell

Reprofiled Pools
sk Geltsdale - reprofiled
A Stean Moor

L-shaped Pools
* Langdon Common
A Tynehead Fell

B Yad Moss

Figure3.6. nMDS ordinatiorshowing thesimilarity between the different pool types and sites (a)

overlaid with taxa highlighted by the SIMPER analysis (seestabl& 3.7) and (b) overlaid with

SYGANRBYYSyil ¢

axis.

The average dissimilarity between the natural and blocked pools was high (72.46%)

and was almost exactly the same for the natural v reprofiled (72.62%) and the natural
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v Lshaped pools (72.30%) (Table 3.7). The biggest contributor to the average
dissimilarity between the natural and blocked pools was Dytiscidae larvae, which were
more abundant in the natural pools, as was the adult bektl&istis. However, several
chironomid taxa also contributed to the differences, w@hplumosusnore abundnt
in the reprofiled pools and. mucrmonatain the l-shaped pools. These two taxa were
also among the main contributors to the lower average dissimilarity between the two

blocked pool types (64.33%) (Table 3.7.)

Table3.6. SIMPER analysisntra-pool type similarity.Defining taxa for each pool type (i.e. contributing
up to 70% of the overall similarity); average abundance (after square root transformation), %

contribution and % cumulative contribution to the overall similarity.

Pool Type Taxon Av. Abund. % Contrib % Cum
Natural Dytiscidadarvae 4.23 35.31 35.31
g\(‘)’e?r?&)e similarity: Hydroporus tristis 2.42 16.43 51.73
' Hydroporus obscurus 1.82 9.49 61.22
Zalutscia mucrontata 2.01 7.97 69.19
Psectrocladius obvius 1.18 5.38 74.57
Blocked Dytiscidae larvae 3.51 20.74 20.74
Qﬁg&e similaty: Psectrocladius obvius 2.88 16.33 37.07
Zalutscia mucrontata 2.88 14.01 51.07
Callicorixa wollastoni 1.93 8.41 59.49
Chironomus plumosus 2.02 7.05 66.54
Macropelopia 1.54 5.57 72.11
Reprofiled Dytiscidae larvae 3.40 17.19 17.19
ggfgoe similarity: Psectrocladius obvius 3.14 15.72 32.91
' Chironomus plumosus 2.74 11.52 44.43
Callicorixa wollastoni 2.38 9.52 53.95
Tanytasinspp 1.78 7.07 61.01
Agabus bipustulatus 1.16 5.77 66.78
Hydroporus gyllenhalii 1.63 5.6 72.38
L-shaped Zalutscia mucrontata 3.94 27.49 27.49
Average similarity: Dytiscidae larvae 3.62 2278 50.28
35.85%
Psectrocladius obvius 2.62 14.98 65.26
Macropelopia 1.63 7.09 72.34
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Table3.7. SIMPER analysimter-pool type dissimilarityTaxa which contribute at least 5% to the
overall difference between pool types; average abundance (after square root transformation), %

contribution and % cumulative contribution to the oversilinilarity.

Pool Types Taxon | Av.Abund. | Av.Abund | % Contrib. | %Cum.
Natural Blocked
Groups Natura& Dytiscidae larvae 4.23 3.51 8.32 8.32
Blocked 77 lutscia mucrontata 2.01 2.88 7.65 15.97
Average dissimilarity:
72.46% Hydroporus tristis 2.42 0.43 6.40 22.37
Psectrocladius obvius 1.18 2.88 6.21 28.58
Chironomus plumosus 1.22 2.02 5.78 34.37
Hydroporus obscurus 1.82 0.05 5.09 39.46
Natural Reprofiled
Groups Natural & Dytiscidadarvae 4.23 3.40 7.35 7.35
Repofiled L Chironomus plumosus 1.22 2.74 6.32 13.66
Average dissimilarity:
72.62% Hydroporus tristis 2.42 0.18 6.25 19.91
Psectrocladius obvius 1.18 3.14 6.24 26.15
Zalutscia mucrontata 2.01 1.83 6.05 32.20
Callicorixa wollastoni 0.67 2.38 5.47 37.68
Tanytarsus mendax 1.18 1.74 5.41 43.09
Natural L-shaped
Groups Natural &L Dytiscidae larvae 4.23 3.62 9.30 9.30
shaped T Zalutscia mucrontata 2.01 3.94 9.26 18.56
Average dissimilarity
72.30% Hydroporus tristis 2.42 0.69 6.55 25.11
Psectrocladius obvius 1.18 2.62 6.19 31.29
Hydroporus obscurus 1.82 0.05 5.38 36.67
Chironomus plumosus 1.22 1.30 5.24 41.92
Macropelopia 0.89 1.63 5.06 46.98
Reprofiled L-shaped
Groups Reprofiled &L | Zalutscia mucrontata 1.83 3.94 9.45 9.45
shaped o Dytiscidae larvae 3.40 3.62 8.65 18.11
Average dissimilarity -
64.3% Chironomus plumosus 2.74 1.30 8.16 26.27
Psectrocladius obvius 3.14 2.62 6.78 33.05
Callicorixa wollastoni 2.38 1.47 6.03 39.07
Macropelopia 1.44 1.63 5.35 44.43
Tanytarsus mendax 1.74 0.90 5.32 49.75
Tanytasini sp 1.78 1.05 5.18 54.93

3.3.4 Chironomidae biodiversity and community composition

Overall,Chironomidae taxon richness was higher in the blocked pools than the
natural pools with both blocked typesdisplayng higher average taxon richness than
their natural counterparts. However he only significant difference lay between the
natural and reprofiled pools (Table 3Bigure 3.Y. Chironomid abundance was also
higher in the blocked pools, with theshaped pools containing more chironomids, on

average, than the reprofiled pools, although none of the differences were significant
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Table 3.8 Chironomidae biodiversity metrics and Gikdéults.Means (+ st.dev) for the different pool

types (blocked = reprofiled +dhaped), along with GLM results reporting the differences between the

pool types. Overall results refer to natural v reprofiled-shlaped. Significant results are highligthte

bold.
Pool Type GLM Results
. Re L- Blocked Natural v | Natural v | Reprofiled
VN E NEITEY | (2108 &0 profiled | shaped | v natural QUEEl reprofiled | L-Shaped | v L-shaped
Taxon 3.80 5.18 5.60 4.75 t=-1.89 -0.10 t=2.14 t=-1.13 t=1.01
Richness | (3.44) (2.18) (2.06) (2.27) | p=0.06 p=0 p=0.04 p=0.26 p=0.32
Abundance 112 188 161 215 t=-1.61 -0.23 t=0.96 t=-1.74 t=-0.77
(147) (206) (197) @16) | p=o11| P7% p=034 | p=0.09| p=044
1-SimDpsons 0.48 0.60 0.70 0.51 t=-1.69 - 0.007 t=2.82 t=-0.39 t=2.62
p ©0.31) | (020) | (011) | 022) | p=o10| P™% p=001 | p=070| p=001
Berger 0.66 0.55 0.47 0.63 t=1.65 -001 t=-2.63 t=0.40 t=-2.36
Parker (0.27) (0.20) (0.18) (0.19) | p=0.11 p=0 p=0.01 p =0.69 p =0.02
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Figure 3.7 Chironomidae biodiversity metrider the pool types; (a) Taxon richness, (b) Abundance, (c)
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(Table 3.8Figure 3.7). The diversity indices suggested that the blocked pools were

more diverse than the natural pools, as both blocked types returned higher 1
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Simpsons and lower BergBarker scores. In both cases, the significant differences lay
between the reproifled pools (which had the highestSimpsons and lowest Berger

Parker scores) and the other two pool types (Table 3.8, Figure 3.7).

The nMDS ordination suggested little differentiation between the pools types
with regards to chironomid community composiigFigure 3.8)This was reflected in
the ANOSIM tests which reporteds@nificant difference in macroinvertebrate
community similarity between the natural and blocked pdalg with alow Global R
statistic(ANOSIM, Global R =101, p = 0.0®). When comparing between the three
pool types the R statistic reduced still furth@ = 0098, p = 0.001). Pairwise
comparisosrevealed that the biggest difference lay between tieprofiled andL-
shapedpools (R = @65, p = 0.0Q), followed by thereprofiled and naturapools (R =
0.101, p = 0.08). The kshaped andhaturalpools were the most similaand were the
only pairing not to be significantly different from each ottigr= 0037, p = 0.0)

(Figure 3a).

2D Stress: 0.17 Natural
w Reprofiled
A L-shaped

A

Z, mucrontata

T. pallidicornis

nMDS1

Figure 3.8Chironomidae nMDS ordinaticshowing the similarity between the different pool typasd
overlaid with taxa highlighted by the SIMPER analysis (seestablé& 3.10
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SIMPER analysis showed tbhtronomid community composition was by far
the least similar in the natural pools (16.87%), whereas the blocked (combined) pools
resembled each other mor87.27%)Table3.9). Of thetwo blocked types, the
reprofiled poolsdisplayed the highest similayit43.52%).Z mucronataandP. obvius
were the most abundant taxa in both the natural andHaped pools, whereas the
reprofiled pools were defined most . obviusand C plumosusThe average
dissimilarity between the natural and blocked pools wahHit#.21%), with similar
figures for the natural v reprofiled (73.83%) and naturalshaped pools (74.59%)
(Table 3.1Q)Average abundances were generally lower in the natural pools with
limited exceptions, for exampl&. mucronatavas more abundant inhe natural than
the reprofiled pools, and botfi. mendaxandT. pallidicorniswere both more
abundant in the natural than the-thaped poolsThe reprofiled and4haped pools
had a lower average dissimilarity (65.59%) vditmucronatébeing more abundant in
the L-shaped pools an€. plumosusore abundant in the reprofiled pools (Table 3.10)
Table 3.9 Chironomiche SIMPER analysistra-pool type similarityDefining taxa for each pool type

(i.e. contributing up to 70% of the overalmilarity); average abundance (after square root

transformation), % contribution and % cumulative contribution to the overall similarity.

Pool Type Taxon Av. Abund. % Contrib % Cum
Natural Zalutscia mucrontata 3.01 33.22 33.22
Average similarity: 16.87% ) ;

Psectrocladius obvius 2 21.11 54.34

Chironomus plumosus 1.8 15.31 69.65

Tanytarsus mendax 1.42 7.54 77.19
Blocked Psectrocladius obvius 3.8 30.51 30.51
Average similaty: 37.27%

Zalutscia mucrontata 3.55 22.94 53.45

Chironomus plumosus 2.69 14.86 68.31

Tanytasinsp 1.85 9.66 77.97
Reprofiled Psectrocladius obvius 4.5 32.62 32.62
Average similarity: 43.52% -

Chironomus plumosus 3.77 24.51 57.13

Tanytasinsp 2.43 13.66 70.79
L-shaped Zalutscia mucrontata 5.03 46.24 46.24
Average similarity: 37.02% - -

Psectrocladius obvius 3.09 23.81 70.05
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Table 3.10ChironomidaeSIMPER analysitmter-pool type dissimilarityTaxa which contribute at least
5% to the overall difference between pool types; average abundance (after squarganstormation),

% contribution and % cumulative contribution to the overall similarity

Pool Types Taxon | Av.Abund | Av.Abund | Contrib% | Cum.%
Natural Blocked
Groups Natural & Blocked| zalutscia mucrontata 3.01 3.55 16.98 16.98
Average dissimilarity: - -
74.21% Psectrocladius obvius 2.00 3.80 15.03 32.00
Chironomus plumosus 1.80 2.69 12.54 44.54
Macropelopia 1.23 1.70 9.18 53.72
Tanytarsus mendax 1.42 1.50 8.99 62.71
Tanytasini sp 0.99 1.85 8.22 70.94
Natural Reprofiled
Groups Natural & Psectrocladius obvius 2.00 4.50 16.38 16.38
Reprofiled -
Average dissimilarity: Chironomus plumosus 1.80 3.77 14.53 30.91
73.83% Zalutscia mucrontata 3.01 2.06 12.96 43.87
Tanytarsus mendax 1.42 2.03 10.39 54.26
Tanytasinsp 0.99 2.43 9.54 63.80
Macropelopia 1.23 1.62 8.59 72.39
Natural L-shaped
Groups Natural &-shaped | Zalutscia mucrontata 3.01 5.03 20.95 20.95
Average dissimilarity: - -
74.59% Psectrocladius obvius 2.00 3.09 13.68 34.64
Chironomus plumosus 1.80 1.62 10.57 45.20
Macropelopia 1.23 1.78 9.76 54.97
Tanytarsus mendax 1.42 0.97 7.61 62.58
Tanytasinsp 0.99 1.27 6.92 69.49
Tanytarsus pallidicornis 1.25 1.17 6.72 76.22
Reprofiled L-shaped
Groups Reprofiled &L Zalutsciamucrontata 2.06 5.03 16.80 16.80
shaped -
Average dissimilarity: Chironomus plumosus 3.77 1.62 13.85 30.65
65.59% Psectrocladius obvius 4.50 3.09 12.18 42.83
Tanytasinsp 2.43 1.27 8.90 51.74
Tanytarsus mendax 2.03 0.97 8.26 59.99
Macropelopia 1.62 1.78 8.04 68.03
Tanytarsugpallidicornis 1.50 1.17 6.98 75.01

3.3.5 Coleopteran biodiversity and community composition

Average Coleopteran taxon richness was highest (and practically identical) in
the natural and reprofiled pools, and was significantly lower in tsbdped pools
(Table 3.11, Figure 3.9)here was no significant difference in beetle abundance
between thepool types, although it was highest in the reprofiled and lowest in the L

shaped pools. Theatural poolsdisplayed significantly higherSimpsons and
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significantly lower Berger Parker scotban the blocked pools, although the lower
blocked (combined)igures were mainly due to the low scores for thshHaped rather

than the reprofiled poolg¢Table 3.11, Figure 3.9).

Table 3.11Coleoptera biodiversity metrics and GLM/GLMM resiMesans (z st.dev) for the different
pool types (blocked = reprofiled +shaped), along with GLKALMM results reporting the differences
between the pool types. Overall results refer to natural v reprofileeshidped. Significant results are
highlighted boldt Ay RA Ol 1Sa D[aa la 2LI]aSR (42 D[a®

Pool Type GLM Results
. Re L- Blocked Natural v | Natural v Reprofiled
VEREEE e | EaEd profiled | shaped| v natural Gl reprofiled | L-shaped | v L-shaped
UTaxon 4.80 3.98 4.80 3.15 t=1.66 - 0.004 t=0.00 t=3.07 t=3.07
Richness 1.77) (1.85) (2.91) | (1.39) p=0.10 p=5 p =1.00 p =0.003 p =0.003
37 36 44 28 t=0.10 _ t=0.57 t=0.78 t=1.34
ATITECTEE) R (42) (43) @9 | p=002 | P90 n-057| p=04s | p=o01s
1-Simpsons 0.63 0.49 0.57 0.41 t=2.25 - 0.005 t=-0.79 t=3.17 t=2.37
P (0.20) (0.23) (0.20) | (0.24) p=0.03 p=5 p=0.43 p =0.003 p=0.02
Berger 0.57 0.69 0.60 0.77 t=-2.20 ~0.002 t=0.59 t=-3.28 t=-2.69
Parker (0.17) (0.21) (0.22) | (0.17) p=0.03 p=0 p=0.55 p = 0.002 p = 0.009
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Figure 3.9Coleoptera biodiversity metrider the pooltypes; (a) Taxon richness, (b) Abundance, (c)
{AYLAZ2Yya 5A AfaNd(d) BergeRanker Sokinanee Index (D). Error bars denotel 5.

Dev.
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The nMDS dafination suggested somaverlap between the pool types with
regards to beetle community cgposition,with the natural pools fornng the most
distinct cluster (Figure 3.11ANOSIM reported a significant difference in community
composition between the natural and blockécbmbined)pools (ANOSIM, Global R =
0.430, p = 0.001) Analysis of the thee pool types was still significant but with a
reduced Global R statistic (R = 0.2%8,0.001). Pairwise comparisons revealed that
the main difference lay between the natural and reprofiled pools (R 0089
0.001), followed by the natural andghaped pools (R = 0.26fp= 0.001), with the two

blocked pool types having the most similar composition (R = 0d40.007).
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Figure 3.11Coleoptera nMDS ordinatioshowing the similarity between the different pool typasd
overlaid with taxa highliglked by the SIMPER analysis (see ©Bl&2 & 3.13

SIMPER analysis showed ttts natural pools were, on average, the least
similar to each other (average similarity = 46.83%) (Table yBxcidae larae were

by far the most important contributorso community similarity in each pool typwiith
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Table 3.12Coleoptera SIMPER analysistra-pool type similarity Defining taxa for each pool type (i.e.
contributing up to 70% of the overall similarity); average abundance (after square root transionyat

% contribution and % cumulative contribution to the overall similarity.

Pool Type Taxon Av. Abund % Contrib % Cum
Natural Dytiscidae larvae 6.41 55.15 55.15
Average similarity: 46.83% Hydroporus tristis 3.08 20.09 75.24
Blocked .

Averagesimilarity: 60.54% Dytiscidae larvae 7.98 71.53 71.53
Reprofiled Dytiscidae larvae 7.58 60.02 60.02
Average similarity: 62.02%4 Agabus bipustulatus| 2.79 14.01 74.03
L-shaped Dytiscidae larvae 8.37 81.29 81.29

Average similarity: 62.15%

Table 3.13oleopteraSIMPER analysigter-pool type dissimilarityTaxa which contribute at least 5%
to the overall difference between pool types; average abundance (after square root transformation), %

contribution and % cumulative contribution todhoverall similarity

Pool Tyes Taxon | Av.Abund | Av.Abund | % Contrib. %Cum.

Natural Blocked
Groups Natural & Blocked | Hydroporus tristis 3.08 0.75 13.76 13.76
Qgirz&e dissimilarity: Dytiscidae larvae 6.41 7.98 13.64 27.40
Hydroporusobscurus 2.38 0.09 12.02 39.42
Hydroporus gyllenhalii 1.14 2.35 11.48 50.90
Agabus bipustulatus 1.12 2.09 11.26 62.16
Hydroporus pubescens 0.49 1.69 8.30 70.46

Natural Reprofiled
Groups Natural & Hydroporus tristis 3.08 0.35 13.41 13.41
ieprofiled_ S Agabus bipustulatus 1.12 2.79 12.07 25.48

verage dissimilarity:

58.05% Hydroporus gyllenhalii 1.14 2.75 11.66 37.13
Dytiscidae larvae 6.41 7.58 11.42 48.55
Hydroporus obscurus 2.38 0.06 11.08 59.63
Hydroporus pubescens 0.49 2.12 9.05 68.68
Anacaena globulus 0.22 1.45 6.52 75.20

Natural L-shaped
Groups Natural &-haped | Dytiscidae larvae 6.41 8.37 16.02 16.02
ézggtie dissimilarity: Hydroporus tristis 3.08 1.15 14.14 30.16
Hydroporus obscurus 2.38 0.12 13.02 43.18
Hydroporus gyllenhalii 1.14 1.95 11.28 54.46
Agabus bipustulatus 1.12 1.39 10.40 64.86
Hydroporus pubescens 0.49 1.26 7.50 72.36

Reprofiled L-shaped
Groups Reprofiled &L Agabus bipustulatus 2.79 1.39 19.20 19.20
Z:Z?:ge dissimilarity: Hydroporus gyllenhalii 2.75 1.95 16.51 35.71
40.92% Hydroporus pubescens 2.12 1.26 16.00 51.71
Dytiscidae larvae 7.58 8.37 14.51 66.22
Anacaena globulus 1.45 0.51 11.08 77.30
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only two other taxa being flagged up by the analydiglroporudristis for the natural
pools andAgabus bipustulatutor the reprofiled pools. The two blocked pool types
were the most similar to each other (average dissimilarity = 40.92%), with four adult
species being more abundant in the reprofiled pools and ontis€iglae larvae more
abundantin the l-shaped pools (Table18). Dytiscidae larvae were slightly less
abundant in the natural pools than in both blocked pool types, as were all the adult

species apart fronHydroporus tristimnd Hydroporus obscurus

3.3.6 Macroinvertebratebiodiversity and environmental variables

There wereonly two significant relationships between the paavironmental
characteristics and the four biodiversity metris&getation covelt =-4.60, p <0.001)
and CI (t =2.78, p = 0.001) were botiegatively related to abundancéevels of Cl

were also borderline negatively related to taxon richness-{t.87, p = 0.05)

3.4 Discussion

This study has provided a novel insight into the environmentatastteristics
and macroinvertebrate biodiversity of drablocked and natural pools on areas of UK
blanket bog. It also highlights some differences in biodiversity between pools formed
using different blocking methods, which may be useful to land managees
planning future drairblocking projects. This section now discusses these findings in

the context of other studies
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3.4.1 Environmentalcharacteristics

In support of H, the blocked pools were found to be deeper and to hold
significantly more waterttan natural pools. The natural pools were very shallow
(mean depth = 9cm) but similar depths were reportedBrgwn et al. (submittedyvho
reported a mean depth of 7cm for pools on areas of intact blanket bog in the Pennines.
However, in other areas of the UK where natural pools system occur the pools are
often much larger and deeper than those in the Pennines. For example, the largest
pool studied in the Flow Country (Scotland)Bslyea and Lancaster (2008)d a
surface area of 1930 ImHowever, regardless of size, natural peat pools generally have
a large surface area to depth ratjposter and Fritz, 1987, Towers, 208d)hey tend
to spread outwards rather than downwards after initial formati@elyea and
Lancaster, 2009nd this was reflected in the relatively large perimeters and shallow
depths of the natural pools in my study. In contrast, the depth of doddcked pools is
mainly predetermined by the dimensions tie drainage ditch in which they form,
although this can be altered to a certain extent by the blocking method (e.g.
reprofiling).

Reprofiled pools displayed the lowest levels of vegetation cover despite
reprofiling being intended to encourage vegetatigrowth within the drain. However,
the vegetation cover varied widely between the two reprofiled sites, with extremely
low levels at Geltsdale (median = 0, IQR = 1.75%) but relatively high levels at Stean
Moor (median =82.5, IQR = 71%). The lack of vegetabver at Geltsdale could be
due to thepools there leing the deepest in the study, as deeper pools can experience
lower levels of light penetration which may inhibit vegetation groi@@mchunder et
al., 2009) Indeed,Peacock et al. (201&)und a strong negative correlation between

pool depth aml Eriophorumcover in recently blocked pools, although also a weaker
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but positive correlation between pool depth al@phagnuntover, as floating mats of
mosses are not reliant on light reaching the pool bottom. However, as the Geltsdale
(natural) pools als had low vegetation cover (median = 6, IQR = 19%) but were much
shallower than their reprofiled counterparts, there could be a different, unknown; site
specific cause.

The water chemistry of the pools was typical of that found in ombrotrophic
peatland suface waters, withdw pH, conductivity and ionic concentrations and high
levels of DO[Hannigan and Kel@uim, 2014, Brown et al., submittediiowever,
levels of Cl and Na were found to be far lower than in a range of waterbodies in Irish
bogs,i.e. at Owenirragh mean levels of Cl and Na were 22.25 and 10.69 mg L
respectively, but this was probably due to the relatively large influx of materered
ions in precipitation to the Irish bogbslannigan and KelQuinn, 2014)Furthermore,
whilst the levels of DOC found in this study were very similar to those reported by
Brown et al. (submittedje.g. median 34.4 mgiifor blocked pools, also in the UK
Pennines) they were higher than thossported byPeacock et al. (2018) drain-
blocked pools in Wales (mean 22.09 gy &nd also in the majority of ombrotrophic
waterbodies in Ireland (ranging from mean 10.71 to 31.31 mdHannigan and KeHy
Quinn, 2014)

Whilst other studies comparing natural pools and those created by rewetting
measures have reported no significant differences with regards to water chemistry
(Hannigan et al., 2011, Brown et al., submittdd¥ study found several significant
differences, thus not supporting the second part of Rerhaps the most noticeable
was for levels of DOC, with the natural pools having significantly lower concentrations
than either of the blocked types, and theshaped pools having significantly lower

concentrdions than the reprofiled pools. Whilst blocked pools at Forsinard (Scotland)
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have also been found to exhibit higher levels of DOC than their natural counterparts
(Ed Turner, pers.comm), this is in contrast to the finding8rofvn et al. (submitted)
who reported that natural pools in the Pennines had higher DOC levels than blocked
pools. AlsoWallage et al. (2006pund that soil water from peat surrounding blocked
drains had significantly lower levels of DOC than either drained or even intact
peatlands. The authors theorised that this could be due to a store exhaustion process
whereby drainage exposed the peat ttmespheric oxygen, leading to increased
enzyme activity which accelerated DOC production, with subsequent rewetting
NEadzZ GAy3a Ay Fyeé NBYFIAYAYy3 tF0AfS OFIND2Y
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supplemented with alternative sources made available by any changes in the

hydrological regime caused by the drainage and subsequent blo@kialiage et al.,

2006) It should be noted that one natural pool situtterburn Flow, exhibited by far

the lowest DOC levels in this study (median = 14.57, IQR = 6.26) mwbilst one of

the reprofiled sites, Stean Moor, exhibited extremely high levels of DOC (median =

75.10, IQR = 35.70 mg)Lso these two sites may ha skewed the average figures for

their respective pool types. Levels of Fe were also found to be significantly different
between all three pool types, being highest in the reprofiled and lowest in the natural

pools. This is most likely due to the corresdng levels of DOC, which can act as a

mobiliser of metals and pollutan{®allage et al., 20065tean Moorlsoexhibited

veryhigh levels of Fémedian = 5.31, IQR = 6.28 m{),Lmuch higher than the
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9y GA N Y Y S \urrent |&h8tgfr® EQSdor dissolved Fe in freshwatefd mg L
1(Johnson et al., 2007)

Another significant difference in water chemistry was the levels of DO, with
reprofiled pools having significantly lower levels than eitherrlagural pools or the L
shaped pools. However, again, major differences were apparent between the two
reprofiled sites, with the lowest DO levels by far found at Stean Moor (median = 2.83,
IQR = 1.97 mg?). This could be due to the much smaller averagenpeter (and by
implication surface area) of the Stean Moor pools, which potentially allowed for less

diffusion of atmospheric &per unit area.

3.4.2 Macroinvertebratebiodiversity andcommunity @mposition

The dominance of chironomids, beetles and heterigns in all the pool types
supported the first part of HH Chironomids especially were numerically dominant,
which agrees with other peatland pool studi&tanden et al., 1998,owers, 2004,
Hannigan et al., 2011, Hannigan and k€lilynn, 2012, Baars et al., 201H#) this study
chironomids were also the richest taxon, which is not always reflected in the literature
because identificatin is sometimes only performed to family leyelg. Hannigan and
KellyQuinn, 2012)Peatland pool studies which have not reported large abundances
of chironomids have usually employed sampling methods more suited to catch strong
swimmers (e.g. funnel @&ps)(Downie et al., 1998a, Mazerolle et al., 2006)
Chironomids probably thrive in small pools due to the scarcity of large predators and
their ability to adapt their diet regatdss of their preferred food sourd@drmitage et
al., 1995) For example, chironomids can consume methanotrophic bactéoiaes et
al., 2008)and predatory taxa, such as Tanypods, will consume def{fgéaker and

McLachlan, 197%nd algagRuse, 2002)The prevalence of chironomid larvae in this
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study is potentially beneficial for moorland birds, which feed on the emerged adult
flies (Buchanan et al., 2006)

Beetles werdhe second most abundant and taxonomically rich taxa in this
study, further supporting lH Amongst the adult species identifidgeinochrus affinis
andEnochruochropterud N OF 6 S32NAaSR +Fa Wwyz2iloftSQT
Britain and thoughttooazNJ Ay FSgSNJ GKIy wmnn wmnlyY &ldz
(Chadd and Extence, 200&) affiniss also classed as an aaiire obligate, and
several other species identified are classified as acid mire specialistslydrgporus
gyllenhaliiand Hydroporus obscuryi®racid mire preferentials (e.¢delophorus
flavipesand Hydroporus tristis(Boyce, 2004)AppendixA). The hemipteran
populations consisted mainly of Gerridae and Corixidae nymphs, with only two adult
species identified§erris costa¢an acid mire spcialist) ar@allicorixavollastoni(an
acid mire preferential{Boyce, 2004)This low level of hemipteran richness was
unexpected. For exampl€risp ad Heal (1998jound severcorixid species in
peatland pools in the Pennines, of whiChwollastonwas the most common, and
Brown et al. (submittedjeported eleven hemipteran taxa. However, both of these
studies were carried out over longer periods of time which may have facilitated the
capturing of a larger, more seasonally representative, species dataset.

Whilst chironomids and hemipterans were moreuadant in the blocked
pools, the abundance of beetles was greater in the natural pools than inshaped
Ll22fa® LYRSSRX 020K 2 E. affifishdEocopterasivded 6 S S
found exclusively at Butterburn Flow, as was by far tihgdst population oH.
obscurusThe existence of species found exclusively (or almost exclusively) at
Butterburn Flow helps to explain the marked difference in community similarity

between that and all the other sites in the study. It is also perhapsesiiyg of
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differences in community composition between natural pools found in real complexes
and those which are more isolated features in the landscape (i.e. the other natural
pools in this study). Furthermore, Butterburn Flow generally had much lower
taxonomic richness and abundance than the other sites, so the presericeabfinis
andE ochropterusexclusively at this less diverse site demonstrates the important role
that ponds play in supporting biodiversity at a landscape I@&&liams et al., 2003,
Biggs et al., 2005Beetles of the genusnochruselong to the family Hydrophilidae,
which feed on plants or decayimdant matter and are poor swimmers; both of these
characteristics help to explain their presence at the shallow, sphagfilet pools at
Butterburn Flow as opposed to some of the deeper, less vegetated pools.

Other important species identified in the sty as a whole included the Brown
Hawker dragonflyAeshna junceran acid mire preferential, and the acid mire
obligateLimnephilus coenospa cased caddisfiBoyce, 2004)interestinglyL.
coenosusvas fairly equally distributed amongst the pool types, whereas the one other
trichopteran species identifiedhe caselesPlectrocnemia conspersaas not found in
any of the natural pools but was particularly abundant at Tynehead F&tiafhed) and
Geltsdale eprofiled). ABrown et al. (submittedlso reportedP. conspersas
present in artificial pools but absent from natural pools, this suggests that this species
may be an early coloniser amongst the Trichoptera, an order generally perceived to
have low disperal abilities compared to, for example, larger beetle species such as
DytiscugVan Duinen et al., 2007/ owever, in a study analysing community assembly
in a stream created for fly fishing in Swedéngconspersavas one of the only taxa
found in nearby reference sites not to have colonised the new stream by the end of

the sampling period (18 month@almqvist et al., 1991)
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When comparing the natural and blocked pofasall taxa combinegdthere
were no significant differences in any of the biodiversity metrics, supporting the
second part of Hwhich predicted similar biodiversity across the ptygdes. This
agrees with the findings dflannigan et al. (201iyho found no significant differences
between pools on intact mountain blanket bog and those on blanket bog restored
fifteen years previously. However, when the blocked pool types were split into
reprofiled and kshaped, several significant differences b@esapparent. Although
there was still no significant difference in macroinvertebrate abundance, the reprofiled
pools displayed significantly higher taxonomic richness than either-8t@ped or the
natural pools¢ KA & ¢ &y Qi 2dza i eTepriiled dodls exhibitedd O2 Y o 7
elevated chironomid taxon richnessiddiversity(as indicated by the diversity indices)
than either of the other two pool types-urthermore, he Coleoptera analysis showed
that, while the kshaped pools hosted the least abundant and diverse beetle
communities the reprofiled pools were on a par with natural pools with regards to
beetle taxon richness and even had slightly high&irhpsos and lower BergeParker
scores, suggestg higher beetle diversityOne reason for this increased biodiversity in
reprofiled pools may be that the reprofiling method involves redistributing the existing
vegetation along the reprofiled drain edges, which potentially leads to a more complex
and heterogeneoussubmergedvegetation structure within the pool&Tews et al.,
2004) However, when looking at the richness and abundance statistics for the
individual sites, it became clear that the averages for the natural sites were réduce
substantially by the very low figures for Butterburn Flow. In contrast, the other three
natural sites displayed high taxon richness (three out of the top four scores) and
abundance (three out of the top five scores). This agrees moreMaiterolle et al.

(2006)who found that arthropod richness and abundance in natural pools was much



84
higher than in pools dug specifically for the study, four years previously. However,
these authors did not report figures for dipterans which makes comparisons difficult,
considering the high number ehironomidsfound in my study. There was less

variation between thepools in thel-shapedcategory which displayed significantly

lower 1-Simpsons and higher BergRarker scores than either the reprofiled or natural
pools. Overall, the data suggest that the blocking method of reprofiling may be
conducive tagreater taxon richness and biodiversity than the creation-shiaped

pools, although data from more blocked sites are needed to confirm the differences
seen in this study.

Although community composition was significantly different between all pool
typesthe global R statistic was generally low, again supporting the second pa#t of H
The pool types found to be least simifar all taxa combinedwith the largest Global R
statistic) were the natural and reprofiled pools. After Dytiscidae larvae, théhiege
defining taxa in the natural pools were beetles, rather than the chironomids which
played a larger role in defining the reprofiled pool communities. These differences in
defining taxa between the pool types perhaps suggests a shift in community
compasition over time from chironomids to beetles, as the natural pools would have
been older than the blocked pools although their exact age was undetermired.
Coleoptera nMDS analysis certainly suggested a shiftetle communiy composition
between thereprofiled and natural pools, as these were the least similar to each other
despite being almost equally diver&es indicated by the biodiversity metric3his
may be explained by the fact that sorheetles are considered to be potential early
colonisergdue to their capacity for flighfFairchild et al., 200@nd lentic species have
been shown to have wider distributional ranges than lotic spe@R#isera and Vogler,

2000) Interestingly, the SIMPER analysis highlighted that most of the more commonly
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occurring adult beetle species, with the exceptiortoftristisandH. obscurusas well
as Dytiscidae larvae, were more abundant in the blocked pdbis.suggests that the
high beetle diversity in the natural pools was driven more by therrspecies, such as
those belonging to the genusnochruswhich, in turn, provides tentate support for
the findings ofvan Duinen et al. (2003)at numbers of rare species increase with time

(assuming that the natural pools were indeed older than the blocked pools).

3.4.3 Relationships between environnméal variables and biodiversity metrics

Hs posited that the physical dimensions of the pools would influence
biodiversity more tharwater chemistry, but was not supported by the results of the
GLMs looking for relationships between the environmental variables and the four
biodiversity metrics. Onliwo significant relationships were found, both negative,
between abundance and (i) vegetation cover and (ii) concentrations aft@l strongly
negativerelationshipbetween vegetation cover and abundanceuld be because
vegetation impedes the activityf some species of beetles and hemipteravtsichuse
the water column to hunt for food. For exampMazerolle et al. (2006eported that
capture rates of beetles and hemipterans were negatively associated with the
presence of certain vegetation types, whereas the occurrence of damselflies increased
among submerged and floating vegetatidtowever, in tie caseof my researchthe
low abundance in highhvegetated pools was probably at least partly due to the
sampling method, as pools that were fullgphagnunwere more difficult to sweep. It
was especially difficult to sample the bottom sediments, which is where the majority
of chironomds (by far the most abundant taxa) would be fouiitie significant
negative relationship between abundance and ClI (as well as the borderline significant

negative relationship between taxon richness and Cl) is less easy to eiatimg in
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the literature couldexplain whyincreasedCl, especially at relatively lowackground
concentrations, wouldbe detrimental to biodiversityFurthermore when analysing
the data by site rather than by pool type, the least diverse sites did not have the
highest Cconcentrationgor vice versa)Therefore, this result, although significant,
should probably be regarded as an outli€he large range of Fe concentrations found
in the poolsdid not translate into any significangélationshigs between levels of Fe and
the biodiversity metricssuggesting that the highest Fe concentrations were not
detrimental to biodiversity. However, this may becausehe taxa most impacted by
high Fefish and crustaceangJohnson et al., 200Aye not present in th pools

The lack of a relationship between pool size and increased biodiversity
disagrees witlthe longestablished ecological theory of the specaesa curve
(Connor and McCoy, 197@)though this is perhaps sarprisingconsidering the
restricted size range of the pools in this stu@jthough my study performed no
analysis with regards to individual species, it was noted that the two odonate species;
the Common Hawker anithe Large Red damselfly, were found almost excalg at
Yad Moss. Yad Moss had the largest pool perimeters and water volume, and the
permanence this implies would benefit species suchA.gsinceavhose life cycles are
known to vary between unand sentvoltine (Johansson, 2000%imilarly, the largest
diving beetle identified in this study. bipustulatuswas only absent from two sites;
Butterburn Flow (the shallowegtools) and Langdon Common (the third shallowest
pools) perhaps indicating its preference for deeper waters. Other studies have also
reported that larger diving beetles are more common in larger, deeper peat pools,
with smaller pools housing smaller beetlsuch aglydroporinag(Foster, 1995,

Downie et al., 1998a, Standen et al., 8929
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3.4.4 Conclusions

In conclusion, the pools formed in blocked drains appear to provide suitable
habitat for a wide range of aquatic macroinvertebrates, with communities very similar
to those found in natural peat pools. Whilst studies in the Netherlands have shown
rewetting measures to be detrimental to aquatic macroinvertebrate biodiversity, these
were analysing remnants of heterogeneous raised bog, in which the background levels
of biodiversity were inherently higher due to the increased environmental gradient
present(van Duien et al., 2003, Verberk et al., 2010h) contrast, the aquatic lentic
landscape of areas such as the English Pennines was restricted mainly to isolated tarns
and sinkholes before the advent of draiblocking, so has benefitted from the pool
creation with little risk to existing macroinvetbrate populations. Furthermore, the
benefits to aquatic biodiversity afforded by drain blocking will extend spatially, by
providing sustenance to fauna higher up the food chain (e.g. moorland birds) and
possibly also temporally, by providing future refudor species forced to migrate
upwards and northwards in the face of climate chafg&lther et al., 2002, Rosset
and Oertli, 2011)The persistence of larger dramocked pools, and the habitat they
provide for aquatic invertebrates, may alsolpéo supply an alternative food source
for moorland birds, as the abundance of terrestrial invertebrates declines in the face of
climate changéCarroll et al., 2015)

The findingdentatively suggest that the blocking method of reprofiling may
lead to higher taxonomic richness and diversity thia@ creation ofL.-shaped pools.
However, if encouraging the presence of charismatic species such as dragonflies is
important, then the creation of larger pools is recommended. Although no rare or
endangered species were identified, the number of acid mire obligates, specialists and

preferentials found confirms that the creation of aquatic habitat in the Pennines is
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facilitatingthe persistence of taxa that rely, to differing extents, on the existence of
such habitat. This is important in a global context due to the proportionately large

expanse of blanket bog located in the British Isles.



89

Chapter4: The establishment of macravertebrate communities in

artificial peatland pools

4.1 Introduction

Rewetting measures on areas of peatland have created new freshwater
habitat on a global scale, usually in the form of small p(s#s Chapter 2)Although
some studies have looked macroinvertebrate communities in these artificial
peatland pools, most commonly created ingerting dams into drainage ditches,
(Boyce, 2010, Brown et al., submittedijtle is known about how these communities
initially form and subsequently change over time. However, the monitoring of newly
creaed habitat provides an opportunity to address this research gap, and is vital to
inform conservation goals of peatland restoration with regards to biodive(Bitsich
and Walker, 2011)

Community assembly in any given habitat depends on three main factors;
dispersal constraints, environmental constraints and internal dyna(Biekea and
Lancaster, 1999Firstly, in the case of peatland pools, taxa from surrounding
freshwater habitats need to reach the pool; these can be either strong or weak fliers
who actively disperse, daxa which are dispersed passively by vectors such as the
wind or other organismgBilton et al., 2001, Bohonak and Jenkins, 20D&persal,
along with other events such as birth, death, extinction, and speciation, have been
described as a neutral factors community assembly (i.éhe assumption that
individual organisms, regardless of species, have essentially the same chance of
producing reproducing, dying, migrating and speciating), and some theorise that these

neutral processes drive community chan@tubbell, 2001)However, other authors
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argue that niche or determinigt factors, such as the suitability of the prevailing
environmental conditions and biological interactions (e.g. predation and competition),
are as or more important in driving community assenm(idMyacarthur and Levins, 1967,
Abrams, 1983, Purves and Turnbull, 201@v8r and Milner, 2012)Taken together,
neutraland deterministic processes facilitate the existence of metacommunities (i.e. a
network of local communities between which multiple, potentially interacting species
are able to disperse), which collectively sustain a wider species pool than may exist in
any one specific locatio@Wilson, 1992, Mouquet and Loreau, 2002, Leibold et al.,
2004)

Several studies have looked at the initial colonisation of nendated
freshwater habitatfMalmqvist et al., 1991, Milner et al., 2007, Louette et al., 2008,
Ruhi et al., 2009, Cafedaoguelles and Rieradevall, 2011, Jeffries, 2@hd)others
have carried out chronosequence (spdoe-time) studies looking at streams, pools
and lakes of different agg8arnes, 1983, Gee et al997, Fairchild et al., 2000, Milner
et al., 2000, Ruse, 2002)ne of the most consistent findings is the early colonisation
of aquatic habitat by Diptera, especially Chironomi¢@arnes, 1983, Malmqvist et al.,
1991, Flory ad Milner, 2000, Cafnedarguelles and Rieradevall, 201Chironomids
are, at best, weak fliers and are most effectively dispersed by the wind during swarm
events. However, this dispersal technique is highlgaive and, when combined with
a short life cycle, enables the rapid colonisation of new hab{fatmitage et al., 1995)
There is also evidence for a change in chironomid community structure over time, with
a shift from earlycolonising Tanytarsini to Chironomini with incremsage(Barnes,
1983, Ruse, 2002)n acid ponds, however, Orthocladiinae and Tanytarsini are known

to dominate, with very few Chironomini presefarnes, 1983)
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Other taxa such as Cladocera, Coleoptera, Plecoptera, Ephemeroptera,
Heteroptera, Trichoptera, Odonata and Oligochaeta have also been reported to
colonise new still waters within the firgear after creation(Malmqvist et al., 1991,
Louette et al., 2008, Ruhi et al., 2009, Cafiddgielles and Rieradevall, 2011, Jeffries,
2011) However, the initial sharp rise the number of species can be followed, fairly
quickly, by a slower increase wiBarnes (1983)eporting that the rate of new taxa
colonising ball clay ponds in Dorset (UK) levelled out to less than one taxon per year
after the first twoyears. However, the study found a difference between the Diptera
species curve, which levelled out after one year, and the-Dgotera curve, which
continued to increase until the third yeéBarnes, 1983)As a consequence, most
studies report no sigficant relationships between pool age and biodiversity metrics
(Gee et al., 1997, Louette et al., 2008, Cafddgielles and Rieradevall, 2011)
However, the community composition and relative abundance of taxa does appear to
change over time. Hemipterans have been reported to reduce in relative abundance
with pool age, whilst Trichoptera increase stea@@warnes, 1983nd Odonata are
generally more abundant in later successional stggasnes, 1983, Malmqvist et al.,
1991, Caried@d\rguelles and Rieradevall, 201Despite their capacity for active flight,
Coleoptera have been reported by some studies as being gstdhe later colonisers
(Malmqvist et al., 1991, Cafedrgielles and Rieradevall, 201a)though one study
of small, temporary ponds dug in a seasonally flooded field in Northumberland (UK)
reported the dytiscid beetldgabus bipustulatug/ithin seven days of pool creation
(Jeffries, 2011) The community composition of beetle species has been shown to
differ in pools of different ages, with predatory dysticids in pools created < 10 yrs

previously as part of wetland destruction mitigation measures, to herbivorous
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curculionids anahrysomelids in a range of nearby, older reference pdia@srchild et
al., 2000)

Changes immacroinvertebratecommunity composition over time have been
linked to the development of new microhabitats (e.g. colonisatiowlifferent
macrophytes), the increase in biological interactions such as predation and
competition, and the relative dispersal abilities of colonising té&arnes, 1983,
Malmaquvist et al., 1991, Fairchild et al., 2000, CaRédgiielles and Rieradevall, 2011)
The identity of the earkgolonising or remnant (i.e. present after a disturbance) taxa
can also shape the subsequent community and is known as a priority effect. Priority
effects include both physical (e.g. habitat modification) and biological (e.g. competition
or predation) processs(Ledger et al., 2006, Jeffries, 201The mechanisms driving
community assembly caasisobe viewed within the context ofhe three biotic models
of succession; facilitation, tolerance and inhibition, originally propose@dyell and
Slatyer (1977)or plants and sessile animalBhis framework hasincebeenused to
explain the community assembly auatic faunafor exampleBrown and Milner
(2012)found that tolerance was a key mechanism underpinning primary succession in
a glacial stream invertebratsommunity, as evidenced by the continual addition of
new traits to the macroinvertebrate community whilst none were lost. However, it is
likely that there will be elements of all three processes found in peatland pools;
facilitation (e.g. the arrival ofrpy species such as chironomid larvae will facilitate the
settlement of prey), tolerance (e.g. species with similar traits cohabiting) and inhibition
(e.g. an increase in vegetation cover will inhibit the movement of taxa such as
Hemiptera).

Stochastic disirbances (e.g. drought or inundation) also drive community

change, and the small pools formed by drailncking are more susceptible to events
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such as drought and desiccation, overheatamglfreezing Although the small size of
drain-blocked pools will at deter the majority of invertebrates from colonising, pool
permanence is likely to be a major factor determining species persis{®iettborn et
al., 1996) For example, watelevel irstability can disrupt developmental cycles,
resulting in failure to metamorphose or to reach a drougbsistant stag€Urban,
2004) Furthermore, small pools on areas of UK moorland are at high altitude and
freeze for long periods ovevinter, which may lead to anoxia and reduced nutrient
levels in the water below. Thus, the small size of dtdatked pools may act as a
filter, decreasing the overall diversity and leading to more similar community
composition than in less disturbed plsgChase, 2007)

The aim of this study was to analyse macroinvertebrate community assembly in
drain-blocked pools in the Pennines (northern England). This was achieved by (a)
monitoring a set of newly created pools for the first eigértemonths of their lifespan
and (b) undertaking a longe¢erm chronosequence survey of pools belonging to

different age classes (<3 yearsd years and 10+ years). The hypotheses were:

Hi. Chironomids would be early colonisékalmqvist et al., 1991, Flory and
Milner, 2000, Cafeddrguelles and Rieradevall, 20Ml)e to their high dispersal
abilities and short life cyclgg\rmitage et al., 1995)

H.. Taxon richness and abundance would rise most sharply within the first two
years after pool creation but would stao level out thereafter, leading to no
significant differences in biodiversity metrics between the oldest age cléBseses,
1983, Gee et al., 1997, Cafedagielles and Rradevall, 2011)

Hs. Macroinvertebrate community structure and the relative abundance of taxa

would change over time due to factors such as the different dispersal abilities of taxa,
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biological interactions b&teen the invading taxa and temporal changes in the habitat
structure (e.g. vegetationBarnes, 1983, Malmqvist et al., 199ajrEhild et al., 2000,
CafnedeArguelles and Rieradevall, 201However, intefpool community similarity

was predicted to increase with pool age, due to thecayntibility of small pools to
stochastic events. For example, desiccation events select for draalgant taxa

(Urban, 2004, Chase, 2007)

4.2 Methods

4.2.1 Studysites

Initial community assembly in newhfocked drains was monitored at Moor
House NNR (Tabiel), where the drainage ditches had been blocked in December
2012. Regular sampling (every two months) was undertaken from April 2013 to June
2014 (pool age 4 to 18 months), apart from over winter 2012/2013 when inclement
weather hindered site access or tdted in frozen pools. Five drainage ditches were
selected and, on each occasion, one pool from each drain was sampled for
macroinvertebrates and environmental characteristics. Different pools were sampled
on each sampling visit. This dataset is referredfdm here on as thdoor House
pools

For the chronosequence survey, six sites were selected (five plus Moor House),
two for each age category (time since blocked); <3 yea8sy&ars and 10+ years, with
all sites located within the English Pennines(€4.1, Figure 4.1 At each site, five
drainage ditches were selected and one pool from each was sampled in June 2013.
Sampling was repeated in June 2014, giving a total of ten pools per site and twenty

pools per age class. Different pools were samjatetthe second year to avoid any



Table4.1. Study sites descriptionfetails of the sampling sites including age class and time since
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blocked.
. Drains Pool Age Pool Age :
Site Name Lat Long Blocked Age Class 2013 (years) | 2014 (years) Altitude (m)
54° 41' 27"N
Moor House 20 901 BE 2012 <3yrs 0.5 15 572
. 54° 7' 39"N
Tennant Gill 20 11' 28"W 2011 <3yrs 15 25 506
54° 52' 55"N
Cold Fell 20 36" 21"W 2008 5-8yrs 5 6 590
54° 43'15"N
Yad Moss 2° 20" 36"W 2006 5-8yrs 7 8 615
54° 54' 28"N
Halton lea 20 301 51" 2012 10+yrs 10 11 393
Oughtershaw 54° 13'59"N
Beck 20 14" 12"W 1999 10+yrs 14 15 401
: W+E .
+*
n
L]
\'I 4 o
Legend
4 Moor House
® Tennant Gill
W Cold Fell
® Yad Moss
+ Halton lea
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.
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Figure 4.1Map of study sites

sampling artefacts from the first effort (the pools were so small that sampling could be

likened to a disturbance event, with associated population manipulation). However,
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pools sampled in the second year were all located within the same drains as those
sampled in year oneThis dataset is referred to as tisronosequence poolBotential
sites were identified via communications with land management agencies and by
viewing online satellite and aerial images, then site visits were carried out to confirm
the suitability of the sites and the pools (e.g. site accessibility, pool sizeAtc).
OK2aSy L22fa KI R The sangipdold & each\slelwerekselected
randomly on the day. The two June sampling efforts from the Moor House pools were
included in the Chronosequence dataset as part of the <3 years pdbsstes had
blanket peat cover, with vegetation dominated Byiophorumspp. andCalluna
vulgaris(L.), with varying amounts &phagnunspp. cover. Climate data were not
available for d the sites butdata from a weather station at Moor House NNR (NY
754329) are considered as typical for the north Penninesgmmannual precipitation
from 2000 to 2012 was 2001 mm, with a corresponding mean monthly temperature of

6.28°C(ECN, 2014)

4.2.2 Samplingmethodology
The sampling methodology for environmentdlaracteristics and

macroinvertebrates was the same as auid in GQapter 3.

4.2.3 Statisticalanalysis
For the Chronosequence dataset, analyses were carried out to look for
differences between the three age classes. Detailed explanations of the anedyses
be found in section 3.2.3 @hapter 3 but included; (1) Principal Component Analysis
(PCA) to help examine variance in the environmental variables, (2) the calculation of
four biodiversity metrics; taxon richness, abundance, tHeA Y LJA 2 Y Q¥ndex A OSNB A ( &

0<0 | YR -Rake IndexS(D)HD M use of generalised linear models (GLMS)
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and generalised linear mixed models (GLMMsjompare the environmental and
biodiversity variables between the age classes and (4) nMDS ordination, ANOSIM and
SIMHER analysis in PRIMERo analyse the community composition of both the Moor
House and the chronosequence datas@&mdiversity analysis was again carried out
for all taxa combined and also for the two most taxonomically rich and abundant taxa;
Chironomdae and Coleoptera.o aid visual interpretation of the nMDS ordinations
some outlying pools were removethree >3 years pools from the overall nMDS, four
pools from the Chironomidae nMDS (one >3 years, tvoygars and one 10+ years)
and four >3 yearsgols from the Coleopteran nMDA&Il GLM3 GLMMswere
performed using R 3.1.2As in Chapter 3, the environmental and biodiversity datasets
were tested for spatial autocorrelation but in this case only two environmental
variables were found to be spatiabyitocorrelated.Further to this, for the Moor
House pools, Spearman Rank correlations were used to look for relationships between
pool age (time since blocked) and the four biodiversity metrics. Spearman Rank tests
were used in preference to GLMs due hetpool age variable being categorical and

were carried out in Minitab 17.

4.3 Results

4.3.1 Environmentalcharacteristics

Physically, the 8 years pools were the deepest, with the largest perimeters
and the greatest water volume (Table?); they were significantly deeper than the <3
years pools and had significantly larger water volumes than both the other age classes.
The 10+ years pools had significantly smaller perimeters than either the <8 peérs

pools. Vegetation cover differesignificantly between all three age classes, with the <3
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years pools having by far the lowest cover and the 10+ years pools the highest. With
regards to the water chemistry, the most marked difference was in levels of DO, with
the <3 years pools exhibignsignificantly lower levels than either of the other two age
classes, which had very similar levels to each other. EC was significantly higher in the
10+ years pools than for either other age class, and pH was significantly higher in the
<3 years pools tin the 58 or 10+years pools. TheSbyears pools had significantly
lower concentrations of K and Si than either of the other two age classes, and the 10+
pools had significantly higher concentrations of Mg, Na and CI than the other two
classes (Tabk.2).

The PCA generated five PCs with Eigenvalues > 1, with the first two PCs
accounting for 40.9% of the variation (Ta#l8). The strongest loading on PC1 was a
negative one for Na@.423). PC2 had two strong loadings for physical characters:
depth (0.43) and volume (0.400). When the PC scores were analysed by age class the
<3 years pools were associated with positive scores on PC1 and negative scores on
PC2, the B years pools were positive on both PC1 and PC2, and the 10+ years pools
were associated wh negative scores on both but more strongly so on PC1 (Fy2ye
Overall, the PC1 scores were significantly different between all three age classes (p <
0.001), whereas the difference between the PC2 scores was only significant if we
accept p = 0.05.df the PC1 scores, the 10+ pools were significantly different from
both the <3 years (t =3.40, p = 0.001) and the&years (t = 4.21, p < 0.001) pools. For
the PC2 scores, only the <3 an@ §ears pools were significantly different from each

other (t =2.47, p = 0.02) (Figure 2).
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Table4.2. Environmentalvariablesand GLM/GLMM resultdedians (plus interquartile range), of the

different age classes, along with GI@LMMresults reporting the overall differences and differences

between the age classes. Significant resultg<.05 are highlighted inboltt & A Iy AFA S& D[ aa
opposed to GLM

Age Class GLM Results
Variable <3yrs 5-8yrs 10+yrs Overall <3yrsv 58yrs | <3yrsv 10+ yrs| 5-8yrsv 10+yrs
UDepth 18 28 19 -0.02 t=3.42 t=1.92 t=1.50
(cm) (15) (11) (21) a=>0 g =0.002 gq=0.05 g=0.10
Perimeter 521 595 370 - 0.001 t=0.88 t=-3.17 t=4.05
cm 311 327 157 - q=0.23 g = 0.004 q=0.001
q
Volume 0.40 0.74 0.25 -0.01 t=2.07 t=-1.14 t=3.21
(m? (0.74) (0.59) (0.51) a="0 q=0.04 q=0.17 q=0.003
Vegetation 13 97.5 100 <0.001 t=3.54 t=6.84 t=-3.30
cover (%) (23) (200) 0) q=0 g =0.002 g <0.001 g =0.003
DO 6.58 9.34 9.16 - 0.001 t=-3.78 t=-3.57 t=-0.23
(mg LY (2.31) (4.49) (2.55) q="9 g <0.001 g =0.002 q=0.37
EC 36.95 44.65 46.30 - 0.003 t=0.94 t=3.48 t=-2.53
(us cm?) (10.02) (14.50) @so00) | 9% q=0.22 q=0.002 q=0.01
pH 4.20 4.04 4.00 q=002 t =_2.55 t =_2.35 t=_0.21
(0.22) (0.35) (0.45) g=0.01 gq=0.02 q=0.38
TN 1.01 0.88 0.80 -034 t=-0.88 t=-0.66 t=-0.22
(mg LY (0.38) (0.50) (0.60) a=90 q=0.23 q=0.27 q=0.37
TP 0.03 0.02 0.03 -0.02 t=-0.38 t=1.85 t=-2.00
(mg L) (0.02) (0.01) (0.02) a=90 q=0.35 gq=0.05 q=0.04
DOC 34.68 38.28 33.07 -035 t=0.54 t=0.85 t=-0.31
(mg LY (12.12) (19.01) (17.23) =90 g=0.31 q=0.23 q=0.36
Al 0.06 0.07 0.06 -0.23 t=-1.23 t=-0.07 t=-1.16
(mg LY (0.09) (0.04) (0.10) =90 gq=0.16 q=0.42 q=0.17
Ca 0.46 0.24 0.34 ~0.02 t=-2.79 t=-1.84 t=-0.95
(mg LY (0.51) (0.25) (0.22) a=90 gq=0.01 gq=0.05 q=0.22
Fe 0.34 0.47 0.49 =023 t=-0.78 t=0.56 t=-1.34
(mg L) (1.40) (0.37) (1.61) =90 q=024 q=0.30 q=0.13
UK 0.17 0.06 0.20 ~0.01 t=-3.07 t=-0.31 t=-2.76
(mg LY 0.77) (0.10) (0.44) a="9 g =0.004 q=0.36 g=0.01
Mg 0.38 0.32 0.43 - 0.002 t=-1.40 t=2.32 t=-3.70
(mg LY (0.12) (0.10) (0.20) q="0 g=0.12 gq=0.02 gq=0.001
Na 2.80 3.21 3.74 <0.001 t=0.66 t=4.62 t=-3.96
(mg LY (0.61) (0.65) (1.89) q= q=0.27 g <0.001 g =0.001
Si 0.12 0.05 0.13 - 0.002 t=-2.63 t=0.86 t=-3.22
(mg LY (0.12) (0.04) (0.26) q=" g=0.01 q=0.23 p =0.003
Cl 2.56 3.89 5.68 - 0.001 t=1.33 t=11.47 t=-10.14
(mg L) (3.72) (3.52) (5.72) q=" q=0.26 q=0.001 q=0.01
SQ 0.26 0.26 0.35 - 0.42 t=-0.25 t=0.02 t=-0.28
(mg LY (0.25) (0.39) (0.51) a="0 q=0.37 q=0.42 q=0.37
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Table4.3. PCAmetrics.PCscoresgigenvalues and % variance explained for the five PCs with

Eigenvalues >1, produced from the environmental dataset. Scores > 0.4-@ddasre highlighted to aid

interpretation.

Variable PC1 PC2 PC3 PC4 PC5
Depth -0.096 0.431 -0.105 0.144 -0.100
Perimeter 0.173 0.328 -0.129 0.262 -0.261
Volume 0.082 0.400 -0.151 0.347 -0.250
Veg -0.143 0.031 0.170 0.296 0.506
DO 0.018 0.098 0.245 0.503 0.253
EC -0.332 0.064 0.256 -0.048 -0.020
pH 0.053 -0.347 -0.255 0.162 -0.216
TN -0.179 0.062 -0.395 -0.266 0.149
TP -0.116 -0.114 0.112 0.109 -0.033
DOC -0.212 0.250 -0.181 -0.177 0.381
Al -0.289 -0.083 -0.359 0.073 0.151
Ca 0.006 -0.392 -0.207 0.145 -0.102
Fe -0.299 -0.116 -0.346 0.191 0.137
K -0.227 0.082 -0.047 -0.205 -0.379
Mg -0.370 -0.157 0.200 0.073 -0.202
Na -0.423 0.077 0.155 -0.006 -0.083
Si -0.231 0.043 -0.304 0.302 -0.125
Cl -0.369 0.001 0.275 0.020 -0.253
SQ 0.024 -0.346 0.053 0.326 -0.017
Eigenvalues 4.57 3.21 2.85 1.95 151
9%\Variation 24.0 16.9 15.0 10.2 7.9

(a) - (b)

PC Score
&

<3 yrs 5-8 yrs 10+ yrs <3 yrs 5-8 yrs 10+ yrs
Age Class

Figure4.2. PCA metricaMean PC scores (+ st. dev) for each pool type; (a) PC1 and (b) PC2.
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4.3.2 Macroinvertebrate biodiversity

Over the two studies, 11492 macroinvertebrates belonging to 76 taxa were
collected and identifiedalthough this figure was reduced to 68 after taxonomic
adjustment(Appendix A). Chironomidae were the dominant taxon in both datasets,
accounting for 22 of the 45 taxa identified at Moor House, and 27 of the 72 taxa in the
chronosequence pools. Beetlegke also welrepresented in both studies with eight
adult species found at Moor House, rising to 16 in the wider study (Appendix A).

Macroinvertebrate abundance changed substantially in the first 18 months
since drairblocking, with the largest increase between June and August 2013, when
total numbers jumped from 31 to 995 (Figuea). In this time period, total
abundance reached a p& in December 2013 (n = 1075) mainly due to the large
numbers of Chironomidae (n = 842) and Plecoptera (n = 164). In the Moor House
pools, four taxa each accounted for > 1% of overall abundance, with chironomids being
by far the largest contributors (7%8%6), followed by Hemiptera (8.48%), Coleoptera
(5.87%) and Plecoptera (5.78%). Chironomids were by far the most abundant taxa in
each sampling effort, both in total (Figu4e2a) and relative abundance (Figut&b).
The only other taxa to reach doubledigs for relative abundance in any one sampling
period were Hemiptera (28.35%), and Coleoptera (13.19%), both in June 2014, and
Plecoptera (15.26%) in December 2013. Chironomidae, Plecoptera, Trichoptera and
other Diptera were all found on the first sammji occasion (4 months), whereas
Coleoptera and Hemiptera were absent until six months and then only constituted one
or two individuals. The first oligochaetes appeared after ten months, and no odonates
were found.

Analysis of the chronosequence pools shavtieat seven taxa each accounted

for > 1%of overall abundanceChronomidae (47.0%), Coleoptera (34.4%), Hemiptera
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(6.0%), Plecoptera (4.4%), other Diptera (3.7%), Trichoptera (2.1%) and Odonata
(1.70%). The total abundance of macroinvertebrates was gs¢atehe 58 age class
and lowest in the 10+ age class, mainly due to the paucity of chironomids in the oldest
pools (Figuret.3c). Only one taxon, Hemiptera (adults and nymphs), was most
abundant in the <3 years age class. Three taxa were most abumdt® 58 years
age class; Chironomidae, Plecoptera and Trichoptera. In the 10+ age class, Coleoptera
(adult and larvae), other Diptera, Odonata, Oligochaeta and Collembola were all more
abundant than in either of the younger age classes (FigL3®. Thetaxon with the
highest relative abundance in both the <3 years arly®ars pools was
Chironomidae, whereas more than half of the individuals in the 10+ year pools were
Coleoptera (Figurd.3d). The relative abundance of other Diptera was also much
higher in the 10+ years pools, and both the total and relative abundance of Odonata

increased with pool age (FigurésSc, 2d).
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Figure4.3. Total and relative abundanaeetricsof taxa accountig for >1% of total abundance in (a)

and (b) the Moor House pools and (c) and (d) the Chronosequence pools.
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Thirteen of the 45 taxa identified in the Moor House pools were found in the
first sampling effort (4 months) (Figure4d). The species curve camied to rise quite
sharply until ten monthsalthough it was still increasing at the end of the study. The
chronosequence species curve also showed a sharp rise at the start, with 44 of the 72
taxa found within the first 2.5 years (Figurelld). The curve continued to rise, levelling
off at about ten years, although three new taxa were found for the first time in the
oldest pools (15 years): tHeipteraPediciasp. andTabanidaesp., along with the cased
caddisflyLimnephilus centralign thechronosequence pools, the chironomid
Chironomus plumosuwsas widespread and abundant in pools up to the age of 5 years,
but completely absent from pools aged 7+ years. Similarly, two adult hemipterans;
Gerris costa@and Callicorixa wollastonvere notfund in any pools aged 8+ yealo
onetaxon was found throughout the entire dataséijt the beetleAgabus

bipustulatuswas present in every pool age except 6 months and 15 years.
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Figured.4. Species curvefor (a) the Moor House pools and (b) the chosequence pools.

In the Moor House pools, both taxon richness and abundance increased

significantly with pool age over the 18 months (Tabk Figuregl.5a, b), although
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mean abundance reached a peak at 12 months (December 2013) and mean taxon
richness at 16 months (April 2014). The main rise in both taxon richness and
abundance was seen between 6 and 8 months (June and August 2013). The
relationship betweerpool age and BergdParkerwas also significar{although not

linear), but that betweenpool age and 4Simpsons was ndifable4 .4, Figure<l.5c, d).

Table 4.4 Biodiversity metricgMoor House poolsMeans (+ st.dev) for the differemool agesalong

with Spearman Rantesults reporting the differences between tipeol ages.

4 6 8 10 12 16 18 Spearman Rank
Variable Apr Jun Aug Oct Dec Apr Jun Rs p-value
Taxon 3.80 2.60 9.00 7.80 9.20 11.20 10.40 075 <0.001
Richness | (2.68) (1.52) (3.74) (1.64) (1.10) (1.64) (2.07) ' '
7 6 199 146 215 168 171
Abundance ®) ®) (118) (94) (138) (78) (46) 0.60 <0.001
L 0.71 0.76 0.64 0.45 0.70 0.81 0.72 0.05 0.77
Simpsons | (0.26) (0.33) (0.16) (0.15) (0.11) (0.07) (0.10)
Berger 0.57 0.64 0.50 0.73 0.47 0.31 0.44 -0.38 0.02

Parker | (0.21) | (0.28) | (0.16) 011) | 012) | (0.12) (0.14)
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Figure4.5. Relationships between pool ab@diversity metrics (Moor Hougeools) (a) taxon richness,
(b) abundance, (c)-$impsons and (d) Berger Parker for the Moor House pools. N = 5 per pool age, with

some replicates having the same values
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Forthe chronosequence pools, there was no linear relationship between pool
age (in years) and any of the four biodiversity metrics (Fig@e Mowever, both
taxon richness and abundance rose sharply between 0.5 and 1.5 years, with richness
displaying a dowwards trend after five years but with a slight rise again at 15 years.
The relationship for abundance was less defined but suggested a peak between five
and seven years (Figure$4d,b). There were no discernible patterns in either 1

Simpsons or Bergé&taker over the time series (Figures$d, d).
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Figure4.6. Relationships between pool age apiddiversity metricsghronosequence poolgg) taxon
richness, (b) abundance, (cSlmpsons and (d) Berger Parker for the chronosequence pools.
Therewere nosignificant differencein either taxon richnes®r
macroinvertebrate abundance between the three chronosequence age classes
although the test for abundance was borderline signifiq@rable4.5). However, he 5

8yr pools displayed significantlygher taxon richness than the <3 years pools (Table
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45, Figured.7a), and the 10+ years pools had significantly lower abundance than the
5-8 years pools, which had the highest average abundance (F&hlEigured.7b).
There was no significant differeman either of the biodiversity indices:Simpsons and

Berger Parker (Tabke5, Figurest.7c, d).

Table4 5. Biodiversitymetrics ¢hronosequence poolsMeans (st.dev) for the different age classes in
the chronosequence pools, along with GLM restd{sorting the overall differences and those between

the three age classes. Results at p<0.05 are highlighted in bold.

Age Class GLM Results
Variable <3yrs 5-8yrs 10+yrs Overall <3 v 58yrs <3 v 10+yrs | 5-8 v 10+yrs
Taxon 9.35 11.45 9.70 - 0.08 t=2.09 t=0.35 t=-1.74
Richness (4.53) (2.46) (1.95) p=0 p=0.04 p=0.73 p=0.09
118 174 99 _ t=1.65 t=-0.71 t=2.35
AEITRETEE (89) (151) 61 | P00 | p-om p =048 D =002
P S— 0.73 0.66 0.69 032 t=-1.47 t=-1.01 t=0.46
P (0.15) (0.18) o1 | P7% p=0.15 p=032 p=0.65
Berger 0.48 0.50 0.49 -0.94 t=0.35 t=0.10 t=-0.24
Parker (0.18) (0.19) (0.13) p=0 p=0.73 p=0.92 p=0.81
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4.3.3 Macroinvertebratecommunity composition
The Moor House pools displayed a significant difference in community
similarity between pools ages (ANOSIM, Global R = 0.468, p = 0.001) (Ryure 4.
Pairwise comparisons showed that the commussityilarity was most similar for pool
ages of 4 and 6 months (R = 0.174, p = 0.12). The community similarity was least
similar for pool ages of 16 and 18 months (R = 0.796, p = 0.008), followed by pool ages

of 10 and 18 months (R = 0.752, p = 0.008) thand!8, and 4 and 18 monthkdth R

= 0.716, p = 0.008).
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Figure4.8. nMDS ordinatior{(Moor House poolsshowing the similarity between thgools of different
ages overlaid with taxa highlighted by the SIMPER analysis (see Z.8l&e4.7).

In the Moor House poolanacroinvertebrate communities generally became
more similar with age (Tab#6). The pools were least similar to eachetlat 6
months (9.706) and most similar at 16 months3(B3%). At 4, 6 and 8 months, the

defining taxa were all chironomids with the exceptiorN#mouraspp. in the 4
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months pools. Chironomids continued to dominatetil the 18 monthspools, when
the taxa contributing most to the overall community similarity wétevollastoniand
Dytiscidae larvagfollowed by two chironomid taxal' he defining chironomid taxa
changel over time at Moor House, withimnophyesnd Pseudorthocladiukund only
in the 4 and 6 months pools, theéh plumosusbecoming prominent from 8 ta6
months before being replaced & mucronataand P. obviusin the 18 month old
pools.Average dissimilarity between the two June sampling periods (6 and 18 months)
was high (86.25%), with the abundanceXivollastoni Dytiscidae larvae and three
chironomid species increasing markedly in the older pools, whereas abundance the

beetle H. flavipesreduced to zero (Table 4.7).

Table4.6. SIMPER analygisloor House poolsg intra-pool age similarityDefining taxa for ach pool
age (i.e. contributing up to 70% of the overall similarity); average abundance (after square root

transformation), % contribution and % cumulative contribution to the overall similarity.

Pool Age Taxon Av. Abund. % Contrib % Cum
4 months Nemoura cambrica 3.70 37.11 37.11
Avefage similarity: Orthoclad sp 2.68 28.94 66.05
18.45% Limnophyes 2.86 13.83 79.88
6 months Pseudorthocladius 3.17 76.79 76.79
Average similarity: 9.709
8 months Chironomusgplumosus 6.33 37.65 37.65
Average similarity: Psectrocladius obvius 5.76 35.17 72.81
62.52%
10 months Chironomus plumosus 8.51 62.47 62.47
Average similarity: Dytiscidae larvae 2.36 12.3 74.76
62.59%
12 months Chironomus plumosus 6.12 34.88 34.88
Average similarity: Nemoura cambrica 3.71 19.01 53.89
61.68% Psectrocladius obvius 3.63 13.16 67.05
Zalutschia mucrontata 2.42 10.14 77.19
16 months Chironomus plumosus 5.46 24.68 24.68
Average similarity: Tanytarsus pallidicornis 4.23 18.67 43.35
68.23% Psectrocladiusbvius 3.41 14.56 57.91
Nemoura cambrica 2.81 10.61 68.51
Zalutschia mucrontata 2.56 10.13 78.64
18 months Callicorixa wollastoni 5.1 24.67 24.67
Average similarity: Dytiscidae larvae 3.45 18.91 43.58
61.39% Psectrocladius obvius 3.98 16.33 59.91
Zalutschia mucrontata 2.81 13.16 73.07
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Table 4.7 SIMPER analysis (Moor House pogls}er-age class dissimilaritfiaxa which contribute at
last 5% to the overall difference betweéme two June sampling efforts (when the pools were aged 6
and 18months). Acerage abundance (after square root transformation), % contribution and %

cumulative contribution to overall dissimilarity.

Pool Ages Taxon | Av.Abund. | Av. Abund. | % Contrib. | % Cum.
6 months 18 months

Groups 6 & 18 Calllicorixa wollastoni 141 5.1 12.81 12.81

months _ | Psectrocladius obvius 0 3.98 11.2 24.01

ggg;zajlssmnanty ~ | Chironomus plumosus 2.23 3.66 9.59 33.6
Dytiscidae larvae 0.82 3.45 8.52 42.12
Pseudorthocladius 3.17 0 8.46 50.58
Zalutschia mucrontata 0 2.81 7.93 58.51
Helophorus flavipes 2 0 6.43 64.94
Parametriocenmus 1.87 0 5.57 70.51

There was a significant difference in macroinvertebrate community similarity
between the three chronosequence age classes (ANOSIM, Global R = 0.356, p = 0.001).
Pairwise comparison revealed that community similarity for all three age classes w
significantly different from each other, with the <3years and 10+years pools being the
least similar (R=0.515, p = 0.001), followed by #8y&ars and 10+years pools
(R=0334, p = 0.001). The <3rs an@years pools were the most similar (R=0.205, p =
0.001) (Figure 9). SIMPER analysis for the chronosequence pools showed that the
pools became more similar to each other with time since blocking; the 10+ age class
poolsdisplayed the highest level of similarigl(31%) then the 8 years 87.4246)
with the <3 years pools the least simil80(86%) (Table 8&). In all three age classes
Dytiscidae larvae were the biggest contributors to overall similarity. However, indthe <
years pools the remaining contributors consistedvad chironomid taxa andC.
wollastonij in the 58 years pools the stonefly. cambricavas the second largest
contributor, followed by two chironomid species, and the 10+ years pools were further

defined by the adult beetlesl. tristisandH. gyllenhali{Table 48).
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ordination axis.

Dissimilarity analysis revealed that the youngest and oldest age classes were the least
similar to each othergveragedissimlarity = 81.81%), with Dytiscidae larv&e fristis,

H. gyllenhaliiand thebiting midge larva Ceratopogininae all more abundant in the 10+
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pools (Table 4.9). The hemipter@wollastoniwas more abundant in the >3 years
pools than either of the otherge classes and the stonefly cambricamore abundant

in the 58 years pools.

Table4.8. SIMPER analyghronosequence pog)s intra-age class similarityDefining taxa for each age
class (i.e. contributing up to 70% of the overall similardygrage abundance (after square root

transformation), % contribution and % cumulative contribution to the overall similarity.

Pool Age Taxon Av. Abund. % Contrib % Cum
Group <3yrs Dytiscidae larvae 3.46 28.90 28.90
Average similarity: 30.86( Chironomus plumosus 3.20 20.62 49.52
Psectrocladius obvius 2.83 16.39 65.91
Callicorixa wollastoni 2.11 8.30 74.21
Group 58yrs Dytiscidae larvae 5.22 38.38 38.38
Average similarity: 37.42 [ Nemoura cambrica 2.46 15.85 54.23
Psectrocladius obvius 1.93 8.25 62.49
Zalutschia mucrontata 2.08 7.88 70.37
Group 10+yrs Dytiscidae larvae 5.68 43.36 43.36
Average similarity: 41.31[ Hydroporus gyllenhalii 2.20 14.02 57.38
Hydroporus tristis 2.27 13.76 71.14

Table 4.9 SIMPER analysishfonosequencgools)¢ inter-age class dissimilaritfiaxa which contribute
at last 5% to the overall difference between age classes, average abundance (after square root

transformation), % contribution and % cumulative contribution to overall dissimilarity.

Pool Ages | Taxon | Av.Abund | Av.Abund | % Contrib. | % Cum.
Group <3yrs Group 58yrs
Groups <3yrs & -8yrs Dytiscidae larvae 3.46 5.22 9.05 9.05
?;g;}%e dissimilarity = [ chironomus plumosus 3.20 1.69 8.46 17.51
' Psectrocladius obvius 2.83 1.93 6.95 24.47
Nemoura cambrica 0.20 2.46 6.84 31.31
Callicorixa wollastoni 2.11 1.05 6.53 37.84
Zalutschia mucrontata 1.27 2.08 6.05 43.89
Group <3yrs Group 10+yrs
Groups <3yrs & 10+yrs| Dytiscidae larvae 3.46 5.68 8.07 8.07
g\l’%r;/%e dissimilarity = [~ chironomus plumosus 3.20 0.00 8.02 16.08
' Psectrocladius obvius 2.83 0.34 6.48 22.56
Hydroporus tristis 0.16 2.27 5.51 28.08
Callicorixa wollastoni 2.11 0.34 5.51 33.59
Ceratopogininae larvae 0.00 2.17 5.41 38.99
Hydroporus gyllenhalii 0.22 2.20 5.13 44.12
Group 58yrs Group 10+yrs
Groups 88yrs & 10+yrs| Dytiscidae larvae 5.22 5.68 7.68 7.68
g\gelrg/%e dissimilarity = [ Nemoura cambrica 2.46 1.14 6.25 13.94
' Ceratopogininae larvae 0.00 2.17 6.04 19.97
Zalutschia mucrontata 2.08 0.04 5.68 25.65
Psectrocladius obvius 1.93 0.34 5.26 30.92
Hydroporus tristis 0.80 2.27 5.02 35.93
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4.3.4 Chironomidae biodiversity and community compaosition

Thel0+ years poolbostedthe least diversehironomid commauities, with the
lowest richness, abundance aneSlmpsons and the higheBerger Parkescore (Table
4.10, Figure 4.0). There was significant difference between age classes for taxon
richness, abundancandBerger Parker, with the main differences betweée L0+
pools and both of the younger age classes.
Table 4.10Chironomidae biodiversity metrics (chronosequence podl&ans (st.dev) for the different

age classes in the chronosequence pools, along with GLM results reporting the overall differences and

those between the three age classes. Results at p<0.05 are highlighted in bold.

Age Class GLM Results
Variable <3years| 5-8years| 10+ years Overall <3v58yrs | <3v10+yrs 5-8 v 10+ yrs
Taxon 4.85 4.20 1.90 <0.001 t=-0.89 t=-5.29 t=4.44
Richness (2.62) (2.09) (1.12) p=5 p=0.38 p <0.001 p <0.001
73 96 14 _ t=0.51 t=-2.93 t=3.43
T e (156) (34) P=0004 | _o61 p = 0.005 p =0.001
LSTEETE 0.56 0.60 0.44 -013 t=0.54 t=-1.45 t=1.95
P (0.16) (0.19) (0.33) p=5 p = 0.60 p=0.15 p=0.06
Berger 0.63 0.61 0.78 -0.02 t=-0.32 t=2.27 t=-2.59
Parker (0.18) (0.21) (0.22) p=0 p=0.75 p =0.03 p=0.01
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The nMDS ordination suggested overlap between all three of the age classes
with regards to community composition, although the youngest and oldest pools
appeared tabe the least similafFigure 4.11)This was reflected in the ANOSIM, which
reported a significant difference in community composition between the three age
classes, although the R statistic was low (ANOSIM, Global R = 0210®01).
Pairwise comparisoconfirmed hat the main difference lay between the youngest
and oldest pools (R = 0.32, ©:801), followed by the 10+ and&years pool (R =

0.161, p = 0.001). The two youngest age classes were the most similar to each other (R

= 0.085, p = 0.01).
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Figure 4.1. Chironomidae nMDS ordination (chronosequence pa&iiswing the similarity between
the different age classeendoverlaid with taxa highlighted by the SIMPER ana(gsis Table4.11 &
4.12)
SIMPER analysis showed that irdige class sirarity decreased with pool age,
dropping from 29.48% in the youngest pools to 15.52% in the oldest (Table 4.11). The

same three chironomid taxa& plumosusP. obviusandZ mucrontatg defined the
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Table 411. ChironomidaeSIMPER analygishronosequence pools)ntra-age class similarityDefining
taxa for each age class (i.e. contributing up to 70% of the overall similarity); average abundance (after

square root transformation), % contribution and % cumulative contribution to the ovanallarity.

Pool Age Taxon Av. Abund. % Contrib % Cum
Group <3yrs Chironomus plumosus 4.26 39.74 39.74
Average similarity: 29.48% Psectrocladius obvius 3.64 29.80 69.54

Zalutschia mucrontata 1.65 6.84 76.38
Group 58yrs Psectrocladius obvius 3.36 32.62 32.62
Average similarity: 24.84% Zalutschia mucrontata 2.79 23.06 55.68

Chironomus plumosus 241 16.99 72.67
Group 10+yrs Corynoneura type A 3.06 45.28 45.28
Average similarity: 15.52% Macropelopia >34 26.29 7157

Table 412. ChironomidaeSIMPER analysishfonosequenc@ools)¢ inter-age class dissimilaritfaxa
which contribute at last 5% to the overall difference between age classes, average abundance (after

square root transformation), % contribution and % cumulative dbation to overall dissimilarity.

Pool Ages | Taxon Av.Abund | Av.Abund | % Contrib. | % Cum.
Group <3yrs  Group 58yrs
Groups <3yrs &-Byrs | psectrocladius obvius 3.64 3.36 14.55 30.57
?ggg?/oe dissimilarity: Zalutschia mucrontata 1.65 2.79 11.11 41.68
Corynoneura sp 0.61 1.48 6.88 48.55
Glyptotendipes barbipes 1.35 0.91 6.26 54.81
Macropelopia 0.12 1.65 6.10 60.92
Corynoneura arctica 0.75 0.88 5.73 66.65
Group <3yrs  Group 10+yrs
Groups <3yrs & 10+yrs| Chironomus plumosus 4.26 0.00 15.54 15.54
SZ.elr;ie dissimilarity: 5 ectrocladius obvius 3.64 1.01 12.37 27.91
Corynoneura type A 0.00 3.06 11.19 39.10
Macropelopia 0.12 2.34 9.15 48.25
Corynoneura arctica 0.75 1.91 8.88 57.13
Zalutschia mucrontata 1.65 0.20 5.52 62.65
Tanytarsinsp 1.21 0.35 5.00 67.65
Group 58yrs  Group 10+yrs
Groups S8yrs & 10+yrs| psectrocladius obvius 3.36 1.01 14.01 14.01
gg_ezrg%e dissimilarity: = - roneuraype A 0.95 3.06 13.24 27.25
Macropelopia 1.65 2.34 12.34 39.58
Zalutschia mucrontata 2.79 0.20 10.22 49.80
Corynoneura arctica 0.88 1.91 9.31 59.11
Chironomus plumosus 241 0.00 8.91 68.02
Corynoneura sp 1.48 0.81 7.62 75.64

<3years and the-B years pools, but two different tax@orynoneuraype A and
Macropelopia were most abundant in the 10+ years pools. Dissimilarity analysis

revealed that all three pools types were highly dissimilar to each other but the highest
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average dissimilarity lay between the youngest and oldest pools (94.13%) (Table 4.12).
The most abundant taxa in the <3 years poGlglumosus was absent from the 10+
years pools, and the most abundant taxa in the 10+ years pGolynoneurdype A,

was absent from the >3 years pools.

4.3.5 Coleopteran biodiversity and community compadsit

There were significant differences between the pool age classes for all four
biodiversity metrics (Table 4.1Bigure 4.2). The 10+ years pools displayed the
highest levels of taxon richness, and this was sigmifigdnigher tharthe >3 years
pools.Both the 58 years and 10+ years pools had significantly higher beetle
abundance than the >3 years podl$ie diversity indices suggested that the 10+ pools

were significantly more diverse than both of the younger age classes.
Table 4.13Coleoptera biotversity metrics (chronosequence pool§)eans (st.dev) for the different age

classes in the chronosequence pools, along with GLM results reporting the overall differences and those

between the three age classes. Results at p<0.05 are highlighted in bold.

Age Class GLM Results
Variable <3yrs 5-8yrs 10+yrs Overall <3 v 58yrs <3v 10+yrs | 5-8v 10+yrs
Taxon 2.90 3.85 4.50 -0.04 t=1.52 t=2.56 t=-1.04
Richness (2.36) (2.18) (1.19) p=0 p=0.13 p=0.01 p=0.30
26 51 58 _ t=251 t=3.01 t=-0.50
R (22 (45) o) | PTO0° 002 | p=0004 p=0.62
. 0.24 0.25 0.54 t=0.14 t=4.40 t=-4.52
1-Simpsons| ;g (0.23) ©19) | P00 5 _5gg p< 0.001 p < 0.001
Berger 0.88 0.84 0.64 <0.001 t=0.70 t=-4.33 t=3.78
Parker (0.12) (0.18) ©0.19) | P=% p=0.49 p < 0.001 p <0.001

The nMDS ordination suggested some overlap between the three age classes,
with the youngest and oldest pools appearing the most distinct from edoér
(Figure 4.13). This was reflected in the ANOSIM tests; there was significant difference
between all three age classes but with a low R statistic (ANOSIM, Global R = 0.199, p =

0.001).The largest differences lay between thg years and 10+ years pools (R =
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0.324, p = 0.001) and the&®years and 10+ years pools (R =0.223, p = 0.001). The >3

years and 8 years pools were the most similar (R = 0.059, p = 0.02).
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Figure 4.8B. Coleoptera nMDS ordination (chronosequence posiig)wing the similarity between the
different age classesndoverlaid with taxa highlighted by the SIMPER analysis as contributing >5% to

overall similarity between age classes (see Tabt4 and 4.15).
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SIMPER analysis showed that tl3years pools were the least similar to each
other, and that Dysticidae larvae were the most abundant and defining taxon in each
age class (Table 4.14). The only other taxon listed in the-agjeaclass similarity
analysis wasl. gyllenhaliiin the 10+ years age class. The youngest and oldest age
classes were the least similar to each other, with all taxa being more abundant in the

10+ years pools (Table 4.15).

Table 414. ColeopteraSIMPER analysis (chronosequence poedtgja-age classimilarity. Defining taxa
for each age class (i.e. contributing up to 70% of the overall similarity); average abundance (after square

root transformation), % contribution and % cumulative contribution to the overall similarity.

Pool Age Taxon Av. Abund % Contrib. % Cum
Group <3yrs L

Average similarity: 45.98% Dytiscidae larvae 7.45 88.47 88.47
Group 58yrs .

Average similarity: 66.76% Dytiscidae larvae 8.96 86.89 86.89
Group 10+yrs Dytiscidae larvae 7.64 58.21 58.21
Average similarity: 65.73% | Hydroporus gyllenhalii 2.96 18.05 76.26

Table 415. ColeopteraSIMPER analysishfonosequencgools)c inter-age class dissimilaritfaxa
which contribute at last 5% to the overall difference between age classes, average abundance (after

square roottransformation), % contribution and % cumulative contribution to overall dissimilarity.

Pool Ages | Taxon Av.Abund | Av.Abund | % Contrib. | %Cum.
Group <3yrs Group 58yrs
Groups <3yrs &-Byrs | Dytiscidae larvae 7.45 8.96 30.80 30.80
ﬁgl.e?r;\&)e dissimilarity: Hydroporus gyllenhalii 0.40 1.65 12.53 43.33
Agabus bipustulatus 1.02 0.93 10.30 53.63
Hydroporus pubescens 0.98 0.63 9.41 63.04
Hydroporus tristis 0.27 1.11 9.25 72.29
Group <3yrs  Group 10+yrs
Groups <3yrs & 10+yrs| Dyftiscidae larvae 7.45 7.64 23.03 23.03
éé\llzf&ajlssmllanty: Hydroporus tristis 0.27 3.18 19.04 42.07
Hydroporus gyllenhalii 0.40 2.96 17.21 59.28
Hydroporus morio 0.58 1.32 8.96 68.24
Anacaena globulus 0.19 1.22 7.70 75.95
Group 58yrs Group10+yrs
Groups S8yrs & 10+yrs| Hydroporus tristis 1.11 3.18 19.24 19.24
Qg_‘gj&e dissimilarity: 4 oporus gyllenhalii 1.65 2.96 18.44 37.68
Dytiscidae larvae 8.96 7.64 15.01 52.69
Anacaena globulus 0.58 1.22 10.15 62.83

Hydroporus morio 0.12 1.32 10.08 72.92
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4.4 Discussion

This study provides valuable insights into how the macroinvertebrate
communities of drairblocked pools assemble and change over titegpects of
biodiversity and community compositidsoth differedsignificantly with age, driven at
least partially by an increase in vegetation cover with pool age which facilitates the
colonisation of a wider range of taxa but might inhibit others. This section will now

discuss and contextualise the significant results

4.4.1 Environmentalcharacteristics

One very apparent physical change which happens to the pools over time is the
increase in vegetation cover, which is reflected in the 10+ years pools having
significantly more vegetation cover than pools in eithetraf other age classes.
Indeed, 17 out of the 20 pools in the 10+ age class had 100% vegetation TToeer.
only other study to look at the establishment of pool vegetation in receilycked
drains found that mean pool vegetation cover was 76% after eigligteen months
(Peacock et al., 201;3 much higher figure than the <3 years pools in my study, which
had a median cover of only 13%. Vegetat®mportant for macroinvertebrates as it
increases intrgpool structural complexity, providing different habitat niches and food
sources for invertebrate taxa compared to open water pools. For example, members of
the caddisfly genukimnephiluare effectve grazers of macrophytéBvorak and
Imhof, 1998)and both the presence and composition @getation stands serves to
facilitate odonate selection of suitable habit@uchwald, 1992)However, vegetation
can also inhibit other taxa; for example, Hemiptera abundance decreased in older
pools similar to findings d¥lazerolle et al. (2008)ho reported that the presence of

low shrubs and moss negatively impacted their capture because they typically swim on
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or just under the surface of the water. The relative lack of vegetation irythmgest
pools (<3 years) may also explain the significantly lower levels of DO found in them,
due to reduced rates of photosynthesis. The significantly higher concentrations of EC in
the oldest pools, underpinned by significantly higher concentrationdgfNa and Cl,
remain unexplained, as concentrations of Na and Cl would usually increase with
proximity to the coas{Hannigan and Klg-Quinn, 2014)but no such geographical bias
waspresentin this study Also, there is nothing to suggest that the relatively higher
ionic concentrations contributed to the lower biodiversity found in the older pools, as

the background levels were $ow.

4.4.2 Macroinvertebratebiodiversity

The Moor House pools were dominated by chironomids, providing support for
H. which posited that chironomids would be early colonisers. This was also reflected in
the longerterm chronosequence study, when the ritlee abundance of chironomids
was high in the <3 years age class but had declined substantially for the pools that had
reached ten years of ag&€he biodiversity metrics for the Chironomidae dataset also
suggested that chironomid communities were moredarerse in younger pools,
although the average abundance was in fact higher@y®ars poolsDiptera, and
especially Chironomidae, are well known to be early colonisers of freshwater habitats
from many studies, ranging from excavated di@jl pits in @rset (UKYBarnes, 1983)
to Arctic streams created by glacial retré&tory and Milner, 200ap a shallow
coastal lake near Barcelona (Spain) created as a mitigation measure against wetland
habitat losgCafiedeArguelles and Rieradevall, 201This ability to colonise new
habitats quickly is partly a result of good dispersal ability (wind assisted during

swarming events) along with a shaifelcycle, which allows members of this diverse
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group to establish and develop rapidly in different aquatic habitAtsnitage et al.,
1995) Although voltinism varies greatly between chironomid taamitage et al.
(1995)estimated that out of 125 chironomids taxa studied, 33% wer@altine (one
generation per year), 44% were bivoltine (two generations per year) whilst 18% were
multivoltine (three + generations per year). Orthocladiinae constituted over half of the
chironomid taxa found in both the Moor House and the chronosequencoéspahich
agrees with the findings d@darnes (1983and Dowling and Murray (1981yho both
reported that orthoclads dominated in acidic pools. As Orthocladiinae were found to
include more species with multivoltine life cycles than the Chironom{Aamitage et
al., 1995) this could help them to establish quickly and to have better survival rates in
the face of stochag drought or freezing eveni{hase, 2007)

Several results supported the first part of, vhich theorised that taxonomic
richness and abundance would rise most sharply within the first two years after pool
creation. The Moor House tiset supplied clear evidence that pioneering
communities assemble quickly, with the total abundance increasing massively between
6 and 8 months, and with 39 of the eventual 45 taxa found within the first ten months.
Layton and Voshell (1994)so found that diversity and the number of taxa increased
most rapidly in the first seven months of a study of experimental po@dgede
Arguelles and Rieradevall (20X&ported that all actively dispersing taxa (except one)
found in a 15 month study of a newly created lake were recorded within the first nine
months. Another study exhibited an even faster colonisation rateyhith ~ 50% of
the species found in a ongear study of newhereated shallow ponds on the NE
Iberian Peninsula were captured during the first two months after the ponds were
flooded (Ruhi et al., 2009 hristman and Voshell (1998sofound no significant

difference in biodiversity metrics (total density, taxonomic richness, Shannon diversity
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index, BrayCurtis similarity index) in experimental ponds between ¢imel of the first
and second years after pond creation. The authors theorised that this was partly due
to the close proximity of many sources of colonizing macroinvertebrates, meaning that
most taxa able to disperse to the new habitat had done so withanfitst twelve
months.

The 58 years pools displayed significantly higher taxonomic richnessthiea8
years poolsand also significantly higher abundance than the 10+ years pools. This
contradicted the second part of-kvhich predicted no significant differences in
biodiversity metrics between the oldest age classes. The higher taxonomic richness in
the middle age class was because 17 new taxa were added between five and eight
years. This was unexpected as most pond issideport a levelling out of new taxa by
the fifth year. For exampl&yVilliams et al. (2008)monitoreda set of newlycreated
ponds at Pinkhill Meadow in Oxfordshire (UK) and found that an initially rapid increase
in species richness flattened out after three to four years. In a study of recently
constructed wetlands in southern Swedetansson et al. (2005und that gecies
richness of benthic invertebrates levelled out after about five years. My results
therefore suggest that the species curve in dralocked pools does not stabilise as
quickly as in other lotic habitats. The increased taxonomic richness and abundance
seen in the 8 year pools may be due to physical factors, i.e. the increased depth and
water volume of these pools compared to the other age class#dsugh no
significant diference was found between pbdepth and water volume and any of the
biodiversity metrics irthapter 3 of this thesis. Furthermore, the-8 years pools
showed more intetpool variation in vegetation cover compared to the other two age

classes, perhaps eograging colonisation of a wider range of taxa than if the pools
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had all been heavily vegetated (as with the 10+ years pools) or mainly sparsely
vegetated (as with the <3 years pools).

It is notable that the species curve for the chronosequence poolsreged to
rise even in the very oldest pools, with three new taxa found for the first time in the 15
year old pools at Oughtershaw Beck. The chronosequence time series data also
showed a slight upwards trend for taxonomic richness in the 15 years podds. Th
suggests that studies covering even longer time periods could be informelagsall
et al. (2012demonstrated that the macroinvertebrate communities of even very old
ponds are still subject to temporal change. The authors studied a set of 51 ponds in
northwest England, 44 of which were marl pit ponds excavated in the late 1700s, and
analysed changes in both the macroinvertebrate and macrophyte communities
between 1995/96 and 200G.he dpha-diversity of invertebrates increased markedly
between the two surveys, although a corresponding decline in-detarsity indicated
that the ponds vere becoming increasingly similar with tirftéassall et al., 2012)

Although no rare or endangeredxa were found in this study, several taxa
which rely (to varying extents) on aemire habitat were identifiedFor example, the
caddisflyLimnephilus coenosis classed as an aemire obligate whilst the Brown
Hawker dragonflyAeshna juncegisan acid mire preferentigiBoyce, 2004)Appendix
A). Foumbeetles species found are classified as acid mire specidgsb(s congener
Hydroporus gyllenhalii, Hydroporosorio and Hydroporus obscurjisind three as acid
mire preferentials lelophorus flavipes, Hydroporus melanaaasl Hydroporus tristis
(Boyce, 2004)The two hemipteran taxa identified wefgerriscostae(an acid mire
specialist) andCallicorixavollastoni(an acid mire preferentia(Boyce, 2004)
Although themajority of these taxa (five beetle species and the caddisfly) were more

abundant in the 10+ years pootbge taxon richness of characteristic taxa veasually
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lowest (n=7) in this age class, comgrto the < 3 years pools (h=8) and th¢o 8
years poolgn=10). This appears to disagree wdm Duinen et al. (2003yho found
evidence that older pools are home to more rare and characteristic bog species than

younger pools.

4.4.3 Macroinvertebratecommunity composition

The first part of B which posited that macroinvertebrate community structure
and the relative abundance of taxa would change over time, was supported by several
results. Community similarity was significantly different between pools of different
ages in both the Moor Housand the chronosequence datasets. In the Moor House
pools, there was a clear species turnover through the 18 months. Within the
Chironomidae, two earfgolonising orthoclad taxad,imnophyesnd
Pseudorthocladiysvere soon replaced b@hironomus plumosusséctrocladius
obvius,Tanytarsus pallidicornasnd Zalutschia mucrontateBy the end of the eighteen
months, onlyP. obviusaand Z. mucronatavere dominant, and these two remained as
defining taxa in both the <3 and®years chronosequence pools implyimoge
element of tolerance as other taxa colonised. The overall prevalence of these two
chironomid taxa agrees with a study of the Chironomidae of two Irish blanket bogs,
which reported that the generBsectrocladiuand Zalutschigalong withLimnophyek
were dominant(Dowling and Murray, 1981 owever, the Chironomidae SIMPER
analysis showed that two different species; theytorynoneurd’ype A and larger,
carnivorous Macropelopia, were the defining taxa in the 10+ years pools, suggesting a
distinct shift in community composition over timdowever, the chironomid species
turnover does not reflect that reported biguse (2002)in a study of excavategravel

pit lakes in a study near Windsor (UK), where Tanytarsini dominated the youngest
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lakes and Chironomini the oldest. This is most likely because of the dominance of
Orthocladiinae in my study, so any succession from Tanytarsini to Chironomidae was
far less discernibléndeed,Chironomus plumoswgas absent from pools older than 7
years.

Evidence of ecological succession was reflected in the substantial difference in
relative abundance of taxa seen within the chronosequence pools, where less
prevaknce of Hemiptera, and especially of Chironomidae, was accompanied by
greater relative abundance of other Diptera, Odonata and particularly of Coleoptera in
older pools. Théncrease in predatory taxa such as dytiscid beetles and odowcatdd
be seen asan example of the successional mechanisrfaoilitation, in this casehe
increased availability of prey in the form of chironom{t#almqvist et al., 1991,

Wellborn et al., 1996)For example, in a controlled laboratory experiment, the dytiscid
beetle Rhantus sikkimensigas reported to consume between 490 small and 1678
largeChironomudarvae per dayAditya and Saha, 200@eetle larvae and odonate
nymphs especially are known as voracious predatetzer and Wissinger, 1996)
although there is some evidence that 100% vegetation cover can inhibit predation of
chironomids by beetle larvae, by providing refuge for the chironomids and hampering
beetle foraging activityBatzer and Resh, 199The reduction in chironomid relative
abundance could be viewed as an example of inhibition, caused bgdreasing
abundance of prey taxdfwever, it is also possible that the sampling method (sweep
netting) was less effective at capturing chironomids in heaplyagnated pools, as the
net was not always able to effectively sample the pool bottdime detine in
Hemipterawith increasel vegetation covercould also be seen as an example of
inhibition, as their ability to move about on the surface becomes inhibited. Indeed, the

decrease in Hemipterairrored the findings oBarnes (1983\ho reported that the
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relative abundance of Hemiptera declined frai% of (norDipteran) individuals to
less than 15% after the second year of pool creation.

The increased importance of beetles in defining the community composition of
the pools with age wadlustrated firstly by the Coleoptera biodiversity metrics, which
showed a clear increase in both biodiversity and abundance with pool age and
secondly byhe SIMPER analysis. Whilst Dytiscidae larvae were the most abundant
taxa in all three chronosequence age classes, they were closely followed by other taxa,
mainly chironomids. But, by the time the pools were ten years old, all three defining
taxa were bedes; Dytiscidae larvaé]. tristisand H. gyllenhalii However, unlike the
findings offairchild et al. (2000}here was no evidence of predatory dytiscids being
replaced by herbivorous taxa, even though vegen cover in the 10+ years pools was
almost always 100%.

One unexpected result was ttundance of the one stonefly species found in
this study,N. cambrica as stoneflies in general are known to prefer more oxygenated,
lotic waters(Brittain, 1990) HoweverN. cambricawvas also found in bog pools in the
Pennines byrown et al. (submittedand Verberk et al. (2010agported the stonefly
Nemoura cinererom in the Korenburgerveen nature reserve in the Netherlands.
These indings provide evidence that bog pools have the potential to act as a refuge for
some taxa not usually associated with lentic watéos exampleN. cambricds usually
associated with small, stony streaifidynes, 1977)The large total and relative
abundance of Plecoptera in the Moor House pools in December 2013 can perhaps be
explained by the fact that some stonefly nymphs are known to enter diapause over dry
periods in thesummer and concentrate instead on winter development, when waters
are generally colder and more permandBfittain, 1990)Overall, although the

biodiversity metrics suggested that pools in the oldest age class were less diverse than
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the 58 years pools, the increased relative abundance of taxa such as Coleoptera,
Odonata and other Diptera, atg with the overall increase in aemdire taxa
abundanceindicates that they are vital habitats for some of the more charismatic
taxa, and for those who depend on acid mire habitat to some extent for their
persistence.

The second part of $iwhich suggested that intggool community similarity
would increase with time since pool formation, was partially supported by the results.
Increasing similarity was seen most strikingly in the Moor House pools, when the inter
pool similarity amongst thpools of different agesicreased substantially throughout
the study periodThe large dissimilarity exhibited in the youngest pools (aged 4 and 6
months) wasndicative of community assembly being driven by random rather than
niche factorgChase, 2007)n this case, the dissimilarity wasost likelycaused by
small numbers of taxa arriving from nearby source populatamssettling randomly
in only one or two pools initiallghen as more individuals arrivetheir distribution
spread out, thus generally homogenising the pool communitesthermore, it is also
possible that any bior multi-voltine chironomid taxa would have emerged, mated and
dispersed at least once during the eighteen monthamitage et al., 1995further
increasing thelominance of those taxa in nearby pools and thus increasing-pael
similarity.Increasing inteipool similaritywas also apparent, although to a lesser
extent, over the longer term in the chronosequence pobighis caseit is likely that
the disturbance history will haveontributed, e.gdry summers would lead to periods
of drought,and cold winters to freezingyhich canboth act as environmental filtex
determining species persistence in small pofid&llborn et al., 1996, Chase, 2007)
The UK experienced several periods of droughtisually hot weatheand unseasonal

snowfallduring the period 1999 (when the oldest pools in this study were blocked) to
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2015(Met Office, D15) For example, 2010 to early 2012 saw a prolonged period of
below average rainfall leading to drought in much of England and Wales, whilst
significant snowfalls and unseasonably low temperatures were experienced by many
parts of the UK from late Mah to early April 2013 owever, it is also possible that
disturbance events can result in community divergence. For example, in a study of
small (1n3) temporary pools in Northumberland (UKgffries (2011found that two
years of high summer rainfall resulted in the introduction / expansion of taxa more
associated with permanent ponds. The resumption of dry summers led to increased
divergence between the pool communities with semetaining the taxa which had
invaded during the wetter conditions and others being replaced by the original,
pioneering coloniser@leffries, 2011)In the case of my study, dry summers would
have led to low water levels and high water temperature which could have proved
fatal to many of the pool occupants, thus allowing new (and potentially different)
communities to colonise once the water levels had returned to normal. Thus, whilst
the distubance history of a site can be vital in explaining its current community
composition, it can also act on the biodiversity of the habitat in question in different
directions.One drawback of using chronosequence studies as opposed tadamg
monitoring b that different sites may have different disturbance histories which

remain unaccounted fofJohnson and Miyanishi, 2008)

4.4.4 Conclusions

Overall, it is clear from this study that the biodiversity and comityun
composition of drairblocked pools changes with time, with pools of different ages
benefiting different taxa. New pools colonise very quickly and sustain high numbers of

chironomids, which are a vital source of food for moorland birds such as Grednshan
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and Golden PlovdiDownie et al., 1998blder pools house more diverse and
abundant beetle communitiest macroinvertebratebiodiversity is important, then a
gradient of vegetation cover and pool age appears to providarihgimum benefits
for taxonomic richness and abundan@ééthoughthe oldest pools$had fewer taxa
classed as characteristic of acmdres, this was mainly due to the absence of the two
acidmire Hemiptera, likely due to the increased vegetation cover. Thekyhdwever,
host more individuals of taxa classed as anite obligates, specialists or preferentials
SO may be important in sustaining larger communities, thus increasing the ability of
these important taxa to persist in the face of stochastic extimcBwents. Therefore,
this chapterprovides evidence that draiblocking, given time, helps to develop and
maintain an aquatic macroinvertebrate assemblage characteristic of natural peatland

pools.
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Chapter 5The metabolism of newhcreated peatland pools

5.1 Introduction

t SFGtlyRaz IfGK2dzZ2K KSe& O20SNJ) 2yfeée d
components of the carbon cycle, with mid to high latitude peatlands in the northern
KSYAALIKSNBE (y2ey (2 &i2NB dJd(umpeis2talg s> 2F
2008) As such, studies looking at the carbon budget of peatlands and their potential
response to climate change are widesprdéad). Blodau et al., 2004, Drewer et al.,

2010, Carter et al., 2012Many peatlands are home to aquatic systems such as
streams, lakes and pools, and recent evidence suggests that inland freshwater habitats
play a more important role in carbon cyclifgah was previously thougitBattin et al.,

2009, Raymond et al., 2013jor example, approximately twice as much carbon (1.9 Pg
C y!) is thought to enter inland waters from surrounding terrestrial habitats than

enters the sea from land (0.9 Pg € {Cole et al., 2007 Furthermore, terrestrial

carbon inputs to lentic waterbodies have been shown to be, on average, eight times
more likely to be mineralised and emitted to the atmosphere than to be buried in
sediment (Algesten et al., 2004 herefore, understanding the carbon dynamics of
aquatic systems which sit within carboich peatlandss of vital importance.

The aquatic landscape of peatlands has recently been enhanced by the land
management process of dratslocking, which has created a vast array of small pools
that form behind dams in drainage ditch@rmstrong et al., 2009, Parry et al., 2014)

In the UK many hundreds of thousands of these pools have been created, often on
areas of peatland which previously lacked suhtitd lentic habitat (e.g. the English
Pennines)The extent of draifblocking in the UK has increased massively in the 21

Century, with approximately £500m spent on the process in Northern England alone
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(Ramchunder et al., 2012bAs the number of dratblocked pools grows, so does the
need to clarify their role in the carbon cycle. Because they are so small (usuafly <3m
personal obseration) their cumulative surface area (and therefore their potential for
gaseous exchange with the atmosphere) may not be significant. Perhaps of more
importance, however, is the cumulative area of wasediment interface which
provides a pathway for incesed inputs of metabolically important substances (e.g.
organic matter and nutrients) as well as a home for the bacterial communities which
process them. For example, using a calculation based on the total length of drains
blocked and the average spacingtlveen dams, it is estimated that ~500,000 pools
have been created in the North Pennines AONB since 1995 (pers. comm. Alistair
Lockett, North Pennines AONB). Taking a very conservative estimate of their
dimensions as 1 fthis would equate to a surfaceea of ~0.5 k] a fraction of the
aATS 2F 9y3dftryRQa I NBHSa8ECNZ0SEhe[ 1S 2 AYRSNXS
cumulative watersediment interface, however, would be five times the surface water
area of the pools (2.5 kfn However, drairblocking is also widespreanlitside the
North Pennines AONB and the total number of pools created throughout the UK is
unknown, meaning that these estimates are very conservative.

There is already evidence that op®rater pools on areas of peatland act as
hotspots for methane (Chirelease(Baird et al., 2009, Holden, 200£)d a study of
CH fluxes from tundra habitats in Alaska found that small lakes emitted substantially
more CH per unit area ( 77 mg rhd?) than larger lakes (3:8g m? d?) (Bartlett et al.,
1992) There has been less research directed at fluxes ofrG@ peatland pools, with
studies tending to include pools as part ofvaler peatland carbon budget approach
(e.g. Waddington and Roulet, 200BJowever, a synthesis joellein et al. (2013)

reported that the majority of freshwater systems, including wetlands and ponds, acted
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as carbon sources ratherdh carbon sinks. Therefore, the role of small pools, created
through drainblocking, as potential carbon sources or sinks needs further clarification,
especially as one of the several drivers for their creation was to reduce carbon
emissions from peatland®aird et al., 2009, Holden et al., in press)

The metabolic balance of an ecosystem is dictated by the ratio of
photosynthesis to respiration (R3ystems which fix more carbon than they respire
over the course of a year are net autotrophic (carbon sinks) and those which respire
more carbon than theyix are net heterotrophic (carbon sources). However,
photosynthesis and R are not strictly coupled because external (allochthonous) sources
of organic carbon can supplement internal (autochthonous) supplies produced by
photosynthesis. In aquatic systemsgch allochthonous sources are often in the form
of particulate and dissolved organic carbon (POC and DOC, respectively) which are
released into the water from surrounding terrestrial habitétsanson et al., 2003Bog
pools in particular may receive large amounts of allochthonous carbon dile toigh
levels of DOC in the surrounding peat, part of which is made up of kigldyred
humic substanes(Wallage et al., 20065uch inputs not only have the potential to
increase rates of R relative to photosynthesis, but also to subdue rates of
photosynthesis by decreasing light availabiiyarlsson et al., 2009J he trophic status
(i.e. net autotrophic or heterotrophic) of a wexr body can be determined by
calculating its Net Ecosystem Production (NEP). NEP represents the difference
between the amount of carbon fixed by gross primary production (GPP) during
photosynthesis and the amount released by both heterotrophic and aupttioR
(Lovett et al., 2006)Systems with a negative NEP are carbon sources and those with a

positive NEP are carbon sinks.
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There are many studies looking at the metabolic balance of lakes and large
ponds(e.g. Cole et al., 2000, Gelda and Effler, 2002, Hanson et al., 2003, Lauster et al.,
2006, Torgersen and Branco, 2008, Staehr et al., 2012a, Klotz v#ditB)generally
report negative NEP values. For examplanson et al. (2003tudied 25 lakes in
Wisconsin and Michigan, USA, of various sizes and with varying levels of DOC and total
phogphorus (TP), and found that twenty had negative NEP figures compared to only
five with positive NEP. Their study took place in the months of July and August 2000 so
net trophic status (i.e. encompassing a whole year) cannot be inferred. However, it is
pertinent that 80% of the lakes returned heterotrophic values in the summer months,
when NEP can reasonably be expected to be at its highest levels due to the extended
daylight hours and higher intensity solar input. The study found a positive relationship
betweenTP and GPP, R and NEP, whereas DOC was positively correlated with R but
negatively with NEP, suggesting that allochthonous sources of carbon were driving
higher rates of R compared to GPP. The study also identified a threshold for levels of
DOC > 10muy?, over which most lakes displayed negative NEP.

Although higher concentrations of DOC are linked to increased heterotrophy,
concentrations of DOC alone tell us little about its bioavailability. DOC can be aromatic
/ refractory (resistant to microbialecomposition) or labile (easily broke&lmwn) or
indeed lie anywhere on a spectrum between the two. The aromaticity of DOC may be
characterised using the SUMAmethod; the UV absorbance of a water sample at a
254nm wavelength normalized for dissolved amg carbon (DOC) concentration, with
low SUVAg4scores indicating higher bioavailabil{yweishaar et al., 2003Another
measure of the bioavailability of DOC is the E4/EG6 ratio; d@tie of UV absorbance at
465nm to that at 665nm, which is taken as a measure of the humification of peat

(Thurman,1985)with lower ratios considered to indicate increased humification and



133

therefore more refractory DO®orrall et al., 2002, Hribljan et al., 201Z2he E4/E6
ratio characterises the fulvic acid to humic acid content of the humic substances in a
water sample, with fulvic acids being more labile with a lower molecular weight
(Walage et al., 2006)So, waters with high E4/E6 ratios and / or low Sid\8kores
could be inferred to contain DOC which is more bioavailable, which could, in turn, fuel
higher rates of respiration, although this theory apparently remains untestedan th
wider literature.

wSOSyid SOARSYOS &ada3asSaiday3da dKIFG GKS
dominated by standing water bodies with a surface area of <4(Kmwning et al.,
2006)has prompted more research looking at the metabolic balance of smaller lakes
and pondgqTorgersen and BrancoQ@8, Christensen et al., 2013, Klotz, 2013)e
metabolism of smaller waterbodies may be affected by relatively high inputs of
terrestrially-derived DOC and nutrients per unit area compared to larger lakes,
potentially driving higher rates of photosynthesis and, in particular, respird&tamehr
et al., 2012a)This may be especially pertinent when the drainage ratio (catchment
area:lake area) is high resulting in an increase in the influence of benthic processes
such as bacterial processing which can increase rates of respi(@bogersen and
Branco, 2007, Staehr et a2012a, Sandensen and Staehr, 200®)ue to increased
light availability, shallow lakes may also possess a larger extent of benthic plant cover
than deeper lakes, thus potentially increasing rates of photosynthesis during daylight
hours and autotrophic respiration at nig{€hristensen et al., 201L3jurthermore,
shallower water is less prone to seasonal stratificatioeamng that C@produced by
sediment respiration is spread throughout the water column on a daily basis rather

than being restricted to the bottom laye(siolgerson, 2015However, the ponds in

A0dzRASE &4dOK a4 (K248 YSyiArz2ySR Ay (KAA
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large relative to the size of pools created by drbiacking on blanket peatlands in the
UK, which usuly have a surface area of <3ipersonal observation.). For example,
the seasonal pond studied I&§hristensen et al. (2018aried in area from 700 to 3400
m? and the smallest pond studied IStaehr et al. (2012aheasured 1000 although
the depths (ranging from 0.3 to 0.8m and a mean of 0.5m respectively) are similar to
those of drainblocked pools. Thus, while the metabolism of larger lakes and ponds has
been wellstudied, the metabolism of very small waterbodies such as drkioked
pools is unknownHowever, the exclusion of small ponds, especially those with high
terrestrial carbon loads, from global carbon budgets may lead to an underestimation
of net carbon losses to the atmosphe(tdolgerson, 2015)

The only studies known to this author which look at the metabolic balance of
very small pools have taken place in controlled mesocosms (measurifgwihioh
were set up to analyse the response of metabolic processes to increased temperature
(YvonDurocher et al., 2010busing a theoretical framework based on the Metabolic
Theory of Ecology (MTBrown et al., 2004)The MTE describes how body size and
temperature combine to influence the metabolic rates of cells, individual organisms,
communities and ecosystenféllen et al., 2005)For each individual organism, the
carbon fluxes which occur during metabghimcessing all have predictable mass and
temperature dependencies, and each metabolic pathway has a different activation
energy (i.e. the amount of energy needed for a given reaction to proceed).
Photosynthesis has the smallest activation energy, follobxedcosystem respiration
then methanogenesis; in practice this means that photosynthesis increases by ~four
fold over the temperature range-B0°C, respiration by ~i®ld and methanogenesis
by ~ 35fold (YvonDurocher et al., 2010a)he experiments carried out byvon

Durocher et al. (2010kgroduced results which agreed with the theory, concluding
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that although both respiration and photosynthesis scaled with temperature, the
effects on respiration were greater. However, the mesocosrrupgprecluded
interadion with external terrestrial landscapes, thus preventing any allochthonous
input of DOC (although they would have been open to leaf litter), and the study was
not intended to inform the debate on the natural trophic status of small pools.

This chapteraims to establish thenetabolismof a series of newlgreated
drain-blocked pools at Moor House NNR over a one year period, using thevegten

dissolved oxygen (DO) change technigueas hypothesised that:

Hi - Pools would be net heterotrophic, withigh levels of DOC derived from the
surrounding peat resulting in a positive relationship between R and DOC and a
corresponding negative relationship between NEP and ({@a@son et al., 2003Yhe
bioavailability of the DOC would also influence metabolism, with rates of respiration
being higher in pools with high E4/E6 ratios and / or low SkhwAlues.

H. - Both R and GPP would scale with tempera but R would increase more
due to the higher activation energy involved in the procgégonrDurocher et al.,
2010b) There would also be a positive relationship between levels of nutrients and
both GPP and fHanson et al., 2003as both metabolic processes require these
macronutrients to function but they are typically scarce in peatlands.

Hs - Shallower pools would exhibit higher rates of R due to the greater
influence of kenthic processes (e.g. bacterial processing) on the water column

(Torgersen and Branco, 2007, Staehr et al., 2012a)
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5.2 Methodology

5.2.1 Study site

Burnt Hill is an expanse of upland blanket bog located within Moor House
NationalNature Reserve (NNR) in Cumbria, UK (54° 41' 27"N, 2° 22' 56"W). The area is
~575 m above sea level and lies within the Trout Beck catchment (12)4kich is
used mainly for low density sheep grazing. The ombrotrophic peat deposits range from
0.4 to 5 netres in depth and the vegetation is dominated by ling heati@ailuna
vulgari9, cotton grassEriophorum spp Sphagnunand feather mosses (e.g.
Pleurozium schreb8i(CEH, 2014Mean annual precipitation from 2000 to 2012 was
2001 mm, with a corresponding mean monthly temperature of 6.26ETN, 2014)
The ditches on Burnt Hill were dug, using the same teclas@s were practiced
widely at the time, in the early 1950s as part of a hydrological experi@mway
and Millar, 1960, Holden et al., 200@he drainage ditches on Burnt Hill were blocked

in December 2012 using peat turves, gabls of water had formed behind the dams

by January 2013 (Figure 5.1).

Figure 5.1Photograph of pools in a blocked drage ditchat Moor House NNR.
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5.2.2 The DO change technique

There are several methods available for calculating rates of R, GPP and NEP in
aguatic ecosystems, each with their own advantages and drawbacks (Table 5.1). Direct
measurements using bottle or chamber incubations can be used for both pelagic zones
(Navarro et al., 200nd sedimentgFellows et al., 200&@nd, when combined
together, can provide estimates of whole ecosystem metabo(Gazeau et al., 2005)
Several methods involving the measurents of oxygen isotopes have been utilised in
open watergRuss et al., 2004, Sarma et al., 2005, Tobias et al.,.ZB&tihates of net
metabolism can be obtained from ecosystem budget studies which measure mass
balances of physical inputs and outp(issta and Kemp, 200&jowever, the method
which has become perhaps most widely used for lacustrine systems is thexgen
dissolved oxygen change technigi@dum, 1956)This technique uses the premise
that changes in the levels of DO throughout a 24hr period (midnight to midnight)
reflect the balance between GPP and R as well aphlgsical oxyge(C,) flux
between the air and surface waters, assuming no major advection of water with DO
into the system(Staehr et al., 2010aJhis method was chosen for this study for
several reasons; it allows estimates of ecosystem metabolism, the data collection
equipment can be lefin situ and unattended which is beneficial for remote study sites
such as Moor House, and the method is widely used so allows for easier comparison

with other studies.
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Table 5.1 A comparison of the most common methods of estimating the metabolic rataquatic

ecosystemsFor isotope methods, comments specific to the triple oxygen approach (T1) adtthe

approach 80) are noted. Each approach has been used in estuaries, lakes, rivers and oceans. For a

more indepth analysis of the methods s&aehr et al. (2012bAdapted fromStaehr et al. (2012b)

Method Temporal | Advantages Disadvantages
Scale
Diel Q, Daily, Measures all system components | Air-water flux difficult to quantify
TCQ seasonal, | Remote data collection 02:C conversion problems
annual Straightforward computation Physics may obsaaibiology
Precise measurements O, method misses anaerobic R
High frequency rates Horizontal and vertical heterogeneity
Multi-variable sensors Stratification causes problems
Import of water with gas supeor sub
saturated
Oxygen Daily, Measures all system components | Air-water flux needed (TI)
isotopes seasonal Rates can be longnd shortterm O,:C conversion problems (T80Q)
Sensitive method Sampling is workntensive (TI180)
Traces diurnal GPP and!RO|)
Known fractionations limited (TI)
Ecosystem | Seasonal, | Measures all system components | Air-water flux difficult to quantify
Budgets annual Straightforward computation 0,:C:DIP conversion problems
Data widely available Abiotic effects on P§
Formal error estimates Large aggregation error
Net rates (NEP) only
Incubations| Hourly, Direct processneasurement 0,:C conversion problems
daily Highly controlled Containment artefacts
Precise measurements Labour intensive
Can separate ecosystem componer] Difficult to upscale to ecosystem

The governing equation for estimating the metabolic balance of aquatic systems using

changes in levels of DO was first propose®idym (1956)

KOk k

% KS NE kkiih A a

IRFEA t(Table 5.2, eq. 1)

G§KS OKIy3aS Ay
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R is ecosystem respiration (i.e. both autotrophic and heterotrophic), F isxtigange

of & between the atmosphere and surface waters and A is a combination of all other

processes which might affect DO levels at the location of the DO sensor (Figure 5.2).

The processes that make up A include, for example, turbulent mixing by verteal

or horizontal movement of pockets of DO within the water body or the photochemical

oxidation of organic matter (which consumes)ut are often assumed to be

negligible.

2PSNI GA
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5.2.3 Sampling strategy

Five pools, MHMO1 to MHMO5 (from here on referigd®® | a (G KS WY 2y
L22faQus ft20F0SR Ay RAFFSNBYU RNIAyas ¢S|
inclusive on nine occasions (see Appendix B for a full list of sampling dates). The five
pools were all of similar size (~2nand located at the top of the slope. Each pool
was situated at the top of its respective drain to minimise inflow (i.e. water input from
pools higher up in the drainage system). No metabolism data were collected from
MHMOL in June 2013 due to equipment failure. In August 2013, matabalata were
collected for MHMO4 but no corresponding water chemistry data were obtained due
to the water sample being damaged. Data were collected in only one winter month
(December) due to inclement weather which hindered access to the study siteand /
to the pools themselves, which were frozen.

In addition to the monthly pools, a further ten podddHMO6 to MHM15
FTNRY KSNB 2y NXBTSNNGB RIIlocated dbnadlattér fréundithedzY Y S NJ |
bottom of the hillslopevere sampled on various dates during July and August 2013.
This was done for three main reasons (1) to take advantage of the more clement
weather conditions in summer, (2) to increase the spatial variability of the dataset and
(3) to allow better comparn with the many lake metabolism studies which have
been carried out in summer months. Altogethed, iBdependent metabolism

estimates and associated datasets were collected (Appendix B).
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Figure 5.2Conceptual model of the biological and physical mechanisms which contribute to levels of
dissolved oxygen (DO) in a shallow pdgdeen arrows represent£{gains via photosynthesis and
atmospheric exchange (F) and orange arrows represesb@sumption byespiration (R) and £oss by

F. Further changes in DO levels can be caused by photochemical UV oxidation and photoinhibition in
surface waters and physical mixing driven by wind. In larger, deeper lakes, advective mixing across a
thermal stratificationlayer (metalimnion) during summer and horizontal exchange of oxygen with
shallow littoral zones may cause significant noise in DO patterns during a diel cycle, but the prevalence
of these processes in small pools is less clear. The mixed layer in shialbew<t3m deep) is taken as

the mean depth. Adapted fror8taehr et al. (2010a)

5.2.4 Data collection

DO (mg t£), water temperature (°C) and barometric pressure (kPa) were
recorded using a YSI ProODO optical probe, which was deployed for a minimum of one
diel period (midnight tonidnight) in each pool, at 1020 cm below the surface,
depending on the pool depth. Probes were deployed in the deepest parts of each pool

to ensure they were surrounded by water and to avoid contact with benthic sediment.

The probe was calibrated usiigk S W5 h’s Ay SI-IWBNY @& OldANE & BIRG & 2 WAD
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briefly involved placing the sensor in a plastic sleeve with a moistened sponge for five
minutes allowing the sleeve to beme saturated and the sensor to stabilize before
using the buiklin calibration menu. Readings were set to record every 15 minutes.
Wind speed (m'Y and PAR (pols m? st) were recorded using a Vector Instruments
Type AL100R switching anemometer and Skgtruments Quantum sensor,
respectively, attached to a Campbell CR800 datalogger; readings were taken every 15
minutes to coincide with the DO, water temperature and pressure readings.

Mean depth was calculated from seven depth measurements taken in a
transect across the pool, making sure to incorporate the deepest section. Approximate
surface area (to the nearest 0.5ywas estimated from axis measurements and pool
shape. EC and pH were measured once per sampling period udechaHQ30d
handheld prive. A50 mL water sample was collected, passed through a0 Jilter
and subsequently analysed for concentrations of D@ihg an analytikjena multi N7C
2100 TPandtotal nitrogen (TN, using é&Sarf* Automated Continuous Flow Analyzer
(CFA), angvater colour, which was measured usingasco V630UV/VIS
spectrophotometer set at the following wavelengths; 254nm, 400nm, 440nm, 465nm
and 665 nm. The ratio of absorbance at 465nm to that at 665nm was also calculated
and is expressed as E4/E6 for each pdbk specific UV absorbance (Sk¥jAvas

calculated asibs at 254nm (m)/DOC (mg).

5.2.5 Calculations
The equations used to calculate pool metabolism were based on those in
Staehr et al. (2010&nd are provided in Table 5.2. In order to calculate F (atmospheric

exchangeof @) (Table 5.2; Eq. 8), the following steps were required:
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Calculate O2sat
(Oesay) is the oxygen concentration in water in equilibrium with the atmosphere
at ambient temperature, taking salinity into account and corrected for barometric

pressure (BR)Table 5.2; Eq. 2 & 3).

Calculate Schmidt number (Sc)
Screpresents the ratio of two molecular transport properties of a ¢&s; viD,
where v = kinematic viscosity afi= the diffusion coefficientScis calculated as a

function of water temperature because D is temperature dependent (Table 5.2; Eq. 4).

Calculate wind speed (m™3:

Wind speed was measured using a portable weather station with the
anemometer blades placed at ~80 cm above the surface of the pond. However, the
piston velocityksoo (Table 5.2; EqQ. 6) is usually estimated as a function of wind speed at
10 mabove the watdb 2 R& Qa4 & dzNF I OS o ddiddFatoNB =~ | v
relate wind speed at the height measured;(end that at 10 m above the pool surface

(Uo) was applied (Table 5.2; Eq. 5).

Calculate piston velocity (k)
k was calculated for each time steppin the estimate okspoand the ratio of
Schmidt numbers (Table 2; Eq. 6 &K&)o is the piston velocity of gas exchange in cm

h1for a gas with a Schmidt number of 6Q4all Jnr et al., 2007)

Once F was calculated, the following steps were used to calculate rafds, &PP and

NEP:

S Y LIA NJ
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Calculate dayfraction
Dayfraction represents the light proportion of the diel period, when irradiance
is above 0 umol photons #s?! (Table 5.2; Eq. 9). It is required to calculate Mk
(Table 2; Eq. 11) anddgime (Table 2; EdL4). In this study, light availability was

measuredn situby using a Photosynthetically Active Radiation (PAR) meter.

Calculate Zix:

In lake studies, v« represents the depth of the mixed layer, where
temperature remains relatively constant. In sloall water bodies (i.e.-3m deep
lakes), &ixcan be assumed to equal average lake dd@faehr et al., 2010aps the

Moor House pools all average <50cm deep, mean depth was used as a proxy. for Z

Calculate NEP for each time step (MEP
During daylight hours, changes in levels of DO beagaused by both
photosynthesis (@production) and respiration (onsumption). In effect, this
equates to NEP, which is the balance between the two, setide/NEP can be directly
measured by recording changes in levels of DO. Therefore, NEP fdimeadtep is
calculated directly from observed changes in DO after F has been taken into
consideration, with F being divided byi2o turn it from an areal (g &m2d?) to a
volumetric (g @m3d? NI} ST GKS alyYS dzyAlG 2FEqYS!H adzN

10).

Calculate daytime NEP (N&Rime):
NERaytime IS the mean hourly NEP rate occurring whilst PAR is present

extrapolated out over the number of daylight hours (Table 5.2; Eq. 11).
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Table 5.2 Equations used to calculate pool metaboligkdapted fromStaehr et al. Z010a)

Parameter Equation Reference Eq.
The governing equationf n hk pn G & RJFL A Odum 1956
Schmidt coefficient§q, | Sc= 0.0476 T+ 3.7818 7¢ 120.1 T + 1800.6] Wanninkhof 1992
from water
temperature (T, Celsius
Wind speed,at10m | Uo(ms)=yE h Smith 1985 3
height (Ug) fromwind | P ' mM®® mHp I
speed at height z J
m/s)
Piston velocityK) ksoo (M Fr1) = (2.07 + 0.215417)/100 Cole and Caraco 199 4
k (m het) =ksoo(m HeL) x ([Sc/600P-5) Jahne et al. 1987
5
Oxygen saturation Osat(mg 181) = €9 x 1.423 mg omL<t Weiss 1970 6
(O2sa) as a function of
temperature (T, kelvin) | C (ml QLs1) = €173.4292 + 249.6339 x (10(
and salinity (S, ppt). / T) + 143.3483 x In(T / 10QR1.8492 x (T /
100) + S xP.033096 + 0.014259 x (T / 100
e (a mathematical ¢ 0.0017000 x (T / 10§)
constant) is ~ 2.71828
Correction of G for Ousat (Mg 1$1) corrected for pressure =Q; USGS memo #81.11 7
barometric pressure (mg Is1) x correction factor 1981
(BP, millibars)
correction factor = (BR 0.0987- USGS memo #81.15
0.0112)/100 1981
Physical gas flu¥y F(g @ m<2het) =k (OzmeasG Ozsay)
Dayfraction light_hours| dayfraction = light_hours/24 h
determination
Light hours measured directly using a PAR
meter
NERaytime NER: (g @mehrsth T (g hret) ¢ Cole et al. 2000 10
F/Z‘nix
NERaytime (9 @ me3 daylight period!) = mean 11
NER: during daylight x dayfraction x 24
R Ry (@ @ m<3 hel) = mean NERduring 12
darkness
Raaytime (9 O2 gz daylight period!) = R, x 24 13
h x dayfraction
Riay(g @ m3dl) =R x 24 h 14
GPP GPP (g &me d<t) = NERytime + Riaytime 15
NEP NEP (g ©m< d<?) = GPP Riay 16

Calculate respiration (R)
Respiration is assumed to be tbaly metabolic process operating during the
hours of darkness, when GPP is assumed to be zero as it requires PAR. Therefore,

night-time R can be measured directly and the hourly respiration rat¢ éguates to
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the mean changes in DO at night (Table &E@;12). R will almost always be negative
(as levels of DO decrease overnight). However, since R is defined as a positive quantity,
Ry was transformed from a negative to a positive number for use in subsequent
equations(Caffrey, 2003)Assuming that rates of R during the day are the same as
night, then Rr can be multiplied by 24 to provide R for the entire diel periogjR
(Table 5.2; Eq. 13). R in the period when PAR is available (hedresunrise and

sunset) (Raytime) IS calculated fromdrRextrapolated over day length (Table 5.2; Eq 14).

Calculate GPP
GPP is calculated by adding together MfiReand Raytime, t0 give the total
amount of Q that would have been produced in daytit hours in the absence of R

(Table 5.2; Eq 15).

Calculate NEP

Finally, overall NEP is calculated by deductngfm GPP (Table 5.2; Eq. 16).

Initial data analysis showed that using-dbnute time steps often resulted in
negative GPP values, duertoisy diel DO signals. The number of negative GPP values
decreased substantially when 1hr time steps were applied, so these were used for the
metabolism calculationéStaehr et al., 2010aHowever, even with 1hr time steps,
thirteen datasets still produced negative GPP figures. Moving a@enagre applied
(Gelda and Effler, 2002, Coloso et al., 2@68py and smooth the data but this was
dzy 4dz0O0Saa¥dzZ = LINRPolofe 06SOlFdzasS G422 FSg O

available. For example {Belda and Effler (200&)took an average of seven days data
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to remove all such anomalies. Therefore, negative GPP values in this study were
assumed to be zer(Coloso et al., 2008, Tuttle et al., 2008)

Different studies report R, GPP and NE&fierent units of measurement. So,
for the purposes of comparison in the discussion section, the MH results were
converted from g @m=3d*to g @ m?d* (e.g. from volumetric to areal rates) by
multiplying by 4ix (m), which, in theory, represents tteverage metabolic rates per
square meter of the entire waterbod{staehr et al., 2010al-or other studies which
reported volumetric rates, conversion was done using the relevant depth parameter
provided (e.g. epilimnion depth). For studies which reported values in mgotai?,
values wereconverted into g @m2 d* as follows: (value/1000) x 32, where 1000 is the
number of millimoles in a mole and 32 is the molecular weight-of©order to
compare my results with those from terrestrial peatland carbon budget studies, units
of O, production were converted to units of GEonsumption assuming respiratory
and photosynthetic quotients of 1; for both photosynthesis and respiration;

g C =9 &x(12/32)
where 12 = atomic weight of C and 32 = molecular weighto¥/Glumetric rates wes

then converted to areal rates by multiplying byi4m).

5.25 Statistical analysis

Analysis was undertaken to establish the presence of any relationships
between the metabolism estimates (R, GPP and NEP) and the predictor variables of
DOC, mean watdemperature, mean water depth, TN, TP, E4/E6 and S34ViAe
two datasets (monthly pools and summer pools) were analysed separately and then all
53 independent datasets were combined together for further analysis. As the monthly

and combined datasets inaled repeated sampling of the monthly pools, generalised
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linear mixed models (GLMMs) with pool as a random factor were ap(Bielfer et al.,
2009) For the summer pools, which were sampled only once each, generalised linear
models (GLMs) were usekh both cases, maximum likelihood estimates (MLES) were
run to ascertain the most appropriate error distribution. When plotting the
relationships between the independent and predictor variables for all pools combined,
datasets were delineated by seasopriag (March, April, May), summer (June, July,
August), autumn (September, October, November) and winter (December, January and
February). The summer pools were further split into the monthly pools sampled in
summer (summer M) and the pools sampled as pathe oneoff summer sampling

(summer S).

5.3 Results

5.3.1 Environmentalcharacteristics
The pools were small, shallow and characterised by low pH, low levels of
nutrients and EC and high levels of DOC (Table 5.3). Individual variables will be

discused in the sections below.

5.3.2 Diel patterns of DO

Patterns of DO sometimes conformed to a standard diel curve (i.e. one which
reflects levels of PAR) as oriuly (Figures 5.3al8). However, a more common DO
pattern showed fairly flat or sometimes reducing levels throughout the day, followed
by a spike in the early evening, with particularly pronounced evening DO spikes often
led to negative GPP values as with MHMO1 ofi Qgus (Figures 5.3 ¢ & d). PAR was
often patchy, but, even on days with a practically perfect PAR curve (Figure 5.3e) this

was not always reflected in a corresponding DO curve (Figure 5.3f).



Table 5.3Environmental variables (desiptive statistic for the monthly pools (MHMO01 and MHMO04, n=8, MHM02, MHMO03 and MHMO05, n=9) showing median (+ interquartile

range) values, and for the summer pools (MHMO06 to MHM15) each sampled on one occasion.

8rT

Variable MHMO1 [ MHMO02 | MHMO3 [ MHMO04 | MHMO5 | MHMO06 | MHMO7 | MHMO08 | MHMO9 | MHM10 | MHM11 | MHM12 | MHM13 | MHM14 | MHM15
Date Various | Various | Various | Various | Various 13-Jul 13-Jul 24-Jul 24-Jul 14-Aug 14-Aug 16-Aug 20-Aug 22-Aug 22-Aug
Area () 2.0 2.0 2.0 2.0 2.0 1.5 1.5 25 35 25 3 2 1.5 1.5 1.5
xa"’;“ Depth (ig) (393) ?5‘; (35% (316; 18 12 39 33 24 26 35 24 26 21
?"é‘;“ Temp (i:(‘;g) (g:;i) (g"gi) (gj‘éi) (gii) 2012 | 2071 | 1880 | 1918 | 1369 | 1442 | 1478 | 1310 | 1540 | 1596
(Equ en) 34%225) 39%057) (381"725(; (i;gz) (ﬁ"gg) 49.2 50.4 61.5 60.5 41.6 41.3 44.9 38.3 33.3 34.7
pH (g'éi) (g'_gg) (g'_";g) (3';2) (3:22) 3.98 3.93 6.34 37 4.33 4.40 4.42 453 5.2 4.32
(Tn':'g ) (8'_32) (gzgg) (8:25) (82?,2) (é';g) 1.78 2.17 3.79 2.93 1.40 1.10 2.48 1.05 1.96 1.11
TP (mg &) (8"8%) (8"81‘71) (gzgig) (8:812) (8:812) 0.028 0.040 0.084 0.056 0.016 0.023 0.032 0.023 0.042 0.010
(Dn%ctl) égjii) (3:2:,'.13)) ég:gg) (3(7)',22) ég:gg) 42.48 63.93 89.85 72.90 47.15 46.06 52.58 40.70 51.55 26.95
E4/E6 (i:gg) (Zzgg) (g'_ii) (2'_2‘1‘) (zzgz) 5.92 6.07 5.47 5.24 7.19 8.01 6.61 6.44 5.63 8.59
SUVA (g'_g‘l;) (gzgg) (g'gé) (gzgg) (gzgg) 3.26 2.95 2.86 3.62 3.86 3.72 3.50 4.46 4.24 4.25
(Rgoz o ) (ﬁ:ig) (ﬁ:g) (3'2% (ig:‘z";) l(g:é;‘:’ 28.81 37.82 17.00 15.48 28.23 25.22 15.73 23.93 8.98 28.30
gpgz o o) (;'_(732) (g';é) (g'_zg) é‘,?i) (g:gg) 4.59 9.82 11.65 7.19 8.48 12.12 8.15 5.76 5.92 16.42
NEP /1151 1 -13.63 "6.60 6.92 "7:56 -24.23 | -28.00 -5.35 -8.29 -19.76 | -13.10 -7.58 -18.17 -3.07 -11.88

(@02 nfd?y) | (12.74) | (13.31) | (7.85) | (9.06) | (6.49)
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5.3.3 Oxygen saturation
The pools were almost always unesaturated with Q, with measured levels
of O» exceeding the calculated2Q:value on only four occasions: MHMOT"(8pril),

MHMO8 (24" July), MHM14 and MHM15 (both Z2August) (Figures 5.4a & b).
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Figure 5.3Examples of the different diel DO patterosserved in the Moor House pools, alowgh
corresponding PAR readings; (a) and (b) show a fairlyde®iied DO curve on a day with patchy but

high PAR levels (MHMO08 on2auly); (c) and (d) show DO patterns for a typical day with negative GPP;
note the sharp increase in DO after sunset (04 on 20" August); (e) and (f) represent a day with an
almost perfect PAR curve but no corresponding DO curve (MHMO01%Nadch)- note the early

evening rise in DO levels.
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5.3.4 R, GPP and NEP
Of the 53 independent diel datasets, all returneelgativeNEP values

(heterotrophic).

5.3.4.1Monthly pools

R was highest in December 2013 for four of the five monthly pools; MHMO1 =
26.66, MHMO3 = 26.60, MHM04 = 18.94 and MHMO5 = 15.18 (alhg?@?). Only
MHMO2 did not follow this pattern, with R being marginally highest in June 2013
(21.01g @m3d?Y). Rates of R were lowest for all pools in March 2014; MHMO1 = 0.98,
MHMO2 = 0.98, MHMO3 = 1.88, MHMO04 = 2.06 and MHMO5 = 2.93 (athg 02
(Figures 5.5a to e). GPP was low or zero (i.e. negative GPP estimates assumed to be
zero) all year round iall of the pools, although there was an upwards trend towards
the end of the study period, with the highest GPP values in all pools coming in May
2014; MHMO1 = 6.96, MHMO02 = 5.50, MHMO03 = 3.30, MHMO04 = 4.30, MHMO0S5 = 4.13
(all g @ m23d?) (Figures 5.5a te). These highest GPP values corresponded to the
lowest maximum PAR values recorded throughout the study period (Figure 5.5g). NEP

was highest in either March or April 2014 for all pools; MHMGR.% (April), MHMO02
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=-2.96 (March), MHMO3 =2.61 (April) MHM04 =1.28 (April) and MHMO05 2.17
(March) (all g @m2d?). NEP was lowest for all pools in December; MHM&6-,
MHMO02 =-21.19, MHMO03 =25.82, MHM04 =17.69, MHMO05 =16.99 (all g @m3d-

1) (Figures 5.5a to e).
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Figure 5.5Metabolismestimates (RGPP and NERr the monthly pools(a) MHMO1, (b) MHMO2, (c)
MHMO3, (d) MHMO04 and (e) MHMO5. No values were obtained for MHMO1 in Juned2@1®
equipment failure. Corresponding meteorological data; (f) mean wind speed (+ st. dedpxig)um

PAR and (h) number of daylight hours.
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5.3.4.2Summer pools

Rates of R in the summer pools ranged from 8.98m®d* (MHM14) to
37.82g @m3d! (MHMO7). There were no negative GPP values with estimates ranging
from 4.59g @m3d?! (MHMO06) t016.42g @m=d* (MHM15). The summer pools all
returned negative NEP figures ranging freBr07g @ m=3d* (MHM14) to-28.00g @

m=d* (MHMO7) (Figure 5.6).
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Figure5.6. Metabolism estimatesR, GPP and NEBr the summer pools.

5.35 Metabolismand DOC
Concentrations of DOC in the individual pools ranged from 12.87'mg L
(MHMO3 on 1¥ March) to 89.85 mgt(MHMO08 on 24 July). Mean DOC
concentration for all the pools combined were highest in July (mean = 67 289 %83
mg %) and lowestn March (mean = 13.85, +1.20 mg t!) and suggested a tendency
to be higher between May and October (Figure 5.7a). For all the pools combined, there
was a significant positive relationship between R and DOC and also between GPP and

DOC but no relationspibetween NEP and DOC (Table 5.5, Figures 5.7b, 5.7c 5.7d). The
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relationships in the monthly dataset were similar but with lower significance levels and

the summer data exhibited no significant relationships (Table 5.5).
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Figure 5.7DOC concentrationand relationshipsvith metabolism estimateg¢a) Mean DOC
concentrations (# 1 st.dev) for all pools at Moor House throughout the sampling period, with the
relationship between DOC and (b) R, (c) GPP and (d) NEP, delineated by season. Spring n=20, summer M

n=8, summer S n=10, autumn n=10, winter n=5.

5.36 Metabolismand E4/E6 andBUVAs,

The highest individual E4/E6 ratio was 14.56 (MHMO03 dhMdy, 2013) and
the lowest was 5.24 (MHMO09 on 24uly). The mean values per month ranged from
5.68 (+£0.38) in July to 9.52 (+1.88) in April, with no clear seasonal pattern (Figure
5.8a). There were no significant relationships between R, GPP or NEP and E4/E6 for
either all pools combined or for the monthly pools (Table 5.5, Figures 5.8b, c, d).
However, when analysing the summer pools there was a significantly positive

relationship etween GPP and E4/E6 (Table 5.5). The highest individuab&ualde
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was 4.55 L mgm™* (MHMO5 on 14 May, 2013) and the lowest 2.10 L thg?
(MHMO3 on 16 September). The monthly mean values ranged from 3.11-Lrmy
(+/- 0.19) (April) to 4.46 ing* m (+/- 0.09) (May, 2013), with no clear seasonal
pattern (Figure 5.9a). There were no significant relationships between R, GPP or NEP

and SUVA in any of the datasets (Table 5.5, Figures 5.9b, c, d).

Table 5.5 GLMM and GLIesultsfor relationships between environmental variables and metabolism

estimates fothe combined, monthly and summer datasets.

All Pools (GLMM) | Monthly Pools (GLMM| Summer Pools (GLM
Dependent| Predictor | t-value p-value t-value p-value t-value p-value
Variable | Variable

R DOC 3.22 0.003 2.76 0.009 -0.96 0.367
R Temp 4.13 <0.001 0.60 0.553 0.70 0.503
R TN 2.81 0.008 2.96 0.005 -1.38 0.206
R TP 3.30 0.002 4.28 <0.001 -1.46 0.183
R Depth -5.74 <0.001 -1.84 0.073 -3.54 0.008
R E4/E6 -1.39 0.172 -0.98 0.335 1.29 0.234
R SUVA 0.88 0.383 1.28 0.209 -0.67 0.524
GPP DOC 3.59 0.001 3.00 0.005 -0.25 0.812
GPP Temp 3.77 0.001 2.59 0.014 -0.14 0.893
GPP TN 3.28 0.002 2.51 0.017 -0.21 0.837
GPP TP 3.20 0.003 3.07 0.004 -0.27 0.795
GPP Depth -0.59 0.557 0.01 0.995 0.14 0.889
GPP E4/E6 -0.35 0.729 -0.33 0.747 2.63 0.030
GPP SUVA -0.01 0.991 0.12 0.906 0.86 0.414
NEP DOC -1.56 0.128 -1.64 0.110 0.86 0.414
NEP Temp -1.46 0.154 0.19 0.850 -0.79 0.454
NEP TN -1.06 0.298 -1.93 0.061 1.30 0.231
NEP TP -1.44 0.159 -2.85 0.007 1.34 0.216
NEP Depth 3.87 <0.001 1.98 0.055 4.10 0.003
NEP E4/E6 1.16 0.254 0.85 0.400 -0.37 0.718
NEP SUVA -0.40 0.689 -0.94 0.351 0.64 0.543




155

@5pring MSummer M =SummerS @ Autumn A Winter

14 (a) 40 (b)
12 -
10 T30 -
g 8 e I A
b 2 g 2 n, .
2 & kS In'
. z 10 _‘z‘o N
°
SEE2ERERTIERE L0 JNeb & ¢
R R R T N S N 4 6 8 10 12 14 16
Month E4/E6
4 6 8 0 12 1 16
20
(c) 0 ® % (d)
T - o .
T 15 5 5 -e, w‘.\ o
% ° - .‘.
: - B £ 10 ' |
B 10 - o) O B
. - = . RS 'y "
& 5 - s ety
o ‘s-lo\ ° w20 A
0 e ¥ B\ o 25 - A A
4 6 8 0 12 115 20 -
E4/E6 E4/E6

Figure 5.8 E4/E®6 ratios and relationshipgth metabolism estimate¢a) MeanE4/E6 ratios#/- 1 st.dev)
for all pools at Moor House throughout the sampling period with the relationship between E4/E6 and (b)
R, (c) GPP and (d) NEP, delineated by season. Spring n= 20, summer M n=8, summer S n=10, autumn
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5.3.7 Metabolismand water temperature

Meantemperature for all of the pools combined was lowasDecember
(mean = 4.33, +/0.14°C) and highest in July (mean = 19.7004/7°C) (Figure 5.10a).
There was a highly significant positive relationship between R and water temperature
although the scatterplot highlighted two fairly high R values at lemgeratures in
winter (Table 5.5, Figure 5.10b). There was also a significantly positive relationship
between GPP and water temperature but no relationship between NEP and water
temperature (Table 5.5, Figures 5.10c, 5.10d). For the monthly pools, th®nslkaip
between temperature and GPP was also positively significant but there was no
significant relationship between either R or NEP and temperature. The summer pools

exhibited no significant relationships (Table 5.5).
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Figure 5.10Water temperatureand relationshipsvith metabolism estimateg¢a) Mean water
temperature (+- 1 st.dev) for all pools at MH throughout the sampling period with the relationship
between water temperature and (b) R, (c) GPP and (d) NEP, delineated by season. Spring n=20, summ

M n=8, summer S n=10, autumn n=10, winter n=5.
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5.3.8 Metabolismand TN

Concentrations of TN were low in all pools, ranging from 0.11-h{tylHM03
on 14" May, 2013) to 3.78 mg'L,(MHMO08 on 24 July). Taking the mean values per
calendar month, concentrations of TN were highest in July (2.60.89 mg t!) and
lowest in May 2013 (0.39, +0.18 mg t). For all pools combined there were highly
significant positive relationships between R amél &and GPP and TN but no
relationship between NEP and TN (Table 5.5, Figures 5.11b, c, d). Similar results were
found for the monthly pools, with positive relationships between R and TN and GPP
and TN and, whilst the relationship between NEP and tempeedturthe monthly
pools was still not significant, it was much closer to being so (Table 5.5). The summer

pools exhibited no significant relationships (Table 5.5).
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Figure 5.11TN concentrations and relationshipsth metabolism estimate¢a) Mean TN
concentrations (#- 1 st.dev) for all pools throughout the sampling period relationship with relationships
between TN and (b) R, (c) GPP and (d) NEP, delineated by season. Spring n= 20, summer M n=8, summer

S n=10, autumn n=10, winter n=5.
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5.3.9 Metabolismand TP

Concentrations of TP were very low in all the pools. Individual pool readings of
TP ranged from 0.003 mg In MHMO04 on 11 March to 0.084 mg-Lin MHMO8 on
24" July. Mean concentrations of TP were highest in July (0.052,044 mg £) and
lowest in March (0.005, +0.001 mg 1) (Figure 5.12a). For all pools combined there
was a highly significant positive relationship between R and TP, and GPP and TP but no
relationship between NEP and TP (Table 5.5, Figures 5.12b, c, d). For the monthly
pools, the relationships between R and TP and GPP and TP were both still significantly
positive although the relationship between NEP and TP was now significantly negative

(Table 5.5)The summer pools exhibited no significant relationships (Table 5.5).
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Figure 5.12TP concentrationand relationshipsvith metabolism estimateg¢a) Mean TP concentrations
(+- 1 st.dev) for all pools at Moor House throughout the sampling period with the relationship between
TP and (b) R, (c) GPP and (d) NEP, delineated by season. Spring n= 20, summer M n=8, summer S n=10,

autumn n=10, winter n=5
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5.3.10 Metabolism andwater depth

Mean water depth was lowest in July (25.89, #2.40cm) and highest in March
(42.46, +4.71) (Figure 5.13a). R and water depth were significantly negatively related
for all pools combined and for the summer pools, but for the monthly pools the
relationship became weaker and neignificant (Table 5.5, Figure 13b). The
relationship between GPP and water depth was not significant for any of the three
datasets (Table 5.5, Figure 5.13c). NEP and water depth were significantly positively
related for all poéss combined and for the summer pools, with the relationship for the

monthly pools on the cusp of significance (Table 5.5, Figure 5.13d).
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Figure 5.13Water depth and relationships with metabolism estimatay Mean water depth (+ 1
st.dev) for all pools at Moor House throughout the sampling period with the relationship between depth
and (b) R, (c) GPP and (d) NEP, delineated by season. Spring n= 20, summer M n=8, summer S n=10,

autumn n=10, winter n=5
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54 Discussion

This study preides strong evidence that pools in nevilipcked drains on areas
of blanket bog act as bioreactors, emitting more-@the atmosphere than they fix
via photosynthesis. This section will now discuss these findings in the context of other
studies lookingat the metabolism of lentic waters, and will conclude by assessing the
suitability of the DO diel change technique when studying small, peatland pools and

providing recommendations for its use in future studies.

5.4.1 Prevalence oheterotrophy

Every pol returned a negative NEP value which is indicative of heterotrophy
and thus the first part of Hvas accepted. This finding agrees with those of most other
studies looking at the metabolism of dystrophic lakes and ponds (Table 5.6). Indeed,
heterotrophyin lakes has been found to be so strong in some cases that it persists
even after experimental nutrient enrichme€ole et al.2000) Howevera study of
two shallow beaver ponds in central New York State found that the pond with greater
nutrient enrichment due to agricultural ruaff had a positive mean NEP value during
the sampling periodKlotz, 2013)This section will now discuss the metabolism
estimates obtained from Moor House compared to those listed in Table 5.6.

Mean NEP in th#loor House pools ranged frof3.00 (MHMO05) t64.50 g @
m2d*(MHMO02) and these values were similar to Northgate Bog and Crystal Bog (both
dystrophic lakes in Wisconsin, USA) where mean NEP was recor®=88af and1.33
g @m2d, respectivelfHanson et al., 2003, Lauster et al., 200@)ble 5.6).

Reddington Bog returned a slightly lower mean NEP value than ahg &l pools-
4.64g Qm2d1) and, although the trophic state of this lake was not specified in the

original study(Hanson et al., 2003)he high levels of DOC (23.10 m) lare suggestive



Table 5.6 Comparison of metabolism estimates with studies of other lentic habitaterage rates of R, GPP and NEP, along with selestébnmentalcharacteristics, taken

from studies looking at metabolism in lentic waters using the diel DO change technique. All metabolism values convegt€dnmtd to allow for direct comparison.

g om2dt
Reference Waterbody Location 'Sl';gfuhslc Study Months Sx:ga;:e Depth Parameter (m) (rr?g?lg) R GPP NEP
This study MHMO06 to MHM15 | Cumbria, UK Dystrophic Jul & Aug ping 0.26 (mean depth) 53.42 5.54 2.37 -3.16
This study MHMO1 Cumbria, UK Dystrophic May to May 2n? 0.37 (meardepth) 26.49 4.84 0.77 -4.50
This study MHMO02 Cumbria, UK Dystrophic May to May ping 0.37 (mean depth) 27.85 4.51 0.55 -4.35
This study MHMO03 Cumbria, UK Dystrophic May to May 2m? 0.46 (mean depth) 32.46 4.39 0.55 -3.90
This study MHMO04 Cumbria, UK Dystrophic May to May ping 0.40 (mean depth 29.44 4.18 0.90 -3.36
This study MHMO05 Cumbria, UK Dystrophic May to May ping 0.36 (mean depth) 31.86 3.07 0.48 -3.00
Hanson et al., 2003 Northgate Bog Wisconsin, USA | Dystrophic Jul & Aug 0.3ha 1.5 (thermocline) 24.60 3.72 0.34 -3.38
Hanson et al., 2003 Cranberry Bog Wisconsin, USA | Mesotrophic | Jul & Aug 1.4ha 1.8 (thermocline) 11.50 2.85 1.98 -0.86
Hanson et al., 2003 Trout Bog* Wisconsin, USA | Dystrophic Jul & Aug 1l.1ha 1.5 (thermocline) 17.00 1.69 2.36 0.67
Hanson et al., 2003 Reddington Bog Wisconsin, USA | n/a Jul & Aug 1.2ha 1.5 (thermocline) 23.10 5.28 0.64 -4.64
Hanson et al., 2003 Little Arbor Vitae Wisconsin, USA | Eutrophic Jul & Aug 216.1ha 5 (thermocline) 3.20 17.95 | 23.09 5.15
Lauster et al (2006) Crystal Bog Wisconsin, USA | Dystrophic Summer 0.5ha 0.5 (thermocline) n/a 2.17 0.85 -1.33
Lauster et al (2006) Muskellunge Wisconsin, USA | Eutrophic Summer 107.7ha 4.7 (thermocline) n/a 32.13 | 35.19 -0.33
Lauster et al (2006) Big Muskellunge Wisconsin, USA | Mesotrophic | Summer 396.3ha 8 (thermocline) n/a 3.57 2.66 0.67
Lauster et al (2006) Sparkling Wisconsin, USA | Oligotrophic | Summer 64ha 3 (thermocline) n/a 0.12 0.32 1.67
Klotz (2013) (Tt;re“;\”lg:"gig dF)’O”d Eg‘x York State, | e irophic ;\]A“Z'i;oto'\'% 8690n% | 0.44 (meandepth) | n/a 1240 | 1610 | 3.70
Hagerthey et al (2010) Eczlrg\z/av d\g/gter Florida, US Various All year various 0.43 (mean depth) 19.8 7.04 3.30 -3.74
Cornell and Klarer ilgwwx;?:rnlg/ﬁil)( Ohio, USA n/a Apr to Oct n/a 0.62 (mean depth) n/a 1.61 1.33 -0.28
Christensen et al (2013) I(‘r:rigﬁzgnrzgé?rry Oland, Sweden Oligotrophic May to Sep ;gg;om 0.3 to 0.8 (max depth) | n/a 10.18 | 10.11 1.41

T9T
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of dystrophy. Conversely, NEP for the dystrophic Trout Bog was positive at 067 g O
2 d1, although there were unusually high levels of Chlorophyll a in this(lédmson et
al., 2003) Overall, the MH pools fell at tHewer (i.e. more heterotrophic) end of the
spectrum of NEP values returned by dystrophic lakes (Table 5.6). Furthermore,
dystrophic lakes (charactised by low nutrients and pH but with high levels of organic
matter which typically stain the water brown) returned lower (more negative) NEP
values compared to waterbodies of other trophic states. For example, the mesotrophic
Cranberry Bog returned a me&EP value 00.86 g @m2 d?, whilst the eutrophic
Little Arbor Vitae Lake had a positive NEP value of 5.15w°@* (Table 5.6)Staehr
et al. (2010bhgttributed low levels of NEP in a dystrophic lake in Denmark to the high
levels of coloured dissolved organic matter present, which was suppressing primary
production by attenuating an average of 82% of thvaitable light. Furthermore, a
comparative study of 25 lakes in Denmark found that that braetoured (i.e.
dystrophic) lakes had significantly less irradiance available for photosynthesis in the
mixed layer compared to clearer lakEtaehr et al., 2012a)he dystrophic lakes
studied byLauster et al. (20086)ad littoral vegetation comprised of emergent
macrophytes an&phagnummats and the authors theorised that this contributed to
the low NEP values as follows; the@oduced by emergnt macrophytes during
photosynthesis was lost to the atmosphere (so its presence was not captured by the
probe in the water) and th&phagnunmats, which have been shown to host large
colonies of bacteriéFisher et al., 1998yerepotentially fuelling increased rates of
respiration in the lake as a whole.

Overall, the MH pools returned some of the lowest NEP values of all the
waterbodies listed in Table 5.6 and were therefore greater carbon sources to the

atmosphere per unit areal he heterotrophic nature of the MH pools was also
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reflected in the neaconstant subsaturation of Q, suggesting that rates of respiration
were nearly always in excess of production, thus not allowing concentrationstof O
reach equilibrium. This linkebween Q sub-saturation and net heterotrophy
(increased R and decreased NEP) has also been noted in other tians®n et al.,
2003, Hagerthey et al., 2010, Staehr et al., 2010a)

Studes of terrestrial peatland carbon budgets provide mixed results. For
example, a study b§reen et al. (Unpublishedhdertaken on the Migneint, North
Wales, used gas flux chambers to measure fluxes pa@HCQ@both in and béween
drainage ditches. Results from two chambers placed 1 m away from the drainage
ditches showed that annual net ecosystem exchange (NEE) switched between negative
(CQ uptake) and positive (G@ource) from one year to the next. For the two
chambers ovethree years, four annual figures reported a net-Qftake (the largest
uptake was2164.2 g COm?y?) and two a net Cgoss (the largest loss was 253.2 g
CQ m2y?). In contrastRoulet et al. (2007)ndertook a six year study based at Mer
Bleue peatland near Ottawa (Canada) and reported that, whilst there was a large inter
annual variation in NEE, every year reported a net carbon uptaite a mean NEE
value 0f-40.2 (+40.5) g Gn2yL. In my study, the NEP values were consistently
negative (in this case indicating carbon losses). For example, the monthly pools median
NEP values ranged froi.99 to-1.69 g C@m?d*and the summepools single NEP
values from0.30 to-1.78 g C@m?d™. Scaling up the lowest and highest of these
figures by 365 to represent an annual budget provides carbon losses of between 109.5
and 649.7 g COn2 y1. Although this is a very rough calculatiacking any
consideration of seasonal dynamics, it suggests that pools may release ma@ CO

the atmosphere per unit area than the surrounding peat soils/vegetation.
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As the DO change technigue does not account for@@ethane (Ck) release
due to araerobic respiration or oxidation of organic matter by, for example, nitrate
(neither of which consume 4] it is probable that overall R rates have been
underestimated(Torgersen and Branco, 2007, Staehr et al., 20athermore, using
this technique, R is assumed to be constiéimough the diel period when, in reality, it
is likely that daytime R exceeds nighime R due mainly to increased temperatures
but also possibly driven by the more labile DOC exuded during photosynffebias
et al., 2007) However, although this would undestimate the magnitude of R and
GPP, the value of NEP would remain unchanged as estimates of R and GPP would both
change in proportior{Cole et al., 2000, Staehr et al., 201@)nversely, R might be
overestimated due to the increased chemical oxygen demand causeddbgrial
processingf organic matter; this produces reduced chemical species (e'§.NMa*?

etc.) which are subsequently oxidised usingrgersen and Branco, 2007)

54.2 Low GPP

The trend towards heterotrophy in the MH pools is partly attributable to the
very low rates of GPP. This could be due to the young age of the pools; at the time of
the first sampling effort in May 2013 the pools had been in existence forfimely
months, and would have been potentially frozen for much of the first three of those.
Thus, there was limited time for submerged vegetation / algal communities to become
established, whereas bacterial communities would already have been present in the
sediments. Indeed, the trend towards higher GPP levels at the end of the study period
in the monthly pools, even though PAR levels were very low, suggests that GPP might
have been increasing with pool age. Another contributing factor to the low rates of

GHP would have been the brown staining of the pool waters, caused by inputs of
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dissolved organic matter (DOM) from the surrounding peat. Coloured DOM (CDOM)
was shown to attenuate an average of 82% of the light entering dystrophic Gribsg Lake
in Sweden(Staehr et al., 2010bjhus severely limiting the potential for photosynthesis
in the lower water column and leading to net hetémaphy. Indeed, the impact of
CDOM on light attenuation has recently been mooted as being a more important

limiting factor on autotrophic production than lack of nutrierfigarlsson et al., 2009)

543 DOC

Rates of R were strongly positively related to concentrations of DOC for all
pools combined and the monthfyools, which supports the second part of &hd is in
agreement with findings from other studi€slanson et al., 2003, Staehr et al., 2010b,
Staehr et al., 2012ajll the MH pools displayed DOC >10 mgvithichHanson et al.
(2003)identified as a threshold above which most lakes were heterotrophic. Indeed,
the MH pools displayed considerably higher levels of DOC than all the other lakes listed
in Table 5.6 and returned sonud the lowest NEP values. However, the third part of H
(that there would be a significant negative relationship between NEP and DOC) was
not supported by the analysis. This was probably because the relationship between
GPP and DOC was more strongly pesithan that between R and DOC, whereas
Hanson et al. (2003yvho found a negative correlation between NEP and DOC, found
no relaticnship between GPP and DGXthough photosynthesis does not require DOC
as an input, it may be that primary producers are exuding DOC, thus increased GPP
could be driving increased concentrations of DOC. Indeed, a positive relationship
between GPP and DQ@s also reported b$taehr et al. (2010kgnd Staehr et al.
(2012a) However in both of theseases, unlike the MH pools, the relationship was

stronger for R and DOC, leading to a significantly negative relationship between NEP
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and DOC. In contradtiagerthey et al. (201@pund that DOC in the Florida érglades
was negatively related to R, GPP and NAP (net aquatic production). The authors
inferred from their results, along with other unpublished data, that DOC was unlikely
to be an important driver of R which they theorised was associated mainly with the
bottom sediments rather than the water column. In this case, the authors believed
that bacteria in the sediments mainly remineralised detritatculent organic matter
(floc), an unconsolidatelhyer of decomposing plant matter and periphyton overlying
the peaty bottom, in preference to DOC. Floc has been shown to decompose more
quickly than the underlying peat and to exhibit C turnover in the order of days rather
than the years seen for peat soils. The presence or absence of such a layer was not
establided for the MH poolsalthough large amounts of suspended detritus have
been found in sieved water samples from the site (pers.comm Lee Bawdiuture
studies might consider investigating this as a possible driver of R.

Freshwater metabolism studieghich attempt to characterise DOC using
SUVAssand E4/E6 values are rare. One study which looked at DOC quality in a Quebec
(Canada) peatland restored ten years previously, reported that SJWAs
significantly lower (more bioavailable) at sites witlyler rates of photosynthesis
(Strack et al., 2015However, in this case, the authors were not suggesting that low
SUVAsswas driving photosynthesis; rather that photeghesiswas lowering SU\b4
by augmenting the supply of fresh leaf litter which decomposed quickly and resulted in
a more labile carbon source. This may help to explain the only significant relationship
found in the analysis of the potential aromaticdfthe DOC at Moor House (the E4/E6
and SUV#&4datasets); a positive relationship between GPP in the summer pools and
E4/E6 (Table 5.5). Although there is no apparent reason why GPP should increase as

DOC becomes less aromatic (more bioavailable), perthapsicreased GPP leads to
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more bioavailable DOC. Overall, however, there was no evidence to support the final
part of H, namely that lower SU\s or higher E4/E6 values resulted in increased
rates of RIndeed, the relationship between E4/E6 and R,lIsthiot significant or

linear, suggested that R was actually lowest at high E4/E6 values.

5.4.4 Temperature

As hypothesised indrates of R and GPP were both positively related to
increased temperatures, at least for the whole dataset combined. Howéer
relationship between R and temperature was not significant for the monthly pools
alone and this was probably due to the removal of the high rates found in the summer
pools at high temperatures, along with some unexpectedly high rates of R fourd at lo
temperatures in winter. A study of stream metabolism at Moor House also found some
high values of R at low temperaturé&spray, 2012)One potential driver of high R at
low temperatures could be the relatively higatios of E4/E6 seen in Decembeven
though there was no significant relationship between E4/E6RruVerall (Table 5.5).
Indeed, the E4/E6 data suggest a trend towards the DOC being more bioavailable in
winter and spring, even though it is present in lower concentrations. It is unclear why
this would be the case, as any fresh organic input from sudowgvegetation (e.g.
autumnal leaffall) would have been around for at least a couple of months, giving the
microbes plenty of time to use up the bioavailable fraction. However, the high rates of
R in winter and the potential link to more bioavailable DO&2its further
investigation.

Another finding was that the significant relationship between R and water
temperature was weaker than that for GPP and temperature for all pools combined,

and was not significant for the monthly or summer pools. TherefoigdRot scale
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more with temperature and there was not a corresponding decrease in NEP, thus not
supporting the second part of2HThis pattern was also found Byaehr et al. (2010b)
when reporting Pearson correlation coefficients for a dystrophic lake in Sweden.
Furthermore, at all four sites sampled Bprnell and Klarer (2008} Lake Eerie, USA,
temperature had no effect on the GPP:R ratio, even though at two of the sites both R
and GPP were positively correlated with temperatu@me possible reason for this
departure from metabolic theory of ecology predictions could be the low levels of
nutrients found in dystrophic waterbodiashich may act as a limiting factor on both
metabolic processedHowever, marine studies have reported that bacterial production
in warm, oligotrophic conditions is more strongly nutridimited than bacterial
respiration(LépezUrrutia and Moran, 2007)eadingYvonrDurocher et al. (2010kp
theorise thatfreshwaterR would be less impactds nutrient limitationthan
freshwaterGPP Another reasorfor the departure from the metabolic theory of
ecology predictionsouldbe that, unlike in the mesocosms set upYyyonrDurocher et
al. (2010b)the Moor House sampling was not designed with warmed and control
pools sampled at the same time of year, so other elements related to seasonality (e.qg.
water chemistry, water levels, microbial communitie;.) might act as confounding
factors. Future fielebased work to further inform the relationship between
metabolism and temperature could include experimental manipulation of nutrient
levels and also artificial warming of pools to allow for comparidmta/een control

and warmed treatments.

545 Nutrients
Both TN and TP displayed significant, positive relationships with R and GPP, for

all pools combined and for the monthly pools, thus supporting the final part.of H
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However, the very low levels probiglcontributed to the low GPP rates and overall
heterotrophy. The positive relationship between the two metabolic rates and TP
reflects the findings offanson et al. (2003put these authors also reported a positive
correlation between TP and NEP which was absent in this study. In fact, for the
monthly pools there was a significant negative relationship between NEP and TP,
because thegositive relationship between R and TP was stronger than that for GPP
and TPStaehr et al. (2012also found that volumetric rates of GPP and R significantly
increased along with concentrations of TP whereas NEP decreased. In contrast,
Hagerthey et al. (2010pund that Total Kjeldahl Nitrogen (TKN) and TP were
negatively related to R, GPP and NAP (net aquatic production) in the Florida

Everglades, although the relationships were poor (lowlnes).

5.4.6 Water depth

All the Moor House pools were shallow, with mean depths < 50cm. However,
the relationships between mean R and NEP and water depth were significant and
strong, supporting kKl As the summer pools also tended to be shallower,pbissible
that the higher water temperatures in summer confounded the depth analysis,
although this theory is negated somewhat by the strong relationship between R and
water depth found for the summer pools alone. Also, the relationships for the monthly
pools alone were verging on statistical significance, especially for NEP and depth. It
seems likely, therefore, that heterotrophy in the Moor House pools could have been
partly driven by the shallow water levels which increased the amount of substrate
available for microbial processing and respiration relative to the volume of water
(Torgersen and Branco, 2008urthermore, shallower waters are less prone to

seasonal stratification, meaning that diurnal mixing events can facilitate the transport
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of oxygendepleted waters / sedimentlerived C@from the pool bottominto the
upper reachegHolgerson, 2015)The shallow depth effectiweturns the whole
waterbody into a littoral rather than pelagic environment and studies looking at larger
lakes have reported that littoral (i.e. shallower) areas of the lake contribute to
metabolism more than do pelagic zon@ole et al., 2000, Lauster et al., 2QQ&uster
et al. (2006plso found that theSphagnummats surrounding dystrophic lakes
decreased NEP by the presence of increased microbial actBti&ghr et al. (2012a)
reported that volumetric rates of R and GPP both decreased significantly along with
increasing lake depth, although at Moor House the relationship between GiPP a
water depth was not significant for any of the three datasets.

High R and low NEP values, comparable to those at Moor House, were found in
the shallow peatland everglades in Florida, WiS&gerthey et al., 2010 The eveglade
pools were similar to the MH pools in that they were shallow, with a mean depth of
0.43m, and exhibited relatively high levels of DOC, although at 19.8 fegéls were
still substantially lower than those at MH (Table 5.6). The shallow wateslewald
have been helping to fuel high rates of R although it is also likely that the high mean
water temperature (all readings >20°C) was a contributing factor. The authors,
however, believed the prevalent heterotrophy found in their study was causedlynain
by the vegetation present; the waters were dominated by emergent and floating
leaved macrophytes which vented the majority of oxygen produced during
photosynthesis into the atmosphere, whilst underwater respiration, especially from
the layer of floc orthe pool bottoms, depleted the £xoncentrations in the water
column. As the vegetation communities in the Moor House pools were, as yet, not well

established, this is an unlikely driver of heterotrophy there.
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One apparent anomaly in the dataset occurkglden comparing the monthly
and summer pools sampled in August 2013. For example, of the four monthly pools,
three returned negative GPP values even at the 1hr sampling frequency, and were
assumed to be zero for the purposes of statistical analysis. These pools were
sampled on the same date as MHM13{28ugust, 2013) which reported a much
higher GPP value of 5.76 gi®2 d, and the two summer pools sampled on"®2
August (MHM14 and 15) were even higher (5.92 and 16.42ng3@i respectively).
The rates of R in MHM13 and 15 were also high compared to three of the monthly
August pools. The pools all displayed similar water chemistry and were also mainly
openwater; the main difference was the slightly smaller dimensions of MHM13, 14
and 15 and thi location (at the bottom of the hillslope as opposed to the top). It is
therefore possible that the increased metabolism estimates in the summer pools
sampled in late August was due to their smaller sidso, heir location at the bottom
of thehillslopeY A 3K KI @S Ffft26SR (GKS LISIG GKSNB
as water from upslope pooled at the bottgrwhich may have resulted more stable
water levels and thus more permanent and / or diverse microbial commundi®gng

ratesof both R and GPP.

5.4.7 Diel DO Patterns andegative GPRalues

The heterotrophic nature of the Moor House pools was reflected in the
majority of diel DO patterns, which rarely produced a diel curve to mirror PAR. Instead,
the more common pattern of minimal DO change throughout the day suggested that
photosynthesis wagarely reaching a rate which exceeded that of respiration. One of
the dystrophic lakes studied byanson et al. (2003}he dystrognic and heterotrophic

Northgate Lake (Table 5.6) also seemed to exhibit relatively constant DO levels
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throughout daylight hours. Similarly, the oligotrophic Sparkling Lake sampled by
Lauster et al. (200&howed little variation in DO levels with diel D&xersions of <1
mg L&, even though this lake was autotrophic.

One interesting feature of many of the diel DO patterns was the existence of an
SPSYAy3ad WalLA{1SQ Ay 5h tS@Staod hFGSy GKS aLhAlsS
biological reason (i.en0 correspondence with increased PAR). Other studies have also
reported nighttime rises in levels of DO and attributed them to physical rather than
biological processes. For examgignson et al. (2008pund nighttime increases in
DO in Crystal Bog and hypothesised that they were caused by a pocket of DO rich
water movirg past the sensor, either vertically or horizontally. In larger lakes, water
with higher levels of DO might originate in the more metabolically active littoral zone
before moving out (e.g. via advection) to the pelagic dteauster et al., 2006 he
horizontal movementheory was also posited bgelda and Effler (200®) account for
the severakudden instances oincreased D@oncentrations during dark hours in
their study of the eutrophic Onondaga Lake, New York (USA). It therefore seems likely
that the late evening / nightime rises in DO levels seen in the MH pools might be
caused by mixing or advective events which cqumsekets of more oxygenated water
to pass the sensor.

hyS O2yaSlidsSyo0S 2F (KS S@SyAy3a aLii1Sa Ay 5
of R (and therefore also GPP), as somenNfaRies during dark hours were positive
when they should have been negative (pbsynthesis does not happen in the dark so
Oz levels should fall, not rise), leading to negative R estimations. For systems to be
suitable for the operwater DO technique rates of both R and GPP should be greater

than zero and GPP should be greater than NHERse conditions may not be met when

physical processes override biological oxygen dynamics, for example when pockets of
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water moving past the sensor are heterogeneous with regards.tco@centrations
(Caffrey, 2003)and this outcome is not rare in lake metabolism studies. For example,
Cornell and Klarer (2008)und that on average, only 46% to 75% of the data met their
screening criteria (HRR>0, GPP>e)da and Efflef2002)found that community
respiration estimates were negative on ten days due to ntghe DO increases, and
on six of these days this resulted in corresponding anomalous negative GPP estimates.
Hanson et b (2005)reported that, in dystrophic and eutrophic lakes,-80% of
metabolism estimates were classified as atypical, suggesting that physicochemical
processes were often confusing the biologicaibntrolled diel DO signals. As the Moor
House pools @ so small, it seems unlikely that horizontal movement of water would
be responsible for the evening spikes in DO. More likely would be a vertical mixing
event, as daytime microstratification in the mixed layer breaks down at (©bibso

et al., 2011)

54.8 Conclusions

The drainblocked pools at Moor House were consistently heterotrophic, due in
part to the very low rates of GPP. When compared to other studies, the NEP estimates
were at the low end of the spectrum, indicating that the MH pools are stronger
sources of Cgxo the atmosphereper unit areathan other freshwater systems. Also,
comparisons to studies of the carbon budgets of terrestrial peatlands suggest that
pools act as hotspots for G@lease in the wider peatland landscape. Furthermore,
the actual level of heterotrophy may be even greater than reported due to
methodological constraints which precluded the estimation of anaerobic R.

The main drivers of increased R in the pools app@éndbe concentrations of

DOC (a positive relationship) and water depth (a negative relationship; shallow pools
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displayed higher levels of R). As high concentrations of DOC are inherent to peatland
settings and therefore difficult to control, it is suggedtthat the creation of deeper

pools (as opposed to shallower ones) may help to reduce any extra carbon fluxes to
the atmosphere caused by drablocking. Increased concentrations of TN and TP
fuelled both R and GPP, but levels were so low that they wegegbly, ultimately,

limiting factors to metabolism. GPP was linked strongly to water temperature and
rates may also increase with time as vegetation and algal communities become better
established in the pools. The instance of high rates of R at low teatyres in

December was an unexpected finding which warrants further research, especially in
relation to the possible increased bioavailability of DOC as suggested by high E4/E6
ratios. Also worthy of further investigation is the occurrence of eveningiikes

which, in many cases, disrupted the biological signals and contributed to negative R
and GPP values and also, possibly, to the underestimation of daytime R. For future
studies of the metabolism of small, peatland pools it is recommended that triéals b
carried out prior to sampling to establish the DO diel patterns. A large number of
evening DO spikes may mean that the pools are not suitable for the-apésr DO

technique and that other methods should be considered.
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Chapter 6: The thermal stratifation of peatland pools and its

implications for biogeochemical processes

6.1 Introduction

The seasonal thermal stratification of lentic waterbodies is a-ea&tblished
phenomenon(Hutchinson and Loéffler, 19563 tratification is driven by changes in
water temperature at different depths which causes corresponding changes in the
water density; as water cools it becosdenser until it reaches a density maximum at
4°C. The three layers in a stratified lake are (1) the epilimnion (or mixed layer), where
GSYLISNI GdzNBa | NB KAIKSad FyR GKS 41 GSNJ A
(or theromocline), a middle Yeer, usually thin, in which the temperature changes
rapidly, and (3) the hypolimnion, the dense, bottom layer. The usual pattern for a
temperate lake is to fully mix twice a year (a dimictic lake) in spring and autumn, when
the lake is approximately theame temperature throughout the water column. In
summer and winter temperate lakes are usually stratified. In summer, the warmer
mixed layer is separated from the bottom cooler layer, although extreme weather
events such as heavy rainfall or high winds eayl to isolated mixing events. In
winter the reverse may be true; the surface may be covered by ice and the waters
immediately below can be colder than the denser water (4°C) which sinks to the lake
bottom.

Lake stratification has consequences for thegaochemistry (e.g.
concentrations of dissolved gases and nutrients) of the waterbody. For example,
during summer stratification, any DO produced by photosynthesis in the epilimnion
cannot diffuse down into the hypolimnion, where the existing oxygen supply

gradually consumed by bacteria feeding on the organic matter which continues to sink
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down from the surface water@Vlacan,1974) In productive lakes with a shallow
hypolimnion this leads to anoxia in the hypolimnion which can cause fish fatalities, and
the chemistry of the bottom sediments is altered, leading to the release of
phosphorous into the hypolimniofNurnberg and Peters, 1984, Sgndergaard et al.,
2003) When this buileup of phosphorus is released into the upper layers, by storms
or autumn mixing, it can lead to algal blooms. Diurnal stratification has also been
shown to resrict the diffusion of methane (Ciithrough the water columifFord et al,
2002)and to impact the dynamics of chromophoric dissolved organic matter (CDOM)
fluorescence, which can be used a proxy for the quantity or quality of DOM / DOC
(Watras et al., 2015)

Shallow lakes and ponds, however, have previously been assumed to be
vertically welmixed, and facilities such as stormwater and aquaculture ponds have
been purposefully deigned as shallow systems to avoid the problems, such as oxygen
depletion, caused by stratificatiaffersson, 2000, McEnroe et al., 2Q13pwever,
although shallowsystems avoid seasonal stratification, they have been shown to
experience a diurnal, rather than an annual, thermal stratification oy@énf, 1974,

Van Buren et al., 2000, Condie and Webster, 200Ris diurnal cycle happens because

a very shallow surface layer is heated during the day but is cooled at night to the point

where it overturns and mixes with the cooler water below. This diurnal pattern has

important implications foiboth the biota and the biogeochemistry of the pond. Indeed

Macan (1973y 2 1 SR (G KI (0 &adzOK RA dzNY bfthemdstNI G A FA Ol GA2Y
AYLRZNIOFYG LKSY2YSylF FFSOUAYy3a tAFS Ay GKS LRy
deeper, thermally stratified lakes experience microstratification in the mixed layer over

the course of a day and that this has implications for metabolism estis{&bloso et

al., 20L1),
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The diel oxygen change technique is used in many lake studies to estimate
rates of respiration (R) and gross primary production (GPP) and thereby the net
ecosystem production (NEP) value of a waterbody (3espter5 of this thesis for
more detailg. DO probes are typically deployed in the surface waters (0.5 to 1 m) and
are assumed to measure levels of DO throughout the stable, upper mixed layer. The
depth of the mixed layer £) is usually obtained from regular (e.g-vizeekly)
temperature profies and is defined by most studies as the depth at which temperature
changes by at least 1°C over a given unit of depth (e.g. O(Staghr et al., 2010a,
Coloso et al., 2011)n lakes with microstratification, however,iZmay change
throughout the course of a day and temporary thermal boundaries may prevent the
probe from detecting oxygen changes throughout the mixed layer. Microstratification
may also impact on other processes, such as light, nutrient levels and atmasgasr
exchange, which help to drive metabolig@oloso et al., 2011JFurthermore, the
depth of the mixed layer (£) is used in metabolism calculations to convert the
volumetric rate of DO change into an areal rate so that atmospheric gas exchange
(which is essentiallyraareal process) can be accounted for. However, if temporary
stratification prevents atmospheric2@om reaching the probe (i.e. it is located below
the stratified surface layer), but gas exchange is still being accounted for, then this will
lead to erros in the metabolism estimates. Thereforgyds a vital parameter in
metabolism calculationfColoso et al., 2011)

Chapter 5 of this thesis calculated the metabolism of a set of ¢himicked
pools at Moor House in northern England, and assumed thatdualled the agrage
depth of the pools, which is standard practice for shallow lakes and 8tashr et al.,
2010a)p | 26 SOSNE (GKS S@OSyAy3a WaLA{1SQ Ay 5h

suggested that a pocket of oxygeich water was regularly moving past the sensor in

t
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the evening. One cause of this colble a vertical mixing event caused by changes in
thermal stratification during the diurnal cycle. In some cases the DO spikes heavily
influenced the metabolism estimates for the pool because DO levels after dark
increased, rather than decreased, which techegative R values (see Chapter 5 for
more details). Furthermore, if diurnal thermal stratification is found to be severe in the
pools, then using the average pool depth as the value,@fiight not be a valid
assumption (i.e. the vertical temperatupgofile might change by >1 °C over the
measured mean depth). If this is the case, it is possible that temperature gradients
would need to be integrated into the metabolism calculations to provide more realistic
and fluid values ofdy, rather than one sttic value based on depth measurements
alone(Coloso et al., 2011)

The overall aims of this chapter were thrésd; (1) to further investigate the
evening DO spike in the Moor House pools by obtaining vertical temperature and DO
profiles, and to compare these to profila®m other peatland pools, (2) to ascertain
how any diurnal thermal stratification impacted upon metabolism estimates, and (3) to
consider the wider implications of diurnal thermal stratification for peatland

biogeochemistry. It was hypothesised that:

H. ¢ pools would stratify thermally, at least on warmer days, and experience
vertical mixing when temperatures cooled (usually in the evenings).

Ho ¢ thermal stratification would result in different metabolism estimates from
DO probes placed at different desttas thermal boundaries restrict the movement of

gases throughout the water column.
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6.2 Methodology

6.2.1 Study sites

Pools at three sites were sampled (Table 6.1). These were i) Moor House,
northern England; ii) Forsinard, northern Scotland and iii) Abisko, northern Sweden.
The Moor House site is described in Chapter 5 afttikisocation of the original
metabolismstudywhere theDO spikesverefirst observed. The Cross Lochs pool
complex in Forsinard is situated in the Flow Country of northern Scotland which is the
largest blanket peatland in Europe (c. 4000Pkamd lies within the RSPB Forsinard
reserve Thepool vegeation is broadly limited to aquati§phagndsS. cuspidatunand
S. denticulaturjy Eriophorum angustifolliugnand bog beanMenyanthes trifoliata.
Local terrestrial vegetation comprises a mosaic of typical blanket bog species, including
Sphagnummosses, % papillosum, S. tenellum S. capillifoliupedgesk.
angustifollium, Eriophorum. vaginatum, Trichophorum cespitgsencacous shrubs
(Calluna vulgarigErica tetraliy, sundewsrosera rotundifolia, Drosera intermedia
and Drosera angligabog asphodl (Narthecium ossifragujnand the locally common
liverwort (Pluerozia purpuréaRailway bog, near the town of Abisko, lies within the
Arctic Circle in northern Sweden and is a palsa mire surrounded by poor arctic fen. The
vegetation of the fen is dominatl byE. angustifoliumThe palsa itself is relatively dry
and cracked but contains pools, some deep enough to remain-o@eer all year
round, except during winter freezing. The palsa vegetation is comprised mainly of
Rubus chamaemoru&abrador tea (gars Ledun), Betula nanaSphagnum fuscum
AndromedapolifoliaandVacciniumspp.; also present are some very dry hummocks
with peat surfaces covered by lichen. Pool vegetation is dominated by the aquatic

Sphagnéas. cuspidatunandS. linbergiand E. angusfolium. Peat cores taken during
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the sampling period showed the peat depth to range between 20 and >130cm, with an
underlying strata that varied between lake sediment, rock, permafrost and grey silt

with clay.

Table 6.1Study #te descriptionsThe weather data for Moor House cover 2000 to 2012 and for
Forsinard and Abisko 2000 to 20T4e 2015 Forsinard dataset was used for depth profiles only, not

metabolism estimates, due to the datasets not covering a complete diel period.

Sampling Altitude ST kel
Site Name Country Lat Long Pool Type Precipitation monthly
Dates (m) o
(mm) temp (°C)
UK 54° 41' 27"N 28th May to
Moor House (England) 20 29" BE"W 1 xBlocked 1st June, 2014 572 2001 6.28
. UK 58°22'21"N
Forsinard (Scotland) 3° 57'30"W 2 xNatural 26th June, 2014 211 940 7.01
. UK 58°22'21"N | 2 xNatural 23rd to 26th
Forsinard (Scotland) | 3°57'32"W | 2 xBlocked|  June, 2015 211 940 .01
. 68°5' 12"N
Abisko Sweden 19° 49 50°E 3 xNatural June, 2015 490 339 0.44

6.2.2 Samplingmethodology

The sampling methods (probe deployment and water sample collection and
analysis) were as outlined in Chapter 5, apart from the vertical positioning of the
probes. At Moor House and Forsinard (2014), five probes were established at 10 cm
increments (10 to 6 cm) and at Abisko, three probes were left at 10, 30 and 50 cm
depths. At Moor Housdijve consecutive diel datasets (2®ay to B June, 2014)
were obtained from one draiblocked pool (MHMO1). At Forsinard one diel dataset
(26" June, 2014) was obta#d from two natural pools (FORS01 and FORS02) and at
Abisko, two diel datasets {Sand 6" August, 2014) were obtained for each of three
natural pools (ABSK01, ABSK02 and ABSK03). Furthermore, in 2015, temperature and
depth profiles were obtained from faypools at Forsinard; again from FORS01 and
FORSO02, where the probes were again positioned at 10 cm increments from 10 to 50

cm, and also from two drathlocked pools (FORS03 and FORS04) which were
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instrumented only at 10, 20 and 30 cm due to their shaktepth. However, this 2015
dataset did not cover one full diel period (i.e. midnight to midnight) but was instead
collected from midday to midday. Thus, although the 2015 depth profiles are included
for comparative purposes, the data could not be subjedtethetabolism calculations

using the diel DO change technique.

6.2.3 Data analysis

Metabolism at the different depths was calculated using the methodology
outlined in Chapter 5. A further set of analysis was then carried out for MHMO1, when
metabolismwas estimated at depths of 10 and 20 cm using both the fixgd/dlue
(mean depth) and a fluidwi value, when 4ix was defined as the depth at which water
temperatureincreased by >1 °C per increment (10 cm). As sensors were not placed at
0 cm, the tenperature differential between 0 and 10 cm could not be calculated,
therefore the shallowest possiblenZvalue was 20 cm. However, it is likely thatZ

would have been shallower than 20 cm for at least some of the study period.

6.3 Results

6.3.1 Envionmental characteristics

FORSO01 had by far the largest surface area of all the pools @%hdthe
drain-blocked pools (MHMO01, FORS03 and FORS04) were the smallest (2)td#en
remaining pools ranged from 13?to 32 n? (Table 6.2). Mean depth wasmilar for all
pools except ABSKO01, which had a mean depth of only 18 cm (although there was a
deep section at one end which allowed instrumentation of the pool to 50 cm). Water
chemistry was most variable in the Abisko pools where, for example, DOGIrfkoge

35.6 mg 1! (ABSK03) to 114.4 mg (ABSKO01) and EC from 40.1 ps' ¢ABSKO03) to
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129.0 pys cm (ABSKO02). Nutrient levels were very low across all the pools, although TN
was slightly elevated in ABSKO1 and ABSKO02 (Table 6.2). The DOC concentthgons
two Forsinard blocked pools (FORS03 and FORS04) were substantially higher than for

the natural pools (FORS01 and FORSO02).

Table 6.2 Environmental variables édcriptive statisticsfor the sampled pools. Data for FORS01 and

FORSO02 are from tt#914 sampling effort and those for FORS03 and FORS04 are from 2015.

Pool MHMO1 | FORs01| FORs02| FORs03| FORso4| ABskoi| ABsko2| ABsko3
Surface
Area (o) 2 850 32 4 4 16 31 13
Mean Depth 43 50 40 30 30 18 49 35
(cm)
Vegetation 10% <5% <5% 80 60 5% 100 20
cover (%)
EC 3030 | 6502 | 6808 | 8427 | 7958 | 9220 | 129.00 | 40.10
(us cmt)
pH 418 262 457 4.26 441 3.85 3.93 5.86
™ 1.23 0.41 0.40 nia nia 3.90 3.46 1.28
(mg L
TP

! 0031 | 0003 | 0004 nia nia 0224 | 0095 | 0034
(mg L
DOC

! 36.77 8.73 10.25 24.4 255 | 11435 | 9404 | 3562
(mg LY
Abs 254.0 13412 | 2269 | 2252 n/a n/a 34350 | 424.00 | 152.03
(nm nTt)
SUVAs4 ) 3.65 2.60 2.20 n/a n/a 3.00 451 4.27
(L mgtm?)
E4/E6 8.65 7.00 3.97 nia nia 6.10 531 4.60

6.3.2 Temperature and DO profiles

Thelongest consecutive time series dataset was collected at Moor House and
allowed for comparison between warm and cooler days (Figure 6.1). On cooler days
the temperature variation both in and between different strata was much less marked.
For example, on 29May the temperature at 10 cm ranged from 7.6 to 8.6 °C, and the
biggest temperature difference between 10 cm and 50 cm at any point during the day
was 0.4 °C (between 17:00 and 18:00). Indeed, for most &8y (up to 12:00 and

from 21:30 onwards) e temperature at 50 cm depth was recorded as being up to 0.2
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°C warmer than at 10 cm depth (although it must be noted that the probes are
accurate to £ 0.3° C). However, on warmer days, the temperature at 10 cm depth
varied widely; on 2 June the temperaure at 10 cm depth ranged from 9.2 t0 18.5° C
and the maximum difference between temperature at 10 and 50 cm depths was also
much larger, i.e. at 16:30 the difference was 9.1 °C, ranging from 9.4 °C at 50 cm to

18.5 °C at 10 cm (Figure 6.1a).
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Figure 6.1 Water temperature and DO profiles for Moor House 2@aywater temperature and (b) DO
for MHMO1. Data obtained from 27May to FJune, 2014.

The corresponding DO profile at Moor House showed that on days with little
thermal stratification (eg. 28" and 29" May), there was much more mixing of DO
throughout the water column whereas, on warmer days, levels of DO were more
stratified along with water temperature (Figure 6.1b). For example, concentrations of
DO at 50 cm depth remained consistgniery low (0.33 mg1) throughout most of

the sampling period when the surface and bottom temperatures failed to mix at night
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(e.g. overnight 30 ¢ 315t May). In contrast, DO concentrations at 50 cm depth rose
sharply when temperatures in the upper layers merged towards the end of the day on
both 28" and 29" May. The early evening spike in DO reported in chapter five was
present most notably on the evargs of 2% and 3% May and # June, when diurnal
thermal stratification had been most marked, and corresponded to a cooling of the
surface waters. The spike appeared first in the upper layer (10 cm depth) and was then
replicated throughout the stratat&20, 30 and 40 cm depths. The time intervals
between the spikes at different depths were: on the evening df Rlay- 10 cm
(19:00), 20 cm (21:00), 30 cm (02:00) and 40 cm (06:30); then on the evening on 31
May-10 cm (21:00), 20 cm (23:00), 30 cm:(@ and 40 cm (06:00). A similar pattern,
but with much smaller spikes in the upper layers and a large spike at 50 cm depth, was
apparent on the evening of #2June when diurnal thermal stratification had not taken
place. The pattern of spikes was noepent on the evening on 80May, when diurnal
thermal stratification had occurred, with the only spike occurring at 20 cm (Figure
6.1b).

The temperature and depth profiles at Forsinard in 2014 showed much less
variation than those at Moor House (Figur@)6.0n 28 June the temperature at 10
cm depth in FORSO01 ranged from 14.6 to 17.2 °C and there was very little variation
with depth, with temperatures at 50 cm depth nearly always within 0.1 °C of those at
10 cm depth (Figure 6.2a). There was howevedene of a little more variation both
at and between depths on the previous day {2Rine) with the temperature at 10 cm
depth reaching a peak of 20.5 °C at 17:30, when the corresponding temperature at 50
cm depth was 19 °C. On®28une the temperatureniFORS02 at 10 cm depth ranged
from 13.2 to 17.1 °C and, as with FORSO01, temperatures at 50 cm depth were very

similar although with slightly more variation between the two depths (Figure 6.2b). For
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example, the temperature differential between 10 and %0 depths reached 1.9 °C at
15:20, when it was 17.1 °C at 10 cm and 15.2 °C at 50cm. Again, there was evidence of
more differentiation on the previous afternoon and evening, with the temperature at
10 cm depth reaching a high of 22.2 °C when the temperatit® cm depth was 17.8

°C (Figure 6.2b).
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Figure 6.2Water temperature and DO profiles f&orsinard 2014a) water temperature and (c) DO for
FORSO01, and (b) water temperature and (d) DO for FORS02. Data obtainedfrdmm@%o 27 June,
2014.

The corresponding DO profiles at Forsinard showed very little variation both in and
between strata. In FORSO01 the DO concentrations at 10 cm depth never dropped
below 9.4 mg £ and reached a maximum of 10.19 m§(Eigure 6.2c). The DO
readings in FOB01 at 50 cm depth were almost always < 1 rhipwer than those at
10 cm depth and, whilst the DO concentrations at 40 cm depth were slightly lower
than those at 50 cm depth, they were still always ~ 1 rhpwer than those at 10 cm

depth. The DO prdé in FORS02 was very similar, with concentrations at 10 cm depth
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ranging from 9.21 to 10.35 mg (Figure 6.2d). The DO concentrations at 40 and 50
cm depth were very similar to each other and always <1 trigwer than those at 10
cm depth. The only amaly in what were otherwise very smooth DO concentrations,
was found in FORS02 at 30 cm depth on the morning ®fl2ie 2014, when
concentrations dropped from 9.40 md kAt 07:35 to 5.96 mgtby 08:50, and had
risen back to 9.27 mg'lby 09:30 (Figure 6.2d). No DO evening spikes were present at
any depth in either FORS01 or FORSO02 (Figures 6.2c, 2d).

The Forsinard 2015 data showed very similar results to 2014 for the two natural
pools (FORSO01 and FORS02) with water temperature wridelttical at all depths
(Figures 6.3a, 3b). Levels of DO were also similar to 2014, with very little variation
either at or between the depths, although this time the concentrations at 10 cm depth
were approximately 1.5 to 2.5 mg- higher than at any fothe other depths, which in
turn were almost identical to each other (Figures 6.3c, 3d). In contrast, the profiles
obtained from two drairblocked pools (FORS03 and FORS04) showed more marked
variation in temperature and, especially, in concentration®06f (Figures 6.3e to 3h).

For example, in FORSO03, the maximum temperature difference between 10 and 30 cm
depth was 3.5 °C at 17:45 on23une, when the temperature at 10 cm depth was

14.7 °C and that at 50 cm depth was 11.2 °C (Figure 6.3e). ConcergmaftibO at 50

cm depth in FORS03 were very low and bottomed out at 0.55"figy Imost of the
sampling period (Figure 6.3g). However, concentrations at 10 cm depth increased from
~4 to over 11 mgtin the course of the later afternoon and evening of"ZRine

before steadily falling again. Concentrations of DO at 20 cm depth were low (<4 mg L
1) until ~ midnight on 28 June, when they rose markedly to > 8 migr_the space of

45 minutes. This rise coincided approximately with the water temperatatd® and

20 cm depths becoming similar (Figures 6.3e, 3g). Unlike FORSO03, the concentrations
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of DO in FORSO04 did not rise steadily throughout the afternoontbfigbe 2015 but
instead displayed a sharp evening peak, more like those seen at Moor Hoguse (F
6.3h). However, unlike at Moor House, this peak was not replicated in the lower strata,
as concentrations of DO at both 20 and 30 cm depths were consistently very low, flat
lining at 0.35 and 0.14 mg'kespectively for most of the sampling perideidure
6.3h).

Water temperature in the three Abisko pools all followed a similar patter and
varied most at 10 cm depth, i.e. in ABSK03 B\@gust 2014, temperatures at 10 cm
depth ranged from 16.1 to 23.8 °C (Figure 6.4e). The temperature differbstimeen
10 and 50 cm depth was also marked; for example, it reached 10.3 °C in ABSK02 on 6
August at 15:30 (Figure 6.4b). Temperatures at 30 cm depth were less variable while
those at 50 cm depth, whilst being relatively high, hardly varied at all. ¥ample, the
temperature at 50 cm depth in ABSKO1 varied by 1 °C over the course of 2+ days, from
14.0 to 15.0 °C (Figure 6.4a). Concentrations of DO at 10 cm depth were highly variable
in all three Abisko pools and, especially in ABSK01 and ABSK03SdRplaya i | Y R NF
diel curves (i.e. that would be expected in response to levels of PAR) (Figures 6.4b, 4c,
4f). In both ABSKO01 and ABSKO03, there was evidence of thermal mixing leading to
evening spikes in DO at depths of 30 cm (Figures 6.4b, 4f). Howes&SKO02,
concentrations of DO at both 30 and 50 cm depths were consistently <1 nag L

were concentrations at 50 cm depth in the other two pools.
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Figure 6.3Water temperature and DO profiles féorsinard 201%a) water temperature and (c) DO for
FORSO01, (b) water temperature and (d) DO for FORSO02, (e) water temperature and (g) DO for FORS03
and (f) water temperature and (h) DO for FORS04. Data obtained frifto2®" June, 2015.
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Figure 6.4Water temperature and DO profiles fébisko 204 (a) water temperature and (b) DO for
ABSKO1, (c) water temperature and (d) DO for ABSK02 and (e) water temperature and (f) DO for ABSKO03.
Data obtained from #to 7" August, 2014.































































































































































