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Abstract

Breeding populations of European waders are declirpagicularly across nortivest Europe. In the

UK uplands, populations breeding in habitats such as agricultural grasslands and moorlands are
subjected to a range of threats which are contributing to wader declines. A literature review for this
thesis foundsome threats to be well studied such as intensification of livestock farming and predation,
whereas other potentially important threats and associated conservation interventions have received
less attention. Evidence gaps include the threat of reducedertebrate resources and the
conservation intervention of ruslluncus sppmanagement (available within aggnvironment
scheme (AES) prescriptions) which this thesis subsequently addresses. The primary study region for
this research was the soutliest of he Peak District National Park, England (South West Peak,
KSNB I Fi SNJ ds{represenialive of KK (plind habitats, land management, anduaad

first consider reduced invertebrate resources, which has the potential to limit wader populatigns, b
investigating the environmental conditions influencing invertebrate abundance and in turn, the
potential for invertebrate prey to influence upland wader abundance. Results revealed important
environmental conditions for key invertebrate prey for wademnsluding vegetation height, soil
moisture, and rush presence. Such findings could advise habitat management to retain sufficient
invertebrate abundance to bolster wader populations where food availability is limiting. | then assess
rush management from edogical and social science perspectives. By comparing fields with and
without rush management advocated by AES prescriptions, breeding wader surveys show, with a
degree of uncertainty, that rusitnanagement has the potential to increase Common S@Gipkinago
gallinago and Northern Lapwing/anellus vanelluglensities, but not Eurasian CurleMumenius
arquata. The artificial nest experiment in these fields revealed that daily nest predation rates were
two times higher in fields with rush management, highligbtthe importance of considering impacts

on nest success when designing rush management AES prescriptions, particularly for species which
may be attracted to these fields such as Snifglen interviewing upland farmers in the primary SWP
study region, theeffectiveness of rush management, both within and outside of AES, at benefiting
upland waders was called into question by some farmers. Increasing financial payment for farmers
and implementing farmeendorsed improvements such as herbicide applicatiod emproving the
flexibility of management dates could help to increase the efficacy and uptake of rush management
within AES prescriptions. If rush management is effective at improving breeding wader habitat,
managing the environment to ensure removal dfier potentially limiting factors is essential. Yet, for
upland wader populations in the SWP, this thesis found that invertebrate biomass was not a crucial
driving factor, lending greater weight to rush management and the balance between foraging and
preddiA 2y ® h@SNIff> GKAa (KSaArAaQ FAYRAYyIA &dzLJL}2 NI



habitats and vegetation structures to benefit foraging, nesting, and aleiaking waders as well as

their invertebrate prey. Recommendations for future resgainclude extending the research to other
upland UK regions over more years with a larger number of fields and interviewees. Specifically for
rush management, research priorities involassessing whether wader species select cut or uncut
rush for nestingusing reawader nests, and identifying the optimal spatial configuration of cut and
uncut rush patches and overall sward structure for different species. In additiorg research effort

is required for other conservation interventions within AES pipdons that lack empirical
evaluation, and for other upland habitat such as moorlands to identify the best vegetation

management for waders.
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Wader footprints in a South West Peak bog
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Chapter 1

1.1 European wader declines

Loss of biodiversity is a global issue of which birds receive a considerable proportion of the attention
(Butchartet al., 2010; BirdLife International, 2018ird populations are wetlocumented, with >99%

of species having sufficient data to providel&f€N Red List category. Of all extant bird species, nearly
one in four are globally threatened or near threatened with extinc{BirdLife International, 2018)

A oncecommon group which is becoming increasingly scarce is shorebirds or wading birdsténerea
waders;Zockleret al., 2003; Pearcéligginset al.,, 2017) with much research focused on European

populations.

Breeding populations of European waders are exhibiting widespread declines, especially-wesirth
Europe(BirdLife International, 2017lPopulations of upland breeding waders have often received less
attention than lowland ones, but are declining rapidly, including in the UK (Tabl&dridel, 2014;
Siriwardenaet al., 2017) Three such species, the Eurasian curdumenius arquatahereafter
curlew), northern lapwingVanellus vanellughereafter lapwing), and Eurasian oystercatcher
Haematopus ostraleguéhereafter oystercatcher) are now listed as globally Near Threatened and
Vulnerable in EuropdBirdLife International, 2015; BirdLife témational, 2017; IUCN, 2020)
Conditions on the passage or wintering grounds can influence European wader populBtioezet

al.,, 2012)but low breeding productivity is typically the primary demographic cause of the declines
(Roodbergeret al., 2012) Management at wader breeding habitats is thus crucial for stabilising and
ultimately reversing population decline h Q. NASY FyR 2 Af a2y HammT CA
Buchanaret al,, 2017)

This novel review focuses on evaluating all major causes ahdpbreeding wader population
declines, and their relative importance, in nontest Europe, using information from across the
region but focusing on the UK where much of the current research has taken place. We start by
assembling the ten wader speciesebding in UK uplands into four groups based on their shared
ecological traits and habitat requirements. We then take each threat in turn, assessing which species
are likely to be affected and of those, which have been studied, thus highlighting knowlapgéng

the process. Subsequently, we discuss the impacts of each threat on those studied species. We then
review current conservation interventions for upland waders, based on the present limited

understanding of many threats, emphasising the need foheerrresearch.

1.1.1 Literature search

The primary source of literature during the literature search process was Web of Science

(https://app.webofknowledge.com Initial literature searches were conducted between October

14



Chapter 1

2017 and January 2018 using varicombinations of search terms: (i) wader species common hames
(Eurasian curlew; northern lapwing; common snipe; Eurasian oystercatcher; Eurasian/European
golden plover; common sandpiper; common redshank; common greenshank; dunlin; dotterel) or
wader*, (ii)geographic location (such as UK; Britain; upland), (iii) threats (such wind farm; disease OR
parasite*; (recreational) disturbance; peat extraction), and (iv) conservation interventions (such as
agritenvironment scheme). Additional references were obtdia¢ later dates via the references cited

in the papers found.

1.2 Upland waders

Upland waders are defined as those that breed in areas which, due to their climatic and edaphic
constraints, impose disadvantages to farming systems (otherwise known asizessdd AreasBonn

et al., 2009) This land is typically encountered at higher altitudes, but in the north and west of the UK
and in parts of Scandinavia, for example, such areas are found down to seaHewepean
Environment Agency, 2004; Sieh al., 2005; Bonret al, 2009) A rangeof upland habitats, both
enclosed and unenclosed, are used by breeding waders including grassland, moorland, and
watercourse edges. Due to differences in ecological traits and breeding habitat requireffeatse
Higgins and Grant, 20Q6he ten UK uplad wader species can be separated into groups based on
ecological similarities (Tabl&.2). The broad breeding habitats (such as moorland) and specific
breeding habitat requirements (such as vegetation structure) for each species enabled the formation
of groups. Although we focus on the broad similarities between species, these groups could be divided
more finelyusing  OK &aLISOAS&aQ 26y LINBOA&AS NBIldZANBYSyiliaod

1.3 Threats

The uplands are often experiencing multiple environmental change drivers simultaneaunth
hinders diagnosis of the causes of wader declines, but evidence is emerging for which forms of
environmental change are most importa(imet al., 2005; Douglast al,, 2014; Buchanaet al,

2017) Nevertheless, many of these threats are likelynteract, often synergisticalfgimet al., 2005;
Buchanaret al., 2017) with the magnitude and likelihood of each threat impacting the upland wader
groups differently. These aspects are highlighted below, along with knowledge gaps when insufficient

evidence is available.
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Tablel.1. Global assessments, European regional assessments, UK Birds of Conservation Concern 4 (BoCC4) categories, Europetarsplétibreeding population

trends, and breeding range changes for upland wading birds in Great Britain and Ireland. GloBar@mebln regional assessment key: LC = Least Concern; NT = Near

Threatened; VU = Vulnerable (www.iucnredlist.org). BOCC4 categories: green = least concern; amber = moderate concigimcatterhEatonet al., 2015) European

population trends are pvided by the Paituropean Common Bird Monitoring Scheme (n/a = no trend available). UK Breeding population trends are provided by the Breeding

Bird Survey where available, otherwise alternative national surveys are used (n/a = no trend available}: 3bl@bdeRed List global categgiyCN, 2020 IUCN Red List
European regional assessmédgirdLife International, 2015yBirds of Conservation Concerr(Batonet al., 2015)  PECBMS (198016;PECBMS, 2020)For the period
1980-2016; For theperiod 19812016;9For the period 1998016;"Breeding Bird Survey (192918;Harriset al., 2020) ' Statutory Conservation Agency and RSPB Annual
Breeding Bird Scheme (1987/2811;Hayhowet al., 2017)iBird Atlas 2002011 (Balmeret al., 2013) “For the period 1968/72008/11;' For the period 1988/92008/11

Species Global European regional UK European population UK breeding population Breeding range
assessmerit assessmerit BoCC2% trend %' trend % (95% ClI) change %
Great lIreland
Britain
Eurasian oystercatchétaematopus ostralegus NT VU Amber -6° -24 (34 to-14) +2¢ -5k
Eurasian golden plovétluvialis apricaria LC LC Green -13 -5 (32 to 27§ 20K 50K
Northern lapwingvanellus vanellus NT VU Red -55° -43 (51 to-36)" -17K 53
Eurasian curlewlumenius arquata NT VU Red -36° -48 (55 to-41) 17 78
Common sandpipeActitis hypoleucos LC LC Amber -36° -26 (42 to-6)" 14 41k
Common redshanKringa totanus LC LC Amber -54° -42 (61 to-7) 43 -55¢
Common snipé&allinago gallinago LC LC Amber -48 +26 (4 to 55) -31¢ -34¢
DunlinCalidris alpina LC LC Amber n/a n/a 11k -6
Eurasian dottereCharadrius morinellus LC LC Red n/a 57 -17 n/a
Common greenshankringa nebularia LC LC Amber +19 n/a +2X -100¢
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Tablel.2. Separation of the ten UK upland wader species into groups based on (i) broad breeding habitats and

(ii) specific breeding habitat requirements. Conditions for breeding habitats principally obtained&ioneret

al. (2013) andSnow and Perrins (1998)\ny additional data sources are cited in the table (iii).

Group Species

Conditions

la Eurasian curlew i) Grassland and moorland
Numenius arquata i) Heterogeneous vegetation height with tussocks and bijhmoisture
content
iii) Durantet al., (2008); Buchanaet al., (2017); Douglast al., (2017)
Common snipe i) Grassland and moorland
Gallinago gallinago ii) Heterogeneous vegetation height with tussocks and high soil mois
content
iii) Hoodlesset al., (2007); Duranét al., (2008); Buchanaet al., (2017);
Douglaset al., (2017)
Common redshank i) Grassland
Tringa totanus i) Heterogeneous vegetation height with tussocks, high soil mois
content, and shallow pools
iii) Smartet al., (2006); Duranét al., (2008)
1b Northern lapwing i) Grassland, moorland, and arable
Vanellus vanellus ii) Short vegetation with shallow pools
iii) Taylor and Grant, (2004); Duraettal., (2008); Eglingtoet al., (2008);
Smartet al., (2013); Buchanaet al., (2017)
2a Eurasian golden plover i) Highaltitude blanket bogmoorland, and peatland, and agricultur:
Pluvialis apricaria grasslands
if) Short vegetation and damp conditions
iii) PearceHiggins and Yalden, (2003); Buchaeaal., (2017)
Dunlin i) Highaltitude blanket bog, moorland, and peatland
Calidris alpina i) Shortvegetation with clusters of pools
iii) Lavers and Hainegoung, (1996)
2b Common greenshank i) Highaltitude blanket bog, moorland, and peatland; down to deeel
Tringa nebularia in northern Scotland
i) Short vegetation, often in areas witibundant standing or flowing
water; accepts scattered trees and shrubs
iii) Thompson and Thompson, (1991)
3 Eurasian dotterel i) Montane alpine plateaux

Charadrius morinellus

if) Racomitrium lanuginosur@arex bigelowiheath andJuncus trifidus

heath
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iii) Thompson and Brown, 1992; Galbraghal.,, 1993; Thompson ani
Whitfield, 1993; Hayhowt al., 2015

Common sandpiper

Actitis hypoleucos

Eurasian oystercatcher

Haematopus ostralegus

i) Inland watercourses, such as rivers, lakes, and reservoirs

if) Grassy banks and shingg&ands/shores; typically nests close to wai
and conceals nest in vegetation

iii) Dougalket al., (2010)

i) Grassland, arable, and inland watercourses, such as rivers and la
ii) Open, bare ground andhort vegetation; grassy banks and roc
shores

AAAU0 hQ. NR Sy *®tab (20013);wanTe Ret af, RG1LY)|
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1.3.1 Laneuse

Here we will discuss the impacts of five major upland dasels on breeding waders: intensification of
livestock farming, game management, afforestation, wind farms, and peat extraction. Indirect
additional mechanisms of largke change, such as agricultural machinery and drainage, are covered

in the subsequent corresponding sections.
1.3.1.1 Intensificatio of livestock farming

Upland farming is predominantly pastoral and typically occurs eoyé grassland and adjacent
moorland (Fuller and Gough, 1999K5ince the 1800s and particularly the 1950s, the UK has
experienced a shift from mixed livestock farmitgg exclusive rearing of sheep and a significant
increase in stocking densities from 8 million to 35.8 million (1&8WX), with a peak of 44 million in

1993 (Anderson and Yalden, 1981; Fuller and Gough, 1999; Reéygas, Grantet al., 2009) All

four UK countries have since experienced moderate declines in upland sheep densities, ranging from
-10.3% (England) t81.0% (Northern Ireland; 20€#010;Silcoclet al., 2012) Despite recent declines,
current stocking densities remain considerably highent historic levels. These changes in livestock
farming have been enabled by additional agricultural changes to increase productivity from the land.
Drainage of grassland and moorland, and increased inorganic and organic fertiliser application, liming,
rolling and chairharrowing, and ploughing and+seeding(Baines, 1988; Baines, 1990; Vicketrgl.,

2001; Fulleret al., 2002; Newton, 2004; Devereex al., 2004; McCracken and Tallowin, 2004ye

been used to improve grazing quality for livestock andl@a silage productiofFuller and Gough,

1999; Fulleet al., 2002; Newton, 2004)

Direct impacts on wader breeding success transpire from these livestock farming trends. Higher
livestock densities affect nest and chick mortality rates through consumgtopossible major
evidence gap) and tramplin@eintema and Muskens, 1987; Pennington, 1992; Vickea}, 2001;
Newton, 2004) and silage production (and other associated agricultural activities such as rolling,
chairtharrowing, and rush cutting duringe breeding season) causes mechanical destruction of nests
and chickgBaines, 1990; Vickest al, 2001; Newton, 2004)ntensive sheep grazing can result in
conversion from heathedominated moorland to grasslan@dnderson and Yalden, 1981; Fuller and
Gough, 1999; Welclet al, 2005; Hartley and Mitchell, 20Q5yhich will likely adversely impact
moorlandspecific waders from group 2 and hed#vouring Eurasian dotteré&haradrius morinellus
(hereafter dotterel; group 3rown and Stillman, 1993; Gadlith et al., 1993; van der Wai al., 2003)
Waders that preferentially breed in short grass such as lapwing from group 1b and oystercatcher from

group 4, however, could benefit from this conversion. Yet, for waders less dependent on moorland
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and heathyegetation structure may be more critical than vegetation tyPearceHiggins and Grant,
2006; Amaret al, 2011) Extreme, uniform vegetation structures are created by intensive sheep
grazing (short vegetation) and silage production (tall vegetatiorth b which affect invertebrate
resources and predation pressure (see sections 1.3.2. and Bailes, 1988; Vickemst al., 2001;
Newton, 2004; Whittingham and Evans, 2004; Deehal., 2008; Calladinet al., 2014; Evanet al.,

2015) Reseeding to boost these agricultural practices (livestock grazing and fodder crop production)
initially increases breeding lapwing abundance, but this is dhad with subsequent declines in the
longterm due to lower breeding densities and hatchisgccess (although abundance can remain
higher than in the surrounding landscagjttmannet al., 2018; McCallurat al., 2018) Despite these
adverse impacts, short vegetation aligns with Eurasian golden pPlmialis apricarighereafter
golden ploverjand lapwing habitat preferences for nesting sif@ghittinghamet al.,, 2006; Pearce
Higgins and Grant, 2006; Smattal., 2013; Douglas and Pearbiggins, 2014)and waders such as
curlew are known to nest in the taller vegetation of silage mead@eferson, 2005; Byrkjeda al.,
2012)though selection of such fields and onset of nesting will often occur prior to the rapid increase
in silage vegetation growth. Nevertheless, neither of these agriculturally intensified vegetation
structures are idealdr breeding upland waders as heterogeneous vegetation structures, to varying
extents for each species, are most beneficial for both nesting and chick rearing phases (see sections
1.3.2 and 1.3.3{Vhittinghamet al., 2001; Pearcéliggins and Grant, 2006;dkenet al., 2008) Silage
production and nitrogen deposition, derived from silaggsociated fertiliser application and livestock
dung (as well as anthropogenic air pollution), result in reduced plant diversity and subsequent
invertebrate diversity, leadg to lower invertebrate abundanc@aines, 1988; Vickest al., 2001;
Newton, 2004; Calladinet al., 2014; Ewinget al., 2020) Moreover, lowered soil moisture due to
agricultural drainage can reduce moisttloving invertebrate availability and abumlee, such as
cranefly (Diptera: Tipulidae) larvaBdines, 1988; Pearddiggins and Yalden, 2003; Newton, 2Q04)
and thus produce shorter breeding seasons leading to less opportunities-fastang and reduced
breeding succes&reen, 1988; Greeet al., 1990; Green and Robins, 1993; Whittingham and Evans,
2004)

To conclude, as in lowland settings, pastoral farming practices in the uplands can cause changes in
habitat quality, reductions in invertebrate accessibility and abundance, and increased egbiekd
mortality rates. As this is a key issue affecting upland waders, the impacts of livestock farming on all

four wader groups have been studied, although groups 2, 3, and 4 have received less attention.
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1.3.1.2 Game management

Shooting of red deeCervis elaphusand red grousd.agopus lagopus scotictier sport has been
synonymous with the UK uplands for nearing two centuffesthertonet al., 2009) Land managed

for deer hunting artificially inflate the number of hinds, and thus stags, to provide mame and
greater revenue(Bullocket al, 1998) As with livestock grazing, high deer densities result in
overgrazing, altering plant communities and reducing the proportion of moorland habitat (see section
1.3.1.1;PearceHigginset al., 2009) Many estags also fertilise land and burn heathland vegetation to
improve grazingTrenkelet al., 1998; Davie®t al, 2010)producing the same consequences of
nitrogen deposition and heather burning as those mentioned in section 1.3.1.1 and the current section

1.3.1.2, respectively.

Management for grouse, on the other hand, is a more complex and prevalent issue than that for red
deer. Between 6 and 15% of the UK uplands (56% of the English uplands) comprise managed red
grouse moorlandSothertonet al., 2009; Grangét al., 2012) Grotse moor management, particularly
Y22NBE YIylF3ISR F2NJ aRNAGDSYy¢ 3IANRdAzaS aKzz2(Melih@s A &
et al,, 2018)and potential adverse environmental effects including reduced water quality and carbon
storage (Glaveset a., 2013) but these are not discussed further here. Driven grouse moors are
managed using rotational heather burning and predator control, as well as vegetation cutting and
livestock grazing, yet management intensity va(ieisarmeet al.,, 2001; Granet al., 2012; Neweet

al., 2016; Ludwigt al., 2019) Difficulties arise during research synthesis as studies do not quantify
burning intensities, and knowledge of temporal impacts are limited due to the exclusive study ef short
term burning effects. All gup 1 and 2 species will breed on moorland so could be affected by this
management, although the nature and magnitude of impacts vary. Common sandqtitis
hypoleucogrom group 4 could also possibly be affected if the water bodies they breed at trig wi

areas managed for grouse moors.

Few studies of the impacts of grouse moor management on waders have directly and successfully
teased apart the effects of predator control and heather burning, despite attemptSdplyn and

Ewald (2006)andFletcheret al. (2010)Harperet al., 2018) Yet,Littlewoodet al. (2019)and Ludwig

et al. (2019)concluded that waders associated far more strongly with predator control and burning,
and Frankset al. (2017)revealed a negative association between burning and curlew breeding
densities. Burning could adversely affect invertebrate prey populationsugiralirect mortality and
increased habitat ariditgGrantet al., 2012; Harpeet al., 2018)but could increase accessibility of the
remaining populations through shorter vegetatidearceHiggins and Yalden, 2004%imilarly,

opposing effects on wader s&ng habitats arise as short vegetation derived from burning, cutting,
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and livestock grazing will benefit lapwing and golden pl¢RearceHiggins and Yalden, 2004; Pearce
Higgins and Grant, 2006; Gragttal., 2012; Douglast al., 2017)at the expensaf more concealed
nesters such as common sni@allinago gallinagghereafter snipeSnow and Perrins, 1998; Laidlaw

et al., 2020) Such vegetation management techniques, however, could provide the mosaic of different
vegetation heights and compositionsy@red for all nesting moorland waders, as well as invertebrate
prey diversity and abundance, depending on the size and spatial configuration of managed areas
(Usher, 1992; McFerragt al.,, 1995; Eyret al., 2003) Smaller patches of managed and unmanaged
@S3ASGLGA2Yy O2dA R ONBIGS I KSGSNr3ISyS2dza @S3Siat GA
territories, thus providing suitable nesting, chi@aring, and foraging areas. Depending on the timing

of heather burning, however, there is the pdsity that burning could destroy early wader nests as
burning is permitted into April (England and Wales: 15th April; Scotland: 30thMpset al., 2005;
Grantet al, 2012) yet the likelihood of destruction is cited as only2% (Glaveset al., 20().
Meanwhile, predator control has beneficial impacts through increased breeding success and wader
abundancdTharmeet al., 2001; Fletcheet al., 2010; Amaet al., 2011; Littlewooekt al., 2019; Ludwig

et al,, 2019) Although, it is possible that higher grouse numbers could inadvertently increase predator
populations, similar to the release of common pheasaRtsgsianus colchicuand redlegged
partridgesAlectoris rufan the lowlandgNewton, 2004; Pringlet al., 2019) The greater supply of red

grouse as prey could boost predator populations where food availability is a limiting factor.

When combining the overall effects of grouse moor management, beneficial impacts are shown for
lapwing (with no impact in one cad_udwiget al., 2019) common redshankringa totanughereafter
redshank), and common sandpip€Fablel.3). However, overall impacts of such management on
curlew, golden plover, snipe, dunli@alidris alpina and common greenshanKkringa nebularia
(hereafter greenshankare neither entirely positive nor negative (Taldlé). This amalgamation of
multiple studies (Tabl&.3), although giving an idea of the overall effect of grouse moor management
on different wader species, will not provide an entiralye representation. Only single studies have
researched redshank, greenshank, and common sandpiper. Future research must investigate the
independent effects of vegetation management (heather burning, cutting, and grazing) and predator
control on all moorlad-breeding waders, rather than speculating the drivers of population change.
Moreover, the longerm impact of vegetation management such as burning (including the
guantification of burning intensities) needs to be incorporated. As management associéted w
grouse moors will vary between sites, the magnitude of such management must be assessed for each
wader species individually due to differing habitat requirements (Tal#lg as well as impacts on

other aspects such as invertebrate prey.

22



Chapter 1

Tablel.3. The impacts of grouse moor management practices (rotational heather burning and predator control) on eight upland waegksp&ai to nest on moorland.
Overall moorland management relates to instances where the separgiacts of heather burning, and predator control are not distinguished. The total number of studies
(including both peereviewed and grey literature) finding positive, negative, and no impacts are shown for each wader species. Some studig®eishgwirections of

effect on the same species depending on the management practice considered.

Wader Impact of grouse Overall moorland management Heather burning Predator control Studies
species moor management (total)
Eurasian Positive - Higher breeding densities on - Greater proportion of habitat - Reduce predation pressure > 8
curlew managed moorgTharmeet al., burned > higher breeding density increase occupandHaworth and
Numenius 2001) (Daplyn and Ewald, 2006) Thompson, 1990)
arquata - Lower abundance when - Greater proportion of habitat - Reduced red fox and carrion crow
management ceased and higher burned > higher abundand®lewey abundance > increase breeding
abundance when management et al,, 2016) success and breeding abundance
restored(Ludwiget al., 2019) (Fletcheret al., 2010)
- Higher breeding densities positivel - Positive association between
associated with red grouse predator control and abundance
abundancgFrankset al., 2017) (Littlewoodet al., 2019)
Negative - Increase burning intensity > 2
decrease densit{Dallimeret al.,
2012)

- Greater area of rotational strip
burning > lower breeding densities
(Frankset al., 2017)

None - Little support for effect of burning 1
on abundancéLittlewoodet al.,
2019)
Common Positive - Positive association between 1
snipe predator control and abundance
Gallinago (Littlewoodet al., 2019)
gallinago Negative - Reduce burning intensity > increas 1
density(Dallimeret al., 2012)
None - Significant positive and negative - Poor support for effecof burning 3
associations between managemen on abundancé€Littlewoodet al.,
and abundance depending on 2019)
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ordination analysis metho{Newey
et al,, 2016)

Higher abundance when
management ceased and when
management restoredLudwiget
al., 2019)

Chapter 1

Common Positive - Reduce predation pressure > 1
redshank increase occupandHaworth and
Tringa Thompson, 1990)
totanus Negative 0
None 0
Northern Positive - Higher breeding densities on - Greater proportion of habitat burnec- Reduced red fox and carrion crow 5
lapwing managed moorgTharmeet al., > higher breedig densitiegDaplyn abundance > increase breeding
Vanellus 2001) and Ewald, 2006) success and breeding abundance
vanellus - Lower abundance when (Fletcheret al., 2010)
management ceasefl.udwiget al.,
2019)
- More intensive management
associated with lower declines
(Amaret al., 2011)
Negative 0
None - No change in abundance when 1
management restoredLudwiget
al., 2019)
Eurasian Positive - Higher breeding density on - Higher likelihood of prevalence with - Reduce predation pressure > 7
golden managed moorgTharmeet al., greater proportion of habitat burned increase occupandHaworth and
Plover 2001; Daplyn and Ewald, 2006) (Neweyet al., 2016) Thompson, 1990)
Pluvialis - Lower abundance when - Greater area of habitat burned > - Associated with areas of
apricaria management ceased and higher higher abundance ithe initial post gamekeeper activityDaplyn and

abundance when management
restored(Ludwiget al., 2019)

burning period(Dougla<t al., 2017)
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- Positive association between
predator control and abundance
(Littlewoodet al., 2019)

Negative - More intensive management 1
associated with greater declines
(Amaret al., 2011)
None - Poor support for effect of burning or 1
abundancegLittlewoodet al., 2019)
Dunlin Positive Higher breeding density, and lower - Greater proportion of habitat burnec 2
Calidris rate of decrease in density on > higher abundancéNeweyet al.,
alpina managed moor¢Daplyn and Ewald 2016)
2006)
Negative - Greater proportion of habitat burnec 1
> decrease in breeding density
(Daplyn and Ewald, 2006)
None 0
Common Positive 0
greenshank Negative 0
Tringa None Significant positive and negative 1
nebularia associations between managemen
and abundance depending on
ordination analysis metho(Newey
et al., 2016)
Common Positive - Greater proportion of habitat burnec 1
sandpiper > higher abundancéNeweyet al.,
Actitis 2016)
hypoleucos Negative 0
None 0
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1.3.1.3 Afforestation

Establishment of forestry plantations, along with associated practices such as drainage, are becoming
an increasing problem for breeding waders in open upland afeagers and Haineéoung, 1997;
Worrall and Evans, 2009; Anetral., 2011; Wilsoret al., 2014; Fraixedast al., 2017) Afforestation,
particularly on moorland, has increased significantly since the 1@8€sttish Government., 2009;
Bunceet al., 2014)with over 12% of the UK now forested predominantly with exotic conifers, although
afforestaion with native broadleaved trees is now increas{iason, 2007; Buncet al., 2014) These
changes in afforestation practice to continued spegieb woodland expansion derive from
associated ecosystem services, such as flood and climate change iontigamd conservation
(Scottish Government., 2009; Wilsen al., 2014) However, renewed ambition in recent years to
afforest the UK to increase carbon sequestration is leading to concerns that ambitious targets to plant
30,000 ha of woodland per yetBuke et al., 2021)ould drive nomative plantations on ecologically

sensitive land, particularly in the uplands.

Proximity to plantations consistently negatively impacts upland wag&treudet al., 1990; Avery and
HainesYoung, 1990; Hancock and Avel998; Finneet al., 2005; Hancockt al., 2009; Amaket al.,
2011; Franket al.,, 2017) although one study byvery (19893oes not find evidence of this. Only
dotterel (group 3) and oystercatcher (group 4) have not been studied as generally neithésspec
breeds on open moorland where upland tree planting often occurs (ThB)e The initial effect of
plantation establishment involves the direct displacement of waders from the plantatiorf/sitar

et al, 2011) Subsequently, the surrounding 4300 mcan dissuade waders due to edge effects
(Stroudet al., 1990; Chadwickt al., 1997; Amaet al., 2011; Douglast al., 2014; Wilsoret al., 2014)
with these adverse impacts intensifying as forests become establ{@tesudet al., 1990; Frankst

al., 2017) Waders may avoid areas surrounding woodland because of perceived or actual predation
risk(Amaret al., 2011; Wilsoret al., 2014; Hancocét al., 2020) Indeed, plantations provide breeding
sites for predators such as red foxilpes vulpeand carrion cronwCorvus coronAmaret al., 2011;
Douglaset al., 2014; Hancoclet al, 2020) and the reduction or cessation of grazing on land
surrounding plantatias can increase alternative prey abundance such as {©hedwiclet al., 1997;
Evanset al, 2006)which could boost such predator populations. Moreover, habitat quality of the
surrounding land can be diminished; drainage ditches installed for plantatiod transpiration by
the trees lowers the water tabléShotboltet al.,, 1998; Worrall and Evans, 200@hich could reduce
invertebrate prey abundance (see section 1.3.3). Importamlyyglaset al. (2014)noted reduced

wader breeding success in aredsse to forests. Whether this is due to increased predation pressure,
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reduced habitat quality, or a combination of both is open to debate. Lower breeding success, however,

could lead to abandonment of such areas in future yéatsoudet al., 1990)

Allthe afforestation research discussed has examined the impacts of commercial conifer plantations,
with native broadleaf woodland also located in some study areas. The direct displacement and indirect

edge effects of woodland creation on waders are likelpecsimilar, regardless of woodland type.

1.3.1.4 Wind farms

Installation of wind farms in upland areas has become increasingly prevalent since the early 2000s
with over 200 wind farms builfHouses of Parliment, 2019; Newton, 202@nding to concerns sh

as collision mortality and disturbance displacement in breeding [fdswitt and Langston, 2006)

The limited, higkhguality research concerning wind farm impacts on upland waders, of which
additional research is required, suggests that collision nlioytas not a key factofPearceHigginset

al., 2012; Sansorat al.,, 2016) and generates contradictory findings regarding the effect of the two
phases of wind farm development: construction and operational. Nevertheless, irrespective of the
phase, the impacts on specific species are generally agreed pmarceHiggins, Stephergt al.,

2009; Douglast al., 2011; Pearcéligginset al.,, 2012; Sansorat al., 2016) Wind farms negatively
impact breeding abundance and distribution of curlew (density dech2e4% within 500 nfPearce
Higgins, Stepheret al.,, 2009) 40.0% within 620 nfPearceHigginset al.,, 2012) and snipe (density
decline: 47.5% within 500 gfPearceHiggins, Stephemt al., 2009) 53% within 620 njPearceHiggins

et al, 2012), whereadapwing and dunlin do not appear to be adversely affedi@darceHiggins,
Stephengt al., 2009; Pearcéligginset al., 2012) The effect on golden plover is less conclusive though
negative impacts are probabi@earceHigginset al, 2008; Pearcéliggins, Stephergt al., 2009;
Douglaset al., 2011; Pearcéligginset al., 2012; Sansorat al,, 2016) Habitat change could explain

this difference in effect between wader species. Damage to the ground vegetation during construction
creates a more open vegetation structure: beneficial for nesting lapwing, dunlin, and potentially
golden plover, but potentially detrimental for nesting curlew and sripearceHiggins and Grant,
2006; Hancockt al., 2009; Pearcéligginset al., 2012; Smartt al., 2013) Curlew and snipe may also

be more sensitive to disturbance (see section 1.3.5). Behavioural avoidance of human activity during
the construction phase or the turbines themselves could lead to displacement and reductions in
breeding abundanceral distribution (PearceHiggins, Stephergt al., 2009; Pearcéligginset al.,

2012; Sansorat al., 2016) This could result in abandonment of wind farm sites as breeding territories
in future years, depending on breeding success at the new displacentesi{Bérg, 1994; Pearee
Higginset al., 2012) Recent research has also shown that earthworms, a key dietary component for

several wader specig¢Buchanaret al., 2006; Pearcéliggins, 2010)ecrease in abundance closer to
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wind turbines due to vibratorygise(Velillaet al., 2021) this decrease therefore has the potential to
reduce adult and chick fitness, and consequently breeding success (see section 1.3.3). Whilst wind
farm impacts have not been studied for waders in groups 3 and 4, such impadtehbréd be limited

as these species occur at low densities in the moorland, bog, and rough grassland sites on which wind
farms tend to be buil(PearceHiggins, Stephergt al., 2009; Douglast al., 2011; Pearcéligginset

al., 2012)

1.3.1.5 Peat extramn

Of the approximately 3 million ha of peatland cover in the UK, laog¢e degradation and loss has
occurred through multiple landses including peat extractiqdoint Nature Conservation Committee,
2011; Marsden and Ebmeier, 2012; Evanal., 2017. The demand for peat extraction derives from

its use in the generation of energy and garder(ivigsandeet al., 2003) with peat extraction for such
purposes accounting for 4.9% of UK peatlands (energy = 4.6%; horticulture £0a8%et al., 2017)
Smilarly in Europe, approximately 6% of the 96 million ha of peatland cover has undergone extraction
(Vasanderet al,, 2003) Nevertheless, extraction rates waned between 2000 and 2010 in England
(Marsden and Ebmeier, 2012)nd the UK government intends €nd the use of peat for horticultural
purposes by 203(Department for Environment Food & Rural Affairs, 2088) extraction for fuel
encompasses 15 times more peatland than extraction for horticulture, however, the UK government
should focus on ceasirtpe use of peat for energy too. In addition to concerns regarding carbon
release and climate changeimpenset al., 2008) there are concerns over the impact on waders. Little
research has directly examined the impacts of peat extraction on wadersgyetse effects can be
construed via the influence on peatland habifatavers and Haineéoung, 1996; Hendersaat al.,

2002; Fraixedast al., 2017)

Peat extraction has a direct effect on habitat quality, leading to degradation, fragmentation, and loss
of wader habitat(Hendersoret al., 2002) particularly for groups 1 and 2 which breed on peatland.
However, drainage may be the most significant widead consequence of peat extraction as it
degrades peatland habitat for foraging waders which rely on wet subst(@teaglaset al., 2014;
Fraixedast al,, 2017) The footprint of peat extraction is indirectly extended via drainage as water
level reductions range between 5 m and 200 m from drainage systems depending on scale and
arrangement of ditcheg¢Landry and Rochefort, 2012)rainage enables the initial eatition of the

top peat layer; yet drainage subsequently leads to compaction and lowering of the remaining
substrate. Such largecale drainage, not only for peat extraction but also for livestock farming, is a

considerable problem in the UK where the méprof peatland is consequently no longer intact
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(Holdenet al.,, 2004; Fraixedaet al., 2017) Furthermore, disturbance caused by human activity during
peat extraction could indirectly affect breeding wad@rckinet al., 1992)

The threat that peat exaction poses for waders in the UK uplands may not be critical due to limited
spatial extent of extraction. Nevertheless, where local breeding wader populations and peat
extraction sites overlap, this practice has the potential to considerably degradevilble habitat,

potentially causing reduced breeding success or abandonment of the area as a breeding site.

1.3.2 Predation

Groundnesting birds, such as waders, are particularly susceptible to pred@itmbonset al., 2007;
Rooset al, 2018)with the degree of vulnerability differing between species due to variations in
defensive behaviour exhibited by adults, breeding habitat selection, and detectability of chicks.
Nevertheless, they are lofiyed species and do not need to produce multiple fletgg annually
(Ausdernet al., 2009) Wader nests and chicks are preyed upon by a wide variety of mammalian and
avian predators, both diurnal and nocturndleunisseret al., 2008 see for a norexhaustive list of
wader predator species)Despite this natual inter-specific interaction, some predators have
increased in Britain, such as carrion crow, ra@orvus corgxand common buzzarButeo buteo
(Amaret al, 2010; Balmeet al., 2013; Harriget al, 2020) Underlying causes of these predator
populationincreases will likely include multiple drivers: increased food resources from human refuse,
artificially inflated native gamebird numbers and increasing l@cge annual releases of noative
gamebirds, sheep carcasses, and livestock diwgjling invetebrates; recovery of avian predators
following cessation of organochlorine pesticide use; and declines in killing by hyifaller and
Gough, 1999; Gibboret al., 2007; Pringlet al., 2019; Newton, 2020Pue to the resultant ecological
imbalance, witmon-predation associated reductions in wader numbers exacerbating this imbalance,
these high predator to prey ratios are increasingly impacting wader breeding success through direct
mortality and effects on behaviour such as decreased nest attendanceh(wdduces incubating adult
predation risk but increases nest predation ri§kantet al., 1999; Schekkermaat al., 2009; Cervencl

et al, 2011; Rickenbaddt al., 2011) Although, compared to red fox and corvids, other predators such
as raptors are leskikely to limit prey populationgRooset al., 2018) Consequently, predation has
developed into a major threat to breeding waders with the resultant low breeding productivity cited
as a primary cause of wader declif&rantet al., 1999; MacDonald and Bolton, 2008b; MacDonald

and Bolton, 2008a; Roodbergenal., 2012; Frankst al., 2017; Masoret al., 2018; Cookt al., 2021)

Changes in vegetation structure through lamse change can further increase the risk of nest or chick
predation. Short, homogenous vegetation decreases nest crypsis, removes foowaricks, and

reduces small mammal abundance (an alternative prey source to waders, low abundance of which can
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thus increase wader predation risRaines, 1990; Vickest al., 2001; Whittingham and Evans, 2004;
Laidlawet al., 2013; Evanet al., 2015) Conversely, expanses of tall vegetation associated with silage
production (Newton, 2004; Calladinet al., 2014) encroachment of rush and other rank vegetation
(Robson and Allcorn, 2006; Fisher and Walker, 2015; Doegkis 2017) and land abandonmen
(Kampet al., 2018)reduces the detectability of predators for foraging and op®sting waders
(Whittingham and Evans, 200Regarding livestock farming, higher stocking densities can cause more
frequent disturbance of incubating or brooding waders #mas attract predators to nests and broods
(Jonsson, 1991; Fuller and Gough, 1999; klaat, 2002; Newton, 2004)

Comprehensive research has been done on all four wader groups but more @®aasssuch as
curlew, redshank, and lapwinigom group 1. Redation is a key issue, driving wader population
declines through high nest and chick predat{®oodbergeret al., 2012; Roost al., 2018; Coolet

al.,, 2021) Red fox and carrion crow are often cited as the primary mammalian and avian culprits
(MacDonall and Bolton, 2008b; Roct al., 2018) but variability in the suite and abundance of
predator species between areas means that the magnitude of this threat varies only-site basis
(Boltonet al., 2007; Teunisseet al., 2008) For example, in som&udy areas, corvids such as carrion

crow exert less pressure on waders than expe¢ddddenet al., 2015)

1.3.3 Reduced invertebrate resources

Food resources for waders are determined by abundance of specific invertebrate prey (primarily
influenced byland management decisions and climate change) and accessibility of these prey items
(primarily influenced by vegetation structure and soil penetrability). Invertebrates typically taken
consist of surface and stfurface invertebrates such as adult Colempt and earthworms,
respectively (Buchananet al, 2006; Pearcéliggins, 2010) Worrying longterm declines in
invertebrate populationgHallmannet al., 2017; Foxt al., 2021)is a potential overlooked driver of

low wader breeding success and an area of research which should be prioritised. Possible reduced
food intake could diminish adult fitnegSmart and Gill, 2003nd increase egg and chick mortality
(PearceHiggins and aden, 2002; PeareHiggins and Yalden, 2004; Eglingtral.,, 2009; Douglas

and PearceHiggins, 2014)In blackiailed godwitsLimosa limosga lowlandbreeding UK wader
species) and lapwindighter parents exhibit lower nest and brood survival; lighdarents incubate

less, nest predation is higher, replacement clutch likelihood is lower for lighter females, and lighter
males stop tending broods earlier as the chicks gildegyi and Sasvari, 1998)ghter female waders

also produce smaller eggs resag in smaller chicks with lower growth and survival rdtealbraith,
1988a; Galbraith, 1988b; Thompsenal., 1990) It is also possible that smaller wader chicks, due to

poor foraging conditions, have an increased risk of starvation and pred@enema and Visser,
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1989; Baines, 1990; Pearklggins and Yalden, 2004; Schekkerrearal, 2009) Snaller adults,
resulting from poor growth as chicks, are also more susceptible to extreme weather con@tlaris
2009; see section 1.3.4). Evidenthpdd intake is an intrinsic part of survival, yet the impacts of
invertebrate abundance have only been studied directly in lapWaines, 1990dnd golden plover
(PearceHiggins and Yalden, 2003; Peaktiggins and Yalden, 2004; Douglas and Pediggins,
2014)

Invertebrate abundance can be positively and negatively influenced by land management and climate.
Certain land management practices and outcomes produce opposing impacts on invertebrates
depending on the intensity of the land management, and somesiran the invertebrate taxa. For
example, inorganic fertiliser application generally reduces the diversity of invertebrate taxa but
changes in abundance varies, particularly depending on the quantity of fertiliser apgleaetryet

al., 2001) Moderate gplications increase earthworm abundance, a key dietary component for many
waders such as snip@/ickeryet al, 2001; Hoodlesgt al, 2007) However, nitrogercontaining
fertilisers, as well as a reduction in lime application, atmospheric acid depgsatiahcropping, can
reduce soil pH and thus earthworm abundan@écCallumet al, 2016) In comparison, organic
fertiliser application such as farmyard manure, and dunging from livestock in general, is typically
beneficial for invertebrates when applied low to moderate quantities and derived from non
avermectin (pesticide) treated livestoo/ickery et al, 2001; McCracken and Tallowin, 2004;

Buchanaret al., 2006)

Vegetation height and structural complexity, another factor influenced by agricultuaatipes, also
impacts invertebrates on a continuum. Higher stocking densities, for example, lower plant biomass
and simplify the sward structure, typically resulting in lower arthropod abundance, particularly foliar
groups(Vickeryet al., 2001; Dennist al., 2005; Dennist al., 2008; Evanet al., 2015) However, for
soikdwelling cranefly larvae, another key dietary component, abundance increases with stocking
density(Denniset al., 2005; Buchanaet al., 2006) Cranefly larvae are also prone to desiccation; thus,
climate change, alongside management practices such as land drainage, can reduce larvae abundance
by lowering soil moisture conterfPearceHigginset al., 2010; Carrokt al., 2011; Carrolt al., 2015).

Out of sheep and cattle, the typical livestock found in upland areas, sheep have the greatest impact
on vegetation by creating shorter, more homogenous swdkdskeryet al., 2001) Such cropped
vegetation structures are also created by cutting negs for hay and silage, with timing of cuts
changing the severity depending on the peak emergence times and feeding behaviour (herbivores,

pollinators, predators) of different invertebrate tagdickeryet al., 2001)
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Rotational heather burning, associatedith game management (see section 1.3.1.2), can also
influence vegetation structure by increasing heterogeneity via burnt and unburnt patches, with
associated increases in invertebrate abundance and divets#tiyer, 1992; McFerraat al., 1995; Eyre

et d., 2003) Yet, this management practice is hot without consequence, with burning leading to loss
of habitat (although recolonisation from unburnt areas can be rapid) and direct mortality of
invertebrates(Grantet al., 2012; Harpeet al., 2018) In additon, direct mortality through agricultural

and grouse moorland managemeassociated pesticides is a controversial issiieermectin, as
mentioned previously, is an anthelmintic pesticide used to treat parasites and insect pests of livestock,
which entersthe environment through dungHalleyet al., 1993; McCracken, 1993; Vickatyal.,

2001; McCracken and Tallowin, 2004)thelmintic drugs used to treat red groussiministered via
medicated grit or direct treatmentan also potentially impact invertestte growth, reproduction, and
survival(Ohet al., 2006; Thompsort al., 2016) The true impact of anthelmintics on invertebrates,

however, has yet to be determind@hompsoret al., 2016)

The importance of invertebrate abundance is, however, closely tieinvertebrate accessibility as
waders need to be able to successfully find the invertebrates. As with abundance, vegetation structure
affects availability with shorter vegetation (via grazing, cutting, and burning) increasing detectability
and accessilty of invertebrates; decreasing vigilance rates for predators and thus increasing time
available for foraging; and potentially improving wader mobi(Mickeryet al, 2001; Butler and
Gillings, 2004; Deverewt al., 2004; Newton, 2004; Whittingham drEvans, 2004; Douglas and
PearceHiggins, 2014)0ther exclusively negative changes include soil compaction from high stocking
densities and agricultural machinefyickeryet al., 2001; Chesterton, 2009and lower soil moisture

(via climate change an@nd drainage) leading to reduced spibbing ability during foraging and

shifting of earthworms deeper into the s¢reenet al., 1990; Smart and Gill, 2003)

1.3.4 Climate change

High emission climate change scenarios for the UK predict increasiglaér kemperatures (0-4.2°C
(winter) and 0.95.4°C (summer) increase by 2070; 10 and 90% probabilistic forecast, UKCP18), with
higher winter and lower summer precipitatiaiMet Office, 2019) In recent decades (1962000),

mean temperature and overall wier precipitation have already risen in the UK upla@art and
Holden, 201Q)These changes in climatic conditions could alter breeding wader distrib((komsley

et al, 2008) and impact other key factors affecting wader population sizes and breeding success
(which could in turn affect distribution): habitat quality, invertebrate resources, phenology, and
predation(Smart and Gill, 2003; Renwiekal., 2012; Frankst al., 20L7). Indirect effects of climate

change on land use by humans (for example, conversion of grassland to bioenergy crops in the
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Netherlands) poses an additional, overlooked consequence with the potential to exert a greater effect
on waders than direct ecoligpl impacts(van Dijket al., 2015) As climate change is a largeale
threat, the impacts on all four wader groups have been investigated. Accordivigrtay et al. (2017)
climate change may already have contributed to overall snipe declines in Bih. Nevertheless,
speciesspecific responses will differ due to variations in breeding range, distribution, and ecology
(Smart and Gill, 2003; Renwiekal., 2012)

For habitat specialists (for example, dunligvers and Hainegoung, 1996; Laveet al., 1996) and
species at their southern and western range and altitudinal limits (for example, dotterel, greenshank,
and golden ploverThompson and Thompson, 1991; Pealtigginset al., 2010; Hayhowet al., 2015)
climate change will exert a strongéorce (PearceHiggins, 2010; Chamberlaét al., 2012; Pearce
Higginset al., 2015) dimate changerelated habitat loss, together with other anthropogenisated
reductions in habitat quality, could result in distribution shifts for such spe€msxample, peat bog
cover would decline by 20% and all montane habitat would be lost (breeding habitats used by wader
groups 2 and 3, respectively) with 8C3temperature increasedue to lowered water tables and
conversion to drier seéssociated vegetatiooompositions including heath and woodla¢®mart and

Gill, 2003) Moreover, il acidification from air pollutionand agricultureassociated nitrogen
deposition, along with intensive sheep grazing, can further alter vegetation composition by
homogenisingnd lowering diversityvan der Wakt al., 2003; Rosst al.,, 2012; Hayhowet al., 2015;

Ewinget al., 2020) exacerbating habitat loss and thus breeding wader range changes.

For other less geographically restricted species (wader groups 1 and 4xpthddajradation rather

than loss is more likelBmart and Gill, 2003pf key importance is climate chang®ated impacts on
invertebrate prey resources. Whilst the activity and abundance of some invertebrates may increase in
warmer temperaturegSmart an Gill, 2003)adverse impacts on some invertebrate taxa are already
evident (Martay et al, 2017)with further declines expected as climate change progresses. For
example, lower water tables and resultant drier soils decrease the abundance and awitabilit
important moistureassociated invertebrates such as cranefly larvae and earthwPeerceHiggins

et al, 2005; Pearcéligginset al, 2010; Pearcéliggins, 2010; Carradit al., 2015) Such climate
associated substrate aridity will exacerbate the effects of land drair{@garceHiggins, 2010)
Warmer, drier conditions can also increase wildfire prevalence, particularly on moorland, further
reducing invertebrate abundance, destroyingaer breeding habitat, and potentially killing wader
nests and young chickdicMorrow et al., 2009; Albertsoret al., 2010; Grantet al., 2012;for
discussion of impacts associated with prescribed moorland burning, see section 1.Gliite
changerelated changes in vegetation composition and structure (as discussed above) could also

influence invertebrate communities and their availability for foraging waders (see section 1.3.3).
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Not only could changes in climatic conditions influence invertebrate tireyugh altered habitat
conditions,warmer temperatures could also trigger earlier emergence and increased development
rates in invertebrates, leading to reduced availability during the chick rearing p@madrt and Gill,
2003; PearcHiggins and Yalde2004) Such phenological mismatch, the extent of which depends on
the advancement rates of nesting by waders, has the potential to impact all upland waders. Although,
changes in phenology are of potentially greater importance toddistance migrants ¢r example,
common sandpiperougallet al., 2010)as they cannot predict weather conditions and thus habitat
conditions or invertebrate prey availability at the breeding s{tdslland and Yalden, 1991; Stenseth
and Mysterud, 2002; Smart and Gill, 2008) present, however, evidence supporting phenological
mismatch impacts is lackin@earceHiggins, Yalderet al., 2009; Chamberlain and Peafidégins,
2013)with impacts on invertebrate abundance more important than phenoi@®parceHigginset al.,

2010). Waders do appear capable of responding to warmer springs by exhibiting earlierdayirsg
(Kruk et al., 1996; Bothet al., 2005) but the rate of advance is critically important; slower
advancement of farming activities compared to nesting by lapveind curlew can result in the
destruction of nests by agricultural machindiyantangelet al., 2018) Earlier layinglates due to
climate change could also enable longer breeding seasons resulting in additional opportunities for
replacement clutches fallving clutch or brood loss, as long as soil conditions remain suitably wet for
species such as snipe which primarily forage by probing théGaen, 1988; Smart and Gill, 2003)
Nevertheless, there is potential for phenological mismatch to become mi@eagent under future

climate change scenarigRearceHigginset al., 2005; Chamberlain and Pea#id@gins, 2013)

On the other side of the trophic chain to invertebrates, predation pressure upon waders could increase
in response to climate changelated impacts on vegetation structure (see above). In addition to
habitat changes and impacts on invertebrate prey, altered vegetation structure could influence nest
and chick detection by predators, and the availability of alternative prey for predators éstiers
1.3.2).

1.3.5 Human disturbance

Rural commercial activities (most likely from agriculture) and recreational disturbance, by humans and
dogs, has the potential to impact upland waders in all breeding hal{ifé#gson, 1988; Watsoet al.,

1988; Yalde and Yalden, 1990; Haworth and Thompson, 1990; Haatkal, 1992; Yalden, 1992;
Finneyet al., 2005; Pearcéligginset al., 2007)with increased public open access land granted in
upland areas in 200QJK Parliament, 2000; Finneyal., 2005) The impats of human disturbance on

all four wader groups have been studied. Disturbance can affect breeding successifenebbice,

territorial disputes, foraging behaviour, population density, and community structure either directly
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through displacement or directly through behavioural changes (reduced incubation, abandonment
of nests, reduced parental care of chicks) which can lead to increased predatiofvarieder Zande

et al, 1980; Iversen, 1984; Yalden and Yalden, 1989; Yalden and Yalden, 1990th Hawlor
Thompson, 1990; Hocket al., 1992; Verhulsét al., 2001)

Impacts may differ due to the type and intensity of disturbance. High daily humbers of walkers can
displace waders from breeding sites; although, installation eswdacing of footpathsan reduce
displacement distances as fewer walkers stray from the path, despite increased visitor numbers
(PearceHiggins and Yalden, 199Golden plover: Finnegt al., 2005; Pearcéligginset al., 2007

dunlin: PearceHigginset al,, 2007) In addition, anglers can also disturb upland waders as common
sandpipers were flushed 29% more than in andflee areas, resulting in reduced breeding densities
(Yalden, 1992)Nevertheless, an effect is not always observed as Scottish breeding detereehot
affected by increased human traffic in spring and summer at ski slope develop(Wéatson, 1988)

In addition, frequent nest visits (every four days) by researchers was not found to decrease lapwing

nest surviva(Fletcheret al., 2005)

1.3.6Disease and parasitism

The impact of disease and parasitism on upland waders is a neglected area of research. Only two UK
studies have specifically investigated the impact of an ectoparasite, shedgdis rinicusand its
associated disease, Loupiiligvirus (LIV) on uplahwader chick survivailNewbornet al., 2009;
Douglas and Pearddiggins, 2019)infestations of sheep ticks and LIV infection significantly increase
grouse chick mortality rate by 78@ilbert, 2016)Wader chicks also carry sheep tidkewbornet al.

(2009) found, on moorland with acaricideeated sheep, that curlew chicks exhibit a high
susceptibility to infestation with 91% of chicks infested compared to 47% for golden plover and 6% for
lapwing. Despite different infestation rates, chicks of all thepecies carried relatively few ticks,
potentially explaining the lack of effect on body condition and 0% LIVxesitivity (Newbornet al.,

2009) On an acaricidéree moorland, howevemouglas and Pearddiggins (2019pund that 90% of
golden ploverchicks (c.f. 47% iNewbornet al. (2009) were infested and had a considerably higher
mean tick load with lower chick survival, suggesting that tick management might reduce overall sheep
tick abundancgNewborn and Baines, 201BecausédNewbornet al. (2009)found that curlew had

high susceptibility to tick infestations compared to golden plover and lapwing, despite tick
managementtick-related chick mortality could be an important factor contributing towards poor
breeding success for curlew acaricidefree areas. Thus, further research in untreated areas is

required for wader groups 1 and 2, such as curlew chicks. Groups 3 and 4 may be less prone to the
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impacts of sheep ticks as montane zones and watercourse edges are less likely to be used for sheep

farming or grouse shooting.

To fully understand the impact of sheep ticks on waders, the process by which ticks increase the
mortality of chicks and the potential for tiglkelated chick mortality to limit wader populations must

be researched. Other factovghich could also be considered include upland sheep farming and grouse
moor extent; alternative host species abundance (red grouse, slidgp ariesred deerCervus
elaphus and roe deefCapreolus capreolulsgomorphs) and its impact on tick prevalenaed extent

of acaricide treatment in sheep and red groyseller and Gough, 1999; Ward, 2005; Scharlensnn

al., 2008; Jeffriegt al., 2014; Baines and Taylor, 2016; Sothertral., 2017; Fletcher and Baines,
2018)

1.4 Conservation interventions

Current measures aimed at the conservation of waders primarily focus on threats associated with
agriculture and predation. Interventions for some threats are likely to alleviate the impacts of others
through shared adverse impacts, such as livestock faymm food resources. However, as discussed
previously a comprehensive understanding of many threats is limited. The conservation interventions

listed below for each threat are therefore unlikely to be entirely effective.

1.4.1 Landuse
1.4.1.1 Intensi€ation of livestock farming

The principal conservation intervention dealing with adverse implications of livestock farming is agri
environment schemes (AES). Whilst research is lacking regarding the effects of upland AES on waders
(Bataryet al., 2015) AES have been implemented across 90% of upland grazing livestock land in
England (mostly broad Entry Level optiohgtural England, 2009nd waders are still declining
signifying that current prescriptions are ineffectijir example,Smartet al, 2013) Potentially
inaccurate perceptions of some practices, such as drainage ditch blocking reducing sheep grazing
conditions (Wilsonet al, 2011; Reecet al, 2017) could deter some prescription uptake. When
successfully applied however, AES can ameliodatal population declines when targeted
prescriptions reduce grazing, agrochemical application, and agricultural activities such as mowing
during the breeding seasobh Q. NA Sy | Yy R 2 kfal 200andianerapplied @/étlay | a
sufficiently largeproportion of the landscapé@whittingham, 2007; Dallimest al., 2010; Frankst al.,

2018) It seems to be the case, however, that despite generally positive effects, the extent of the

impact is not enough tetabilise overall wader population declingsankset al., 2018)
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Based on current AES and the information collated for this review, the following measures could be
implemented to ease, if not remove, agricultural pressures facing upland waders. Direct changes to
livestock involve reducing stockirgnsities, switching to cattle or mixed grazing systems where
feasible, and/or converting from spring to autumn grazing. This would prevent overgrazing, encourage
more heterogenous vegetation structures and minimise soil compaction, creating conditions
bereficial for a wider range of nesting upland waders, and improving invertebrate accessibility and
abundance(Hopeet al., 1996; Vickenget al., 2001; Newton, 2004; Whittingham and Evans, 2004;
Denniset al, 2008; Natural England, 2B1Evanst al, 2015) It should be noted, however, to not
abandon grazing land as undgrazing could prove equally as detrimental as overgrazing to waders
through resultant dominance of rank vegetati@fPollocket al., 2013; Johnstonet al., 2017; Kamt

al.,, 2018) Nest ad chick survival would also benefit from these changes in livestock practices by
reducing trampling, and reducing predation from livestock and other predators due to provision of
appropriate nesting habitats and cover for chi¢kdewton, 2004; Whittinghamand Evans, 2004)
Reducing stocking densities alone, however, would not reverse moorland to grassland conversion. A
combination of the first two direct livestock changes (reducing stocking densities, and switching to
cattle or mixed grazing systems), aslivas reseeding, are requireHulmeet al., 1999; Gardneet

al., 2002; Gardneet al.,, 2009; Andersoet al., 2009) As previously discussed, however, vegetation

composition may not be as important as vegetation structure.

Other agricultural changes which would benefit breeding waders include: blocking of drainage ditches
to increase soil moistur@ewton, 2004) no norganic and reduced organic fertiliser application to
benefit invertebrate populations; conversion of silage to hay production to avoid nest and chick
mortality (Vickeryet al., 2001; Newton, 2004; Jefferson, 200&)ation or extension of wet features

such as scrapes and pools for foragiidatural England, 2@ Smartet al., 2013) subsoiling and
spiking to improve soil aeration for foragifigickeryet al., 2001; Natural England, 28)1 rush cutting

to increase sward heterogeneiffRobson and Allcorr2006; Holton and Allcorn, 2006; Fisher and
Walker, 2015)and scrub removal to remove avian predator percfidstural England, 2@). To make

these interventions feasible, however, government support for landowners is necd&samgneret

al., 2009; Frakset al., 2018)

Despite this assortment of available interventions to minimise livestock farming impacts, several of
which are available within UK AES prescriptions, evidence suggests lack of uptake of targeted
prescriptions at the landscape scale cdlidait the magnitude of beneficial impacts for farmland birds
such as wadergPerkinset al., 2011; Bakeet al., 2012; Burgesst al., 2015; Franket al., 2018)
Moreover, reported benefits for some interventions are more anecdotal than evidbased ad

thus require improved monitoring. One such intervention, rush management, lacks scientific evidence
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with only two studies detailing increased wader numbers in response to rush cutting in conjunction
with other interventions such as scrape creat{®obsm and Allcorn, 2006; Holton and Allcorn, 2006)
Localised population increases do not necessarily indicate overall population increases or improved
breeding success. Individuals may have moved in from surrounding areas, and breeding failure rates
may stillbe high. Indeed, effects of rush management on breeding success are unknown. Chick survival
is a key unheeded aspect of AES monitoring, which receives much less attention than nest survival
(Frankset al, 2018) When aiming to benefit breeding succesg&gSAevaluation must ensure it is

monitored and both nest and chick survival are considered.
1.4.1.2 Game management (and disease and parasitism)

To combat overgrazing caused by elevated red deer populations, deer culls focusing on hinds should
be instateddue to lack of natural predator®ullocket al., 1998) The common practices of heather
burning, vegetation cutting, and livestock (primarily sheep) grazing should also be examined to
understand the best method for managing moorland vegetation for diffeveader specie¢Trenkel

et al, 1998; Tharmet al., 2001; Daviest al., 2010; Grangt al., 2012) Moreover, where burning is
implemented, this should stop at the end of March prior to the start of the wader breeding season to
prevent destruction of edy nests(Harperet al, 2018) Yet, to eliminate the wider negative
environmental impacts of burning whilst retaining the apparent beneficial shorter vegetation patches
for some nesting waders such as lapwing and golden p{@earceHiggins and YaldeA004; Pearce
Higgins and Grant, 2006; Gragttal., 2012) rotational burning should be substituted for cutting where
possible(Douglaset al., 2017)

Leaving aside the issue of illegal raptor persecution associated with grouse moors, another aspect of
game management that could adversely impact upland waders is the high host abundance for sheep
ticks (see section 1.3.6). Using current evidence from the two studies investigating sheep ticks and
wader chicks(Newbornet al., 2009; Douglas and Peareigggirs, 2019) lowering the artificially
inflated densities of alternate hosts to wader chicks (i.e. red deer, red grouse, and sheep) could lessen
any potential adverse effects of ticks. One of the main priorities, however, should be to investigate
whether tickrelated chick mortality can limit wader populations, and if so the mechanism by which
ticks increase mortality rates, before calling for tick management via methods such as acaricide

treatment of red grouse and sheé€pouglas and Pearddiggins, 2019)
1.4.1.3 Afforestation

Overall, research into the impacts of upland forestry provide a consensus of its negative effects on

waders. It should be noted, however, that native woodland in upland regions, such as clough
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woodland, is an important habitat for species other than wad€tdleret al., 2007) The UK is among

the least forested countries in Europe, with historical woodlands potentially lost anthropogenically
and climatically from upland regions below the former tree line (for exantpeith and Cloutman,
1988; Fyfeet al., 2003; Atkinson and Townsend, 201hcreasing the proportion of woodland in the
UK, ideally with native species, would benefit woodland species and the UK ecoglystiret al.,

2007) Managing the land for waders at the expense of other vulnerspéeies would be ifkdvised.
Therefore, expansive conifer plantation woodlands should be removed, and afforestation projects
should be avoided in large flat areas with high densities of breeding wédarsocket al., 2009;
Douglaset al., 2014; Hancockt al., 2020) yet permitted in areas which would not reasonably be
targeted for habitat restoration to encourage wader recolonisation. In addition, as woodlands harbour
predators such as red fox, and foxes are known to travel on average 0.6 km and ft@rktheir

dens respectively during the spring and summer, increased predator control at wader breeding sites
situated close to woodland could improve wader breeding sucf@ssglast al., 2014; Meisneet

al., 2014)

1.4.1.4 Wind farms

Although the quatity and type of research regarding wind farms and waders needs improvement,
some general conservation interventions could be applied. Installation of wind farms could be avoided
in key upland breeding areas, and construction could be restricted to tmebreeding season
(Drewitt and Langston, 200@2earceHiggins, Stepherget al, 2009 PearceHigginset al., 2012;
Sansonet al., 2016) Moreover, turbines could be installed in groups rather than lines to reduce the
barrier effect and avoid flight pati{®rewitt and Langston, 2008)ew automated camera technology
that reduces turbine rotation when an avian collision risk is dete@écClureet al., 2021) as well as
pioneering bladeless turbine@/ortex Bladeless, 2015¢ould also be implemented, althgh as
previously discussed (see section 1.3.1.4) evidence suggests collision risk is low for(Reales
Higginset al., 2012; Sansoret al., 2016) To ensure that these measures are effective; prel post
development monitoring, needs to be undertakérewitt and Langston, 2006; Peasidgginset al.,
2012)

1.4.1.5 Peat extraction

Evidenced by previously successful peatland protection and restoration projects in Europe, UK
peatland management should follow sui¥asanderet al, 2003; Marsden and bineier, 2012;
Fraixedaset al,, 2017) Prevention of new extraction projects and restoration of former extraction

sitesare requiredin areas withhigh breeding wader densitigkavers and Hainesoung, 1996)In
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addition, to deal with degradation exacerbated by associated practices, drainage ditches should be
blocked, and grazing and burning should be redugéasandelet al,, 2003; Marsden and Ebmeier,
2012; Artzet al., 2018) Reseeding of bare peat could als® dpplied depending on local conditions
(Artz et al, 2018) This will promote revegetation and pool formation, improving potential
invertebrate resources for foraging wadgd®int Nature Conservation Committee, 2011; Hannigan

al., 2011; Beadlet al., 2015; Elcet al., 2015; Browret al., 2016)

1.4.2 Predation

Dealing with the threat of predation depends on the predator species present and the densities of
those species. Effective predator control, both lethal and-tethal, should therefore be decided on

a siteby-site basigBoltonet al., 2007; Teunisseet al., 2008) Partially due to the misinterpretation

that predation is always a problem, predator control can be ineffective at increasing wader
populations and breeding succg$¥arr, 1993; Boltoet al., 2007; Isakssoet al., 2007; Ausdest al.,

2009; Rétcheret al., 2010; Bodegt al,, 2011; Buchanaet al., 2017) Sites where predation is limiting
wader productivity, however, can exhibit successful predator corfffatkson, 2001; Tharne al.,

2001; Boltoret al., 2007; Isakssoet al., 2007; Fletcheet al., 2010; Smittet al., 2011; Rickenbaakt

al., 2011; Malpast al., 2013; Douglast al., 2014; Buchanaet al., 2017; Ludwigt al., 2019)

Lethal control typically involves killing red fox, corvids (carrion crow and hooded@uovus cornjx

and mustelids (stoaMustela ermineaweaseMustela nivalisand feral ferretMustela furg. Mese
predator release (for example, stoat), compensatory predation, and protection of certain predator
species in Britain (for example, badddeles melesGreat Britain, 1992; Parr, 1993; Ausdenal.,
2009; Ritchie and Johnson, 2009; Boéewl., 20L1) are potential issues regarding lethal predator
control, especially if these species are limiting wader populations:|&thal control involves the use

of nest exclosures which exclude large mammalian and avian predators, or exclusion fences which
typically exclude large mammalian predators, and can exclude European hed@smageus
europaeusdepending on fence desigidackson, 2001; Smi#t al, 2011; Rickenbacét al., 2011,
Malpaset al., 2013) Neither technique excludes small mustelid predatt®at, weasel, and feral
ferret) and exclusion fences cannot impede avian predgfdod and Brooks, 1982; Johnson and Oring,
2002; Ivan and Murphy, 2005; Smihal., 2011) A key issue surrounding nest exclosures concerns
incubation behaviour. When aepted by incubating adults, which occurs most of the time, nest
survival improvegSmithet al., 2011) yet for species which sit tight on nests, such as redshank, this
non-lethal control method can prove fatal as adults are inhibited by the cage and tascape
predators quickly(Nol and Brooks, 1982; Johnson and Oring, 2002; Mueplay, 2003; Neumaret

al., 2004, Isakssoet al., 2007; Smittet al., 2011) This is not an issue with exclusion fences which are
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typically used to protect aggregationstweeding lapwingRickenbaclet al., 2011) Exclusion fences,
however, may only be appropriate on enclosee¢bire rather than open moorland due to installation

and maintenance issues on large areas of moorl@hdsdenet al., 2009) Nevertheless, recent
projects in the UK and Germany have successfully used temporary electric fencing to protect single
curlew nests, demonstrating the potential for use on unenclosed moorland in some (dses

Shurmer, personal communication, 08 January 20A&yer, 2017)

Lethal and noHethal control can prove effective at increasing breeding wader productivity where
predation poses a key threéTharmeet al., 2001; Boltoret al., 2007; Isakssoet al., 2007; Fletcher

et al, 2010; Rickenbacét al., 2011; Malpa®t al., 2013; Dougla®t al., 2014; Buchanaet al., 2017)
Control techniques should be chosen based on the target wader and culpable predator species with
monitoring to check if predation rates are reduced or if alternative predators increase their predation
rates. In the first instance, nelethal control shold be used unless small mustelids are the primary
predators. If this is not feasible or successful, lethal control can be considered feprokcted
predators, such as red fox, corvids, and small mustelids-l&tbal predator exclusion fences can be
usead for all wader species but are most appropriate for those nesting at relatively high densities on
in-bye land. Nest exclosures, however, are only successfully tested on lapwing so should be used
exclusively for this specidsakssoret al., 2007) If redfox and/or legally protected badgers are the
primary predator(s) exclusion fences, or nest exclosures, are likely to be effective. If the primary
predator is avian, nest exclosures could be used to protect lapwing. In other situations, diversionary
feeding may be usefulRedpathet al., 2001; Kubasiewiaz al., 2016; Smart and Amar, 2018)any
aspects need to be considered depending on the target predator and wader species (type and quantity
of food; feeding site location; timing of feeding; potentiakééng of nontarget predators) before
feeding is established to increase the likelihood of suc(®smrt and Amar, 20183 less contentious
technique for all predation scenarios, however, is to improve wader habitat at the landscape scale
(Rooset al.,, 2018) create heterogeneous vegetation structures to provide suitable nesting sites, cover
for chicks, and foraging are@#/hittinghamet al., 2001; Pearcéliggins and Grant, 2006; Smattal.,

2006; Roo=t al., 2018) Habitat improvement or diversionaffgeding could complement predator
control or replace it, if sufficiently effective. Predator control is costly in terms of finances and effort,
and is unlikely to be viable in the lotgrm, but can be an effective interim measure whilst habitat
managemenis conductedRooset al., 2018) Understanding and dealing with the underlying causes

of increased predator populations is highly important for ecological balance to be reinstated.
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1.4.3 Reduced invertebrate resources

The conservation interventions disgsed here are linked with other connected threats as many-land
uses and climatic change impact invertebrate resources. Interventions need to primarily focus on
increasing invertebrate populations and their accessibilitydadmannet al. (2017)found that flying

insect populations declined by 75% in 27 years on German nature reserves, it is likely that declines
have been worse in the general countryside, including agricultural land, which is principally not
managed for wildlife. This pattern of widespredecline almost certainly is the case for many-soil
dwelling species given widespread problems including soil drainage and acidif{¢idmaithet al.,

1993; Hoodlesst al., 2007; Pearcéligginset al., 2010; Douglas and Peareggins, 2014; Carradt

al., 2015; McCalluret al., 2016; Frankst al., 2017)

To increase invertebrate populations, both vegetative and edaphic conditions need to be improved.
Regarding vegetative conditions, creation of heterogeneous vegetation structure and high plant
diversity will provide a wide range of structural and compositional conditions attracting a greater
abundance and diversity of invertebrat@gickeryet al., 2001; Newton, 2004; Buchananal., 2006)

This could be achieved through conservation interventigarding livestock farming. In terms of
edaphic conditions, blocking drainage ditches and creation or extension of wet features such as pools
or scrapes will increase soil moisture, benefitting key invertebrate prey such as Tipulidae larvae and
creatingsoft substrates for feedinfVickeryet al., 2001; Newton, 2004; Buchanahal., 2006; Smart

et al.,, 2013) Soil aeration will also improve foraging conditions.-Saiting and spiking ameliorate soil
structure, benefiting surface (slug) and ssirface éarthworm) invertebrates by alleviating soil
compaction(Vickeryet al., 2001) Furthermore, as soil acidification is an important factor associated
with lapwing declines, liming areas of acidic grassland could produce less acidic soils and increase
earthworm densities for older foraging lapwing chi¢kécCallumet al., 2015) Low to moderate rates

of farmland manure could be applied on grassland to increase soil invertebrate populations, such as
larval insects and earthworms. High levels of manure and any application of inorganic fertiliser,
however, should be avoided due twverall adverse effects on invertebratégickeryet al., 2001;

Buchanaret al., 2006)

Direct mortality of invertebrates through agricultural and grouse moor managerassciated
pesticides is a more controversial issue which should also be questiovemndéctin, a pesticide used

to treat parasites and insect pests of livestock, enters the environment through dung. Although
invertebrates could potentially avoid avermeciimfected dungHalleyet al., 1993; McCracken, 1993;
Vickeryet al., 2001) spreadng manure from avermectireated livestock could negate the intended

benefits of farmland manure application; avermeetiae sources should be used. Anthelmintic drugs

42



Chapter 1

used to treat red grouse, administered via medicated grit or direct treatment, can ialpact
invertebrate growth, reproduction, and surviv@Dhet al., 2006; Thompsoet al, 2016) The true
impact on moorland invertebrates has yet to be determin€thompsonet al, 2016) but a

moratorium on its use on upland grouse moors should be ickensd.

1.4.4 Climate change

The effects of climate change are not yet particularly evident and are difficult to predict, but are likely
to become more pronounced in the coming years as climate change prog(&ssag and Gill, 2003;
Frankset al, 2017 Machinet al, 2019) As the threat cannot be halted by local conservation
interventions, sitebased adaptation management is required to reduce the impact on upland waders
(PearceHiggins, 2011; Greenwoad al., 2016) This management can attempt to aleen the adverse
changes that climate change generates, otherwise known as counteracting management, such as
increasing soil moisture via blocking of drainage ditdfesarceHiggins, 2010; Pearddiggins, 2011;
Carroll et al, 2011) It can also take thdorm of compensatory management, which involves
manipulating an alternative mechanism to increase the population, such as predator control. The most
successful conservation intervention would combine the two management options to improve the

resistance ofipland waders to these impending climatic eve(RgarceHiggins, 2011)

1.4.5 Human disturbance

The ideal measure to remove disturbance would be to limit access to key upland wader breeding sites
during the breeding season. This is unlikely to be pessil disturbance caused by rural commercial
activities such as those relating to agriculture; recreational disturbance is, however, more
manageable. For example, the density of anglers permitted along upland waterways could be limited
by installing refug areaqYalden, 1992)Nevertheless, it may not be possible to limit access in some
areas. Therefore, as mentioned in the corresponding threat section (1.3.5), installingarfaeing
footpaths away from key wader breeding sites will reduce the likelihof disturbance and the public
straying from footpathgPearceHiggins and Yalden, 1997; Finretyal., 2005; Pearcéligginset al.,

2007) narrowing the width of the area used by walkers. Moreover, as walkers are often accompanied
by dogs, which triggea greater response from breeding waders than hum@&@mezSerrano, 2021)

keeping dogs on a leash to also prevent them straying from footpaths would be beneficial.

1.5 Research synthesis and knowledge gaps

This review has confirmed that the threatsifag upland waders are linked in a complex web (Eig.

Universal pressures impacting all species comprise intensification of livestock farming, predation,
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reduced invertebrate resources, climate change, and recreational disturbance. Moorland breeding
waders (wader groups 1 and 2) appear to be under more pressure than other upland waders due to
additional moorlandassociated threats: game management, afforestation, peat extraction, wind
farms, and disease and parasitism (sheep ticks). In light of thesdusions, however, knowledge
gaps and inconsistent findings have been identified with sufficient research lacking for several threats

and associated conservation interventions.

We use the evidence presented above to summarise current understan€litige threats facing
upland waders and the effectiveness of potential conservation interactions. We assigverall
confidence score (low (L), medium (M), or high (H)) for each evides®ed statement (see sections
1.5.1 and 1.5.2), based on the methodolaged for reporting climate change impacts (for example,
seeMorecroft and Speakman (20)5using the level of agreement and quantity of the underlying
evidence included in this review (Fig2). Level of agreement is defined by the degree of consensus
between studies and auiantity of evidence is defined by the amount and quality of evidence. The
amount of evidencas based on the number of research papers found during the literature review
search. The quality of evidence is basedh consideration of thenagnitudeof replication (spatially,

i.e. within and across study sites/regions and temporally, i.e. duration of the study), study design (for
example, studies using a befeadter controtimpact(BACI) design are considered higher quality than
only afterstudies), and data collection and analysis methods. In addition, peer reviewed material is
considered higher quality than neweer reviewed materialThe overall confidence scores act as a
guide for identifying priorities for future research, with the imtale for the assignment of each

confidence score presented in Table A.1.

1.5.1 Overall confidence scores for threats

Overall confidence scores for the five lamsk threats range from low to high (FigR). Intensification

of livestock farming in the dands can cause changes in habitat quality, reductions in invertebrate
accessibility and abundance, and increased egg and chick mortality rates (H). Heather burning on
grouse moors and deer hunting estates appears to be detrimental for some wader spadies a
beneficial for others (M). Predator control as part of grouse moor management improves wader
breeding success and abundance (M). Afforestation displaces waders and lowers breeding success
(M). Wind farms negatively impact some upland waders (snipeswudnd golden plover) by reducing
breeding densities, but some species do not appear to be adversely affected (lapwing and dunlin; M).
Peat extraction reduces habitat quality for peatlambeding waders, with drainage extending the

spatial extent of thisand-use (L).
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The discussed upland lanudes (intensification of livestock farming, game management, wind farms,
afforestation, peat extraction) are known to impact invertebrate resources through various aspects of
the associated land management practicgst the extent of this effect and whether invertebrate
declines are a primary driver of wader breeding success and population declines are unclear (L). High
predation rates of wader nests and chicks reduces breeding success and limits wader poputions (
Climate change will alter population dynamics of upland waders (M). Human disturbance can alter
upland wader distribution (M). Sheep ticks and its associated disease, Lalligings could adversely

impact wader chick survival, but it is unlikelyli® a significant contributor to wader declines (L).

1.5.2 Overall confidence scores for conservation interventions

Whilst most conservation interventions have been designed based on empgwidaince concerning
wader ecology and habitat requirements, tieehave been very few empirical assessments of the
effectiveness of these interventions and thus in most cases confidence in the ability of these
interventions to increase breeding wader populations is low (F2). The exceptions are conservation
interventions relating to the intensification of livestock farming and predati®BS, the principal
intervention used to manage intensive livestock farming, can improve wader breeding habitat at the
local scale but not at the landscape scale. Targeted presmiptieed to be applied over a larger area

to provide landscape scale benefits (M). Lethal and-letimal predator control increases upland

wader breeding success and abundance (M).

1.5.3 Future research

Using the overall confidence scores for each thrarad associated conservation interventions, and

the relative importance of each of the threats for upland waders, key areas for future research can be
identified. With only two studies, disease and parasitism seems as if it would benefit from further
reseach, but current evidence suggests this is unlikely to be a significant contributor to wader declines
and thus research effort will likely be better spent on other threats. For example, as a large proportion
of the UK uplands are farmed, with sheep grazftgn on unenclosed moorland as well as enclosed
pasture, intensification of livestock farming is the threat with the greatest spatial extent and thus the
greatest potential to adversely impact habitat quality. Despite extensive analysis of agricultural
practice impacts, evaluation of conservation interventions to improve farmed habitats for waders,
particularly AES prescriptions, is deficient. Prescriptions such as those involving rush management

thus require further empirical evidence to verify the berédl effects.

Another landuse that covers a large proportion of the UK uplands is game management, particularly

grouse moorland. Like intensification of livestock farming, despite the relatively high number of game
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management studies, more research effort is requireddentify the best management for upland
vegetation to benefit moorlandbreeding waders. Evidence does, however, show that predator
control conducted as part of grouse moor management has an overall positive impact on waders. Yet,
as identified within ths review, ascertaining and subsequently managireyunderlying causes of
increased predator populations (the main driver of low wader breeding sucBesgjbergeret al.,

2012; Roo<t al, 2018)is of key importance because this will lessen the neeccéstly predator

control.

Despite comprising a much lower proportion of the uplands than livestock farming and game
management, future studies of wind farms and associated mitigation measures should employ a BACI
approach, recognised as the best standamd monitoring the ecological impacts of infrastructure
(European Commission, 2020) the face of climate change (which itself poses a risk to waders) and
the drive to reduce greenhouse gas emissions, wind farms could become an increasingly prominent
threat. Moreover, because of climate change and kaise threats, invertebrate populations in the
uplands are vulnerable but the magnitude of these impacts on invertebrates requires investigation.
Due to the invertebratdeeding nature of waders, reduced intebrate prey availability has the

potential to limit wader populations and thus should be a priority for future research.

1.6 Conclusion

The range of interlinked threats driving the upland wader population declines need to be combatted.
As the evaluation fosome potentially important threats, such as reduced invertebrate resources and
game management, are incomplete due to deficient quantity of evidence, entirely effective
conservation interventions cannot be implemented. Thus, to ensure the survivalardipladers in

the UK, researchers, landowners, and policy makers need to unite to determine the importance of the

unresolved threats and the effectiveness of conservation interventions.
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Figure 1.2. A guide for identifying priorities for future research of threats facing upland waders and the
conservation interventions to mitigate each threat. A) Overall confidence scores of high (H), medium (M), and
low (L) are assigned to a theme based on the anmigeon of level of agreement and quantity of evidence,
indicating the areas which should be prioritised for further research. Level of agreement is defined by the degree
of consensus between studies. Quantity of evidence is defined by the amount (nunieeeafch papers found

during the literature review search), and quality (based on a consideration of the magnitude of replication, study
design, and data collection and analysis methods) of evidence available. For an overall confidence score of high,
the theme must have high level of agreement and high quantity of evidence. For an overall confidence score of
low, the theme must be scored as low for either level of agreement or quantity of evidence. B) Assessment of
evidence available for the impacts of &athreat on breeding upland waders. C) Assessment of evidence

available for the conservation interventions to combat each threat facing breeding upland waders.
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1.7 Thesis aims and rationale

The overall aim of this thesis is to provide novel informatioat will help improve conservation for
upland waderslt is presented as jaublicationformat thesisbecauseChapter 3is published, and the
remainingchapters are intended for publicatioThis thesis forms a part of the South West Peak
Landscape PartnefisA LJIQ& 2 2NJ Ay 3 F2NJ 2| RSNA LINRP2SOG>X TFdzy RSHF
Research conducted for this thesis thus focused on the saetst of the Peak District National Park
0{2dziK 2S3aG tSI1Z KSNBFTUESN a{ 2t présentative ofi dhSr LINR Y |
upland regions of the UK, comprising a mosaic of upland habitats includingrsproved pasture,

hay meadows, and heather moorland. In this region, wader groups 1a (curlew, snipe, and redshank)
and 1b (lapwing) are most abundant, tvimaller populations of wader groups 2 (golden plover, and
dunlin; excluding greenshank) and 4 (oystercatcher, and common sandpiper). Research aims were
thus selected based on (i) the most important and understudied threats and conservation
interventionsfacing the key wader groups 1la and 1b, and (ii) available habitat types with the potential
for sufficient sample sizes. Encompassing key wader breeding habitats in the SWP, | first quantify
invertebrate resources to explore which environmental conditioriience invertebrate abundance

and in turn, the potential for invertebrate prey to influence upland wader abundance. With declining
invertebrate populations evident, identifying influential environmental conditions is vital for advising
effective land maagement for invertebrate and thus waders. Within the most prevalent habitat type

of in-bye pastures, | then focus on a widespread but poorly studied conservation intervention available
within agrienvironment scheme (AES) prescriptions, rush managemerl, tie potential to
influence both foraging and breeding success. This research aims to assess rush management from
both ecological and social science perspectives, with the ecological research partially conducted in
another upland regioroutside of the SW (Geltsdale reserve, Cumbria) to increase the amount of
replication and transferability of the researchlthough many studies have researched conservation
interventions relating to farming, rush management lacks scientific evidence despite its common

ocaurrence, within and outside of AES, across upland areas such as the SWP.

Chapter 2¢ Bottom-up effects on upland waders: soil parameters, vegetation structure, and

invertebrate resources

Declining invertebrate populations could be an important, understudied contributor to the low
breeding productivity that is driving upland wader declines. Low invertebrate prey abundance could
reduce adult fitness and produce weaker chicks which are moseeptible to predation. In this
chapter, | examine bottorup effects of environmental conditions on invertebrate resources, and the

subsequent effects of these on breeding wader abundance. By sampling across a range of upland
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breeding habitats, the mainkgectives of this chapter were to: (i) assess environmental drivers of
invertebrate abundance; and (ii) assess the influence of invertebrate abundance on upland breeding

wader densities.

Invertebrate sampling was conducted by Leah Kelly, with help fronol8&istudent, Laura Turner.
Analysis of invertebrate samples in the laboratory was conducted primarily by Leah Kelly, with help
from two undergraduate students, Georgia Cliftbey and Hannah Rond&rown. Waders were
surveyed by Leah Kelly and a host ofunteer breeding wader surveyors: Andy Banks, Bowy den
Braber, Cheshire and Wirral Ornithology Society, Frances Horsford (PDNPA), Geraint Richards, Hazel
Crowther (PDNPA), Mark Eddowes, Mike Shurmer (RSPB), Paul Beresford, Sarah Bird (PDNPA), Scott
Petrek(WWT), Simon Mills, Staffordshire Wildlife Trust). Leah Kelly conducted the primary analyses
and acted as lead author for this chapter, with analysis advice and writing edits provided by David
Douglas, Karl Evans, and Mike Shurmer. The literature reviewpland wader diet presented in
Appendix A was conducted by MSc student, Nathaniel Dargue. Historic regional breeding wader data

used for site selection was provided by Sara Barrett (Natural England).

Chapter 3 Upland rush management advocated by agrivironment schemes increases predation

of artificial wader nests
This chapter has been publishad

Kelly, L.A., Douglas, D.J.T., Shurmer, M.P., & Evans, K.L. (2021). Upland rush management advocated
by agrienvironment schemes increases predation of artificial wader nefstémal Conservation

24(4), pp.646658.doi: 10.1111/acv.12672.

Rush managemens a conversation intervention available within AES prescriptions. This management
practice aims to tackle encroachment of rush in agricultural grasslands by reducing the extent of tall,
dense rush and thus improving vegetation structure for waders. Yé&tctef on wader breeding
success are unknown. This is critically important as high nest predation is one of the primary causes
of wader declines. Using artificial wader nests as a proxy for real wader nests, the main objectives of
this chapter were to: (ipssess whether artificial nests in fields with rush management experience
higher predation rates than those in fields without rush management, and (ii) assess whether
vegetation structure surrounding nests influences predation rates. Data collectiorigattapter was

partially conducted in another upland region outside of the SWP, at Geltsdale reserve in Cumbria.

The manuscript is replicated in its entirety in this thesis, with minor adjustments to the formatting.

Leah Kelly conducted the fieldwork andmpary analyses, and acted as lead author for this chapter
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alongside Karl Evanwiith analysis advice and writing edits provided by David Douglas and Mike

Shurmer.

Chapter 4c Inter-specific variation in the potential for upland rush management advocateddyri

environment schemes to increase breeding wader densities
This chapter is currently in review tontiers in Ecology and Evolutiast

Kelly, L.A., Douglas, D.J.T., Shurmer, M.P., & Evans, Kisp&uiic variation in the potential for
upland rish management advocated by agrivironment schemes to increase breeding wader

densities

Another approach to evaluate the effectiveness of rush management is through wader abundance.
There is, however, insufficient assessment and understanding of howmashgement influences
upland waders. Previous studies suggest that rush management can increase wader abundance, but
do not compare areas with and without rush management. The objective of this chapter was to assess
how the number of breeding wader pairssponds to rush management by surveying waders in fields
with and without rush management. Data collection for this chapter was partially conducted in

another upland region outside of the SWP, at Geltsdale reserve in Cumbria.

The manuscript is replicated its entirety in this thesis, with minor adjustments to the formatting.
Leah Kelly conducted the fieldwork and primary analyses, and acted as lead author for this chapter
alongside Karl Evanwiith analysis advice and writing edits provided by David Rewgid Mike

Shurmer.
Chapter5cCF NY¥SNBEQ @AS6a YR dzyRSNEGEFYRAY3I 2F NUAK Yl

Rush encroachment not only impacts waders but also causes problems for farmeduloing farm

productivity. As the majority of rush management is implemented by farm#érgs important to

understand the reasons why farmers undertake rush management, and the factors that influence
whether management is through AES. Uptake and efficacy of AES is crucial for success as conservation
interventions need to be implemented at sufficiently large spatial scale to generate the desired
SYGANRYYSyiGlt o0SySTAlGad ¢KNRdAK AYISNBASGaE 6A0GK
FaaSaa GKAOK TFFOG2NE AyTFtdzSSyOS FINY¥SNEQ RSOAAA
manad SYSYy iG> 6AA0 FaasSaa TFTIFINNSNRQ LISNOSAPSR STFTFSO0.
improve our understanding of the factors that motivate farmer to manage rush and whether to do

this management within or outside of an AES prescription, an@xplore the possibility of improving

the efficacy and uptake of rush management AES prescriptions -Jogsigning prescriptions with

farmers.
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Interviews were conducted by Leah Kelly, with David Cooper assisting one intefvavgcript
organisation was undertaken by Leah Kelly, Joanna Shurmemarida Aucejo Quantitative and
gualitative analyses were primarily conducted by Leah Kelly, with Karl Evans providing overall advice
and contributing to the qualitative analysesdh Kelly acted as lead author for this chapter, with

writing edits provided by David Douglas, Karl Evans, and Mike Shurmer.
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2.1 Abstract

Declining invertebrate populations are a cause of concern for threatened wading bird species reliant on
invertebrates for food. Agricultural intensification is frequently cited as a key driver of invertebrate declines,
particularly in Europe where much earch has taken place. There are relatively few studies, however, in
habitats such as upland grasslands and moorlands in the UK which hold important populations of waders
such as threatened Eurasian curl®umenius arquataln this study, we investigatedhé environmental
conditions that influence invertebrate biomass across upland grassland and moorland in thenestitbf

the Peak District National Park, England. Key dietary items identified from our literature review of upland
wader diet supported the ssessment of five invertebrate biomass metrics: total invertebrate dietary
components, earthworms, Diptera larvae, Gastropoda, and other key invertebrate dietary components. We
then tested whether invertebrate biomass and other potentially influential emuental conditions were
associated with breeding densities of Eurasian curlew, northern lapwWargellus vanellysand common
snipeGallinago gallinag@airs. In the early spring, and the remarkably dry late spring and summer of 2018,
we found that otherkey invertebrate dietary components significantly increased over the wader breeding
season whereas the abundance of our other four invertebrate metrics, particularly earthworms, declined.
Whilst relationships between biomass and environmental conditiogiewariable across taxonomic groups,

soil pH, soil moisture, and vegetation height were generally the most important for determining biomass out
of the edaphic and vegetative conditions considered. hsfgecific variation was also observed in the
respongs of wader pair densities to biotic and abiotic environmental conditions, although densities did not
appear to be driven strongly by invertebrate abundance. Curlew were detected in a high proportion of acidic,
moorland sites which contained fewer earthwmos, clarifying the significant negative relationship we found
between curlew pair density and earthworm biomass. Lapwing pair density was associated with moderate
earthworm biomass and low Gastropoda biomass, yet paradoxically both taxonomic groups sawmiatasl

with the less acidic soils found in agricultural grasslands. For snipe, density effectively decreased, except for
a small peak at 0.007 g, as other key invertebrate biomass increased; neither snipe nor this invertebrate
metric were significantly ssociated with any habitat type. Despite these generally negative associations, the
limiting potential of vegetation height and soil penetration resistance on food accessibility for waders was
not evidenced by our mains effects plus interaction term mod@igerall, our results show that invertebrate
abundance does not currently appear to be limitingjand wadempopulations in our study region as other
factorssuch as high predation pressure difesly limiting population sizéNlevertheless, the associatie we

found between environmental conditions, invertebrates, and waders could be used in combination with
individualg  RSNJ aLJISOASaQ aSt SOGSR ONBSRAy3I KlIoAlGlrdGa |y
upland land management aimed at maximising imelerate availability and thus bolster wader numbers in

areas where availability does regulate theRFor example, a mosaic of shorter and taller swards would
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respectively benefit Diptera larvae and Gastropoda, and reducing drainage of less acidic agkicultu

grasslands to promote high soil moisture (without waterlogging) could boost earthworm abundance.

2.2 Introduction

Monitoring of invertebrate populations, primarily in northern and western Europe, has reported worrying
population declines(for example,Brookset al, 2012; Foxet al., 2015, 2021; Valtonewrt al, 2017,
Montgomery et al., 2020) As this region has experienced increasingly intensive agriculture over several
decades, habitat loss and associated agricultural practices such as pesticidatapplre often cited as
primary drivers of invertebrate declineWilson et al, 1999; SancheBayo and Wyckhuys, 2019;
Montgomeryet al., 2020) Even on German nature reserves, over 75% declines in winged insect biomass
between 1989 and 2016 are repodegHallmannet al., 2017) Such declines are likely worse in the
surrounding countryside, including agricultural land, as it is typically not managed solely to benefit wildlife.
Supplemental to land use changes, other drivers including light pollutiomtelichange, and invasive plant
species are also a cause of cong@ancheBayo and Wyckhuys, 2019; Owestsl.,, 2020; Montgomengt

al., 2020; Johanssoet al.,, 2020; Boyest al., 2021; Tallamgt al., 2021)

Although most research has been Europdéacused, some ecologically important habitats within Europe
lack sufficient assessment of invertebrate populations. Upland grassland and moorland habitats in the UK,
for example, have experienced major environmentianges with potential adverse impacts on
invertebrates. Such changes include intensification of agriculture, alongside land drainage associated with
non-native commercial afforestation, peat extraction, and farm{Baines, 1988; Fuller and Gough, 1999;
Holdenet al., 2004; Newton, 2020)ndeed, higher livestock densities as a result of these changes have been
shown to reduce invertebrate biomass by simplifying sward struct(idesniset al., 2008; Evanst al,

2015) Exacerbating these upland enviroantal changes, particularly drainage, climate change is also
predicted to reduce the abundance of desiccatimone taxa such as craneflies (Diptera: Tipulidae) due to
higher summer temperatures and lowered water tabl@earceHigginset al, 2010; Carrdlet al., 2011,
Carrollet al,, 2015) Notably, such upland habitats hold important invertebréteding bird species, many

of which are exhibiting population declinéSimet al., 2005; Scridel, 2014; BirdLife International, 2017,

Buchanaret al., 2017) and thus the cascading trophic impacts of invertebrate declines are of great concern.

Many terrestrial bird species rely on invertebrates as the primary food source for offspring (due to high
protein content and easier digestion) and adults of many species also predominately consume invertebrates
(Morse, 1971; Diaz, 1996; Snow and Perrit898) Invertebrate availability is thus a key driver of bird
populations that can regulate fecundity (clutch size) especially in income bregteriseret al., 1998) nest
succesgPoulseret al., 1998; Bricklest al., 2000; Mgller, 2013; Schéll andl&lil2020; Seresst al., 2020)
postfledging survival rategPearceHiggins and Yalden, 2002; Peaktiggins and Yalden, 2004; Newton,
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2004; Douglas and PearkBggins, 2014; Sewast al., 2014)and adult survival ratefGreenet al., 1990;
Newton, 2004 Siriwardeneet al., 2008; Mgller, 2013; Sewaed al., 2014) A small number of studies have
directly linked farmland bird declines to reduced invertebrate populations attributable to intensive
agricultural practice¢Bentonet al.,, 2002; Haret al., 2005; Hallmanret al., 2014; Bowleet al., 2019)

One groups of invertebratéeeding farmland birds inhabiting upland grasslands and moorlands in the UK are
wading birds, populations of which are declining across Europe including in tf&riwérdeneet al., 2017;
PECBMS, 2020Jhree such species, the Eurasian curdunenius arquatghereafter curlew), northern
lapwingVanellus vanelluéereatfter lapwing), and Eurasian oystercatcHaematopus ostralegusereafter
oystercatcher) are now listed as gldlyaNear Threatened and Vulnerable in Eur@BedLife International,
2015; IUCN, 2020bow breeding productivity is driving wader population decliffesodbergeret al., 2012)

and thus, management of breeding habitats could make a crucial contribution to stabilising and ultimately
reversingdecline6 h Q. NASY YR 2Af a2y HnmmTetal, REK RaddaichyaRd 2 | f |
conservation efforts currently focus oitleer improving nesting and chick rearing habitats via measures such
as manipulation of vegetation structure, or improving breeding success through controlling predation and
increasing invertebrate availability (by creating wet features, for exanigigtonet al., 2010; Douglas and
PearceHiggins, 2014; Douglas$ al., 2014; Buchanaet al., 2017; Frankst al., 2017) Although invertebrate
resources form part of the focus for such interventions, they do not always consider the specific habitat

requirements for key invertebrate prey taxa.

Reduced invertebrate resources could diminish fitness of adult waders and produce weaker chicks which are
more susceptible to predatiofGalbraith, 1988a; Galbraith, 1988b; Galbraith, 1988c; Hegyi and Sasvari, 1998;
Smat and Gill, 2003; Pearddiggins and Yalden, 2004; Schekkerratal,, 2009) Eurasian golden plover
Pluvialis apricarighereafter golden plover) abundance, for example, is linked to reduced adult cranefly
abundance(PearceHigginset al., 2010) with larval craneflies susceptible to desiccation through low soil
moisture (Coulson, 1962)Similar studies exploring the direct effect of invertebrate resources on wader
populations are, however, lacking for priority Résled species such as curlefMarris et al., 2020)
Moreover, while both larval and adult craneflies form a key part of many wader diets, a wider range of
invertebrate taxa also require monitoring as diet composition varies between wader species and ages
(Buchanaret al., 2006; Pearcéliggins2010) Important invertebrate taxa are gleaned by waders from the
vegetation and soil surface, and probed from below ground; therefore, environmental changes within all

breeding habitat strata have the potential to adversely impact invertebrates and hrego@e investigation.

Here, we explore bottonup effects on invertebrate and breeding wader abundance by measuring
environmental (vegetative and edaphic) conditions; sampling foliar, surface, arsusialce invertebrates;
and surveying breeding wadersrass broad upland habitat types within the souilest of the Peak District

National Park, England. We first evaluate seasonal variation in invertebrate biomass, investigating differences
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between the early (start of April to milllay) and late (mieMay to erd of June) wader breeding season.
Within these two breeding season stages, we then explore the environmental drivers of invertebrate
biomass. Finally, we assess the influence of invertebrate biomass and other potentially influential

environmental conditior on the density of upland breeding wader pairs.

2.3 Methods
2.3.1 Study area

Research was conducted in the sowtlst of the Peak District National Park (South West Peak, hereafter
W{2tQud ¢KS NBIA2Y A& | Yz2al Adnprédd, aSd/udi@avesRandd NI & 2
unenclosed moorland (grassland, dwarf shrub heath, and bog), and representative of UK upland farmed
landscapes (primarily sheep and cattle grazing), land management, and land use. It supports populations of

breeding waders includiplapwing, curlew, and common sni@allinago gallinagghereafter snipe).

We selected 42 fields using random stratification based on habitat typenclosed heather oMolinia
dominated moorland; UM), improved pasture (IP) and seniroved/unimproved pature (SUPand wader
presence recorded during the most recent comprehensive wader survey in the region Z062009)The

goal was for 25% UM, 25% IP and 50% SUP across our selectegfighidbie unequal representation being
justified by the greter environmental variation in SUP fields. We sought to ensure that there was variation
in the suitability of fields for waders to facilitate testing the core objective of quantifying how breeding wader
densities were associated with food availability. €sgquently, our random stratification aimed to select a
suite of fields (within each habitat type) across which, in 2009, each focal wader species (lapwing, curlew,
and snipe) was detected (orthird for each species). We then selected an additional 1dgigbm the same
landholdings (aiming for the same habitat type ratio using Google Earth aerial imagery in 2018) across which
waders were not detected in 2009. Due to letegm wader population declines in our focal regi@@arr,

2009)F Y R & LIS Oyadhée€ing skeThdnmbpdoret al, 1994; Berg, 1994)his approach (75% wader
fields; 25% control fields) increased the likelihood that our surveys would detect waders in a sufficient
proportion of our fields relative to the alternative approach of equal weighting towards selecting fields with

and withoutwaders in 2009. Our final set of 56 fields deviated slightly from the ideal habitat ratio @&aple

2.3.2 Breeding wader surveys

Breeding wader surveys were conducted following a method which combined elements of the standard
protocols ofh Q. NJA Swith (L9¢g2RandBrown and Shepherd (19RFach field was surveyed once during
the early (9/4/2018 to 22/5/2018) and late (23/5/201830/6/2018) breeding seasons, with at least seven
days between the early and late surveys in each field. Surveys wereaicdeddby experienced wader

surveyors from 8:30 or two hours pestinrise (whichever was earlier) to 18:00 or 2 hours-guaset

77



Chapter 2

(whichever was later). Surveys were only conducted when there was no heavy rain or fog (defined as < 250
m visibility), and windpeeds were less than Beaufort force 5. Surveys consisted of walking to within at least
100 m of every part of the field; shorter distances were used when terrain obscured the view. All detected
waders were recorded on a map, except overflying individilaiswere not displaying, with symbols to note
behaviour. Based on movement of individuals between fields, multiple registrations were noted as either the
same individual in a new location or a new individuatv8ys recorded lapwing, curlew, snipe, agalden

plover; the latter was only observed in two fields and is thus excluded from further analyses.

We calculated the number of breeding pairs using standard spepiesfic criteria, excluding ndoreeding

flocks (i.e. more than four individualSjmet al., 2005; Douglast al., in press)For lapwing, the number of
individuals observed during only the early breeding season visit (due to the earlier breeding cycle of this
species) was divided by twoh Q. NA Sy I y R {erddizK v nweimdihid WilSon2i I 2Syhart

et al., 2014) For snipe and curlew, both early and late breeding season visits were used with two conspecific
birds together or a single individual regarded as a breedingdpairQ. NA Sy | YR { YitiaKk> ™o
2002; Hodlesset al., 2006; Pearcéliggins and Grant, 2006yhe number of snipe and curlew pairs were
estimated as the maximum petisit number across the early and late breeding season si@gesn, 1985;
Smartetald> HAany T hQ. NARSYy | el 2007 Dodgledt al RO1Mm T . dzOK I y I vy

The above approach can yield inaccurate estimates of snipe populations, especially in locations with high
snipe densitiegHoodles=t al.,, 2006) We thus conducted additional dedicated evening snipe surveys using
the methodology recommended biloodlesset al. (2006)in 28 of our 56 fields selected at random. These
recorded all snipe seen or heard (drumming and chipping) whilst walking to within 200 m of each part of the
field between one hour preand post sunset indry conditions with wind speeds less than Beaufort force 4.
Flight paths of displaying birds were followed to prevent double counting. The number of pairs is estimated
as half the number of detected individuals. There were no significant differencesmuhieer of snipe pairs
estimated by the two methods (Wilcoxon sigreahk test with continuity correction; V =17, P = 0.198) and

we thus use estimates from the general breeding wader surveys in all analyses.

2.3.3 Invertebrate surveys

During the early breding season, invertebrate surveys were conducted in all 56 fields. Of these fields, 30 (7
IP fields; 16 SUP fields; 7 UM fields; 2018 survey habitat type classifications) were haphazardly selected for
additional invertebrate surveys during the late bresgliseason to assess potential seasonal variation in
invertebrate abundance. Our focal fields varied in size from 1.2 ha to 19.9 ha (median = 4 ha). As UM sites
are unenclosed, they were assigned a 200 m x 200 m (4 ha, which matches the typical size fi¢ldthe
types) block of land. Invertebrate sampling was conducted at 4 points in fields <2 ha, 5 points irGieks 2

and 6 points in fields > 6 ha. Sampling points were at least 25 m apart and 20 m away from the field edge.
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The general location of theampling points was determined prior to visiting each field depending on the
number of withinfield sampling points (see Fig.1). When visiting each field, precise sampling point
locations were selected by walking an estimated number of paces required to stop at thselpoted
locations A total of 436 sampling points were sampled, with 286 in the early breeding season amtii&0

late breeding season.

At each sampling point, we obtained indices of invertebrate abundance in the vegetation (many wader
species, especially their chicks, glean invertebrates from foliageereuxet al., 2004; Fisher and Walker,
2015)and soillnvertebrates in the vegetation were sampled from three 15 cm x 15 cm sqgarescentred

on the sampling point and the others immediately adjacent to the central square. Sampling was conducted
by placing a bag comprised of sweep net material over thepliag site, and cutting the vegetation as close

to the ground as possible (approximately 5 cm). Vegetation samples were then searched by hand up to three
minutes per sample at sites with dense vegetation multiple cuts were neediedwhich case each cutas
searched for a maximum of three minuteSearching stopped after one minute if no invertebrates were
found. All invertebrates were removed using a pooter and then stored in 100% Industrial Methylated Spirit
(IMS). This methodology was adopted as raltgive approaches based on sweep netting or use of vacuum
sampling are biased when vegetation is damp (which is frequently the case in upland habitats), and in the
case of vacuum sampling changes in vegetation density alter sampling effi(Beaoket a., 2008; Sanders

and Entling, 2011)

The remaining turf and soil, to a depth of 10 cm, was then removed from the central 15 cm x 15 cm square.
A subsample to a depth of 3 cm was separated, placed in a white sampling tray, and then broken up and
hand seathed for invertebrates for up to six minutes. Searching stopped after three minutes if no
invertebrates were found. All invertebrates were stored in 100% IMS. Thisasuple represents soll
invertebrates that are available to waders with short bills, sackapwingdAusderet al., 2003) Invertebrates

were extracted from the remaining soil using the same methodology and these, when combined with
invertebrates from the shallow soil layer, provide an index of invertebrate abundance for longer billed
waders. A total depth of 10 cm was used as it is the midpoint between the average snipe bill length

(approximately 7 cm) and average curlew bill length (approximately 1&camp and Simmons, 1982)

Invertebrates from each sample were subsequently identifieortter and life cycle stage (egg, larva, nymph,
pupa, and adult), using a stereo microscope, when necessary, based on the crit€hmerfy (1993) and
Tilling (2014) The wet biomass (g) of each group was obtained as the drying process to measuoendssbi

could damage the specimens, preventing future research using the specimens.

Invertebrate biomass in the vegetation and shallow soil were combined to provide an index of invertebrate

abundance that is theoretically available to all waders includimgrtsbilled species, such as lapwing
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(hereafter referred to as & layer). A few deep soil layer samples contained adult Diptera, Hymenoptera
(wasps), and Hemiptera, which are all capable of flight and are likely to have landed in sampling trays during
processing and extremely unlikely to be present in the deep soil layleey were thus removed from the
dataset for this soil layer. We then combined invertebrate biomass in the vegetation, shallow and deep soil
to provide an index of invertebrate abundanitet is theoretically available to longer billed waders, such as

shipe and curlew (hereafter referred to asS\D layer).

Using data from a literature review, we identified which invertebrate groups (taxa and life cycle stages) were
included in the dietof upland breeding waders, and which of these invertebrate groups are key dietary
components RSFAY SR Fa O2YLINRAaAAY3I x HE: ApFendix @or fulSetdlsi 2y S
and results). We calculated the cumulative biomass of inverteldatary components (hereafter referred

to as total invertebrate dietary biomass), the cumulative biomass of key invertebrate dietary components
(hereafter referred to as key invertebrate dietary biomass), and the biomass of each key invertebrate dietary
component that comprised at least 4% of the invertebrate dietary biomass in either the early or late breeding
season (i.e. Lumbricidae (hereafter earthworm), Diptera larvae, Gastropoda). We used the 4% threshold
because groups that are rarer than this &ighly unlikely to be important components of wader diet in our
study region. Thus, for components whose cumulative biomass comprised less than 4% of the invertebrate
dietary biomass (i.e. Diptera adult, Coleoptera adult, Coleoptera larva, Lepidopteea lymenoptera
adult), we combined these into a single group (hereafter other key invertebrate dietary biomass) whose
cumulative biomass exceeded the 4% threshold (see T&abléor cumulative biomass of total invertebrate
dietary components and of key\artebrate dietary components individually and combined). As total
invertebrate dietary biomass and key invertebrate dietary biomass were highly correlated(95), key

invertebrate dietary biomass waxcluded from further analyses.

We thus generatedive metrics of invertebrate biomass for theS/layer and the ‘%D layer: i) total
invertebrate dietary biomass, ii) earthworm biomass, iii) Diptera larva biomass, iv) Gastropoda biomass, and

V) biomass of other key invertebrate groups.
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<2 ha 2-6 ha >6 ha

Figure2.1. Schematic diagrams demonstrating the number and approximate locations of Wigldnsampling points

(dashed circles) in <2 hatzha, and >6 ha survey fields.

2.3.4 Environmental conditions

During the breeding wader surveys, we recorded field levelirenmental conditions: i) rushluncus
percentage cover (to the nearest 5% as estimated during the early breeding season visit because shorter
grass swards improve the accuracy and there is negligible spread of rush cover during the time separating
early ard late visits), ii) livestock dung presence/absence (separate early and late breeding season
recordings), and iii) five broad habitat types (TaBl). These habitat types were unenclosed white moor
(characterised by dominance Wffolinia caeruled, and hather moor (characterised by dominanceGsdlluna
vulgarig, and enclosed improved pasture (speqie®r grassland dominated by grasses and lacking forb
diversity; intensive agricultural improvement), seimiproved pasture (relatively specieigeh grasslad;
moderate agricultural improvement), and unimproved pasture (spegé¥s grassland; no or negligible
agricultural improvementJoint Nature Conservation Committee, 201A3ditional environmental variables

were measured at each invertebrate samplingmailuring the early and late breeding season visits: i)
vegetation height was recorded as the tallest piece of vegetation touching a measuring stick (to the nearest
5 cm), ii) vegetation density following the methodologyS&Ensomet al. (2016) i.e. the mumber of fully
concealed white bands (2 cm width) out of five that are placed at 10 cm intervals from 0 to 40 cm on a
measuring stick), iii) rush dominance (defined as rush being amongst the two most abundant plant groups at
the survey location as judged,lpercentage cover), iv) mean soil penetration resistance (kgF) from three
readings using a soil penetrometer (based on Green (1988); 20 kg Pesolalimaspying scale and pressure

set, NHBS, Devon, England), which involves pushing a 5 mm diametepmeglre rod into the soil to 10

cm depth, v) mean soil moisture content (%) from three readings using a SM150T soil moisture sensor and
HH150 readout meter (Dek@ Devices, Cambridge, England) with soil type (peat mix or mineral) deduced
from the soil amples taken during invertebrate surveys, vi) soil pH at 6 cm depth using2922 HALO

wireless soil pH electrode (Hanna Instruments, Woonsocket, Rhode Island, USA).
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2.3.5 Statistical analysis

All statistical analyses were performed in R version JR.Gore Team, 202Following Whittinghanet al.

(2006) we used a full model approach.
2.3.5.1 Seasonal variation in invertebrate biomass

To assess seasonal patterns in invertebrate biomass, each of the five metrics of invertebrate biomass from i)
V-S hyer, and ii) \&D layer, were modelled as a function of breeding season stage (early or late) and
sampling point nested within field identity as a random effect. Each response variable was natural logarithm
transformed following the addition of 0.001 tccount for zeros in the data. We constructed-fmymal
generalised linear mixed effect models (GLMMs) with gaussian error structure (identity link) using the Ime4

packaggBateset al., 2015)
2.3.5.2 Influence of environmental conditions on invertebkabmass

We modelled each of our five invertebrate biomass responses variables (natural logarithm transformed; x +
0.001) as a function of soil penetration resistance (kgF), soil moisture (%), soil pH, vegetation height (cm;
square root transformed), vegmtion density, rush dominance, presence/absence of livestock dung, and
habitat type (white moor, heather moor, improved pasture, sémproved pasture, unimproved pasture),

with field identity as a random effect. These models were constructed asdogad GLMMs (gaussian error
structure with identity link) using the Ime4 package. Separate models were constructed using data from each
of our two spatial layers (i.e.-8 layer, and \&D layer) and for the early and late sampling periods (Table
B.7). Prior to fitting full models, we checked for simple Himear effects of each continuous predictor
variable by modelling the response as a function of the linear term of the focal predictor (linear models) and
linear and quadratic terms (quadratic meld). If these quadratic models had an Akaike information criterion
value corrected for small sample sizes (AICc) that was at least two points lower than that of a linear model
and aPvalue for the quadratic term < 0.1, we used linear and quadratic téomthat predictor variable in

the full model; we adopt theP< 0.1 rather tharP< 0.05 threshold to ensure a more cautious approach in
rejecting the potential for nosinear relationships to be detected in the full models. We calculated
generalisedvllA | Yy OS Ay FE I GA2Y FIF OG2NA 0Dz L CiHRoxatzBWeigkidrg,i K S
2019)for all our full models, with GVIFs greater than five advocating the removal of habitat type from some
models. As it is easier to compare across respagiables when they are modelled with the same suite of
predictor variables, habitat type was dropped from all full models; the subsequent GVIFs of all predictor
variables were less than five, providing strong evidence that inference from our modeis aslversely

impacted by collinearityHarrisonet al., 2018)
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There is value in understanding how food abundance varies across habitat types. We thus constructed a
simpler set of models to describe variation in food abundance across habitat types bylingpb@egich

response variable as a function of habitat type and field identity as a random effect (se@®Bdbleresults).

2.3.5.3 Influence of invertebrate biomass on wader pair densities

We constructed generalised linear models (GLpssson error sucture with log linR of the number of

pairs per field for each wader species (curlew, lapwing, and snipe) as a function of invertebrate biomass, soll
penetration resistance (kgF), vegetation height (cm), and rush cover (%; natural logarithm (x + 2.5)
transformed). We constructed five such models, with each using one of our five invertebrate biomass metrics
(total invertebrate dietary biomass; earthworm biomass; Diptera larva biomass; Gastropoda biomass; other
key invertebrate biomagsDue to variationn wader bill lengths the lapwing models used invertebrate
biomass data from the ‘@ layer, whereas curlew and snipe models used invertebrate data from-8@ V
layer.Each model included field size (ha; natural logarithm transformed) as an offset torcosmger pairs

to wader densitiesensuring that field size was accounted for within the models (TBBle Habitat type was

not included in these models as it inflated the GVIFs of most of our models above the threshold of five, over
which model inferene would be hindered by collinearifidarrisoret al., 2018) Rush cover rather than rush
dominance was included in these models because rush cover was measured at the field level which is more
appropriate for predicting wader densities within a field. Qtle@vironmental variables were not included

in these models due to strong correlation with other more informative variables (i.e. vegetation height and
vegetation densityrs> 0.7, density was excludddprmannet al., 2013)and because they will only influence
wader densities through their impact on invertebrate biomass (i.e. soil pH, soil moisture, and livestock dung)

which is included in the models.

Environmental data collected as the sampling point level (i.e. inverteliiamass metrics, soil penetration
resistance, and vegetation height) were averaged for each figle lapwing model only used environmental

data, including invertebrate biomass metrics, from the early breeding season to reflect the survey phase used
to estimate lapwing pairs. Snipe and curlew models used environmental data from both the early and late
breeding seasons, averaging data over the entire breeding season, as the number of pairs for these species

were estimated from both survey phases.

Usingthe same approach as the invertebrate biomass models (see alweehecked for simple nelnear

effects of each continuous predictor varialite each response variable. For all our full models, we checked

for overdispersion and zero inflation usinggtPHARMa packagelartig, 2020)! aAy 3 ! L/ O YR a(
pseudoRvalues, we compared between the models for each of our focal wader species in cases where more
than one invertebrate metric was statistically significaMader densities may be influengdy the actual

availability of food items rather than their abundance, with harder soils and taller vegetation potentially
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restricting access to foofGreen, 1988; Deverewet al,, 2004) We thus constructed two additional sets of

full models that includd the interaction term between the invertebrate biomass metric and i) soil
penetration resistance, or ii) vegetation height when soil penetration resistance or vegetation height was
statistically significantR < 0.05) in the main effects only models. Wencluded that interaction terms

influenced wader densities whan< 0.05 (see Tablds10 andB11 for model structure and results).

As habitat type was dropped from the wader models, we constructed a simpler set of models to describe
variation in wader densities across habitat types by modelling each response variable as a function of habitat

type (see Tabl&.12 for results).

2.4 Reslts
2.4.1 Seasonal variation in invertebrate biomass

The biomass of total invertebrate dietary components and earthworms were significantly reduced in the late
breeding season in both spatial layers3\nd VSD). Inspection of parameter estimates and their standard
errors indicate that these declines agecater when the deep soil layer is excluded (T&2¢. Diptera larvae

and Gastropoda biomass did not exhibit significant declines in biomass in either laye2(Tallmnversely,

the biomass of other key dietary components was significantly highdreinate than the early breeding

season in both spatial layers (TaBgld).

2.4.2 Influence of environmental conditions on invertebrate biomass

Our models explained substantial amounts of spatial variation in the biomass of total invertebrate dietary
comll2ySyia o0Y2RS{ -®ROduksRdRdg:yra0.35930D@FS2TablR). In all four models,
invertebrate biomass was consistently significantly associated with soil pH along a unimodal quadratic curve,
with biomass (depending on the season andt&d layer) peaking at pH 5388 (Figs2.2d,2.2e,2.3a,2.3b).

In the early breeding season models, invertebrate biomass was significantly associated with soil penetration
resistance along a unimodal quadratic curve, with biomass (depending on thaldpgér) peaking at.5

7.9 kgF (Fig2.2a,2.2b). Soil penetration resistance was not significant in either late breeding season model.
In the early breeding season, invertebrate biomas$ (8fpatial layer only) was significantly associated with
soil moisture along a unimodal quadratic curve, with biomass peaki6g.8%o (Fig2.3c). In the late breeding
season, biomass {&D spatial layer only) was significantly linearly negatively associated with soil moisture
(Fig.2.3c).

Earthworms accounted for most of the total invertebrate dietary biomass, although this proportion was
lower in the late breeding season, particularly in th& gpatial layer (see Tal3&). As a result, the biomass

of earthworms exhibited similar associations with soil conditions as total invertebrate dietary biomass (Table
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2.2). In the early breeding seasoearthwormbiomass was consistently significantly associated witth
penetration resistance, moisture, and @fong unimodal quadratic curves, with biomass (depending on
spatial layer) peaking at 625 kgF, 61-57.0%, and pH 5:8.9 (Figs2.4af). In the late breeding season,
earthwormbiomass was consistently significantly associated sgihpHalong a unimodal quadratic curye

with biomass (depending on the spatial layer) peaking ab@&5.5 (Figs2.5a,2.5b), and in the \5 spatial

layer ony, earthworm biomass was significantly higher at sampling points where rush was a dominant

vegetation type.

Soil pH was the only edaphic condition to significantly influence biomass of Diptera larvae and Gastropoda.
For Diptera larvae (Tabk2), biomassvas consistently significantly associated vgthl pH along a unimodal
guadratic curve in the early breeding season owligh biomass (depending on the spatial layer) peaking at
pH5.4-5.5 (Figs2.6a,2.6b). In the late breeding season, Diptera larbi@mass within the \&6 spatial layer

was significantly higher at sampling points with shorter vegetation (linear relationshi@; BigNo predictor
variables significantly influenced Diptera larvae biomass in #sD\spatial layer during the late brdimg

season.

For Gastropoda (Tab2), biomassvas significantly higheait sampling points with less acidic soil during
both breeding seasons and within both spatial layers (linear relationship;2@8gs2.8b, 2.9a,2.9b). In the
late breeding seasoanly, Gastropoda biomass (in theSvand VSD spatial layers) was significantly higher
at sampling points with taller vegetation (linear relationship; Rigx,2.9d) and in fields with livestock dung

present.

For other components whose cumulative triass comprised <4% of the invertebrate dietary biomass, i.e.
other key invertebrate dietary components (TaBl&), biomass was significantly higher biomass at sampling
points with lower soil moisture (linear relationship; albeit marginally ss@nificantin the \AS spatial layer
model during the early breeding season; F&j$0, 2.11a,2.11b). Moreover, other key invertebrate dietary
biomass was significantly higher at sampling points where rush was a dominant vegetation type, except
during the late breding season where rush dominance was marginally-gignificant in the VD spatial

layer model and nosignificant in the \S spatial layer model. In theSY/spatial layer model, instead of rush
dominance, biomass was significantly higher at samplingtpavith more acidic soil (linear relationship; Fig.
2.11c).

2.4.3 Influence of invertebrate biomass on wader pair densities

When modelling the density of wader pairs as a function of soil penetration resistance, vegetation height,
rush cover and one ofve alternative metrics of invertebrate biomass, the lapwing models that included
earthworm biomass and Gastropoda biomass had similar AICc values that were >2 AlICc points lower than

models with alternative invertebrate biomass metrics (Tah8). The density of lapwing pairs was marginally
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non-significantly associated with earthworm biomass (square root transformed) along a unimodal curve, with
lapwing density peaking at 0.568 g (FAd.2a); whilst this model had the highest explanatory cayeaitiis

was still limited. Lapwing density was marginally ssamificantly, and negatively linearly correlated with
Gastropoda biomass (natural logarithm (x + 0.001) transformed2Higb). No other predictor variables

were significantly associated witapwing density.

For snipe, the model that included other key invertebrate biomass was >2 AICc points lower than models
with alternative invertebrate biomass metrics (Tal##e8). The density of snipe pairs was significantly
associated with other key inviebrate biomass (natural logarithm (x + 0.001) transformed) along a unimodal
curve, with snipe density peaking at 0.007 g (Eif2c). Snipe density was also significantly higher in fields
with higher soil penetration resistance, and fields with greatesh cover. Rush cover was the only predictor
variable that was significant or marginally nsignificant in all five snipe models. No other predictor variables

were significantly associated with snipe density.

For curlew, the models that included totavigrtebrate dietary biomass and earthworm biomass had similar
AICc values that were >2 AICc points lower than models with alternative invertebrate biomass metrics (Table
2.3). The density of curlew pairs was significantly higher in fields with lowernettéebrate dietary biomass
(square root transformed; linear relationship; Fgl2d) and fields with lower earthworm biomass (square

root transformed; linear relationship; Fid2.12e). In both models, curlew densitwas consistently
significantly associad with vegetation height, with a relatively constant density (peaking at 7.121 cm) until

a vegetation height of approximately 14 cm followed by a steady decline. Curlew density was also significantly
associated with vegetation height in the other threkeanative invertebrate biomass metric models and
followed a unimodal quadratic curwgith density (depending on invertebrate biomass metrjpgaking at

15.66%16.379 cm. No other predictor variables were significantly associated with curlew density.
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TaHle 2.1. Results of lognormal generalised linear mixed effects models investigating whether invertebrate biomass
(represented by five different metrics) differs between the early and late breeding season stages at two different spatial
layers (all sulsamges combined; vegetation and shallow soil sd@mples combined). Parameter estimaté$ ith
standard errors (SE), and Type Il Wald F tests with KerRR@ager degrees of freedom are presented, with significant
effects highlighted with an asterisk. Earlebding season is the reference level for breeding season stage, so significant

negative relationships indicate reduced food abundance in the late breeding season.

Response variable Spatial layer  Breeding season predictor variable
5 {9 F Pvalue
Total invertebrate dietary biomass V-SD -0.485 £ 0.185 6.876 0.010*
V-S -1.344 + 0.241 30.993 1.1747*
Earthworm biomass V-SD -1.221 +0.224 29.675 2.0647*
V-S -2.791 £ 0.274 104.130 2.200%6*
Diptera larvae biomass V-SD -0.291 + 0.237 1.498 0.223
V-S -0.367 £ 0.234 2.464 0.119
Gastropoda biomass V-SD -0.258 £ 0.207 1.553 0.215
V-S -0.319 + 0.205 2.407 0.123
Other key invertebrate biomass  V-SD 0.484 +0.190 6.523 0.012 *
V-S 0.451 +0.170 7.031 0.009 *
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Table2.2. Results of lognormal generalised linear mixed effects models (GLMM) investigating the influence of environmental conditions on inveboiebrass (represented by
five different metrics). Parameter estimates with standard errors (L = linear term; @dtajic term when both are modelled), and Type Il Wald F tests with KeARk@ger degrees
of freedom are presented for each predictor variable, with significant effects highlighted with an asterisk. Rush nobbh@imantiand absence of livestock dung aeéerence

levels for these categorical predictors. Theoretical conditiédNakagawa and Schielzeth, 2013; Nakagatal., 2017)are presented for each GLMM.

Response Spatial Breeding Model Predictor variables
variable layer ~ season R Soilpenetration Soil moisture  Soil pH Vegetation Vegetation Rush Livestock dung
resistance height (square density dominance
root
transformed)
Total V-SD  Early 0.695 L 5.004 +2.095 L-1.609 +2.269 L 30.400 +2.116 0.013 +0.069 -0.274 +0.200  -0.154 +0.293  -0.063 +0.346
invertebrate Q-6.603 +1.707 Q-3.774 £1.742 Q-13.664 F =0.035 F =1.865 F=0.272 F =0.033
dietary F = 8.655 F=2.347 +1.084 P=10.852 P=0.173 P=0.603 P=0.857
biomass P=0.0002 * P=0.098 F=112.109
P=2.200*
V-S Early 0.635 L5.526+2.115 L 0.911+2.285 L 27.517 +2.115 -0.031 £+0.070 -0.231 £0.205 0.131+0.298 0.075 £0.341
Q-5.687 +1.747 Q-5.288 £1.775 Q-12.197 F=0.191 F=1.250 F=0.190 F =0.049
F=7.130 F =4.846 +1.833 P=0.663 P=0.265 P=0.663 P=0.826
P=0.001* P=10.009 * F=91.448
P=2.200t6*
V-SD  Late 0.617 -0.041+0.059 -0.023+0.001 L 15.483 +2.650 0.053 +0.099 0.475+0.295 0.369 £0.423 1.332 £1.088
F =0.455 F =5.626 Q-6.629 +2.205 F =0.279 F=2.523 F=0.740 F=1.489
P=0.501 P=0.019 * F =18.836 P=0.598 P=0.114 P=0.391 P=0.231
P=1.272"*
V-S Late 0.359 -0.053+0.079 L-3.974+4.199 L 7.581 +3.536 0.020+0.139  0.594 +0.402  0.749 +0.574  0.260 +1.434
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Earthworm

biomass

Diptera
larvae

biomass

V-SD

V-S

V-SD

V-SD

Early

Early

Late

Late

Early

0.693

0.642

0.565

0.284

0.336

F=0.426
P=0.515

L 0.899 £2.427

Q-7.466 +2.008

F =6.893
P=0.001*

L 1.926+2.378

Q-6.533 +2.002

F=5.249
P=0.006 *

-0.124 +0.078
F=2415
P=0.123

-0.020 £0.078
F =0.060
P=0.807

0.110 +0.077
F=1.984
P=0.160

Q-3.170 +2.401 Q-8.230 +2.721 F =0.020

F=1.381
P=0.255

L-3.385 +2.622
Q-4.840%2.039

F=3.110
P=0.047 *

L-0.162 +2.563
Q-6.157 +2.021

F =4.695
P=0.010*

-0.015 +0.013

F=1.298
P=0.257

L 5.737 £4.210

Q-2.944 +2.393

F=1.536
P=0.220
-0.003 £0.010
F=0.116
P=0.733

F =5.630
P=0.005 *

L 35.667 +2.426

Q-15.906
+2.106
F=117.040
P=2.200'¢*

L 32.352 +2.352

Q-14.043
+2.081

F =101.476
P=2.200'*

L 20.960 +3.472

Q-11.532
+2.666

F=22621
P=1.027*

L 11.326 +3.379
Q-9.795 +2.660

F =10.007
P=0.0001 *
L 10.625-3.095

Q-7.189 +2.550

F=7.991
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P=0.888

-0.082 +0.081
F=1.020
P=0.313

-0.152 +0.080
F = 3.566
P=0.060

L 2.422 £3.458

Q-0.022 +2.348

F=0.242
P=0.785

-0.010+0.140
F =0.004
P=0.947

-0.101 £0.096
F=1.082
P=0.229

F=2115
P=0.148

-0.113 +0.235
F=0.228
P=0.633

-0.042 +0.235
F=0.031
P=0.861

-0.074 +0.391
F =0.034
P=0.853

0.136 +0.409
F=0.107
P=0.744

-0.098 £0.274
F=0.127
P=0.722

F=1.652
P=0.201

-0.677 +0.343
F =3.833
P=0.051

-0.326 +0.339
F =0.903
P=0.343

-0.065 +0.587
F=0.012
P=0.913

1.288 +0.587
F=4.632
P=0.033*

-0.519 +0.413
F=1.559
P=0.213
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F=0.033
P=0.858

-0.014 +0.390
F =0.001
P=0.972

0.136 +0.372
F=0.133
P=0.717

1.078 +1.417
F=0575
P=0.454

-1.165 £1.273
F =0.829
P=0.369

-0.101 +0.547
F=0.034
P=0.854



Gastropoda

biomass

V-SD

V-S

V-SD

V-SD

V-S

Early

Late

Late

Early

Early

Late

Late

0.306

0.364

0.417

0.090

0.090

0.203

0.178

0.095 +0.077
F=1.492
P=0.223

L 1.880+3.929
Q-2.517+3.929
F =0.364
P=0.696

L 1.276 £3.699
Q-2.673+2.744
F =0.463
P=0.630
-0.020+0.060
F=0.103
P=0.749
-0.017+0.061

F =0.077
P=0.782
-0.051+0.064

F =0.596
P=0.442
-0.067+0.063
F=1.104
P=0.296

L-1.795 +3.200
Q-2.549 +2.420

F=0.591
P=0.555
-0.024+0.015
F =2.610
P=0.109

-0.017+0.014
F=1.383
P=0.242

0.006+0.007
F=0.734
P=0.393
0.006+0.007
F =0.745
P=0.390
-0.008+0.010
F =0.568
P=0.452
-0.006+0.010
F =0.318
P=0.574

P=0.0005 *
L 9.408 £3.094

-0.069 +0.097

Q-5.516 +2.567 F =0.497

F =5.667
P=0.004 *
0.246+0.330
F =0.534
P=0.467

L0.890+3.792
Q-3.885+2.802
F =0.927
P=0.399
0.498+0.126
F =15.283
P=0.0002 *
0.489+0.127
F =14.604
P=0.0002 *
0.556+0.233
F=5.475
P=0.022 *
0.557+0.226
F=6.281
P=0.015*
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P=0.481

-0.182+0.143
F=1.572
P=0.212

-0.312+0.134
F =5.266
P=0.023 *

0.112+0.080
F =1.909
P=0.168
0.101+0.080
F =1.559
P=0.213
0.242+0.110
F=4.633
P=0.033 *
0.256+0.108
F =5.402
P=0.022 *

-0.202 +0.277
F =0.528
P=0.468

0.577+0.425
F =1.800
P=0.182

0.488+0.393
F =1.505
P=0.222

-0.132+0.241
F=0.298
P=0.586
-0.122+0.240
F =0.256
P=0.614
-0.130+0.333
F =0.148
P=0.701
-0.238+0.326
F =0.514
P=0.475

-0.619 +0.415
F=2192
P=0.140

0.636+0.612
F =1.055
P=0.306

0.823+0.567
F =2.078
P=0.152

0.389+0.336
F =1.308
P=0.254
0.380+0.336
F =1.244
P=0.266
0.205+0.478
F=0.179
P=0.673
-0.174+0.468
F=0.134
P=0.715
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-0.171 +0.537
F=0.102
P=0.751

0.019+1.673
F =0.0001
P=0.991

-0.176+ 1.699
F =0.011
P=0.918

0.149+0.352
F=0.178
P=0.675
0.151+0.355
F =0.181
P=0.672
2.192+1.047
F=4.352
P=0.045*
2.160+1.006
F=4572
P=0.041*



Other key
invertebrate

biomass

V-SD

V-S

V-SD

Early

Early

Late

Late

0.163

0.170

0.228

0.150

0.093+0.054
F =2.923
P=0.089
0.070+0.049
F=1.976
P=0.161
-0.023+0.064
F =0.128
P=0.721
-0.077+0.060
F =1.559
P=0.215

-0.015+0.007
F =5.368
P=0.022 *
-0.011+0.006
F =3.237
P=0.074
-0.025+0.010
F =6.099
P=0.015*
-0.025+0.010
F =6.901
P=0.010*

-0.108+0.116
F =0.860
P=0.356
-0.148+0.107
F =1.882
P=0.172
-0.436+0.236
F =3.308
P=0.073
-0.508+0.220
F =5.139
P=0.026 *

0.056+0.068
F =0.664
P=0.416
0.028+0.062
F =0.199
P=0.656
-0.015+0.107
F =0.019
P=0.891
0.053+0.103
F =0.253
P=0.616

-0.308+0.200
F =2.344
P=0.127
-0.201+0.182
F =1.200
P=0.274
0.152+0.320
F =0.219
P=0.640
0.155+0.311
F =0.240
P=0.625

0.593+0.290
F =4.100
P=0.044 *
0.764+0.265
F =8.168
P=0.005 *
0.879+0.457
F =3.589
P=0.060
0.255+0.446
F =0.316
P=0.575
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-0.086+0.342
F =0.063
P=0.803
-0.114+0.318
F =0.128
P=0.722
0.546+1.119
F =0.236
P=0.630
0.480+0.998
F =0.230
P=0.635
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Table2.3.Results of the main effects only generalised linear models (GLMSs) investigating the influence of invertebrate biomass densiygleas well as environmental variables

that could influence waders through invertebrate accessibility and breeding hakl@dtt®n. Parameter estimates with standard errors (L = linear term; Q = quadratic term when

both are modelled), and? testsare presented for each predictor variable, with significant effects highlighted with an asterisk. Aarkeation criterion valie corrected for small

alywx s aiil Sa

0! L/ O®RRark pfddentedX@ kakHRGEM. (Tie lapdang piaiRsanodels use environmental data from the early breeding season only andtavertebr

biomass data from the vegetation and shallow soil spadigéi only. The snipe and curlew pairs models use environmental data from the overall breeding season and invertebrate

biomass data from all subamples combined.

Response Invertebrate biomass metric Model AlCc Predictor variables
variable R Soilpenetration Vegetation height Rush cover (natural  Invertebrate biomass
resistance logarithm (x + 2.5
transformed
Lapwing  Total invertebrate dietary biomass 0.085  75.314 0.190+0.232 0.006+0.054 0.031+0.386 L-1.890+4.878
pairs .2=0.664 .2=0.014 .2=0.006 Q-8.451 +5.623
P=0.415 P=0.906 P=0.936 .2=3.401
P=0.183
Earthworm biomass (square root 0.118 73.084 0.052+0.260 0.019+0.054 -0.189 +0.409 L 3.913t5.077
transformed) .2=0.040 .2=0.123 .2=0.211 Q-9.515+5.134
P=0.841 P=0.726 P=0.646 .2=5.631
P=0.060
Diptera larvae biomass (natural 0.035 76.169 0.268+0.212 -0.017+0.048 0.095+0.418 0.038+0.215
logarithm (x + 0.001 transformed) .2=1.527 .2=0.133 .2=0.052 .2=0.032
P=0.217 P=0.716 P=10.820 P=0.859
Gastropoda biomass (natural logarithm 0.081  73.077 0.283%0.203 -0.037+0.039 0.425+0.439 -0.351+0.211
(x + 0.001 transformed) .2=1.843 .2=1.033 .2=0.971 .2=3.123
P=0.175 P=0.309 P=0.325 P=0.077
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Snipe

pairs

Other keyinvertebrate biomass (natural 0.044

logarithm (x + 0.001 transformed)

Totalinvertebrate dietary biomass

(square root transformed)

Earthworm biomass (square root

transformed)

Diptera larvaéhiomass (natural

logarithm (x + 0.001 transformed)

0.084

0.091

0.086

Gastropoda biomass (natural logarithm 0.073

(x + 0.001 transformed)

Other keyinvertebrate biomass (natural 0.180

logarithm (x + 0.001 transformed)

75.591

99.602

98.986

99.445

97.943

90.897

0.250 +0.202
.2=1.472
P=0.225
0.268+0.186
.2=2.058
P=0.151

0.279 +0.195
.2=2.006
P=0.157

0.333 £0.172
.2=3.823
P=0.051

0.290 +0.164
.2=3.150
P=0.076

0.464 +£0.185

.2=6.346
P=0.012*
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-0.029 +0.040
.22 0.600
P=0.439

L 6.179 +3.230
Q-1.395 +2.316
.22 4.836
P=0.124

L 6.636 +3.189
Q-1.257 +2.288
.22 4.175
P=0.089

L 1.796 +3.930
Q-0.253 +2.376
.220.255
P=0.880

L 4.596 +2.891
Q-0.840 +2.281
.2=3.345
P=0.188

L 3.737 +3.190
Q0.918 +2.636
.2=3.973
P=0.137

0.086 +0.394
.2=0.048
P=0.827
0.758 +0.468
.2=3.058
P=0.080

0.754 +0.481
.2=2.721
P=0.099

1.287 +0.586
.2=6.722
P=0.010*

0.914 +0.449
.2=5.415
P=0.020 *

1.265 +0.482
.2=10.026
P=0.002 *
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0.176 +0.223
.220.609
P=0.435

L 1.867 +2.820
Q-1.446 +3.587
.2=1.038
P=0.595

L 2.880 +2.902
Q-1.287 +3.905
.22 1.654
P=0.437
L-3.448 +3.512
Q-0.428 +2.357
.2=1.195
P=0.550

0.047 +0.167
.220.078
P=0.781

L-3.905 +2.934
Q-7.517 +3.550
.2=9.743
P=0.008 *



Curlew

pairs

Total invertebrate dietary biomass

(square root transformed)

Earthworm biomass (square root

transformed)

Diptera larvaebiomass (natural

logarithm (x + 0.001 transformed)

Gastropoda biomas@atural logarithm

(x + 0.001 transformed)

Other key invertebrate biomagsatural

logarithm (x + 0.001 transformed)

0.216

0.214

0.150

0.161

0.149

84.060

84.291

90.009

89.011

90.080

0.012 +0.136
.2=0.007
P=0.933

0.009 +0.137
.2=0.004
P=0.950

-0.130 +0.154
.2=0.740
P=0.390

-0.105 +0.137
.2=0.613
P=0.434

-0.105 +0.141
220574
P=0.449

L-7.101 £3.727
Q-3.264 +2.843
.2=8.708
P=0.013*
L-7.210 +3.838
Q-3.288 +2.903
.2=8.393
P=0.015*
L-2.436 £3.543
Q-6.251+2.820
.2=8.377
P=0.015*
L-3.037 £3.213
Q-5.777 +2.696
.2=8.070
P=0.018 *
L-2.747 £3.338
Q-6.096 +2.759
.2=8.268
P=0.016 *

-0.158 +0.319
.2=.0.240
P=0.624

-0.172 +0.323
.2=0.275
P=0.600

-0.472 +0.351
.2=1.795
P=0.180

-0.313 £0.292
.2=1.118
P=0.290

-0.404 +0.269
.2=2.210
P=0.137
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-1.712 + 0.806
.2=6.036
P=0.014 *

-1.619 +0.782
.2=5.805
P=0.016 *

0.054 +0.183
.2=0.087
P=0.768

-0.148 £0.145
.2=1.085
P=0.298

-0.024 +0.188
.2=0.016
P=0.900
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Figure 2.2.The significant relationships between total invertebrate biomass and soil conditions in the early
breeding season, showing the predicted total invertebrate dietary biomass -tpackformed) with differing
soil penetration resistance (a}$D spatial layer; b)-% spatial layer), soil moisture (cB\spatial layer), and soil
pH (d) VSD spatial layer; e)-8 spatial layer), generated from the associated generalised linear mixed effects

models. Shaded ribbons show the 95% bootstrap confidentervals.
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Figure 2.3.The significant relationships between total invertebrate biomass and soil conditions in the late
breeding season, showing the predicted total invertebrate dietary biomass -tbackformed) with differing

soil pH (a) \&D spatial layer; b) Vs spatial layer), and soil moisture (e31 spatial layer), generated from the
associated generalised linear mixed effects models. Shaded ribbons show the 95% bootstrap confidence

intervals.

96



Chapter 2

290 P40
)
% 2
= =
—_ (=]
G =]
[
w (2]
0 v
9 E
£ 0.51 c 0.5
o a8
o
£ E
2 z
€ ©
8 w
0.0 0.0
0 5 10 15 0 5 10 15
Soil penetration resistance (kgF) Soil penetration resistance (kgF)
¢ 1.5 d 154
)
% 2
> —~
S 1.0 2 1.0
[
w (2]
g :
£ S
i<} s
o
c E
g 057 S 051
Z £
g @
8 w
0.0 0.0
40 60 80 40 60 80
Soil moisture (%) Soil moisture (%)
e 2 f 2
)
@ 2
> ~
= o
° =
12
a ©
g £
5 1 S 1
o o
o
£ g
(=]
E £
T ©
8 w
U 0,
3 4 5 6 7 3 4 5 6 7
Soil pH Soil pH

Figure 2.4.The significantelationships between earthworm biomass and soil conditions in the early breeding
season, showing the predicted earthworm biomass (Baaksformed) with differing soil penetration resistance
(a) VSD spatial layer; b)% spatial layer), soil moisture) (¢SD spatial layer; d)-$ spatial layer), and soil pH
(e) *SD spatial layer; f) 36 spatial layer), generated from the associated generalised linear mixed effects

models. Shaded ribbons show the 95% bootstrap confidence intervals.
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Figure 2.5Thesignificant relationships between earthworm biomass and soil conditions in the late breeding
season, showing the predicted earthworm biomass (keaksformed) with differing soil pH for the (a}SD
spatial layer and (b)-8 spatial layer, generated frothe associated generalised linear mixed effects models.

Shaded ribbons show the 95% bootstrap confidence intervals.
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Figure 2.6The significant relationships between Diptera larvae biomass and soil conditions in the early breeding
season, showing thpredicted Diptera larvae biomass (bat&nsformed) with differing soil pH for the (a}¥
D spatial layer and (b)-§ spatial layer, generated from the associated generalised linear mixed effects models.

Shaded ribbons show the 95% bootstrap confidemterivals.
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Figure 2.7.The significant relationship between Diptera larvae biomass and vegetation height in the early
breeding season, showing the predicted Diptera larvae biomass -{batsformed) with differing vegetation
height (backransformed) fo the \AS spatial layer, generated from the associated generalised linear mixed

effects model. Shaded ribbon shows the 95% bootstrap confidence intervals.
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Figure 2.8 The significant relationships between Gastropoda biomass and soil conditions iartiideeeding
season, showing the predicted Gastropoda biomass fhacisformed) with differing soil pH for the (a}SD
spatial layer and (b)-8 spatial layer, generated from the associated generalised linear mixed effects models.

Shaded ribbons shovhe 95% bootstrap confidence intervals.
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Figure 2.9The significant relationships between Gastropoda biomass and environmental conditions in the late
breeding season, showing the predicted Gastropoda biomass -(bat&formed) with differing soil pH (8}S

D spatial layer; b)-8 spatial layer), and vegetation height (b&i@nsformed; c) VSD spatial layer; d)-% spatial

layer), generated from the associated generalised linear mixed effects models. Shaded ribbons show the 95%

bootstrap confidence irdrvals.
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Figure 2.10The significant relationship between other key invertebrate biomass and soil moisture in the early
breeding season, showing the predicted other key invertebrate biomass-{latsformed) with differing soil
moisture for the ¥SD spatial layer, generatefiiom the associated generalised linear mixed effects model.

Shaded ribbon shows the 95% bootstrap confidence intervals.
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Figure 2.11The significant relationships between other key invertebrate biomass and soil conditions in the late
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associated generalised linear mixed effects mod&saded ribbons show the 95% bootstrap confidence

intervals.
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Figure 2.12The significant (or marginally nesignificant;P < 0.1) relationships between breeding wader pairs

and invertebrate biomass metrics (batknsformed) showing predicteghairs with differing invertebrate
biomass, generated from the associated generalised linear models: a) lapwing pairs and earthworm biomass; b)
lapwing pairs and Gastropoda biomass; c) snipe pairs and other key invertebrate biomass; d) curlew pairs and
total invertebrate dietary biomass; e) curlew pairs and earthworm biomass. Shaded ribbons show the 95%

bootstrap confidence intervals.
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2.5 Discussion

2.5.1 Influence of environmental conditions on invertebrate biomass over the wader breeding

season

As expeatd for different invertebrate taxa, our study found a diverse range of responses from the
five invertebrate biomass metrics to different environmental conditions over the wader breeding
season. Four of the five invertebrate biomass metrics (total inveatebdietary components,
earthworms, Diptera larvae, Gastropoda) were lower in the late breeding season compared to the
early, and significantly so for earthworm biomass and total invertebrate dietary biomass (of which
earthworms comprised most of the biorss; see TablB5). This decline was likely caused by lower
soil moisture and higher soil penetration resistance in the late breeding season (BaldesmdB14).

Yet, these soil conditions only significantly influenced biomass in the early breedinon skeas
earthworms and total invertebrate dietary components (except soil moisture in the total invertebrate
dietary biomass \&D spatial layer model) with a higher biomass at sampling points with intermediate
soil wetness and compactness. The lack of ichpathe late breeding season could be affected by the
biomass earlier in the breeding season, other factors that affect invertebrate distribution, and the
mobility of the invertebrate groups. For example, earthworms are restricted by soil pH to habitats
with less acidic soils, but habitats such as improved and-seproved pasture (which contained the
highest biomass; see TalBel5) experienced a greater loss in soil moisture over the breeding season;
earthworms would have been unable to migrate to acitabitat types which experienced a less
considerable loss in soil moisture and thus biomass would have been influenced more by soil pH than
soil moisture. Nevertheless, important implications for future climate change projections are
highlighted by theseesults; less precipitation in summer montfidet Office, 2019¢ould affect the
abundance or distribution of invertebrates, for example by forcing earthworms deeper into the soil

out of reach of foraging waders.

The nonsignificant decline exhibited byifdera larvae and Gastropoda over the wader breeding
season could signify that these groups cannot adjust their distribution in response to drier conditions,
or possibly that they are less affected by warmer, drier weather. Diptera larvae biomass and
Gastopoda biomass were not significantly influenced by soil moisture or soil penetration resistance
in either the early or late breeding season models. The lower Diptera larvae biomass in the late
breeding season could, however, be due to the emergence ofid@sularvae as adults. Most of the
Diptera larvae biomass was comprised of the family Tipulidae (early breeding season = 89.5%; late
breeding season = 95.0%) and Tipulidae typically emerge as adults from la(E édayeHiggins and

Yalden, 2004jhich cancides with our late breeding season. No Tipulidae adults were however
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sampled during the late breeding season, but the lifespan of adults is only a fe\Gtayson, 1962)
so it is possible that our sampling dates missed the peak emergence. Moreaveegetation sub

sample sampling method was not tailored to capture quick flying insects.

In contrast to these four invertebrate biomass metrics, other key invertebrate biomass was
significantly higher in the late breeding season compared to the eaibgtituting a proportion of the

earthworm biomass from earlier in the breeding season. This group includes Diptera, Coleoptera and
Hymenoptera adults which are more likely to be active in warmer wegiMilliams, 1961; Haye and
Forchhammer, 2008)Thus, he negative relationship with soil moisture could be a product of the
AYOSNILISONI GS INRAZLIAQ O0SKI@A2dzNI Ay GKS g1 NY¥SNJ 0dz
biomass of these other key invertebrate groups was higher where rush, a plant spgucsly

associated with wet conditiondrestonet al,, 2002) was a dominant vegetation type. Of sampling

points within white moor, the habitat that contained the highest average other key invertebrate

biomass in the late breeding season (Tablkb),50.8% had rush as a dominant vegetation type.

For all invertebrate biomass metrics, soil pH is the only environmental condition that consistently
LINBERAOGSR AYOSNISONIGS oA2Ylaa Ay 4G tSrad 2yS
pH likelyrelates to habitat type; unimproved pasture and moorland habitats were more acidic than
improved and semimproved pasture (TablB14). The relationship between soil pH and earthworms
(and total invertebrate dietary components) was most significant, Vather biomass at points with

more acidic soi{McCallumet al., 2016)and hence at points within white moor and heather moor
habitats (TableB15). A similar, albeit linear, pattern emerged for Gastropoda with a significantly
higher biomass in less acidigils i.e. improved, seniinproved and unimproved pastures. In contrast,
Diptera larvae biomass was only significantly influenced by soil pH in the early breeding season, with
biomass peaking at pH 5%6. For these four metrics, of which two are ssibface taxa, there is a
general trend towards greater biomass in less acidic soils. For other key invertebrate groups, soil pH
only significantly influenced biomass in theS\spatial layer model during the late breeding season.
Yet, biomass was significanttigher at sampling points with more acidic soil and is likely attributable

to the white moor habitat type which was the second most acidic habitat type whilst also containing
other important environmental conditions for this invertebrate biomass mesee(rush dominance
above). The lack of relationship in theS\D spatial layer model may be because these invertebrate
groups (Diptera adults, Coleoptera larvae and adults, Lepidoptera larvae, and Hymenoptera adults)

are unlikely to inhabit the deep soil.

Other nonedaphic conditions also influenced invertebrate biomass. Similar to other key invertebrate

groups, earthworms were associated with rush dominance but only in #Bespatial layer during the
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late breeding season. As mentioned previously, ruskypécally associated with wet conditions
(Prestonet al., 2002)and hence earthworms may have migrated to areas with rush as the soil may
have retained more water. However, soil moisture did not significantly influence earthworm biomass
in the late breedig season when it was drier. Again, this lack of relationship could relate to habitat
type. Unimproved pasture was the only habitat type to experience greater earthworm biomass in the
late breeding season compared to the early. Moreover, this habitat tgpperienced a less
considerable decrease in soil moisture between the early and late breeding season compared to
improved and semimproved pastures, and 17.5% of sampling points had rush as a dominant
vegetation type. Yet, improved and semmproved pastue still contained higher mean biomass,

despite experiencing a decrease over the breeding season.

Vegetation also impacted Diptera larvae and Gastropoda, but through vegetation height rather than
type for these invertebrate groups. In the late breedingsen, higher Diptera larvae biomass was
associated with shorter vegetation ¥ spatial layer model only). Tipulidae larvae, which comprise
most of the biomass, usually reside near the surface of the soil and feed on roots. This association
with shorter vagetation could thus relate to root damage reducing shoot gro{itawsoret al., 2004)

The opposite relationship was found for Gastropoda in the late breeding season, with significantly
higher biomass at sampling points with taller vegetation. Due to the drier conditions later in the
season (see TabR13; mean soil moisture + SE: eangéding season = 78.422 + 1.115; late breeding
season = 41.755 £+ 2.160), taller vegetation may have provided damp refuges for Gastropoda to
prevent desiccation. Also, in the late breeding season only, the finding that Gastropoda biomass was
associated withivestock dung presence needs to be cautiously interpreted as livestock dung was only

absent in one field.

2.5.2 Influence of invertebrate biomass and environmental conditions on wader pair density

2 KSy SELX2NAYy3 (KS yLEGSFESBOOI2FdzNKEGGBRE G H2 W2y R
responded differently to invertebrate abundance and other environmental conditions but in all cases,
densities did not appear to be driven strongly by inebrate abundance. Higher curlew pair densities

were found where earthworm (and total invertebrate dietary component) biomass was lower, with

soil pH and habitat type clarifying this associatiol A 3K SNJ LINR L2 NI A2y 2F GKAGS
containedcurlew compared to the other habitat types (improved pasture = 27%; heather moor = 25%;

semiA YLINE SR LI adGdzNB I' mMmdp> T dzy A YLINRGSR LI &0Gddz2NB T
lower (see Tabl®&.14; mean soil pH = SE: early breeding season 33 102102; late breeding season

= 3.920 £ 0.105) and we found that earthworm biomass was lower in more acidic soils (see above)

typically found in moorland habitats. This result suggests that the wader surveys were primarily
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detecting adult curlew on theinesting or chick rearing sites rather than their foraging sites, as
agricultural grasslands provide important foraging areas fodaoffy adults(Robson, 1998; Ewiret

al., 2017)likely feeding on the higher abundance of earthworms and Diptera larvdee(B4.5). It is
therefore possible that, based @mtandard breeding wader surveys, conservation efforts for curlew in
the uplands may overlook these important habitats essential for adult fitness. For example, lime
application and less intensive inorganitrogenous fertiliser application could be advised to prevent
acidification of soils in upland improved grasslands and thus retain high earthworm abundance
(McCallumet al., 2016) Indeed, our literature review highlighted that quantitative curlew diatal

was only available from one moorland stu@®obson, 1998)ith no empirical evidence that offuty

adults rely on earthworms in agricultural grasslands, despite anecdotal observations suggesting the

contrary.

Earthworm biomass was also associated Wapwing pair density, albeit marginally nsignificantly,

with lapwing density peaking 8t568 g The mean biomass values recorded in sengproved pasture

fields and unimproved pasture fields during the early breeding season straddle this peak sgggestin
that lapwing may prefer semimproved or unimproved pasture to improved pasture where the
highest mean earthworm biomass was recorded. No environmental conditions significantly influenced
lapwing density to indicate which conditions in sdmproved or uimproved pasture were
preferable. Surprisingly,igher lapwing pair densities were found where Gastropoda biomass was
lower, yet Gastropoda were associated with less acidic soils (see above) such as those in semi
improved pasture, contradicting the eartloam result. According to our literature review, however,
earthworms and Gastropoda are both key components of lapwing diet (BableThese conflicting
results may stem from the need for a larger sample of fields with lapwing present as lapwing were

only detected in 14.3% of survey fields (cf. 23.2% for shipe and 26.8% for curlew).

For snipe, other key invertebrate biomass was tméyametric with which density was associated.
Snipe pair densities essentially decreased where biomass was higher, with a small peak in density at
very low quantities (0.007 g) of these prey items. Based on our literature review, the only invertebrate
group within the other key invertebrate metric that comprised at least 20% of snipe diet is Coleoptera
adults (Tablé3.4), which only formed 18.0% and 21.0% of other key invertebrate biomass respectively
in the early and late breeding seasons. This relatiselgll proportion could possibly explain the peak

in snipe density at very low biomass. As discussed previously, however, other key invertebrate groups
were associated with points where rush was a dominant vegetation type, and our models found that
shipe desity was higher in fields with higher rush cover (supporting previous resear&aibgs

(1988) and Hoodlesst al. (2007 @ LG Aa Ll2&aaiofsS GKFG 20KSNJ | Sé@
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drier and more acidic soils (see above) negated the link wish, as the habitat types with the
greatest proportion of fields with snipe present were the less acidic unimproved andirmgmived
pastures (50.0% and 28.6% respectively). These habitat types, as well as improved pasture and white
moor, also had relavely hard soil in the late breeding season which exceeded the soil penetration
resistance threshold revealed Breenet al. (1990) The significant association between snipe density

and harder soil could be a product of the 2018 wader breeding seasdnhwdxperienced

unseasonably low precipitation (FB1).

Rather than rush cover, we found that intermediate vegetation height was key for curlew, supporting
previous researckiDurantet al., 2008) In our study, field level vegetation height was genedaly
calculating the mean from the vegetation measured at the wifirid sampling points. Therefore,
fields with intermediate vegetation height could either have homogeneous intermediate vegetation
height, or a heterogeneous mixture of shorter and tallegetation. The latter is more likely Bearce

Higgins and Grant (200®)und that a heterogeneous sward structure was more beneficial for curlew.

2.5.3 Conclusion

Despite finding that invertebrate abundandees not currently appear to be limitingoland wader

populations in our study region, and thus other factstech as high predation pressure dilely

limiting population sizéSmartet al., 2013; Roost al., 2018) implementing upland land management

that promotes healthy invertebrate populations will bolster wader numbers in areas where availability

does regulate themOur five invertebrate biomass metrics were all associated with soil pH and thus

habitat type, wih each group associated with different environmental conditions. This knowledge

O2dzf R 0SS dzZASR Ay O2YO0AYylLGA2Yy SAGK dz2LX YR &1 RSN
invertebrate dietary components highlighted by our literature review (T&xY@ to enable habitat

suitability checks for those vital invertebrate groups. It is however important that all habitat types

utilised by waders throughout the breeding season for nesting, eleiaking, and foraging are

incorporated, particularly for wideangingspecies such as curlgiRobson, 1998; Ewirgg al., 2017)

Different invertebrate taxa may preferably be consumed by wader adults and different aged chicks,
with these preferences often depending on the seasonal availability of thoséRagaceHigginsand
Yalden, 2004; Buchanast al., 2006) For example, for our three focal wader species, other key
invertebrate groups was not positively associated with adult density, but for golden plover, another
moorland breeding wader, taxa within this metric such @oleoptera and Diptera adults are key
components of chick digWWhittinghamet al., 2001; Pearcéliggins and Yalden, 2004Diet of wader

chicks should therefore be considered too (our study focused on adult waders) due to the principal
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threat of low breeding productivity for wadergRoodbergeret al.,, 2012; Coolet al., 2021) Higher

chick fitness through plentiful foraging conditions could potentially reduce the risk of starvation, and
LINBRI A2y o0& NBRAzOA Y 3 (Pekrédedigisend Naignd200455Bhekkednth 3 A y 3
et al., 2009) Such chick dietary information could supplement our results to advise upland land
management for invertebrate taxa and thus breeding waders. Complementing previous advice for
waders, provision of a mosaic of bitats has been recommended to maximise the suitable
environmental conditions available for invertebraté&uchanaret al., 2006; Buchanaat al., 2017;

Arnott et al., 2021) Creation of heterogenous sward structures would provide the shorter and taller
vegetation that is respectively beneficial for Diptera larvae and Gastropoda. In the face of climate
change and hence more frequent warmer, drier breeding seasons as experienced during our 2018
study, the implementation of counteracting adaptation managemesuch as blocking drainage
ditches for desiccatioprone taxa(PearceHiggins, 2011; Carradt al.,, 2011; Carrokt al., 2015) to
maximise the abundance and accessibility of invertebrate prey for waders will become increasingly
important. According toour findings, reducinglrainage of less acidic agricultural grasslands to

promote high soil moisture (without waterlogging) could boost earthworm abundance.
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3.1 Abstract

Farmland birds, including breeding waders, have declined across Europe. One frequently advocated
strategy to facilitate population recovery is using agmironment schemes (AES) to improve
vegetation structure. A key example is cutting dense rlighcugo open the sward which aims to
increase the abundance of wading birds, for example by improving foraging conditions. Effects on
breeding success are, however, unknown. This is a critical knowledge gap as high nest and chick
predation rates are a key drivef wader declines. For wader species that nest across a range of sward
structures, e.g. Eurasian curlé&umenius arquatand common snip&allinago gallinagoconverting

denser swards to more open ones may reduce opportunities for nest concealment anihtiiease
predation risk. Due to the difficulties of locating large numbers of wader nests, we assess rush
management impacts on nest predation risk using artificial wader nests (n = 184) in two upland areas
of England, using fields in which rush is ngethaccording to AES prescriptions (treatment; n = 21)

or unmanaged (control; n = 22) fields. Daily nest predation rates (DPRs) were twice as high in
treatment (0.064 day) than control fields@.027 day'). Within treatment fields, DPRs were twice as

high for nests in cut rush patche®. 108 day!) than in uncut rushQ.055 day'). Modelling links higher

DPRs associated with rush cutting to the resultant shorter and less dense vegetation. Our results
highlight the need to assess how AES prescriptionsaliar vegetation structure impact all aspects

2F GKS (dFNBSG aLISOASaQ FAldySaa yR (GKdzda RSUGSNINAy
should test whether AES rush manageméamidvertently creates an ecological trap by altering
vegetation stucture, and identify the sward structure and configuration that optimises trafie

between foraging conditions and nest predation risk.

3.2 Introduction

Widespread declines in European farmland birds have arisen from changes in agricultural piactices,
particular intensification (Donald, Green, & Heath, 20Bit¢Life International, 2005 Despite three
decades of conservation interventions, principally @&gvironment schemes (AES), that attempt to
reverse these declines many previously common g@eaie still declinin{Kleijn & Sutherland, 2003;
BirdLife International, 2015)Targeted AES interventions can benefit locally distributed, threatened
species(e.g. corn buntingemberiza calandraPerkinset al, 2011)but nontargeted AES typically
primarily benefit common and widespread species of least conservation co(i€ksiinet al., 2006;
Bataryet al, 2015) Ongoing declines in farmland bird populations are probably due to insufficient
landscapescale implementation of AEErankset al., 2018)combined with limited availability and
uptake of detailed prescriptions targeted to the specific habitat requirements of each sy{Etegs

et al, 2001; Frankst al., 2018)
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A common goal of AES prescriptions is to reverse the trend towards homagien@uds that have
become much more common due to agricultural intensification. Sward homogeneity frequently limits
avian diversity and abundance (Perkies al, 2000; Benton, Vickery, & Wilson, 2003; Wilson,
Whittingham, & Bradbury, 2005). Homogenous stgadrive avian population declines as vegetation
structure determines food availability and nest predation risk (of gremesting birds), but the
optimum structure varies for each species, and many require different structures for feeding and nest
sites(Whittingham & Evans, 2004; Wilsenal.,, 2005). Shorter and less dense swards enablezsull
surfaceforaging birds to access food more easily, but extremely short swards rarely provide suitable
nesting sites as predators can locate nests more eaSdyler or denser swards provide more
concealment for nests, but very tall or dense swards may be avoided as nesting sites because
incubating parents cannot readily detect approaching predators, thus increasing their predation risk
(Vickeryet al, 2001; Wiittingham & Evans, 2004). Changing vegetation structure through AES to
generate more diverse sward structures, whilst avoiding a dominance of extremely short, tall or dense

swards, is one widely advocated approach to tackling farmland bird declines (\&tilabr2005).

Breeding waders are experiencing widespread and marked population declines across Europe (BirdLife
International, 2015; BirdLife International, 2017) despite being targeted by(W&8ral England,
2012a; Frankst al., 2018).The primanydriver of wader declines is low breeding productivity, mainly
due to high nest and chick predation rates that arise through numerous factors including land use
change(Roodbergen, van der Werf, & Hotker, 2012; Dougtaal,, 2014; Roost al., 2018) Habitat

loss and degradation have also contributed to population declifesnkset al, 2018) Waders have

a diverse range of requirements regarding sward structure. Some species mainly nest in tall, denser
vegetation (e.g. common redshankinga tetanusg threatened within some European countries
including the UK; Smagt al,, 2006; Eatoret al., 2015), or short, more open vegetation (e.g. northern
lapwingVanellus vanellusglobally Near Threatened; Milsoet al., 2000; IUCN202Q. Other species,
induding Eurasian curleumenius arquatgglobally Near ThreatenedtJCN, 202Dand common
snipeGallinago gallinagdthreatened within some European countries including the UK; Esitah,

2015), use nest sites across much of the gradient in vegetatiootsre from short, open swards to

tall, denser patches of vegetation (Valkama, Roberston, & Currie, FSBer & Walker, 2015;
Wentworth, 2015; Zielonkat al., 2019).

The UK uplands support important breeding populations of declining wader sp8ale®ef et al,,

2013). These regionare targeted by AES that attempt to create more favourable vegetation
structures by promoting management of dendencusi LILJ® O KSNB I FGSNJ G4 SNX¥SR
other rank vegetation. This management aims to generats lesmogenous swards that contain

patches of uncut rush as well as cut rush patches that provide shorter, more open vegetation. In
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theory, this provides open swards that are suitable for foraging and a variety of sward structures that
provide suitable nestig sites for upland waders (Natural England, 2012a). This system thus provides
a useful framework for assessing the consequences ofiftie8ed changes in vegetation structure

on wader nest predation rates.

In the UK uplands, rush encroachment on grassdahds increased in recent decadesildock,
Brunyee, & Pring, 2012; Ashley al, 2020. Rush encroachment is facilitated by high livestock
densities due to grazing of other more palatable vegeta(ibweel & Bohlen, 200&nd trampling
creating patches abare ground that enables rush seeds to germinate and establish (Agnew, 1961;
Bilotta, Brazier, & Haygarth, 2007). Other potential catalysts include increased soil wetness due to
inadequate drainage and soil compaction; insufficient grazing by traditoatdé and pony breeds
which are more likely to eat rush (e.g. arising from a switch from mixed grazing to sheep grazing) and
land abandonment; reduced fertiliser and lime application; and increased precipitation and warmer
winters Silcoclet al., 2012;Ashbyet al.2020). Rush encroachment generates tall, dense swards that
will limit wader foraging opportunities and reduce the availability of nesting sites, especially for those
species that prefer to nest in more open areas (see above). This has beblsdthgkncorporating

rush management within AES prescriptions to improve foraging and nesting conditions for waders

(Natural England, 2018)

As of 2009, 83% of the eligible area of purple moor gkdaknia caeruleaand rush pasture priority
habitat in Entand was managed under AES prescriptifwetural England, 2009Current broad AES
prescriptions incorporating rush management in the UK (precise prescriptions deviate slightly
between component countries) require at least etinérd of a field to be covexd in rush for a field to
qualify for the prescriptions. Within a qualifying field, etiérd of the total area of rush needs to be

cut annually in rotation (e.dNatural England, 2012a), although farmers may often cut more than this
The overall objective is to reduce rush cover to less than 30% of the field;amitinued management

over a minimum of two years required due to the high regrowth capacity of rush (Niels¢n2014;
Natural England, 2018; Shellswell & Humpidge, 2Ka&;zmarelDerda et al, 2019). Targeted
prescriptions can vary the extent of rush cutting and desired rush cover depending on the target wader
speciegNatural England, 2012b; Welsh Government, 20®ith lower rush cover typically desired

for lapwing than curlew(Glastir Advanced Management Options 164 and 168; Welsh Government,
2017) Supplementary rush management techniques involve aftermath grazing following cutting to
reduce the rate of regrowth (livestock type and number is highly variable and drerao clear
guidelines; Natural England, 2018Shellswell & Humpidge, 2018) and occasionally herbicide
application(Natural England, 2018)
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Although rush management is a major component of UK upland AES prescriptions, research assessing
its effectivenesdor reversing wader population declines is limited. Wader abundance may increase
following targeted rush managemefitolton & Alicorn, 2006; Robson & Allcorn, 2006 utting of

rank moorland vegetation that includes ru@fisher & Walker, 2015; Douglesal,, 2017) However,

the mechanisms through which rush management influences wader populations are unclear. A key
unanswered question, which is especially important given the role of nest predation as a driver of
wader population declines, is how rushamagement influences breeding success. Evidence from
other agricultural systems strongly suggests that simpler and more open swards arising from rush

management may increase nest predatidihittingham & Evans, 2004)

Detecting and monitoring a large salamf wader nests is logistically extremely challengingtbeat
relative predation rates of artificial nesthat closely mimic real nests, and attract similar predator
guilds, can provide useful information for evaluating conservation interventibtagor & Kendal,

1996; Villard & Part, 2004)Ve thus use predation rates of artificial wader nests as an index of
predation pressure in treatment fields that follow or emulate AES prescriptions for rush cutting and in
nearby untreated control fields. Artificiaksts are located in vegetation patches with a wide range of
vegetation structures and our results are thus most applicable to waders that nest across this gradient
in vegetation structure, such as snipe and curlew (see above). We first test how rusiyensera
influences wader nest predation rates by assessing if a) artificial nests in treatment fields, i.e. those
with rush management, have higher daily nest predation rates (DPRs) than those in control fields
without rush management, and b) artificial nesn cut rush patches within treatment fields have
higher DPRs than those in uncut rush patches within the same fields. We then test if the structure of
vegetation surrounding nests varies between nests located in treatment and control fields, and
betweencut and uncut rush patches within treatment fields. These results enable us to confirm that
rush management influences vegetation structure. Finally, we model DPRs as a function of vegetation

structure and other potentially confounding environmental vates.

3.3 Material and methods
3.3.1 Study areas

Research was conducted in two English upland regions during the wader breeding seasalu&pril
2019)inthesouts Sad 2F GKS tSI]1 5A&GNAROG bradAzylFf tI NJ
GeltsdaleNBE & SNIZS O KSNXB I Fi SNJ aIf fvhich R Joifitlg éwhned byythe /Rdydl 6 NA |-
Society for the Protection of Birds and the Weir Trisith regions are representative of UK upland

farmed landscapes (a mosaic of grassland and moorland) in wrfard management and use, and
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support populations of breeding waders including curlew and snipe. Study fields were mosty semi

AYLINRGSR LI addz2NBE 6AGK FRRAGAZ2YIFE dzyAYLINRGSR LI a

grassland with a mixture of rustndMolinia). Rush cutting within treatment fields had been managed
between autumn 2018 and spring 2019 following or emulating the EK4 and EL4 Entry Level
Stewardship prescriptiondableC1; Natural England, 2012a)hese AES prescriptions are available
throughout the UK regardless of whether they are located within a National Park or a reserve. All
treatment fields had at least onthird rush cover prior to management, in accordance with AES
prescription requirements, and received rush management in pheceding autumn/winter. All
control fields had not been managed for rush in the two years prior to the study but had a similar
range of rush cover as treatment fields (c.30%, although three fields R88%0 to limit the potential

for other environmenta variables to differ between control and treatment fields and generate
confounding factors. Control fields were located close to treatment fields (mean distance = 90 m (95%
confidence interval (Cl) 23.36 m to 156.64 m)) and were similar in siz8.(FtpbleC2). In the SWP,

we used 12 treatment fields and 13 control fields across 10 farms. At Geltsdale, we used 9 treatment

and 9 control fields.
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Figure 1. Locations of treatment (light grey) and control (dark grey) fields, with blocks of woodland (white;
defined as areas with >20% tree cover, from Land Cover Map 2015; Rostlahd2017) in the surrounding

landscape.

126



Chapter 3

3.3.2 Artificial nest deployment and gdation rates

Artificial wader nests were deployed within the typical breeding season of upland w@dgss& Crick,
2004) from1st Aprilg 28" April (early breeding season) and™8ay ¢ 18" June (late breeding season)

in the SWP and8May ¢ 20" May (early breeding season) at Geltsddéde( season nests were not
deployed in Geltsdale due to logistical constraintdests contained three fresh Japanese qualil
Coturnix japonicaggs and a plasticine egg (to aid separation of avian and mammalian predators). The
latter was made by adapting the methods Mfartin, Dueser, and Moncrief (2010; Fi@1) using
Newplast modelling clay (Newclay Product Ltd, Devon, England) and PlasoBijp® (PlastiDip UK

Ltd, Hampshire, England) to minimise plasticine scent which could influence pre(fanogeret al.,

2012) The markings of plasticine and quail eggs were similar to each other and those of curlew and
shipe, and their dimensions actose to those of snipe eg@Sramp & Simmons, 1982; Robinson, 2005;
Smith, Gilchrist, & Smith, 2007; F&R). Green garden twine (30 cm) was embedded in each plasticine

egg and groundethered to hinder removal by predators.

Latex gloves were worn to immise human scent and disturbance of vegetation around nests was
minimised. The number of nests varied with field size using estimates of snipe nest défsities,
1985)which are typically intermediate between those of more colonial lapwing andalggsegated
curlew(Cramp & Simmons, 198&ields <4 ha received two nests (22 fields; median = 2.03 ha; range
= 0.403.55 ha; four <1.05 ha fields within the same landholding (two treatment and two control) in
the SWP received only one nest), and field$a (21 fields; median = 7.06 ha; range = 40&64 ha)

received four nests (Tab(@3).

Nest placement was conducted using an approach émstured that there was no systematic bias in
nest placement which could confound our analysasontrol fields nests were placed in patches of
uncut rush (the only type of rush available). In treatment fields, nests were placed in patches of cut
rush except for fields >4 ha where one nest was placed in uncut rush @dpl®lacing nests in cut

and uncut rush ptches within the same field provides an additional check that differing nest predation
rates between treatment and control fields is due to rush cutting rather than unrelated attributes of
treatment fields. Upon entering a field, patches of cut and/orutneish were identified via a scan of

the field. To select precise nest locatiottsg number of paces required to stop in one of the rush
patches, without bias towards the centre or edge of the patch, was estimated. After walking this
number of pacesa matural depression in the immediately adjacent ground was selected for the nest
scrape. If a natural depression was unavailable, a scrape (15 cm diameter x 5 cm depth) was created
using a small trowel. Eggs were placed in the scrape which was lined aitiolfuhof dried vegetation;

artificial nests were thus similar in appearance and location to real wader nests including those of
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shipe and curlewCramp & Simmons, 1982; FgR). To aid relocation, a blue wooden golf tee was
discreetly placed flush to thground and a 60 cm bamboo cane topped with red tape was placed 10
m away in a random directiorsithet al., 2007;Pederseret al,, 2018); the use of such canes does
not alter wader nest predation rateZgmebnik, Kubelka, & lek, 2018. The mearnistance (95% CI)
between nests within a field was 80.97 m (75.80 m to 86.14 m), and from each nest to the nearest
field boundary was 50.66 m (47.49 m to 53.84 m).

Nests were deployed until predated, or for 15 days. The length of this maximum exposue \was
determined by a tradeff between use of a longer exposure period that would provide a closer match

to wader incubation periods (e.g. 28 days for snipeRobinson, 200band maximising the number

of nests that could be deployed and monitored; ttaration of our maximum exposure period is
sufficient to generate a reliable estimate of DPRs. Nests were checked every 5 days (+1 day in both
cases depending on weather conditions to avoid disturbing real wader nests in these fields during
inclement weatler). Nests were classified as predated if at least one egg was missing, damaged or
outside the nest scrape in the immediate surroundii§mithet al, 2007; Pederseet al,, 2018)
Trampled nests (7.1% of 184 nests; crushed eggs with contents remainitig ishell or on
surrounding groundwere excluded from further analyses and trampling ratesre similar in

treatment (7.1% of 98 nestgnd control fields{.0% of 86 nes}s

For predated nests, the plasticine eggs (if found) were assigned to preda®using bill or tooth
marks followingTrnka, Prokop, and Batary (200&)d Boczet al. (2017). Twoassessors working
independently classified each plasticine egg predator as unknown, avian, mammalian, or signs of both

avian and mammalian predators.

3.3.3Environmental variables

Habitat around nests was recorded during the first monitoring visit. Vegetation height (to the nearest
1 cm) and density were measured at four equally spaced points on the nest scrape edge, and four
equally spaced points 1 m awaywpiin the nest. Mean values were calculated from all eight measures.
Vegetation density was the number of concealed white bagfise 2 cm wide bands at 10 cm intervals
from 0-40 cm on a pole; and was measured visually by viewing the upright pole at ahheif
approximately 85 cm from a point approximately 45 cm horizontally from the [8daegom, Pearee
Higgins, & Douglas, 2018)Jlore concealed bands indicate denser vegetation. Rush cover withina 5 m

radius of each nest was estimated visually to the retb%.

Field siz€ha) was measured from 1:25 000 maps (Ordnance Survey, 2019)AusMgp™ (v10.4.1;

Esri, Redlands, CA, USA); some fields had identical sizes. Sinaiglgtance (m) from each nest to

128



Chapter 3

the nearest field boundary was measuredusing S Wb SIF NJ 0! yII f @83A40Q G22ft :+
effects in nest predation risk. Similarly, we measured the strdigbtdistance from each nest to the

nearest block of woodlanddefined as areas with >20% tree cover, from Land Cover Map 2015;
Rowlandet al, 2017) as this represents a metric of real or perceived nest predation risk for waders

(e.g. Wilsoret al, 2014). We used a straighihe distance, rather than a metric which attempts to

measure routes potentially taken by predators (suckhasugh gates) as many important mammalian

predators of wader nests (mustelids and rodents) can pass through gaps in fields boundaries (fence

lines, small gaps in dry stone walls etc.) and avian predators are not constrained by boundary features.
3.3.3.1 Pedator control

Predator control was classified across each of the 11 landholdings in which our study fields were
located using a senstructured interview with land managers and owners (TaBlg) following

approval from the University of Sheffield Research Ethics Committee (application n08MEF])).
LYF2NX¥SR O2yaSyd o1& 3IFAYSR FTNRY |ff MOIhBNIIA S5 S ¢
patrols for red foxed/ulpes vulpeper week JanuaryJune inclusive) and daily Larsen trapping of

corvids (MarckApril inclusive) with a fulime contractor (with one landholding also conducting daily
mustelid trap checks; JanuaWydzy' S Ay Of dzA A @S0 ® WhSIt AIA0f Sndy2Q 02

no fox control, except one landholding with occasional fox control.
3.3.3.2 Avian predator abundance

Avian predator surveysere conducted in each study fietdwo during the early breeding season in

all fields and two during the late breeding seasoiSWP fields onlyburveys were not undertaken in

the first hour after sunrise or last hour before sunset, dutiegvy rain, in fog (<250 m visibility) or if
wind speed was greater than Beaufort Forc& be entirety of each study field, to within a @isce

of 50 m, was walked during each sunaayd all avian predators (regardless of their activity) were
recorded except those flying more than 30 m above the ground (which were considered unlikely to be
using or searching for resources in the field). Vikewaated two indices of potential avian predator
activity: corvid abundance (carrion cro@orvus coronerook Corvus frugilegysEurasian jackdaw
Corvus monedul@&urasian magpiBica picaunidentified corvid; Leigh, Smart, & Gill, 2017) and total
avianpredator abundance (corvids, gulls, raptors, and herons). The indices were generated for the
early and late breeding seasons separatelycalgulating the mean number of individuabserved

over the two surveys per study field. Because gulls, raptorshanahs were rarely observed, corvid
abundance and total avian predator abundance were highly correlated (early breeding season:

0.971,P =2.21¢ late breeding seasons= 0.980P =2.2%9). Therefore, corvid abundance was the only
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measure included in further analyses (carrion crow are the primary avian predator of wader nests;
MacDonald & Bolton, 2008; Teunissenhal, 2008) Mammalian predator surveys were logistically

unfeasible due tdime constraints.

3.3.4 Statistical analyses

All analyses were conducted in R 3.6.3 (R Core Team., 2020). Our general approach is to use full models
to test our core hypotheses that i) rush management and ii) metrics of vegetation structure influenced

by rush management (vegetation density, vegetation height, and rush cover) influence nest predation
rates whilst taking into account potentially confounding variables (T@ble This full model approach

is a suitable method, especially in experimental isgis (Burnham & Anderson, 2002), and superior

to selection of a single best model through stejgse model selection techniques which can generate

biased parameteestimates {Whittinghamet al., 2006; Mundry & Nunn, 2009

We modelleddaily nest predatiomates(DPRSs) using Mayfield logistic regressions followindHiuder
(2004)method and constructed generalised linear mixed effects models (GLMMs; fit by maximum
likelihood with Laplace approximation) using the Ime4 pack@meset al, 2015) The response
variable was DPR i.e. nest outcome (1 = predated; 0 = not predated)/exposure days. Exposure days
was the number of days between nest establishment and failure date, or date of final monitoring visit.
Failure date was calculated as the mpioint between the monitoring visit when the nest was last
observed intact and the subsequent visit when the nest had failed. Thus, exposure days could have
non-integer values. These were converted to integer values by rounding up for odd nhumbered nests
and cdwn for even numbered nests to avoid problems generated by consistentlyestienating
exposure days if 0.5 values were consistently rounded upw@atmson, 2007)All models of DPRs

were constructed with a binomial error structure (logit link) anddfielentity as a random effect as

each field contained more than one artificial neSbntinuous predictor variables were centred and
scaled using the scale function. Theoretical conditioAabRies were calculated for each model using

the MuMIn packagé¢Barton, 2019) and represent model fit (Nakagawa & Schielzeth, 2013; Nakagawa,

Johnson, & Shielzeth, 2017). We report profile and bootstrap 95% Cls of parameter estimates.
3.3.4.1 Effect of rush management on daily nest predation rates

We first modelled DRs, using data from all artificial nests, as a function of location in treatment or
control fields whilst accounting for region, field identity (random factor), deployment date, and other
environmental variables (woodland distance, boundary distance, §&d, predator control, and
corvid abundance) except those relating to vegetation structure (Tatillemodel i). We then used

data from treatment fields >4 ha and modelled DPRs as a function of artificial nest location in cut or
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uncut rush whilst accouirtg for region, field identity (random factor), deployment date, and other

nest level environmental variables except those relating to vegetation structure (Fdhlmodel ii).

3.3.4.2 Associations between rush management and environmental variables

We conducted subsidiary analyses to test whether vegetation structure differed between nests in
treatment and control fields and whether other environmental variables (woodland distance,
boundary distance, field size, and corvid density) differed betweentrtreat and control fields.
Similarly, we tested whether there were differences in the structure of vegetation surrounding nests
in cut and uncut rush patches within treatment fields that contained nests in both habitat types (fields
> 4 ha). We used GLMM&g4 package; Gaussian error structure and identity) mken there was
more than one data point per field (nest level variables; with field identity as a random factor) and
generalised linear models (GLMs; Gaussian error structure and identity lirntkemncases (field level

variables; see Tablg7, C8).

3.3.4.3 Effect of vegetation structure on daily nest predation rates

Finally, we modelled DPRs as a function of vegetation structure whilst accounting for other
environmental variablesvVegetation desity and vegetation height were highly correlated so could
not be included in the same modal £ 0.74; Dormanret al, 2013). We first used GLMMs (Ime4
package) to model DPRsing data from all artificial nestas a function of vegetation density whils
accounting for region, field identity (random factor), deployment date, and other environmental
variables (Table3.1, model iii). We repeated these models replacing vegetation density with
vegetation height (Tabl8.1, model iv) as this is an easier metto obtain in the field and may be

more practical for conservation managers.
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Table3.1. Structure of the four generalised linear mixed effects models (binomial (logit)) of daily nest predation rate (DPR),sbteudaid, the optimiser used, the model
distribution and link function, and the predictor variables (fixed and random) includedb®byqga optimiser was used for model iii following the recommendation of Ime4
package author, Ben Bolker, as the model failed to converge with the default optimiser (combination ofMeédband bobyga). For a detailed breakdown of sample sizes,
see TaleC3,C4.

Model Dataset Optimiser Distribution (link)  Predictor variables

Objectivec test effect of rush management on daily nest predation rates

i All fields (n =43)  Combination of Binomial (logit) Treatment + Woodland distance + Boundary distasgeigre root transformedy Deployment
NelderMead date + Field sizenétural logarithm transformed} Predator control + Corvid abundani

91 weatment nests; and bobyga (natural logarithm (x+1) transformed) Region + (1|Field id¢ity)

80 control nests

ii Treatment fields >4 Combination of Binomial (logit) Cut or uncut rush + Woodland distance + Boundary distangaafe root transformed)

ha (n =13) NelderMead Deployment date + Region #|Field identity) *

) and bobyga ) ) ] )
50 nests in cut * Note that the three variables measured at the field level (field size, predator control, and c
rush; 17 nests in abundance) were excluded from this model because it is comparing nests within the same fielc
uncut rush identity was retained as a randofactor.

Objectivec test effect of vegetation structure on daily nest predation rates

iii All fields (n =43)  bobyga Binomial (logit) Vegetation density + Rush cover + Woodland distance + Boundary distsocareg root
transformed) + Deployment date + Field sizeafural logarithm transformed} Predator

171 nests control + Corvid abundancedtural logarithm (x+1) transformed) Region + (1|Field identity

iv All fields (n =43)  Combination of Binomial (logit) Vegetation height + Rush cover + Woodland distance + Boundary distageard root
NelderMead transformed) +Deployment date + Field sizeatural logarithm transformed} Predator

171 nests and bobyga control + Corvid abundancedtural logarithm (x+1) transformed) Region + (1|Field identity)
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3.4 Results
3.4.1 Predator type

Marked plasticine egg® = 45)suggest that mammals were the main nest predators, being identified

as the sole predators in 64% (n = 39 eggs assigned to a known predatssadsl) and 85% (n =41

eggs assigned to a known predator; assessor #2) of predation events. Equivalent estimates for avian
predators were 23% (assessor #1) and 10% (assessor #2), with joint avian and mammalian predation

events estimated at 13% (asses#d) and 5% (assessor #2).

3.4.2 Effect of rush management on daily nest predation rates

DPRs were significantly higher in treatment than control fields 8.038,P = 0.002; Tabl&.2, C9,

model i). This equates to 2.35 times higher DPReatment fields (0.064 day bootstrap 95% ClI
0.029 to 0.118 da3) than control fields (0.027 dadybootstrap 95% CI 0.009 to 0.059 daffig.3.2a).
Within treatment fields in which nests were located in cut and uncut rush patches (fields >4 hg), DPR
were significantly higher in cut rush patches (1.989P=0.047; Tabl8.2,C9, model ii). This equates

to 1.96 times higher DPR in cut rush patches (0.108;dayotstrap 95% Cl 0.052 to 0.180 daghan

uncut rush patches (0.055 d&ybootstrap 95% CI 0.021 to 0.106 da¥rig.3.2b). No other predictor

variable had a consistent significant influence on DPRs (B&)le

3.4.3 Associations between rush management and environmental variables

Environmental variables (woodland distance abdundary distance) around artificial nests in
treatment and control fields were similar except that nests in treatment fields were surrounded by
shorter, less dense vegetation and lower rush coyelthough the difference in rush cover was
marginally norsignificant in the late breeding season (Tabk C7; Fig.C3). Within treatment fields

>4 ha, artificial nests located in cut rush patches were surrounded by significantly shorter, less dense
vegetation and lower rush cover than nests in uncut rustcipes (Tabl€8, C10; FigC3). Field level
variables (field size and corvid density) did not differ significantly between treatment and control fields
(TableC2,CY7).

3.4.4 Effect of vegetation structure on daily nest predation rates

DPRs were sigigantly higher for nests surrounded by less dense vegetation and shorter vegetation
(vegetation densityz=-5.061,P = 4.165’; vegetation heightz =-4.483,P= 7.367; Table3.2, C9,

models iii and iv). Predicted DPRs and bootstrap 95% Cls abeosbgerved range of vegetation
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density and vegetation height values are shown in Figs. 2c and 2d. No other predictor variables had a

significant influence on DPRs (TaBl2).
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Table3.2. Results of generalised linear mixed effects models (GLMMs) investigating the effect of rush management and vegetatios @trdetily nest predation rates

(DPRs) of artificial nests in all study fields (models i, iii, and iv) and treatment fields ¢médel ii). For each GLMM, parameter estimates and profile 95% confidence

intervals (Cls) are presented for the predictor variables (see Tabfer alternative bootstrap Cls), with significant predictor variables in bold. Control fields are the mferen

level for treatment; uncut rush patches are the reference level for cut or uncut rush; negligible/no predator controtédettemce for predator control; Geltsdale is the

reference for region. Theoretical conditional(Rakagawa & Shielzeth, 2013akagawa, Johnson, & Shielzeth, 2017), Akaike information criterion with correction for small

sample size (AICc), and the dispersion parameter are presented for each GLMM.

Model  Predictor variables in models Estimate (profile 95% Cls) zstatistic P R AICc Dispersion parameter
Effect of rush management on daily nest predation rates
i Treatment 0.894 (0.310 to 1.501) 3.038 0.002 0.156 409.65 1.218
Woodland distance -0.050 ¢0.402 to 0.297) -0.291 0.771
Boundary distancesiuare roottransformed) 0.156 (0.143 to 0.459) 1.022 0.307
Deployment date -0.287 €0.506 t0-0.074) -2.612 0.009
Field sizer(atural logarithm transformed) -0.221 ¢0.632 t0 0.183) -1.088 0.276
Predator control -0.474 (1.202 to 0.206) -1.357 0.175
Corvid abundancen@tural logarithm (x+1) transformed) -0.181 ¢0.470 t0 0.113) -1.230 0.219
Region 0.093 (0.846 to 1.072) 0.195 0.845
ii Cut or uncut rush 0.728 (0.038 to 1.496) 1.989 0.047 0.127 174.42 0.998
Woodlanddistance 0.260 ¢0.360 to 0.874) 0.864 0.388
Boundary distancesfuare root transformed) -0.245 ¢0.596 to 0.097) -1.409 0.159
Deployment date 0.040 ¢0.264 to 0.345) 0.259 0.795
Region 0.065 ¢1.239 to 1.432) 0.102 0.919
Effect ofvegetation structure on daily nest predation rates
iii Vegetation density -0.735 €1.027 t0-0.453) -5.061 4.165" 0.220 387.54 1.264
Rush cover -0.051 ¢0.324 t0 0.217) -0.372 0.710
Woodland distance -0.106 €0.421 to 0.201) -0.693 0.489
Boundary distancesfuare root transformed) 0.209 ¢0.093 to 0.515) 1.357 0.175
Deployment date -0.176 ¢€0.412 to 0.058) -1.477 0.140
Field sizer(atural logarithm transformed) -0.113 ¢0.489 t0 0.267) -0.597 0.551
Predator control -0.246 ¢0.896 to 0.377) -0.783 0.434
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Corvid abundancenétural logarithm (x+1) transformed)
Region

Vegetation height

Rush cover

Woodland distance

Boundary distancesfuare root transformed)
Deployment date

Field sizer(atural logarithm transformed)

Predator control

Corvid abundancenétural logarithm (x+1) transformed)
Region

-0.206 (0.478 to 0.067)
0.639 (0.167 to 1.491)

-0.766 ¢1.105 t0-0.432)
0.046 (0.246 to 0.319)
-0.101 ¢0.411 to 0.197)
0.203 (0.101 to 0.512)
-0.083 (0.334 100.167)
-0.119 ¢0.493 to 0.254)
-0.406 ¢1.051 to 0.205)
-0.168 (0.433 to 0.104)
0.395 (0.398 to 1.238)

-1.506
1571

-4.483
0.319
-0.676
1.305
-0.651
-0.640
-1.312
-1.252
0.991

0.132
0.116

7.367°
0.750
0.499
0.192
0.515
0.522
0.190
0.211
0.322

0.204 392.79
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Figure3.2. Predicted daily nest predation probability of artificial nests in relation to (a) treatment and control
fields, (b) cut and uncut rush patches within treatment fields > 4 ha, (c) vegetation density and, (d) vegetation
height. In (a) and (b), points repregemean values and vertical lines represent bootstrap 95% confidence
intervals from models i and ii presented in TaBI2. In (c) and (d), shaded ribbons represent bootstrap 95%

confidence intervals from models iii and iv presented in Tatile
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3.5Discussion

When taking other environmental variables into account, artificial wader nests located in areas of rush
that had been cut in accordance with AES prescriptions had daily nest predation rates that were
approximately double those of nests in unmaged areas of rush. This pattern was consistent when

comparing nests in treatment and control fields, and when comparing patches of cut and uncut rush
within treatment fields. Nests in cut rush were surrounded by shorter and less dense vegetation than
nestsin unmanaged rush, and the risk of nest predation increased as vegetation height and density

decreased.

3.5.1 Artificial nests as indicators of predation risk

Artificial nest experiments require careful interpretation. The absence of parental nest @éetentd
increase artificial nest predation rat€Berg, 1996), especialfpr species such as lapwing which
exhibit strong nest defence, but less so for other waders such as cardwnipewhich exhibitless

active nest defence and rely more on nest concealnf€namp & Simmons, 1982; Vickenal., 2001)

The absence of potentialdditional camouflage provided by the plumage of incubating adults could
also increase artificial nest predation rates relatito actual nests Trosciankoet al, 2016)
Conversely, the lack of parental cues (nest visits for incubation, odour of an incubating adult) could
reduce predation rates of artificial nests compared to real n@3¢sg, 1996)The deposition of human

scent on artificial nests could also influence predation rates and counteract the lack of odour from
incubating adultgZanette, 2002)although our experimental design followed protocols to minimise

human scent trails.

Nevertheless, artificialest predaton rates can provide useful information for addressing key
questions including relative predation risk between experimental treatments and quantifying
variation in predation risk along environmental gradiefitgfiezAlamoet al,, 2015) This is reinforced
when artificialnests closely mimic real nests and attract similar predator g(idgor & Kendal, 1996;
Villard & Part, 2004)We believe thabur experimental studyneets these requirements for three
reasonsFirst, artificial nests were in similar liens to those of snipe and curlew nests including in
terms of their vegetation structuréCramp & Simmons, 1982; Duragital., 2008; FigC2), withsnipe

and curlew frequently nesting in sward structures across a gradient from short and open swards to
relatively tall and/or dense swards (Valkamaal., 1998;Fisher & Walker, 2018 entworth, 2015;
Zielonkeet al,, 2019). Notably, we found real snipe and curlew nests during the 2019 fieldwork in rush
patches that had been cut the previous winter, anggh were found in the early breeding season

before any substantial regrowth had occurred (L. Kelly, pers. obs). This demonstrates that some
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individuals nest in areas managed under AES rush cutting prescriptions despite higher predation rates
of artificialnests in such locations. Second, our DPRs (treatment fields = 0.064cdayrol fields =

0.027 day) are within the range of those reported in studies of real snipe and curlew nests
(MacDonald & Bolton, 2008frinally, the high rate of mammalian preitat concurs with research on

real wader nest¢§MacDonald & Bolton, 2008)

3.5.2 Rush management and daily nest predation rates

Rush management following or emulating AES prescriptions can generate suitable habitat conditions
for breeding waders in locations which would otherwise be unsuitable due to rush encroachment
(Holton & Alicorn, 2006; Robson & Allcorn, 2006; Fisher & Waldr5; Douglast al, 2017) Yet,

such rush management doubled DPRs compared to a control that lacked rush management, and these
differences are attributable to rush management impacts on vegetation structure. These patterns
probably arise due to shorteaind sparser vegetation increasing the visibility of nests to predators
(Whittingham & Evans, 2004pd mammalian predators are more likely to travel through less dense
vegetation, increasing the detection of ground ngfsnaldet al., 2002) This is pdicularly pertinent

for snipe and curlew as concealment is one of the primary forms of nest def€namp & Simmons,

1982; Vickenet al,, 2001)

If breeding waders select areas of recently cut rush for nesting, then rush management that follows
or emuldes AES prescriptions appears likely to create an ecological trap due to higher nest predation
rates in such locations. Such ecological traps are plausibleamivt be assumed that waders always
select nesting locations that minimise the risk of nestdation (e.g. Hegyi & Sasi; 1997) as many
factors determine nest site choice (Blomqvist & Johansson, 1995; &malrf 2013). Indeed, some
waders will select nest sites that increase the probability of parents detecting, and thus escaping,
approachimy predators even though the risk of nest predation is greater at such sites (Whittingham &
Evans, 2004G6mezSerrano & Lopekdpez, 2014 Further evidence for the possibility of ecological
traps is provided by their occurrend® other groundnesting famland birds(e.g. nest site selection

by western yellow wagtaiMotacilla flava Gilroyet al., 2011) Ecological traps only arise when
suboptimal habitats that reduce fitness are not selected against (Battin, 2004) and demonstration of
an ecological trap in our study system thus requires robust data on nest site selection patterns.
However, even if rushutting does not create an ecological trap, it is clear that curlew and snipe do
sometimes nest in cut rush and these individuals are likely to experience reduced breeding success
that could reduce population growth rates. Indeed, wader population deckmedriven largely by

poor reproductive outputRoodbergeret al,, 2012)and the intended benefits of rush cutting may not

occur. This situation is most likely to arise in wader species that nest across a wide range of sward
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structures, such as curlew asdipe {alkameet al., 1998;Fisher & Walker, 201%Ventworth, 2015;
Zielonkeet al,, 2019.

3.5.3 Implications for managing upland sward structure and further research requirements

Our artificial nest experiment meets the conditions required to provideasonable indicator of
environmental variationn DPR¥a SS W! NI AFAOALE ySada Fa)AyRAOL G
provides evidence that rush management through AES prescriptions could reduce breeding success

for individuals nesting in thosedations (especially snipe and to a lesser extent curlew due to these
aLISOASEaQ NBfALIYyOS 2y ySai ONBLEAAA FT2NJ NBRdAzOAy 3 |
nest defence; Cramp & Simmons, 1982; Vickeml., 2001). This could generate eagical traps but

nest site selection studies combined with assessments of predation rates of real wader nests are
required to demonstrate thisAchieving this will require a major investment in fieldwork over multiple

seasons to achieve sufficient samplees, which is why we initially assessed patterns using the more

rapid assessment that could be conducted using artificial nests. Our results demonstrate that cut rush

is likely to increase nest predation rates, and thus a mosaic of cut and uncut Huble wéquired to

generate heterogeneous swards that breeding waders require.

Future work should, however, explore solutions to the traxdEbetween the need to manage rush to
generate open swards that improve foraging conditions, and the adverse impasteh swards for
breeding success, particularly for wader species which rely on nest concealment. It may also be
important to confirm whether rush management provides a universal benefit to species such as
lapwing, which primarily nest in shorter swarflilsom et al., 2000. This research would require
assessing (at a range of spatial scales) how different wader species respond to variation in the relative

amounts of cut and uncut rush patches, and their spatial configuration.

Concern over the encroactent of rush and other rank vegetation in upland areas that support
important breeding populations of waders and otkgnound nesting birdsSjlcoclet al, 2012; Ashby

et al, 2020 suggests that ongoing management of vegetation structure is required. Our study
highlights the need, however, for investment in robust evaluation of AES prescriptions targeting
vegetation structure in order to ensure that prescriptions balance traffeagainst all demographic

factors influenced by vegetation structure, including nest predation risk.
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Chapter 4

Inter-specific variation in the potential for upland rush management
advocated by agrenvironment schemes to increase breeding wader densities

Arush pasture field at Geltsdale reserve, Cumbria

This chapter is currently in review Btontiers in Ecology and Evolutiast

Kelly, L.A., Douglas, D.J.T., Shurmer, M.P. and Evans, K-&pdcific variation in the potential for
upland rush managemenadvocated by agwnvironment schemes to increase breeding wader
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4.1 Abstract

Encroachment of rusBuncusspp. in the UK uplands poses a threat to declining wader populations
due to taller, denser swards that can limit foraging and breedalgtht quality for some species. Rush
management implemented through agrnvironment schemes (AES) could thus increase wader
abundance, but there is insufficient assessment and understanding of how rush management
influences upland waders. Across two uplaregions of England (South West Peak (SWP) and
Geltsdale nature reserve, Cumbria), we surveyed waders over four visits in fields where rush was
managed according to AES prescriptions (treatment; n = 21) and fields without rush management that
were otherwise ecologically similar (control; n = 22) to assess how the densities of breeding wader
pairs respond to rush management in the shtatm. We find some evidence for regional variation in

the response of waders to rush management, with densities of ComBmmeGallinago gallinago
significantly higher in treatment than control fields in the SWP, but not Geltsdale. There were no
statistically significant responses to treatment on densities of Eurasian Chitievenius arquatar
Northern LapwingVanellus vaellus The 95% confidence intervals for the treatment parameter
estimates suggest that this may be due to limited statistical power in the case of Lapwing, but not
Curlew, for which any potential increases in densities are negligible. There was no euidanc
variation in rush cover, which reached a maximum of 70%, influenced densities of any of our three
focal species. Our results suggest that rush management through AES prescriptions delivered in
isolation of other interventions may not lead to geneirdreases in breeding wader densities in the
short-term, but benefits may arise in some situations due to regional and-specific variation in
effectiveness. Rush management supported with interventions that improve soil conditions and thus
food avaihbility, or reduce predation pressure, may enable AES rush management to generate
benefits. Additional research is required to maximise the potential benefits of rush management for
each species through the development of prescriptions that tailor to ndivdzl £ & LISOA S&Q

sward structure.

4.2 Introduction

Waders are one of several taxonomic groups of farmland breeding birds that have undergone severe
Europewide declines in recent decades (PECBMS, 2020), with species threatened at both the national
level (for example, Common Sni@allinago gallinagghereafter Snipe); Ambdisted, UK; Eaton et

al., 2015) and international level (for example, Eurasian CuMdlemvenius arquatghereafter Curlew)

and Northern Lapwinyanellus vanellughereafter Lapwing); globally Near Threatened; IUCN, 2020).

In the UK, wader population declines are occurring throughout the lowlands and uplands, with the

latter containing the majority of remaining grasslabceeding wader populations (Wilson et al.,
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2005a; Balmer et al., 2013; Siriwardena et al., 2017). Poor nest and chick survival, primarily
attributable to predation and habitat degradation, are thought to be the major drivers of these
declines (Roodbergen et al., 2012; Franks et al., 2018; Roos 20H). Land use change including
agricultural intensification, and to a lesser extent land abandonment, is driving degradation of wader
habitat in UK upland regions (Baines, 1988; Fuller and Gough, 1999; Amar et al., 2011; Silcock et al.,
2012; Douglasteal., 2017; Johnstone et al., 2017).

To prevent further degradation of grasslands, agvironment schemes (AES) encourage farming

LIN OGAO0Sa GKIFIG o0SYySTAG ONBSRAY3 41 RSNA GKNRAdAK
Smart et al., 2013, 2014ranks et al., 2018). Such AES prescriptions have exhibited mixed success;
population trends of some wader species have been reversed at the local level, yet nationally wader

L2 LJdzt F GA2y RSOfAySa O2ydAydzS 6hQ.4NJirivafdetagtrl., 2 A f & 2
2017; Franks et al., 2018). One mechanism used in these AES prescriptions is the manipulation of
vegetation structure (for example, Natural England, 2018) with the aim of creating a mosaic of short

and tall vegetation that is benefa for foraging and breeding waders (Wilson et al., 2005b). Due to

the substantial intetspecific variation in wader breeding habitat requirements, creation of a mosaic

aims to simultaneously provide suitable habitat for several wader species. Lapwirgxdmple,

favour short swards with a few tussocks (Baines, 1988; Milsom et al., 2000; Durant et al., 2008),
whereas Curlew and Snipe may be more tolerant of a range of sward structures with a greater
preference for taller vegetation (Baines, 1988; Pedttggins and Grant, 2006; Hoodless et al., 2007;

Durant et al., 2008).

A recent threat to the maintenance of structurally heterogeneous grasslands in the UK uplands is
encroachment byluncusi LILJ® O KSNBI FGSNJ 0§ SN¥YSR & NUza léublilg ¢ A 0 K |
between 2005 and 2018 (Ashby et al., 2020). Rush encroachment could significantly contribute to
wader population declines by creating expanses of tall, dense;dastinated swards that restrict

physical access to the soil for foraging (Deverdwad.e2004; Robson and Allcorn, 2006), and reduce

g RSNEQ FoAfAGe (G2 RSGSO0G LINBRFGZ2NBE FyR (Kdza @K
(Whittingham and Evans, 2004; Robson and Allcorn, 2006). Although, the taller, denser vegetation
generakd by increased rush cover could provide nests and chicks with greater concealment from

predators (Valkama et al., 1998; Kelly et al. 2021).

Rush management prescriptions within AES have been developed to address the adverse impacts of
rush encroachmentNatural England, 2018). These prescriptions, which typically comprise-telomg
aim to reduce the extent of dense rush swards within a field to <30%, involve mowing, aftermath

grazing, and occasionally herbicide application (precise prescriptions deligldly between UK
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countries; Natural England, 2012; Welsh Government, 2017; Shellswell and Humpidge, 2018). In the
shortterm, rush management opens up the sward and reduces vegetation height and density (Kelly
et al., 2021). There is, however, littleidished data supporting the assumed beneficial impacts of
these changes in sward structure on breeding waders. Whilst previous studies suggest that targeted
rush management, or cutting of rank vegetation including rush, can increase wader abundance, these
studies do not experimentally compare areas with and without rush management and in some cases
are combined with additional interventions (Holton and Allcorn, 2006; Robson and Allcorn, 2006;
Douglas et al., 2017). Consequently, there is insufficient assa® and understanding of how rush
management influences upland waders, despite the importance of evaluating the effectiveness of AES

prescriptions (Kleijn and Sutherland, 2003).

Here, we assess how the number of breeding wader pairs responds to figldrrush management

in the shortterm by surveying waders in treatment fields (where rush is managed according to AES
prescriptions) and control fields (without rush management) across two upland regions of England.
We first test whether field size and @nonmental conditions that could influence wader abundance
(rush cover, Holton and Allcorn (2006), Robson and Allcorn (2006); soil conditions (pH, moisture, and
penetration resistance), Smart et al., (2006), Hoodless et al., (2007), Smart et al., K280&)um et

al., (2016); woodland distance, Wilson et al., (2014), Douglas et al., (2014)) are similar between control
and treatment fields. We then test whether the density of breeding wader pairs differs between
treatment and control fields whilst accoting for environmental conditions and region, and test if the

effects of rush management vary between regions and with the amount of rush cover.

4.3 Material and Methods
4.3.1 Study areas

This study was conducted during the wader breeding season-QAprd 2019) in the souttvest of

GKS tSF{1 5Aa0NAOG blrdA2ylrft tIFN)] o{2dzikK 2Sad tSt
landowners including private farmers, tenant farmers on Peakibi National Park Authority owned

land, and (in three cases) the Staffordshire Wildlife Trust), and Geltsdale nature reserve in Cumbria,
jointly owned by the Royal Society for the Protection of Birds (RSPB) and the Weir Trust (hereafter

G DSt (i a Rields $nanfgedi by tenant farmers and RSPB staff;4Figy. Both regions support

important breeding wader populations including Curlew, Lapwing, and Snipe (Carr, 2009; Balmer et

al., 2013; Douglas et al., 2017). Survey fields within the two regions waraatéristic of UK upland

farmed landscapes and were mostly semproved pasture with a smaller number of unimproved

LI A3GdzNBZ KIFed YSIR2g YR WgKAGS YWahiITheTansnarRa 6 N2 c
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rush species waduncus effususvith smdler amounts of other species present at some sites,

particularlyJuncus acutifloruand Juncus conglomeratus Geltsdale.

The study design is described in full by Kelly et al. (2021). Field selection was performed without prior
knowledge on wader use dfie selected fields, and was based on fields meeting our criteria on rush
management, spatial configuration and obtaining permission from landowners to conduct the
research. Treatment fields were selected if fields had received rush management betweemautu
2018 and spring 2019 (fields may also have received management in previous years) following the EK4
and EL4 rush cutting prescriptions in Entry Level Stewardship (Natural England, 2012). These are
standard AES prescriptions that are applicable to aag fiith at least onehird rush cover, including

those on nature reserves. Rush management in treatment fields involved cuttinthodef the rush
present once or twice annually on rotation (Taliel provides more information on the AES
prescriptions) Control fields were selected if fields had not undergone rush management in the
previous two years, had a similar extent of rush cover to treatment fields (mean rush cover + standard
error, treatment = 46.70 = 3.67%, control = 40.00 + 4.21%; Mahitneytest: W = 186, P = 0.255)

and were in close proximity to treatment fields (mean distance = 90 + 34 m standard errer1Fig.
TableD 2). Information on field rush cover was provided by the landowners prior to selection of our
survey fields. For both tedment and control fields, we only selected those that lgaglater than one

third rush cover so that all survey fields, regardless of treatment, qualified for the AES rush
management prescriptions. Control fields were not deliberately selected to coniféénaht levels of

rush cover than treatment fields and thus both control and treatment fields constituted a
representative sample of the rush cover in fields with and without AES rush management. Rush cover
in our survey fields was subsequently assesagihd fieldwork and varied across fields from 10% to
70% (three control fields contained less than 30% rush cover). In the SWP, there were 12 treatment
and 13 control fields (one treatment field that had initially been selected was excluded as insufficient
rush cutting had been conducted) and at Geltsdale, there were 9 treatment and 9 control fields, giving

a total sample size of 21 treatment and 22 control fields.

4.3.2 Wader surveys

We estimated the number of breeding wader pairs using a modified veddithve standard fieleby-

FASER adz2NBSe YSGK2R 2F hQ. NASY 3 { YA G-KvodgisiuspdH 0 P

in the early breeding season (SWP: 16th Ap#iBth April; Geltsdale: 5th May 18th May) and two
visits in the late breedingesason (SWP: 28th May18th June; Geltsdale: 21st Juge25th June).
Successive visits within the early or late breeding season were on average seven days apart in the early

breeding season and six days apart in the late breeding season. All visits weretea by one
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researcher to ensure consistency of survey estimates and thus both regions could not be surveyed
concurrently. As Geltsdale is at a higher latitude than the SWPA(Ejgthe wader breeding season
commences slightly later in the former iieg. Survey fields in the SWP were thus visited first in both
the early and late breeding seasons. Moreover, surveys were not undertaken during the first hour
after sunrise or last hour before sunset, or in heavy rain, fog (< 250 m visibility) or wirtdrgtesn

Beaufort Force 5.

Within each field, observations were made along a survey route that started 50 m from the field edge
and took the observer to within 50 m of every part of the field. All individual waders were marked on
a field map with symbolsotnote behaviour. Surveys recorded Lapwing, Curlew, Snipe, and Common
RedshanKringa totanusbut the latter was only detected in three fields at Geltsdale (two control and

one treatment) and is not considered further.

An index of the number of breedingpirs of each species per field was calculated using standard
speciesspecific criteria. For all species, groups of more than four individuals were excluded as these

may represent nofbreeding flocks (following Sim et al., 2005; Douglas et al., in pfass)lapwing,

we divided the maximum number of individuals across the two early breeding season visits by two
ORSGSOGlIoAtTAGE 2F [l LWAY3I Ada KAIK FYyR GKAA I LILINE
hQ. NASY | yR 2 At a2014). Fer Culewland SviipeNtlvo b&ds todgethed Dr asingle
(detectability of these species is expected to be lower than that of Lapwing), either in a field or
associating with the field (displaying or mobbing birds above the field) were treated agf@ibaiving

hQ. NASY FTYR {YAGKSEZ MdphdHT | Sy RSNA 2-MiggiSsiand-Gram> H A nH
2006). The number of pairs were then estimated as the maximurwvis@érnumber across all four

visits (following Green, 1985; Smart et al., 2000 ONA SY | yR 2 Afazys> uvHnanmmT
Douglas et al., 2017). The restricted date range of visits used for calculating Lapwing pairs, compared

G2 {YyALS IyR [/ daN¥ S¢zx F2tft2pga adlyRINR LINRG202f a
and Wilson, 2011; Smart et al., 2014). Estimates of breeding Snipe pairs from diurnal observations are
likely to be robust in regions, such as our survey locations, where they do not occur at very high
densities (Hoodless et al., 2006) and our surveys dededisplaying (drumming and chipping) shipe

as well as flushed individuals.

4.3.3 Environmental variables

Rush cover was estimated once per field to the nearest 10% from multiple vantage points during the
early breeding season when more accurate estiraai@n be obtained due to lower vegetation height
(note that whilst rush grows tall, it typically spreads relatively slowly in horizontal extent (Ashby et al.,

2020) and thus any spread in extent of rush cover within a field is negligible during the geriasl).
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Field size (ha) was measured in ArcMap TM (v10.4.1; Esri, Redlands, CA, USA) using 1:25 000 Ordnance
Survey maps (Ordnance Survey, 2019). Strdiighidistance (m) from the centroid of each survey field

to the nearest block of woodland (defined areas with >20% tree cover, from Land Cover Map 2015;
w2gflyR SG IfdX wnmTt0O 61 & YSFadaNBR dzaay3a (GKS

influence breeding wader distributions or abundance (Douglas et al., 2014; Wilson et al., 2014).

Soil condtions were measured during one early, and one late, breeding season visit to account for
potential seasonal variation. Soil penetration resistance (kgF) and soil moisture content (%) were
recorded at three locations within each field (field centre and trwmdomly selected locations
towards opposite ends of the field) and at two separate points (approximately 15 cm apart) at each of
these three locations giving six measurements per field on each of the two visits. Soil penetration
resistance was measuretbllowing Green (1988), using a soil penetrometer with a 5 mm diameter
metal pressure rod (20 kg Pesola matin@ spring scale and pressure set, NHBS, Devon, England). Sail
moisture content (%) was measured using a soil moisture sensor and readout (8&&60T soil
moisture sensor and HH150 readout meter, Ddlt®evices, Cambridge, England). This sensor had a
maximum measurement threshold of 85% and when this threshold was exceeded, we used a value of
92.5% (the migpoint between this threshold and 106). Soil pH was recorded, using a direct soil pH
meter (H+12922 HALO wireless soil pH electrode, Hanna Instruments, Woonsocket, Rhode Island,
USA), at one of the points at each of the three locatiagiging three measurements per field on each

visit andsix measurements per field overall.

Mean soil penetration resistance, soil moisture, and soil pH values were calculated per field for the
early breeding season visit (for use in models of the number of Lapwing pairs as these are estimated
only using datdrom the early breeding season), and across the overall breeding season (for use in
Curlew and Snipe models as these use data from all site visits). We note, however, that early breeding
season and overall breeding season soil conditions were highljateadgsoil penetration resistance:

r = 0.958; soil moisture: r = 0.931; soil pH: r =0.919; P < 0.001 and n = 43 in all cases).

4.3.4 Statistical analyses
All analyses were conducted in R version 3.6.3 (R Core Team, 2020).
4.3.4.1 Environmental conditig in treatment and control fields

We tested whether treatment and control fields had similar environmental conditions. We fitted
generalised linear models (GLMs) with a Gaussian error structure and identity link that modelled each
environmental variabler@ish cover, soil penetration resistance, soil pH, soil moisture, woodland

distance, and field size (natural logarithm transformed prior to inclusion in the models to remove the
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influence of outliers due to its skewed distribution)) as a function of treatnfgeatment or control

field) whilst accounting for region (SWP or Geltsdale).
4.3.4.2 Wader responses to rush management

We modelled the density of breeding waders for each species by constructing GLMs with a response
variable of the number of pairs pdield with a Poisson error structure (log link) and field size (ha;
natural logarithm transformed) as an offset in all models. This offset variable converts wader pairs
into densities and ensures that field size is accounted for within the models. M8R&dda R4 S dzR 2

was calculated to represent model fit.

We first ran preliminary checks for simple nlbmear effects of our environmental variables (rush
cover (%), soil penetration resistance (kgF), soil moisture (%), soil pH, and woodland distaniog (km))
Y2RSttAy3 SIOK alLISOASaQ RSyarade Fa I FdzyOdaAazy
models), and linear and quadratic terms (quadratic models), whilst including region as a fixed factor
and field size (ha; natural logarithm trangsioed) as an offset. There was no strong evidence for non
linear associations, defined as Akaike information criterion value corrected for small sample sizes
(AICc) being two points or more lower than that of a linear model (TAg and all subsequent

modelling thus used only linear terms.

Following these preliminary checks, we followed Whittingham et al. (2006) and constructed a full
model of the main effects to test the prediction that rush management increased wader density, i.e.
that there were signitiantly higher densities in treatment than control fields, whilst accounting for
other environmental variables (Talx4). For each species, we modelled estimated breeding pairs as
a function of treatment (treatment or control field as a fixed factor),ioeg(SWP or Geltsdale as a
fixed factor), rush cover, soil moisture, soil pH, soil penetration resistance, and woodland distance,
with field size (ha; natural logarithm transformed) as an offset. Early breeding season soil conditions
were included in the &pwing models, and overall breeding season soil conditions were included in
the Curlew and Snipe models to match the survey dates that were used to estimate the number of

pairs of these species (see section 4.3.2).

In addition to the main effects full mad, we constructed two extra models that also included i) the

interaction between rush cover and treatment/control field (to test if the effects of rush management
varied across different amounts of rush cover), or ii) the interaction between region and
treatment/control field (to test if rush management effects differed between regions; which could be
the case if the factors regulating population size or the capacity of populations to respond to

management vary regionally).
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For each species, we compareuketthree full model types (main effects only, main effects plus
treatment and rush cover interaction, and main effects plus treatment and region interaction) using
SIOK Y2RSftQa 'L/ O YR 6KSYy AYGSNI OlAgngaB8SN)Xa ¢
0.05 thresholgdTableD 5). For Curlew and Lapwing, the main effects only models had the lowest AICc

values and interaction terms were not significant; inference is thus based only on the main effects

model as there is no evidence that the effeof treatment varied with region or rush cover. For Snipe,

iKS Y2RSt gAGK GKS t2¢Sad 'L/ O @rftdzS ¢gla GKIO
relative to model with the next lowest AICc (main effects only model) = 3.605, interaction term P =
nennpo® ¢KS AYGSNI OGA2y GSNX¥Qa LI NI YSGSNI SAadGAYI (
= 3621.325) demonstrating uncertainty in its effect size and we thus also report the results from a full

model that only contains the main effects (Tablg).

égﬁ Geltsdale
& =
A 72 sanatlr
§
<™ 2,
& )
1 05 0 1
¢ :?/;ﬁ } - —
ﬂ“’&;'”’z i
:; AL South West Peak
&Y 4 \ o
o) ”/Geltsdale‘q‘
Q'é\\}w.»';;'m "/\\ ‘5
i s,  §
l«) % \? &v
:‘z’ ey Y
g T ¢ \ v
ol )
H’; Y
¢ South West Peak 4
e 3
o ey (N Y
k% LY
A A
.."VF' = < N :'A) % ’
/’((, p FJ"»,‘_)“' s g
, & 7 10050 0 100 1050 1
O — T I — T

Figure4.1. The two study regions showing locations of treatment fields (rush management, light grey) and
control fields (no rush management, dark grey), with blocks of woodland in the surrounding landscape (white;

defined as areas with >20% tree cover, from Lance€Map 2015; Rowland et al., 2017).
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4.4 Results

4.4.1 Environmental conditions in treatment and control fields

Environmental conditions (rush cover, soil penetration resistance, soil moisture, woodland distance,
and field size) did not differ significéy between treatment and control fields, except for soil pH
(TablesD2, D 6). In both the early and overall breeding season metrics, treatment fields had slightly

more alkaline soil (approximately half a pH unit difference).

4.4.2 Effects of rush manageent on breeding wader pair densities

Models that took region, rush cover, woodland distance, and soil conditions into account found no
evidence that the density of Curlew pairs varied between treatment and control fieldsA(Zég.b;
Tabled.1; profile95% confidence interval (Cl) for treatment parameter estimat@ #3 to 1.12). Rush
cover, which varied from 10% to 70% (Tablé), was not associated with breeding Curlew densities
(Tabled.1). Similarly, there was no evidence that Lapwing pair desditiffered between control and
treatment fields or were influenced by rush cover (Bigc, d; Tabl&.1; profile 95% CI for treatment
parameter estimate =0.76 to 1.91); although it is important to note that Lapwings were extremely
rare in the SWP suey fields, being observed in just a single control field (TAMg For Snipe, when
treatment was modelled as an interaction with region, there were higher Snipe densities in treatment
fields than control fields in the SWP but similar densities in the field types at Geltsdale, and no
evidence that rush cover was associated with Snipe densities 4Rig;. Table4.1). When the
interaction between treatment and region was excluded from the model there was no evidence that
Snipe pair densities differedebween treatment and control fields or were influenced by rush cover

(Fig.4.2e, f, Tablet.1; profile 95% CI for treatment parameter estimated=64 to 2.09).

4.4.3 Effects of woodland distance, soil conditions, and region on breeding wader pair desisitie
There were trends, albeit only marginally significant ones, for higher densities of Curlew and Snipe in
fields with more alkaline soil conditions (Talld). Snipe densities were also higher in fields with

wetter soils and in the SWP than Geltsdale (Table Fig.4.2; FigD.1; Fig.D2). No other

environmental variables influenced breeding wader pair densities (Babje
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Table4.1. Generalised linear models of breeding wader pair density for Curlew, Lapwing, and¢Srépément, region, rush cover, soil conditions (moisture, pH, and
penetration resistance), and woodland distance were included as predictor variables, with field size (natural logaritfionntejsincluded as an offset. Following
preliminary tests, Snipe dsities were modelled with and without the interaction term between treatment and region; the densities of other speciemaaetied with
2dzald GKS YIAYy STFFSOGad tFNFYSGSNI SaldAYF(dSa 67 0 JwiRsighisdat®eettsShiglighted viti2 af BsteRsK. \CIS S
cannot be generated for the Snipe model with the interaction term and thus standard errors are presented for this modeal&elithe reference level for region. Control
fields arethereferg OS £ S@St T2 NJ ( NB | Rakyrésented Or@acRMRBel. Qa LJA S dzR 2

Wader  Environmental variable aOCl RR
species  Treatment Region Rush cover Soil moisture  Soil pH Soil Woodland Treatment X pseudoR*
penetration distance region
resistance
Culew I T admi T nodmi -0.014¢ i r aoni I adpi T nApdmi T Mbo - 0.229
0.7251t0 1.124) 1.259 to 1.458) 0.044 to 0.018) 0.011to 0.061) 0.075to 1.243) 0.274 to 0.687) 1.056 to 3.910)
.2=0.152 .2=0.069 .2=0.753 .2=1.913 .2=3.049 .2=0.672 .2=1.226
P=0.670 P=0.793 P=0.386 P=0.167 P=0.081 P=0.412 P=0.268
Lapwing | ' nop i -1.504¢ i -0.035¢ i -0.007 ¢ i ' ndo | ' non i -I.567¢ - 0.437
0.757 t0 1.911) 4.571to 0.464) 0.085 to 0.009) 0.049 to 0.038) 0.324 to 1.073) 0.499 to 0.654) 4.566 to 1.346)
.2=2.100 .2=2.444 .2=0.101 .2=1.165 .2=0.057 .2=1.122
.2=0.595 P=0.147 P=0.118 P=0.750 P=0.281 P=0.811 P=0.290
P=0.441
Snipe i r ndoc | I moy i -0026¢ i r non i ' ndc | ' nom i -T537¢ - 0.168
0.636 t02.093) (0.023 to 0.066 to 0.015) (0.001 to 0.113to 1.509) 0.544 t00.749) 5.675 to 0.885)
.2=0.902 3.420) .2=1.585 0.100) .2=2.870 .2=0.104 .2=2.147
P=0.342 .2=3.933 P=0.208 .2=4.042 P=0.090 P=0.747 P=0.143
P=0.047 * P=0.044*
i 0377 i -16.871(x I -0032(x i r non i ' noy | r nomi -7.702(x i r mopoe 0273
0.734) 3621.325) 0.022) 0.030) 0.433) 0.373) 1.651) 3621.325)
.2=0.902 .2=3.933 .2=2.009 .2=5.948 .2=3.218 .2=0.126 .2=2.400 .2=6.824
P=0.342 P=0.047 * P=0.156 P=0.015 * P=0.073 P=0.723 P=0.121 P=0.009 *
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Figure4.2. Poisson model (main effects only models) predicted breeding wader pair densities in control fields
and treatment fields within Geltsdale (left hand column) and the SWP (right hand column) when taking into
account rush cover, woodland distance, and sailditons (moisture, pH and penetration resistance) for Curlew

(a and b), Lapwing (c and d), and Snipe (e and f). Bars represent model predicted densities, and errors represent

model predicted 95% confidence intervals. The best fitting model (judged byvAl@xs) for Snipe densities

included an interaction between region and treatment with model predicted densities (g) being represented by
triangles (SWP) and circles (Geltsdale); error bars again represent 95% confidence intervals but note that for
Snipe @nsities in SWP control fields these are infinite due to singularity issues with the model as no Snipe were
observed in such fields.
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4 5 Discussion

Our results reveal potential regional variation in the skerm response of Snipe breeding densities

to AES rush management prescriptions, with benefits arising from rush management in the SWP but

not Geltsdale. Certainty around the strength of this effect is, however, limited by the large standard
SNNEBNJ F NPdzy R G KS LI NI YS G S Niedtoaal variation i§ @nittedAtiyeie NI O G A 2
no firm evidence for benefits of rush management. Breeding Lapwing densities also did not appear to

be significantly influenced in the shegrm by rush management. Yet, positive impacts on breeding

densities cannobe excluded for either Snipe or Lapwing as the 95% Cls for the treatment parameter
estimate suggest that the largest plausible values are approximately two (Snipe = 2.09; Lapwing =
1.91). For Curlew, we found negligible evidence for positive effectsshfmanagement on breeding

densities in the shorterm (no significant effect; 95% Cls indicate that the largest plausible treatment

parameter estimate is 1.12).

Whilst our findings are not indicative of strong, and regionally uniform increases in Lagvdr&nipe
breeding densities arising from rush management, they do suggest that these species are more likely
to respond positively than Curlew, especially in the case of Snipe. This is perhaps logical given i) the
preference of nesting Lapwing for shoopen vegetation (Baines, 1988; Milsom et al., 2000; Durant

et al., 2008) that is generated by rush cutting (Robson and Allcorn, 2006; Kelly et al., 2021), and ii)
smaller and mediumbodied species (Snipe and Lapwing respectively) may be particularlyivedgat
impacted by taller and denser swards that will obscure their view and thus ability to detect predators
(limiting their willingness to forage and nest in such habitats) to a greater extent than larger species

such as Curlew (Devereux et al., 2004; tiWigham and Evans, 2004; Wilson et al., 2005b).

There is some evidence for regional variation in Snipe responses to AES rush management, with Snipe
densities being higher in treatment than control fields in the SWP but not Geltsdale. Such situations
areexpected to arise if there is regional variation in the extent to which habitat availability regulates
Snipe populations. Snipe densities were significantly higher in the SWP than Geltsdale. This situation
could arise if most of the habitat with structuhalsuitable vegetation is occupied in the SWP, whilst
other regulating factors limit the Geltsdale population and prevent it from occupying all suitable
habitat, including that created through AES rush management. Indeed, the general lack of strong
evidene for beneficial impacts of rush management could highlight that habitat improvements will
not enable breeding densities to increase because other factors are regulating population sizes (Smart
et al., 2013). This links to the buffer effect, through whicére is higher likelihood that high quality
habitat remains unoccupied (Kluyver and Tinbergen, 1954; Brown, 1969; Gunnarsson et al., 2005).

Thus, our results will be most applicable to wader populations at similar or lower densities to those at
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our studysites and we cannot exclude the possibility that rush management impacts would be greater
in populations whose size is regulated by availability of fields with suitable vegetation structure. Given
that increased nest and chick predation rates are a keyediwf wader declines (Roodbergen et al.,
2012; Roos et al., 2018), management may be required that simultaneously tackles rush
encroachment and predation pressure to enable wader populations to recover and respond positively
to AES rush managemeqtespedally for Curlew which exhibited negligible evidence for increased

densities in response to rush management.

Alternatively, rush management may not be creating sufficiently optimal conditions for some of our
focal wader species to generate consistent aedectable increases in breeding densities. Some AES
prescriptions aim to reduce rush cover within a field to <30% (for example, Natural England (2018)),
yet all treatment fields had >30% rush cover due to the study design. Nevertheless, we found no
eviderce that rush cover (which ranged between 30% and 70% in all survey fields barring three control
fields with 1030% rush cover) influenced wader densities. As our study spanned a single breeding
season, results are most applicable to the influence of ruahagement on breeding waders through

its shortterm impact on vegetation structure (i.e. vegetation height and density). Given that Lapwing
favour short grass swards with sparse tussocks comprising rush and grass (Baines, 1988; Milsom et al.,
2000), rush rmanagement may need to ensure a large proportion of short vegetation is retained
throughout the breeding season to generate substantial increases in breeding Lapwing densities,
which in the longterm could be achieved by reducing rush cover to lower th&¥.30urlew require a
heterogenous sward structure for breeding (Peaktiggins and Grant, 2006; Durant et al., 2008), with
denser areas to provide chicks with concealment from predators (Valkama et al., 1998), more open
areas for foraging (Robson and AlicoR006; Fisher and Walker, 2015), and a range of vegetation
heights for nesting (Valkama et al., 1998; Fisher and Walker, 2015; Zielonka et al., 2019). It is plausible
that current AES rush management prescriptions are not delivering sufficient wiithdn
heterogeneity in sward structure to provide the complex habitat matrix required by Curlew. Such a
situation could arise either because the current prescriptions to cuttbird of the rush within a field

on an annual basis are insufficient, or becasiseh prescriptions are too difficult for farmers to follow

as they feel that they should cut a larger proportion of the field when they are able to access fields for
rush cutting (this is often difficult in winter due to waterlogged conditions). It isiadportant to note

that rush cutting through AES prescriptions has been found to increase the risk of artificial wader nest
predation (Kelly et al., 2021) and thus birds may be avoiding nesting in such fields due to perceived,

and realised, increases in siepredation risk.
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4.5.1 Implications for management of wader breeding habitat

Accounting for variation in field size via inclusion as an offset in the models, our results suggest that
rush management through AES prescriptions can increase Snipe breeding densities in some but not all
regions, and such benefits could also arise fgwinag (although low population sizes, especially in

the SWP, limited our ability to detect such effects). In contrast, we found evidence that Curlew are,
out of our focal species, the least likely to respond to the implementation of AES rush management
prescriptions. Whilst ideally surveys would be repeated in subsequent years, this was not possible due
to logistical constraints. Our study of two distinct upland regions, however, enables testing of rush
management across different environmental conditiomsl gopulation densities of our focal species

(see Fig4.2). Moreover, our results provide a snapshot of wader densities in fields with and without
rush management, with results revealing the potential for rush management to increase densities of
Snipe and.apwing in the shorterm. Our study thus advocates further research exploring both the
short- and longterm impacts of AES rush management prescriptions on upland breeding waders. We
also found evidence that more alkaline soils were associated with highdew and Snipe breeding
densities, which for Curlew is consistent with previous research showing lower densities where soil
organic carbon (assumed to be more acidic, peaty soils) is higher (Franks et al., 2017). These patterns
are presumably due to her pH increasing abundance of soil invertebrates such as earthworms
(McCallum et al., 2016), and wetter soils also increased Snipe densities. Combining rush management
with additional interventions to improve habitat quality may thus be beneficial, sisdhstallation of

wetter depressions or flushes and blocking of drainage ditches (Smart et al., 2006; Douglas and Pearce
Higgins, 2014; Douglas et al., in press), or liming (but with targeted use; McCallum et al., 2016). Rush
management prescriptions maiipwever, benefit from potential revision to increase their efficacy.
Potentially beneficial changes that merit further investigation include researching the optimal total
area and spatial configuration of cut and uncut rush within fields, thus ensurtegageneity in sward
structure, perhaps particularly for Curlew (as shown by beneficial mosaic grassland management for
Blacktailed Godwitd_imosa limosan The Netherlands; Schekkerman et al., 2008), and in the case of
Lapwing contrastinglgnsuring rush cover is below 30% (yet retaining some taller vegetation patches;
Laidlaw et al., 2017) which will limit heterogeneity in the sward. In addition, where additional drivers

to habitat degradation, such as increased nest predation risk, areresgpipg wader populations,
interventions that focus solely on habitat improvements are unlikely to fully meet their potential to

reverse population declines (Smart et al., 2013).
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Upland rush management within agby GANRBY YSYy i aO0OKSYSa
motivations and constraints to participation, and suggestions to increase
efficacy and uptake

A ewe and two lambs in an-biye field with cut rush
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5.1 Abstract

Agi-environment schemes (AE8je a key strategy for combatting biodiversity lossHuarope.

Potential factors contributing to the current limited effectiveness of AES include insufficient uptake

by farmers and consequent lack of landscape scale implementation. ARgyement of ruslduncus
spp.encroachment is widely considered essentalimproving the conservation status of breeding

waders in upland regions of the UK, some species of which are on the global IUCN Red List, but
populations are continuing to decline. Little attention has been given to a-sacinomic assessment

of factors influencing uptake of AES prescriptions for rush management. We usestseatiired

interviews with farmers in thesouthrwest of the Peak District National Park, England, and a mixed
methods approach to explore these issues. All farmers confirmed tshtwas present on their farm,

with 70.3% reporting an increase in the quantity of rush over the last 10 years. We then used

jdzt yGAGEFGAGS yrfeasSa (G2 GdSaid GKS LINBRAOGA2ya
pro-environmental attitudes, Bvironmental knowledge, perceived social norms, and perceived
effectiveness of AES prescriptions for rush management. We, however, only found evidence for one

of these hypotheseg LISNOSA OSR STFSOGAGSySaa 2F ! 9{ LINBaONR
perceptions of rush management prescriptions at improving land for farming and wading birds were
strongly ceassociated; although there was marginal evidence thatA&S participating farmers were

more likely to perceive rush management prescriptionsecekective for waders than those who did
participate. Qualitative analyses highlight that the core motivations for participation were financial
benefits, preenvironmental attitudes, and limited inconvenience as prescriptions fitted in with

F I NJ S N&i artivified hall Gfestyle. Conversely, the strongest constraints to participation were
insufficient financial incentive, scheme inflexibility, and unawareness of rush management
LINBAONALIGAZ2YEA® CINNSNBQ &adza3SadA22cady offAESIUBK I y 3 S
management prescriptions for farming and wading birds were similar, and primarily focused on
expanding treatment methods to include herbicide application via weed wiping and more flexible rush
cutting requirements. Such changes, and insieg awareness of rush management prescriptions, are

likely to be required to increase the uptake of rush management prescriptions. Achieving increased
flexibility whilst also ensuring that prescriptions are sufficiently targeted, and detailed, to déieer

required habitat improvements is likely to be a challenge without increasing access to specialised

advisors on the ground.

5.2 Introduction

Loss of biodiversity in Europe is largely attributable to agricultural intensification and, in some regions

abandonment of farmland(European Commission, 202Agi-environment schemes (AES) which
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subsidise farmers to implement environmentally beneficial land management practices are a key
strategy for combatting this loss and achieving biodiversity tar¢@tgay et al., 2015) Evidence
suggests, however, that success of AES has been variable across taxa and participating @deijtries

et al,, 2001; Kleijn and Sutherland, 2003; Kleijral., 2006) and AES have thus far failed to deliver
effective biodiversity conservation across large spatial exténts Q. NA Sy | yR 2 ®tf 42y > +
al.,, 2012; Franket al., 2018) Potential factors contributing to this limited effectiveness include
insufficient uptake and consequent lack of landscape scale implementgidhittingham, 2007,
Dallimeret al., 2010; Perkinst al., 2011; Bakeet al., 2012; Burgesst al., 2015; Frankst al., 2018)
Skylark plots (current AES in England: Countryside Stewardplign AB4) provide an example of an
AES prescription that, despite scientific robustness, has received too limited uptake to deliver the
intended ecological benefits, with weed invasion within the plots and mechanical difficulties regarding

the creationof plots reported to limit uptake by farmefgvans and Green, 2007; Dilleinal., 2009)

Increasing the uptake of AES is critically important for improving the scale of impact and effectiveness.
Thus, identifying and understanding the factors which grilce participation is keyrhe link between

AES and farmer engagement is influenced by a range of potential factors including (but not restricted
to) AES design, social norms, and parameters relating to the farm and the farmer. Careful design of
AES is esstial for farmer engagement as the magnitude of financial incentives and the degree of
scheme complexity can affect the likelihood of participatibforris et al., 2000; Defrancescet al.,

2008; Ruto and Garrod, 2009; Kastlial., 2014; Schroedest al., 2015) Indeed, these two design
attributes can be intertwined; more complex paperwork, set up and management require greater
financial compensatioifRuto and Garrod, 2009; Karati al., 2014) The perceived complexity and

thus applicability of individal schemes will, however, vary between farmers. Parameters such as farm
size, the intensity of current farming practices and labour requirements, and the impact that
prescriptions may have on farm productivity can all influence participafiGansiembrouk et al.,

2002; Defrancescet al., 2008; Hynes and Garvey, 2009; Kathl, 20140 a2 NE2 ISNE Ay RA .
intrinsic characteristics can also influence farmer engagement with AES such as their farming and
environmental attitudes(Vanslembrouclet al., 2002; Defrancescet al., 2008; Karalet al., 2014;
Schroedeet al,, 2015; Cullert al., 2020) Previous experience with AES can have a positive impact
on likelihood of participatiofVanslembrouclkt al., 2002; Defrancescet al., 2008) although thican
depend on the specific prescriptio(Wanslembroucket al, 2002) Other individuals can also
intentionally and unintentionally impose their influence on farmer engagement, particularly
neighbouring farmers, and family membdiganslembrouclet al., 2002; Defrancescet al., 2008;
Schroederet al, 2015) In the case oheighbouring farmers, the extent that these social norms

influence farmer engagement can be related to the relationship with and opinions of neighbouring
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farmers as well as the participation of neighbouring farmers in ¢a8slembrouclet al., 2002;
Defrancesceet al., 2008; Culleetal, 2020 5S & LA GS GKAA&A NI y3aS 2F FIF OG2N
engagement with AES, their relative importance, especially for specific AES prescriptions, is poorly
understood. This is an important knowledge gap, efglgcas the factors that influence participation

will vary across specific AES programmes and their prescrigliastraBravoet al., 2015; Pavlist

al., 2016)

An example of a management practice available within AES which has received little atteritie
management ofluncus spphereafter rush). The extent ofish cover, which is native to the Ugs
increased in recent decades on upland grassldAdhbyet al., 2020) This reduces farm productivity

by lowering the amount and quality of forader the dominant livestock types, i.e. sheep and cattle
(Grantet al., 1984; Nielsen and Sgegaard, 2000; Tweel and Bohlen, 2008; Cairns, 2013; Hdamilton
al.,, 2018) Rush encroachment also negatively impacts breeding waders, which are increasingly
concerrated in upland regions and have declined throughout the UK and much of E(Hegfow

et al, 2017; PECBMS, 202@pme species are now globally Near Threatened, e.g. Eurasian curlew
Numenius arquatanorthern lapwingVanellus vanellysand Eurasian oystcatcher Haematopus
ostralegus(IUCN, 2021)Expanses of tall, rank vegetation such as rush can adversely affect foraging
and breeding success of waders which typically require a mosaic of shorter and taller vegetation
(Vickeryet al., 2001; Whittingham ad Evans, 2004; Pearttiggins and Grant, 2006; Duraett al.,

2008; Kelhet al., 2021)

Rush management through AES can thus benefit farmers by improving farm productivity and deliver
conservation gains by improving wader habif@bbson and Allcorn, 260Holton and Allcorn, 2006;
Fisher and Walker, 2015)ES rush management prescriptions aimed at breeding waders are available
throughout the UK and are split into broad and narrower, more targeted prescrip{iNasural
England, 2012a; Natural Englan@12b; Welsh Government, 2013; Welsh Government, 2@rHad
prescriptions typically require onrthird of the rush in a field to be cut annually in rotation and advise
grazing with cattléNatural England, 2012a; Welsh Government, 20a8)ally aiming toeduce rush

cover within a field to less than 30Q®datural England, 2018yargeted prescriptions are more variable,
with the ability to tailor the prescription to specific wader specdjistural England, 2012b; Welsh
Government, 2017)

Intensive rush management could considerably reduce rush cover in fields and thus imprave fa
productivity to a greater extent than that permitted through AES, and many upland farmers do not
manage rush through AES schemes. There is currently, however, very limited understanding of the
Y2UGAQFGA2ya | yR 02y ailN) Ay (siegaidiag particp&ianSINAES yush  F I NI
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YEYFISYSylG LINBaAaONARLIiA2yad Ly FTRRAGAZ2Yy (2 GKS 3§
perceptions regarding the effectiveness of AES rush management could influence their participation.

Rush management cancrease numbers of breeding waddk$olton and Allcorn, 2006; Robson and

Allcorn, 2006)ut could also inadvertently increase nest predation risk for waders which nest across

a gradient of vegetation structures, such as Eurasian curlew and commonGdiipago gallinago

(Kellyet al., 2021)

Here, we used senstructured questionnairestyle interviews with farmers from an upland region of

England and a mixed SG K2 R& I LILIINRI OK (2 FaasSaa o6KAOK FI OG;
participate in AES pregptions for rush management. In doing so, we explore four broad hypotheses
gKAOK Ay 1 LI NI A @ivicdhnietdl gitituded (bifd lcondeSatidn) enviddid@nental

(wader habitat) knowledge, perceived social norms, and perceived effectiveh@dsS prescriptions

for rush managementWith a view to future changes that increase participation, we also assess

specific motivations and barriers to participation, and use the principle® &a A 3y G2 St A OA {

views on potential changes to arcent management prescription within AES.

5.3 Methods
5.3.1 Study area

Research involved farmers from the soutlest of the Peak District National Park (hereafter the South
2530 tSH1Z a{2té0x 9y3AftlryRd ¢KS {2t risinganiodaidh Ol f 2
of grassland and moorland, and supportingedding waders including Eurasian curlew, common
snipe, northern lapwing, and Eurasian golden pld¥Mewialis apricarialThe AES options available here
are the same as those available in all othgrland regions of England and similar to schemes

elsewhere in the UK.

5.3.2 Respondent recruitment

9UKAOI f I LILINE @I f gla 2001 AYSR FTNRBY GKS | yADSNE
(application number 032479), and informed consent was obtainem fall respondentéseeAppendix
E.1)

Potential respondents were identified from a list of 58 farmers, providedhbySouth West Peak
Landscape Partnership, whose land was considered likely to be suitable for.rlisbdist was broadly
representatve & (G KS (eLSa 2F FFNYSNB 6AGKAY (GKS addzRe N
2F GKSANI AYGSNBaild Ay oAftREATS O2yaSNBFGA2y 2NJ S
participation in rush management through AES for many farn28sAES participants; 15 nGAES
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participants; 15 unknown statlisInitial contact with potential respondents was conducted via
telephone or in personWe contacted potential respondents at 55 of these 58 farms and asked if they
wished to take part in a study albit rush management and AES to see how rush management within
AES could be improved using the knowledge and understanding of SWP farmers (the 55 farms
consisted 026 AES participants, 15 néES participants, and 14 respondents with originally unknown
AEJarticipation status.

We completed interviews with 37 farmers (response rates wefs 08 AES participants; 73% of non

AES patrticipants; and 50% of respondents with originally unknown AES participation). Final sample
sizes were fairly evenligalanced between farmers currently (n = 20) and not currently (n = 14)
participating in AES prescriptions to manage rultiree farmers did not manage rush on their farm

at all. These 37 interviews comprised 16 famdace interviews conducted in early Mz 2020, with

the remainder conducted remotely via telephone from nrhildirch to early September 2020 in
accordance with COVI® regulations. Each interview phase comprised a mix of AES participants and
non-AES participantdlost interviews (32 out of 3%yere held with a single respondent, the principal
farmer for the landholding. However, some interviews (5 out of 37) were held with multiple
respondents from the same farqthe principal farmer and one or two relatives who also played a

role in making faming decisions.

5.3.3 Data collection

Interviews were conducted using a sestiiuctured approach supplemented with questionnagtyle
guestions, with the interviewer filling in the forms based on verbal responses from the respondents.
Interviews collateddata onrush management practices, their perceived efficacy and potential for
improvement, AES participation, environmental attitudes and knowledge, and social ndhas.
guestions were asked in the order of the questionnaire (see Append)xuBless a espondent
unintentionally answered a forthcoming question in response to an earlier question in which case the
order varied to enable a freBowing conversation. Interviews were audiecorded using a
Dictaphone (Sony IGDX560 Digital Dictation Machinepll interview audierecordings were

transcribed using Trint transcription software (Trint Ltd., London, England) and checked for errors.
5.3.3.1 Description of the study system

Information regarding rush cover, its impact on the farm and environment, iEnchanagement
provided an insight into the study system. Respondents were aske® & 2dz KI @S NHzA K 2VY
OLRGSYGAl T NBaLkeng@alSlady WS alQy? dzyiR AW 2NHza K 2y @ 2 dzN

M @ §poteditidd esponses: ¢WO2y A A RSNI 0 &£BY REOWST S {SaR; BRI OINIK- (1af R -
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RS ONBEB I gu§/RQ 50 K- WaT A>3 Kpli £ & ¢ WAYY2CRNSBNI 50SSR (B WO RB B a EBRONE O F
AYONBIASRQU® ¢K2aS ¢gK2 NI Lxsked SrRhe bverdl fnipatBod thd y  NHza
guality of their land from a) a farming perspective, and b) an environmental perspective (potential
responses: tWO2y & A RSNI 0 f @Y YRRIONE YISy (Bl ¢S (B XS Y @ (RSI N& Y S
Wy 2 A YdWAd A3 Kpi £ & ¢ WYSY/RESSFINIORS 80 Soc YOG TARAARISNO Dt Ry R Sy S
respondents were then asked,| I+ @S &2dz YI yI 3SR NMzda K 2 ypotenfatizNIJ F I NI
NEBalLRyaSay wesSaQs | yR Wy2Qu dthed&StisLygaysRvErg dsked to K2 K |
describe how they typically managed rush within this time period regarding cutting rush (including

what they did with the rush that had been cut), aftermath grazing, herbicide application, and the

proportion of rush managed ithin a field.
pdoPdPodH CINX¥SNBEQ SO2ft23A0Ff dzyRSNRGIYRAY3I 2F (1 KS

Respondeii Q &1 RSNJ ARSYGAFAOFIGA2Yy &1 At &verd agsRssgdy2 o SR 3
jdz- f AGFGA @St & RSAONAROGS T NISNEQe fiSOdd ehsut@lof dzy RS
NB a LJ2 yaRifyytdi ideftify four wading bird species that breed in the S\Wtthern lapwing,

Eurasian curlew, common snipe, and Eurasian golden pléreen a photograph of each species (see

Appendix E.Zor photographs)Colloquialnamé@ ¢ SNB | OOSLIiSRT F2NJ SEI YLX S
for northern lapwing (Tabl&1). Respondents were scored one point per correctly identified species

and this scale thus varied from zerotofomrS a LI2 Yy RSy G aQ 1y2¢6ft SR3IS 2F 41 RS
asessedbyaskingl 246 KI @S ONBSRAY3 gl RAYy3I O0ANR LI Lz | GA2
0KS f I & (scored ondesBVenpdink lskert scale (W O2 Y aARSNI 0o icWYRRONB G §B&C
RSONBS (W8 R QS Kal f & ¢UR/S20 NBK¢ BY/ETRINBTK dpf 8¢ WAy RGN &I SR @5 Ag/ ONS
and7¢WO2yaAARSNIrof e AYONBIFI&aASRQUO®

5.3.3.3 Agrenvironment scheme participation

Participation in rush management AES prescriptions could be influenced by a plethora of reasons.
Respondents who had manage NXza K Ay (GKS € ald 7TlhBSlastfiGelyddts, oy T
were any of your fields that received rush management managed as part of aanagonment

schemé 6L GSYy (A lfWH N BRAY YS Y IS R-SY HA NP WU S IF 2 GK &Y
WAl NISR YIyI ISy dr Ry AdRE ACGKSBERO dzii y¥ad MVNIBASR
managing as part of an agiy A NR Yy YSy i &aOKSYS odzi y2egWlyilgll&5R
managed outside anagy A NR Y YSy & & OK & YeSpanses, farneis dRe agsigned t& S

2yS 2F Gg2 3ANRdzLJA F2NJ GKS ljdzt yiAGEFEOGABS +ylLfteas
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SY@ANRYYSyYyld 4&ao
SY@ANRYYSyYyid &0

6NBalLl2yasSa m FYyR HO- YR W
ONBalLkRyasSa o |yR
For farmers currently managing rush as part of an AES (responses 1 and 2) and those who started
managing rush as part of an AES but now were managing outside one (response 3), we requested the
AES and the specific prescription most frequently usdtflimvithis AES that the rush was managed

under.
pdododn t SNOSAGSR STFFSOUAOSYySaa 2F FINNYSNEQ 246y

4 GKSNB INB YdzZf GALX S 2LIiA2ya YR O2Yo0AYyl iAz2ya 1
rush management approachmayvarg. ¥ aidl 6 SYSy da OF LJidzNBR NBalLRyRS:
asking to what extent they agreed or disagreed, using a speén Likert scale (potential responses:
1¢WAUNRYIf & cRYXARINE S OF e A ITXKNK £ Q BRASA (ITFEBHE QIF 3 NS
RA&AIF INBEQEIARGIRVYRBRRBS A5t & VANEEWNI{ & yIRENMBI&IQO = A i
approach to rush management has improved the quality of my land from a farming perspektive: y' R

A ANy typical approach to rush management hamproved the quality of my land from an

environmental perspecti¢e ®
5.3.3.5 Perceived effectiveness of rush management AES prescriptions

¢2 3l dzAS FTIENNSNAQ LISNDSLIIAZ2ya 2F GKS STTAOI O 27
their own direct exprience or through discussions with other people, we asked respondents to what
SEGSyid GKSe& I 3aINBSR 2NJ R RushmhNdgenBnt agdnvirénménpsgherdel | G SY S
prescriptions are effective at reducing rush cévedr | yRRsh managemient aigenvironment

scheme prescriptions are effective at improving habitat for breeding wadingg bkds dzdsdvehd

point Likert scale from strongly disagree to strongly agree. Separate indices of perceived effectiveness

were generated for these two statemesitindex of perceived effectiveness at reducing rush cover,

and index of perceived effectiveness at improving wading bird habitat. Farmers who reported that

they did not know (n = 13 for reducing rush cover; n = 11 for improving wader habitat) were removed

from the dataset for models including either variable.
5.3.3.6 Attitudes to bird conservation

To quantify the general attitude of respondents towards bird conservation, respondents were asked

to what extent they agreed or disagreed with two statementingsa severpoint Likert scale from

strongly disagree to strongly agree. These statements assessed the importance of birdlife on their

FENY FyR O2yaSNDAY3 6+ RAyY3I 0dedmBueinhilidylaiga nuintyersti K & 8
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and variety of bidlife on my farné =  ICghBervation of breeding wading bird populations in the
South West Peak is importantd { O2 NB& T2NJ 6KSasS (g2 aiakaedrSyida o

P=9.012% N = 37) and thus summed to generate a single indékrdfconservation attitudes.
5.3.3.7 Wading bird habitat knowledge

¢tg2 adqlaSyYSyda O2yOSNYAy3I FIFENNYSNBRQ (y2¢6ftSR3IAS 27
bird species: northern lapwing, Eurasian curlew, common snipe, and Eurasian golden plogter,

are the most widespread and abundant waders breeding on farmland in the. SWRssess
NEaLRyRSyGaQ 1y2e¢fSR3IS 2F GKS @S3SGrFiAz2y aidNHzi
asked to what extent they agreed or disagreed with the statements tha&gtimum rush cover differs

between breeding wading bird spedieE I ¥ RosaichoDshadter and taller vegetation is beneficial

for breeding wading birds = dza A ydint Liked S#&Srgm strongly disagree to strongly agree.

Scores for these to statements were positively correlated € 0.615;P=5.141% N = 37) and thus

summed to generate a single index of wading bird habitat knowledge.
5.3.3.8 Perceived social norms

To assess whether the respondents prescribed to social norms, respondemes given two

a0l G6SYSyida O2yOSNYyAy3 ySAIKO 2 dzNfoiyit Liked lscsldy fotB Q LIS N
strongly disagree to strongly agree. We asked to what extent the respondents agreed or disagreed
gAUGK (KS aliik imBoYtadtythatn®igbduring farmers approve of the way | manage my
FIN@EWAIGNRYIE & ¢RAGNARWNBSER = | IBINGARGRd Bish lagtdrding th agri &
environment scheme prescriptions, neighbouring farmers would consider me to be a good farmew
cWa i NByaAlf BNBSONR It @ | INBSQUd b2iGS GKFG 6S dza
0KS FANRG adlFdSYSyd o0SOFdzasS ¢S OFtOdzZ SR GKS LI
single index of perceived social norms. A 0 score for thesiasément (i.e. strongly disagree that it

matters if neighbouring farmers approve) will thus generate an overall score of O for the importance

of social norms, and high product scores indicate that social norms encourage the farmer to manage

according to &S prescriptions.
5.3.3.9 Importance of rush encroachment for wading birds

Respondents were asked to state whether they thought rush encroachment had a positive or a
negative effect on breeding wading bird population sizes and to rank the importancesoéftact
from zero to ten (0O = not important; 10 = extremely important). Based on the direction of effect and

importance rank, each respondent was then assigned a score ranging -ft0m(strongly
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disadvantageous) to +10 (strongly beneficial). One respanddno did not provide a score was

assigned a score of 0.
5.3.3.10 Index of grazing livestock intensity

Respondents were asked for the number of animals present on their farm within different grazing
livestock categories (TablE2). The number of animal® each category was multiplied by the
corresponding livestock unitdNatural England, 2017he sum of these values for each livestock
category was divided by the total farm area (hectares) to generate an index of grazing livestock

intensity (livestock nits per hectare).
5.3.3.11 AES patrticipation motivations

Farmers who were currently managing rush as part of an AES (see section 5.3.3.3) and farmers who
A0 NISR YFyF3IAy3 NHzZAK & LINILG 2F Fy | 9Whato dzi Yy 2«
influencedyour decision to participate in this specific agmvironment scheme prescriptigh?® C I NJ S NA
K2 gSNB OdzNNBydGfe Yyl 3y 3awnNgmysu ndtdniichderntnaget |y |

rush as part of an agenvironment schemé? 0 Zhd&dyuestions
5.3.3.12 Calesigning rush management AES prescriptions

CFENYSNEQ 6SHfGK 2F 1y26tSR3IS IyR SELSNARSYyOS 02y
provides an important source of information for improving the efficacy and uptake of rush
management AES prescriptions. We asked all respondents to read a surofmiiiy GS16 rush

infestation control supplement, the main prescription targeted at radeiminated fields that was
FgrAtloftS +d GKS GAYS 2F GKS AyUuSNBASGa GAGKAY
current English AES in 2020; ggapendix E.2or GS16 summaratural England, 2018We then

asked respondents two opeB Y RS R |j dA®Hhat) ik @nything, waduld you change within the

current Countryside Stewardship GS16 rush infestation control supplement in order to improve the
effectiveness ateducing rush cover and why/? | i§'ylRu were focusing solely on managing rush to

benefit breeding wading birds, what (if anything) would you change within the current Countryside
Stewardship GS16 rush infestation control supplement andévldy? w S & Li2rg’ gRofngiteéid iwhen

required, for any potential changes regarding cutting rush, aftermath grazing, adding in herbicide
application, or the proportion of rush to be managed within a field. For each of the two questions, if
respondents suggested changes<aers could be the same or different for the two questions), we

I & | BtResaproposed changes were implemented in aremrironment scheme, do you think they

g2dZ R AYONBIFaS 2NJ RSONBIFasS GKS f A ¢SS Adk@iaRl 21F T
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point Likert scale from considerably decrease to considerably increase (potential responses: 1
WO2y aARSNI oduery 2RREOINEKIISE SEWRCHOEEK (I 8 & DK 8 0 RK ¢ WSt BT K lpf &
AYONBCWUYS2XORES NI (1 St & QUORNBAAGRSSINE olfyBR ATy ONB I a S QU @

Rush cutting constitutes a major part of rush management. The effort required by farmers to cut rush

will be dependent on the rush cutting pattern, with rush cut in a single, large block likely to be less
time-consuming. Theresianecdotal evidence, however, that managing rush to create a mosaic of
smaller cut and uncut patches may benefit breeding wading birds by reducing perceived and actual
predation risk, for exampléFisher and Walker, 2016) w S & LJAikelR&y i arPlement this

Y24 A0 NMza K Odzi G Ay 3 LI Wolldyedy consitied changing $oarauSHeuting | a
pattern within a field to multiple, smaller cuts if there was a benefit to breeding wading birds®?y” T

34), using a sevepoint Likert scale from considerably unlikely to considerably likely (potential
responses: tWO2 Yy aA RSNI qW¥2 RA NI § St adyAtBAK](S @& WaIS/Af GAK] SSNJ &f R>]
Y2NJ dzy ficWEi SA BREECWPY X RN BASWORYEANARSNI oYy R T A1 St &Qo

5.3.3.13 Socidemographics

A 2 4 A x

2S 02ttt SOGSR RIGF 2y NBaLRyRSydiaQ 3ISYRSNE | 3Ssz ¢
farming, and land ownership (Tali8). Age was recorded in categories{2§ 3544; 4554; 5564;

65-74; 7584; 8594) with the midpoint of each category used in analyses. For highest education

jdzt t AFAOIGA2Y S Wh tS@StkD/ {9 2N SljdA@IfSyidiQ I yF
OF G S3I2NE 6WaOK22f fS@St SRIORIWRYBKINI FRINBY R SHNH
Fy FTRRAGAZ2YIE aAy3atsS OFGS3I2NE OWKAIKSNI f S@St SR
5.3.4 Data analyses

5.3.4.1 Quantitative statistical analyses

All statistical analyses were conducted in R version §®.Gore Team, 2028hd modelled farmet Q

i) current participation in AES (generalised linear model with binomial error structure and logit link),
i) perceived effectiveness of AES rush management prescriptions at improving wader habitat
(cumulative link model (CLM) with logit link, using thkelinal package Ghristensen, 2019))iii)
perceptions of whether their typical approach to rush management improved the agricultural quality
of their land (CLM with logit link), and iv) the environmental quality of their land (CLM with logit link).
For CMs, we checked for proportional odds assumption violations using the nominal_test and

scale_test functions in the ordinal packg@hristensen, 2019nd when predictors violated this CLM
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assumption, we included these variables in the model using the oispenominal or scale argument
(Christensen, 201® Ly |t OF 4Sa ¢S ?adziBeasaur®d expah&ofyTapacityd S dzR 2

Our approach was to conduct modelling in a tatage process to avoid owitting models. In stage

one, we assessed whicif &ny) sociedemographic predictors were associated with each of our four
response variables. We did this by constructing a null model and a series eflsauigraphic models

that consisted of all possible combinations of our five sagmographic variles (gender (two
categories: male, female); age (continuous); highest education qualification (three categories: none,
school level education, higher level education); years spent actively farming (continuous); land
ownership (three categories: landowngenant, landowner and tenant); TablE2). We retained, for

stage two, soci@lemographic variables contained in the model with the lowest Akaike information
ONAGSNR2Y 6AGK O2NNBOGA2Y F2NJ avlff &b yvyuwesS aiil s
null model; if the null model had the lowest AlCc, we did not retain any stsitographic variables

for use in stage 2 models (see TabBk for results of stage 1 modelling). In stage two, we constructed

a series of models for each response varidbé focused on testing specific hypotheses whilst taking
into account the soci@emographic variables selected in stage one and grazing livestock intensity
(natural logarithm transformed). We first constructed base models that only contained-socio
demogiaphic variables and grazing livestock intensity. Each of the initial base models contained either
a single socimlemographic variable or grazing livestock intensity. The final base model contained all
socicdemographic variables and grazing livestock istgn To the final base model, we then
constructed a series of models, each of which included a single additional predictor which was selected
to test a specific hypothesis. We then distinguished between these competing models based on their
AICc values,ral checked that their AICc values were lower than those of the null model (i.e. model

without any predictors) and the base models.

pPodPn dmMdM CI NY¥SNEQ RSOAAA2YyE (2 LI NIAOALI GS Ay N

2 KSY Y2RStftAy3a Tl NdSNMESO Darhehtl iahagibd rashi dutSide lodlar AES
prescription; 1 = currently managing rush as part of an AES prescription) in stage two, we included the
following predictors in addition to the base model (grazing livestock intensity and agejdi) bi
conservation attitudes index (testing the hypothesis that farmers were more likely to participate in

AES if they had stronger pomnservation attitudes), ii) wading bird habitat knowledge index (testing

the hypothesis that participation is higher whéarmers had greater ecological knowledge), iii)

perceived social norms index (testing the hypothesis that farmers were more likely to participate if
GKSe gSNB AYyFtdzSYyOSR 068& UGKSANI ySAIKO2dzZNEQ | LILINE ¢

perceived AES effectiveness at reducing rush cover, and v) perceived AES effectiveness at improving
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gFrRAY3I O0ANR KIOAGFG ONBaALISOGA@GSte GSadtAy3da KeLRi
were more likely to participate). All predictors were assurt@btle continuous.

pdodndmMdH CI N¥YSNEQ LISNOSA QD
bird habitat

R STFFSOGA@SySaa 2F NA

2 KSYy Y2RStftAy3d FIEINVSNAQ LISNOSAOSR STFTSOGAPSySaa
wader habitat in stage twjove included the following predictors in addition to the base model (grazing

livestock intensity): i) bird conservation attitudes index (testing the hypothesis that farmers were

more likely to perceive AES rush management prescriptions to be effecthayihad stronger pro

conservation attitudes), ii) wading bird habitat knowledge index (testing the hypothesis that farmers
GSNE Y2NBE tA1Ste (G2 LISNOSAGS ' 9{ NHaAK YIylI3SYSyi
greater ecological knowledge), iferceived AES effectiveness at reducing rush cover (testing the
KeLRGKSaAa GKIFIG FTFENXYSNBQ K2 LISNOSAOGSR '9{ la S
perceive AES as effective at improving wading bird habitat), and iv) rush encroachmenaimpor
OYEFGdzNF £ f23FNRAGKY b MM GNIYaF2N¥YSRT GSadiay3a i
encroachment to be an important negative driver for wading bird populations were more likely to
perceive AES as effective at improving wading bird habifdt) predictors were assumed to be
continuous. As the model with rush encroachment importance failed the scale effects test and thus
violated the proportional odds assumption of CLMs, this predictor was included in the model using

the scale argumeniChrisensen, 2019)

pPodndmdo CIN¥YSNBRQ LISNOSAOBSR STTSOGAQPSySaa 27

perspective

2 KSYy Y2RSffAYy3I FINNSNEQ LISNDSLIIAZzya 2F 6KSGEKSN
improved the agricultural quality of their land stage two, we included AES participation (testing the
hypothesis that farmers who currently participated in AES were less likely to perceive their rush
management approach as improving their agricultural land quality; two categories: currently
participating, not currently participating) in addition to the base model (grazing livestock intensity and

highest education qualification).

pPodndmMdn CI NY¥SNEQ LISNDSAGSR STTSOGAOSySaa 27 24

perspective
When modelling f NYSNARQ LISNOSLIiA2ya 2F gKSOUKSNI GKSANI (¢

improved the environmental quality of their land in stage two, we included the following predictors

in addition to the base model (grazing livestock intensity): i) AES participaiiim( the hypothesis
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that farmers who currently participated in AES were more likely to perceive their rush management
approach as improving their environmental land quality) ii) bird conservation attitudes index (testing
the hypothesis that farmers werenore likely to perceive their rush management approach as
improving their environmental land quality if they had stronger-pomservation attitudes), iii) wading

bird habitat knowledge index (testing the hypothesis farmers were more likely to percesrertish
management approach as improving their environmental land quality if they had greater ecological
knowledge). AES participation included two categories: currently participating (1), and not currently
participating (0). Bird conservation attitudesdex and wading bird habitat knowledge index were

assumed to be continuous.
5.3.4.2 Qualitative content analyses
5.3.4.2.1 Thematic analysis

Thematic analysis of opeended questions was performed by manual coding whereby mutually
exclusive themes wereegiphered from the responses to each question. We initially analysed
responses to questions regarding the factors that motivate farmers to manage rush within or outside

2T Iy 1 9{ \wWinBr@nddyduAdecsivn taparticipate in this speaiitenvironment

scheme prescriptiod? | WY ddiyou not/no longer manage rush as part of an-agsironment
scheme®2 ® ¢KSy> (G2 &SS AFT YR K2g TFINNYSNAR g2df R
prescriptions, we analysed responses to two further questiofWhait (if anything) would you change

within the current Countryside Stewardship GS16 rush infestation control supplement in order to
improve the effectiveness at reducing rush cover and why? if fou were focusing solely on
managing rush to benefibreeding wading birds, what (if anything) would you change within the
OdzNNBy G [/ 2dzyiNBAARS {(GS6FNRAKALI D{mc NIzZAK AyFSai

Themes were independently identified by two researchers which were then compared and discussed
to gererate a final set of key themes for each opemded question. For each question, responses
were then independently assigned to the selected themes by the two researchers, and any
disagreements discussed until full agreement was reached. When assigningstheesingle response
could be aligned with multiple themes and thus the cumulative number of themes identified for each
guestion is greater than the number of respondents. The relative importance of each theme is
indicated by the number of responses. HEgdrom responses to opeanded questions are included

to illustrate themes and provide additional detail.
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5.4 Results
5.4.1 Description of sample population and study system

Respondents were typically older (median age 59.5) males (75.7%) with letsnafig experience
(median 40 years) who owned their own land (83.8%; although 25.8% also rented land), and a small
majority (64.9%) had school or higher level education qualifications (Table S2). Farm size (including
owned and rented land) varied from skifldings to vast moorland and-twye landholdings (median

= 60.70 ha; range = 7.69 to 404.69 ha). All respondents grazed livestock, especially cattle (78.4%) and
sheep (75.7%), and 89.2% grew fodder crops (56.8% hay; 40.5% haylage; 43.2% si#hges R
present on all farms and had increased on 70.3% over the last 10 years §Tabbnd perceived to

cause detrimental impacts in most cases for farming (88.5% overall: 30.8% considerably detrimental;
30.8% moderately detrimental; 26.9% slightly detrirte@pand the environment (53.9% overall: 3.9%
considerably detrimental; 19.2% moderately detrimental; 30.8% slightly detrimental). The majority of
respondents (91.9%; n = 34) had managed rush on their farm in the last 5 years, with 58.8% of these
(n = 20)currently undertaking management as part of an AES and 64.7% (n = 22) having done so at
some point in the last five years. Of this latter group, 95.5% of farmers recalled the specific AES
scheme, but only 59.1% recalled the specific AES prescription TablekE5). Most respondents that
managed rush did so with a topper or mower (n = 32), and two did so with a strimmer/brush cutter.
The vast majority of respondents left cut rush in the field (88.2%), with the percentage doing so being
relatively similarér those managing within (60%) and outside (40%) AES schemes. Similarly, the vast
majority of respondents used aftermath grazing after cutting (94.1% in total; 86% oGRAEBSN
participants and 100% of AES participanidpre information on rush managementrarctices is
provided in Tabl&S.

pPndd CFHNYSNEQ $02t23A0Ff dzyRSNEGIYRAYI 2F (KS

Most respondents correctly identified northern lapwing (94.6%), Eurasian curlew (91.9%) and
common snipe (70.3%). Very few respondents (16.2%) correctly identiffadi&@ugolden plovehut

two respondents (5.4%) did identify this species as a plover (worth 0.5 poifis) resulted in a
median score for wader identification of 3 (mear2¥6 + 0.14)The vast majority of respondents

correctly stated that waders hadkclined in the SWP over the last 20 years (83.8%; Eafjle
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Tabk 5.1 Number of respondents with varying degrees of rush cover change on their farm over the last 10 years that selectedlditetestale responses to questions
concerning the impact of this change on land quality. Respondents who reported no changeamdunt of rush on their farm over the last 10 years did not provide
responses to the impact on land quality. Likert scale responses: 1 = considerably detrimental; 2 = moderately detrimsiitdiflg detrimental; 4 = no impact; 5 = slightly

beneficid; 6 = moderately beneficial; 7 = considerably beneficial.

Has the amount of rush on Overall impact on land quality from a farming perspective Overall impact on land quality from an environmental
your farm changed over the perspetive

last 10 years? (n = 37) 1 2 3 4 5 6 7 1 2 3 4 5 6 7
Considerably decreased (n = 2 1 1 1 1
Moderately decreased (n = 1) 1 1
Slightly decreased (n = 5) 2 3 1 2 2

No change (n = 3)

Slightly increased (n = 8) 1 5 2 1 5 1 1
Moderately increased (n = 9) 2 5 1 1 5 1 1 1 1

o
N
'_\
w
N
N

Considerably increased (n = 9)
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5.4.2 Quantitative statistical analyses
5.4.2.1 Participation in rush management AES prescriptions

The model testing theK& LI2 6 KS&aA & GKIF G LI NGAOALN GAZ2Y 61 & |3
effectiveness of rush management AES prescriptions at improving wading bird habitat had the lowest

AICc value (substantially lower than the null and base models) and the greatest emplamaiver

6aOCl RRSY Q&= (Q53% dzlias.2).wFarmers who perceived rush management AES
prescriptions to be more effective at improving wading bird habitat were less likely to currently
participate in AES, but the relationship was marginally-sigyi A ¥ A O |-6/709, $E = 0/576,=
noénypo® ¢KS Y2RSt GSaidAy3a GKS IftGSNYylGA@S KeLRil
perceived effectiveness of rush management AES prescriptions at reducing rush cover had a slightly
higher AICc valusslightly lower explanatory power, and negligible evidence for an association
0SG6SSY LI NIAOALN GA2Yy -0/289, SHS-NIDOBAOBSRTaSEE e A ISy S 3
was no evidence from these models that participation was associated kétintensity of livestock

grazing or farmer age (Table 4). The other three models testing the hypotheses that participation was
F3a20AF0SR 6AGK FINNSNEQ O0ANR O2yaSNBFGA2y FGdA
social norms had AICc valubgjher than the null model and thus, these hypotheses received

negligible support and are thus not reported (see Tab®.
5.4.2.2 Perceived effectiveness of rush management AES prescriptions

CFNXYSNEQ LISNOSLIiAz2ya 27F UK SscriptbisftohifipiovezhdbitalNitiza K Y Iy
waders was significantly positively associated with perceived effectiveness at reducing rush cover
6aOCl RRSYy Q& nlalSdzR? iw [ Pw ®800002. THisWvaslthe anty sedel Xith a

lower AlCc thanthenil Y2 RSt X IyR GKSNB gl a y2 SOARSYyOS (Kl
influenced their perceptions of rush management effectiveness (TaB)e The other three models
G6SadAay3d GKS KeLRGKSaSa GKFG LISNDS AbdScBnsed/atisnS OG A @S
attitudes, wading bird habitat knowledge, and rush encroachment importance score had AICc values
higher than the null model and thus, these hypotheses received negligible support and are thus not

reported (see Tablg.2).

2 KAf Al HpdT: 6y T MmO 2F NBalLRyRSyida NBLRNISR i
AES prescriptions were effective at improving wading bird habitat, all 11 of these respondents had not
recently (i.e. in the last 5 years) managed rush as pararo AES. Similarly, 35.1% (n = 13) of
NBaLRYyRSyiGa WRAR y20 1y26Q AT LINBAONRLIIAZ2Y& 6 SN
had not recently managed rush with AES prescriptions.
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pdn dHPo t SNOSAGBSR STFTSO0A JHoachdrdm aXafming pehpe&idd &  NHza K

The base model including highest education qualification was the only model with an AlCc lower than

0KS ydzZ f Y2RSt YR (KAAa SELX AYSR {29086, Fddle!l Y2 dzy (
5.2). There was no edence for our singular hypothesis testing model that AES participation was
associated with whether farmers perceived their faspecific rush management approach to improve

their land from a farming perspective; the model had an AlCc value higher thanulh@odel, only

explained 8.6% of the variation and is thus not reported (Talide

pedndHdn t SNOSAYSR STFSOUALPSYySaa 2F Tl NN¥SNRa& Nz

perspective

The null model had the lowest AlICc and the three hypotheses testiodels explained negligible

amount of variation; there was thus no evidence for our hypotheses that perceived effectiveness of
FINYSNDAa NHzAK YIFyF3aSYSyd | LILINBIFOK FTNRY |y Sy@aN
LI NI AOALI GA2Yy I@Fk NS NREDI O% RS D2 yIABRI T NY¥SNEQ 6 R
5.2).
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Tabk 5.2 Quantitative models for each of the four response variables from stage two of the modelling process. Base and hypoihgsisadsts with Akaike informain

criterion with correction for small sample size (AICc) values higher than the null model are not reported and they previdemoe supporting the associations with the

response variables. Delta AICc values of the unreported models relative toltmeadel for response variable (i) were 1.695 (grazing livestock intensity and age base model),
2.250 (grazing livestock intensity base model), 3.970 (bird conservation index hypothesis model), 4.098 (wader knowbetigpatitesis model), and 4.112 (&morms

index hypothesis model). Delta AlCc values of the unreported models relative to the null model for response variable i) lve(bird conservation index hypothesis

model), 3.662 (grazing livestock intensity base model), 5.553 (rush encreatimportant hypothesis model), and 7.845 (wader knowledge index hypothesis model). Delta

AICc values of the unreported models relative to the null model for response variable (iii) were 0.959 (grazing livestsitik ard highest education qualificati base

model), 2.493 (grazing livestock intensity base model), and 4.623¢f@gronment scheme (AES) participation hypothesis model). Delta AICc values of the unreported
models relative to the null model for response variable (iv) were 2.732 (grazésgolck intensity base model), 4.229 (bird conservation index hypothesis model), 5.769 (AES

LI NGAOALI GA2Yy KeLRGKSaAa Y2RSt0ZI YR condd 66 RSN |y &thd r&fdreBcd levelfdr Bidghestkettig (1 K S a A &

gualification. Grazing livestock intensity is natural logarithm transformed.

Response variable Model Predictor variable aOCl RR¢AICc
structure Grazing livestock Age Highest education Perceived AES Perceived AES pseudo R
intensity qualification effectiveness; effectiveness; rush
wading birds cover
(i) AES participation Generalised Null model i.e. no predictors 48.195
linear model;
binomial i =-0.048 0.060 47.687
error SE =0.031
structure; P =0.096
logit link
I =-0.300 I =-0.033 w=-0.709 0.539 31.219
SE =0.783 SE =0.046 SE =0.576
P =0.699 P =0.443 P =0.085
I =-0.325 I =-0.059 w=-0.259 0.512 32.588
SE =0.804 SE = 0.052 SE =0.295
P =0.682 P =0.210 P =0.352
(i) Perceived AES  Cumulative Null model i.e. no predictors 96.481
effectivenesg link model;
wading birds logit link i =-0.230 i =21.127 0.290 82.453
SE = 0.555 SE =0.324
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P =0.678 P = 0.000002
(iii) Perceived farm  Cumulative Null model i.e. no predictors 114.196
specific rush link model;
management logit link None 0.085 111.703
effectivenesg; farm i =2.850
quality SE =1.020
School level
education
qualification
i =1.908
SE =0.921
P =0.013
(iv) Perceivedarm-  Cumulative Null model i.e. no predictors 118.323

specific rush link model;
management logit link
effectivenesg

environment quality
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5.4.3 Qualitative content analyses
5.4.3.1 Motivations for AES patrticipation

The 22respondents who had managed rush as part of an AES prescription within the last five years
(including two respondents who no longer currently managed rush as part of an AES) provided six
themes (five main themes and one stiieme) as reasons for their péipation. Themes are
describedin order of their frequency for those that were reported by more than 15% of the
respondents (see Table3). The most frequent stated reason (54.6% of respondents in this group)

gl & AYONBLI a3 Reanr theminsSau céh'tpthete's precious little money in farming now,
particularly in these upland hills and therefore you've got to generate cash in other ways, and the HLS
[Higher Level Stewardship AESheme is one particular way of doing that OGNS & L2 VnRSy i o c
second most frequent stated reason was to help the environment, wildlife, and plants (n = 9; 40.9%;

S ® 3Mell, because we've always farmed this farm for wildlife actually, and managing it for
environmental reasons. So, yeah[AES prescription forush managementjvas an opportunity to

continue doing it, realf/¢ respondent 35). The third most frequent reason was convenience as rush
management AES prescriptions fit in with their farming activities and lifestyle, particularly because
theywerealreR@ Y Iy 3Ay3d NHzZK 2y (i KSdkh'NBEVE lo Mdke anyradicaly T o c
changes to my farming practices when | joined the scheme because | was already farming that way. |

was already farming extensively. Not intensigely o NB & LJ2 yiRoSasés, thisiwasdecauge their

farm contained land designated as a Site of Special Scientific Interest (SSSI) and rush management was
mandatory as part of the SSSI management agreenténs the farmers decided to join a rush
management AES prescriptiona G KS@& g2dz R KIFI @S G2 YIylF3S (KS N

SSSiI status, and it therefore provide them with a financial benefit
5.4.3.2 Motivations for not participating in AES rush management

The 14 respondents not currently managing rush as paan AES provided eight themes regarding

decisions to not or no longer participate in a rush management AES prescription. Themes are
describedin order of their frequency for those that were reported by more than 15% of the
respondents (see Table3). The most frequent stated reason (35.7% of respondents in this group)

gl a GKFEIG GKS a0KSYSa ¢ SweSourd yoi theTdiferedtisShghies that vief SE A 0
could get, just like for what ground we have, we'd have to jump through serious hogpsrito the

things. And for what we could actually get out of it, weren't a great deal compared to how much we'd

have to change our farming polcy NB & L2 YRSy i o08d ¢KS F2fft26Ay3I ¢

were provided by four farmers each (28.6%he first reason was that the schemes provided
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AyadzFFAOASY G FAyTher® wast thatAnyuhSty (t{Nighér Levé& Gmwardstip
prescriptions]for very little return, we decided it wasn't worttt i respondent § and the second
reason was thathe farmers were not aware of rush management prescriptions. The fourth most
frequent stated reason (21.4% of respondents in this group) was that the schemes lacked
dzy RSNEGFYRAY 3 27T | HoR'tQHink it's@eayl kelpfil by2hAving yodiles3rade dy

people that have no idea what your conditions are like and aren't really inteested NS & LJ2 Y RSy G
5.4.3.3 Calesigning rush management AES prescriptions

Many farmers thought improvements were required to the current major AES mesagement

prescription (GS16 rush infestation control supplement) to benefit farming (n = 20, 54.1%) and wader
populations (n = 15, 40.5%). Nine themes for improvements were provided; these are described in

order of their frequency for themes that weregerted by more than 15% of the respondents who

suggested improvements (see Tabl&)5The most frequent suggested change was regarding rush

cutting requirements (farming: n = 12; wader populations: n = 7), with most farmers requesting more

flexible cuttird R I { Sligs redll$ gbaldot to cut therfiush]when wading birds are nesting, but

if the season starts early or late, | wonder if those dates are a bit too inflegitdspondent 19); two

farmers specifically mentioned that cutting date flextyishould be on a fardby-F I N o6l BA & 0Sd
GKAY 1S @2dz (Y263 &2dz aK2dzZ R 6S o6fS (2 KI @S +y 2
G2 6SS1a 2yS glesx (62 6SS1a obKSE dAd K peadf@idnl YR Q& B
or, you kow, the scheme's permission and tiilatural Englandi F AR WY& St K> (KS&@ugsS
bit more, yeah, just not complete flexibility where thgarmers]just go willynilly sort of thing but

yealt ¢ respondent 3). Other rush cutting requirementggestions included two cuts within a year,

increasing the rush cutting area, and not cutting on rotation. The second most frequggésted

change was to permit the use of herbicides (farming: n = 10; wader populations: n = 5), with most of

these farmersseeking permission to use weed wipers due to the ability to target specific areas of the

F A S RWVhat $o® ebdid try is where th§gush coverlare very bad, you could weed wipe patches,

you know, strips and stripes. You know, you've got to feel yosa@d of leave a few metrdef rush]

in a strip. And then you could weed wipe a piece and then leave another strip and do it kke that
AYGSNDASG o100 | fGK2dAK | O02dzLX S 2F T Nhebigh (Kz2d
secret to geting farmers and get me onside would be allowing a certain amount of boom spraying
because | think that's 100% more effective than weed wiping. | mean in a controlléd reapondent

27).

The improvements suggested by farmers were similar for farminguantgrs. Ten farmers suggested

the same changes for both. Those farmers that indicated different improvements were required (n =
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4) suggested fewer or less intensive changes to benefit wader populations compared to farming, with
differencesrelatingtoh@& A OA RS | LILJI ASOIB A AOA YR Sy 62 def TRYaQG 82 | ye g
¢CNBALRYRSYG pu YR NYza K O dzfidokt yhiiik ybuyd But dsdimick wadlgd @ S NJ
82dzK LF @2dz 6SNB  YI yI Fxyespondent 26). FohkrriokeSsix dafmiers y 3 0 A |
suggested changes to benefit farming but no changes for wader populations, whereas one farmer
suggested no changes to benefit farming but changes for wader populatibost farmers who

suggested improvements felt that they would madeely or considerably increase participation

(farming related improvements: 80.0% of the 20 respondents, mean Likert score 5.9 + 0.2; wader

related improvements: 80.0% of the 15 respondents, mean Likert score 5.5 £ 0.4).

In addition to questioning farmerabout improvements to AES prescriptions for rush management,

g KSy I'WolldyBu cansider changing your rush cutting pattern within a field to multiple, smaller
Odzia AT GKSNB gl a I 0SynSB4,moshArmarsNGB-S28; By)Btated | R A y 3
that they would be likely to implement a mosaic rush cutting pattern on their farm, with the majority

moderately or considerably likely (n = 27; 79.4%).
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Table5.3. The two aspects within which opeanded questions were thematicallpded, the number of respondents who provided answers to those questions, the themes
identified from those responses, and the number of respondents who were assigned to each theme. The number of assigngéehtesmmennoted for farmers who are
currently managing rush as part of an AES (AES), farmers who are currently managing rush outside of an-AES)(ldad all respondents combined (Total). SSSI denotes

Site of Special Scientific Interest.

Aspect Openended question Number of respondents Themes Number of respondents
who responded reporting each theme
Total AES Non-
AES
AES What influenced your decisionto 22 1. Implement appropriate ruslmanagement 2 2 0
participation participate in this specific agri 2. Increased income 12 11 1
motivations  environment scheme prescription? 3. Help environment, wildlife, and plants 9 8 1
4. Compulsory participation with land 3 3 0
5. Fits in with farming activities or lifestyle 6 6 0
5a. Fits in with farming activities tfestyle¢ SSSI 2 2 0
Why do you not/no longer manage 14
rush as part of an agenvironment 1. Insufficient financial incentive 4 0 4
scheme? 2. Contract period too long 1 0 1
3. Scheme insufficiently flexible 5 0 5
4. Lack of localonditions understanding 3 0 3
5. Rush cover minor problem 2 0 2
6. Did not qualify 1 0 1
7. Not aware of rush management prescriptions 4 0 4
8. Current restructuring of schemes and payments 1 0 1
Caodesigning What, if anything, would you changt 37 1. Herbicide application 10 6 4
rush within the current Countryside 2. Limeapplication 1 1 0
management Stewardship GS16 rush infestation 3. Cutting requirements 12 7 5
AES o f:ontrol supplemen_t in order to 4. More practical advice 2 2 0
prescriptions improve the effectiveness at 5. Cutting aftermath removal 5 5 0
reducing rush cover and why?
6. Rush cover target 2 2 0
7. Increase stocking rates 3 3 0
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8. Rush prevention work 2 1 1
9. Organidertiliser application 2 1 1
10. No changes 17 7 10
If you were focusing solely on 37 1. Herbicide application 5 4 1
managing rush to benefit breeding 2. Lime application 1 1 0
wading birds, what (if anything) 3. Cutting requirements 7 4 3
would you change Withi!’} the curren 4. More practical advice 2 2 0
_Countr)_/5|de Stewardship GS16 rus 5. Cutting aftermath removal 1 1 0
infestation controlsupplement and
why? 6. Rush cover target 2 2 0
7. Increase stockingtes 1 1 0
8. Rush prevention work 1 0 1
9. Organic fertiliser application 0 0 0
10. No changes 22 9 13
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5.5 Discussion
pdpodm 2 KIG AYyFfdzZSYOSR FI NV¥SNHEQ RSOAdmanagghnient?i 2 LI NI

In our SWP study population of upland farmers, motivations and constraints that influence
participation in rush management via AES prescriptions were highlighted by both quantitative and
qualitative analyses. One of the core motivations forlpar OA LJI G A 2 y  éehviionnfehtally S NA Q
attitudes, extending this previously discovered reason for other AES prescriptions to rush
management prescriptions in the UK uplar@@gilson and Hart, 2000; Vanslembrouskal., 2002;
Defrancescet al., 2008; Beeiro-Hurléet al.,, 2010; Karalkt al., 2014) Benefiting the environment,
including birds, was often quoted indicating that these farmers believed such prescriptions could
benefit waders, possibly through reducing rush cover and thus improving wadedibge habitat.
Paradoxically, ouguantitative models found marginal evidence that Rparticipating farmers were

more likely to perceive such prescriptions to be more effective at improving wader habitat, and no
evidence regarding the effectiveness at wethg rush cover. It is important to note, however, that our
relatively small sample size codiehit the ability to detect statistical significance. Moreover, positive
attitudes to bird conservation did not translate into increased likelihood of participasimilar to
findings byGuillem and Barnes (2018)r farmers in Scotland. In contrast to their results, however,
SWP farmers had a good grasp of habitat requirements for wading birds and thus, this was not limiting
the influence of their positive atudes on participation; a knowledgaction gap is therefore
establishedKollmuss and Agyeman, 2002; Knappl., 2021)

Alongside benefiting the environment, financial incentives was a similarly, if not more, important
reason behind participation, withoth participating and noiparticipating farmers providing reasons
relating to money(Morris et al., 2000; Wilson and Hart, 2000; Defrancestal., 2008; Ruto and
Garrod, 2009; Karadit al., 2014; Lastrdravoet al., 2015) Whether the financial inceive offered is
deemed sufficient to promote participation could relate to the convenience of the rush management
AES prescriptions. Indeed, some raarticipating farmers found the prescriptions to be insufficiently
flexible and did not feel that the payents were enough to warrant the restrictions that the
prescriptions imposed on their farilson and Hart, 2000; Ruto and Garrod, 2009; EspiGasted

et al,, 2010) Moreover, some felt that the schemes did not understand that conditions differ between
farms, and this therefore acted as a further constraint to participation; for example, wet ground
O2yRAGA2Yya 2F0GSy LINBGSyld (GKS dzasS 2F NHzZaK OdzilGAy:=
management is permitted. Conversely, for participating farstherush management prescriptions
often fit in with their farming activities and lifestyle, particularly because they were already managing

rush on their farm. The prescriptions therefore provided them with additional income without the
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need to changenost aspects of their current farming practic@¥ilson and Hart, 2000; Karali al.,

2014) perhaps raising concerns regarding how much additional gain is delivered through AES
schemes. Interestingly, most participating SWP farmers were in Highe/Stewelrdship agreements

for rush management (TablE5) which provide greater flexibility than Entry Level Stewardship
(Schroedeet al., 2015) Farmspecific factors such as farm size, farm management intensity, and other
sources of income also likely uéince whether AES payment is deemed sufficiPetfrancescet al.,

2008; Karalet al., 2014; Lastrdravoet al., 2015)

The influence of social norms through neighbouring farmers can also influence AES participation as
shown byVanslembrouclet al., (202), Hynes and Garvey, (200®efrancesccet al., (2008)and

Cullenet al, (2020 &S4G ¢S F2dzyR y2 S@OARSYyOS GKIG ySA3IK
engagement motivated or constrained participation in rush management prescriptions, concurring

with Schroederet al., (2015) Perhaps, communication with neighbouring farmers may bedimi

(Emery and Franks, 2018y neighbours may themselves not have knowledge of specific AES
prescriptions because a core constraint to participation for SWP farmers was unawareness of rush
management AES prescriptions. This highlights the need for clean@munication of AES options

and for Natural England (the natepartmental public body operating AES, and sponsored by the
Department for Environment, Food & Rural Affairs) advisors to visit farmers to discuss appropriate
options available on individualifms (Morris et al., 2000) Nevertheless, combining neighbouring
FIEINNSNEQ 2LIAYA2Yya 2y NUzZAK YIylFr3aSyYSyd ! 9{ LINBaONJ
FI NYSNEQ &5 d6BAALY Wandlemirdigk al. (2002), and Culleat al. (2020) may telp

develop a more holistic metric of social norms and further understanding of their impacts on AES

participation.
5.5.2 How effective do farmers perceive rush management, within and outside of AES, to be?

2 KSYy SEFYAYAY3I FENY¥SNEQ LISNDSLIGAZYa 2F NHzAK YI
improving land for farming and waders were stronglyassociated indicating that farmers believe

waders require lower rush cover. Thus, if AES achieve theirtaiedacing rush cover, then wader

habitat quality should increase. Indeed, most ecological research does suggest that rush management

is beneficial for wader@Holton and Allcorn, 2006; Robson and Allcorn, 2006; Fisher and Walker, 2015)

but there is concar about potential increases in nest predation risk for species that nest across a

range of vegetation structures (e.g. Eurasian curlew and common snipe) and use concealment as a
form of nest defencéKellyet al., 2021) As we found that perceived effectiness for waders is greater

for farmers not participating in AES (see section 5.5.1), this suggests that participating farmers may

not have observed increased wader abundance on their farm. This could nonetheless be due to other
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drivers limiting wader popations in the SWP such as high predation pres¢8meartet al., 2013;

Rooset al, 2018) as well as thavider declines in UK wader populatiofidarriset al., 2020)

Interestingly, on farms where rush cover had increased over the last 10 years, faxrpeessed

opposing views regarding the overall impact of rush encroachment on the environment 6lHple

GKS FObGdzl £ ljdzr yiAGe 2F NHZAKEI K2SOSNE Yl & AyTFi dzf

2 KSY alAy3a lo2dzi GKS STTSO0AmSpprazhafor taingFandNl S NI a
waders, current participation in AES prescriptions did not influence this. This finding provides further
indication that not all farmers implementing AES rush management perceive it to be effective;
although,implementation of nanagement and interpretation of prescriptions is likely to be variable

between farmers(Hejnowiczet al, 2016 9 @Sy FI N¥SNEQ 61 RAy3a oO0ANR KI
conservation attitudes, which were encouragingly positive ovésalisfactory ecologickinowledge

and attitudes have been recorded in other regions and agricultural systems; for example, Guillem and
Barnes, (2013) and Hevé al, (2021) = 6SNB y20 S@OARSYOSR (2 AyTFi d

although, this lack of variation in responsedaytially explains these nesignificant associations.

5.5.3 Can the efficacy and uptake of rush management AES prescriptions be improved-by co

designing prescriptions with farmers?

CFNXYSNEQ &adzZa3Sadirzya F2N OKIF y3Ssh maradeinent AESIzZE R Ay
prescriptions for farming and wading birds were similar, indicating that few farmers thought there

was a tradeoff between rush management to benefit farming and wading birds. Yet, more farmers
suggested improvements to reduce rush cowarfarming than to improve habitat for waders. Such
differences often related to implementing fewer or less intensive changes for waders; these farmers

thus emulated the usual aims of AES which promote more extensive farming practices to benefit the
environment (Kleijn and Sutherland, 2003} is possible, however, that suggestions for farming or

waders were not provided in some cases due to lack of ideas during the interview.

Suggested improvements primarily focused on expanding treatment methods taléblerbicide
application via weed wiping and more flexible rush cutting requirements (including cutting dates,
cutting areas, and rush cover targeiijlson and Hart, 2000; Ruto and Garrod, 2009; Espitasied

et al, 2010) Individual farmers had variablopinions about the optimum weed wiping and rush
cutting methods, possibly due to environmental differences between farms such as ground conditions,
adding further support to the proposal of increased flexibility. Efficacy of such methods should be
invesigated and if beneficial, could advise future prescriptions, promotingleign of AES with
farmers(Department for Environment Food & Rural Affairs, 20B@portantly, weed wiping can be

requested in Higher Tier agreements of the GS16 rush infestaiohé N2 f & dzLJLJX SYSy G 6 A i
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current Countryside Stewardshipdatural England, 2018and has been permitted as part of Eurasian
OdzNX S¢ YIylF3aSYSyid 2y GKS wz2eéelrf {20ASiée F2N 4KS
Wales (Fisher and Walker2015) It also encouraging to note that SWP farmers were willing to
implement mosaic rush cutting patterns on their farm and thus create smaller cut and uncut rush
patches, which anecdotal evidence suggests may benefit breeding wading birds by reduRiSghva Q
perceived and actual nest predation rifkisher and Walker, 2015 his suggests that farmers are

open to applying more timeonsuming management for conservation purpogdsrzon and Mikk,

2007; Guillem and Barnes, 2013; van Bijkl., 2016)

These farmeendorsed changes are likely to increase the uptake of rush management prescriptions
according to the SWP farmers, providing further promising evidence for A&Sigm. Implementing
increased flexibility and other suggested improvements wiglso ensuring that prescriptions are
sufficiently targeted, and detailed, to deliver the required habitat improvements for waders is likely
to be a challenge without increasing access to specialised advisors on the ¢Peukitiet al., 2011)
Importartly, advisors would also help increase awareness of rush management prescriptions, a lack
of which constrained participation in the SWP. Furthermore, some SWP farmers felt that prescriptions
required better explanations regarding the best rush managemestthwds and reasons why these
benefit waders(Schroederet al., 2015; Hejnowicet al., 2016; Millset al., 2018) with a specific
request for more visits from advisors who understand the variation in environmental conditions
between farms. To enable increed flexibility on a faraby-farm basis, advisors would need to
consider annual variation in weather and the onset of spring, as well as circumstances on individual
farms such as the presence of different wader species due to distinct breeding seasays (oys

and Crick, 2004)

5.5.4Conclusions and implications

Our interviews with upland farmers in the SWP have revealed the motivations behind participation
and nonparticipation in AES prescriptions for rush management, the perceived effectivenasshof s
prescriptions, and farmeendorsed improvements that could increase the efficacy and likelihood of
uptake. Based on the identified motivations and constraints, one easy approach to increase uptake of
rush management AES is to ensure that all uplanahéas who are eligible for such prescriptions are
made aware through improved communication of AES options. Financial payment is also evidently an
important driver and thus, the feasibility of increasing payment for such prescriptions should be
assessed, with enhanced payments perhaps being linked to changes in management rather than
maintaining the status quo. To ensure that this funding is contributing to worthwhile wader

conservation, however, rush management prescriptions must be evaluated to enswyeéémefit
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breeding waders, especially as not all SWP farmers implementing AES rush management perceived it

to be effective.

CIFNXYSNEQ adaA3SadAizya F2N OKlFy3daSa GKIFIG O02dxZ R AyO
AES prescriptions primarily focused expanding treatment methods to include herbicide application

via weed wiping and more flexible rush cutting requirements. Recommendations for specific rush
cutting procedures require empirical evidence support from upland areas; although, optimalgcuttin
methods in terms of timing, height, and frequency have already received attefi{eczmaretDerda

et al, 2014; Shellswell and Humpidge, 2018; KaczmBerklaet al, 2019) Flexible management

dates, an important aspect for SWP farmers, would necdssitereased government funding for

greater access to specialised advisors on the ground. For herbicide application, if carried out
sympathetically with breeding waders in mind and prescribed alongside cutting at the right time of

year to reduce rush vigoupermission to weed wipe could help to control rusiieésher and Walker,

2015)and greatly increase farmer uptake in areas experiencing substantial rush encroachment.

Overall, we show that edesigning AES prescriptions for rush management with far(iamery and
Franks, 2012; LastBravoet al., 2015; Department for Environment Food & Rural Affairs, 20200

work with the land on a daily basis and have accumulated years of land management experience,
could be a promising option for both increasinge teffectiveness and uptake of such prescriptions.
This is timely considering AES in England are currently transitioning to the new Environmental Land
Management schem@epartment for Environment Food & Rural Affairs, 2G#@) thus our findings

could advse rush management prescriptions. Increasing uptake by farmers is key to ensuring
landscape scale implementation of beneficial habitat management for waéngtingham, 2007;
Dallimeret al., 2010; Perkinst al., 2011; Bakeet al., 2012; Burgesst al., 2015; Frankst al., 2018)

and ultimately the success of AES prescriptions.
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6.1 Key findings

Breeding populations of European waders are declinpaticularly across northvest Europe
including the UKBIrdLife International, 2017)mportantly, the UK holds important breeding wader
populations; for example, 227% of the global Eurasian Curlswmenius arquat@opulation resides

in the UK(Brown et al., 2015)Several species including the Curlew breed in the UK uplands, often in
agricultural grasslands and moorlandSnow and Perrins, 1998; Balmer et al., 2018gany
environmental change drivers threaten breeding wader populations at these upland sites. These are
reviewed inChapter 1, which highlights the overall importance of Habchange and predation, as
well as the limited understanding of how to optimise vegetation management for different wader
species in order to improve habitat quality and manage predation risk. Indeed, the low breeding
productivity that is driving poputaon declines is often attributed to poor habitat quality and high nest
and chick predatiorfRoodbergen et al., 2012; Franks et al., 2018; Roos et al.,.ZM8)iterature
review also highlights that margotentially important threats are understudiedidluding reduced
invertebrate resources. Finally, the literature review highlights the scarcity of high quality evidence
for many conservation interventions that have been proposed to benefit upland wader populations.
Whilst large proportions of upland ldacapes are managed via agrivironment schemes (AES) often
with a specific objective of supporting breeding waders, their populations are still dedJirizugks et

al., 2018)

The overall aim of this thesis was to provide novel information that wil meprove conservation for
upland waders. Due to concerns about declining prey populations for these invertdbeatiang

birds, the first aim was to investigate the environmental conditions influencing invertebrate
abundance and in turn, the potential fanvertebrate prey to influence upland wader abundance.
From a literature review of upland wader dighapter 2 revealed eighkey invertebrate dietary
groups that comprised at least 20% of the diet for at least one wader species: earthworms,
GastropodaDiptera larvae, Diptera adults, Coleoptera larvae, Coleoptera adults, Lepidoptera larvae,
and Hymenoptera adultChapter 2 also revealed environmental conditions that are important for
these key invertebrate prey for waders. Vegetation height is impartan Diptera larvae (shorter
vegetation is associated with higher abundance), and Gastropoda (taller vegetation is associated with
higher abundance). High soil moisture, without waterlogging, is important for earthworms.
Interestingly, presence of rush rmaalso be important for earthworms, potentially during drier
conditions, as well as for other key invertebrate groups (for example, Diptera adults and Coleoptera).
Managing breeding sites to retain sufficient invertebrate abundance will bolster wader gaamd

where food availability is limiting. Indeed, cranefly (Diptera: Tipulidae) abundance is a key determinant
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of European golden plovePluvialis apricarisbreeding success in two separate UK populations

(PearceHiggins and Yalden, 2004; Douglas and¢eddiggins, 2014)

The second aim was to assess rush management from both ecological and social science perspectives.
Rush management is a widespread conservation intervention for upland waders and is available within
AES prescription®Natural England,®18). The efficacy of rush management for benefiting waders is,
however, unclear. Apart from two studies showing increased wader abundance following
implementation of rush management alongside other conservation interventidokon and Allicorn,

2006; Robon and Allcorn, 20060 studies have experimentally examined the impacts of rush
management on wader population dynamics such as breeding productivity. Rush management was
thus explored in this thesis from three perspectives: nest sucd@smpier 3), vader abundance
(KIFLWGSNI noz FyR dzLJ IOyagRer ) NY¥SNARQ LISNBRLISOGAGSE o

In terms of nest success, the artificial nest experiment revealed that daily nest predation rates (DPRS)
were two times higher for nests located in fields with rush managementmedtirush patches due

to the resultant shorter, less dense vegetation making nests more visible to pred#telig et al.,

2021) Importantly, at the same study sites, the potential fash management advocated by agri
environment schemes to increasedading wader densities varied between species, with some
evidence for increases in Snipe and Lapwing densities, but not Clrlesmo our nest experiment
design, the higher DPRs are most applicable to species that nest across a range of sward structures
(for example, Curlew and Snip€alkama et al., 1998; Fisher and Walker, 2015; Wentworth, 2015;
Zielonka et al., 2019ather than species which nest exclusively in short vegetation (for example,
LapwingMilsom et al., 2000)Yet, as rush management hag thotential to attract Snipe to breeding

sites, impact on nest success is an important factor to consider when designing rush management AES

prescriptions.

When interviewing upland farmers in the South West Peak (SWP) about rush management, both
within and outside of AES, the effectiveness of such management at benefiting upland waders was
called into question by some farmers. To increase the efficacy and uptake of rush management within
AES prescriptions, farmers commonly suggested, amongst other oplieriscide application such

as weed wiping and improving the flexibility of management dates. An additional recommendation to

improve the likelihood of prescription uptake, which is important to ensure beneficial landscape scale
implementation, was incre@sg financial paymentsfor this funding to contribute to worthwhile

wader conservation, ensuring the effectiveness of rush management prescriptions is vital.

If rush management is effective at improving breeding wader habitat, managing the environment to

ensure removal of other potentially limiting factors is essential. Food availability, for example, cannot
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be ignored. Yetthapter 2 suggests that invertebrate biomass is not a crucial driving factor for upland

g1 RSNJ L2 LIzt | GA2ya Adyregiok tha SWPKTh& feridQgrebidtwaightNd@ rush G dz
management and the balance between foraging and predation; predation aspects of rush
management arguably may be more important than foraging (in part due to the resultsChapter

2 assessing food anability).

6.2 Wider applicability of findings

Waders are charismatic birds that breed in farmed habitats in the UK up{&ndsv and Perrins, 1998;
Balmer et al., 2013)Most species are experiencing population declines, with the plight of the Red
listed Curlew in particular drawing attention in recent yeéBarns et al., 2020)The results of this
thesis regarding the threats and conservation interventions for upland waders are relevant across the
UK uplands because the main SWP study region compaisessaic of enclosed grassland and
unenclosed moorland which are representative of UK upland habitats, land management, and land
use (for example, livestock farming and driven grouse mo&a@ne aspects such as lamsk and land
management will also be levant to other upland farmland and moorland birds such as Meadow Pipit
Anthus pratensisand SkylarkAlauda arvensidecause such species are also grounedting and
insectivorous, and vegetation characteristics are important drivers of species abur(@ariee et al.,

2002; PearcdHiggins and Grant, 2006; Douglas et al., 2017; Buchanan et al., BQftAermore, many

of the same threats identified irChapter 1 (intensification of agriculture, predation, reduced
invertebrate resources, climate change, human disturbance) are also facing waders in the lowlands,
including those that also breed in the uplands (for exampagwing) and those that are lowland
specialists (for example, Blatdiled GodwitLimosa limosaSchekkerman et al., 2009; Smart et al.,
2014) Although game management such as driven grouse shooting is exclusive to the UK uplands
(Thompson et al., 2016)ther threats such as intensification of agriculture and reduced invertebrate
resources are prevalent across EurgPpenald et al., 2001; Habel et al., 20484 thus the results of

this thesis regarding management of vegetation structure and invertebedtendance will be

applicable to breeding wader populations in other European countries.

6.3 Recommendations for conservation

Based on results of this thesis, recommendations can be madelpocbaserve upland waders. To
maximise the suitable environmentebnditions available for invertebrate prey,qvision of a mosaic

of habitats is recommended. Within a particular habitat, creation of heterogeneous vegetation would
provide the shorter and taller swards that are beneficial for different invertebrate fareg(Buchanan

et al., 2006; Arnott et al., 2021 The same advice relates to waders and rush management. A mosaic
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of different sward structures across the landscape, with short vegetation for foraging and a range of
vegetation structures for different wader species to nest and rear chicks, would ensure favourable
conditions for multiple wader speciéBuchanan et al., 201.7or this to be successful, however, other
components of the conservation toolkit for waders need to be implemented alongside rush
management. Potential drivers of low breeding productivity, such as food availability and predation
pressure, could be reduced by improving environmental conditions for key invertebrate prey taxa and
by implementing predator control, ideally ndethal but ethal where necessary. To ensure land
management practices are implemented at a sufficiently large scaldesigning AES prescriptions

such as rush management with farmers should increase both efficacy and uptake.

6.4 Recommendations for future research

Although the Chapter 2 results suggest that invertebrate availability was not limiting wader
populations in the SWP study region, the number of fields including those with waders present was
relatively low. Therefore, recommendations for future researchareling invertebrate prey would
involve surveying invertebrates and waders over more years with a larger sample of sites to increase
the likelihood of fields containing waders. Extending the research to other upland regions in the UK

would also reveal whéter invertebrate availability limits wader populations in other regions.

Similarly, fortChapters 3 and 4 regarding the ecological perspective of rush management, conducting
research over more years and a larger number of fields withwadkr nests wiltest whether wader
species select cut or uncut rush for nesting and whether AES rush management inadvertently creates
an ecological trap by altering vegetation structure. Other recommended future research involves
identification of the optimal spatial coigfuration of cut and uncut rush patches, and overall sward
structure, that tradeoffs between foraging conditions and nest predation risk. Ultimately, future
NE&ASEFNOK akKz2dz R FAY (G2 RS@St2L) ! 9{ LINBAONARLIIAzZ2Y
rush cover and sward structure. From the social science perspective of rush manage@weagbtier

5, interviews should be conducted with more farmers and in other upland areas within the UK. In
addition, the effectiveness of the changes suggested by fagnweimprove the GS16 rush infestation
control supplement, an example rush management AES prescription, should be tested. It would also
be prudent to repeat this social science research for other conservation interventions within AES
prescriptions that lalkc empirical evaluation. Overallhapters 3, 4 and 5 highlight the need to assess
conservation intervention and AES prescription effectiveness to ensure they are delivering their

intended benefits.

In addition to invertebrate prey resources and rush maragnt which were studied iGhapters 2 to

5 of this thesis, other evidence gaps were highlightechiapter 1 and identified as priorities for future
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research. Similar to rush management, more research effort is required on upland moorlands,
including grose moors, to identify the best vegetation management to benefit moorarekding
waders. Also linked to grouse moor managemehe underlying causes of increased predator
populations need to be identified and managed to reduce the need for costly predandrol. Finally,

the other main priority highlighted ihapter 1 relates to climate change and wind farms, and the
need to employ a beforafter controlimpact approach in future studies of wind farieusd associated

mitigation measures.
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TableA.1. Low, medium, and high scores assigned each of the threats and associated conservation interventions for quantity ofadleneé of agreement, with the

rationale forthe scores provided.

Threats and Score Rationale

conservation Quantity of  Level of

interventions evidence agreement

Threats

Intensification of High High Extensive research surrounding the impacts of agriculiatahsification on upland waders has been conduct
livestock farming with the consensus that intensive livestock farming negatively impacts waders.

Game management Medium Medium Despite the relatively high number of studies, more research effort is required to identify the best moc

(vegetation (vegetation vegetation management methods to provide beneficial vegetation structure for differentewagecies, anc
management) management) investigate the londerm impacts of vegetation management such as burning (greater than a few years
burn) on waders. Moreover, the degree of consensus between current studies regarding the impacts of t

Medium High burning on different wadespecies is moderate, particularly for some species such as curlew and dunlin.

(predator (predator

control) control) A similar number of studies also investigated the effects of predator control, with a high degree of con:
between studies. Yet, few studies havacsessfully teased aparhé effects of predator control and heathe
burning.

Afforestation Medium High Relatively high number of studies, although essentially all studies examine commercial conifer plantation:
than planting of native broadleaved woodland, with virtually shiowing negative impacts of plantations «
waders.

Wind farms Medium Medium Wind farm studies generally agreed on the impacts for most wader species, except golden plover. Howe\

to the relatively small number of studies and the lacktod S ®fBeNdBntrokA Y LI OG Q a G dzRA S3
best standard for monitoring the ecological impacts of infrastructure, the quantity of evidence was assig
medium.

Peat extraction Low Low Little research has directly examined the impacts eftpextraction on waders, yet adverse effects can

construed via the influence on peatland habitat. Due to the low number of direct studies, this threat has
assigned low quantity of evidence
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Predation High High Extensive research of predation psese on upland waders has been conducted, with the consensus
predation is a key driver of population declines.

Reduced Low High The low number of studies directly investigating the impacts of invertebrate abundaneaders has resultec
invertebrate in this threat being assigned low quantity of evidence.

resources

Climate change Medium High Adverse impacts of climate change are expected based on the few empirical studies on waders, particul.

to effects on invertebrate prey populatien Most predictive climate change studies forecast detrimental efft
on waders including wader population declines, range contractions, northward shifts, and loss of so
populations. More empirical studies would be beneficial.

Human disturbance Medium Medium Relatively high number of studies with some providing evidence and others providing no evidence to s
negative impacts.

Disease and Low Low Only two studies have investigated the effect of disease and parasitism on waders, latHevel of agreemen
parasitism between these studies.

Conservation interventions

Intensification of Medium High Evaluation of conservation interventions to improve farmed habitats for waders (particularly prescriptions
livestock farming AES such asish management) is deficient, but most studies agree that they have the potential to img
conditions for upland waders.

Game management Low Low The best moorland vegetation management methods to provide beneficial vegetation structudsffement
wader species is uncertain, and the use of cutting has only been explored in a small number of studies cc
to heather burning. There is no empirical evidence that deer culls benefit waders.

Afforestation Low High Despite a high level of aggment, there are only a low number of empirical studies.

Wind farms Low High Recommended interventions to mitigate wind farm development are inferred from studies exploring the irr
of wind farms on upland breeding waders. Most suggest avoidinglliatste of wind farms in key upland breedir
areas.

Peat extraction Low Low A few studies have demonstrated interventions that can restore peatlands following extraction but

evidence for impacts of restoration on waders is lacking.
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A high number of studies have investigated the effects of lethal andleibal predator control on waders, bu
not all studies found that it sufficiently increases wader breeding success to stabilise or increase
populations. Reearch needs to investigate the underlying causes of the high predator densities.

A few studies have investigated the impact of interventions to improve conditions, particularly soil conditio
invertebrate prey and foraging waders, but most interventions are inferred from the ecology of invertebrate
Moreover, the true impacof anthelmintics on invertebrate prey has yet to be determined.

A few studies exploring the impacts of lowered soil moisture on invertebrate prey (craneflies) agree that bl
drainage ditches to increase saibisture could help mitigate the effects of climate change. However, beci
the effects of climate change are not yet particularly evident and are difficult to predict, only a small num
studies have examined potential mitigations for waders.

Only a small number of studies have demonstrated mitigation measures that reduced disturbance of
breeding waders, but agree that reducing numbers of visitorkep upland wader breeding sites during t
breeding season is imptamt.

No studies have empirically tested conservation interventions to reduce the impact of sheep ticks, but tt
priority is to identify whether disease and parasitism exerts population level impacts on waders lesting 1
interventions.
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TableB.1 The number of survey fields recorded within each habitat type category in 2009 and 2018. Control
fields were those in which no waders were detected during the 2009 wader surveys. Wader fields were those in
which at least one species of wader (lapwingJ@urand/or snipe) was detected during the 2009 wader surveys.
Habitat type categories recorded in 2009: IP = improved pasture, SUP-imrganoved and unimproved pasture,

UM = unenclosed moorland i.e., white moor and heather moor. Habitat type categedesded in 2018: IP =
improved pasture, Sl = sefimproved pasture, UP = unimproved pasture, WM = white moor, HM = heather
moor. Habitat type was unknown for control fields in 2009 as it was not recorded during the surveys for fields
with no waders. The Hatat type category recorded for a field in 2009 did not always match the habitat type

category recorded during our surveys in 2018.

Field Total 2009 habitat type 2018 habitat type

type number |p SUP UM IP Sl upP WM HM
of fields

Control 14 5 4 3 0 2

Wader 42 9 23 10 10 17 5 8 2
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B.1Upland wader diet literature review
B.1.1Methods

Based on the habitat types surveyed in the South West Peak (SWP) during our study, seven wader
species were selected for the literature search regarding upland wader diet: northern Lapwing
Vanellus vanellysEurasian curlelumenius arquatacommon snipezallinago gallinago Eurasian

golden plover Pluvialis apricaria common redshankTringa totanus Eurasian oystercatcher
Haematopus ostralegusind dunlinCalidris alpinaQuantitative data on the diets of these species

were collected using Google Scholar t{ps://scholar.google.co.uk), Web of Science
(https://app.webofknowledge.co) and{ G | NI f dza 6! YABSNEAGEe 2F {KSTTA
2YytfAYS RAAO20OSNE (22f0d ¢KS &SIFNOK O2YLINRaSR (KI
common name & ® W9 dzN} aAly 3J2f RSy LI 28SNROS AA0 WRASH
Pluvialis apricari@> | YR AAAO 1S@& AYyOSNISoNriGS GFEF O0ARSY (7
FYR G620 S®Id WeALdzZ ARQ ! bPluvaBsyiicas® &R SINE S35 O KSNIRS [
of the literature search yielded 163, 57, and 6 results, respectively. Subsequently, raw quantitative

wader diet data was extracted from articles where available (TBlg and grouped by i) wader

species, ii) invertelate taxa and (where applicable) life cycle stage, and iii) type of data available (%

dry biomass, % occurrence, and % proportion of diet items). The mean of each group was then

calculated.
B.1.2Limitations

This literature review highlighted the dearth of research concerning wader diet composition in upland
habitats and thus, quantitative data deficiency was a limitation for several of our focal wader species.
For example, the single upland study obtaineddialew focused on moorland habitats; this overlooks

the key foraging areas on agricultural grasslaflRebson, 1998; Ewing et al., 201Fpr lapwing,
redshank, and oystercatcher, however, quantitative data within upland habitats was absent entirely
and thus, diet composition data had to be obtained from lowland inland studies. An additional
limitation of the extracted quantitative data was the different sources of the diet composition data.
The selected studies from which data was extracted collected Emnfpom at least one of three
different sources: stomach, pellets, and faeces. Consumed invertebrates may have experienced
varying degrees of digestion when collected from each of the three sources which could bias the

identified dietary component compdgins, but this potential difference in unknown.
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B.1.32018 data

Invertebrate groups (taxa and life cycle stages) which were not listed, by at least one study obtained

from the literature review, as comprising part of at least one of our seven focal vadds OA S&Q RA &
were excluded from the analyses of our 2018 study. Prior to the removal of the excluded taxa
(Diplopoda, Chilopoda, Collembola, Acari, Isopoda, Dermaptera, Enchytraeidae, and specimens
classified as unknown), such excluded taxa accountgeentisely for 0.280% and 0.614% of the total

invertebrate biomass in the early breeding season and late breeding seasonB3ble
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TableB.2 The source(s) of quantitative data on wader diet for the seven focal wader species.

Wader species

Diet data souice(s)

Northern lapwing
Eurasian curlew
Common snipe
Eurasian golden plover
Common redshank
Eurasian oystercatcher
Dunlin

Klomp, 1954; Galbraith, 1989; Linsley, 1999; Ausden et al., 2
Robson, 1998

Green et al., 1990; Hoodless et al., 2007

PearceHiggins and Yalden, 2003, 2004; Machialgt2017
Ausden et al., 2003; Sanchez et al., 2005

Heppleston, 1972

Holmes, 1966; Baker, 1977
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TableB.3 Cumulative biomass (g) across all witfigld sampling points for excluded invertebrate taxa and total
invertebrate taxa (prior to the removal of the excluded invertebrate taxa) with meatandard error (SE)

provided in parentheses. Biomass values gieen for all sulsamples combined during the early and late
breeding seasons separately.

Breeding season Cumulative biomass (meat SE; g)

Excluded taxa Total invertebrate taxa
Early 1.036 0.004 £ 0.0009) 370.012 (1.294 £ 0.083)
Late 0.520 0.004 + 0.001 84.760 (0.565 + 0.055)
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TableB.4 The key dietary components (comprisir@0% of the diet) for each of our seven focal wader species. A tick mark indicates that the invertebrate group (taxa and, wher

applicable, life cycle stage) was identified as a key dietary component for that wader species. Even if only one faarilyftenebrate order was listed as a major part of a wader

aLSOASaQ RASGET GKS 2NRSNI Aa KAIFKEAIKGSR Fa | 1Se RA&III NE O2YLRYSyldid 5ALIWGSNI N
Wader species Key dietary component (taxa and life cycle stage)
Lumbricidae Gastropoda Diptera larvae Diptera adults Coleoptera Coleoptera Lepidoptera Hymenoptera
larvae adults larvae adults
Northern lapwing \% \% \% \% \% \%
Eurasian curlew \% \%
Common snipe \% \% \% \%
Eurasian golden plover \% \% \% \%
Common redshank \% \% \% \%
Eurasian oystercatcher \% \%
Dunlin \% \%
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TableB.5 Cumulative biomass (g) across all withihk St R & YL Ay 3 LRAyGa F2N WG24It Q AYy@SNISONIGS RASGINE 0O2)

combined (meant standard error (SE) provided in parentheses). Biomass values ardagieach of the five spatial layers during the early and late breeding seasons separately.

Breeding Invertebrate group Cumulative biomass (mean + SE; g)

season Vegetation Shallow soil Deep soll All subsamples combinec Vegetation andshallow

stage soil combined

Early We2dl £ Q R 1.247 (0.004 +0.001) 220.768 (0.772 £ 0.054) 146.961 (0.514 + 0.043) 368.976 (1.290 £ 0.083) 222.015 (0.776 + 0.053)
components
All key dietary 0.312 (0.001 £ 0.0004) 208.129 (0.728 + 0.052) 145.238 (0.508 + 0.043) 367.432 (1.285 +0.083) 220.531 (0.771 + 0.053)
components
Lumbricidae 0.068 (0.0002 + 0.0002) 184.974 (0.647 +0.049) 144.163 (0.504 + 0.043) 329.205 (1.151 £ 0.079) 185.042 (0.647 +0.049)
Diptera larva 0.041 (0.0001 + 0.0001) 22.504 (0.079 £ 0.010) 0.963 (0.003 + 0.001) 23.508 (0.082 + 0.010)  22.545 (0.079 + 0.010)
Diptera adult 0.102 (0.0004 + 0.0002) 0.078 (0.0003 + 0.0001) 0.000 (0.000 + 0.000) 0.180 (0.0006 + 0.0003) 0.180 (0.0006 + 0.0003)
Coleoptera adult 0.101(0.0004 + 0.0002) 0.573 (0.002 +£ 0.0005) 0.112 (0.0004 + 0.0003) 0.786 (0.003 + 0.0006) 0.674 (0.002 + 0.0005)
Coleoptera larva 0.022 (0.00008 * 1.094 (0.004 + 0.001) 0.630 (0.002 £ 0.0009) 1.746 (0.006 + 0.001) 1.116 (0.004 + 0.001)

0.00006)
Lepidoptera larva  0.279 (0.001 £ 0.0006)  0.709 (0.003 + 0.001) 0.659 (0.002 £ 0.002) 1.647 (0.006 + 0.002) 0.988 (0.004 + 0.001)
Gastropoda 0.473 (0.002 £ 0.001) 9.473 (0.033 £ 0.006) 0.370 (0.001 £ 0.001) 10.316 (0.036 + 0.006)  9.946 (0.035 H.006)
Hymenoptera adult 0.009 (0.00003 + 0.031 (0.0001 + 0.00006) 0.004 (0.00001 + 0.044 (0.0002 + 0.00006) 0.040 (0.0001 + 0.00006)
0.00002) 0.00001)

Late Ye2idlfQ R 3.109 (0.021 + 0.007) 33.676 (0.225 + 0.027)  47.455 (0.316 $.040) 84.240 (0.562 + 0.056)  36.785 (0.245 + 0.030)
components
All key dietary 0.467 (0.003 £ 0.001) 25.119 (0.168 £ 0.022)  46.340 (0.309 £ 0.040)  81.469 (0.543 +0.055)  34.056 (0.227 + 0.027)
components
Lumbricidae 0.000 (0.000 + 0.000) 13.030 (0.087 £.014) 42.484 (0.283 £ 0.036) 55.514 (0.370 £ 0.043)  13.030 (0.087 + 0.014)

Diptera larva
Diptera adult
Coleoptera adult
Coleoptera larva
Lepidoptera larva
Gastropoda
Hymenoptera adult

0.207 (0.001 + 0.001)

0.028 (0.0002 + 0.0002)

0.232 (0.002 + 0.001)
0.025 (0.0002 £.0001)

0.094 (0.0006 £ 0.0005)

1.850(0.012 + 0.006)

11.521 (0.077 + 0.017)
0.092(0.0006 + 0.0005)
0.476 (0.003 + 0.001)
0.690 (0.005 + 0.001)
1.322 (0.009 + 0.004)
4.255 (0.028 + 0.008)

0.016 (0.0001 + 0.00008) 0.218 (0.002 + 0.001)

3.760 (0.025 + 0.009)
0.000 (0.000 + 0.000)
0.096 (0.001 + 0.0004)
0.234 (0.002 + 0.0006)

0.101 (0.0007 £ 0.0007)

0.543 (0.004 + 0.002)
0.195 (0.001 + 0.001)

15.488 (0.103 + 0.019)
0.120 (0.001 + 0.001)
0.804 (0.005 + 0.001)
0.949 (0.006 + 0.001)
1.517 (0.010 + 0.004)
6.648 (0.044 + 0.012)
0.429 (0.003 + 0.002)

11.728 (0.078 + 0.017)
0.120 (0.001 + 0.001)
0.708 (0.005 + 0.001)
0.715 (0.005 + 0.001)
1.416 (0.009 + 0.004)
6.105 (0.041 + 0.011)
0.234 (0.002 + 0.001)
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TableB.6 Environmental conditions recorded during breeding wader surveys and invertebrate surveys, and the spatial

scale at which metrics were obtained (S = variable measured at the ¥ighinsampling points during invertehte

surveys; F = variable recorded at the field level during breeding wader surveys).

Environmental variable Unit Spatial Description
scale

Broad habitat type Category F Visual assessment
Five categories: heather moor; white moor;
improvedpasture; semimproved pasture;
unimproved pasture

Rush cover To the nearest 5% F All rush species

Livestock dung Category F Two categories: present; absent

presence/absence

Soil penetration resistance kgF S Soil penetrometer measurements of therce to
drive a metal rod (5 mm diameter) to a depth of 10
cm
Mean value calculated from the three measuremer
taken at each withidfield sampling point

Soil moisture % S SM150 soil moisture kit measurements
Soil type setting used (mineral; peaix) dependent
on broad soil type
Mean value calculated from the three measuremer
taken at each withidield sampling point

Soil pH pH S HEF12922 HALO wireless soil pH electrodd40pH

Vegetation height cm S Recorded to the nearest 5 cm, using a meas)
stick

Vegetation density Number S Number of concealed white bands on a pole

Rush dominance Category S Visual assessment

Two categories: dominant; not dominant/absent
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TableB.7. Structure of the twenty lognormal generalised linear mixed effects models (gaussian (identity)) of the five metrics of invertebrate biomass with the datds#teus
AL GAFE fF@SNI2F GKS NBaLRyaS GFINAFot ST yR (KS LINBfeApiediddr @taddirtdioates that theflineBr ik

guadratic terms of this variable were included in the model. All response variables were natural logarithm (x + 0.0@t)rteaihdote that the Gastropod biomass model for the

Iy R

early breeding seaso had a singular fit, indicating that the random effect term had zero variapc®llowing advocacy from Ben Bolker (Ime4 package author;
https://bbolker.github.io/mixedmodelamisc/gimmFAQ.html), we retained the random effect terraSW spatial layer indates that invertebrate biomass data was used from all

sub-samples: vegetation, shallow soil, and deep sok &patial layer indicates that invertebrate biomass data was used from the vegetation and shallow-saihplds only.

Responsevariable

Dataset

Spatial layer

Predictor variables

Total invertebrate biomass

Early breeding season
(n=286)

V-SD

Soil penetration resistance (quadratic) + Soil moisture (quadratic) + Soil pH (quadratic) + Vegetatic
height (square root transformed) Wegetation density + Rush presence + Livestock dung + (1|Field
identity)

Total invertebrate biomass Early breeding season V-S Soil penetration resistance (quadratic) + Soil moisture (quadratic) + Soil pH (quadratic) + Vegetatic
(n=286) height(square root transformed) + Vegetation density + Rush presence + Livestock dung + (1|Fiel¢
identity)
Total invertebrate biomass Late breeding season V-SD Soil penetration resistance + Soil moisture + Soil pH (quadratic) + Vegdtaiipr (square root
(n=150) transformed) + Vegetation density + Rush presence + Livestock dung + (1|Field identity)
Total invertebrate biomass Late breeding season V-S Soil penetration resistance + Soil moisture (quadratic) + Soil pH (quadratic) -atieghtight (square
(n=150) root transformed) + Vegetation density + Rush presence + Livestock dung + (1|Field identity)
Lumbricidae biomass Early breeding season V-SD Soil penetration resistance (quadratic) + Soil moisture (quadratic) + S@jupldratic) + Vegetation
(n=286) height (square root transformed) + Vegetation density + Rush presence + Livestock dung + (1|Fiel
identity)
Lumbricidae biomass Early breeding season V-S Soil penetration resistance (quadratic) + Soil moisture (quadratoil pH (quadratic) + Vegetation
(n=286) height (square root transformed) + Vegetation density + Rush presence + Livestock dung + (1|Fiel
identity)
Lumbricidae biomass Late breeding season V-SD Soil penetration resistance + Soil moisture + Sdi(guadratic) + Vegetation height (square root
(n=150) transformed; quadratic) + Vegetation density + Rush presence + Livestock dung + (1|Field identity
Lumbricidae biomass Late breeding season V-S Soil penetration resistance + Soil moistggeadratic) + Soil pH (quadratic) + Vegetation height (squa
(n=150) root transformed) + Vegetation density + Rush presence + Livestock dung + (1|Field identity)
Diptera larvae biomass Early breeding season V-SD Soil penetration resistance + Soil istore + Soil pH (quadratic) + Vegetation height (square root
(n=286) transformed) + Vegetation density + Rush presence + Livestock dung + (1|Field identity)
Diptera larvae biomass Early breeding season V-S Soil penetration resistance + Soil moistureddratic) + Soil pH (quadratic) + Vegetation height (squa
(n=286) root transformed) + Vegetation density + Rush presence + Livestock dung + (1|Field identity)
Diptera larvae biomass Late breeding season V-SD Soil penetration resistandguadratic) + Soil moisture + Soil pH + Vegetation height (square root

(n= 150)

transformed) + Vegetation density + Rush presence + Livestock dung + (1|Field identity)
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Diptera larvae biomass
Gastropoda biomass
Gastropoda biomass
Gastropoda biomass
Gastropoda biomass

Other key invertebrate
biomass
Other key invertebrate
biomass
Other key invertebrate
biomass
Other key invertebrate
biomass

Late breeding season
(n=150)
Early breeding season
(n=286)
Early breeding season
(n=286)
Late breeding season
(n=150)
Late breeding season
(n=150)
Early breeding season
(n=286)
Early breeding season
(n=286)
Late breeding season
(n=150)
Late breeding season
(n=150)

V-S

V-SD

V-S

V-SD

V-SD

V-S

V-SD

V-S

Appendix B

Soil penetration resistandguadratic) + Soil moisture + Soil pH (quadratic) + Vegetation height (squ
root transformed) + Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistamc+ Soil moisture + Soil pH + Vegetation height (square root transformed)
Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistance + Soil moisture + @idit Vegetation height (square root transformed) +
Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistance + Soil moisture + Soil pegetation height (square root transformed) +
Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistance + Soil moisture + Soil pH + Vegetation height (sgoenansformed) +
Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistance + Soil moisture + Soil pH + Vegetation height (square rofutrired +
Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistance + Soil moisture + Soil pH + Vegetation height (squatranséirmed) +
Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistance + Soil moisture + Soil pH + Vegetation height (square root tranyfermed
Vegetation density + Rush presence + Livestock dung + (1|Field identity)

Soil penetration resistance + Soil moisture + Soil pH + Vegetation height (square root transformed
Vegetation density + Rush presence + Livestock dung + (1|Field identity)
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TableB.8 Results of lognormal generalised linear mixed effects models (GLMM) investigating the influence of habitat
type on invertebrate biomass (represented by five different metrics). Parameter estimates with standard errors, and
Type Il Wald F tests with KenrdaRoger degrees of freedom are presented, with significant effects highlighted with an
asterisk. Improved pasture is the reference level. HM = heather moor, Sl smsproved pasture, UP = unimproved
pasture, WM = white moor. Theoretical conditiorf&l (Nakagawa and Schielzeth, 2013; Nakagawa et al., 20&7)
presented for each GLMM. For the Diptera larvae biomass GLMM in-81@ patial layer and early breeding season,

bobyga optimiser was used due to lack of convergence with the default optimiegtémap; used in all other models).

Response  Spatial Breeding Model Habitat type predictor variable

variable layer season R i 5 {9 F Pvalue
HM Sl up WM
Total V-SD Early 0.601 -5.728+ -0.728+ -3.408+ -4.648+ 49.950 2.200°*
invertebrate 0.591 0.354 0.458 0.456
dietary V-S Early 0.551 -5.165+ -0.798+ -2.951+ -4.242+ 39.085 6.4645*
biomass 0.594 0.356 0.461 0.458
V-SD Late 0.438 -4.064+ -0.536+ -2.134+ -2.183+ 10.851 3.037°*
0.703 0.542 0.662 0.774
V-S Late 0.245 -1.837+ 0.132+ -0176+ -0.127+ 1.454 0.246

0.908 0.700 0.854 0.999
Lumbricidae V-SD  Early 0.614 -6.797+ -1.065+ -4556+ -5815+ 67.801 2.200'*
biomass 0.626 0.375 0.485 0.482
V-S Early 0.578 -6.154+ -1.171+ -4.036%x -5403+ 55410 2.200%*
0.620 0.372 0.481 0.478

V-SD Late 0469 -5591+ -0.863+ -2.317+ -4213+ 17.954 4.5127*
0.771 0.594 0.727 0.848

V-S Late 0.154 -2.287+ -0412+ 0473+ -1.012+x 3471 0.022*
0.751 0.578 0.709 0.827

Diptera V-SD  Early 0.281 -2.404+ 0.050+ -0.795+ -1549+ 4351 0.004*
larvae 0.790 0.474 0.613 0.611

biomass V-S Early 0.257 -2.305+ 0.004+ -0933+ -1466+ 4.196 0.005*
0.768 0.461 0.596 0.593

V-SD Late 0.289 -2.103+ 0.092+ -1831+ -0359%+ 2867 0.044*
0.915 0.705 0.861 1.007
V-S Late 0.306 -1520+ 0.380+ -1.247+ 0.224+x 1974 0.129

0.915 0.705 0.860 1.007
Gastropoda V-SD  Early 0.054 -0.435+ 0.758+ 0.147+ 0287+ 3,572 0.012*
biomass 0.489 0.292 0.377 0.374
V-S Early 0.058 -0.436+ 0.746+ 0147+ -0333+ 3.622 0.011*
0.489 0.292 0.377 0.374

V-SD Late 0.231 -0.603+ 0.733x 0522+ -0225+ 1339 0.283
0.715 0.551 0.673 0.787
V-S Late 0.208 0481+ 0.750+x 0634+ -0.103+ 1380 0.269

0.672 0.518 0.633 0.740
Otherkey  V-SD  Early 0.143 0.013+ 0.185+ 0.038+ 0.147+ 0.112 0.978
invertebrate 0.519 0.311 0.403 0.400
biomass V-S Early 0.147 0299+ 0.378+ 0437+ 0494+ 0.715 0.586
0.463 0.278 0.360 0.358
V-SD Late 0.140 0.064+ 0402+ -0.241+ 1220+ 1.355 0.278
0.591 0.455 0.557 0.651
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V-S Late 0.094 0.243+ 0207+ -0.064%+ 1301+ 1503 0.231
0.526 0.405 0.497 0.579
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TableB.9 Structure of the fifteen main effects only generalised linear models (poisson (log)) tifrereefocal wader species pairs with the temporal level of the environmental
condition variables, the spatial layer of the invertebrate biomass metric predictor variable, and the predictor varidblgsdirfield size is included as an offset in all nisde

Wydzk RN GA0Q Ay LINBYydGKSaSa FTFGSNI I LINBRAOG2NI @I NR I o luded ik tfiecRmoGet. Tiypeiof tiaisiorinationKvéherd A y S I
applicable, is shown in parentheses after a predictor variab®Dvspatid layer indicates that invertebrate biomass data was used from alsanfiples: vegetation, shallow soil,

and deep soil. \5 spatial layer indicates that invertebrate biomass data was used from the vegetation and shallow-saihplds only.

Response Breeding Invertebrate Predictor variables

variable season  biomass spatial layer

Lapwing pairs Early V-S Soil penetration resistance + Vegetation height + Rush cover (natural logarithm (x + 2.5) transfofiotd Jrvertebrate
dietary biomass (quadraticy Field size (offset; natural logarithm (x + 0.001) transformed)

Lapwing pairs Early V-S Soil penetration resistance + Vegetation height + Rush cover (natural logarithm (x + 2.5) transfobmnedyicidae
biomass (square root transformed; quadratie) Field size (offset; natural logarithm (x + 0.001) transformed)

Lapwing pairs Early V-S Soil penetration resistance + Vegetation height + Rush cover (natural logarithm (x + 2.5) transfoDimdjatlarvae
biomass (natural logarithm (x + 0.001) transforme#)Field size (offset; natural logarithm (x + 0.001) transformed)

Lapwing pairs Eary V-S Soil penetration resistance + Vegetation height + Rush cover (natural logarithm (x + 2.5) transfo@asttbpoda
biomass (natural logarithm (x + 0.001) transformed)~ield size (offset; natural logarithm (x + 0.001) transformed)

Lapwing pairs Early V-S Soil penetration resistance + Vegetation height + Rush cover (natural logarithm (x + 2.5) transfoDtteet) key
invertebrate biomass (natural logarithm (x + 0.001) transformesd}-ield size (offset; natural logarithm (x + 0.001)
transformed)

Snipe pairs Overall V-SD Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transfdroneld) -
invertebrate dietary biomass (square root transformed; quadrati€)Field size (offset; natural logarithfn+ 0.001)
transformed)

Snipe pairs Overall V-SD Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transformed) -
Lumbricidae biomass (square root transformed; quadratic}ield size (offset; natural logarithm (x + 0.001) transform:

Snipe pairs Overall  V-SD Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transformed) -

Diptera larvae biomass (hatural logarithm (x0+001) transformed; quadratic} Field size (offset; natural logarithm (x +
0.001) transformed)

Snipe pairs Overall V-SD Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transformed) -
Gastropoda biomass (natural logarithm (x + 0.001) transformedjield size (offset; natural logarithm (x + 0.001)
transformed)

Snipe pais Overall  V-SD Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transf@thed) -

key invertebrate biomass (natural logarithm (x + 0.001) transformed; quadrati¢jield size (offset; natural logémih (x
+ 0.001) transformed)

Curlew pairs  Overall V-SD Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transfdroneid) -
invertebrate dietary biomass (square root transformed)Field size (offsetiatural logarithm (x + 0.001) transformed)
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Curlew pairs

Curlew pairs

Curlewpairs

Curlew pairs

Overall

Overall

Overall

Overall

V-SD

V-SD

V-SD

V-SD
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Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transformed) -
Lumbricidae biomass (square root transformeg)Field size (offset; natural logarithm (x + 0.001) transformed)

Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transformed) -
Diptera larvae biomass (natural logarithm (x + 0.001) transformedJield size (offset; natural logarithm (x + 0.001)
transformed)

Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transformed) -
Gastropoda biomass (natural logarithm (x + 0.001) transformedjield size (offset; natural logarithm (x + 0.001)
transformed)

Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm)(kan2f6rmed) 4Other
key invertebrate biomass (natural logarithm (x + 0.001) transformedfrield size (offset; natural logarithm (x + 0.001)
transformed)
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TableB.1Q Structure of the eleven main effects plus interaction term generalised linear models (GLMs; poisson (log)) of two focapa@edempairs with the predictor

B NRFoftSa AyOf dzZRSR 6FASER &A1l S Aa Ay Ot dafeS&pretictor rayableimdi€ates that theylinebr farid qua@aiStérasiofithis¥ v dz R
variable were included in the model. Type of transformation, where applicable, is shown in parentheses after a predadite. vieme environmental condition variables

included data from both the early and late breeding season, where available. The invertebrate biomass metric predictor maeliglelé data from the 5D spatial layer

(i.e all subsamples: vegetation, shallow soil, and deep soil). These GLMs are inmaddlitice main effects onlynodels in Table2.3 andB9, andincludeinteraction terms

between soil penetration resistance or vegetation height and invertebrate biomass metrics. The decision to construct th@bNht@raction term was based avhether

soil penetration resistance or vegetation height in the main effects only GLM were significar®t @5). If either variable in the main effects only GLM was significant, an

additional version of the main effects only GLM was constructed incladlimigteraction between the significant environmental variable and the invertebrate biomass metric.

Response Predictor variables

variable

Snipe pairs  Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x h&f6jrtrad) +Other key invertebrate biomass
(natural logarithm (x + 0.001) transformed; quadrati¢)Soil penetration resistanc®ther key dietary components biomass (natural logarithm (x +
0.001) transformed)+ Field size (offset; natural logarithm (x ©@1) transformed)

Snipe pairs  Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transf@thedkey invertebrate biomass
(natural logarithm (x + 0.001) transformed; quadrati¢)Soil penetration resistant®ther key dietary compments biomass (hatural logarithm (x +
0.001) transformed; quadratic) Field size (offset; natural logarithm (x + 0.001) transformed)

Curlew pairs Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transfdrotaidpvertebrate dietary biomass
(square root transformed)+ Vegetation heighf W¢ 2 G £ Q AY OBSNI SO NI S RA SdttraNSormdd+¥Field §iz8 (6fisét; natuka
logarithm (x + 0.001) transformed)

Curlew pairs Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transf@monadhvertebrate dietary biomass
(square oot transformed)+Vegetation height (quadratiq) W¢ 2 G £ Q AYOSNISONI 6§S RASGI NE O2+Filald 9iz8 y (i
(offset; natural logarithm (x + 0.001) transformed)

Curlew pairs Soil penetration resistance + Vegetation height (qaaid) + Rush cover (natural logarithm (x + 2.5) transformdd)mbricidae biomass (square root
transformed)+ Vegetation heightLumbricidae biomass (square root transformed) + Field size (offset; natural logarithm (x + 0.001) transformed)

Curlew pairs Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transfoumedfjcidae biomass (square root
transformed)+ Vegetation height (quadratic.umbricidae biomass (square root transformed) + Field sitfeetp natural logarithm (x + 0.001)
transformed)

Curlew pairs Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transf@iptata tarvae biomass (natural
logarithm (x + 0.001) transformed) Vegetdion height*Diptera larvae biomass (natural logarithm (x + 0.001) transformelgield size (offset; natural
logarithm (x + 0.001) transformed)
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Curlew pairs

Curlew pairs

Curlew pairs

Curlew pairs
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Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithtd)xran&formed) -Diptera larvae biomass (natural
logarithm (x + 0.001) transformed) Vegetation height (quadraticDiptera larvae biomass (natural logarithm (x + 0.001) transformefield size
(offset; natural logarithm (x + 0.001) transformed)

Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transf@am)poda biomass (natural
logarithm (x + 0.001) transformed) Vegetation heightGastropoda biomass (hatural logarithm (x + 0.p&ansformed) + Field size (offset; natural
logarithm (x + 0.001) transformed)

Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transf@asttpoda biomass (natural
logarithm (x + 0.001) transformed) Vegetation height (quadraticiGastropoda biomass (natural logarithm (x + 0.001) transformed) + Field size (ot
natural logarithm (x + 0.001) transformed)

Soil penetration reistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transfo@ibdy key invertebrate biomass
(natural logarithm (x + 0.001) transformedjVegetation heightOther key dietary components biomass (natural logarithm (x00D) transformed) +
Field size (offset; natural logarithm (x + 0.001) transformed)

Soil penetration resistance + Vegetation height (quadratic) + Rush cover (natural logarithm (x + 2.5) transf@thedkey invertebrate biomass
(natural logarithm (x + 0.001) transformed} Vegetation height (quadraticdOther key dietary components biomass (hatural logarithm (x + 0.001)
transformed) + Field size (offset; natural logarithm (x + 0.001) transformed)
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TableB.11 Results of main effects plus interaction term generalised linear models (GLMs) investigating the influence of invertelmads bih wader density, as well as
environmental variables that could influence waders through invertebrate accessibility andihgdgabitat selection. Parameter estimates with standard errors (L = linear
term; Q = quadratic term when both are modelled), addestsare presented, with significant effects highlighted with an asterisk. Rush cover is natural logarithm (x + 2.5)
transformed. Invertebrate biomass metrics are transformede( TableB.10 for details). Akaike information criterion value corrected for small sample sizes (AlCc) and
a OCl RRSy CRarelpkestrtsd for each GLM. The lapwing pairs models use enviroahdatt from the early breeding season only and invertebrate biomass data
from the vegetation and shallow soil spatial layer only. The snipe and curlew pairs models use environmental data frenaliie@sding season and invertebrate biomass

data fromall subsamples combined.

Response Invertebrate Model AICc Predictor variables
variable  biomass R Soil penetration  Vegetation height Rush cover Invertebrate Soil penetration  Vegetation height
metric resistance biomass resistance x X invertebrate
invertebrate biomass
biomass
Snipe Other key 0.180 93.628 0.452+0.893 L 3.749t3.301 1.265 +0.483 L-3.778 £9.599 -0.003 £0.188
pairs invertebrate .2=6.346 Q 0.916+2.637 .2=9.743 Q-7.514+3.557 .2=0.002
biomass P=0.012 * .2=3.657 P=0.002 * .2=6.788 P=0.989
P=0.161 P=0.034 *
Snipe Other key 0.181 96.388 0.535%+0.302 L 3.8543.364 1.294 +0.498 L-3.675 £9.722 L-0.062 +1.644
pairs invertebrate .2=6.346 Q 0.897+2.672 .2=9.830 Q-11.723 Q 0.741 +2.462
biomass P=0.012 * .2=3.721 P=0.002 * +14.653 .2=0.089
P=0.156 .2=9.743 P=0.956
P=0.008 *
Curlew Total 0.219 86.442 0.015+0.138 L-4.338 +6.834 -0.113 +0.335 -0.800 +2.078 -0.070 +0.149
pairs invertebrate .2=0.012 Q-5.029 +4.836 .2=0.112 .2=6.036 .2=0.236
dietary P=0.914 .2=7.491 P=0.738 P=0.014 * P=0.627
biomass P=0.024 *
Curlew Total 0.250 86.336 0.005+0.138 L1.124 +8.638 0.041 £0.370 -4.845 £2.784 L-31.158 +26.617
pairs invertebrate .2=0.001 Q-0.109 +5.265 .2=0.013 .2=6.036 Q-14.987
dietary P=0.972 .2=8.708 P=0.911 P=0.014 * +10.606
biomass P=0.013 * .2=3.073
P=0.215
Curlew Lumbricidae 0.214 86.909 0.009 +0.137 L-7.103 +5.617  -0.170 £0.333 -1.576 £1.814 -0.003 +0.120
pairs biomass .2=0.004 Q-3.367 +4.232  .?=0.252 .2=5.805 .2=0.001

233



Curlew
pairs

Curlew
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Curlew
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Lumbricidae
biomass

Diptera
larvae
biomass

Diptera
larvae
biomass

Gastropoda
biomass

Gastropoda
biomass

Other key
invertebrate
biomass

Other key
invertebrate
biomass

0.242

0.182

0.182

0.199

0.202

0.155

0.156

87.097

89.728

92.457

88.188

90.676

92.171

94.792

P=0.949

-0.020 +0.137
.2=0.021
P=0.886

-0.141 +0.153
.2=0.879
P=0.349

-0.141 +0.154
.2=0.876
P=0.349

-0.087 £0.142
.2=0.391
P=0.532

-0.092 +0.142
.2=0.440
P=0.507

-0.098+0.141
.2=0.504
P=0.478

-0.096 £0.142
.2=0.473
P=0.492

.2=7.648
P=0.022 *
L-6.357 +5.398
Q 1.503+4.952
.2=8.393
P=0.015 *
L-17.016+10.558
Q-10.030 +3.924
.2210.719
P=0.005 *
L-17.170+11.458
Q-10.261 +7.685
.2=8.377
P=0.015 *
L-21.921 +11.689
Q-6.597 +2.876
.2=11.434
P=0.003 *
L-28.635+18.992
Q-13.031
+13.736
.2=8.070
P=0.018 *
L-9.943+10.570
Q-5.853 +2.696
228771
P=0.013 *
L-5.876 +15.887
Q-1.583 +13.007
.2=8.268
P=0.016 *

P=0.616

-0.076 +0.358
.2=0.045
P=0.833

-0.369 +0.392
.2=0.879
P=0.348

-0.369 +0.392
.2=0.880
P=0.348

-0.225 +0.311
.2=0.510
P=0.298

-0.203 +0.313
.2=0.409
P=0.523

-0.419 +0.266
.2=2.412
P=0.120

-0.393 £0.277
.2=1.987
P=0.159

P=0.016 *

-3.437 +1.896
.2=5.805
P=0.016 *

0.667 +0.437
.2=0.087
P=0.768

-0.060 +0.267
.2=0.087
P=0.768

0.418 +0.348
.2=1.085
P=0.475

-0.466 +0.324
.2=1.085
P=0.298

0.218 +0.380
.2=0.016
P=0.900

-0.065 +0.367
.2=0.016
P=0.900

Appendix B

P=0.979

L-15.086 +17.361
Q-12.267 +8.807
.2=2.543
P=0.280

-0.043 £0.027
.2=2.900
P=0.089

L-3.217 +2.057
Q-0.058 +1.655
.2=2.901
P=0.234
-0.046 +0.026
.2=3.442
P=0.064

L-4.438 +2.989
Q-1.105 +2.277
.2=3.685
P=0.159

-0.022 +0.030
.2=0.528
P=0.467

L-0.728 +3.538
Q 0.920 £2.790
.2=0.638
P=0.727
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Table B.12 Results of the main effects only generalised linear models (GLMs) investigating the influence of
habitat type on wader density. Parameter estimates with standard errors, dntksts are presented.

a OCl RRSy GRarelgieSizr For each GLM. Improvedsture is the reference level. HM = heather
moor, S| = senimproved pasture, UP = unimproved pasture, WM = white moor. The snipe pairs poisson (log
fAyl0 Dl[a o6l a 28SNRAALISNESRI a2 GKS Y2RSt ¢4 a- Ndzy

Rwas not quantifiable.

Response Model  Habitat type predictor variable

variable R i p {9 v? Pvalue
HM Sl uUpP WM

Lapwing pairs 0.033  -15.855+ -0.320 -0.287 + -1.014 2.331 0.675
1732.780 0.671 0.866 1.118

Snipe pairs -15.162+ 1.066 1.505 + 0.373 2.729 0.604
2819.262  1.260 1.329 1.627

Curlew pairs  0.087  0.060 + -0.320 = 0.119 0.932 4,761 0.313
1.118 0.671 0.764 0.627
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TableB.13 Mean+ standard error (SE) and range for environmental variables in the early breeding season and
f144S OoNBSRAYy3 aSlazyod ¢KS WYSIadaNBQ O2ftdzyy akKz2ga GKS
variable measured at the withifield sampling points ding invertebrate surveys; F = variable recorded at the

field level during breeding wader surveys).

Environmental variable Measure Mean + SE; range

Early breeding season Late breeding season
Soil moisture (%) S 78.422 £ 1.115; 23.900 to 41.755 £ 2.160; 8.967 to 92.50(
92.500
Soil penetration S 4,950 + 0.135; 0.467 to 16.900 7.287 +0.277; 1.900 to 20.000
resistance (kgF)
Soil pH 4,798 + 0.062; 2.730 to 7.030 4.717 +0.079; 2.930 to 6.610

14.091 +0.912; 0.000 @6.000 23.400 + 1.511; 0.000 to 80.00(
0.409 + 0.035; 0.000 to 3.000 0.587 + 0.045; 0.000 to 2.000

Vegetation height (cm)
Vegetation density

nunnm
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TableB.14 Mean * standard error (SE) and range for environmental variables in each of the five upland habitat types that were recordeck Biatndor the early

breeding season and late breeding season separately.

Habitat type Breeding Environmental variable (man + SE; range)
season Soil moisture (%) Soil penetration Soil pH Vegetation height (cm) Vegetation density
resistance (kgF)
Improved pasture Early 75.129 +1,672; 42.033 5.368 £ 0.202; 0.900 to 5.585 + 0.054; 4.670to 6.053 + 0.637; 0.000 to 0.158 + 0.046; O to 2
to 92.500 8.933 6.630 30.000
Late 26.912 +1.744; 9.067 t 8.433 £0.384; 4.333to 5.757 +0.073; 5.030to 14.286 + 2.774; 0.000 t« 0.486 +0.086; 0 to 1
49.433 13.600 6.610 80.000
Semiimproved Early 70.492 +2.178; 23.900 4.980 £ 0.206; 0.567 to 5.135 + 0.075; 3.240to 12.570 + 1.415; 0.000 t« 0.355 to 0.055; 0 to 3
pasture to 92.500 11.700 7.030 65.000
Late 29.726 + 2.684; 8.967 t« 7.877 £ 0.453; 2.700 to 4.952 + 0.087; 3.290to 23.482 + 2.636; 0.000 t« 0.536 + 0.076; 0 to 2
88.300 14.300 6.600 70.000
Unimproved Early 87.842 +2.043; 31.200 5.056 = 0.505; 1.267 to 4.367 £ 0.154; 3.120to 20.366 + 2.713; 0.000 t« 0.537 +0.086; 0 to 2
pasture to 92.500 16.900 7.000 70.000
Late 56.116 + 5.444; 14.733 6.211 £ 0.945; 2.133to 4.365 +0.138; 3.270to 31.250 + 3.738; 5.000 t« 0.750 £ 0.090; 0 to 1
to 92.500 20.000 5.270 65.000
White moor Early 90.085 + 1.569; 27.967 4.402 + 0.390; 0.467 to 3.723 +0.102; 2.730to 18.691 + 2.872; 0.000 t« 0.595 + 0.084; 0 to 2
to 92.500 12.067 5.480 75.000
Late 50.000 + 6.402; 21.867 6.944 +0.781; 3.100 to 3.920 + 0.105; 3.320to 24.000 + 5.350; 5.000 t« 0.600 £0.131;0to 1
to 92.500 13.033 4.950 70.000
Heather moor Early 89.567 +1.719; 59.000 4.170 £+ 0.386; 2.100 to 3.154 + 0.075; 2.790 to 30.250 + 3.067; 0.000 t« 1.000 + 0.205; O to 3
to 92.500 7.600 4.470 55.000
Late 77.993 + 3.777; 45.600 5.180 £ 0.516; 1.900 to 3.257 #0.048; 2.930to 29.250 + 2.092; 10.000 0.700 +£0.147;0to 2

t0 92.500

8.533

3.640

to 45.000
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TableB.15 Mean * standard error (SE), median, and range for the five invertebrate biomass metrics in each of the five upland habitat typeethecorded. Data are

given for the early breeding season and late breeding season separately.

Habitat type Breeding Invertebrate biomass metric (mean * SE; median; range)
season Total invertebrate Earthworms Diptera larvae Gastropoda Other key invertebrate
dietary components groups
Improved pasture Early 2.282 +0.167; 2.048; 2.128 +0.167; 1.854; 0.096 +0.017; 0.003; 0.036 +0.012; 0.000; 0.020 = 0.007; 0.000;
0.115to 7.365 0.115 t07.365 0.000 to 0.606 0.000 to 0.559 0.000 to 0.394
Late 0.830 £ 0.116; 0.700; 0.666 + 0.107; 0.499; 0.121 +0.033; 0.000; 0.027 +0.0160.000;  0.012 + 0.004; 0.000;
0.011 to 3.395 0.000 to 2.838 0.000 to 0.667 0.000 to 0.500 0.000 to 0.104
Semiimproved Early 1.664 £ 0.126; 1.544; 1.447 +0.114; 1.205; 0.130 +0.023; 0.003; 0.063 + 0.014; 0.000; 0.014 +0.003; 0.000;
pasture 0.000 to 7.983 0.000 to 6.909 0.000 to 1.339 0.000 to 0.931 0.000 to 0.203
Late 0.688 £ 0.091; 0.561; 0.418 + 0.061; 0.240; 0.173 +0.045; 0.000; 0.051 +0.015; 0.000; 0.028 = 0.010; 0.003;
0.000 to 3.270 0.000 to 2.063 0.000 to 1.587 0.000 to 0.446 0.000 to 0.487
Unimproved pasture Early 0.291 + 0.063; 0.143; 0.223 +0.058; 0.000; 0.035+0.011; 0.000; 0.015 £ 0.005; 0.000; 0.015 + 0.008; 0.000;
0.000 to 1.866 0.000 to 1.757 0.000 to 0.375 0.000 to 0.119 0.000 to 0.303
Late 0.531 +£0.173; 0.105; 0.334 +0.1240.047;  0.027 +0.020; 0.000; 0.118 £ 0.061; 0.000; 0.021 +0.013; 0.000;
0.000 to 3.630 0.000 to 2.590 0.000 to 0.455 0.000 1.247 0.000 to 0.297
White moor Early 0.117 £ 0.031; 0.020; 0.079 +0.027; 0.000; 0.021 +0.009; 0.000; 0.005 + 0.002; 0.000; 0.009 + 0.003; 0.000;
0.000 to 0.792 0.000 to 0.741 0.000 t00.266 0.000 to 0.046 0.000 to 0.081
Late 0.181 £ 0.047; 0.157; 0.053 +0.027; 0.000; 0.057 +0.021; 0.000; 0.003 +0.002; 0.000; 0.067 +0.0310.010;
0.000 to 0.568 0.000 to 0.338 0.000 to 0.258 0.000 to 0.028 0.000 to 0.377
Heather moor Early 0.031 + 0.011; 0.000; 0.008 + 0.004; 0.000; 0.000 + 0.000; 0.000; 0.003 £ 0.002; 0.000; 0.018 +0.010; 0.000;
0.000 to 0.175 0.000 to 0.060 0.000 to 0.000 0.000 to 0.030 0.000 to 0.164
Late 0.061 + 0.026; 0.008; 0.000 + 0.000; 0.000; 0.003 +0.003; 0.000; 0.000 £ 0.000; 0.000; 0.017 +0.008; 0.000;

0.000 to 0.455

0.000 to 0.000

0.000 to 0.059

0.000 to 0.000

0.000 to 0.150
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FigureB.1 UK maps showing, as a percentage of the 12810 average, typical amounts of rainfall in April 2018 (A) but considerably lower rainfall in May 2018 (B) and June

2018 (C). Maps are modified from https://www.metoffice.gov.uk/research/climate/sapd-data/uk-actuatand-anomalymaps.
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FigureC.1 A standardised method was employed to produce large quantities of plasticine eggs for the artificial nest experimentcthewimail Japanese quabturnix
japonicaeggs in size and shape, moulds of quail eggs were formed based bftattie, Dueser, and Moncrief (2010) method. A clingfiined baking tray was filled to half

its depth with plaster of Paris and the mixture levelled. Petroleum -fted, hardboiled quail eggs were pressed, on their long axis, into the plaster of Paris at
approximately 1 cm intervals until half of the egg was submerged (A). FollowHgar Hrying period, the top of the plaster of Paris and quail eggs were coated in a thin
layer ofpetroleum jelly. The tray was then filled with more plaster of Paris so that the eggs were submerged (B). Following &lsegoddying period, the plaster of Paris
was removed from the tray and the two halves prised apart. The quail eggs were edfrantbexcess petroleum wiped off creating two kagliil egg moulds (C). Multiple
quail eggs were used to produce the moulds which generated slight variation in mould size. To produce the plasticineveygs, tbrracotta Newplast modelling clay
(Newchy Product Ltd, Devon, England) was heated on a heating blo€k(30) until malleable. Pressing 11.5 g (+0.3 g) of plasticine into a cliigéitimhalfquail egg
mould produced half of a plasticine quail egg. A dotkrietted end of 30 cm dark greeragien twine was placed into the centre of the flat side of one of the half plasticine
eggs. Two half plasticine eggs were then placed together and joined by smudging the plasticine along theefinedD real is a quail egg; right egg is a plastiet.
Once plasticine eggs had cooled and hardened, each egg wasceatayl in a layer of taoloured PlastiDip(PlastiDip UK Ltd, Hampshire, England), baseBugeret

al. (2012) to minimise the scent of the plasticine which could influence predattivity at the nests, and mimic the base colour of real quail and wader eggs. Following a 4

hour drying period, speckles and spots were applied to the coated plasticine eggs with a small brush ancobwaven PlastiDip®, to improve the mimicry cdlreggs (E).
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FigureC.2 A) An example artificial wader nest located in a patch of uncut rush demonstrating nest placement
(the egg furthest from the camera is the plasticine egg). B) An example artificial wader nest located in a patch of
cut rush demonstrating nest placement (tegg furthest from the camera is the plasticine egg). C) A-tips#

the contents of an artificial wader nest (the egg furthest from the camera is the plasticine egg). D) A real snipe
nest found in an area of cut rush in the SWP in 2015 (photo creditk Mddowes). E) A cleap photograph of

a real snipe nest in an area of cut rush at Geltsdale in 2019 (photo credit: Mike Shurmer, RSPB). F) A real curlew
nest found in an area of cut rush in the SWP in 2015 (photo credit: Mark Eddowes). G) A reahestlfannd

in an area of uncut rush in the SWP in 2018 (photo credit: Jonathan Groom, Staffordshire Wildlife Trust).
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