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Abstract

Breeding populations of European waders are declining, particularly across north-west 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 found some 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 reduced invertebrate resources and the
conservation intervention of rush Juncus spp. management (available within agri-environment
scheme (AES) prescriptions) which this thesis subsequently addresses. The primary study region for
this research was the south-west of the Peak District National Park, England (South West Peak,
hereafter “SWP”), which is representative of UK upland habitats, land management, and land-use. |
first consider reduced invertebrate resources, which has the potential to limit wader populations, by
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 waders including 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 ecological 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 rush management has the potential to increase Common Snipe Gallinago
gallinago and Northern Lapwing Vanellus vanellus densities, but not Eurasian Curlew Numenius
arquata. The artificial nest experiment in these fields revealed that daily nest predation rates were
two times higher in fields with rush management, highlighting the 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 Snipe. When interviewing upland farmers in the primary SWP
study region, the effectiveness 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 farmer-endorsed improvements such as herbicide application and improving 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 of other 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

predation. Overall, this thesis’ findings support the landscape scale provision of a mosaic of upland



habitats and vegetation structures to benefit foraging, nesting, and chick-rearing waders as well as
their invertebrate prey. Recommendations for future research include 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 involve assessing whether wader species select cut or uncut
rush for nesting using real wader nests, and identifying the optimal spatial configuration of cut and
uncut rush patches and overall sward structure for different species. In addition, more research effort
is required for other conservation interventions within AES prescriptions that lack empirical
evaluation, and for other upland habitat such as moorlands to identify the best vegetation

management for waders.
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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
(Butchart et al., 2010; BirdLife International, 2018). Bird populations are well-documented, with >99%
of species having sufficient data to provide an IUCN Red List category. Of all extant bird species, nearly
one in four are globally threatened or near threatened with extinction (BirdLife International, 2018).
A once-common group which is becoming increasingly scarce is shorebirds or wading birds (hereafter
waders; Zockler et al., 2003; Pearce-Higgins et al., 2017), with much research focused on European

populations.

Breeding populations of European waders are exhibiting widespread declines, especially in north-west
Europe (BirdLife International, 2017). Populations of upland breeding waders have often received less
attention than lowland ones, but are declining rapidly, including in the UK (Table 1.1; Scridel, 2014;
Siriwardena et al., 2017). Three such species, the Eurasian curlew Numenius arquata (hereafter
curlew), northern lapwing Vanellus vanellus (hereafter lapwing), and Eurasian oystercatcher
Haematopus ostralegus (hereafter oystercatcher) are now listed as globally Near Threatened and
Vulnerable in Europe (BirdLife International, 2015; BirdLife International, 2017; IUCN, 2020).
Conditions on the passage or wintering grounds can influence European wader populations (Duriez et
al., 2012) but low breeding productivity is typically the primary demographic cause of the declines
(Roodbergen et al., 2012). Management at wader breeding habitats is thus crucial for stabilising and
ultimately reversing population declines (O’Brien and Wilson, 2011; Fisher and Walker, 2015;
Buchanan et al., 2017).

This novel review focuses on evaluating all major causes of upland breeding wader population
declines, and their relative importance, in north-west 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 species breeding 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 knowledge gaps in
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 for further research.

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
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Chapter 1

2017 and January 2018 using various combinations of search terms: (i) wader species common names
(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
agri-environment scheme). Additional references were obtained at 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 as Less Favoured Areas; Bonn
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 sea level (European
Environment Agency, 2004; Sim et al., 2005; Bonn et al., 2009). A range of 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 requirements (Pearce-
Higgins and Grant, 2006), the ten UK upland wader species can be separated into groups based on
ecological similarities (Table 1.2). 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 finely using each species’ own precise requirements.

1.3 Threats

The uplands are often experiencing multiple environmental change drivers simultaneously, which
hinders diagnosis of the causes of wader declines, but evidence is emerging for which forms of
environmental change are most important (Sim et al., 2005; Douglas et al., 2014; Buchanan et al.,
2017). Nevertheless, many of these threats are likely to interact, often synergistically (Sim et al., 2005;
Buchanan et 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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Table 1.1. Global assessments, European regional assessments, UK Birds of Conservation Concern 4 (BoCC4) categories, European population trends, UK breeding population

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

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

population trends are provided by the Pan-European 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). Sources: 2IUCN Red List global category (IUCN, 2020); ®IUCN Red List

European regional assessment (BirdLife International, 2015); Birds of Conservation Concern 4 (Eaton et al., 2015); ¢ PECBMS (1980-2016; PECBMS, 2020); © For the period

1980-2016; f For the period 1981-2016; &For the period 1998-2016; " Breeding Bird Survey (1995-2018; Harris et al., 2020); ' Statutory Conservation Agency and RSPB Annual

Breeding Bird Scheme (1987/88-2011; Hayhow et al., 2017); 1 Bird Atlas 2007-2011 (Balmer et al., 2013); ¥For the period 1968/72-2008/11; ' For the period 1988/91-2008/11

Species Global European regional UK European population UK breeding population  Breeding range
assessment®  assessment® BoCC4° trend % trend % (95% Cl) change %/
Great  Ireland
Britain
Eurasian oystercatcher Haematopus ostralegus ~ NT VU Amber  -6° -24 (-34 to -14) +28k -5k
Eurasian golden plover Pluvialis apricaria LC LC Green  -13f -5(-32t0 27)" -20¢ -50k
Northern lapwing Vanellus vanellus NT VU Red -55¢ -43 (-51 to -36)" -17% -53k
Eurasian curlew Numenius arquata NT VU Red -36° -48 (-55 to -41)" -17% -78%
Common sandpiper Actitis hypoleucos LC LC Amber  -36° -26 (-42 to -6)" -14% 41k
Common redshank Tringa totanus LC LC Amber  -54¢ -42 (-61to -7)" -43k -55k
Common snipe Gallinago gallinago LC LC Amber  -48° +26 (4 to 55)" -31k -34k
Dunlin Calidris alpina LC LC Amber n/a n/a -11k -69k
Eurasian dotterel Charadrius morinellus LC LC Red n/a 57 -17' n/a
Common greenshank Tringa nebularia LC LC Amber  +18 n/a +2k -100¢
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Table 1.2. 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 from Balmer et

al. (2013), and Snow and Perrins (1998). Any additional data sources are cited in the table (iii).

Group Species

Conditions

1la Eurasian curlew i) Grassland and moorland
Numenius arquata i) Heterogeneous vegetation height with tussocks and high soil moisture
content
iii) Durant et al., (2008); Buchanan et al., (2017); Douglas et al., (2017)
Common snipe i) Grassland and moorland
Gallinago gallinago ii) Heterogeneous vegetation height with tussocks and high soil moisture
content
iii) Hoodless et al., (2007); Durant et al., (2008); Buchanan et al., (2017);
Douglas et al., (2017)
Common redshank i) Grassland
Tringa totanus ii) Heterogeneous vegetation height with tussocks, high soil moisture
content, and shallow pools
iii) Smart et al., (2006); Durant et al., (2008)
1b Northern lapwing i) Grassland, moorland, and arable
Vanellus vanellus ii) Short vegetation with shallow pools
iii) Taylor and Grant, (2004); Durant et al., (2008); Eglington et al., (2008);
Smart et al., (2013); Buchanan et al., (2017)
2a Eurasian golden plover i) High-altitude blanket bog, moorland, and peatland, and agricultural
Pluvialis apricaria grasslands
ii) Short vegetation and damp conditions
iii) Pearce-Higgins and Yalden, (2003); Buchanan et al., (2017)
Dunlin i) High-altitude blanket bog, moorland, and peatland
Calidris alpina ii) Short vegetation with clusters of pools
iii) Lavers and Haines-Young, (1996)
2b Common greenshank i) High-altitude blanket bog, moorland, and peatland; down to sea-level
Tringa nebularia in northern Scotland
ii) Short vegetation, often in areas with abundant standing or flowing
water; accepts scattered trees and shrubs
iii) Thompson and Thompson, (1991)
3 Eurasian dotterel i) Montane alpine plateaux

Charadrius morinellus

ii) Racomitrium lanuginosum-Carex bigelowii heath and Juncus trifidus

heath
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iii) Thompson and Brown, 1992; Galbraith et al., 1993; Thompson and
Whitfield, 1993; Hayhow et al., 2015

Common sandpiper

Actitis hypoleucos

Eurasian oystercatcher

Haematopus ostralegus

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

ii) Grassy banks and shingle islands/shores; typically nests close to water
and conceals nest in vegetation

iii) Dougall et al., (2010)

i) Grassland, arable, and inland watercourses, such as rivers and lakes
ii) Open, bare ground and short vegetation; grassy banks and rocky
shores

iii) O’Brien, (2001); Mandema et al., (2013); van de Pol et al., (2014)
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1.3.1 Land-use

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

in the subsequent corresponding sections.

1.3.1.1 Intensification of livestock farming

Upland farming is predominantly pastoral and typically occurs on in-bye grassland and adjacent
moorland (Fuller and Gough, 1999). Since the 1800s and particularly the 1950s, the UK has
experienced a shift from mixed livestock farming to exclusive rearing of sheep and a significant
increase in stocking densities from 8 million to 35.8 million (1860s-2002), with a peak of 44 million in
1993 (Anderson and Yalden, 1981; Fuller and Gough, 1999; Pearce-Higgins, Grant, et al., 2009). All
four UK countries have since experienced moderate declines in upland sheep densities, ranging from
-10.3% (England) to -31.0% (Northern Ireland; 2000-2010; Silcock et al., 2012). Despite recent declines,
current stocking densities remain considerably higher than 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 chain-harrowing, and ploughing and re-seeding (Baines, 1988; Baines, 1990; Vickery et al.,
2001; Fuller et al., 2002; Newton, 2004; Devereux et al., 2004; McCracken and Tallowin, 2004) have
been used to improve grazing quality for livestock and enable silage production (Fuller and Gough,

1999; Fuller et 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 consumption (a possible major
evidence gap) and trampling (Beintema and Muskens, 1987; Pennington, 1992; Vickery et al., 2001;
Newton, 2004), and silage production (and other associated agricultural activities such as rolling,
chain-harrowing, and rush cutting during the breeding season) causes mechanical destruction of nests
and chicks (Baines, 1990; Vickery et al., 2001; Newton, 2004). Intensive sheep grazing can result in
conversion from heather-dominated moorland to grassland (Anderson and Yalden, 1981; Fuller and
Gough, 1999; Welch et al., 2005; Hartley and Mitchell, 2005), which will likely adversely impact
moorland-specific waders from group 2 and heath-favouring Eurasian dotterel Charadrius morinellus
(hereafter dotterel; group 3; Brown and Stillman, 1993; Galbraith et al., 1993; van der Wal et 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 heath, vegetation structure may be more critical than vegetation type (Pearce-Higgins and Grant,
2006; Amar et al., 2011). Extreme, uniform vegetation structures are created by intensive sheep
grazing (short vegetation) and silage production (tall vegetation), both of which affect invertebrate
resources and predation pressure (see sections 1.3.2. and 1.3.3; Baines, 1988; Vickery et al., 2001,
Newton, 2004; Whittingham and Evans, 2004; Dennis et al., 2008; Calladine et al., 2014; Evans et al.,
2015). Reseeding to boost these agricultural practices (livestock grazing and fodder crop production)
initially increases breeding lapwing abundance, but this is short-lived with subsequent declines in the
long-term due to lower breeding densities and hatching success (although abundance can remain
higher than in the surrounding landscape; Dittmann et al., 2018; McCallum et al., 2018). Despite these
adverse impacts, short vegetation aligns with Eurasian golden plover Pluvialis apricaria (hereafter
golden plover) and lapwing habitat preferences for nesting sites (Whittingham et al., 2006; Pearce-
Higgins and Grant, 2006; Smart et al., 2013; Douglas and Pearce-Higgins, 2014), and waders such as
curlew are known to nest in the taller vegetation of silage meadows (Jefferson, 2005; Byrkjedal et 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 ideal for 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; Whittingham et al., 2001; Pearce-Higgins and Grant, 2006; Bracken et al., 2008). Silage
production and nitrogen deposition, derived from silage-associated fertiliser application and livestock
dung (as well as anthropogenic air pollution), result in reduced plant diversity and subsequent
invertebrate diversity, leading to lower invertebrate abundance (Baines, 1988; Vickery et al., 2001;
Newton, 2004; Calladine et al., 2014; Ewing et al., 2020). Moreover, lowered soil moisture due to
agricultural drainage can reduce moisture-loving invertebrate availability and abundance, such as
cranefly (Diptera: Tipulidae) larvae (Baines, 1988; Pearce-Higgins and Yalden, 2003; Newton, 2004),
and thus produce shorter breeding seasons leading to less opportunities for re-nesting and reduced
breeding success (Green, 1988; Green et 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 egg and chick
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 deer Cervus elaphus and red grouse Lagopus lagopus scoticus for sport has been
synonymous with the UK uplands for nearing two centuries (Sotherton et al., 2009). Land managed
for deer hunting artificially inflate the number of hinds, and thus stags, to provide more game and
greater revenue (Bullock et 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; Pearce-Higgins et al., 2009). Many estates also fertilise land and burn heathland vegetation to
improve grazing (Trenkel et al., 1998; Davies et 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 moorland (Sotherton et al., 2009; Grant et al., 2012). Grouse moor management, particularly
moors managed for “driven” grouse shooting, is a contentious issue due to raptor persecution (Melling
et al., 2018) and potential adverse environmental effects including reduced water quality and carbon
storage (Glaves et al., 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 varies (Tharme et al., 2001; Grant et al., 2012; Newey et
al., 2016; Ludwig et 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 of short-
term burning effects. All group 1 and 2 species will breed on moorland so could be affected by this
management, although the nature and magnitude of impacts vary. Common sandpiper Actitis
hypoleucos from group 4 could also possibly be affected if the water bodies they breed at are within

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 attempts by Daplyn and
Ewald (2006), and Fletcher et al. (2010) (Harper et al., 2018). Yet, Littlewood et al. (2019) and Ludwig
et al. (2019) concluded that waders associated far more strongly with predator control and burning,
and Franks et al. (2017) revealed a negative association between burning and curlew breeding
densities. Burning could adversely affect invertebrate prey populations through direct mortality and
increased habitat aridity (Grant et al., 2012; Harper et al., 2018) but could increase accessibility of the
remaining populations through shorter vegetation (Pearce-Higgins and Yalden, 2004). Similarly,

opposing effects on wader nesting habitats arise as short vegetation derived from burning, cutting,
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and livestock grazing will benefit lapwing and golden plover (Pearce-Higgins and Yalden, 2004; Pearce-
Higgins and Grant, 2006; Grant et al., 2012; Douglas et al., 2017) at the expense of more concealed
nesters such as common snipe Gallinago gallinago (hereafter snipe; Snow and Perrins, 1998; Laidlaw
et al., 2020). Such vegetation management techniques, however, could provide the mosaic of different
vegetation heights and compositions required 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; McFerran et al., 1995; Eyre et al., 2003). Smaller patches of managed and unmanaged
vegetation could create a heterogeneous vegetation structure at the size of individual breeding pairs’
territories, thus providing suitable nesting, chick-rearing, and foraging areas. Depending on the timing
of heather burning, however, there is the possibility that burning could destroy early wader nests as
burning is permitted into April (England and Wales: 15th April; Scotland: 30th April; Moss et al., 2005;
Grant et al., 2012), yet the likelihood of destruction is cited as only 1-2% (Glaves et al., 2005).
Meanwhile, predator control has beneficial impacts through increased breeding success and wader
abundance (Tharme et al., 2001; Fletcher et al., 2010; Amar et al., 2011; Littlewood et 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 pheasants Phasianus colchicus and red-legged
partridges Alectoris rufa in the lowlands (Newton, 2004; Pringle et 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 case; Ludwig et al., 2019), common redshank Tringa totanus (hereafter
redshank), and common sandpiper (Table 1.3). However, overall impacts of such management on
curlew, golden plover, snipe, dunlin Calidris alpina, and common greenshank Tringa nebularia
(hereafter greenshank) are neither entirely positive nor negative (Table 1.3). This amalgamation of
multiple studies (Table 1.3), although giving an idea of the overall effect of grouse moor management
on different wader species, will not provide an entirely true 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 moorland-breeding waders, rather than speculating the drivers of population change.
Moreover, the long-term impact of vegetation management such as burning (including the
guantification of burning intensities) needs to be incorporated. As management associated with
grouse moors will vary between sites, the magnitude of such management must be assessed for each
wader species individually due to differing habitat requirements (Table 1.2), as well as impacts on

other aspects such as invertebrate prey.
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Table 1.3. The impacts of grouse moor management practices (rotational heather burning and predator control) on eight upland wader species known to nest on moorland.
Overall moorland management relates to instances where the separate impacts of heather burning, and predator control are not distinguished. The total number of studies
(including both peer-reviewed and grey literature) finding positive, negative, and no impacts are shown for each wader species. Some studies show differing directions 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 moors (Tharme et al., burned > higher breeding density increase occupancy (Haworth 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 abundance (Newey abundance > increase breeding
abundance when management etal., 2016) success and breeding abundance
restored (Ludwig et al., 2019) (Fletcher et al., 2010)
— Higher breeding densities positively — Positive association between
associated with red grouse predator control and abundance
abundance (Franks et al., 2017) (Littlewood et al., 2019)
Negative —Increase burning intensity > 2
decrease density (Dallimer et al.,
2012)
— Greater area of rotational strip
burning > lower breeding densities
(Franks et al., 2017)
None — Little support for effect of burning 1
on abundance (Littlewood et al.,
2019)
Common Positive — Positive association between 1
snipe predator control and abundance
Gallinago (Littlewood et al., 2019)
gallinago Negative — Reduce burning intensity > increase 1
density (Dallimer et al., 2012)
None — Significant positive and negative — Poor support for effect of burning 3

associations between management
and abundance depending on

on abundance (Littlewood et al.,
2019)
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— Higher abundance when
management ceased and when
management restored (Ludwig et
al., 2019)
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Common Positive — Reduce predation pressure > 1
redshank increase occupancy (Haworth and
Tringa Thompson, 1990)
totanus Negative 0
None .
Northern Positive — Higher breeding densities on — Greater proportion of habitat burned —Reduced red fox and carrion crow 5
lapwing managed moors (Tharme et al., > higher breeding densities (Daplyn abundance > increase breeding
Vanellus 2001) and Ewald, 2006) success and breeding abundance
vanellus — Lower abundance when (Fletcher et al., 2010)
management ceased (Ludwig et al.,
2019)
— More intensive management
associated with lower declines
(Amar et al., 2011)
Negative 0
None —No change in abundance when 1
management restored (Ludwig et
al., 2019)
Eurasian Positive — Higher breeding density on —Higher likelihood of prevalence with — Reduce predation pressure > 7
golden managed moors (Tharme et al., greater proportion of habitat burned increase occupancy (Haworth and
Plover 2001; Daplyn and Ewald, 2006) (Newey et al., 2016) Thompson, 1990)
Pluvialis — Lower abundance when —Greater area of habitat burned > — Associated with areas of
apricaria management ceased and higher higher abundance in the initial post- gamekeeper activity (Daplyn and

abundance when management
restored (Ludwig et al., 2019)

burning period (Douglas et al., 2017)
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— Positive association between
predator control and abundance
(Littlewood et al., 2019)

Negative — More intensive management 1
associated with greater declines
(Amar et al., 2011)
None —Poor support for effect of burning on 1
abundance (Littlewood et al., 2019)
Dunlin Positive — Higher breeding density, and lower  —Greater proportion of habitat burned 2
Calidris rate of decrease in density on > higher abundance (Newey et al.,
alpina managed moors (Daplyn and Ewald, 2016)
2006)
Negative — Greater proportion of habitat burned 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 management
and abundance depending on
ordination analysis method (Newey
et al., 2016)
Common Positive — Greater proportion of habitat burned 1
sandpiper > higher abundance (Newey et 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 areas (Lavers and Haines-Young, 1997;
Worrall and Evans, 2009; Amar et al., 2011; Wilson et al., 2014; Fraixedas et al., 2017). Afforestation,
particularly on moorland, has increased significantly since the 1940s (Scottish Government., 2009;
Bunce et al., 2014) with over 12% of the UK now forested predominantly with exotic conifers, although
afforestation with native broadleaved trees is now increasing (Mason, 2007; Bunce et al., 2014). These
changes in afforestation practice to continued species-rich woodland expansion derive from
associated ecosystem services, such as flood and climate change mitigation, and conservation
(Scottish Government., 2009; Wilson et 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 year (Burke et al., 2021) could drive non-native plantations on ecologically

sensitive land, particularly in the uplands.

Proximity to plantations consistently negatively impacts upland waders (Stroud et al., 1990; Avery and
Haines-Young, 1990; Hancock and Avery, 1998; Finney et al., 2005; Hancock et al., 2009; Amar et al.,
2011; Franks et al., 2017), although one study by Avery (1989) does not find evidence of this. Only
dotterel (group 3) and oystercatcher (group 4) have not been studied as generally neither species
breeds on open moorland where upland tree planting often occurs (Table 1.2). The initial effect of
plantation establishment involves the direct displacement of waders from the plantation site (Amar
et al., 2011). Subsequently, the surrounding 400-700 m can dissuade waders due to edge effects
(Stroud et al., 1990; Chadwick et al., 1997; Amar et al., 2011; Douglas et al., 2014; Wilson et al., 2014),
with these adverse impacts intensifying as forests become established (Stroud et al., 1990; Franks et
al., 2017). Waders may avoid areas surrounding woodland because of perceived or actual predation
risk (Amar et al., 2011; Wilson et al., 2014; Hancock et al., 2020). Indeed, plantations provide breeding
sites for predators such as red fox Vulpes vulpes and carrion crow Corvus corone (Amar et al., 2011;
Douglas et al., 2014; Hancock et al., 2020), and the reduction or cessation of grazing on land
surrounding plantations can increase alternative prey abundance such as voles (Chadwick et al., 1997;
Evans et al., 2006) which could boost such predator populations. Moreover, habitat quality of the
surrounding land can be diminished; drainage ditches installed for plantations and transpiration by
the trees lowers the water table (Shotbolt et al., 1998; Worrall and Evans, 2009), which could reduce
invertebrate prey abundance (see section 1.3.3). Importantly, Douglas et al. (2014) noted reduced

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

could lead to abandonment of such areas in future years (Stroud et al., 1990).

All the 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 likely to be similar, 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 built (Houses of Parliment, 2019; Newton, 2020), leading to concerns such
as collision mortality and disturbance displacement in breeding birds (Drewitt and Langston, 2006).
The limited, high-quality research concerning wind farm impacts on upland waders, of which
additional research is required, suggests that collision mortality is not a key factor (Pearce-Higgins et
al., 2012; Sansom et 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 upon (Pearce-Higgins, Stephen, et al.,
2009; Douglas et al., 2011; Pearce-Higgins et al., 2012; Sansom et al., 2016). Wind farms negatively
impact breeding abundance and distribution of curlew (density decline: 42.4% within 500 m (Pearce-
Higgins, Stephen, et al., 2009); 40.0% within 620 m (Pearce-Higgins et al., 2012)) and snipe (density
decline: 47.5% within 500 m (Pearce-Higgins, Stephen, et al., 2009); 53% within 620 m (Pearce-Higgins
et al., 2012)), whereas lapwing and dunlin do not appear to be adversely affected (Pearce-Higgins,
Stephen, et al., 2009; Pearce-Higgins et al., 2012). The effect on golden plover is less conclusive though
negative impacts are probable (Pearce-Higgins et al., 2008; Pearce-Higgins, Stephen, et al., 2009;
Douglas et al., 2011; Pearce-Higgins et al., 2012; Sansom et 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 snipe (Pearce-Higgins and Grant,
2006; Hancock et al., 2009; Pearce-Higgins et al., 2012; Smart et 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 abundance and distribution (Pearce-Higgins, Stephen, et al., 2009; Pearce-Higgins et al.,
2012; Sansom et al., 2016). This could result in abandonment of wind farm sites as breeding territories
in future years, depending on breeding success at the new displacement sites (Berg, 1994; Pearce-
Higgins et al., 2012). Recent research has also shown that earthworms, a key dietary component for

several wader species (Buchanan et al., 2006; Pearce-Higgins, 2010), decrease in abundance closer to

27



Chapter 1

wind turbines due to vibratory noise (Velilla et 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 impacts are likely to be limited
as these species occur at low densities in the moorland, bog, and rough grassland sites on which wind
farms tend to be built (Pearce-Higgins, Stephen, et al., 2009; Douglas et al., 2011; Pearce-Higgins et
al., 2012).

1.3.1.5 Peat extraction

Of the approximately 3 million ha of peatland cover in the UK, large-scale degradation and loss has
occurred through multiple land-uses including peat extraction (Joint Nature Conservation Committee,
2011; Marsden and Ebmeier, 2012; Evans et al., 2017). The demand for peat extraction derives from
its use in the generation of energy and gardening (Vasander et al., 2003), with peat extraction for such
purposes accounting for 4.9% of UK peatlands (energy = 4.6%; horticulture = 0.3%; Evans et al., 2017).
Similarly in Europe, approximately 6% of the 96 million ha of peatland cover has undergone extraction
(Vasander et al., 2003). Nevertheless, extraction rates waned between 2000 and 2010 in England
(Marsden and Ebmeier, 2012), and the UK government intends to end the use of peat for horticultural
purposes by 2030 (Department for Environment Food & Rural Affairs, 2018); as extraction for fuel
encompasses 15 times more peatland than extraction for horticulture, however, the UK government
should focus on ceasing the use of peat for energy too. In addition to concerns regarding carbon
release and climate change (Limpens et al., 2008), there are concerns over the impact on waders. Little
research has directly examined the impacts of peat extraction on waders, yet adverse effects can be
construed via the influence on peatland habitat (Lavers and Haines-Young, 1996; Henderson et al.,

2002; Fraixedas et al., 2017).

Peat extraction has a direct effect on habitat quality, leading to degradation, fragmentation, and loss
of wader habitat (Henderson et al., 2002), particularly for groups 1 and 2 which breed on peatland.
However, drainage may be the most significant widespread consequence of peat extraction as it
degrades peatland habitat for foraging waders which rely on wet substrates (Douglas et al., 2014;
Fraixedas et 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 ditches (Landry and Rochefort, 2012). Drainage enables the initial extraction of the
top peat layer; yet drainage subsequently leads to compaction and lowering of the remaining
substrate. Such large-scale drainage, not only for peat extraction but also for livestock farming, is a

considerable problem in the UK where the majority of peatland is consequently no longer intact
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(Holden et al., 2004; Fraixedas et al., 2017). Furthermore, disturbance caused by human activity during

peat extraction could indirectly affect breeding waders (Hockin et al., 1992).

The threat that peat extraction 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 degrade the available habitat,

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

1.3.2 Predation

Ground-nesting birds, such as waders, are particularly susceptible to predation (Gibbons et al., 2007;
Roos et 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 long-lived species and do not need to produce multiple fledglings annually
(Ausden et al., 2009). Wader nests and chicks are preyed upon by a wide variety of mammalian and
avian predators, both diurnal and nocturnal (Teunissen et al., 2008; see for a non-exhaustive list of
wader predator species). Despite this natural inter-specific interaction, some predators have
increased in Britain, such as carrion crow, raven Corvus corax, and common buzzard Buteo buteo
(Amar et al., 2010; Balmer et al., 2013; Harris et al., 2020). Underlying causes of these predator
population increases will likely include multiple drivers: increased food resources from human refuse,
artificially inflated native gamebird numbers and increasing large-scale annual releases of non-native
gamebirds, sheep carcasses, and livestock dung-dwelling invertebrates; recovery of avian predators
following cessation of organochlorine pesticide use; and declines in killing by humans (Fuller and
Gough, 1999; Gibbons et al., 2007; Pringle et al., 2019; Newton, 2020). Due to the resultant ecological
imbalance, with non-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 attendance (which reduces incubating adult
predation risk but increases nest predation risk; Grant et al., 1999; Schekkerman et al., 2009; Cervencl
et al., 2011; Rickenbach et al., 2011). Although, compared to red fox and corvids, other predators such
as raptors are less likely to limit prey populations (Roos et 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 declines (Grant et al., 1999; MacDonald and Bolton, 2008b; MacDonald

and Bolton, 2008a; Roodbergen et al., 2012; Franks et al., 2017; Mason et al., 2018; Cook et al., 2021).

Changes in vegetation structure through land-use change can further increase the risk of nest or chick
predation. Short, homogenous vegetation decreases nest crypsis, removes cover for chicks, and

reduces small mammal abundance (an alternative prey source to waders, low abundance of which can
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thus increase wader predation risk; Baines, 1990; Vickery et al., 2001; Whittingham and Evans, 2004;
Laidlaw et al., 2013; Evans et al., 2015). Conversely, expanses of tall vegetation associated with silage
production (Newton, 2004; Calladine et al., 2014), encroachment of rush and other rank vegetation
(Robson and Allcorn, 2006; Fisher and Walker, 2015; Douglas et al., 2017), and land abandonment
(Kamp et al., 2018) reduces the detectability of predators for foraging and open-nesting waders
(Whittingham and Evans, 2004). Regarding livestock farming, higher stocking densities can cause more
frequent disturbance of incubating or brooding waders and thus attract predators to nests and broods

(Jonsson, 1991; Fuller and Gough, 1999; Hart et al., 2002; Newton, 2004).

Comprehensive research has been done on all four wader groups but more so on species such as
curlew, redshank, and lapwing from group 1. Predation is a key issue, driving wader population
declines through high nest and chick predation (Roodbergen et al., 2012; Roos et al., 2018; Cook et
al., 2021). Red fox and carrion crow are often cited as the primary mammalian and avian culprits
(MacDonald and Bolton, 2008b; Roos et al., 2018), but variability in the suite and abundance of
predator species between areas means that the magnitude of this threat varies on a site-by-site basis
(Bolton et al., 2007; Teunissen et al., 2008). For example, in some study areas, corvids such as carrion

crow exert less pressure on waders than expected (Madden et al., 2015).

1.3.3 Reduced invertebrate resources

Food resources for waders are determined by abundance of specific invertebrate prey (primarily
influenced by land 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 sub-surface invertebrates such as adult Coleoptera and earthworms,
respectively (Buchanan et al.,, 2006; Pearce-Higgins, 2010). Worrying long-term declines in
invertebrate populations (Hallmann et al., 2017; Fox et 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 fitness (Smart and Gill, 2003) and increase egg and chick mortality
(Pearce-Higgins and Yalden, 2002; Pearce-Higgins and Yalden, 2004; Eglington et al., 2009; Douglas
and Pearce-Higgins, 2014). In black-tailed godwits Limosa limosa (a lowland-breeding UK wader
species) and lapwing, lighter parents exhibit lower nest and brood survival; lighter parents incubate
less, nest predation is higher, replacement clutch likelihood is lower for lighter females, and lighter
males stop tending broods earlier as the chicks grow (Hegyi and Sasvari, 1998). Lighter female waders
also produce smaller eggs resulting in smaller chicks with lower growth and survival rates (Galbraith,
1988a; Galbraith, 1988b; Thompson et al., 1990). It is also possible that smaller wader chicks, due to

poor foraging conditions, have an increased risk of starvation and predation (Beintema and Visser,
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1989; Baines, 1990; Pearce-Higgins and Yalden, 2004; Schekkerman et al., 2009). Smaller adults,
resulting from poor growth as chicks, are also more susceptible to extreme weather conditions (Clark,
2009; see section 1.3.4). Evidently, food intake is an intrinsic part of survival, yet the impacts of
invertebrate abundance have only been studied directly in lapwing (Baines, 1990) and golden plover
(Pearce-Higgins and Yalden, 2003; Pearce-Higgins and Yalden, 2004; Douglas and Pearce-Higgins,
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 sometimes on 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 applied (Vickery et
al., 2001). Moderate applications increase earthworm abundance, a key dietary component for many
waders such as snipe (Vickery et al., 2001; Hoodless et al., 2007). However, nitrogen-containing
fertilisers, as well as a reduction in lime application, atmospheric acid deposition, and cropping, can
reduce soil pH and thus earthworm abundance (McCallum et al., 2016). In comparison, organic
fertiliser application such as farmyard manure, and dunging from livestock in general, is typically
beneficial for invertebrates when applied in low to moderate quantities and derived from non-
avermectin (pesticide) treated livestock (Vickery et al., 2001; McCracken and Tallowin, 2004;
Buchanan et al., 2006).

Vegetation height and structural complexity, another factor influenced by agricultural practices, 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 (Vickery et al., 2001; Dennis et al., 2005; Dennis et al., 2008; Evans et al., 2015). However, for
soil-dwelling cranefly larvae, another key dietary component, abundance increases with stocking
density (Dennis et al., 2005; Buchanan et 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 content (Pearce-Higgins et al., 2010; Carroll et al., 2011; Carroll et 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 swards (Vickery et al., 2001). Such cropped
vegetation structures are also created by cutting regimes 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 taxa (Vickery et al., 2001).
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Rotational heather burning, associated with 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 diversity (Usher, 1992; McFerran et al., 1995; Eyre
et al., 2003). Yet, this management practice is not without consequence, with burning leading to loss
of habitat (although recolonisation from unburnt areas can be rapid) and direct mortality of
invertebrates (Grant et al., 2012; Harper et al., 2018). In addition, direct mortality through agricultural
and grouse moorland management-associated pesticides is a controversial issue. Avermectin, as
mentioned previously, is an anthelmintic pesticide used to treat parasites and insect pests of livestock,
which enters the environment through dung (Halley et al., 1993; McCracken, 1993; Vickery et al.,
2001; McCracken and Tallowin, 2004). Anthelmintic drugs used to treat red grouse, administered via
medicated grit or direct treatment, can also potentially impact invertebrate growth, reproduction, and
survival (Oh et al., 2006; Thompson et al., 2016). The true impact of anthelmintics on invertebrates,

however, has yet to be determined (Thompson et al., 2016).

The importance of invertebrate abundance is, however, closely tied to invertebrate 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 accessibility of invertebrates; decreasing vigilance rates for predators and thus increasing time
available for foraging; and potentially improving wader mobility (Vickery et al., 2001; Butler and
Gillings, 2004; Devereux et al., 2004; Newton, 2004; Whittingham and Evans, 2004; Douglas and
Pearce-Higgins, 2014). Other exclusively negative changes include soil compaction from high stocking
densities and agricultural machinery (Vickery et al., 2001; Chesterton, 2009), and lower soil moisture
(via climate change and land drainage) leading to reduced soil-probing ability during foraging and

shifting of earthworms deeper into the soil (Green et al., 1990; Smart and Gill, 2003).

1.3.4 Climate change

High emission climate change scenarios for the UK predict increasingly higher temperatures (0.7-4.2°C
(winter) and 0.9-5.4°C (summer) increase by 2070; 10 and 90% probabilistic forecast, UKCP18), with
higher winter and lower summer precipitation (Met Office, 2019). In recent decades (1961-2000),
mean temperature and overall winter precipitation have already risen in the UK uplands (Burt and
Holden, 2010). These changes in climatic conditions could alter breeding wader distributions (Huntley
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; Renwick et al., 2012; Franks et al., 2017). 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 ecological impacts (van Dijk et al., 2015). As climate change is a large-scale
threat, the impacts on all four wader groups have been investigated. According to Martay et al. (2017),
climate change may already have contributed to overall snipe declines in Great Britain. Nevertheless,
species-specific responses will differ due to variations in breeding range, distribution, and ecology

(Smart and Gill, 2003; Renwick et al., 2012).

For habitat specialists (for example, dunlin; Lavers and Haines-Young, 1996; Lavers et al., 1996), and
species at their southern and western range and altitudinal limits (for example, dotterel, greenshank,
and golden plover; Thompson and Thompson, 1991; Pearce-Higgins et al., 2010; Hayhow et al., 2015),
climate change will exert a stronger force (Pearce-Higgins, 2010; Chamberlain et al., 2012; Pearce-
Higgins et al., 2015). Climate change-related habitat loss, together with other anthropogenic-related
reductions in habitat quality, could result in distribution shifts for such species. For example, 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 a 3°C temperature increase, due to lowered water tables and
conversion to drier soil-associated vegetation compositions including heath and woodland (Smart and
Gill, 2003). Moreover, soil acidification from air pollution- and agriculture-associated nitrogen
deposition, along with intensive sheep grazing, can further alter vegetation composition by
homogenising and lowering diversity (van der Wal et al., 2003; Ross et al., 2012; Hayhow et al., 2015;

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

For other less geographically restricted species (wader groups 1 and 4), habitat degradation rather
than loss is more likely (Smart and Gill, 2003). Of key importance is climate change-related impacts on
invertebrate prey resources. Whilst the activity and abundance of some invertebrates may increase in
warmer temperatures (Smart and 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 availability of
important moisture-associated invertebrates such as cranefly larvae and earthworms (Pearce-Higgins
et al., 2005; Pearce-Higgins et al., 2010; Pearce-Higgins, 2010; Carroll et al., 2015). Such climate-
associated substrate aridity will exacerbate the effects of land drainage (Pearce-Higgins, 2010).
Warmer, drier conditions can also increase wildfire prevalence, particularly on moorland, further
reducing invertebrate abundance, destroying wader breeding habitat, and potentially killing wader
nests and young chicks (McMorrow et al., 2009; Albertson et al., 2010; Grant et al., 2012; for
discussion of impacts associated with prescribed moorland burning, see section 1.3.1.2). Climate
change-related 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 prey through altered habitat
conditions, warmer temperatures could also trigger earlier emergence and increased development
rates in invertebrates, leading to reduced availability during the chick rearing period (Smart and Gill,
2003; Pearce-Higgins and Yalden, 2004). 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 to long-distance migrants (for example,
common sandpiper; Dougall et al., 2010) as they cannot predict weather conditions and thus habitat
conditions or invertebrate prey availability at the breeding sites (Holland and Yalden, 1991; Stenseth
and Mysterud, 2002; Smart and Gill, 2003). At present, however, evidence supporting phenological
mismatch impacts is lacking (Pearce-Higgins, Yalden, et al., 2009; Chamberlain and Pearce-Higgins,
2013) with impacts on invertebrate abundance more important than phenology (Pearce-Higgins et al.,
2010). Waders do appear capable of responding to warmer springs by exhibiting earlier laying-dates
(Kruk et al., 1996; Both et al., 2005), but the rate of advance is critically important; slower
advancement of farming activities compared to nesting by lapwing and curlew can result in the
destruction of nests by agricultural machinery (Santangeli et al., 2018). Earlier laying-dates due to
climate change could also enable longer breeding seasons resulting in additional opportunities for
replacement clutches following clutch or brood loss, as long as soil conditions remain suitably wet for
species such as snipe which primarily forage by probing the soil (Green, 1988; Smart and Gill, 2003).
Nevertheless, there is potential for phenological mismatch to become more prevalent under future

climate change scenarios (Pearce-Higgins et al., 2005; Chamberlain and Pearce-Higgins, 2013).

On the other side of the trophic chain to invertebrates, predation pressure upon waders could increase
in response to climate change-related 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 (see section

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 habitats (Watson, 1988; Watson et al.,
1988; Yalden and Yalden, 1990; Haworth and Thompson, 1990; Hockin et al., 1992; Yalden, 1992;
Finney et al., 2005; Pearce-Higgins et al., 2007) with increased public open access land granted in
upland areas in 2000 (UK Parliament, 2000; Finney et al., 2005). The impacts of human disturbance on
all four wader groups have been studied. Disturbance can affect breeding success, nest-site choice,

territorial disputes, foraging behaviour, population density, and community structure either directly
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through displacement or indirectly through behavioural changes (reduced incubation, abandonment
of nests, reduced parental care of chicks) which can lead to increased predation rates (van der Zande
et al.,, 1980; Iversen, 1984; Yalden and Yalden, 1989; Yalden and Yalden, 1990; Haworth and
Thompson, 1990; Hockin et al., 1992; Verhulst et al., 2001).

Impacts may differ due to the type and intensity of disturbance. High daily numbers of walkers can
displace waders from breeding sites; although, installation or re-surfacing of footpaths can reduce
displacement distances as fewer walkers stray from the path, despite increased visitor numbers
(Pearce-Higgins and Yalden, 1997; golden plover: Finney et al., 2005; Pearce-Higgins et al., 2007,
dunlin: Pearce-Higgins et al., 2007). In addition, anglers can also disturb upland waders as common
sandpipers were flushed 29% more than in angler-free areas, resulting in reduced breeding densities
(Yalden, 1992). Nevertheless, an effect is not always observed as Scottish breeding dotterel were not
affected by increased human traffic in spring and summer at ski slope developments (Watson, 1988).
In addition, frequent nest visits (every four days) by researchers was not found to decrease lapwing

nest survival (Fletcher et al., 2005).

1.3.6 Disease 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, sheep tick Ixodes rinicus, and its
associated disease, Louping-ill virus (LIV) on upland wader chick survival (Newborn et al., 2009;
Douglas and Pearce-Higgins, 2019). Infestations of sheep ticks and LIV infection significantly increase
grouse chick mortality rate by 78% (Gilbert, 2016). Wader chicks also carry sheep ticks. Newborn et al.
(2009) found, on moorland with acaricide-treated 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 three species carried relatively few ticks,
potentially explaining the lack of effect on body condition and 0% LIV sero-positivity (Newborn et al.,
2009). On an acaricide-free moorland, however, Douglas and Pearce-Higgins (2019) found that 90% of
golden plover chicks (c.f. 47% in Newborn et 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 abundance (Newborn and Baines, 2012). Because Newborn et al. (2009) found that curlew had
high susceptibility to tick infestations compared to golden plover and lapwing, despite tick
management, tick-related chick mortality could be an important factor contributing towards poor
breeding success for curlew in acaricide-free 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 tick-related chick mortality to limit wader populations must
be researched. Other factors which could also be considered include upland sheep farming and grouse
moor extent; alternative host species abundance (red grouse, sheep Ovis aries, red deer Cervus
elaphus, and roe deer Capreolus capreolus, lagomorphs) and its impact on tick prevalence; and extent
of acaricide treatment in sheep and red grouse (Fuller and Gough, 1999; Ward, 2005; Scharlemann et
al., 2008; Jeffries et al., 2014; Baines and Taylor, 2016; Sotherton et al., 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 farming and 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 Land-use

1.4.1.1 Intensification 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
(Batary et al., 2015), AES have been implemented across 90% of upland grazing livestock land in
England (mostly broad Entry Level options; Natural England, 2009) and waders are still declining
signifying that current prescriptions are ineffective (for example, Smart et al., 2013). Potentially
inaccurate perceptions of some practices, such as drainage ditch blocking reducing sheep grazing
conditions (Wilson et al., 2011; Reed et al., 2017), could deter some prescription uptake. When
successfully applied however, AES can ameliorate local population declines when targeted
prescriptions reduce grazing, agrochemical application, and agricultural activities such as mowing
during the breeding season (O’Brien and Wilson, 2011; Franks et al., 2018) and are applied over a
sufficiently large proportion of the landscape (Whittingham, 2007; Dallimer et al., 2010; Franks et al.,
2018). It seems to be the case, however, that despite generally positive effects, the extent of the

impact is not enough to stabilise overall wader population declines (Franks et 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 stocking densities, 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
beneficial for a wider range of nesting upland waders, and improving invertebrate accessibility and
abundance (Hope et al., 1996; Vickery et al., 2001; Newton, 2004; Whittingham and Evans, 2004,
Dennis et al., 2008; Natural England, 2012; Evans et al., 2015). It should be noted, however, to not
abandon grazing land as under-grazing could prove equally as detrimental as overgrazing to waders
through resultant dominance of rank vegetation (Pollock et al., 2013; Johnstone et al., 2017; Kamp et
al., 2018). Nest and 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 chicks (Newton, 2004; Whittingham and 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), as well as re-seeding, are required (Hulme et al., 1999; Gardner et
al., 2002; Gardner et al., 2009; Anderson et 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 moisture (Newton, 2004); no inorganic and reduced organic fertiliser application to
benefit invertebrate populations; conversion of silage to hay production to avoid nest and chick
mortality (Vickery et al., 2001; Newton, 2004; Jefferson, 2005); creation or extension of wet features
such as scrapes and pools for foraging (Natural England, 2012; Smart et al., 2013); sub-soiling and
spiking to improve soil aeration for foraging (Vickery et al., 2001; Natural England, 2012); rush cutting
to increase sward heterogeneity (Robson and Allcorn, 2006; Holton and Allcorn, 2006; Fisher and
Walker, 2015); and scrub removal to remove avian predator perches (Natural England, 2012). To make
these interventions feasible, however, government support for landowners is necessary (Gardner et

al., 2009; Franks et 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 could limit the magnitude of beneficial impacts for farmland birds
such as waders (Perkins et al., 2011; Baker et al., 2012; Burgess et al., 2015; Franks et al., 2018).
Moreover, reported benefits for some interventions are more anecdotal than evidence-based and

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 creation (Robson 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 still be 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
(Franks et al., 2018). When aiming to benefit breeding success, AES evaluation 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 instated due to lack of natural predators (Bullock et 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 different wader species (Trenkel
et al., 1998; Tharme et al., 2001; Davies et al., 2010; Grant et 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 early nests (Harper et 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 plover (Pearce-Higgins and Yalden, 2004; Pearce-
Higgins and Grant, 2006; Grant et al., 2012), rotational burning should be substituted for cutting where

possible (Douglas et 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 (Newborn et al., 2009; Douglas and Pearce-Higgins, 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 tick-related 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 sheep (Douglas and Pearce-Higgins, 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 waders (Fuller et 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 example, Smith and Cloutman,
1988; Fyfe et al., 2003; Atkinson and Townsend, 2011). Increasing the proportion of woodland in the
UK, ideally with native species, would benefit woodland species and the UK ecosystem (Fuller et al.,
2007). Managing the land for waders at the expense of other vulnerable species would be ill-advised.
Therefore, expansive conifer plantation woodlands should be removed, and afforestation projects
should be avoided in large flat areas with high densities of breeding waders (Hancock et al., 2009;
Douglas et al., 2014; Hancock et 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 1.3 km from their
dens respectively during the spring and summer, increased predator control at wader breeding sites
situated close to woodland could improve wader breeding success (Douglas et al., 2014; Meisner et

al., 2014).

1.4.1.4 Wind farms

Although the quantity 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 the non-breeding season
(Drewitt and Langston, 2006; Pearce-Higgins, Stephen, et al., 2009; Pearce-Higgins et al., 2012;
Sansom et al., 2016). Moreover, turbines could be installed in groups rather than lines to reduce the
barrier effect and avoid flight paths (Drewitt and Langston, 2006). New automated camera technology
that reduces turbine rotation when an avian collision risk is detected (McClure et al., 2021), as well as
pioneering bladeless turbines (Vortex Bladeless, 2015), could also be implemented, although as
previously discussed (see section 1.3.1.4) evidence suggests collision risk is low for waders (Pearce-
Higgins et al., 2012; Sansom et al., 2016). To ensure that these measures are effective, pre- and post-
development monitoring, needs to be undertaken (Drewitt and Langston, 2006; Pearce-Higgins et al.,

2012).

1.4.1.5 Peat extraction

Evidenced by previously successful peatland protection and restoration projects in Europe, UK
peatland management should follow suit (Vasander et al., 2003; Marsden and Ebmeier, 2012;
Fraixedas et al., 2017). Prevention of new extraction projects and restoration of former extraction

sites are required in areas with high breeding wader densities (Lavers and Haines-Young, 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 reduced (Vasander et al., 2003; Marsden and Ebmeier,
2012; Artz et al., 2018). Reseeding of bare peat could also be applied depending on local conditions
(Artz et al., 2018). This will promote revegetation and pool formation, improving potential
invertebrate resources for foraging waders (Joint Nature Conservation Committee, 2011; Hannigan et

al., 2011; Beadle et al., 2015; Elo et al., 2015; Brown et 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 non-lethal, should therefore be decided on
a site-by-site basis (Bolton et al., 2007; Teunissen et al., 2008). Partially due to the misinterpretation
that predation is always a problem, predator control can be ineffective at increasing wader
populations and breeding success (Parr, 1993; Bolton et al., 2007; Isaksson et al., 2007; Ausden et al.,
2009; Fletcher et al., 2010; Bodey et al., 2011; Buchanan et al., 2017). Sites where predation is limiting
wader productivity, however, can exhibit successful predator control (Jackson, 2001; Tharme et al.,
2001; Bolton et al., 2007; Isaksson et al., 2007; Fletcher et al., 2010; Smith et al., 2011; Rickenbach et
al., 2011; Malpas et al., 2013; Douglas et al., 2014; Buchanan et al., 2017; Ludwig et al., 2019).

Lethal control typically involves killing red fox, corvids (carrion crow and hooded crow Corvus cornix)
and mustelids (stoat Mustela erminea, weasel Mustela nivalis, and feral ferret Mustela furo). Meso-
predator release (for example, stoat), compensatory predation, and protection of certain predator
species in Britain (for example, badger Meles meles; Great Britain, 1992; Parr, 1993; Ausden et al.,
2009; Ritchie and Johnson, 2009; Bodey et al., 2011) are potential issues regarding lethal predator
control, especially if these species are limiting wader populations. Non-lethal 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 hedgehog Erinaceus
europaeus depending on fence design (Jackson, 2001; Smith et al., 2011; Rickenbach et al., 2011;
Malpas et al., 2013). Neither technique excludes small mustelid predators (stoat, weasel, and feral
ferret) and exclusion fences cannot impede avian predators (Nol and Brooks, 1982; Johnson and Oring,
2002; lvan and Murphy, 2005; Smith et al., 2011). A key issue surrounding nest exclosures concerns
incubation behaviour. When accepted by incubating adults, which occurs most of the time, nest
survival improves (Smith et 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 cannot escape
predators quickly (Nol and Brooks, 1982; Johnson and Oring, 2002; Murphy et al., 2003; Neuman et

al., 2004, Isaksson et al., 2007; Smith et al., 2011). This is not an issue with exclusion fences which are
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typically used to protect aggregations of breeding lapwing (Rickenbach et al., 2011). Exclusion fences,
however, may only be appropriate on enclosed in-bye rather than open moorland due to installation
and maintenance issues on large areas of moorland (Ausden et 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 cases (M.

Shurmer, personal communication, 08 January 2018; Meyer, 2017).

Lethal and non-lethal control can prove effective at increasing breeding wader productivity where
predation poses a key threat (Tharme et al., 2001; Bolton et al., 2007; Isaksson et al., 2007; Fletcher
et al., 2010; Rickenbach et al., 2011; Malpas et al., 2013; Douglas et al., 2014; Buchanan et 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, non-lethal control should be used unless small mustelids are the primary
predators. If this is not feasible or successful, lethal control can be considered for non-protected
predators, such as red fox, corvids, and small mustelids. Non-lethal predator exclusion fences can be
used 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 species (Isaksson et al., 2007). If red fox 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 useful (Redpath et al., 2001; Kubasiewicz et al., 2016; Smart and Amar, 2018); many
aspects need to be considered depending on the target predator and wader species (type and quantity
of food; feeding site location; timing of feeding; potential feeding of non-target predators) before
feeding is established to increase the likelihood of success (Smart and Amar, 2018). A less contentious
technique for all predation scenarios, however, is to improve wader habitat at the landscape scale
(Roos et al., 2018); create heterogeneous vegetation structures to provide suitable nesting sites, cover
for chicks, and foraging areas (Whittingham et al., 2001; Pearce-Higgins and Grant, 2006; Smart et al.,
2006; Roos et al., 2018). Habitat improvement or diversionary feeding 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 long-term, but can be an effective interim measure whilst habitat
management is conducted (Roos et 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 discussed 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 accessibility. As Hallmann et 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 widespread decline almost certainly is the case for many soil-
dwelling species given widespread problems including soil drainage and acidification (Galbraith et al.,
1993; Hoodless et al., 2007; Pearce-Higgins et al., 2010; Douglas and Pearce-Higgins, 2014; Carroll et
al., 2015; McCallum et al., 2016; Franks et 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 invertebrates (Vickery et al., 2001; Newton, 2004; Buchanan et al., 2006).
This could be achieved through conservation interventions regarding 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
creating soft substrates for feeding (Vickery et al., 2001; Newton, 2004; Buchanan et al., 2006; Smart
et al., 2013). Soil aeration will also improve foraging conditions. Sub-soiling and spiking ameliorate soil
structure, benefiting surface (slug) and sub-surface (earthworm) invertebrates by alleviating soil
compaction (Vickery et 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 chicks (McCallum et 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 to overall adverse effects on invertebrates (Vickery et al., 2001,

Buchanan et al., 2006).

Direct mortality of invertebrates through agricultural and grouse moor management-associated
pesticides is a more controversial issue which should also be questioned. Avermectin, a pesticide used
to treat parasites and insect pests of livestock, enters the environment through dung. Although
invertebrates could potentially avoid avermectin-infected dung (Halley et al., 1993; McCracken, 1993;
Vickery et al., 2001), spreading manure from avermectin-treated livestock could negate the intended

benefits of farmland manure application; avermectin-free sources should be used. Anthelmintic drugs
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used to treat red grouse, administered via medicated grit or direct treatment, can also impact
invertebrate growth, reproduction, and survival (Oh et al., 2006; Thompson et al., 2016). The true
impact on moorland invertebrates has yet to be determined (Thompson et al., 2016), but a

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

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 progresses (Smart and Gill, 2003;
Franks et al., 2017; Machin et al., 2019). As the threat cannot be halted by local conservation
interventions, site-based adaptation management is required to reduce the impact on upland waders
(Pearce-Higgins, 2011; Greenwood et al., 2016). This management can attempt to weaken the adverse
changes that climate change generates, otherwise known as counteracting management, such as
increasing soil moisture via blocking of drainage ditches (Pearce-Higgins, 2010; Pearce-Higgins, 2011;
Carroll et al., 2011). It can also take the form 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 of upland waders to these impending climatic events (Pearce-Higgins, 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 possible for 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 refuge areas (Yalden, 1992). Nevertheless, it may not be possible to limit access in some
areas. Therefore, as mentioned in the corresponding threat section (1.3.5), installing or re-surfacing
footpaths away from key wader breeding sites will reduce the likelihood of disturbance and the public
straying from footpaths (Pearce-Higgins and Yalden, 1997; Finney et al., 2005; Pearce-Higgins et al.,
2007), narrowing the width of the area used by walkers. Moreover, as walkers are often accompanied
by dogs, which trigger a greater response from breeding waders than humans (Gémez-Serrano, 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 threats facing upland waders are linked in a complex web (Fig. 1.1).

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 moorland-associated threats: game management, afforestation, peat extraction, wind
farms, and disease and parasitism (sheep ticks). In light of these conclusions, 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 understanding of the threats facing
upland waders and the effectiveness of potential conservation interactions. We assign an overall
confidence score (low (L), medium (M), or high (H)) for each evidence-based statement (see sections
1.5.1 and 1.5.2), based on the methodology used for reporting climate change impacts (for example,
see Morecroft and Speakman (2015)), using the level of agreement and quantity of the underlying
evidence included in this review (Fig. 1.2). Level of agreement is defined by the degree of consensus
between studies, and quantity of evidence is defined by the amount and quality of evidence. The
amount of evidence is based on the number of research papers found during the literature review
search. The quality of evidence is based on a consideration of the magnitude of 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 before-after control-impact (BACI) design are considered higher quality than
only after studies), and data collection and analysis methods. In addition, peer reviewed material is
considered higher quality than non-peer reviewed material. The overall confidence scores act as a
guide for identifying priorities for future research, with the rationale 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 land-use threats range from low to high (Fig. 1.2). Intensification
of livestock farming in the uplands 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 species and
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 (snipe, curlew, and 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 peatland-breeding waders, with drainage extending the

spatial extent of this land-use (L).
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The discussed upland land-uses (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 practices; yet 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 populations (H).
Climate change will alter population dynamics of upland waders (M). Human disturbance can alter
upland wader distribution (M). Sheep ticks and its associated disease, Louping-ill virus could adversely

impact wader chick survival, but it is unlikely to be 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 empirical evidence concerning
wader ecology and habitat requirements, there have 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 (Fig. 1.2). The exceptions are conservation
interventions relating to the intensification of livestock farming and predation. AES, 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 prescriptions need to be applied over a larger area
to provide landscape scale benefits (M). Lethal and non-lethal predator control increases upland

wader breeding success and abundance (M).

1.5.3 Future research

Using the overall confidence scores for each threat and 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
research, 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 grazing often 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 beneficial effects.

Another land-use 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 required to identify the best management for upland
vegetation to benefit moorland-breeding 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 this review, ascertaining and subsequently managing the underlying causes of
increased predator populations (the main driver of low wader breeding success; Roodbergen et al.,
2012; Roos et al., 2018) is of key importance because this will lessen the need for costly 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 standard for monitoring the ecological impacts of infrastructure
(European Commission, 2020). In 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 land-use threats, invertebrate populations in the
uplands are vulnerable but the magnitude of these impacts on invertebrates requires investigation.
Due to the invertebrate-feeding nature of waders, reduced invertebrate 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 of some 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 survival of upland waders 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 1.1. Major connections between the threats facing upland waders in the UK. ‘Vegetation and soil

conditions’ is included (italicised) as it is a common factor that is influenced by several threats. Codes adjacent

to lines indicate the types of land-use connected to other threats. LF = livestock farming; GM = game

management; AF = afforestation; WF = wind farms; PE = peat extraction.
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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 amalgamation 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 (number of research 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 each threat 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 information that will help improve conservation for
upland waders. It is presented as a publication format thesis because Chapter 3 is published, and the
remaining chapters are intended for publication. This thesis forms a part of the South West Peak
Landscape Partnership’s Working for Waders project, funded by the National Lottery Heritage Fund.
Research conducted for this thesis thus focused on the south-west of the Peak District National Park
(South West Peak, hereafter “SWP”) as the primary study area. The SWP is representative of other
upland regions of the UK, comprising a mosaic of upland habitats including semi-improved pasture,
hay meadows, and heather moorland. In this region, wader groups 1a (curlew, snipe, and redshank)
and 1b (lapwing) are most abundant, with smaller 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
interventions facing the key wader groups 1a 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 conditions influence 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 management 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 agri-environment scheme (AES) prescriptions, rush management, with the 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 region outside of the SWP (Geltsdale reserve, Cumbria) to increase the amount of
replication and transferability of the research. Although many studies have researched conservation
interventions relating to farming, rush management lacks scientific evidence despite its common

occurrence, 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 more susceptible to predation. In this
chapter, | examine bottom-up 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 main objectives 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 from MBiolSci student, Laura Turner.
Analysis of invertebrate samples in the laboratory was conducted primarily by Leah Kelly, with help
from two undergraduate students, Georgia Clifton-Dey and Hannah Ronan-Brown. Waders were
surveyed by Leah Kelly and a host of volunteer 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 review of upland 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 agri-environment schemes increases predation

of artificial wader nests
This chapter has been published as:

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

24(4), pp.646-658. doi: 10.1111/acv.12672.

Rush management is 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. Yet, effects 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: (i) assess 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 collection for this chapter 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 and primary analyses, and acted as lead author for this chapter
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alongside Karl Evans, with analysis advice and writing edits provided by David Douglas and Mike

Shurmer.

Chapter 4 - Inter-specific variation in the potential for upland rush management advocated by agri-

environment schemes to increase breeding wader densities
This chapter is currently in review at Frontiers in Ecology and Evolution as:

Kelly, L.A., Douglas, D.J.T., Shurmer, M.P., & Evans, K.L. Inter-specific variation in the potential for
upland rush management advocated by agri-environment 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 how rush management 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 pairs responds 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 in 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 Evans, with analysis advice and writing edits provided by David Douglas and Mike

Shurmer.
Chapter 5 — Farmers’ views and understanding of rush management

Rush encroachment not only impacts waders but also causes problems for farmers by reducing farm
productivity. As the majority of rush management is implemented by farmers, it is 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 a sufficiently large spatial scale to generate the desired
environmental benefits. Through interviews with SWP farmers, this chapter’s objectives were to: (i)
assess which factors influence farmers’ decisions to participate in AES prescriptions for rush
management, (ii) assess farmers’ perceived effectiveness of rush management AES prescriptions, (iii)
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, and (iv) explore the possibility of improving
the efficacy and uptake of rush management AES prescriptions by co-designing prescriptions with

farmers.
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Interviews were conducted by Leah Kelly, with David Cooper assisting one interview. Transcript
organisation was undertaken by Leah Kelly, Joanna Shurmer, and Marina Aucejo. Quantitative and
qualitative analyses were primarily conducted by Leah Kelly, with Karl Evans providing overall advice
and contributing to the qualitative analyses. Leah 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 research 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 curlew Numenius arquata. In this study, we investigated the environmental
conditions that influence invertebrate biomass across upland grassland and moorland in the south-west of
the Peak District National Park, England. Key dietary items identified from our literature review of upland
wader diet supported the assessment 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 environmental conditions were
associated with breeding densities of Eurasian curlew, northern lapwing Vanellus vanellus, and common
snipe Gallinago gallinago pairs. In the early spring, and the remarkably dry late spring and summer of 2018,
we found that other key 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 conditions were variable 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. Inter-specific variation was also observed in the
responses 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 earthwormes, 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 were associated
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 associated 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 models. Overall, our results show that invertebrate
abundance does not currently appear to be limiting upland wader populations in our study region as other
factors such as high predation pressure are likely limiting population size. Nevertheless, the associations we
found between environmental conditions, invertebrates, and waders could be used in combination with
individual wader species’ selected breeding habitats and key invertebrate dietary components to advise
upland land management aimed at maximising invertebrate availability and thus bolster wader numbers in

areas where availability does regulate them. For 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 agricultural

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, Brooks et al., 2012; Fox et al., 2015, 2021; Valtonen et 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 pesticide application are often cited as
primary drivers of invertebrate declines (Wilson et al., 1999; Sanchez-Bayo and Wyckhuys, 2019;
Montgomery et al., 2020). Even on German nature reserves, over 75% declines in winged insect biomass
between 1989 and 2016 are reported (Hallmann et 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 pollution, climate change, and invasive plant
species are also a cause of concern (Sanchez-Bayo and Wyckhuys, 2019; Owens et al., 2020; Montgomery et

al., 2020; Johansson et al., 2020; Boyes et al., 2021; Tallamy et al., 2021).

Although most research has been European-focused, 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 environmental changes with potential adverse impacts on
invertebrates. Such changes include intensification of agriculture, alongside land drainage associated with
non-native commercial afforestation, peat extraction, and farming (Baines, 1988; Fuller and Gough, 1999;
Holden et al., 2004; Newton, 2020). Indeed, higher livestock densities as a result of these changes have been
shown to reduce invertebrate biomass by simplifying sward structures (Dennis et al., 2008; Evans et al.,
2015). Exacerbating these upland environmental changes, particularly drainage, climate change is also
predicted to reduce the abundance of desiccation-prone taxa such as craneflies (Diptera: Tipulidae) due to
higher summer temperatures and lowered water tables (Pearce-Higgins et al., 2010; Carroll et al., 2011;
Carroll et al., 2015). Notably, such upland habitats hold important invertebrate-feeding bird species, many
of which are exhibiting population declines (Sim et al., 2005; Scridel, 2014; BirdLife International, 2017;

Buchanan et 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 Perrins, 1998). Invertebrate availability is thus a key driver of bird
populations that can regulate fecundity (clutch size) especially in income breeders (Poulsen et al., 1998), nest
success (Poulsen et al., 1998; Brickle et al., 2000; Mgller, 2013; Scholl and Hille, 2020; Seress et al., 2020),

post-fledging survival rates (Pearce-Higgins and Yalden, 2002; Pearce-Higgins and Yalden, 2004; Newton,
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2004; Douglas and Pearce-Higgins, 2014; Seward et al., 2014) and adult survival rates (Green et al., 1990;
Newton, 2004; Siriwardena et al., 2008; Mgller, 2013; Seward et al., 2014). A small number of studies have
directly linked farmland bird declines to reduced invertebrate populations attributable to intensive

agricultural practices (Benton et al., 2002; Hart et al., 2006; Hallmann et al., 2014; Bowler et al., 2019).

One groups of invertebrate-feeding farmland birds inhabiting upland grasslands and moorlands in the UK are
wading birds, populations of which are declining across Europe including in the UK (Siriwardena et al., 2017;
PECBMS, 2020). Three such species, the Eurasian curlew Numenius arquata (hereafter curlew), northern
lapwing Vanellus vanellus (hereafter lapwing), and Eurasian oystercatcher Haematopus ostralegus (hereafter
oystercatcher) are now listed as globally Near Threatened and Vulnerable in Europe (BirdLife International,
2015; IUCN, 2020). Low breeding productivity is driving wader population declines (Roodbergen et al., 2012)
and thus, management of breeding habitats could make a crucial contribution to stabilising and ultimately
reversing declines (O’Brien and Wilson, 2011; Fisher and Walker, 2015; Buchanan et al., 2017). Research and
conservation efforts currently focus on either 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 example; Eglington et al., 2010; Douglas and
Pearce-Higgins, 2014; Douglas et al., 2014; Buchanan et al., 2017; Franks et 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 predation (Galbraith, 1988a; Galbraith, 1988b; Galbraith, 1988c; Hegyi and Sasvari, 1998;
Smart and Gill, 2003; Pearce-Higgins and Yalden, 2004; Schekkerman et al., 2009). Eurasian golden plover
Pluvialis apricaria (hereafter golden plover) abundance, for example, is linked to reduced adult cranefly
abundance (Pearce-Higgins et 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 Red-listed species such as curlew (Harris 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
(Buchanan et al., 2006; Pearce-Higgins, 2010). 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 hence require investigation.

Here, we explore bottom-up effects on invertebrate and breeding wader abundance by measuring
environmental (vegetative and edaphic) conditions; sampling foliar, surface, and sub-surface invertebrates;
and surveying breeding waders across broad upland habitat types within the south-west 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 mid-May) and late (mid-May to end 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 conditions on the density of upland breeding wader pairs.

2.3 Methods

2.3.1 Study area

Research was conducted in the south-west of the Peak District National Park (South West Peak, hereafter
‘SWP’). The region is a mosaic of enclosed grassland (improved, semi-improved, and unimproved) and
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 including lapwing, curlew, and common snipe Gallinago gallinago (hereafter snipe).

We selected 42 fields using random stratification based on habitat type (unenclosed heather or Molinia
dominated moorland; UM), improved pasture (IP) and semi-improved/unimproved pasture (SUP) and wader
presence recorded during the most recent comprehensive wader survey in the region (2009; Carr, 2009). The
goal was for 25% UM, 25% IP and 50% SUP across our selected fields — with the unequal representation being
justified by the greater 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. Consequently, 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 (one-third for each species). We then selected an additional 14 fields from 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 long-term wader population declines in our focal region (Carr,
2009) and species’ fidelity to breeding sites (Thompson et al., 1994; Berg, 1994), this 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 without waders in 2009. Our final set of 56 fields deviated slightly from the ideal habitat ratio (Table B.1).

2.3.2 Breeding wader surveys

Breeding wader surveys were conducted following a method which combined elements of the standard
protocols of O’Brien and Smith (1992) and Brown and Shepherd (1993). Each field was surveyed once during
the early (9/4/2018 to 22/5/2018) and late (23/5/2018 — 30/6/2018) breeding seasons, with at least seven
days between the early and late surveys in each field. Surveys were conducted by experienced wader

surveyors from 8:30 or two hours post-sunrise (whichever was earlier) to 18:00 or 2 hours pre-sunset
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(whichever was later). Surveys were only conducted when there was no heavy rain or fog (defined as < 250
m visibility), and wind speeds 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 individuals that were 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 individual. Surveys recorded lapwing, curlew, snipe, and golden

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 species-specific criteria, excluding non-breeding
flocks (i.e. more than four individuals; Sim et al., 2005; Douglas et 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 two (O’Brien and Smith, 1992; Bolton et al., 2011; O’Brien and Wilson, 2011; Smart
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 breeding pair (O’Brien and Smith, 1992; Henderson et al.,
2002; Hoodless et al., 2006; Pearce-Higgins and Grant, 2006). The number of snipe and curlew pairs were
estimated as the maximum per-visit number across the early and late breeding season stages (Green, 1985;

Smart et al., 2008; O’Brien and Wilson, 2011; Buchanan et al., 2017; Douglas et al., 2017).

The above approach can yield inaccurate estimates of snipe populations, especially in locations with high
snipe densities (Hoodless et al., 2006). We thus conducted additional dedicated evening snipe surveys using
the methodology recommended by Hoodless et 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 100 m of each part of the
field between one hour pre- and post- sunset in dry 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 differences in the number of snipe pairs
estimated by the two methods (Wilcoxon signed-rank 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 breeding 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 breeding season 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 of other field
types) block of land. Invertebrate sampling was conducted at 4 points in fields <2 ha, 5 points in fields 2-6 ha,

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 the sampling points was determined prior to visiting each field depending on the
number of within-field sampling points (see Fig. 2.1). When visiting each field, precise sampling point
locations were selected by walking an estimated number of paces required to stop at the pre-selected
locations. A total of 436 sampling points were sampled, with 286 in the early breeding season and 150 in the

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 foliage; Devereux et al., 2004; Fisher and Walker,
2015) and soil. Invertebrates in the vegetation were sampled from three 15 cm x 15 cm squares —one centred
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 the sampling 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 needed, in which case each cut was
searched for a maximum of three minutes. Searching 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 alternative 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 efficiency (Brook et al., 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 sub-sample to a depth of 3 cm was separated, placed in a white sampling tray, and then broken up and
hand searched for invertebrates for up to six minutes. Searching stopped after three minutes if no
invertebrates were found. All invertebrates were stored in 100% IMS. This sub-sample represents soil
invertebrates that are available to waders with short bills, such as lapwing (Ausden et 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 13 cm; Cramp and Simmons, 1982).

Invertebrates from each sample were subsequently identified to order and life cycle stage (egg, larva, nymph,
pupa, and adult), using a stereo microscope, when necessary, based on the criteria of Chinery (1993) and
Tilling (2014). The wet biomass (g) of each group was obtained as the drying process to measure dry biomass

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 including short-billed species, such as lapwing
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(hereafter referred to as V-S 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 layer — they 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 abundance that is theoretically available to longer billed waders, such as

snipe and curlew (hereafter referred to as V-S-D layer).

Using data from a literature review, we identified which invertebrate groups (taxa and life cycle stages) were
included in the diet of upland breeding waders, and which of these invertebrate groups are key dietary
components - defined as comprising > 20% of at least one wader species’ diet (see Appendix B for full details
and results). We calculated the cumulative biomass of invertebrate dietary 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 are highly 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, Lepidoptera larva, Hymenoptera
adult), we combined these into a single group (hereafter other key invertebrate dietary biomass) whose
cumulative biomass exceeded the 4% threshold (see Table B.5 for cumulative biomass of total invertebrate
dietary components and of key invertebrate dietary components individually and combined). As total
invertebrate dietary biomass and key invertebrate dietary biomass were highly correlated (r; > 0.95), key

invertebrate dietary biomass was excluded from further analyses.

We thus generated five metrics of invertebrate biomass for the V-S layer and the V-S-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

Figure 2.1. Schematic diagrams demonstrating the number and approximate locations of within-field sampling points

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

2.3.4 Environmental conditions

During the breeding wader surveys, we recorded field level environmental conditions: i) rush Juncus
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 and late visits), ii) livestock dung presence/absence (separate early and late breeding season
recordings), and iii) five broad habitat types (Table B.6). These habitat types were unenclosed white moor
(characterised by dominance of Molinia caerulea), and heather moor (characterised by dominance of Calluna
vulgaris), and enclosed improved pasture (species-poor grassland dominated by grasses and lacking forb
diversity; intensive agricultural improvement), semi-improved pasture (relatively species-rich grassland;
moderate agricultural improvement), and unimproved pasture (species-rich grassland; no or negligible
agricultural improvement; Joint Nature Conservation Committee, 2010). Additional environmental variables
were measured at each invertebrate sampling point during 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 methodology of Sansom et al. (2016), i.e. the number 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 by percentage cover), iv) mean soil penetration resistance (kgF) from three
readings using a soil penetrometer (based on Green (1988); 20 kg Pesola macro-line spring scale and pressure
set, NHBS, Devon, England), which involves pushing a 5 mm diameter metal pressure 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 (Delta-T Devices, Cambridge, England) with soil type (peat mix or mineral) deduced
from the soil samples taken during invertebrate surveys, vi) soil pH at 6 cm depth using a HI-12922 HALO

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

81



Chapter 2

2.3.5 Statistical analysis

All statistical analyses were performed in R version 3.6.3 (R Core Team, 2020). Following Whittingham et 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 layer, and ii) V-S-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 to account for zeros in the data. We constructed log-normal
generalised linear mixed effect models (GLMMs) with gaussian error structure (identity link) using the Ime4

package (Bates et al., 2015).

2.3.5.2 Influence of environmental conditions on invertebrate biomass

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), vegetation density, rush dominance, presence/absence of livestock dung, and
habitat type (white moor, heather moor, improved pasture, semi-improved pasture, unimproved pasture),
with field identity as a random effect. These models were constructed as log-normal 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. V-S layer, and V-S-D layer) and for the early and late sampling periods (Table
B.7). Prior to fitting full models, we checked for simple non-linear 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 models). If these quadratic models had an Akaike information criterion
value corrected for small sample sizes (AlCc) that was at least two points lower than that of a linear model
and a P value for the quadratic term < 0.1, we used linear and quadratic terms for that predictor variable in
the full model; we adopt the P < 0.1 rather than P < 0.05 threshold to ensure a more cautious approach in
rejecting the potential for non-linear relationships to be detected in the full models. We calculated
generalised variance inflation factors (GVIFs) using the ‘vif’ function from the car package (Fox and Weisberg,
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 response variables 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 models is not adversely

impacted by collinearity (Harrison et 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 by modelling each

response variable as a function of habitat type and field identity as a random effect (see Table B.8 for results).

2.3.5.3 Influence of invertebrate biomass on wader pair densities

We constructed generalised linear models (GLMs; poisson error structure with log link) of the number of
pairs per field for each wader species (curlew, lapwing, and snipe) as a function of invertebrate biomass, soil
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 biomass). Due to variation in wader bill lengths the lapwing models used invertebrate
biomass data from the V-S layer, whereas curlew and snipe models used invertebrate data from the V-S-D
layer. Each model included field size (ha; natural logarithm transformed) as an offset to convert wader pairs
to wader densities, ensuring that field size was accounted for within the models (Table B.9). 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 inference would be hindered by collinearity (Harrison et 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. Other environmental variables were not included
in these models due to strong correlation with other more informative variables (i.e. vegetation height and
vegetation density: r; > 0.7, density was excluded; Dormann et 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. invertebrate biomass metrics, soil penetration
resistance, and vegetation height) were averaged for each field. The 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.

Using the same approach as the invertebrate biomass models (see above), we checked for simple non-linear
effects of each continuous predictor variable for each response variable. For all our full models, we checked
for overdispersion and zero inflation using the DHARMa package (Hartig, 2020). Using AlCc and McFadden’s
pseudo-R?values, we compared between the models for each of our focal wader species in cases where more
than one invertebrate metric was statistically significant. Wader densities may be influenced by the actual

availability of food items rather than their abundance, with harder soils and taller vegetation potentially

83



Chapter 2

restricting access to food (Green, 1988; Devereux et al., 2004). We thus constructed two additional sets of
full models that included 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 significant (P < 0.05) in the main effects only models. We concluded that interaction terms

influenced wader densities when P < 0.05 (see Tables B.10 and B.11 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 Table B.12 for results).

2.4 Results

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 layers (V-S and V-S-D). Inspection of parameter estimates and their standard
errors indicate that these declines are greater when the deep soil layer is excluded (Table 2.1). Diptera larvae
and Gastropoda biomass did not exhibit significant declines in biomass in either layer (Table 2.1). Conversely,
the biomass of other key dietary components was significantly higher in the late than the early breeding

season in both spatial layers (Table 2.1).

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
components (model McFadden’s pseudo-R? values range from 0.359 to 0.695; Table 2.2). In all four models,
invertebrate biomass was consistently significantly associated with soil pH along a unimodal quadratic curve,
with biomass (depending on the season and spatial layer) peaking at pH 5.1-5.8 (Figs. 2.2d, 2.2e, 2.33, 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 the spatial layer) peaking at 7.5-
7.9 kgF (Figs. 2.2a, 2.2b). Soil penetration resistance was not significant in either late breeding season model.
In the early breeding season, invertebrate biomass (V-S spatial layer only) was significantly associated with
soil moisture along a unimodal quadratic curve, with biomass peaking at 68.8% (Fig. 2.3c). In the late breeding
season, biomass (V-S-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 the V-S spatial layer (see Table B.5). 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 season, earthworm biomass was consistently significantly associated with soil
penetration resistance, moisture, and pH along unimodal quadratic curves, with biomass (depending on
spatial layer) peaking at 6.2-6.5 kgF, 61.2-67.0%, and pH 5.8-5.9 (Figs. 2.4a-f). In the late breeding season,
earthworm biomass was consistently significantly associated with soil pH along a unimodal quadratic curve,
with biomass (depending on the spatial layer) peaking at pH 5.2-5.5 (Figs. 2.5a, 2.5b), and in the V-S spatial
layer only, 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 (Table 2.2), biomass was consistently significantly associated with soil pH along a unimodal
guadratic curve in the early breeding season only, with biomass (depending on the spatial layer) peaking at
pH 5.4-5.5 (Figs. 2.6a, 2.6b). In the late breeding season, Diptera larvae biomass within the V-S spatial layer
was significantly higher at sampling points with shorter vegetation (linear relationship; Fig. 2.7). No predictor
variables significantly influenced Diptera larvae biomass in the V-S-D spatial layer during the late breeding

season.

For Gastropoda (Table 2.2), biomass was significantly higher at sampling points with less acidic soil during
both breeding seasons and within both spatial layers (linear relationship; Figs. 2.8a, 2.8b, 2.9a, 2.9b). In the
late breeding season only, Gastropoda biomass (in the V-S and V-S-D spatial layers) was significantly higher
at sampling points with taller vegetation (linear relationship; Figs. 2.9¢, 2.9d) and in fields with livestock dung

present.

For other components whose cumulative biomass comprised <4% of the invertebrate dietary biomass, i.e.
other key invertebrate dietary components (Table 2.2), biomass was significantly higher biomass at sampling
points with lower soil moisture (linear relationship; albeit marginally non-significant in the V-S spatial layer
model during the early breeding season; Figs. 2.10, 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 breeding season where rush dominance was marginally n