Local- and landscape-scale management

for threatened breeding wader populations

Henry Ewing

% i R PO et a \ o Gt 2 -
This copy of the thesis has been supplied on condition that anyone who consults it is understood to recognise that its copyright rests with
the author and that use of any information derived therefrom must be in accordance with current UK Copyright Law. In addition, any







This thesis is dedicated to my father, Martyn Ewing (27" March 1961 — 19" October
2011), without whom | would have never picked up a pair of binoculars, and discovered

my love of bird watching, agriculture and the Norfolk countryside.






Abstract

Persistent declines of widespread, formerly common species are threatening global
biodiversity and ecosystem services, but actions to tackle such declines have so far been
insufficient. New strategies are required to facilitate species recovery and must include
targeted actions capable of boosting low demographic rates (survival and/or productivity).
A group of species for which such actions are increasingly required are waders
Charadriiforms spp., of which the Eurasian curlew Numenius arquata is a particularly
widespread but vulnerable species, with unsustainably low rates of breeding productivity
contributing to ongoing population declines across Europe. In this thesis, intensive, field-
based monitoring of demographic variation in a lowland curlew population in Breckland,
eastern England, is used to inform the development of conceptual frameworks and
simulation models to identify appropriate conservation actions and explore the benefits that
such approaches could deliver. Curlew breed at very low densities across a range of
habitats in Breckland, but consistently high rates of nest predation across the landscape
mean that sustainable levels of breeding productivity were not achieved in any of the four
study years. However, access to cover vegetation (> 40 cm height) was associated with an
increased probability of chicks fledging, and the use and benefits of cover vegetation
increased with chick age. Most curlew in Breckland breed in open, grassland habitats, but
breeding successes were more frequent for the few curlew breeding in arable-dominated
areas, highlighting the need for habitat-specific conservation actions. Simulation modelling
suggested that the most efficient and effective actions to boost curlew breeding productivity
would involve a combination of predator-exclusion fencing and maintenance or provision of
cover vegetation in the few remaining areas with large numbers of breeding curlew. Such
actions are likely to require multi-stakeholder nature recovery programmes to save this

iconic but increasingly threatened species.
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General Introduction

The global biodiversity crisis

The rapid, large-scale loss and degradation of biodiversity is one of the most critical global
environmental problems facing the planet today (Cardinale et al. 2012). Over the past 500
years, anthropogenic threats such as habitat destruction, overexploitation, pollution and
invasive species, compounded by the effects of human-induced climate change (Urban
2015), have resulted in unprecedented levels of species decline (Young et al. 2016).
Conservative estimates suggest that at least 42% of the > 3,500 invertebrate species
assessed by the IUCN are threatened with extinction (Baillie et al. 2012) and that the
average rate of vertebrate species loss over the last century is up to 100 times higher than
background rates, comparable to rates during the previous five mass extinction events
(Ceballos et al. 2015).

This widespread loss of species across all taxa has significant consequences for ecosystem
services and, unless rates are slowed, will ultimately threaten human wellbeing (Dirzo et al.
2014). However, actions to tackle biodiversity loss have been largely insufficient (Tittensor
et al. 2014), with national conservation strategies consistently failing to meet goals set by
the Convention on Biological Diversity (CBD) (most recently the 2020 Aichi Targets) (Xu et
al. 2021). Various studies have attributed these failures to excessively complex and
imprecise goal setting (Butchart et al. 2016), weak national biodiversity strategies
(Whitehorn et al. 2019), failure to mainstream biodiversity policy (Milner-Gulland et al.
2021), inadequate financial resources (McCarthy et al. 2012, Johnson et al. 2017) and lack
of political will (Mace et al. 2018, Morrison et al. 2020).

Without substantial change in approach and ambition across all levels of government,
previous failures could be repeated (Mace et al. 2018, Watson et al. 2021). The
development of the post-2020 strategic plan for the Convention on Biological Diversity
(CBD) potentially represents the last opportunity for governments to set out measurable
and unambiguous targets (Hughes et al. 2022), but to deliver for nature, ambitious targets
must then be translated into effective, real-world conservation actions (Milner-Gulland et al.
2021, Chan et al. 2023).
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Conservation actions and the need to improve

Conservation actions aim to mitigate the direct and indirect negative effects of human
activity on biodiversity and ecosystem services, through protection, creation and restoration
of favourable environmental conditions, across a range of spatial scales (Boyd et al. 2008).
One of the most fundamental components of conservation action is designation of protected
area (PAs), which has long been considered a cornerstone of conservation, and hopes of
restoring biodiversity and ecosystem services have largely been pinned on expansion of
PA networks (Watson et al. 2014, UNEP-WCMC 2021, Carroll & Noss 2022).

Currently, ~16% of the earth’s terrestrial surface and ~7% of the oceans fall under at least
one type of PA designation (UNEP-WCMC 2021), and a major goal of the CBD post-2020
strategic plan is to increase this coverage to 30% of terrestrial and marine area by 2030
(Carroll & Noss 2022). Protected area designations can be prescribed at an international
(e.g. Ramsar Sites and World Heritage Sites), regional (e.g. Special Areas of Conservation,
Special Protection Areas and Marine Protected Areas in Europe), or national level (e.g.
National Nature Reserves, Site of Special Scientific Interest) (UNEP-WCMC 2021), with
such designations being in place to enable natural areas to retain habitats and biodiversity
without threats of encroaching changes in land-use and overexploitation (Watson et al.
2014). However, despite strong evidence for PAs resulting in positive outcomes for some
threatened taxa (e.g. Cazalis et al. 2020, Barnes et al. 2023), on average, their contribution
has not been sufficient to resist anthropogenic pressures on ecosystems and biodiversity
(Geldmann et al. 2019), with a large number of studies attributing ongoing loss and
degradation within PAs to under-resourced management (e.g. Le Saout et al. 2013, Gill et
al. 2017, Wauchope et al. 2017, 2022, Coad et al. 2019, Geldmann et al. 2019).

While further expansion of PAs is a positive step towards preserving the > 78% of known
threatened species currently persisting without adequate protection (Maxwell et al. 2020),
protection alone is unlikely to slow or reverse rates of global biodiversity loss without
increased effectiveness of conservation actions, both within and outwith PAs (Strassburg
et al. 2020, Bailey et al. 2022, Leadley et al. 2022).

One of the major hurdles impeding conservation management are chronic shortfalls in
funding (Waldron et al. 2017, Watson et al. 2021, Xu et al. 2021). Conservation is primarily
resourced through regional and national-level governments yet, despite the stated
commitment of nations to meet biodiversity targets (Pisupati & Prip 2015) and the
substantial financial risk that environmental degradation poses to economies (Watson et al.

2021, Kedward et al. 2022), the financial resources provided so far have been insufficient
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(McCarthy et al. 2012, Seidl et al. 2020). Addressing the current shortfall, estimated at
multiple hundreds-of-billions of dollars (Maxwell et al. 2020, Xu et al. 2021), is likely to
involve increasing use of economic instruments such as payments for ecosystem services
and carbon taxes (Salzman et al. 2018, Barbier et al. 2020), as well as inclusion of the
private sector to help alleviate financial pressure on governments (Barbier et al. 2018,
Dinerstein et al. 2019).

In key sectors such as fisheries, forestry and agriculture, there are clear and direct parallels
between high financial returns and effective conservation management (Sala et al. 2016,
Barbier et al. 2018, Dinerstein et al. 2019). Through embedding components of
conservation into the strategies and practices of the stakeholders that impact or rely on
biodiversity, the disconnect between the organisations damaging nature and actions to
restore nature will likely narrow, potentially provoking a collective sense of accountability
and empowering proactive and preventative investments in conservation (Redford et al.
2015, Whitehorn et al. 2019, Milner-Gulland et al. 2021). This concept of mainstreaming
conservation has great potential for facilitating translation of ambitious biodiversity targets
into real-world actions (Milner-Gulland et al. 2021) but, for it to work in practice, well-

supported conservation actions also have to be capable of delivering meaningful outcomes.

During the last four decades, the majority of conservation success stories have involved
single species recovery programmes, typically involving species that are highly localised,
isolated and rare, and for which active management is used to create and restore favourable
environmental conditions (e.g. Davies et al. 2011, Simé6n et al. 2012, Waterhouse et al.
2020, Wilson et al. 2020). For example, efforts to prevent the extinction of the Mauritius
kestrel Falco punctatus, an island endemic which had declined to four individuals in 1974,
used captive breeding, habitat restoration and supplementary feeding to boost low rates of
breeding productivity caused by loss of nesting habitat, use of organochlorine pesticide and
invasive mammalian nest predations (Jones et al. 1995) and, by the mid-2000s, the
population had increased to over 800 individuals (Jones et al. 1995, Burgess et al. 2009).
While such conservation successes make valuable contributions towards slowing the rate
of biodiversity loss, their impact is increasingly overshadowed by the continued, widescale
population declines of formerly common and widespread species (Diaz et al. 2019, Hayhow
et al. 2019).

Perhaps the most famous example of such a decline is that of the passenger pigeon
Ectopistes migratorius. This species was once estimated to be 40% of the total bird
population in North America, numbering up to two-billion individuals, but mass overhunting

drove the species to extinction in 1914 (Schorger 1955). Over a century later and the story
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risks repeating itself with the once superabundant and widespread yellow-breasted bunting
Emberiza aureola rapidly heading towards extinction, also as a result of overhunting (Kamp
et al. 2015a). Numerous other previously common and widespread birds (e.g. Galewski &
Devictor 2016, Rosenberg et al. 2019, Burns et al. 2021), small mammals (e.g. Coomber et
al. 2021), pollinating insects (e.g. Potts et al. 2010, Dicks et al. 2021, Wagner et al. 2021)
and plants (e.g. Sekercioglu 2011, Eichenberg et al. 2021) are also in decline globally, with
no sign of trends reversing (Young et al. 2016).

In general, efforts to reverse the decline of common and widespread species have typically
relied on generic, large-scale environmental approaches. For example, agri-environment
schemes offer financial compensation for taking land out of production, changing farming
practices and providing key resources for focal taxa in agricultural landscapes (Batary et al.
2015). Through such actions, some successes have been achieved, however these have
tended to be at local levels (e.g. Aebischer et al. 2016, McHugh et al. 2018) and often relate
to single-species (e.g. Davies et al. 2011, Perkins et al. 2011). Overall, large-scale
conservation management has mostly failed to translate local successes into reversal of
broader-scale population declines for common and widespread species, and alternative
strategies are urgently required to design and deliver more effective conservation

management.

Over the last twenty years, substantial efforts have been made to enhance the impact of
conservation management. These efforts have largely focused on increasing the
availability, quality and use of data to support the design and delivery of more evidence-
based conservation actions (Sutherland et al. 2004, 2019, 2020, Salafsky et al. 2019,
Downey et al. 2021). This increasingly prominent approach to conservation is being widely
adopted across the conservation sector and could have a transformative effect on
management outcomes. However, a growing number of studies suggest that better
targeting of conservation actions will also be needed to complement this increased use of
evidence (Robinson et al. 2014, Morrison et al. 2021, 2022). Recovering declining
populations often requires interventions to boost rates of productivity and/or survival, and
identifying actions capable of delivering these goals and the situations in which such actions

can be effective will increasingly be needed to restore widespread populations.

Targeted conservation actions to boost persistently low demographic rates (survival and/or
productivity) could be a powerful and efficient tool to enhance population growth (Morrison
et al. 2021, 2022). Such actions could involve protection, creation or restoration of the
environmental conditions capable of supporting high levels of demographic success, and

could be deployed spatially and/or temporally (Morrison et al. 2022). For example,
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restorative actions might be targeted in areas or periods of time in which productivity or
survival are persistently low and could feasibly be boosted through management to provide
key resources such as artificial nests in places where natural sites have been lost (Gameiro
et al. 2020) or food during periods of scarcity (Siriwardena et al. 2008), remove cause of
mortality (Swan et al. 2006) or exclude predators from areas where their impact is
unsustainably high (Verhoeven et al. 2022). In contrast, areas supporting high rates of
demographic success are likely to be good candidates for protection. The design and
delivery of such actions requires information on spatial and temporal variation in survival
and productivity, the drivers of that variation, and the capacity of different actions to boost
the demographic rates being targeted (Johnson et al. 2020, Plard et al. 2020, Morrison et
al. 2021).

Global declines in wading birds

A group of species for which targeted management is increasingly required are waders
Charadriiform spp., a ubiquitous, diverse and charismatic avian group that occurs across
many biotopes and nearly every shoreline in the world (Colwell 2010). Waders are generally
characterised by their long-legs and thin, pointed bills, adapted for foraging on arthropod
prey in aquatic and marine environments (Barbosa & Moreno 1999). Morphology such as
body size and bill length varies strongly between species, for example, the least sandpiper
is the world’s smallest wader, weighing as little as 17 g (Butler & Kaiser 1995), and the far

eastern curlew is the biggest, with females weighing up to 1.3 kg (Minton et al. 2011).

Most wader species are migratory, open-habitat specialists, and make use of all of major
flyways to move between wintering and breeding sites (Fig. 1). During the non-breeding
season, many waders occur at high densities at intertidal, coastal hotspots (e.g. Catry et al.
2011, Studds et al. 2017) whereas, during the breeding season, they typically occur at lower
densities, widespread across a range of habitats including tundra, wetlands, grassland and
agricultural land (e.g. Gunnarsson et al. 2006, Smart et al. 2006, J6hannesdéttir et al. 2018,
Smith et al. 2020). Migratory distances between non-breeding and breeding grounds vary
between species and individuals, with some species undertaking marathon non-stop flights
of 11,000 km between arctic breeding grounds and southern hemisphere wintering sites
(e.g. Gill et al. 2005). Waders breeding in tropical regions are more likely to be resident, or

to move with seasonal rainfall patterns (Conklin 2019).
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Chapter 1: General Introduction

Figure 1: The eight major migratory flyways of waders, taken from Boere & Stroud (2006).

Waders generally nest on the ground (although some Tringa spp. can nest in trees; e.g.
Maslovsky et al. 2023), lay a clutch of three to four eggs and chicks are precocial (Cramp
et al. 1983). The breeding systems of waders are varied, with different species exhibiting
monogamy (e.g. Kwon et al. 2022), polygamy (e.g. Kempenaers & Valcu 2017), polyandry
(e.g. Owens et al. 1994), sex-role reversal (e.g. Schamel et al. 2004) and complex lekking
behaviour (e.g. Vervoort & Kempenaers 2020).

Owing to their relatively large body size and conspicuous behaviour, many wader
populations are well-monitored. For example, in Europe, several established, long-running
surveys take place during the non-breeding (e.g. Frost et al. 2020, Nagy & Langendoen
2020) and breeding (e.g. Brlik et al. 2021, Harris et al. 2022) season and, individual-level
studies using colour-marking (e.g. Gill et al. 2019, Méndez et al. 2020, 2022), remote
tracking (e.g. Carneiro et al. 2019, Verhoeven et al. 2020) and monitoring of breeding
attempts (e.g. Laidlaw et al. 2020, Kaasiku et al. 2022) are common. The threats acting on
populations are therefore relatively well-understood (Sutherland et al. 2012). The availability
of long-term survey data for waders has allowed the IUCN to classify the conservation status
of > 85% of known wader species, more than one-third of which are classified as Near-
Threatened or worse (Table 1).
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Table 1: Proportion of species within ten of the largest avian groups exhibiting a negative population
trend and that are currently listed as globally Near Threatened, Vulnerable, Endangered or Ciritically

Endangered (IUCN 2022). Species for which trends are unknown are excluded.

Avian group No. of species Species declining (%) NT, VU, EN, CR (%)
Gamebirds 302 75.2 60.6
Waders 153 60.1 35.3
gi?glfiesrr;ers, bee-eaters 177 59.3 277
Parrots 397 58.7 43.6
Raptors and owls 542 58.7 32.7
Woodpeckers 455 55.8 16.9
Pigeons 348 55.5 33.0
Seabirds 307 55.0 46.3
Ducks and Geese 155 54.2 26.5
Passerines 6176 44.8 19.0

The threats that waders face impact different components of their demography, span
breeding and non-breeding ranges, and make varying contributions to population decline
across flyways and regions (Sutherland et al. 2012). During the non-breeding season, at
staging and wintering sites, threats generally relate to habitat loss through land-claim of
tidal flats and wetlands (e.g. Murray et al. 2014), hunting (e.g. Watts & Turrin 2016, Gallo-
Cajiao et al. 2020, Andres et al. 2022), overharvesting of shellfish prey (e.g. Atkinson et al.
2003, Verhulst et al. 2004) and disturbance (e.g. Navedo et al. 2019, van der Kolk et al.
2020a, 2020b, Palacios et al. 2022). These threats can impact survival rates (e.g. Piersma
et al. 2016) and potentially also recruitment of juveniles into breeding populations (e.g.
Syroechkovski et al. 2010). Coastal land-claim has had particularly severe effects on wader
populations on the East Asian Australasian Flyway (EAAF), where loss and degradation of
major staging sites in the Yellow Sea (Amano et al. 2010), in some cases exacerbated by
hunting on wintering grounds (Chowdhury et al. 2022, Loktionov et al. 2023), have resulted
in major populations declines, with three species now classified as globally Endangered
and one as Critically Endangered (IUCN 2022).

During the breeding season, the threats acting on waders are complex and interconnected,
but are often primarily driven by intensification of land management (e.g. Kleijn et al. 2010),
which has resulted in a suite of environmental changes. These include widespread drainage
of wetlands and wet grasslands (e.g. Angelstam et al. 2022), homogenisation of vegetation

structure (e.g. Kentie et al. 2015), changes in grazing and cutting practices (e.g. Verhulst et
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al. 2007, Exo et al. 2017) and afforestation of open landscapes (e.g. Douglas et al. 2014,
Kaasiku et al. 2022, Palsdottir et al. 2022). In addition to loss of breeding habitat, these
changes have contributed to making nests and chicks more vulnerable to predation by
increasingly high abundances of native (e.g. Roos et al. 2018) and non-native (e.qg.
Calladine et al. 2017, Niemczynowicz et al. 2017) mesopredators. This has had a
particularly severe impact on breeding wader populations on the East Atlantic flyway, where
widespread land-use change and agricultural intensification has led to landscape
composition becoming less suitable for specialists like breeding waders and more suitable
for generalist mesopredators like the red fox Vulpes vulpes (Amar et al. 2011, Roos et al.
2018, Laidlaw et al. 2021), resulting in unsustainably high rates of nest and chick predation
(Macdonald & Bolton 2008, Roodbergen et al. 2012).

Changing climatic conditions may also exacerbate threats to wader populations through
direct loss of coastal habitats such as saltmarsh as a result of sea level rise (Smart & Gill
2003), and through impacts on breeding phenology which could alter predation dynamics
(e.g. Laidlaw et al. 2020) and prey availability (e.g. Pearce-Higgins et al. 2010, Saalfeld et
al. 2019, Kwon et al. 2022). Over time, the direct and indirect effects of climate change are
likely to become increasingly apparent, and the long-term impacts on demography are yet
to be fully understood (Kentie et al. 2018, Alves et al. 2019, Gill et al. 2019).

Global decline of Numeniini

Arguably the most globally threatened group of wader species are those belonging to the
tribe Numeniini (Pearce-Higgins et al. 2017), which is comprised of 13 species, two of which
are listed as globally Critically Endangered and are likely extinct (Eskimo Curlew Numenius
borealis and Slender-billed Curlew N. tenuirostris), one as Endangered (Far Eastern Curlew
N. madagascariensis), one as Vulnerable(Bristle-thighed Curlew N. tahitiensis), and three
as Near Threatened (Eurasian Curlew N. arquata, Bar-tailed Godwit Limosa lapponica and
Black-tailed Godwit L. limosa) (IUCN 2022). Six species in the tribe can be further divided
into thirty separate populations or subspecies, with populations within the same species

often occurring on different flyways (Pearce-Higgins et al. 2017).

Numeniini species are generally large-bodied, exhibit a relatively delayed age of maturity,
low fecundity and high survival rates (Piersma et al. 2000). In addition, most are specialists
of open, semi-natural habitats, ground-nesters and long-distance migrants (e.g. Gerasimov
et al. 1997, Gunnarsson et al. 2006, Smart et al. 2006, Battley et al. 2012, Alves et al. 2016,
Franks et al. 2017, Galtbalt et al. 2021). All of these traits have been linked to increased

rates of extinction and negative population trends in bird species (e.g. Gaston & Blackburn
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1995, Owens & Bennett 2000, Julliard et al. 2004, Thaxter et al. 2010, Sullivan et al. 2015),
and are likely to at least partially explain why so many species within the Numeniini tribe

are increasingly of major conservation concern (Pearce-Higgins et al. 2017).

Given the delayed maturity, high survival and low fecundity of Numeniini species, population
trends are likely to be most sensitive to variation in survival rates (Seether & Bakke 2000).
However, sustained periods of low breeding productivity (e.g. Kentie et al. 2015, Cook et
al. 2021, Viana et al. 2023) may also result in declines and can limit the capacity of
populations to recover from periods of low survival (e.g. Robinson et al. 2014, Morrison et
al. 2016).

Globally, the threats acting on Numeniini species vary between flyways and reflect those
acting on other wader populations (Pearce-Higgins et al. 2017). Given the widespread
decline in Numeniini populations, restoration efforts will require international collaborations
(Pearce-Higgins et al. 2017) and a focus on populations, rather than the overall status of
the species, as the relevant threats often differ between populations and flyways (Pearce-
Higgins et al. 2017). For example, eastern populations of Eurasian curlew Numenius
arquata ornientalis and whimbrel Numenius phaeopus variegatus on the EAAF are
particularly threatened by coastal development (e.g. Sutherland et al. 2012, Murray et al.
2014, Hua et al. 2015), whilst the nominate populations of Eurasian curlew N. a arquata
and whimbrel N. p. phaeopus are more threatened by changes in land-use on breeding
sites constraining productivity and habitat availability (Franks et al. 2017, Palsdattir et al.
2022).

Ecology of the Eurasian curlew

One of the most threatened species in the Numeniini tribe is the Eurasian curlew Numenius
arquata (hereafter, curlew). Named after their elongated, downcurved bill (Numenius
translates to ‘new moon’, and arquata to ‘archers bow’), the curlew is the largest and one
of the most iconic waders in Europe (Fig. 2). A bird of uplands and lowlands, wilderness
areas and farmland, curlew are engrained in the natural heritage of many communities
(Colwell 2018). Sadly, the curlew is classified as Near Threatened at a global and European
level, and the history of extinction of species among the Numeniini tribe makes the curlew’s

threatened status of great conservation concern (Pearce-Higgins et al. 2017).
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Chapter 1: General Introduction

Figure 2: Male Eurasian curlew in grass-heath habitat, Breckland, eastern England, 2022.

Curlew comprise three subspecies; Numenius arquata arquata, N. a. orientalis and N. a.
suschkini. All birds breeding to the west of the Urals are considered to be N. a. arquata,
which has a core breeding range including the UK, Fennoscandia, northern continental
Europe and European Russia (Fig. 3; Thorup 2006). Those from the Urals eastwards are
thought to be N. a. orientalis, with a breeding range stretching across temperate latitudes
of Siberia to just west of Lake Baikal, while N. a. suschkini breeds on steppe areas to the
south of the Urals in Russia and Kazakhstan (Fig. 3; Thorup 2006). Considerable
uncertainty remains over the population size of the orientalis and suschkini subspecies
(although likely around 50,000 and 10,000 pairs, respectively; Delany et al. 2009, Cao et
al. 2010), whereas N. a. arquata is the most numerous of the three, and is the subspecies
on which the remainder of this thesis will be focused. The estimated population of 700,000
— 1,000,000 N. a. arquata individuals globally (BirdLife International 2021) is split between
Russia (~32% of global pairs), Finland (~30%), the UK (~28%), Scandinavia and northern
Europe (~10%).
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Figure 3: Global range of the Eurasian Curlew including the approximate distribution of the three
subspecies, and indicating breeding (yellow), passage (pink) and wintering (blue) ranges, and areas

where the species occurs all year round (green). Taken from Brown (2015).

Curlew breeding sites across the European range comprise a variety of coastal, lowland
and upland landscapes (Brown 2015), typically in open habitat away from woodland (e.qg.
Douglas et al. 2014). Curlew can breed in wet or dry conditions, in semi-natural habitats
including unimproved grasslands, meadows, heathland, moorland, peat-bog and mires, and
also in agricultural habitats such as permanent pastures and cropland monocultures (e.g.
Berg 1992, Valkama et al. 1998, Johnstone 2007, Fletcher et al. 2010, Franks et al. 2017,
Zielonka et al. 2020, Baines et al. 2022, Ewing et al. 2022). Coastal marshes and dune
systems are also used for nesting (e.g. Kampfer & Fartmann 2022). During the breeding
season, curlew have a varied diet comprising beetles (order Coleoptera), flies (order
Diptera), grasshoppers and crickets (order Orthoptera), earthworms (suborder Lumbricina)
and crane flies Tipulidae, while they may also forage for bilberry Vaccinium myrtillus and

crowberry Empetrum nigrum in Scandinavia (Cramp et al. 1983).

At the end of the breeding season, curlew generally migrate south-west to intertidal systems
spanning much of the northwest Europe, north and west African coastlines (Pederson et al.
2022), where polychaete worms and a variety of crustaceans make up a large proportion of
their diet (Cramp et al. 1983). Like most migratory waders, curlew exhibit low migratory
connectivity, with the distance over which they migrate varying greatly between and within
populations (Pederson et al. 2022). For example, curlew breeding in Ireland appear to

largely migrate < 100 km to the Irish coast (Bainbridge & Minton 1978), whereas birds
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Chapter 1: General Introduction

breeding in Poland have been shown to overwinter across a range of sites from eastern
England to southern Iberia, moving distances of > 3000 km (e.g. Pederson et al. 2022).
Individual curlews typically use the same non-breeding sites repeatedly within and between
years. For example, of 3,000 curlew caught at one site in Wales over 36 years, only one
bird had been recovered elsewhere during the winter (Taylor & Dodd 2013) and, of 258
winter recoveries of curlew ringed as fully grown birds in the UK, 81% were recovered within

30 km of the original ringing site in subsequent winters (Bainbridge & Minton 1978).

Like most waders, curlew nest on the ground and lay a clutch of three to four eggs (typically
around 68 mm in length, 48 mm in breadth and 76 g in mass; BTO Birdfacts 2023) in a
shallow depression lined with grass or straw (Fig. 4). One egg is laid every 1.5 days,
resulting in a total laying period (for a clutch of 4 eggs) of six days (Grant 1996). Incubation
starts once the final egg is laid and lasts 28 — 29 days, with precocial chicks fledging ~35 —
40 days after hatching (Grant 1996, Currie et al. 2001). Nesting usually takes place from
mid-April to late-May, although some very early eggs can be laid in late-March (Ewing et al.
2022). Curlew are monogamous and contribute equally to incubation, however females
typically leave chicks 16 — 25 days after hatching, while males remain until chicks fledge
(Currie et al. 2001).

\ - 2
Figure 4: Eurasian curlew nest on rough grassland, Breckland, eastern England, 2019.

Curlew that survive to the post-fledging stage live for around 11 years, on average (longevity
record: 32.5 years; BTO BirdFacts 2023), and exhibit a high degree of site fidelity to
breeding sites, rarely nesting more than 250 m from previous nesting attempts (Berg 1992,
Valkama et al. 1998). Curlew can also exhibit very high levels of natal philopatry, with
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average dispersal distance of only ~3.8 km reported from the Netherlands (Gerritsen 2021),
although long-distance dispersal events away from well-monitored breeding sites are likely

under-detected.

Across Europe, reported rates of adult survival range from between 0.59 and 0.92 (Boyd
1962, Bainbridge & Minton 1978, Evans & Pienkowski 1984, Ylimaunu et al. 1987, Berg
1994, Valkama & Currie 1999, Kipp & Kipp 2009, Roodbergen et al. 2012, Taylor & Dodd
2013, Robinson et al. 2020, Cook et al. 2021), and have generally shown a positive trend
over the last half century, with no survival rates < 0.75 reported after 1985 (Viana et al.
2023). A recent study of curlew demography using ring-recovery data of 1047 curlew ringed
as chicks between 1968 and 2016 across Europe estimated the current adult survival rate

of the European curlew population to be ~0.9 (Viana et al. 2023).

As a long-lived species, curlew populations are likely to be especially sensitive to changes
in adult survival (Seether & Bakke 2000, Pearce-Higgins et al. 2017). Curlew are hunted
across several parts of the non-breeding range, however, since 1994 only Ireland and
France have allowed an open season for the species (Jensen & Lutz 2007). Hunting bans
have been implemented in Denmark, the UK (1982 for Scotland, England and Wales, 2011
in Northern Ireland) and Ireland (2012) (Brown 2015), and bag numbers prior to bans are
very poorly understood (Jensen & Lutz 2007). Most concerning are the levels of hunting
that have recently occurred in France, which supports 25,000 — 80,000 wintering curlew,
with many more passing through. Reportedly, 7000 — 8000 birds were shot annually prior
to 2008 (Fouquet 2013). In 2008, a hunting moratorium was put in place but this has been
periodically lifted a number of times since then (Fouquet 2013). Curlew are also thought to
be hunted across the eastern edge of the European distribution in Russia, Belarus, Ukraine
and Romania, although they are not thought to be a popular quarry species (Brown 2015).
Overall, hunting pressure is likely to have declined considerably across northwest Europe
in recent decades, due to national bans, however it still remains a threat that needs to be

monitored closely in France (e.g. Jiguet et al. 2021).

An additional emerging potential threat to curlew populations in Europe is infrastructure
development on key staging and winter sites (Sutherland et al. 2012, Pearce-Higgins et al.
2017). For example, a proposed airport development threatens the Tagus Estuary in Lisbon,
an internationally important staging and wintering site for an estimated 300,000 waders
(Alves & Dias 2020, Catry et al. 2022), and development of renewable energy infrastructure
including tidal barrages could potentially become an increasing issue as governments

attempt to mitigate climate change (Clark 2006). However, as yet, development of non-
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breeding sites in Europe is not thought to have impacted survival rates of curlew or other

waders in the region (Brown 2015).

In contrast to the generally stable and high rates of survival, levels of curlew breeding
productivity are more worrying. Although breeding productivity appears to vary across
Europe, with published estimates ranging from 0.05 to 1.4 fledged chicks per pair per year
between 1975 and 2020 (Dornberger 1986, Ylimaunu et al. 1987, Berg 1992, Boschert &
Rupp 1993, Grant et al. 1999, Valkama & Currie 1999, Jensen & Lutz 2007, Hemerik et al.
2009, Kipp & Kipp 2009, Roodbergen et al. 2012, O’Donoghue 2019, Colwell et al. 2020,
Zielonka et al. 2020), the only studies reporting rates > 0.6 chicks per pair have been from
Sweden and Finland (Ylimaunu et al. 1987, Berg 1992). Additionally, the most recent
estimate, modelled using breeding productivity data from 23 studies, suggests that current
rates across Europe are ~0.58 chicks per pair per year, below the rate required for
population sustainability (~0.68), estimated by the same study (Viana et al. 2023).

In Europe, the low rates of productivity exhibited by many breeding wader populations has
been widely attributed to high rates of nest and chick predation, which has increased
substantially over the last four decades (Roodbergen et al. 2012). During that period,
populations of generalist mesopredators have also increased across Europe, including the
red fox, European badger Meles meles and carrion crow Corvus corone (e.g. Deinet et al.
2013, Newton 2017). The increased fox numbers are of particular importance as they are
regularly identified as the primary predator of wader nests and chicks across Europe (e.g.
Macdonald & Bolton 2008, Teunissen et al. 2008, Eglington et al. 2009, Mason et al. 2018,
Zielonka et al. 2020, Kaasiku et al. 2022), although this can vary spatially, for example
introduced hedgehogs Erinaceus europaeus can be the primary predator on islands (e.qg.
Jackson & Green 2000, Calladine et al. 2017).

The reasons for these increases in generalist predator abundance are not fully understood,
but are likely to involve a combination of improved foraging opportunities due to urbanisation
(e.g. Marzluff & Neatherlin 2006, Handler et al. 2020), mesopredator release as a result of
widespread removal of apex predators (Ritchie & Johnson 2009, Ritchie et al. 2012) and
changes in land-use practices, landscape composition and fragmentation which may have
favoured generalist species (e.g. Lees et al. 2013, Pringle et al. 2019, Kaasiku et al. 2022,
Palsdottir et al. 2022). In addition, many predators (particularly raptors) have recovered
following decades of persecution and secondary pesticide poisoning (Burfield 2008, Newton
2017), as well as successful reintroductions of species such as the red kite Milvus milvus
(Seddon et al. 2007, Stevens et al. 2020) and spread of non-native species, such as the

racoon dog Nyctereutes procyonoides (e.g. Kriger et al. 2018).

25



For curlew, predation of eggs and chicks is typically identified as the most frequent cause
of low breeding productivity (Berg 1992, Grant et al. 1999, Valkama & Currie 1999,
Johnstone 2007, Zielonka et al. 2020). As well as increased abundance of generalist
predators, the environmental conditions in the range of habitats and landscapes in which
curlew breed have frequently become less favourable, likely increasing the vulnerability of
nests and chicks to predation and other forms of failure. For example, in areas where
pastoral farming is the dominant land-use, simplification of grassland structure, from
heterogeneous semi-natural grassland to improved grassland through soil drainage,
fertilisation and re-seeding could limit the ability of wader chicks to evade predation and/or
increase the frequency of chick starvation (Kentie et al. 2013). Carrion crow abundance is
greater in improved grassland, which could potentially result in high predation rates in these
habitats (Dallimer et al. 2010), although there is little evidence for crows making substantial
contributions to low rates of wader productivity. Curlew breeding in areas with adjacent
woodland, particularly commercial conifer plantations, have also shown reduced breeding
success (Douglas et al. 2014, Kaasiku et al. 2022), potentially owing to increased predator
activity in close proximity to these habitats (Hancock et al. 2020). While predation is likely
to be the main cause of breeding failure in most habitats, curlew nest in a variety of
agricultural grasslands and crops, also making them susceptible to nest destruction through
farm operations and potentially trampling by livestock (Berg 1992, Grant et al. 1999,
Verhulst et al. 2007). Sheep have also been recorded as a (likely incidental) predator of
curlew nests (Zielonka et al. 2020). To compound threats further, human-induced climate
change may reduce the available of invertebrate food resources for chicks, especially on

peatlands that have already been subject to drainage (Pearce-Higgins et al. 2010).

As a consequence of low breeding productivity, the majority of breeding curlew populations
in Europe are declining, with 30 — 49% of pairs being lost in the last 35 years (BirdLife
International 2015). The steepest national declines have been recorded in Ireland, where
the population is on the cusp of extirpation having lost at least 96% of breeding pairs since
the 1980s (O’Donoghue 2019), and long-term declines of 30 — 50% have been recorded in
the Netherlands and Germany (Hotker et al. 2007). The largest population of European-
breeding curlew occurs in Russia where 5 — 30% of breeding pairs have been lost since the
1980s however, Finland’s population, which comprises ~30% of the European population,

appears to have been stable since 2001 (Brown 2015).
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UK breeding curlew population

The country with the third largest population of breeding curlew in Europe is the UK (Brown
2015), which hosts ~58,000 breeding pairs (Woodward et al. 2020); roughly equal to 28%
of the European and 27% of the global breeding curlew population (Brown 2015, Harris et
al. 2022). The most recent national trends show that 48% of breeding pairs were lost in the
UK between 1995 and 2020, and a range contraction of ~20% has occurred since the 1970s
(Balmer et al. 2013, Harris et al. 2022). Declines have been greatest in Scotland (60%;
Harris et al. 2022), Wales (73%; Harris et al. 2022) and Northern Ireland (82%; Colhoun et
al. 2022), while a 29% decline has been estimated in England (Harris et al. 2022). As a
result of these declines, curlew are now on the UK Birds of Conservation Concern Red List
(Stanbury et al. 2021).

In common with other curlew populations across Europe, declines in the UK have been
attributed to unsustainably low rates of breeding productivity, with the current rate estimated
to be ~0.25 fledged chicks per nest per year, lower than the estimated rate required for
sustainability of ~0.43, while apparent annual survival since 1996 has been estimated to be
~0.92 (Cook et al. 2021).

In the UK, curlew breed predominately in uplands areas, including moorland areas of heath,
bog and grassland and enclosed grasslands around the moorland edge (Franks et al. 2017).
These landscapes are characterised by large, open habitats with heterogeneous vegetation
structures (Pearce-Higgins & Grant 2006), low levels of human disturbance (Haworth &
Thompson 1990) and, at many sites, management for gamebird shooting (Fletcher et al.
2010, Baines et al. 2022). However, despite these favourable conditions, curlew are still
thought to be declining across upland regions, partially owing to increases in afforestation
(Douglas et al. 2014) and intensification of grassland management on the moorland edge
(Franks et al. 2017).

Other breeding curlew in the UK occur on the Northern Isles and the Inner and Outer
Hebrides, where there are few mammalian predators (although introduced hedgehogs are
a predator of wader nests; Calladine et al. 2017) and breeding densities can reach 16 — 17
pairs per km? (Brown 2015). A smaller, more patchily distributed population of curlew
(estimated at 500 pairs; Colwell et al. 2020) colonised the southern lowlands of England in
the mid-nineteenth century, where they breed on arable land, heath and a variety of
grassland habitats (Colwell et al. 2020). Open landscapes of the southern lowlands are
highly fragmented by woodland patches, arable land and urban areas and curlew breeding

here do so at low densities (Brown 2015). Threats to the lowland population are varied
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(Colwell et al. 2020), mirroring those acting on curlew across Europe, but are generally

linked to land-use change and agricultural intensification.

Given that the curlew population is the most westerly in Europe (Keller et al. 2020), and
comprises a large proportion of the global population, the ongoing, rapid declines in the UK
are likely to be adversely affecting the global population size and breeding range of the
species (Brown et al. 2015). To slow and reverse declines of curlew in the UK, urgent,

effective conservation actions are required.

Targeted conservation management for threatened breeding

curlew populations

Over the last twenty years, considerable effort has gone into the design, trial and
deployment of targeted management actions with the aim of boosting wader breeding
productivity at sites across Europe (Franks et al. 2018, Jellesmark et al. 2021, Laidlaw et
al. 2021). These actions all target the incubation and chick-rearing stages of the breeding

cycle, and fit into three main categories:

1. Habitat management to create and restore favourable environmental conditions can
improve the suitability of breeding sites for waders, by altering hydrology (e.g. Eglington
et al. 2008), vegetation structure (e.g. Buchanan et al. 2017, Laidlaw et al. 2017, Douglas
et al. 2023) and timing of grassland management practices (e.g. Verhulst et al. 2007) to
ensure that suitable areas for nests and chick-rearing are available. Such actions can
result in increased local abundances within managed areas (e.g. Eglington et al. 2008,
Smart et al. 2013, Douglas et al. 2023) and may have positive effects on hatching rates
(e.g. Sheldon et al. 2007, Bodey et al. 2010, Laidlaw et al. 2017) and potentially also
chick survival to fledging (e.g. Verhulst et al. 2007, Bellebaum & Bock 2008).

2. Predator-exclusion fencing (e.g. Rickenbach et al. 2011, Smith et al. 2011, Malpas et al.
2013, Verhoeven et al. 2022) and/or lethal control (e.g. Baines et al. 2022) of predators
can also reduce predator impacts on breeding waders. Evidence of the positive effects
of lethal control on wader breeding productivity is restricted to the UK uplands (e.g.
Fletcher et al. 2010, Ludwig et al. 2019, Baines et al. 2022), where benefits to waders
are typically a by-product of a highly intensive and often controversial management to
maintain high densities of red grouse Lagopus lagopus scotica for recreational shooting
(Mustin et al. 2018, Newton 2021, Baines et al. 2022). As yet, no published studies have
been able to replicate the magnitude of improvement in wader breeding success

achieved on grouse moors in other landscapes, where effects appear to vary depending
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on the complex dynamics of local predator communities (Bolton et al. 2007, Smith et al.
2011, Laidlaw et al. 2021, Douglas et al. 2023). In contrast, there is strong evidence that
fencing to exclude mammalian mesopredators (primarily red fox and European badger)
can substantially enhance nest and chick survival of breeding waders (e.g. Rickenbach
et al. 2011, Smith et al. 2011, Malpas et al. 2013, Verhoeven et al. 2022). Different types
predator-exclusion fencing have been developed for use over a range of temporal and
spatial scales, depending on land-use requirements, the species’ breeding ecology and
project budgets (White & Hirons 2019, Laidlaw et al. 2021). For example, temporary
fencing tends to involve electrified fences that are easy to construct and manipulate
spatially, but require management throughout the season, while permanent, site-scale
fencing tends to involve barrier fences of sufficient height and buried depth to exclude
mammalian mesopredators (White & Hirons 2019, Laidlaw et al. 2021). Combination
fences provide both a physical and an electric barrier and are commonly used in nature
reserves. Both combination and barrier fencing can be used to protect large numbers of
nests of colonial or semi-colonial species, and temporary fencing might be used to
protect individual nests of species breeding at low densities (White & Hirons 2019).
Increases in hatching success within fenced areas often also result in larger numbers of
successful early-season nests than are typical outwith fences, which could have positive,
secondary effects, as clutch sizes in waders are often higher in clutches laid earlier in
the season (Weiser et al. 2018), and recruitment rates of chicks hatched from early nests
can also be greater (Alves et al. 2019).

. Headstarting is a relatively new technigue in avian conservation which involves
transferring eggs laid in the wild with a high chance of failure to avicultural facilities,
where the eggs are incubated and chicks reared until fledging, before being released
into areas of suitable breeding habitat. This removes the threat of egg and chick
predation and can result in rapid, high-magnitude effects on breeding productivity (e.g.
Pain et al. 2018, Loktionov et al. 2023). The high-level of expertise, resources and
funding that this requires means that this technique is typically used for highly threatened
populations for which other types of management are unlikely to be sufficiently effective

at preventing extirpation or extinction.

All three of these targeted management actions have contributed to the conservation of

threatened wader populations however, they have taken place on nature reserves, into

which the breeding range of many wader species in UK has contracted (Smart et al. 2014,

Jellesmark et al. 2021). Given the widespread distribution of curlew in the UK and Europe,

and the low densities at which they breed in many areas, deploying management actions

capable of boosting nest and chick survival in the wild at the scales required to achieve
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meaningful increases in breeding productivity will be challenging, particularly as the
interventions outlined above have not yet been demonstrated to work effectively and

sustainably outwith protected areas.

To date, conservation actions to boost lowland curlew populations have been limited.
Management of lowland habitats for curlew is constrained by a limited knowledge of
breeding requirements, particularly for chicks (Franks et al. 2018), predator control is mostly
incidental and rarely conducted at the intensity required to produce meaningful, consistent
outcomes (Douglas et al. 2023), predator-exclusion fencing is only deployed to protect a
very small number of (usually single) nests (Colwell et al. 2020), and the contribution that
headstarting can make to boosting curlew populations is currently unclear, although trials
are ongoing using eggs from airfields that would otherwise be destroyed for air safety
reasons (Natural England 2022).

There has also been little research on lowland-breeding curlew, with studies from the UK
predominately focused on upland populations, of which only two have directly assessed the
potential impacts of conservation management on curlew breeding productivity (Baines et
al. 2022, Douglas et al. 2023). Consequently, there is limited understanding of the ecology
and demography of curlew populations breeding in the UK lowlands, which is constraining
delivery of effective conservation actions. Without such actions, there is a real danger that
this vulnerable, highly fragmented population could be lost (Schnell et al. 2013), which
would lead to the species’ breeding range in the UK population contracting by around third.
In addition, curlew populations in Europe primarily breed in lowland areas (Brown et al.
2015), so studies of populations breeding in similar conditions will contribute towards a
broader understanding of how best to conserve curlew in landscapes across Europe. Such
studies should aim to identify how rates of nest and chick survival vary spatially and
temporally, the drivers of that variation, and the actions capable of enhancing low rates of

breeding productivity.

Study system — breeding curlew in Breckland

One of the largest curlew populations in the southern lowlands of England occurs in
Breckland, a 1019 km? bio-geographical region of East Anglia. The diversity of land uses
and land management in Breckland, and the region’s relatively large population of curlew
(now estimated to be ~150 pairs), provides an excellent opportunity to examine the breeding

ecology of lowland curlew and identify potential relevant conservation tools.

Breckland is characterised by sandy, low-nutrient soils and a semi-continental microclimate,

and is differentiated from the rest of the East Anglian region by greater extremes of
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temperature and lower annual rainfall (Watt 1936). Traditionally, Breckland has been
regarded as a landscape comprised of semi-natural, fallow land, disturbed and maintained
over time by fluctuating patterns of livestock and rabbit grazing and low intensity, rotational
farming methods (Dolman et al. 2010). This, and the region’s unusually warm and dry
climate, means the Brecks hosts a suite of nationally scarce and range-restricted flora and
fauna, more commonly associated with steppe or Mediterranean regions, and which require
low nutrient soils and ground disturbance (Dolman et al. 2010). However, during the 19"
and early-20" centuries, sheep grazing and traditional farming methods declined in
Breckland due to agricultural recession, later taken over by more profitable afforestation
and intensive farming in the mid-20" century (Dolman et al. 2010). These changes led to
conversion of formally extensive fen, wetland and heathland areas to productive arable

cropping and the largest area of lowland coniferous forest in the UK (Eycott et al. 2006).

Currently, the Breckland landscape is a mosaic of habitats dominated mainly by forestry
and private estates, managed for agriculture, livestock farming, shooting, and equine
breeding. Only 70 km? of patchily distributed heathland remains in Breckland, with even
smaller areas of semi-natural grassland and wetland (Dolman et al. 2010), a large
proportion of which is owned and managed by the Ministry of Defence as airfield bases and
areas for training of troops. Due to the rapid expansion of intensive agriculture in Breckland,
fallow land has been almost entirely absent for the last sixty years and grazing is greatly
reduced (Dolman et al. 2010). Nevertheless, despite this extreme change in land-use and
management, the region still holds nationally and internationally important biodiversity,
recognised by designations of four National Nature Reserves (NNR) and 55 Sites of Special
Scientific Interest (SSSI), which cover 40% of the Breckland land area (Dolman et al. 2010).

The largest known population of breeding curlew in Breckland occur on Stanford Training
Area (Stanta), an extensive area of SSSI-designated grass heathland, used as a military
training area since World War Two. Here, figures from Norfolk Bird and Mammal Reports
1961-2016 suggest that the curlew population has increased from a regular count of 12
pairs in the late twentieth century, to fluctuating annual counts of between 15 and 34
breeding pairs, over the last twenty years. Similarly, curlew breeding at Brettenham Heath,
a much smaller area of grass heathland, have also increased in abundance, with the
number of pairs increasing from two or three in the 1980s and early 1990s, to seven in 2018
(unpublished data, Natural England; Zielonka et al. 2020). Despite the mostly anecdotal
nature of these data, population trends at both Stanta and Brettenham Heath reflect those
published in Bird Atlas 07-11, which suggests that curlew populations in Breckland have
been largely stable over the last fifty years, with some increases in range and abundance

during the last twenty years (Balmer et al. 2013). However, the longevity of curlew means
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that populations can persist for many years despite low productivity, and so a stable
population trend is not necessarily an indicator that this population is sustainable in the long

term.

Currently, very little is known about the breeding productivity of curlew in Breckland. The
only intensive monitoring of the breeding curlew population was conducted during 2017 and
2018 on Stanta and Brettenham Heath, when monitoring of fifty nests revealed that mean
productivity (number of fledged chicks per breeding pair + se) was substantially higher at
Brettenham Heath (0.685 + 0.12, n=13) than at Stanta (0.032 + 0.03, n=37) (Zielonka et al.
2020). Of these fifty nests, 72% failed at the egg stage, mainly owing to egg predation by
red foxes, while chick mortality was also high, at 81% (Zielonka et al. 2020). The spatial
variation in productivity revealed in this Breckland study suggests a potential opportunity to

identify the causes of this variation, which can help to inform targeted conservation actions.

Thesis aims and outline

The aim of this thesis is to assess how key components of curlew breeding productivity vary
spatially and temporally, identify the environmental conditions influencing such variation,
and explore where and how conservation actions could be targeted to restore threatened
lowland populations. Whilst this thesis is focused on a lowland curlew population breeding
in Breckland, eastern England, the results presented extend beyond this study system to
contribute towards a broader understanding of the strategies required to target conservation
actions aimed at slowing and reversing declines of other widespread but threatened

populations in Europe.

Each chapter has been written as a stand-alone paper for submission to peer-reviewed
journals and, at the time of writing, Chapter 2 is published in IBIS and Appendix 1 is
published in Wader Study. Only minor alterations have been made to published chapters to

improve the cohesiveness and formatting of this thesis.

Chapter 2 takes advantage of the diverse range of sites and environmental conditions in
which curlew breed in Breckland, and three years of monitoring curlew nests, to quantify
spatial (across eight sites) and temporal (annual and seasonal) variation in curlew nest
survival rates, assess potential drivers of this variation, identify likely nest predators and
other causes of failure, and explore the conservation actions that might be capable of
exploiting this variation. This work revealed widespread, consistent low levels of nest
survival, with most nests failing as a result of nocturnal (and therefore likely mammalian

predation).
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In Chapter 3, we use daily tracking of curlew broods over three years, in combination with
vegetation surveys of the areas used by broods, to explore how chick survival and habitat
use vary in relation to vegetation structure across the mosaic of grassland and arable
habitats in Breckland. We found chick survival to be consistently low across years and
between sites, but was significantly higher with tall vegetation in the surrounding landscape.
In addition, chick habitat use and survival in relation to available vegetation structures varied
through the pre-fledging period, with use and benefits of tall vegetation being more apparent

in older chicks.

Identifying environmental conditions associated with consistently high or low demographic
rates can be a key step in developing actions to boost those rates. However, the types of
actions that will be appropriate can also depend on the extent and spatial structure of those
conditions across a population. In Chapter 4, we develop a conceptual framework to
explore how integrating demographic success and occurrence of focal species in different
environmental settings can be used to do identify appropriate actions. Applying this
framework to Breckland-breeding curlew suggests potential benefits of actions to (a)
preserve habitats and improve curlew productivity in areas of open grassland and (b) create
suitable grassland patches within arable-dominated areas to encourage breeding attempts

in areas where successes are more common.

In Chapter 5 we then develop a simulation model, parameterised for the Breckland-
breeding curlew population, to explore the consequences of deploying actions to boost
hatching fledging success in isolation or in combination, using the results from Chapter 2
and Chapter 3. This model suggests substantial benefits to targeting the deployment of
permanent predator-proof fencing in areas where favourable vegetation structures exist or
could be created, and that field trials of these actions would be worthwhile, while numbers

and breeding densities remain sufficiently high to make such trials feasible.

Finally, in Chapter 6, the key findings are summarised and discussed in the broader context
of targeting conservation actions, and suggest how species recovery might be achieved for

curlew in the UK lowlands and beyond.
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Chapter 2: Curlew nest survival

Chapter 2

Nest survival of threatened Eurasian curlew (Numenius

arquata) breeding at low densities across a human-modified

landscape
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Abstract

Targeted management actions to boost key demographic rates can help to restore rare
and localised populations but are increasingly required to stabilise or reverse declines of
formerly common and widespread species. Many breeding wader populations across
Europe are declining because of unsustainably low rates of productivity, and the
conservation tools designed to boost wader breeding productivity have been most
effectively used for semi-colonial species within protected areas. Targeted management
for wader species that breed at low densities across human-modified landscapes, such as
the rapidly declining Eurasian curlew Numenius arquata, is likely to be more challenging.
Here, we quantify variation in curlew nest survival in order to explore how management
could be targeted to boost this key component of breeding productivity. Up to 80 pairs of
curlew were monitored annually between 2019 and 2021 in eight locations across
Breckland, eastern England, where nesting densities range from < 1 to ~7 pairs km. For
136 nests across grassland- and arable-dominated sites, the majority of failure (86%) was
caused by (primarily nocturnal) predation and the mean probability of surviving incubation
(PSI) for all hatched or predated nests (127) was ~0.25. Nest survival showed little annual
or seasonal variation but did vary slightly between sites, however, this spatial variation
was not clearly related to management conditions or nest concealment at these sites.
Fencing to exclude mammalian nest predators can be effective for waders, but too few
curlews currently nest within fenced areas in Breckland to produce observable effects.
Fencing the few sites with high nesting densities could potentially double the number of
chicks hatched each year within the study area, but landscape-scale actions to reduce
predator impacts on nests and chicks are likely to be needed to maintain breeding

numbers in the wider countryside.
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Introduction

Human-driven biodiversity loss is one of the most critical global environmental problems for
which mitigation actions are not currently sufficient (Cardinale et al. 2012, Tittensor et al.
2014, Mace et al. 2018). Conservative estimates suggest that the average rate of vertebrate
species loss over the last century is up to 100 times higher than background rates (Ceballos
et al. 2015). Unless slowed, this is likely to threaten ecosystem services and, ultimately,
human wellbeing (Dirzo et al. 2014). To meet post-2020 targets set by the Convention on
Biological Diversity, substantial changes to environmental policy across all levels of
government are required (Mace et al. 2018, Lim 2021), as well as evidence-based, targeted
management to restore and maintain biodiversity (Sutherland et al. 2004, Mazor et al.
2018).

Targeted management can potentially help to restore threatened populations by
implementing specific actions capable of boosting a given demographic rate (usually
productivity or survival) in locations and/or at times when those rates are low and could
potentially be improved (Morrison et al. 2022). To inform this type of management, research
is required to identify; 1) the demographic rates influencing population growth, 2) spatial
and temporal variation in these demographic rates, 3) the drivers of that variation and, 4)
the actions required to boost demographic rates (Johnson et al. 2020, Plard et al. 2020,
Morrison et al. 2022).

This evidence-based approach to conservation has been used effectively to conserve
several rare and localised species of birds and mammals (e.g. Stanbury et al. 2010, Simén
et al. 2012, Nicoll et al. 2021), and is now increasingly required to reverse or stabilise
population declines of once abundant and widespread species (McRae et al. 2017),
including bees Anthophila spp. (Drossart & Gérard 2020), butterflies Rhopalocera spp. (Van
Dyck et al. 2009), small mammals (e.g. Pettett et al. 2018, Coomber et al. 2021) and
numerous species of ground-nesting birds (e.g. Silva et al. 2018, Assandri et al. 2019).
However, successful attempts to restore populations occurring sparsely and at low densities
have so far been limited (Vickery et al. 2004, Butler & Norris 2013, Pe’er et al. 2014),
particularly in human-modified landscapes where space to restore habitats is constrained

by other land-uses (e.g. Xun et al. 2017).

A group of species for which targeted management is increasingly required are waders
Charadriiform spp., one of the world’s most threatened but also most comprehensively

monitored avian groups (Harrington et al. 2002, Amano et al. 2010). The relatively large
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body size and conspicuous behaviour of waders means that their populations are often well-
monitored, in both breeding (e.g. Brlik et al. 2021, Harris et al. 2021) and non-breeding
seasons (e.g. Frost et al. 2019, Nagy & Langendoen 2020), and individual-level studies of
distribution and demography are common (e.g. Gill et al. 2019, Méndez et al. 2020,
Verhoeven et al. 2020). Consequently, the multitude of complex, interrelated threats that
act on waders (Sutherland et al. 2012), and the demographic rates influencing population
growth, are often quite well understood (e.g. Macdonald & Bolton 2008, Roos et al. 2018,
Cook et al. 2021).

In Europe, studies have linked wader population declines to changes in landscape
composition (e.g. Wilson et al. 2014, Jéhannesdottir et al. 2019), breeding habitat quality
(e.g. Wilson et al. 2004, Smatrt et al. 2006), vegetation structure (e.g. Kentie et al. 2015)
and land management practices (e.g. Verhulst et al. 2007, Exo et al. 2017), caused mainly
by agricultural intensification (e.g. Kleijn et al. 2010) and afforestation (e.g. Douglas et al.
2014, Kaasiku et al. 2022, Palsdéttir et al. 2022). These environmental changes have
resulted in nests and chicks becoming more vulnerable to predation, which is thought to be
the main driver of ongoing wader population declines across the region (Macdonald &
Bolton 2008, Roodbergen et al. 2012, Roos et al. 2018). To compound threats further,
human-induced climate change is rapidly altering environmental conditions, reducing
habitat suitability (e.g. Smart et al. 2006) and the availability of invertebrate prey (e.qg.
Pearce-Higgins et al. 2010), as well as driving changes in wader breeding phenology for
which the long-term impacts on demography are yet to be fully understood (Kentie et al.
2018, Alves et al. 2019, Gill et al. 2019). Warmer, drier springs are also advancing mowing
and grazing dates such that they can now coincide with incubation and chick-rearing in
agricultural landscapes (Schroeder et al. 2012), and effective management of grassland
breeding habitat is predicted to become more challenging in the face of increasingly severe

drought and flood events (Joyce et al. 2016).

In response to wader declines across Europe, considerable effort has been made to design,
trial and deploy targeted management actions with the aim of boosting wader breeding
productivity (Franks et al. 2018, Jellesmark et al. 2021, Laidlaw et al. 2021). These actions
include habitat management to increase the suitability of breeding sites by altering
conditions such as hydrology (e.g. Eglington et al. 2008), vegetation structure (e.g. Laidlaw
et al. 2017) and timing of grassland management practices (e.g. Verhulst et al. 2007),
controlling predator activity through targeted culling (e.g. Bolton et al. 2007, Smith et al.
2010) and/or exclusion fencing (e.g. Smith et al. 2011, Malpas et al. 2013), and headstarting
(raising eggs and chicks in captivity through the early weeks of life) (e.g. Pain et al. 2018,
Laidlaw et al. 2021).
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These tools target the nesting, incubation and chick-rearing stages of the breeding cycle
and have helped to increase breeding productivity in some threatened wader populations,
particularly those restricted to nature reserves or other protected areas (Smart et al. 2014,
Jellesmark et al. 2021). In these areas, land-use and management are usually aimed at
biodiversity and conservation goals and, as breeding wader densities tend to be higher in
nature reserves (Silva-Monteiro et al. 2021), targeted management in these areas can
impact relatively large numbers of birds in a relatively small area. However, not all
threatened wader species breed in large numbers within nature reserves or protected areas,
and some breed at much lower densities across human-modified landscapes (Silva-
Monteiro et al. 2021). Targeted management for such species is likely to be challenging,
particularly as the interventions outlined above have not yet been demonstrated to work

effectively and sustainably outwith protected areas.

The globally Near-Threatened Eurasian curlew Numenius arquata (hereafter, curlew)
(IUCN 2022) was once an abundant and widespread species across much of western,
northern and eastern Europe. However, in recent decades the number of breeding pairs
has declined steeply in these regions (Keller et al. 2020) with some populations already on
the verge of extirpation (e.g. O’'Donoghue 2019). These declines have been attributed to
low rates of breeding productivity (Berg 1992, Valkama & Currie 1999, Johnstone 2007,
Zielonka et al. 2020), likely driven by the same mechanisms influencing productivity in other
breeding wader populations across western Europe (Fletcher et al. 2010, Douglas et al.
2014, Franks et al. 2017). These population declines, alongside the recent history of
extinction among related species in the Numeniini tribe (Pearce-Higgins et al. 2017), mean
that conservation interventions are urgently needed to prevent the further extirpation of
breeding populations. A greater understanding of how key components of curlew breeding
productivity vary in space and time is required to enable these interventions to be targeted

effectively.

Here, we quantify spatial and temporal variation in nest survival, assess potential drivers of
this variation, and identify likely nest predators and other causes of nest failure for curlew
breeding at low densities across a human-maodified landscape. We use these findings to
explore opportunities for targeting management to boost nest survival in such species and

landscapes, and the types of actions likely to be required.
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Methods

Study area

The study took place in Breckland, a 1019 km? region of eastern England, where breeding
curlew are thought to be stable or possibly increasing in abundance and range (Balmer et
al. 2013). Traditionally, the region comprised large areas of semi-natural fallow land,
disturbed and maintained over time by fluctuating patterns of livestock and rabbit grazing
and low intensity, rotational farming methods (Dolman et al. 2010). However, wide-scale
land-use change has transformed the Breckland landscape into a mosaic of habitats
dominated mainly by commercial forestry and arable fields, interspersed with remaining
patches of semi-natural grassland (Dolman et al. 2010). Landowners and stakeholders in
the region include private estates managed for agriculture, livestock farming, shooting and

equine breeding, Forestry England, the Ministry of Defence and conservation NGOs.

Figure 1: Areas within Breckland (outlined in grey) in which curlew have been reported as possible,
probable or confirmed breeding (grey blocks) in national bird monitoring schemes (Balmer et al.
2013, Harris et al. 2021) over the last decade, and the study area (black polygons) within which
breeding curlew were monitored between 2019 and 2021. Inset indicates the location of Breckland
within the UK.
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Permission to monitor breeding curlew was granted at eight sites across Breckland; the
entirety of two private estates, two grassland sites within two other private estates, an arable
farm, a military training area, an RAF base and the entire area managed by Forestry
England (Fig. 1). All eight sites were monitored during 2019 and 2021, but only four sites
were monitored during 2020, when access restrictions were tightened due to the Covid-19

pandemic.

The eight study sites were dominated by arable fields or semi-natural grassland, which were
maintained by mowing or livestock grazing. Five sites contained ground-disturbance plots;
ca.4 ha areas of semi-natural grassland, recently rotovated to create bare ground to
encourage breeding stone curlew Burhinus oedicnemus (Hawkes et al. 2019, 2021). Public
access was restricted at all sites and some areas within grassland sites were enclosed by
fencing. Fences were in place to prevent wild mammalian herbivores (e.g. deer spp.
Cervidae or European brown hare Lepus europaeus) from penetrating boundaries or to
restrict human access to hazardous areas on military sites, and were also likely to act as
barriers to mammalian predators (e.g. red fox Vulpes vulpes and European badger Meles
meles). Most grassland sites were either unfenced or partially or fully enclosed by livestock
fences (large-mesh or non-electrified stranded fence, mostly less than 2 m high), which
were unlikely to act as a barrier to mammalian predators (White & Hirons 2019). Nests were
therefore classified as fenced if they were within areas that were fully enclosed by fencing
with mesh sufficiently small to prevent access by foxes and badgers, at least 2 m in height,

with no obvious access points in or under the fence line.

Nest finding and monitoring

In 2019 and 2021, curlew pairs were located between late-March and mid-April by
approaching all open areas within each site to at least 100 m on foot or by vehicle. All areas
in which a curlew pair was located were revisited throughout the season to classify pairs as
possible, probable or confirmed breeders, using breeding evidence codes (see Supporting
Information Table S1). Nests, including re-lays, were found between mid-April and mid-June
by searching study areas for incubating birds and observing incubating birds returning to
nests. In 2020, surveys and nest monitoring did not commence until late-May due to the

Covid-19 pandemic.

The location of each nest was recorded with a GPS device, and an iButton temperature
logger was deployed in the nest lining (Maxim Integrated Products Ltd, San Jose, CA, USA),
set to record every 10 minutes and covered with tape to prevent the metallic surface from

reflecting. Predicted hatch dates of nests found on a clutch of one or two eggs, and thus
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likely during laying, were estimated by back-calculating the lay date of first egg (assuming
that one egg was laid every 1.5 days (Grant 1996) and adding 34 days (average laying
period plus average incubation period (Grant 1996)). All eggs in clutches of three to five
were weighed and measured to enable laying and hatching dates to be predicted, following
Grant (1996).

Nests were visited a minimum of every ten days, and daily from three days prior to the
predicted hatch date, to determine their status and outcome. Where possible, nest status
was checked remotely to reduce disturbance. Nests were recorded as successful if at least
one egg hatched. Hatched eggs were confirmed by the presence of empty eggshells, or at
least one newly hatched chick, in or around the nest scrape. Chicks were observed in all
successful nests, so hatch date was recorded as the first date on which at least one newly
hatched chick was found in the nest. Nests were recorded as failed if there were obvious
signs of predation, mowing, trampling or abandonment or, if they were found empty before
the estimated hatch date with no eggshell fragments in the nest that would have indicated
successful hatching (Green et al. 1987). Nests were not visited in cold or wet weather

conditions and no obvious tracks were left around the nest during nest visits.

For nests that did not hatch, time and date of nest failure was determined by a sudden and
sustained drop in temperature recorded on the iButton temperature logger (44 out of 84
predated nests). For nests that failed prior to full incubation, temperatures in the nest were
not stable enough for the loggers to detect a sudden drop at the point of failure and, in some
cases, a build-up of nest lining resulted in the logger being too deep in the nest scrape to
detect a stable incubation temperature, which also meant that time of failure could not be
detected. In these cases, when iButton temperature loggers failed to give reliable results
(40 out of 84 predated nests), date of nest failure was calculated as the mid-point between
the date that the nest was last observed intact and the date on which the nest was recorded
as failed (mean £ sd gap = 5.8 + 2.3 days).

Nesting conditions

Management conditions for each nest were categorised as arable crop, fenced grassland,
unfenced grassland or ground-disturbance plot, as defined above. Nest concealment was
recorded on the day on which each nest was located, by measuring the height of the tallest
sward at four opposite points directly around the edge of the nest scrape and calculating

the mean.

42



Statistical analyses

Variation in daily nest survival rates (DSR) were explored in Mayfield’s logistic exposure
models with a binomial error term, in which success (hatched and failed) was modelled with
exposure days (number of days from find date to date of hatch or known (from temperature
loggers) or estimated (from check midpoints) failure) as the binomial numerator (Shaffer
2004). Nine nests that failed for reasons other than predation were excluded from the
analysis so we could focus on predation, the main driver of wader population declines
across Europe (Macdonald & Bolton 2008, Roodbergen et al. 2012). Removing these nests

made very little difference to our models results (Table S2).

To avoid model overfitting, a two-step approach was taken. The initial model assessed
spatial and temporal variation in DSR of all nests monitored during the study period by
including site, year and their interaction, lay date, year and their interaction and nest age,
as fixed factors in a GLM (Table 1, model i). The subsequent model assessed potential
drivers of any spatial variation by including management conditions that varied across these
sites (arable, fenced grassland, unfenced grassland or ground-disturbance plot), nest
concealment and their interaction and nest age as fixed effects, and site as a random
intercept (to account for non-independence of nests from the same site) in a GLMM (Table
1, model ii). Most nests were found soon after laying (mean + sd nest age on day of finding
= 9.9 + 7.8 days; equivalent to 6 days of egg laying plus 3-4 days of incubation for a clutch
of four) (Fig. S1-S3). We ran models excluding older nests (found at 14 days from onset of
laying) to explore their influence on model findings, but results did not differ from models

including nests of all ages (Table S3).

Continuous variables used in model i and ii (lay date, nest concealment and nest age) were
scaled and centred to have a mean of zero and a standard deviation of 1. Non-significant
(P > 0.05) interaction terms were sequentially removed from models, and inference was
made from the maximum model retaining all main effects. All models wererunin R (v 4.2.1)

using the Ime4 package (Bates et al. 2015).

Predicted DSRs were extracted from models and transformed to probability of nest survival
over the incubation period (PSI) by raising DSR to the power of 34 (the average curlew
incubation period (days) from the first egg laid). 95% confidence intervals were calculated
using the Delta method (Ver Hoef 2012).

As the proportion of monitored nests within fenced areas was low, a power analysis, using
data from Malpas et al. (2013) on the difference in wader nest survival in fenced and
unfenced areas, was also conducted to assess how many nests would need to be enclosed

with predator exclusion fencing to detect a statistically significant effect of fencing and to
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estimate the effect size required to detect an observable effect of fencing with the number
of fenced nests monitored during our study (Table S4; Fig. S4).

To assess whether predation events were more likely during night or day, the frequency of
observed night/day predation events was compared to the number of night/day hours
summed across all monitored nest-days, to account for variation in day length through the

season, using a 2 x 2 Fisher’s Exact test.

Table 1: Description of the model variables used to explain variation in daily nest survival rate (DSR)
of curlew nests found across Breckland between 2019 and 2021. All variables included in interaction

terms are also included as main effects in both models.

Distribution
Type Variable (link)/variable Explanation
range of values
Response Daily nest survival rate Binomial (logit) Nest outcome (hatched/failed)
(DSR) accounting for exposure days.
Explanatory Site 8 sites Nest site identity
Year 2019, 2020, 2021  Years in which nests were
monitored
Lay Date (scaled and Day 1-101 Lay date in March days (no. of
centred) days from 1st March)
Management condition 4 management Arable, fenced grassland,
conditions unfenced grassland or ground-
disturbance plot
Nest concealment 0-57cm Mean of four sward height
(scaled and centred) measurements (in cm) taken
around the nest scrape.
Nest age (scaled and 1-33 days Day of the incubation period on
centred) which a nest was found.
Model Response
[ DSR Site*Year + Lay Date*Year + Nest
Age
ii DSR Sward Height*Management
condition + Nest Age + (1]Site)
Results

In 2019 and 2021, 67 and 80 pairs of curlew, respectively, were found and monitored across
the Breckland study area. The density of pairs classified as probable or confirmed breeders
within six of the eight study sites (which comprised 95% of the surveyed area) ranged
between 0.17 and 0.72 pairs per km?, while two other sites which comprised only 5% of the

surveyed area hosted densities of between 3.3 and 7.4 pairs per km? (at least 47% of the
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probable or confirmed breeding pairs monitored annually; Fig. 2). Only 21 pairs of curlew
were classified as probable or confirmed breeders in 2020 as fieldwork was limited to late

in the breeding season, due to restrictions imposed as a result of the Covid-19 pandemic.
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Figure 2: The abundance (bars) and density (points) of possible, probable and confirmed breeding
pairs of curlew recorded annually across surveyed areas within eight Breckland study sites, between
2019 and 2021. Density figures for 2020 are excluded due to reduced survey effort. Breeding status

categories defined using BTO breeding codes (Table S1)).

A total of 136 curlew nests, comprising 471 eggs, were monitored across Breckland during
the study period, with the majority being found in unfenced grassland areas. From these
136 nests, 185 chicks hatched from 52 nests and 84 nests failed (Fig. S5). Only one site
out of eight failed to hatch any chicks during the study period (Fig. S5a) and chicks hatched
in all four management conditions (Fig. S5b). Predation accounted for 86% of nest failures
and other nests failed due to abandonment during laying (n = 3), trampling by cattle (n = 1)

and destruction through mowing or other mechanised farming activities (n = 5).

The mean + 95% CI probability of surviving incubation (PSI) of the 127 hatched or predated

curlew nests monitored across Breckland was 0.2488 (+ 0.1786 — 0.3372). There was
evidence of variation among sites (Table 2), with PSI being greater at site 1 (15/30 nests
predated) than site 2 (24/30 nests predated) (Fig. 3) and being particularly low at site 5,
where none of the six nests monitored during the study period hatched successfully (Fig.
3). Mean PSI did not vary significantly through the season, between years or with nest age
(Table 2).
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Figure 3: Mean predicted probability of a curlew nest surviving incubation (PSI), and the number of
nests monitored (hnumbers above bars), at eight Breckland study sites, between 2019 and 2021. Sites

that do not share a common letter differed significantly (Table 2).

Nest survival was similar in unfenced grassland, fenced grassland, arable fields or ground-
disturbance plots, and across levels of nest concealment (Table 2), so the spatial variation
in nest survival was not the result of variation in management conditions or nest
concealment between sites. Power analysis suggest that 25 nests of the 102 nests found
within grassland (fenced and unfenced) would need to have been enclosed by fencing to
detect an effect of fencing on nest survival comparable to Malpas et al. (2013) (Table S4;
Fig. S4). With our sample of nine fenced nests, an effect of fencing would have only been

observed had the effect size been > 0.9 (Fig. S4).
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Table 2: Results of Mayfield’s logistic exposure models of spatial and temporal variation in daily nest
survival rates (DSR) (model i) and potential drivers of variation in DSR (model ii) of curlew nests
monitored in Breckland between 2019 and 2021 (see Table 1 for model details). Significant predictors
of DSR (P < 0.05) are highlighted in bold.

Model Fixed effect Chi sq. Df p

i (Spatial and temporal)  Year 4.037 2 0.132
Lay date 0.039 1 0.842
Nest age 0.644 1 0.422
Site 17.665 7 0.014
Pseudo R? =0.17

ii (Drivers) Nest concealment 0.141 1 0.707
Management condition 5.597 3 0.133
Nest age 0.569 1 0.450

Pseudo R? = 0.09

Time of nest failure was extracted from temperature loggers for 44 of the 84 predated nests;
36 nests were predated during the night and eight during the day (Fig. 4). Relative to the
ratio of night/day hours monitored (summed across each nest-day monitored; ratio 0.50)
predation occurred significantly more often at night than expected by chance (Fisher’s Exact
test, P <0.01).
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Figure 4: Date and time of 44 curlew nest predation events between 2019 and 2021 in Breckland,

eastern England. Shaded area indicates nocturnal (dark grey) and crepuscular (light grey) periods.
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Discussion

Breeding curlew were sparsely distributed across the majority of the Breckland study area,
with densities at over 95% of the study area being below one pair per km?. Nests were found
in conditions ranging from bare ground on arable fields to tall (~50 cm) grass in silage fields,
but the probability of a curlew nest surviving to hatch was consistently low (~0.25). A small
amount of variation in nest survival was observed between sites (Fig. 3), but this could not
be explained by management conditions or levels of nest concealment. As the great
majority (86%) of nests failed because of predation, which primarily occurred at night
(indicative of mammalian predation), boosting hatching rates of curlew nests is likely to

require actions to reduce mammalian predator impact across the Breckland landscape.

A conservation tool that is commonly deployed to reduce predation on ground-nesting birds’
nests is predator-exclusion fencing (Smith et al. 2011). Fences have the potential to result
in ~two-fold increases in wader hatching rates (Malpas et al. 2013) and, as they have
already been used to boost hatching rates of some threatened wader populations in western
Europe, including black-tailed godwit Limosa limosa (Verhoeven et al. 2022) and northern
lapwing Vanellus vanellus (hereafter lapwing) (Malpas et al. 2013, Verhoeven et al. 2022),

it seems likely that they could also be effective at boosting curlew nest survival.

In Breckland, fences were not deployed to protect curlew nests, but a small number of pairs
nested within fenced areas (too few to detect an observable effect of fencing on nest
survival). Increasing the number of nests enclosed by predator fencing in Breckland could
potentially be achieved by deploying temporary electric fencing to protect individual nests,
but the substantial efforts required to locate nests and erect and maintain fencing
(throughout the season and across years due to the lack of temporal variation in nest
survival), means that this is unlikely to be a feasible approach, especially in areas where

curlews breed at very low densities.

One way in which targeted deployment of fencing could potentially be effective might be to
enclose ground-disturbance plots. These areas are often used by nesting curlew (Zielonka
et al. 2020) and, although we found curlew nest survival to be just as low under these
management conditions as elsewhere, they are generally located in areas in which land-
use is sympathetic to ground-nesting birds (e.g., areas under higher tier agri-environment
schemes; Evans & Green 2007, Chamberlain et al. 2009), potentially making fencing more
feasible. Plot-level fencing could also be deployed at the start of the season, without the
need to locate nests, and may benefit other ground-nesting species such as stone curlew
(Hawkes et al. 2021) and lapwing (Chamberlain et al. 2009, Rickenbach et al. 2011).
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However, these plots currently only support ca.4 — 7 breeding pairs of curlew in our study

area, and thus the impact of such measures for curlew is likely to be quite modest.

Alternatively, permanent barrier fences could be deployed along the boundary of sites
supporting high densities of nesting curlew. Fencing the combined boundary length of the
eight Breckland study sites that support ~80 curlew pairs annually would require ca.185 km
of fencing, but we found ~45% of those curlew to breed in just two of those sites, with a
combined boundary length of only 14 km. Assuming such fences would be as effective as
described elsewhere (Malpas et al. 2013), enclosing these two high-density sites with
permanent barrier fencing could potentially boost the total number of chicks hatched in our
Breckland study area by ~44 — 67% (~88 — 94 additional chicks hatched) per year.

Targeting actions to reduce predator impacts, such as fencing high density breeding sites
and ground-disturbance plots has the potential to provide a relatively efficient solution to
boosting curlew nest survival. However, high-density curlew breeding sites are becoming
very rare, particularly in the English southern lowlands (Colwell et al. 2020), and so
opportunities to target sites with potential to contribute substantial improvements in nest
survival are increasingly limited. Failure to identify and protect remaining curlew populations
effectively will likely increase the need for intensive and expensive actions such as
headstarting (raising eggs and chicks in captivity through the pre-fledging period), which is
already being deployed to boost curlew productivity in southern England (Colwell et al.
2020).

To sustainably maintain and recover curlew populations in the wider landscape, in
Breckland and elsewhere across the breeding range, actions outwith fenced areas are also
likely to be required. Lethal control of foxes, the main mammalian nest predator in the region
(Zielonka et al. 2020), occurs across much of the Breckland study area, and it is possible
that variation in the intensity of lethal control between study sites could contribute to the
(small amount of) spatial variation in curlew nest survival. The impact of lethal control on
breeding success of ground-nesting birds can vary substantially between sites (Bolton et al.
2007, Porteus et al. 2019), and may be influenced by the predator communities present at
those locations and times (Bolton et al. 2007, Mason et al. 2018). Consequently, the
contribution of lethal control to maintaining and recovering breeding curlew populations is
currently unknown, and the need for improved understanding of predator behaviour and

population dynamics remains urgent (Laidlaw et al. 2021).

A greater understanding of the factors influencing nest survival and the causes of nest
failure elsewhere across the species’ range will also be important so that actions can be

targeted across broader spatial scales. For example, nest concealment is a poor predictor
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of curlew nest survival in Breckland but vegetation in this region is generally short due to
the relatively dry conditions (Dolman et al. 2010). Elsewhere, vegetation may be
considerably taller due to higher spring rainfall and more intensively managed grasslands,
potentially resulting in increased nest concealment and a subsequent boost to nest survival.
Landscapes are also likely to differ between (and within) regions in which curlew breed, so
exploring how factors such as landscape composition and configuration (e.g.
Johannesdattir et al. 2019) influence curlew distribution and success is likely to help inform

effective targeting of actions to boost hatching success in the wider landscape.

Finally, establishment of collaborative stakeholder networks, and integration of evidence-
based, curlew-friendly policies into agri-environment schemes are likely to be of particular
importance in maintaining breeding populations, given their generally sparse, low-density
distribution. Working with stakeholders to trial management actions for curlew (e.g., fencing,
headstarting, lethal control) will clearly be important part of this, but any actions to boost
nest survival should be targeted in areas likely to support chick growth and survival, and
further research is required to understand the land management actions that can create

and maintain such conditions at different scales.

50



Supplementary material to Chapter 2: Nest survival of
threatened Eurasian curlew (Numenius arquata) breeding at

low densities across a human-modified landscape
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Supplementary material

Table S1: Breeding evidence categories used to classify curlews detected on surveys as non-

breeding, or possible, probably or confirmed breeding.

Non-breeding

Single, pair or number of birds flying over suspected to be still on migration
Observed but suspected to be summering non-breeder(s)

Possible breeding

Pair observed in suitable nesting habitat in breeding season on just one occasion
Male present (or bubbling calls heard) in breeding season in suitable breeding habitat

Probable breeding

Pair observed in suitable nesting habitat in same location on more than one occasion
Permanent territory presumed through territorial behaviour on at least two different occasions
Courtship and display judged to be in or near potential breeding habitat

Pair visiting probable nest site

Agitated behaviour or anxiety calls from adults, suggesting probable presence of nest or young
nearby, observed on just one occasion.

Pair nest scraping

Confirmed breeding

Used nest or eggshells found
Downy young seen

Adults entering or leaving nest-site in circumstances indicating occupied nest or adults seen
incubating — sitting is often followed by lowering of the head (disappearing in tall vegetation)
followed by periodic raising and looking around

Nest containing eggs

Nest with young seen or heard

Incubation change-over seen - when approaching the nest curlews appear to ‘move with
purpose’ without actively feeding, although not necessarily faster or slower than normal

Agitated behaviour or anxiety calls from adults, indicating presence of nest or young nearby,
observed on three or more occasions
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Table S2: Results of Mayfield’s logistic exposure models of spatial and temporal variation in daily

nest survival rates (DSR) (model i) and potential drivers of variation in DSR (model ii) of all curlew

nests (including those mown, trampled and abandoned) monitored in Breckland between 2019 and
2021 (see Table 1 for model details). Significant predictors of DSR (p < 0.05) are highlighted in bold.

Model Fixed effect Chi sq. Df p

i (Spatial and temporal) Year 4.888 2 0.087
Lay date 0.111 1 0.738
Nest age 2.073 1 0.483
Site 15.084 6 0.035
Pseudo R? =0.14

ii (Drivers) Nest concealment 0.027 1 0.868
Management condition 3.745 3 0.290
Nest age 2.299 1 0.129

Pseudo R? = 0.07

Table S3: Results of Mayfield’s logistic exposure models of spatial and temporal variation in daily

nest survival rates (DSR) (model i) and potential drivers of variation in DSR (model ii) of curlew nests

(< 14 days old) monitored in Breckland between 2019 and 2021 (see Table 1 for model details).
Significant predictors of DSR (p < 0.05) are highlighted in bold.

Model Fixed effect Chi sq. Df p

i (Spatial and temporal) Year 3.414 2 0.181
Lay date 0.013 1 0.909
Nest age 0.490 1 0.483
Site 13.862 6 0.031
Pseudo R? = 0.24

ii (Drivers) Nest concealment 0.096 1 0.756
Management condition 0.729 3 0.867
Nest age 0.538 1 0.463

Pseudo R?2=0.10

Table S4: Sample sizes and standard deviations extracted from Malpas et al. (2013), used to
calculate the effect size between the nest survival rates inside and outside of predator exclusion

fencing.
Inside fence Outside fence
Number of nests 68 104
Nest survival rate (%) 84 34
Standard Deviation 176.7 88.4
Effect size 0.6

53



[20]
(]
m
(o]
(]
(o]
o —
[an] o
[ I I I I I I ] [ I I I I I I ]
% 0 A 10 15 20 25 30 35 0 5 10 18 20 25 0 34
1)
c
o Unfenced Grassland Arable
@
o
IS
S
Pz
=T (o]
(1]
(] —
(=] L]
[ I I I I I I ] [ I I I I I I ]
0 A 10 15 20 25 30 35 0 5 10 15 20 25 0 34
Stone Curlew Plot Fenced Grassland

Nest age (days) at find
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Figure S2: Age structure of curlew nests found in each of the eight sites in Breckland.
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Figure S3: Age structure of curlew nests found in each of the three study years.
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Figure S4: The number of nests required (sample size) to be enclosed by predator exclusion
fencing to detect different effect sizes of fencing on nest survival. Based on 93 nests outside

of fencing, power = 0.8 and significance level = 0.05.
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Chapter 3: Curlew chick survival

Chapter 3

Survival of Eurasian curlew chicks varies with vegetation

structure in a diverse lowland landscape
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Abstract

Loss and degradation of open, semi-natural habitats and associated changes in vegetation
structure are major threats to the biodiversity they support. Consequently, incorporation of
vegetation management into targeted conservation plans is of great importance, and this
requires an understanding of how vegetation structure influences the demography of
threatened species. Ground-nesting waders are declining across Europe because of
unsustainably low breeding productivity, and targeted conservation actions are needed to
prevent further losses. Such actions could include vegetation management if vegetation
structures that enhance demographic rates can be identified. Here, we use intensive field-
based observations, alongside weekly vegetation surveys, to quantify the habitat use and
survival of Eurasian curlew chicks in relation to variation in vegetation structure in
Breckland, eastern England. Between 2019 and 2022, a total of 68 curlew broods were
monitored, from which > 72% of chicks died before reaching two weeks old and 40 chicks
fledged. Chick survival did not vary significantly between years, across seasons or between
sites, but increased as the height of the tallest vegetation block in the 78.5 ha landscape
surrounding hatched nests increased. However, in their first week of life, chicks were more
likely to use areas of shorter vegetation and slightly more likely to survive when using these
areas, while older chicks were more likely to use, and much more likely to survive when
using taller vegetation. These findings highlight the importance of access to a mix of
vegetation heights for curlew chicks, particularly during the first weeks of life, and the need
for management actions capable of delivering these heterogeneous conditions at

appropriate scales.
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Introduction

Open semi-natural habitats, such as grasslands, heathlands and wetlands, provide crucial
ecosystem services (e.g. Mitsch et al. 2013, Bengtsson et al. 2019, Walmsley et al. 2021)
and support a broad spectrum of specialised flora and fauna (e.g. Petermann & Buzhdygan
2021), making them of great importance to human well-being and biodiversity. Yet many of
these landscapes and the species that occur within them are threatened, with land-use and
climate change driving widespread loss and degradation of open habitat across the globe
(Bardgett et al. 2021, Douglas et al. 2023, Fluet-Chouinard et al. 2023), including large-
scale changes in vegetation structure and composition (Foley et al. 2005, Zhao et al. 2012,
Franklin et al. 2016).

Vegetation structure plays a major role in the functioning of ecosystems (e.qg. Isbell et al.
2011, Gaitan et al. 2014) and maintenance of biodiversity (e.g. Haddad et al. 2009, Hovick
et al. 2014). Changes in the structure of vegetation (height, cover, density and/or
composition) can alter the availability of resources such as food (e.g. Vickery et al. 2001),
breeding sites (e.g. Carrié et al. 2018) and refuge from unfavourable environmental
conditions (e.g. Robertson et al. 2022) or predation (e.g. Norbury & van Overmeire 2019),
and can ultimately drive changes in species abundance (e.g. Wong et al. 2021), diversity
(e.g. Thomas et al. 2022) and demography (e.g. Sandercock et al. 2015, Laidlaw et al.
2020, Mérb et al. 2023).

In western Europe, conversion of open semi-natural habitats to cropland monocultures or
improved pasture, and the associated changes in vegetation structure, have contributed to
the widespread population declines and range contractions of many, once common, open-
habitat specialists (e.g. Reif & Hanzelka 2020, Warren et al. 2021). In response to these
declines, attempts to maintain and restore favourable vegetation structures in remaining
fragments of open semi-natural habitat, as well as in surrounding human-modified
landscapes, are often a major focus of conservation efforts across western Europe
(Verhoeven 2014, Tordk et al. 2021). Actions to achieve these goals typically include
reducing nutrient inputs (e.g. Torok et al. 2021), altering the timing and intensity of grazing,
mowing and/or harvesting regimes (e.g. Verhulst et al. 2007, Ravetto Enri et al. 2017),
reintroduction of traditional management practices (e.g. Fuller et al. 2017), and occasional
use of prescribed burning (e.g. Valké et al. 2014). All of these approaches aim to increase
structural heterogeneity over a range of spatial and temporal scales (Benton et al. 2003,
Fuller et al. 2017).
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Manipulation of vegetation structure has the potential to positively influence the abundance
(e.g. Sanz-Pérez et al. 2019), diversity (e.g. Hawkes et al. 2019) and demography (e.g.
Bretagnolle et al. 2011) of focal taxa, but the likelihood and magnitude of positive outcomes
can vary substantially between treatments, landscapes, spatial scales and taxa
(Staggenborg & Anthes 2022, Roilo et al. 2023). To improve the consistency of
management outcomes, a greater understanding of the conditions influencing occurrence
and demographic success of focal taxa is required, particularly for widespread but declining
populations, for which restorative conservation actions have so far failed to deliver

meaningful results (Vickery et al. 2004, Pe’er et al. 2014, Burns et al. 2021).

A group of widespread but declining species in urgent need of effective conservation actions
are waders Charadriiformes spp. (Sutherland et al. 2012), most of which are ground-
nesting, open-habitat specialists. These species typically breed in areas comprising
vegetation structures that can provide suitable nesting locations, cover from predators and
foraging opportunities for adults and precocial chicks (Smart et al. 2006, 2008, Kentie et al.
2015, Laidlaw et al. 2015, 2020). In many parts of the world, these conditions now primarily
occur in landscapes managed for agriculture (Franks et al. 2018, Silva-Monteiro et al. 2021).
In western Europe, agricultural intensification has frequently led to changes in vegetation
structure and grassland management, which can increase vulnerability of nests and chicks
to predation (e.g. Kentie et al. 2015) and destruction through mechanised practices (e.qg.
Verhulst et al. 2007, Exo et al. 2017). Attempts to restore favourable conditions through
vegetation management have had some positive effects on local abundance (e.g. Pearce-
Higgins & Grant 2006, Smart et al. 2013, Douglas & Pearce-Higgins 2014, Buchanan et al.
2017) and nest survival (e.g. Sheldon et al. 2007, Bodey et al. 2010, Laidlaw et al. 2017) of
wader populations, but the influence of such actions on chick survival rates is poorly
understood (Franks et al. 2018).

Here, we explore the potential of vegetation management to boost fledging rates of the
globally Near Threatened Eurasian curlew Numenius arquata (hereafter, curlew) (IUCN
2022); a widespread, large-bodied wader species that breeds across a range of open semi-
natural habitats (Franks et al. 2017, Baines et al. 2022, Ewing et al. 2022) and that has
declined across Europe as a result of low breeding productivity (Cook et al. 2021, Viana et
al. 2023). We used weekly vegetation surveys and daily monitoring of curlew broods across
Breckland, eastern England, to quantify (1) annual, seasonal and spatial variation in curlew
chick survival, and (2) the effects of chick use of differing vegetation structures on survival
through the pre-fledging period. We use these results to evaluate how management can be
targeted to deliver vegetation structures that enhance chick survival rates in lowland-

breeding curlew.
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Methods

Study area

Breckland is a 1019 km? region of eastern England, dominated by intensively managed
arable land and commercial forestry plantations, with remnant semi-natural grassland
patches interspersed across the landscape. Breeding curlew are widespread across the
region and currently nest at densities of 0.17 — 7.4 pairs per km?, primarily in grassland
habitats with smaller numbers nesting in arable fields and open, clear-felled areas within
forests (Ewing et al. 2022). Permission to monitor breeding curlew was granted at nine sites
across the region, including two arable-dominated estates, a farm, a paddock complex, two
grass-heaths, a Royal Air Force base, a Ministry of Defence training area and the entire

area managed by Forestry England.

Eight of the nine study sites comprised areas of (predominately calcareous) grassland, the
large majority of which consisted of long-established, semi-natural, unimproved grass-
heathland or dry grassland, managed extensively by light to medium sheep grazing or one-
cut mowing, resulting in closed, tussocky and generally short swards (Table S1). One grass-
heath site was dominated by short-turf as a result of heavy livestock grazing, while five sites
contained a number of ground-disturbance plots (4 ha areas of semi-natural grassland,
recently rotovated to create bare ground to encourage breeding stone curlew Burhinus
oedicnemus (Hawkes et al. 2021)). One of the nine sites also comprised small patches of
improved agricultural grassland, harvested for silage production twice per summer season.
All other open habitat comprised cropland monoculture at various stages of growth, from

bare ground to tall cereal crops.

Brood monitoring

Curlew pairs were located between late-March and mid-April 2019-2022 and classified as
possible, probable or confirmed breeders, using breeding evidence codes (Table S2). The
GPS location and outcome of nests was recorded between late-March and mid-June in the
same years, all following Ewing et al. (2022). Curlew broods from hatched nests were visited
every one to five days in 2019 and daily in 2020-2022, from day of hatching until all chicks
in a brood died (all chicks found dead or neither chicks nor chick-guarding adults located
for three consecutive days) or any surviving chicks fledged (became capable of flight).

Broods were located by revisiting their last known location and, if necessary, expanding the
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search outwards (up to a radius of 1500 m), until they were relocated (usually by finding
chick-guarding adults). Between 2020 and 2022, broods were observed for one hour per
visit from a vehicle positioned at least 100 m away. Date, time of day (any time between
dawn and dusk) and vegetation blocks (see below) used were recorded, and the number of
chicks was counted whenever possible. In situations where chicks were not visible
(generally due to being concealed in long grass), their presence could be confirmed by
chick-guarding adults and soft contact calls made to parents. The number of dead and
surviving chicks in a brood was confirmed when chicks were 7, 14, 21 and 28 days old by
waiting until chicks were observed or by searching for chicks on foot. Individual broods were
all identifiable due to a combination of 1) the low densities at which curlew breed in
Breckland (Ewing et al. 2022), 2) variation in chick age and, 3) colour-marked, chick-

guarding adults.

Vegetation surveys

Between 2020 and 2022, all vegetation accessible to broods in open habitats (grassland,
heathland or arable), within a 500 m radius (78.5 ha; termed ‘brood landscape’) of a hatched
curlew nest (500 m = the maximum distance moved by monitored broods in 2019), was
surveyed once a week for four weeks or until all chicks in a brood died. If a brood moved
outside of the original 78.5 ha, a second survey was conducted in the 78.5 ha surrounding
the point at which the brood was first observed outside of the original brood landscape, on
the day that the brood was relocated. Surveys of the original and secondary brood
landscapes were continued for the rest of the survey period. Only five of the 50 broods
monitored between 2020 and 2022 moved outside of the original brood landscape, and

none moved further than 1000 m from the nest.

Brood landscapes surrounding each hatched curlew nest were divided into blocks of
vegetation or habitat that were homogenous in structure (height and density) and type, with
no separating features (fences, roads, tracks or field boundaries). Blocks were a minimum
of 0.25 ha (mean = 5.72 + 7.5 sd). The vegetation within each block was surveyed each
week by measuring the height of the tallest sward (to nearest 1 cm) using a tape measure
and estimating the percentage cover of short (< 20 cm) vegetation (to nearest 5%), within
a 50x50 cm quadrat, located randomly within blocks (5-45 quadrats per block; more
quadrats in larger blocks). Vegetation in brood landscapes throughout Breckland
predominantly consisted of short swards, with the mean height of the majority of blocks in

the first weekly vegetation surveys being < 40 cm (Fig. 1).

62



1107
1001
901
801
707
601
50
401
301
201
101

Number of blocks

0 10 20 30 40 50 60 70 80 90 100 110
Mean vegetation height (cm)

Figure 1: The distribution of mean heights of vegetation blocks measured in the first weekly surveys

of each brood landscape.

Statistical analysis

Annual, seasonal and spatial variation in chick survival of all broods monitored between
2019 and 2022 were explored in a General Linear Model with a quasibinomial error term (to
adjust for overdispersion > 1.5), in which the number of chicks fledged was modelled with
number of chicks that died as the binomial numerator. Site, year and their interaction, and
lay date, year and their interaction were included as fixed factors (Table 1, model i). A
separate GLM with the same structure was used to assess variation in the survival of chicks
monitored in 2020-2022 (the years in which vegetation data were collected) in relation to
mean height of the tallest vegetation block present in a brood landscape during the first

week after hatching (Table 1, model ii).

Age-specific survival to fledging of curlew chicks was also assessed in relation to the
vegetation structure of the blocks used by broods during the preceding week in two GLMMs
with binomial error terms. In these models, the weekly status of chicks (alive or dead) was
modelled in relation to vegetation height in used blocks, week and their interaction as fixed
factors in the first model (Table 1; model iii) and percent cover of vegetation < 20 cm in used
blocks, week and their interaction in the second (Table 1; model iv). Vegetation height and
percent cover of vegetation < 20 cm could not be included in the same models due to
collinearity (r > 0.7). Both models included vegetation block nested within brood as a
random factor, to account for the non-independence of chicks within the same brood and of

vegetation measurements taken within the same block.
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We also assessed variation in weekly habitat use of broods (vegetation block used or not
used) in two GLMMs with a binomial error term, with vegetation height, week and their
interaction included as fixed factors in the first model (Table 1, model v) and percent cover
of vegetation < 20 cm, week and their interaction included as fixed factors in the second
(Table 1, model vi). Vegetation block was include as a random factor to account for non-

independence of vegetation measurements taken within the same block.

In models iii — vi (Table 1), vegetation height was scaled and centered to have a mean of
zero and a standard deviation of 1. Non-significant (P > 0.05) interaction terms were
sequentially removed from models, and inference was made from the maximum model
retaining all main effects. All models were runin R (v 4.2.1, R Core Team (2023)) using the
Ime4 package (Bates et al. 2015).

64



Table 1: Description of the model variables used to explain variation in survival and habitat use of

curlew chicks monitored between 2019 and 2022 in Breckland, eastern England.

Type Variable Distribution Explanation
(link)/variable
range of values
Response No. chicks fledged and Quasibinomial Number of chicks fledged and number of

no. chicks dead

Alive and dead

Used or not used

(logit)

Binomial (logit)

chicks dead per brood

Weekly status of each chick in a brood;
alive (1) or dead (0)

Habitat block used (1) or not used (0) by
a brood during that week

Explanatory  Site Nine sites Site in which each brood occurred
Year 2019, 2020, 2021, Years in which brood were monitored
2022
Hatch Date Day 121 - 176 Brood hatch date in days from Jan 15t
Height 0-125cm Height of tallest sward in each quadrat
Cover <20 cm 0 —100% Percent cover of vegetation < 20 cm in
each quadrat
Height of tallest block 17 — 104 cm Mean height of vegetation in tallest block
in a brood landscape
Week 1-4 Week after hatching
Block Block 1 — 20 Habitat block identity
Brood 50 broods (2020 —  Brood identity
2022)
Model Response Model structure
i Chicks fledged and chicks died Site*Year + Year*Hatch Date
ii Chicks fledged and chicks died Height of tallest block
iii Alive and dead Height*Week + (1|Brood/Block)
iv Alive and dead Cover*Week + (1|Brood/Block)
\Y Used and not used Height*Week + (1| Block)
vi Used and not used Cover*Week + (1] Block)
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Chapter 3: Curlew chick survival

Results

Between 2019 and 2022, a total of 68 broods (235 chicks) hatched successfully in our
Breckland study area, but only 40 chicks fledged (Fig. 2). Breeding productivity was highest
in 2021, reaching 0.37 fledged chicks per pair, and lowest in 2022 when only three chicks
fledged, equating to 0.04 per pair (Fig. 2). The mean probability of at least one chick from
a brood fledging successfully was 26.5% (+ 5.4 se). Over half of the hatched curlew chicks
died before reaching one week old, and > 72% died before reaching two weeks old (Fig. 3).
Eight chicks died between three and four weeks old (Fig. 3). All chicks that reached four
weeks old fledged, with 2.22 (+ 0.22 se) chicks fledging per successful brood.

120 7 62 21 68 65
0.14 0.14 0.37 0.04

1001

Fledged
M Failed

Number of chicks

2019 2020 2021 2022

Figure 2: Number of fledged and dead curlew chicks (bars), with the total number of probable and
confirmed curlew pairs monitored (above bars in bold) and the annual fledging rates (fledged chicks
per pair; above bars in italics) between 2019 and 2022 in Breckland, eastern England.
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Figure 3: Number of monitored curlew chicks alive at 7, 14, 21 and 28 days old between 2019 and

2022 in Breckland, eastern England. All chicks that reached 28 days old fledged successfully.

No predation events were observed during brood surveys, although two chicks were found
having been killed or scavenged by corvids Corvidae spp. (most likely carrion crow Corvus
corone) and all but one chick from three broods were found killed by mustelids Mustelidae
spp. (most likely stoat Mustela erminea) within two days of hatching. All broods that hatched
in grassland remained in grassland, whereas nine of the 11 broods that hatched in arable
fields moved to a nearby patch of grassland (always within 500 m of the nest; minimum
grassland patch area = 1.1 ha) within one week of hatching. The two broods that remained
in arable fields died, one brood within two days of hatching and the other before the chicks

reached two weeks old.

The probability of fledging successfully did not differ significantly between sites or years, or
with hatch date (Table 2). However, for chicks monitored between 2020 and 2022 (50
broods), the probability of fledging increased as the height of the tallest block in a brood

landscape increased (Table 2; Fig. 4).
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Table 2: Results of GLMs exploring curlew chick survival in Breckland, eastern England, in relation
to (i) spatial and temporal variables and (ii) the mean height of the tallest block in brood landscapes
(see Table 1 for description of all model variables and structures). Significant predictors (p < 0.05)
are highlighted in bold.

Model Fixed effect Chi sq. Df p

i Chick survival Site 9.135 8 0.331
Year 6.375 3 0.095
Hatch Date 0.224 1 0.636

Estimate se t p
- Height of tallest
ii block 0.038 0.014 2.688 0.01
1.00 1

D 0.751
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Figure 4: Mean (95% CI) predicted probability of curlew chicks fledging in relation to the mean height
of the tallest vegetation block present in a brood landscape during the first week after hatching, in

Breckland, eastern England between 2020 and 2022.

Broods monitored between 2020 and 2022 had access to a mean of 8.7 (x 0.5 se)
vegetation blocks and 31/50 of brood landscapes had at least one block of tall vegetation
(> 40 cm) during the first week after hatching (Fig. S1). Seasonal vegetation growth
contributed little to the variation in vegetation structure between brood landscapes and the
mean coefficient of variation of mean vegetation block height across brood landscapes was

0.83 (£ 0.06 se) and 1.23 (+ 0.1 se) for percent cover of vegetation < 20 cm.

Chick survival in relation to both height and percent cover of short (< 20 cm) vegetation in
blocks used in the preceding week varied with chick age (Table 3; Fig. 5). Chicks using
blocks with shorter vegetation heights (Fig. 5a) and a greater cover of short vegetation (Fig.
5b) were slightly more likely to survive their first week of life but, in week two, survival

increased strongly for chicks using blocks of taller vegetation (Fig. 5a) and slightly for chicks
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using blocks with a lower cover of short vegetation (< 20 cm) (Fig. 5b). In weeks 3 and 4
relatively few chicks died and the beneficial effect of taller vegetation was no longer
apparent (Table 3; Fig 5). Blocks with taller vegetation were more likely to be used by broods
in all but the first week of life (Table 3; Fig. 6a), while blocks with greater cover of short
vegetation were more likely to be used during the first and third week of life (Table 3; Fig.
6b).

Table 3: Results of GLMs exploring variation in curlew chick survival (iii — iv) and habitat use (v — vi)
in Breckland eastern England, in relation to vegetation structure and chick age (see Table 2 for
description of all model variables and structures). Significant predictors (p < 0.05) are highlighted in
bold.

Model Fixed effect Chi sq. Df p

i Chick survival Height 0.067 1 0.796
Week 136.982 3 <0.001
Height*Week 400.291 3 <0.001

iv Cover 3.122 1 0.073
Week 163.001 3 <0.001
Cover*Week 101.649 3 <0.001

vii Habitat use Height 1.479 1 0.224
Week 145.665 3 <0.001
Height*Week 50.482 3 <0.001

viii Cover 3.498 1 0.061
Week 149.481 3 <0.001
Cover*Week 32.803 3 <0.001
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Figure 5: Mean (95% CI) predicted probability of survival for curlew chicks during each of the first
four weeks after hatching in relation to (a) vegetation height and (b) percent cover of short (< 20 cm
height) vegetation of the vegetation blocks in which they were recorded during each preceding week,

in Breckland, eastern England between 2020 and 2022.
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Figure 6: Mean (95% CI) predicted probability of block use in relation to (a) vegetation height and (b)

percent cover < 20 cm of curlew broods monitored in Breckland, eastern England 2020-2022.
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Discussion

Identifying sources of environmental variation that are associated with variation in
demographic rates of threatened species can aid with the design of conservation actions
for those species, particularly when the relevant environmental variation can be achieved
with conservation management. In Breckland, the vegetation structure used by curlew
chicks and the associated survival probabilities varied with age, with chicks less than one
week old using short vegetation more and surviving more with greater use of short
vegetation, while older chicks used tall vegetation more and survived more with greater use
of tall vegetation. Targeted actions to benefit breeding curlew should therefore aim to create
heterogeneous vegetation structures (mix of short and tall vegetation) at scales of tens of
hectares in areas where conditions currently fail to support sustainable rates of fledging,

and to maintain these conditions in areas where they currently exist.

Vegetation heterogeneity is frequently reported to influence the occurrence and
demographic success of open-habitat specialists, particularly birds (e.g. Benton et al. 2003,
Pickett & Siriwardena 2011, Bonari et al. 2017, Briiggeshemke et al. 2022). For wader
chicks, vegetation structure may influence thermoregulation (Carroll et al. 2015), foraging
efficiency (Pearce-Higgins & Yalden 2004) and ability to hide from predators (Machin et al.
2017). For example, reduced shade and moisture in areas of short vegetation is likely to
allow younger curlew chicks to stay warm and dry (Carroll et al. 2015), while foraging may
also be more efficient in these areas while chick body size remains small (e.g. Devereux et
al. 2004). For older chicks, such thermoregulatory costs may be lower or less important,
and may be outweighed by the benefits of cover from predators and/or increased availability
of larger bodied invertebrate prey in taller vegetation (Cole et al. 2010, Silva-Monteiro et al.
2022), which older chicks may be more capable of exploiting and more reliant on, owing to
their larger body size (e.g. Schekkerman & Beintema 2007)

In Breckland, a landscape primarily dominated by short vegetation, tall (> 40 cm) vegetation
mainly comprised patches of nettle Urtica dioica or bracken Pteridium aquilinum, or arable
crops such as cereals and legumes. As these vegetation types are generally of low
conservation value and can have negative effects on biodiversity (e.g. Donald et al. 2006,
Marrs et al. 2007), their contribution to maintaining heterogeneous vegetation structures,
and their positive effects on species like curlew, needs to be balanced with other
conservation goals such as preventing succession in biodiverse semi-natural habitats
(Marrs et al. 2007). For nettle and bracken, which are commonly removed as part of
conservation management in this landscape, balance could potentially be achieved through

identifying spatial and temporal scales of management that would maintain some patches
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in areas with breeding curlew during the chick-rearing stages. For crops, current rotational
farming systems mean that mosaics of bare ground interspersed with short and tall
vegetation are typical in these landscapes, which may be particularly important when

arable-nesting curlew move chicks into adjacent areas of grassland.

Semi-improved grassland and silage patches also provided areas of tall vegetation used by
a small proportion of monitored curlew broods. This habitat is relatively scarce in Breckland,
but in other parts of the breeding range curlew commonly use areas of intensive pastoral
farming in which grasslands are largely managed with high levels of fertilizer input and used
for silage production (Colwell et al. 2020). Survival rates of wader chicks in these
homogenous and often dense vegetation conditions are typically low, often as a
consequence of high levels of starvation or predation (Kentie et al. 2013). Provision of
suitably heterogenous vegetation structures in these areas for breeding curlew could
potentially be achieved through creation of patches of bare ground or short swards within
silage fields or, likely more effectively, through conversion from silage to hay production, as
flower-rich hay meadows can provide both the open swards for foraging and tall swards for
protection from predators (Kentie et al. 2015, Loonstra et al. 2019), and may also benefit a

suite of other threatened grassland species (Wright et al. 2012).

Strong effects of vegetation structure on the demography of breeding waders (particularly
chick survival) are rarely demonstrated in the literature (Franks et al. 2018), likely due to the
challenges of monitoring wader chicks and the limited range of vegetation conditions
available in many breeding areas. The variation in land management and relatively unique
environmental conditions supported in Breckland mean that this region retains a diverse
mosaic of habitats and vegetation structures (Dolman et al. 2010). Daily observations of
broods were sufficient to detect variation in the use and survival of curlew chicks across this
diverse landscape because most broods stayed within the nesting areas, and curlew remain
sufficiently numerous but breed at sufficiently low densities (Ewing et al. 2022) to allow
broods to be tracked throughout the pre-fledging period. More studies are required of wader
chick use of the vegetation structure available to them and of the costs and benefits
associated with differing vegetation heights for chick of differing ages, to further refine

grassland management for these increasingly rare species.

Our study demonstrates the potential for management of vegetation structure to enhance
survival rates of curlew chicks, however, in each of the four study years too few chicks
fledged to reach the rate required to maintain a sustainable population of breeding curlew
(0.68 chicks per pair per year; Viana et al. 2023). Survival of curlew nests is low in Breckland

(Ewing et al. 2022) and actions to boost fledging success are only likely to have positive
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effects on overall breeding productivity in areas where nest survival is high. Deployment of
vegetation management in combination with tools to boost hatching success of nests, such
as predator-exclusion fencing, could be beneficial, but field trials will be needed to quantify
the benefits of such management, ideally across different landscapes. In addition, further
research to understand the mechanisms through which vegetation structure can influence
predation risk for wader chicks will help to identify the types and scales of vegetation

management that might be most beneficial for breeding waders.
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Supplementary material to Chapter 3: Survival of Eurasian
curlew chicks varies with vegetation structure in a diverse

lowland landscape
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Table S1: The dominant habitat types (grassland, arable or forest), grassland habitat types and
management practices, and presence of cultivated arable land (adjacent to or within sites) and

ground-disturbance plots at nine study sites in which curlew chicks were monitored between 2019

and 2022.
Site Doml_nant Grassland habitat Grassland management Arable Disturbance
habitat present plot present
1 Grassland  Unimproved grass-heathland Medium intensity sheep Yes Yes
grazing
2 Grassland  Unimproved dry grassland One-cut mow Yes No
3 Grassland  Unimproved grass-heathland Low-intensity sheep grazing Yes Yes
with small patches of semi-
improved grazing pasture and
silage
4 Arable Rough grazing pasture Medium intensity sheep Yes Yes
grazing
5 Grassland  Unimproved grass-heathland High intensity sheep and No Yes
cattle grazing
6 Arable Unimproved fallow grassland None Yes Yes
7 Grassland  Semi-improved grazing pasture Medium intensity sheep Yes No
grazing
7 Forest Clear-fell and tree nursery None No No
8 Arable None None Yes No
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Table S2: Breeding evidence categories used to classify curlews detected on surveys as non-
breeding, or possible, probably or confirmed breeding.

Non-breeding

Single, pair or number of birds flying over suspected to be still on migration
Observed but suspected to be summering non-breeder(s)

Possible breeding

Pair observed in suitable nesting habitat in breeding season on just one occasion
Male present (or bubbling calls heard) in breeding season in suitable breeding habitat

Probable breeding

Pair observed in suitable nesting habitat in same location on more than one occasion
Permanent territory presumed through territorial behaviour on at least two different occasions
Courtship and display judged to be in or near potential breeding habitat

Pair visiting probable nest site

Agitated behaviour or anxiety calls from adults, suggesting probable presence of nest or young nearby,
observed on just one occasion.

Pair nest scraping

Confirmed breeding

Used nest or eggshells found
Downy young seen

Adults entering or leaving nest-site in circumstances indicating occupied nest or adults seen incubating
— sitting is often followed by lowering of the head (disappearing in tall vegetation) followed by periodic
raising and looking around

Nest containing eggs

Nest with young seen or heard
Incubation change-over seen - when approaching the nest curlews appear to ‘move with purpose’ without
actively feeding, although not necessarily faster or slower than normal

Agitated behaviour or anxiety calls from adults, indicating presence of nest or young nearby, observed
on three or more occasions
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Fig. S1: Mean (+ se) height of vegetation blocks (coloured points and lines) in each week for which
chicks survived through the chick-rearing period (mid-May to early-July), during the three study years
(2020-2022) in which weekly vegetation surveys were conducted across 50 brood landscapes

(shown in different colours for clarity), at seven sites in Breckland, eastern England.
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Chapter 4: Conceptual framework

Chapter 4

Integrating information on occurrence and demography to

inform targeting of conservation actions
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Abstract

Slowing declines of widespread species requires strategies to target conservation actions
effectively. Conservation actions often aim to (1) preserve the conditions in which focal
species remain common, (2) create more favourable conditions to attract them, and/or (3)
improve conditions to boost occurrence and/or demographic success. However, the
situations in which these actions are most appropriate can differ. Here, we develop a
conceptual framework to explore how variation in occurrence and demographic success of
focal species in different environmental settings can be used to identify appropriate
conservation actions. We illustrate this approach with empirical data on breeding Eurasian
curlew, Numenius arquata, in relation to landscape composition and configuration in eastern
England. Across landscapes comprising grassland, arable and woodland habitats between
2019 and 2022, curlew nests occurred disproportionately in areas with greater grassland
cover, lower woodland and arable cover and larger patches of open habitat in the
surrounding (500 m radius) landscape. However, these nests rarely hatched or fledged
chicks. In contrast, although fewer than 16% of nests occurred in arable-dominated areas,
over 31% hatched and 24% fledged. Curlew activity on arable fields was concentrated close
to grassland patches. Applying these findings to the conceptual framework suggests a need
to (a) preserve habitats and improve curlew productivity on open grasslands and (b) create
grassland patches within arable-dominated areas. Considering both occurrence and
demography in differing environmental conditions can thus help to identify when actions to
preserve, create and/or improve conditions to conserve threatened populations are likely to

be most appropriate.
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Introduction

The development of the post-2020 strategic plan for the Convention on Biological Diversity
potentially represents the last opportunity for governments to set out targets and negotiate
actions to slow and reverse biodiversity loss (Hughes et al., 2022). Positive steps have
already been taken with over 100 countries formally supporting a drive to protect 30% of
land and sea area by 2030 (Carroll and Noss, 2022). While further expansion of protected
areas is a positive step towards preserving the > 78% of known threatened species currently
persisting without adequate protection (Maxwell et al., 2020), increasing the extent of
protected areas alone is unlikely to result in significant biodiversity gains (Bailey et al., 2022;
Santangeli et al., 2023). To effectively deliver for nature and ecosystem services, targeted
conservation actions to preserve, improve and create favourable management and
environmental conditions are required, both within and outwith protected areas (Strassburg
et al., 2020).

Traditionally, targeting of conservation actions has been informed by assessing how the
occurrence and distribution of individuals varies in relation to a range of environmental
conditions (Araujo et al., 2019; Guisan et al., 2013). Conservation actions might then be
designed and targeted to preserve and/or create the environmental conditions considered
most likely to support high levels of abundance (e.g. Herse et al. 2018), species richness
(e.g. Ramirez-Albores et al. 2021) or diversity (e.g. Lessmann et al. 2014). This approach
has been particularly crucial for defining protected area boundaries (Pimm et al., 2018) and
for restoring important habitats or ecosystems supporting species of conservation concern
(Strassburg et al., 2020).

Conservation actions can also be targeted by assessing the demographic rates (survival
and/or productivity) achieved by a focal species in different environmental conditions, and
designing and deploying specific management actions to boost demographic successes in
areas where they are consistently low (Morrison et al., 2022). This method has been used
successfully to recover several rare and localised populations including the Mauritius kestrel
Falco punctatus (Jones et al., 1995), Iberian lynx Lynx pardinus (Simon et al., 2012) and
UK populations of little tern Sternula albifrons (Wilson et al., 2020) and cirl bunting Emberiza
cirlus (Davies et al., 2011). However, while such conservation successes make valuable
contributions towards the recovery of biodiversity, their impact is increasingly
overshadowed by the continued, wide-scale population declines of formerly common and
widespread species (Burns et al., 2021; Sanchez-Bayo and Wyckhuys, 2019), for which
successful conservation actions have so far been limited (e.g. Pe’er et al. 2014, MacDonald
et al. 2019).
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Strategies are urgently required to inform how conservation actions should be targeted to
conserve widespread but declining species (Morrison et al., 2021). Such species are often
distributed across a range of environmental and management conditions, and retain high
levels of variation in local abundance and demographic success (e.g. Silva-Monteiro et al.
2021). Using occurrence and demographic data to identify where preservation and
improvement of existing conditions, and creation of additional favourable conditions, is
required may therefore allow for more appropriate and adequate deployment of
conservation actions. For example, in conditions in which a focal species occurs frequently
but in which demographic rates are consistently low, preservation of those conditions alone
may be insufficient to prevent population declines (e.g. Sergio et al. 2021), and improved
management promoting greater demographic success will likely be needed (Fig. 1a).
Integrating demographic information when deciding which conservation actions to deploy
under these conditions potentially helps avoid preservation or creation of sink populations
and/or ecological traps, where conditions supporting frequent occurrence are preserved but
demographic successes remain infrequent (Furrer and Pasinelli, 2016; Hale and Swearer,
2016).

By contrast, in conditions in which a focal species occurs frequently and also consistently
achieves demographic success (e.g. Palmero et al. 2021), preservation of those conditions
(e.g. through consistent management and/or protected status) may be the most appropriate
strategy (Fig. 1b), while conditions in which a species occurs infrequently and rarely
achieves demographic success could potentially be improved (Fig. 1c) but are unlikely to
be a high priority for conservation action (e.g. Sales et al. 2022). Finally, conditions in which
a species occurs infrequently but achieves frequent demographic success (e.g. Kamp et al.
2015) should likely be both preserved and created to encourage increased occupancy (Fig.
1d). These relatively productive but rarely occupied conditions are quite likely to be
neglected if variation in demographic success is not considered when identifying the

environmental conditions in which conservation actions should be targeted.

Targeting specific actions to achieve specific goals of preservation, improvement or creation
of favourable environmental conditions is likely to aid the effective and efficient use of scarce
conservation resources. For example, preserving the management and environmental
conditions that already support a relatively high frequency of occurrence and demographic
success (Fig. 1b) is likely to be more efficient than designing and deploying actions in
conditions in which the species is scarce and demographic success is low (Fig. 1c).
However, the effectiveness and efficiency of actions to preserve and create (Fig. 1d) versus

actions to preserve occurrence and increase the frequency of demographic successes (Fig.
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Chapter 4. Conceptual framework

la) may be more comparable, depending on the specific circumstances in which the

species occurs.

Relative efficiency of action

Low High

Common

Relative frequency of occurrence

Improve

(c)

Scarce

Low Demographic success High
Figure 1: Framework for targeting of appropriate and efficient conservation actions in differing
environmental conditions for species of conservation concern, depending on their relative frequency

of occurrence and the demographic success typically achieved in those conditions.

Here, we illustrate the application of this conceptual framework using a population of
Eurasian curlew Numenius arquata (hereafter, curlew); a widespread wading bird species
that breeds across a range of habitats and landscapes but that is rapidly declining because
of unsustainably high rates of nest and chick predation (Cook et al., 2021; Franks et al.,
2017). We use intensive monitoring of breeding attempts, standardised surveys and remote
sensing data to quantify the frequency of curlew occurrence and breeding success
(quantified as nests that hatch and nests that fledge chicks) in relation to metrics of
landscape composition and configuration likely to influence curlew occurrence and
vulnerability to nest and chick predation. We explore how these findings can inform the
spatial targeting and prioritisation of conservations actions to preserve, improve and create

favourable management and environmental conditions.
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Chapter 4: Conceptual framework

Methods

Study area

The study took place in Breckland, a 1019 km2 region of eastern England. Over the last
200 years, wide-scale land-use change has transformed Breckland from a largely semi-
natural landscape comprising areas of fallow land and low intensity farmland (Dolman et
al., 2010), to a mosaic of varying sized patches comprising intensively managed arable,
coniferous plantation and remnant grassland habitat (Fig. 2a), typically managed
extensively through one-cut mowing or livestock grazing. Our study area covered 255 km2
of Breckland including woodland and comparable areas of arable and grassland habitat
(Table S1; Fig. 2b).

[ Arable
| Grassland
71 Urban
| Water
.| Woodland

25 km

L 1 1 | 1 1 |

Figure 2: Distribution of (a) arable, grassland, urban, freshwater and woodland habitat (as defined

by Centre of Ecology and Hydrology Land Cover 2020 vector data (Morton et al. 2021)) across
Breckland and (b) used curlew nests (red) and available (black, random points) sites within study

areas (colour shades). Inset indicates the location of Breckland within the UK.
Assessing occurrence of breeding curlew

Between 2019 and 2022, curlew pairs were located by conducting three surveys each year
between late-March and late-April whereby all open areas within the study area were

approached to at least 100 m on foot or by vehicle. All areas in which a curlew pair was
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observed during the initial surveys were revisited twice per week through the nesting period
to confirm the occurrence of breeding attempts by locating active nests. The location of

nests were recorded with a GPS device.
Monitoring of curlew breeding attempts

The outcome of nests was determined using iButton temperature loggers and field-based
observations, following Ewing et al. (2022). Nests were recorded as successful if at least
one egg hatched. Curlew broods from hatched nests were monitored following (Chapter 3)
by visiting each brood every one to five days in 2019, and daily in 2020-2022, until all chicks
in a brood died (dead chicks found or neither chicks nor chick-guarding adults located for

three consecutive days) or any surviving chicks fledged.
Landscape composition and configuration

Centre for Ecology and Hydrology Land Cover (CEH LC) 2020 vector data (Morton et al.,
2021) were used to define and categorise land parcels into habitat categories and were
merged into five groupings (arable, grassland, urban, freshwater and woodland; Table S1;
Fig. 2). The simplified habitat classification was ground-truthed by checking 650 of the 6263
land parcels covering the study area during the 2022 field season, which resulted in seven
being changed from arable to grassland. Twenty-four parcels covering the full extent of a
small grassland site within the study area were changed post-hoc due to all parcels being

incorrectly classified as woodland.

In Breckland, pre-fledged curlew chicks generally remain within 500 m of nest sites and
have not been recorded moving further than 1000 m (Chapter 3). Metrics of landscape
composition and configuration were therefore calculated at spatial resolutions of 500 m and
1000 m around 600 points (Northrup et al., 2013) randomly distributed across open
(grassland and arable) areas of the Breckland study area (termed ‘available sites’), 204
known nest locations (‘used nests’; nests observed with at least one egg, found before hatch
or failure) and the subsets of monitored used nests that failed (107 ‘failed nests’), hatched
(64 'hatched nests’) and from which broods failed (48 ‘failed broods’) or fledged (16 ‘fledged
broods’). Nests that failed for reasons other than predation (e.g. abandonment, mown,
trampled; n = 9) and fenced nests (n = 17; defined in Ewing et al. 2022) were not included
in the failed or hatched subset of nests as landscape structure was unlikely to have

influenced their fate. Nests with unknown outcomes (n = 7) were also not included.

Curlew traditionally nest in open landscapes, primarily in grasslands (Franks et al., 2017,
Valkama et al., 1998) but also in arable crops (Ewing et al. 2022), and are known to avoid

areas of woodland (Douglas et al., 2014; Franks et al., 2017; Kaasiku et al., 2022).
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Consequently, three measures of landscape composition (percent cover of grassland,
arable and woodland) were extracted. The size of the largest open (grassland or arable)
habitat patch within the two spatial resolutions was also extracted as a measure of
landscape configuration, as breeding waders are known to occur disproportionately in more
open landscapes (Gunnarsson et al., 2006; J6hannesdottir et al., 2018; Palsdottir et al.,
2022).

Arable surveys

To explore how the presence of grassland (the habitat primarily used by breeding curlew)
influenced the occurrence and distribution of curlew across arable fields during the breeding
season, 118 arable fields, grouped in three distance bands around six grassland-dominated
sites, were surveyed for curlew during the 2021 breeding season. Early- (mid-March to mid-
April), mid- (mid-April to mid-June) and late-season (mid-June to mid-July) surveys were
conducted (by EH) to account for potential changes in curlew behaviour and detectability
through the season. Fields were either adjacent (within 500 m; n = 40), near (500-2000 m;
n = 41) or far (> 2 km; n = 37) from a grassland site (minimum area of 2 km2), measured

from the closest edge of the site to the closest edge of the field (Fig. S1).

Ten-minute point count surveys were conducted during each field survey, one survey at
each field during the three stages of the season. Points counts were conducted between
09:00 and 12:00, on the edge of fields, in a location of maximum visibility over the field.
Point count locations were kept consistent across the season but the order in which fields
were visited was randomised between repeat visits. The number of individual curlews seen

and heard during surveys was recorded.
Statistical analyses

To describe the landscape structure of areas in which curlew breeding attempts and curlew
breeding successes occurred across the Breckland study area, variation in the proportions
of used nests, those nests that hatched and those that produced fledged broods (Table 1)
was explored in relation to metrics of landscape composition and configuration within
binomial Generalised Linear Models (GLMs). Models i-iv included percent cover of
grassland and models v-viii percent cover of arable (modelled separately due to collinearity;
r > 0.7 in all cases), together with the fixed effects of percent cover of woodland and size of
largest open habitat patch (Table 1). Models i-viii were run using landscape metrics
calculated at the two spatial resolutions. Results for 500 m resolution are presented in the
main text. Results for 1000 m resolution were similar to those at 500 m, and are included in
the SOM (Table S2; Fig. S2).
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To describe how the distribution of curlew use of arable fields in the breeding season varied
in relation to distance from grassland patches, 118 arable fields (Fig. S1) were categorised
as either having curlew present in any of the three surveys (n = 11; only two fields were
occupied in more than one of the surveys) or absent (n = 107; never recorded in any survey)
and modelled in a binomial GLMM, with distance from grassland included as a fixed factor
and grass site as a random factor (to account for the non-independence of fields

surrounding the same grass site; Table 1; model ix).

Inference was made from maximum models, including all considered effects. All models

were run in R (v 4.2.1) using the Ime4 package (Bates et al. 2015).
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Table 1: Description of the model variables used to explain variation in the proportion of used curlew

nests, hatched nests and fledged broods, in relation to landscape structure at 500 m and 1000 m

resolutions (models i-viii)) and, how the presence or absence of curlew in arable fields varied in

relation to distance from grassland (model ix).

Distribution
Type Variable (link)/variable Explanation
range of values
Response Available sites and  Binomial (logit) 600 available sites (0) and 204 used

used nests

Failed nests and
hatched nests

Failed broods and
fledged broods

Failed nests and
fledged broods

Curlew presence

nests (1)

107 failed nests (0) and 64 hatched
nests (1)

48 failed broods (0) and 16 fledged
broods (1)

107 failed nests (0) and 16 fledged
broods (1)

Curlew absence (0) and presence (1)

Explanatory Largest patch 1.7-57 ha Size of largest open grassland or arable
habitat patch with each spatial resolution
Woodland 0 —88% Percent cover of woodland habitat
Grassland 0 -100% Percent cover of grassland habitat
Arable 0 — 100% Percent cover of arable habitat
Distance from Three distance Adjacent (< 500 m), near (500-2000 m)
grassland categories and far (> 2km)
Random Grass site Six grass sites Identity of grassland site
Model Response Model structure
i &V Available sites and used nests i-iv
Largest patch + Woodland + Grassland
il & vi Failed and hatched nests
. ) V-Viii
iv & viii Failed nests and fledged broods
iX Curlew presence Distance from grassland + (1|Grass site)
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Results

Over 200 curlew breeding attempts were monitored across arable-, grassland- and
woodland-dominated areas of our Breckland study area between 2019 and 2022. Despite
our study area consisting of > 55% woodland cover and comparable cover of grassland and
arable (Table 1), the probability of occurrence of used nests was disproportionately greater
as percent cover of grassland increased and percent cover of woodland and arable
decreased (Table 2; Fig. 3). Of the used nests, 72% occurred in areas comprising over 50%
grassland within 500 m (compared to 31% of available sites) and only two used nests
occurred in areas where woodland cover exceeded 50%, while 58 available sites occurred
in these conditions. Used nests were also disproportionately more likely to occur as the
area of largest open habitat patch increased (Table 2; Fig. 3); over 21% of used nests
occurred in areas where the largest open habitat patch was > 30 ha, whereas only 8% of

available sites were located in these conditions.

In contrast, the landscapes most likely to support the subsets of used nests that hatched
and that fledged broods comprised a significantly lower percent cover of grassland and
larger percent cover of arable (Table 2; Fig. 3). Only 59% of hatched nests occurred in
areas with > 50% grassland cover compared to 80% of failed nests, and less than half of
the fledged broods occurred in areas with grassland cover > 50%. Only 16% of used nests
occurred in areas with > 50% arable, whereas 31% of hatched nests and 24% of fledged
broods occurred in these areas. Percent cover of woodland and size of largest open patch
did not significantly differ between areas with nests that hatched and did not, and broods
that fledged and did not (Table 2; Fig. 3). However, despite 44 used nests occurring in areas
supporting open patches > 30 ha, only two fledged nests occurred in these areas.
Landscape structure did not differ significantly between the areas surrounding failed broods
and fledged broods (Table 2; Fig. 3).
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Table 2: Results of GLMs exploring variation in the proportion of used curlew nests, hatched nests
and fledged broods, in relation to landscape structure in the surrounding 500 m, in Breckland
between 2019 and 2022 (see Table 2 for description of model variable and structures). Models i-iv

include percent cover of grassland and models v-viii include percent cover of arable. Significant

predictors (p < 0.05) are highlighted in bold.

Model Fixed effect Estimate se p
i (Intercept) -2.342 0.278 <0.001
Available vs Used Largest patch 0.019 0.009 0.042
(with grassland) Woodland -0.034 0.007 <0.001
Grassland 0.028 0.003 <0.001
ii (Intercept) -0.550 0.497 0.267
Failed vs Hatched Largest patch 0.013 0.016 0.424
(with grassland) Woodland 0.007 0.015 0.614
Grassland -0.023 0.007 <0.001
iii (Intercept) -0.255 0.943 0.787
Failed brood vs Fledged Largest patch -0.047 0.039 0.231
(with grassland) Woodland 0.001 0.022 0.958
Grassland -0.006 0.011 0.553
iv (Intercept) 0.010 0.863 0.902
Failed nest vs Fledged Largest patch -0.015 0.033 0.642
(with grassland) Woodland 0.019 0.024 0.443
Grassland -0.032 0.012 0.006
v (Intercept) 0.136 0.268 0.611
Available vs Used Largest patch 0.025 0.009 0.010
(with arable) Woodland -0.057 0.008 <0.001
Arable -0.028 0.003 <0.001
Vi (Intercept) -1.404 0.522 0.007
Failed vs Hatched Largest patch 0.007 0.016 0.655
(with arable) Woodland 0.024 0.015 0.118
Arable 0.020 0.006 0.003
vii (Intercept) -0.510 1.105 0.644
Failed brood vs Fledged Largest patch -0.047 0.039 0.234
(with arable) Woodland 0.008 0.024 0.722
Arable 0.009 0.011 0.375
viii (Intercept) -2.866 0.993 0.004
Failed nest vs Fledged Largest patch -0.019 0.033 0.095
(with arable) Woodland 0.045 0.027 0.095
Arable 0.032 0.011 0.005
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Distribution of curlew in arable fields

A total of 19 curlew were recorded in arable fields around four of the six grassland sites
during surveys, and these birds occurred on only 9% of surveyed arable fields. A
significantly larger proportion of occupied fields were adjacent to grassland than in the near
or far distance bands (Table 3, Fig. 4). Only one curlew was observed in an arable field
located > 2 km from grassland and 14 of the 19 curlews occurred in fields adjacent to

grassland sites.

Proportion of occupied arable fields

Adjacent Near Far

Distance from grassland

Figure 4: The proportion of arable fields in which curlew occurred at three distances from grassland,

surveyed in Breckland between mid-March and mid-July 2021.

Table 3: Results of a GLMM exploring variation in the presence or absence of curlew in arable fields
in relation to distance from grassland in Breckland, March to July, 2021 (see Table 2 for description
of model variable and structures). Estimates for near and far fields are relative to the intercept
(estimate for adjacent fields). Significant predictors (p < 0.05) are highlighted in bold.

Model Fixed effect Estimate se z p
iX (Intercept) -1.460 0.576 -2.536 0.011
Distance from -1.883 0.902 -2.087 0.037
grassland [Neatr]
Distance from -2.891 1.240 -2.331 0.020

grassland [Far]

92



Discussion

Appropriate targeting of conservation actions for threatened species can depend on both
the conditions in which the species occurs and the conditions in which demographic
successes are achieved. In grassland-dominated areas of Breckland, relatively few
demographic successes were achieved by curlew at nest and chick stages, despite these
areas supporting a disproportionately higher frequency of nesting attempts (i.e. Fig. 1a)
while, in arable-dominated areas, curlew occurred less frequently (and primarily in fields
adjacent to grassland) but achieved relatively more demographic successes (i.e. Fig. 1c or
1d). For the Breckland curlew population, no current environmental conditions are both
frequently used and productive (Fig 1b), and a combination of actions to (1) protect
favourable environmental conditions, (2) create more favourable habitats and, (3) enhance
demographic success in less productive conditions are likely to be required to maintain this

population.

Protected Areas (PAs) are known to have positive impacts on the occurrence and
demography of bird populations (Sanderson et al. 2022), particularly for rare and declining
habitat specialists (Barnes et al. 2023). In Breckland, areas comprising large, open habitat
patches, away from woodland, in which breeding curlew frequently occur (usually
grassland-dominated areas and adjacent arable fields), require protection. This type of
open, lowland landscape is constantly under threat from land-use change (Auffret et al.
2018, Schils et al. 2022), and increasingly, installation of solar panels (Dower 2018) and
tree planting (Palsdaéttir et al. 2022), as mechanisms of achieving net-zero targets set by
the government. Some landscapes supporting high frequencies of breeding curlew in our
Breckland study area are already designated as Sites of Special Scientific Interest, and as
part of the Breckland Special Protection Areas and/or Special Areas of Conservation,
however, no environmental conditions were found to support a high frequency of occurrence
and high level of demographic success concurrently. Additionally, none of these PAs
specifically include curlew as a designated species and the habitat requirements of curlew
may differ from the other species for which Breckland PAs are designated (e.g. stone curlew
Burhinus oedicnemus; Hawkes et al. 2021). This potentially suggests that increasing the
extent of PAs is unlikely to be sufficient to support a sustainable population of curlew in
Breckland, without actions to also enhance demographic success, specifically targeted at

this species.

In Breckland, curlew nest survival is low as a result of high levels of mammalian nest
predation (Ewing et al. 2022.; Zielonka et al. 2020), and too few chicks fledge to maintain a

sustainable population (Chapter 3). To enhance the demographic success of breeding
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curlew, tools such as predator-exclusion fencing (Laidlaw et al. 2021) and grassland
management (Chapter 3) should be deployed across both grassland- and arable-dominated
areas of Breckland, where hatched nests and fledged broods were scarce (despite
demographic successes occurring with relatively greater frequency in arable areas). In
addition, lethal control of predators can help to boost productivity of ground-nesting birds in
some circumstances (Baines et al. 2022), although the evidence for consistent benefits at
sufficiently large spatial scales is limited (Bolton et al. 2007, Douglas et al. 2023). To
enhance the efficiency of such actions, deployment could be targeted within the few
remaining sites supporting high local abundances of curlew in Breckland; a strategy which
has potential to substantially enhance the frequency of demographic success (Ewing et al.
2022).

Breckland is a primarily arable-dominated landscape and curlew were most commonly
recorded in arable fields adjacent to grassland sites. Encouraging increased occurrence of
curlew in arable-dominated areas, for example by converting low value arable land to
grassland (e.g. Francis and Elliott, 2019), could potentially enhance the productivity of the
Breckland population given the relatively greater frequency of demographic successes in
these areas. However, as altering the landscape composition of arable-dominated areas
could risk jeopardising this slightly higher frequency of demographic success, and
encouraging curlew into intensively managed, agriculture areas might increase the
proportion of nests and chicks lost to mechanised operations, which is currently low in
Breckland (Ewing et al. 2022), this is likely to be a lower priority than grassland protection
and management. Importantly, grassland protection, creation and management are likely
to be most successful in open landscapes, as only two nesting attempts were found in areas
with 50% woodland cover, and greater understanding of the grassland characteristics
required by curlew (e.g. suitable patch area, sward structure) would aid the design of

appropriate management.

The Breckland population of breeding curlew is a good example of how our conceptual
framework can be applied to inform the targeting of conservation actions. Despite the use
of relatively coarse metrics of landscape structure, this approach effectively demonstrates
how co-variation in demography and occurrence can be used to inform targeting of different
types of conservation actions. If this framework were to be applied across broader spatial
scales it is likely that finer-resolution environmental data would be required to account for
variation in management within habitat types. For example, if our framework were to be
used to inform targeting of conservation actions for curlew across the whole of the UK,
different types of vegetation structure (e.g. silage, hay meadow, heathland) and land-use

(e.g. grouse moor, non-grouse moor) should be taken into account (Colwell et al. 2020). It
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might also be necessary to alter the spatial scale over which the impact of landscape
structure is assessed, to align with the scale over which the factors influencing occupancy

and demography of the focal species operate.

Environmental data are becoming increasingly widely available due to advances in remote
sensing technology, and good-quality occurrence data exist for many taxa (particularly birds
e.g. Brlik et al. 2021; Harris et al. 2022), as a result of surveys conducted by dedicated
citizen scientists. Opportunities to apply this framework to other threatened populations are
therefore likely to be primarily limited by availability of demographic data (Conde et al.
2019), which are more challenging to gather. However, designing volunteer-based surveys
of demographic rates that capture the range of environment conditions in which populations
occur is achievable, particularly for more common, widespread species (e.g. British Trust
of Ornithology Nest Record Scheme and Retrapping Adults for Survival scheme; Crick et
al. 2003; Robinson et al. 2008).

Our conceptual framework can potentially be used to target appropriate conservation
actions over different spatial scales, for a range of threatened populations, species and
communities, particularly those where long-lived individuals are widespread across a range
of environmental conditions. Future research to inform the efficient and effective
deployment of targeted conservation actions to protect, encourage and/or enhance
threatened populations in differing environmental conditions, should aim to integrate

demographic and occurrence data, where possible.
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Supplementary material to Chapter 4: Integrating frequency of
occurrence and demographic success to inform targeting of

conservation actions
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Table S1: Classification of Centre of Ecology and Hydrology Land Cover 2020 habitat categories and the percent

cover of each habitat across the study area.

CEH LC 2020 classification S|m.p'I|f|e.d Percent cover of Percent cover of
classification Breckland study area

Broadleaf woodland Woodland 28.71% 55.12%

Coniferous woodland

Arable Arable 45.62% 22.37%

Improved grassland

Semi-natural grassland Grassland 20.31% 20.22%

Mountain, heath and bog

Saltwater Water 0.5% 0.24%

Freshwater

Coastal N/A 0 0

Built up and gardens Urban 4.84% 2.04%
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Figure S1: Number of arable fields surveyed (y-axis) across Breckland within each distance category (adjacent, within 500 m; near, 500-2000 m; and far, >2

km), displayed with the associated grassland site.
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Table S2: Results of GLMs exploring variation in the proportion of used curlew nests, hatched nests

and fledged broods, in relation to landscape structure in the surrounding 1000 m, in Breckland

between 2019 and 2022 (see Table 1 for description of model variable and structures). Models i-iv

include percent cover of grassland and models v-viii include percent cover of arable. Significant

predictors (p < 0.05) are highlighted in bold.

1000m resolution

i
Available vs Used

(with grassland)

ii
Failed vs Hatched
(with grassland)

iii
Failed brood vs Fledged
(with grassland)

iv
Failed nest vs Fledged
(with grassland)

v
Available vs Used
(with arable)

Vi
Failed vs Hatched
(with arable)

vii
Failed brood vs Fledged
(with arable)

viii
Failed nest vs Fledged
(with arable)

(Intercept)
Largest patch

Woodland
Grassland

(Intercept)
Largest patch
Woodland
Grassland

(Intercept)
Largest patch
Woodland
Grassland

(Intercept)
Largest patch
Woodland
Grassland

(Intercept)
Largest patch
Woodland
Arable

(Intercept)
Largest patch
Woodland
Arable

(Intercept)
Largest patch
Woodland
Arable

(Intercept)
Largest patch
Woodland
Arable

-2.042
0.005

-0.022
0.030

-0.391
0.003
0.009
-0.024

-0.016
-0.018
-0.022
-0.003

-1.066
-0.010
-0.011
-0.001

0.602
0.008
-0.050
-0.029

-1.436
-0.001
0.024
0.019

-0.711
-0.017
-0.013
0.011

-2.779
-0.012
0.006
0.021

0.268
0.006

0.006
0.004

0.497
0.012
0.013
0.009

0.870
0.022
0.023
0.015

0.798
0.021
0.022
0.013

0.308
0.006
0.006
0.004

0.584
0.012
0.014
0.008

1.094
0.022
0.025
0.013

0.967
0.021
0.025
0.012

<0.001
0.426

<0.001
<0.001

0.432
0.776
0.488
0.005

0.985
0.413
0.336
0.862

0.182
0.636
0.633
0.179

0.050
0.195
<0.001
<0.001

0.014
0.944
0.094
0.020

0.516
0.446
0.605
0.395

0.004
0.565
0.809
0.083
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Figure S2: The predicted proportion (lines, left-hand y axis) and observed frequency of occurrence (bars, right-hand y axis) of available (randomly located

points), used, failed, hatched and fledged curlew nests in relation to percent cover of grassland, arable, woodland and area of largest open habitat patch in

the surrounding 1000 m, in Breckland (2019-2022). Predicted proportions only presented for significant trends (p < 0.05).
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Chapter 5: Simulation model

Chapter 5

Scenarios of conservation actions to boost the breeding

productivity of a threatened wader population
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Abstract

To address ongoing biodiversity loss, conservation actions to help the growing number of
widespread but declining populations are needed, but most actions have so far fallen short
of achieving meaningful outcomes. Conservation actions can be designed to boost
demographic success at different life stages, and deploying such stage-specific actions in
combination could potentially increase their effectiveness, allowing for more efficient use of
scarce conservation resources. Empirical opportunities to test the consequences of
deploying conservation actions in isolation or combination are rare, and simulation
modelling can provide a means of exploring the outcome of differing management
scenarios. Here, we use a simulation model to explore the capacity of actions to boost
hatching success (predator-exclusion fencing) and fledging success (vegetation
management to provide cover for chicks) to achieve the levels of productivity required for
population sustainability when delivered in isolation and combination, in a population of
Eurasian curlew Numenius arquata; a widespread but declining wading bird species that
has undergone steep declines across Europe as a result of unsustainably high levels of
nest and chick predation. These simulations suggest that sustainable breeding productivity
could potentially be achieved with permanent predator-exclusion fencing of ca. 37% of the
population, or ~22% of the population if deployed in combination with suitable vegetation
structures. By contrast, temporary fencing (for the duration of nest incubation) would only
be likely to achieve sustainable levels of productivity if deployed over ~45% of the
population and in combination with suitable vegetation structures. This suggests substantial
potential benefits of targeting the deployment of predator-proof fencing in areas where
vegetation structures that provide cover for chicks exist or could be created, and that field
trials of these actions would be worthwhile, while numbers and breeding densities remain

sufficiently high to make such trials feasible.
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Introduction

Human-induced changes in climate and land-use are driving population declines across the
world, threatening global biodiversity (Urban 2015, Powers & Jetz 2019). Conservation
efforts to slow or reverse these declines have typically relied on generic environmental
management approaches in the hope that these will lead to population recovery (e.g. Batary
et al. 2015), but these actions have broadly failed to deliver meaningful outcomes,
particularly for widespread, common populations for which declines are becoming
increasingly prevalent (Vickery et al. 2004, Butler & Norris 2013, Pe’er et al. 2014, Burns et
al. 2021). Addressing these declines effectively requires different strategies, with a growing
body of evidence suggesting that more targeted actions are needed (Morrison et al. 2021,
2022).

Targeted conservation management can potentially exploit spatio-temporal variation in
demographic rates (productivity and/or survival) by deploying specific actions in locations
and/or at times when rates are low and can potentially be boosted (Morrison et al. 2022).
Such actions have to be efficient, to make use of the limited resources available to
conservation, while also being capable of delivering sufficient increases in demographic
rates to facilitate population sustainability or growth. Opportunities to test conservation
actions in the field are limited but, where causes of demographic variation have been
quantified and conservation actions to influence those causes are available, simulation
modelling of differing scenarios of deployment of actions can be a helpful tool to explore
their potential impact (e.g Laidlaw et al. 2017). Scenario testing can also help to identify the
levels of management required to achieve specific conservation goals, in relation to the
magnitude of responses that different management actions might produce (Peterson et al.
2003, Nicholson et al. 2019), and to inform the design of field trials (Nicholson et al. 2019).
Consequently, modelling biologically realistic scenarios that can feasibly be delivered, and
paramaterising models with demographic data that capture the range of relevant conditions

(Nicholson et al. 2019), are particularly important.

A group of species for which conservation actions are urgently needed, and demographic
data are widely available, are waders Charadriiform spp., one of the world’s most ubiquitous
but threatened avian groups (Colwell 2010, IUCN 2022). The conspicuous behaviours that
waders display during both breeding and non-breeding seasons mean that their populations
are often well-monitored (e.g. Frost et al. 2020, Nagy & Langendoen 2020, Brlik et al. 2021,
Harris et al. 2022). Fine-scale studies of distribution and demography are also common
(e.g. Gill et al. 2019, Méndez et al. 2020, Verhoeven et al. 2020) and, consequently, the

demographic rates influencing population declines, the spatial and temporal variation in
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these rates and the drivers of that variation are often quite well understood (e.g.
Roodbergen et al. 2012, Kentie et al. 2018, Laidlaw et al. 2020, Kaasiku et al. 2022,
Palsdottir et al. 2022).

In western Europe, many studies have linked declines in breeding wader populations to
widespread changes in land-use and climate, which have altered environmental conditions
(e.g. Verhulst et al. 2007, Douglas et al. 2014, Kentie et al. 2015, Franks et al. 2017,
Johannesdattir et al. 2019, Kaasiku et al. 2022, Palsdéttir et al. 2022), resulting in nests and
chicks becoming increasingly vulnerable to predation by generalist predators (Macdonald
& Bolton 2008, Roodbergen et al. 2012, Schroeder et al. 2012, Kentie et al. 2015). In
response, efforts to boost wader populations typically target the nesting and chick-rearing
stages of the life-cycle, some of which have had positive effects on local wader abundance
and breeding productivity, particularly for populations restricted to nature reserves (Smart
et al. 2014, Franks et al. 2018, Jellesmark et al. 2021). However, positive management
outcomes have so far been limited for more widely dispersed wader species such as the
Eurasian curlew Numenius arquata (hereafter, curlew) (Franks et al. 2018), which was once
a common and widespread species across much of western Europe (Keller et al. 2020), but
is now a classified as Near Threatened globally (IUCN 2022) and in Europe (BirdLife

International 2021).

Like other wader species in western Europe, curlew populations are known to be declining
as a result of unsustainably low breeding productivity (Cook et al. 2021, Viana et al. 2023),
caused by high rates of mammalian nest and chick predation (Grant et al. 1999, Douglas et
al. 2014, Zielonka et al. 2020, Ewing et al. 2022). To restore curlew populations in the long-
term, actions to reduce the impacts of mammalian predators are required, but there is not
yet an established method that consistently delivers measurable gains in wader breeding
productivity across the large spatial scales required for breeding curlew (Douglas et al.
2023). Consequently, efforts to boost curlew populations are currently limited to localised
actions deployed to prevent extirpration in the short-term (Colwell et al. 2020), of which the

most frequently used is predator-exclusion fencing.

Predator-exclusion fencing is a flexible tool that can be used to reduce the impact of
mammalian predators on ground-nesting bird populations across different temporal
(permanent or temporary) and spatial scales (nest-, field- or site-level) (e.g. White & Hirons
2019, Laidlaw et al. 2021). A range of fencing strategies have been widely demonstrated to
enhance local rates of wader nest survival, and can potentially contribute to increased levels

of chick survival when deployed over sufficiently large spatial and temporal scales to protect
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chicks from mammalian predators through the pre-fledging period (e.g. Rickenbach et al.
2011, Malpas et al. 2013).

Wader chick survival can also be influenced by vegetation structure. For example, in the
Netherlands, survival rates of black-tailed godwit Limosa limosa chicks hatched in hay
meadows are higher than for chicks hatched in improved grasslands, likely as a result of
increased invertebrate food availability and greater ability to evade predators in open, tall
swards of hay meadows (Whittingham & Evans 2004, Kentie et al. 2013). Similarly, a recent
study of Eurasian curlew Numenius arquata in Breckland, eastern England found that, in
landscapes otherwise comprising short vegetation, the probability of curlew chicks fledging
increased from ~11% to ~30% (Chapter 2) when tall (> 50 cm) vegetation occurred within
the surrounding (500 m radius) landscape of a hatched curlew nest, likely as a result of the

opportunities for concealment from predators provided by tall vegetation.

Targeting conservation actions to boost demographic rates at the life stage/s during which
failure is most common is likely to be an effective method of restoring threatened
populations (Morrison et al. 2021). However, if demographic rates are low across several
life stages, then more than one type of stage-specific action may be required to boost overall
rates of productivity or survival, and deployment of these actions in combination may be
more effective at achieving the required overall demographic rates, and more efficient in
terms of required scale and extent of management. Here, we use a simulation model of
hatching and fledging success of curlew to assess the impact of predator-exclusion fencing
deployed across a range of spatial (proportion of population managed) and temporal
(temporary, semi-permanent and permanent) scales, in isolation and in combination with
suitable vegetation structures for chick rearing, on the breeding productivity of a threatened
curlew population. We use the model to explore the extent (in terms of percentage of
population subject to management) of different combinations of actions likely to be required
to maintain the curlew population in Breckland, discuss the actions required to deliver this

efficiently and the implications for curlew breeding in differing landscapes.

Methods

Simulation model

We constructed a model in R (v 4.2.1) of 1000 breeding female curlew to simulate the effect
of different management scenarios on curlew productivity. Each simulation was run 100
times, with different percentages of the population (either 0, 25, 50 or 75%) under one of
seven management scenarios. To ensure that biologically realistic values were used in the

simulations, the modelled distributions, functions and scenarios were constructed from

105



published and unpublished data on breeding curlew in Breckland, eastern England (Ewing
et al. 2022, Chapter 2), and other published studies on curlew (Cook et al. 2021, Bowgen
et al. 2022, Viana et al. 2023) and other ground-nesting waders in Europe (Malpas et al.
2013, Verhoeven et al. 2020).

Timing of nesting attempts

In all simulations, each female could complete a maximum of one successful nesting
attempt (Bowgen et al. 2022). The lay date of each first clutch was determined by sampling
randomly from a distribution of days on which first clutches were initiated for curlew nests
monitored in Breckland between 2019 and 2022 (Ewing et al. unpublished data; Fig. 1a).
The success (hatch or fail) of each nesting attempt was determined by a random draw from
a binomial distribution, with a predetermined hatching success, either 25% (the observed
mean hatching success for this population; Chapter 2) or 75% (published estimate of mean
wader hatching success within predator-exclusion fencing; Malpas et al. 2013). All eggs in
a clutch were assumed to hatch if the nesting attempting was successful. All first nesting
attempts that failed were followed by a maximum of one renesting attempt (Verhoeven et
al. 2020, Bowgen et al. 2022). The lay date of renesting attempts was determined by first
assigning a nest failure date to each failed attempt, by randomly sampling from a distribution
of the number of days between laying and failure (time taken to fail; Ewing et al. unpublished
data; Fig. 1b), and adding a time gap (renesting gap), also randomly sampled from a
distribution of observed renesting gaps (Ewing et al. unpublished data; Fig.1c). For each
female, this process was continued until either a nesting attempt was successful, the
renesting attempt failed, or lay dates exceeded the end of the breeding season on day 75
(75 days is the maximum observed length of breeding season, measured as the difference
between the earliest and last date on which a nesting attempt was found to have been

initiated across four breeding seasons in Breckland; Ewing et al. unpublished data).
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Figure 1: Distributions of (a) first clutch lay day (day of season), (b) number of days between laying
and failure (time to fail) and (c) number of days between failure and relaying (relay gap) for curlew
nesting attempts monitored in Breckland between 2019 and 2022.

Lay dates were estimated by back-calculating from weights and measures of all eggs in
each clutch (164 clutches) and assuming that one egg was laid every 1.5 days (Grant 1996,
Ewing et al. 2022). As predation is the cause of almost all curlew nest failure (Ewing et al.
2022), time taken to fail was estimated for 131 predated curlew nests by calculating the
difference between lay dates and failure dates, determined following Ewing et al. (2022),
and renesting gaps were estimated by calculating the difference between failure dates and
lay dates for 23 pairs of first and second clutches (Ewing et al. unpublished data). Renesting
attempts by the same pairs were identifiable because of the low densities at which curlew
breed in Breckland (Ewing et al. 2022), the presence of colour-marked breeding adults
which could be tracked across the whole breeding season, and the high spatial proximity

(typically within 125 m) of first and second clutches of marked individuals.

Simulated management scenarios

Seven management scenarios were simulated, comprising actions to boost hatching
success only (temporary predator-exclusion fencing, installed for the incubation period
only), hatching success and survival of young chicks (semi-permanent predator-exclusion
fencing, spanning the incubation period and the first week of chick growth, when chicks are
most vulnerable to predation; Chapter 2) and hatching success and chick survival to
fledging (permanent predator-exclusion fencing, covering the incubation and pre-fledging
periods), with or without the presence of cover vegetation (> 50 cm height) (Table 1; Chapter
2). The presence of cover vegetation was also simulated in the absence of fencing (Table

1). Each of these scenarios was applied to 0, 25, 50 and 75% of the modelled population.
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Simulated effects of management on hatching and fledging rates

In the absence of management, the simulated hatching success of nests was the observed
mean rate of 25% (Table 1; Ewing et al. 2022) while the simulated hatching success in
fenced areas was 75%, following Malpas et al. (2013). Chick fledging rates were modelled
by sampling at random from observed distributions of the number of chicks fledged per
hatched nest without (mean = 0.38 + 0.3 se; Chapter 2) and with (mean = 1.09 * 0.84 se;
Chapter 2) cover vegetation (Table 1) and, for scenarios including fencing, the mean
fledging rate for landscapes with cover vegetation present in 44% of locations (typical of
Breckland at present) and absent on the remaining 56% (mean = 0.69 + 0.23 se), was

applied to unfenced nests (to account for existing effects of cover vegetation).

The impact of fencing on chick fledging rates is typically unclear, because of the wide range
of (avian and mammalian) predators of chicks and because chicks can leave fenced areas.
Consequently, in models of semi-permanent fencing, the effect of fencing on chick survival
during the first week of life was explored by randomly sampling from distributions of the
number of chicks fledged per hatched nest for which the observed mean (1.6 £ 0.218 se;
no effect of cover vegetation is present during this stage; Chapter 2) was increased by either
50% or 100% (followed by the observed probability of fledging from week 2 onwards of 0.4
without, and 0.68 with, cover vegetation; Ewing et al. unpublished data). Similarly, in models
of permanent fencing, effects of fencing on fledging rates were explored by randomly
sampling from distributions for which observed means (0.69 + 0.23 se without, and 1.09 +

0.84 se with, cover vegetation; chapter 2) were increased by either 50 or 100% (Table 1).
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Table 1: Description of the simulated management scenarios, each of which is applied to 0, 25, 50
and 75% of the modelled population of 1000 female curlew. For each scenario, the hatching success,
survival of chicks during week 1 (for semi-permanent fencing) and fledging rates are reported with

the % increase (0, 50 or 100) from observed values.

Cover . Week 1 chick .
. . Hatching success . Fledging rate
Intervention vegetation : survival rate :
(% increase) ; (% increase)
present (% increase)
Vegetation Yes 25 (0) N/A 1.09 (0)
management
Timp‘?rary N/A 0.69 (0)
encing
Semi-permanent 2.4 (50)
fencing No 75 (150) 3.2 (100) 0.4 (0)
Permanent N/A 1.04 (50)
fencing 1.38 (100)
Timp‘?rary N/A 1.09 (0)
encing
Semi-permanent 2.4 (50)
fencing Yes 75 (150) 3.2 (100) 0.68 (0)
Permanent N/A 1.64 (50)
fencing 2.18 (100)

For each simulation, the total number of fledged chicks was calculated (sum of chicks
fledged from the unmanaged and managed proportions of the population), averaged across
the 100 model iterations, and converted to a rate of breeding productivity (humber of fledged
chicks per female). In figures, these simulated rates of breeding productivity are presented
in comparison to two published estimates of the levels required to maintain a sustainable
breeding population. The first estimate (0.43 chicks per nest; Cook et al. (2021)) was
converted to a lower (0.57) and upper (0.72) estimate of chicks per pair by multiplying by
the mean number of nests (first attempts and relays) per female calculated for the most
optimistic (1.33 (1.26 — 1.37 95% CI) nests per female; 75% of nests fenced, of which 75%
hatch successfully, resulting in fewer relays) and most conservative (1.67 (1.59 — 1.85 95%
Cl) nests per female, no fencing, 25% hatching success and therefore more relays)

scenarios. The second estimate was 0.68 fledged chicks per pair (Viana et al. 2023).

109



Results

The increase in breeding productivity that could be achieved by increasing the proportion
of the curlew population with access to cover vegetation (> 50 cm height) was relatively
modest, and never achieved the estimated levels required to maintain a sustainable
population (Fig. 2). The increase in breeding productivity that could be achieved with
temporary fencing of nests without additional increases in the presence of cover vegetation
(beyond the current presence in 44% of the landscape) also failed to reach the level required
to maintain a sustainable population (Fig. 3a). By contrast, sustainable levels could be
achieved with temporary fencing of 45.3% (38.4 — 50.8 95% CI) of the population with cover
vegetation (Fig. 3d). These levels could also be reached by deploying semi-permanent
fencing of 60% (52.4 — 67.2) of the population without cover vegetation or 34.9% (29.8 —
39.2) with cover vegetation, if fences increase chick survival in the first week by 50%, and
42.1% (36.5 — 47.1) of the population without cover vegetation or 23.5% (20.1 — 26.7) with
cover vegetation, if chick survival in the first week increased by 100% (Fig. 3b, e). Finally,
sustainable levels of breeding productivity could be achieved with permanent fencing of
49.2% (42.7 — 55.5) of the population without cover vegetation or 30.3% (26.4 — 33.96) with
cover vegetation, if chick survival increased by 50%, and 37.1% (31.9 — 41.78) of the
population without cover vegetation or 21.5% (18.6 — 24.2) with cover vegetation, if chick
survival increased by 100% (Fig. 3c, f).

In all fencing scenarios without or with cover vegetation (excluding temporary fencing), the
mean percent of the population requiring management only increases slightly from 51.6%
(40.9 —52.9) to 55.6% (47.5 — 64) if the estimated level of breeding productivity required to

maintain a sustainable population is 0.68.
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Figure 2: Simulated effects on curlew breeding productivity of management to make cover vegetation

available to differing percentages of the population. Horizontal lines indicate estimated rates of

sustainable breeding productivity from published studies (solid, Viana et al. 2023; and dashed, Cook
et al. 2021).
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Figure 3: Simulated effects on curlew breeding productivity of management to deploy (a & d)

temporary, (b & €) semi-permanent and (c & f) permanent fencing, without (top row) and with (bottom

row) cover vegetation, for differing percentages of the population. Black horizontal and sloped lines

indicate estimated rates of sustainable breeding productivity from published studies (solid, Viana et

al. 2023; and dashed, Cook et al. 2021) and vertical lines indicate the required percent of the

population receiving management to achieve the lowest rate.
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Discussion

Many breeding wader populations across Europe are declining as a result of unsustainably
low levels of productivity, and targeted actions to boost this crucial demographic rate are
urgently needed (Roodbergen et al. 2012, Pearce-Higgins et al. 2017, Franks et al. 2018,
Douglas et al. 2023). Two possible actions are predator-exclusion fencing, which has been
demonstrated to boost hatching success in several species of ground-nesting wader by
reducing encounter rates of incubating pairs with mammalian predators (e.g. Rickenbach
et al. 2011, Smith et al. 2011, Malpas et al. 2013, Verhoeven et al. 2022), and vegetation
management as, in landscapes with short vegetation, the presence of cover vegetation (>
50 cm height) is associated with higher levels of chick survival in curlews (Chapter 3). The
scenarios explored here suggest that neither vegetation management nor temporary
fencing that only captures the incubation period, deployed in isolation, are likely to be
sufficient to reach sustainable levels of breeding productivity. However, combining the
presence of cover vegetation with fencing could mean that only ~21 — 45%, depending on
the temporal scale over which fencing is deployed, of a curlew population would require

management to achieve sustainable breeding productivity.

Currently, efforts to boost curlew populations in western Europe, particularly in lowland
areas, rely heavily on the deployment of temporary fencing to increase hatching rates
(Colwell et al. 2020), and high levels of subsequent chick mortality often mean that these
efforts have little impact on overall productivity. Temporary fences are capable of boosting
hatching success of wader nests (Rickenbach et al. 2011, Malpas et al. 2013, Verhoeven
et al. 2022) but, if chick survival and rates of fledging are low, then deployment of temporary
fencing in isolation would likely result in only moderate increases in breeding productivity
that would be insufficient to support population sustainability. However, combining the
deployment of temporary fencing and cover vegetation could potentially achieve sufficient

improvements in productivity, but only if deployed over at least ~45% of the population.

In Breckland, around 44% of landscapes into which broods hatch have patches of cover
vegetation and the presence of this vegetation is associated with an increased probability
of chicks fledging from ~0.11 to ~0.3 (Chapter 3). Open landscapes in Breckland mainly
comprise short vegetation (Chapter 3), so targeted actions to increase the presence of
cover vegetation would likely aim to maintain or create mosaics of short and tall vegetation.
This mix of vegetation heights may provide foraging opportunities and cover from both avian
and mammalian predators (Whittingham & Evans 2004), while fencing only excludes
medium-sized mammalian predators, such as foxes and badgers (Laidlaw et al. 2021). As

grassland management and the subsequent vegetation structure are likely to vary across
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the breeding range of curlew, more studies of the costs and benefits associated with curlew
chick use of differing vegetation structure will be needed to inform and refine grassland

management elsewhere.

Curlew chicks are most vulnerable to predation during their first week of life, when they also
tend to use shorter vegetation (Chapter 2), potentially due to increased foraging
opportunities or thermoregulatory benefits (Kentie et al. 2013, Carroll et al. 2015). Thus,
providing an extra level of protection to chicks by using semi-permanent fences that remain
in place throughout this period could be beneficial to levels of curlew breeding productivity.
However, our models suggest that deployment of semi-permanent fencing in isolation would
require management of ~60% of the population to achieve levels of productivity capable of
supporting population sustainability, with this type of management only being effective if
chicks remained within fenced areas during their first week of growth. Additionally,
deploying semi-permanent fencing in combination with vegetation management would still
require ~35% of the population to be managed and, given that both temporary and semi-
permanent fencing can only be constructed once nests are in place and have been found
(White & Hirons 2019), this is likely to be extremely challenging, because of the difficulty of
finding so many nests, having the necessary landowner permissions and being able to
deploy fences before nests are predated.

The most efficient fencing scenario modelled in our simulations was permanent fencing
deployed in combination with cover vegetation, which could potentially achieve sustainable
levels of productivity if deployed over ~21.5% of the population. Permanent fencing is
capable of boosting hatching success and may also promote increase fledging rates by
excluding mammalian predators through the chick rearing period (Malpas et al. 2013,
Verhoeven et al. 2022). Unlike temporary and semi-permanent fencing, permanent fences
are typically constructed prior to the breeding season (White & Hirons 2019), in areas very
likely to support breeding pairs. Areas in which curlew breed are unlikely to vary much
between years due to the high levels of breeding-site fidelity exhibited by monogamous
wader species such as curlew (Méndez et al. 2018, Kwon et al. 2022, Sandercock & Gratto-
Trevor 2023). However, nesting locations are only likely to be predictable at the field- or
site-level. The most efficient method of deploying permanent fencing is therefore likely to
be targeting fields or sites in which multiple pairs of curlew breed, to protect as many
breeding attempts as possible across multiple breeding seasons. Permanent fencing is also
likely to be most efficient when deployed in combination with lethal predator control,
targeted to eliminate the threat of any mammalian predators enclosed within the fenced

area.
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Simulation modelling can be a helpful tool to explore potential outcomes of management
scenarios, and thus to inform future management strategies, particularly when appropriate
data are available for model parameterisation (Nicholson et al. 2019). For wading birds, one
of the most challenging aspects of demography to measure is the number of breeding
attempts made by pairs within each breeding season, as re-nesting following nest failure is
common across temperate-to-high latitudes (e.g. Morrison et al. 2019). Studies of tagged
individual black-tailed godwits suggest that numbers of nesting attempts may be
underestimated in field studies, as early-season nest failures are often missed (Verhoeven
et al. 2020). For this reason, our model assumed that curlew always renest after a failed
first clutch, and that the field estimates of hatching and fledging rates are accurate. This
could potentially result in breeding productivity being overestimated if renesting does not
always occur and/or if some nesting attempts were not found. In addition, more work may
be needed to refine current estimates of the level of breeding productivity required for
population sustainability, and how annual variation in productivity might influence these
estimates. To maintain a sustainable breeding population, long-lived species such as curlew
may only require occasional years in which overall productivity is high, and the associated
conditions may not have been captured during the four-year study period of this project.
Consequently, there is continuing need for monitoring and collection of demographic data
over long-time periods, particularly as environmental conditions change in response to

ongoing changes in climate and land-use.

Currently levels of curlew breeding productivity in Breckland appear to be well below those
required to maintain a sustainable breeding population (Chapter 3) and, as one of the
largest remaining populations in the English southern lowlands (Colwell et al. 2020), it is a
crucial population to maintain. The findings of the simulations presented here suggest that
deploying fencing in areas with cover vegetation is a potentially feasible tool to boost
productivity, particularly if large numbers of nests could be protected within permanent
fences. Field trials are urgently required to test the efficacy of these actions in Breckland
and in different landscapes, while curlew populations remain sufficiently high to make such
actions feasible. It is also crucial that further analyses incorporate the economic costs of
deploying and maintaining different interventions as a comparator of feasibility. Given that
curlew are generally widespread and occur at highest density in privately managed sites
(Ewing et al. 2022), partnerships with private landowners will be an essential part of

delivering meaningful outcomes for breeding curlew.
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Thesis conclusions

Efforts to tackle the global biodiversity crisis have so far mainly involved designation of
protected areas, with the aim of preserving important and unique ecosystems and habitats
(Silva et al. 2018, Geldmann et al. 2019, Dietz et al. 2020, Bailey et al. 2022), single-species
recovery programmes aimed at saving highly endangered, often rare and range restricted
populations (e.g. Davies et al. 2011, Simén et al. 2012, Nicoll et al. 2021) or generic
management aimed at improving environmental conditions in highly modified landscapes,
through increasing resource availability for a group of species such as farmland birds (e.g.
Butler & Norris 2013, Batary et al. 2015, Boetzl et al. 2021, Redhead et al. 2022, Roilo et
al. 2023). While these approaches all make highly valuable contributions to biodiversity
conservation, there has also been a gradual but persistent decline in populations of more
widespread, formerly common species (e.g. Kamp et al. 2015, Bell & Calladine 2017, Burns
et al. 2021), symptomatic of deep-rooted anthropogenic influences on our environment.
Conservation management to restore these increasingly threatened populations have so

far fallen short of achieving meaningful outcomes and new approaches are required.

Targeting conservation actions to boost specific demographic rate/s in locations, or during
periods of time, when they are low, could be an effective use of conservation resources for
widespread but declining species (Morrison et al. 2021, 2022). The chapters within this
thesis were designed to complement each other by quantifying spatial and temporal
variation in different components of productivity of the globally Near Threatened but
widespread Eurasian curlew (Chapters 2, 3), developing a conceptual framework to identify
the situations in which different types of action are likely to be most appropriate and applying
this to breeding curlew (Chapters 4), and constructing a simulation model to explore the
scale of delivery of such actions that would be required to achieve levels of productivity
likely to be needed for population sustainability (Chapter 5) and how best to deliver them in

human-modified landscapes.

Impact and management of generalist mesopredators

Evidence from across Europe has demonstrated that wader populations are declining as a
result of low breeding productivity, with numerous studies linking this to high rates of nest
and chick predation (e.g. Macdonald & Bolton 2008, Roodbergen et al. 2012, Kentie et al.
2015, Laidlaw et al. 2015, Kaasiku et al. 2022, Pélsdottir et al. 2022). For curlew in
Breckland, the story is no different. We found that the probability of a curlew nest surviving

incubation was only ~0.25, with 86% of nest failure resulting from (primarily nocturnal)
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predation (Chapter 2), and rates of breeding productivity did not exceed the levels required
for a sustainable population in any of the four years of study (Chapter 3). Owing to the
widespread distribution of curlew in the region and the generally low densities at which they
breed, actions to limit the impact of predation on this population would likely require

landscape-scale approaches (Chapter 2).

There is a large body of evidence to suggest that mammalian mesopredators have become
more prevalent across European landscapes in the last 40 years (Deinet et al. 2013, Newton
2017, Roos et al. 2018). These are typically generalist species, enabling them to exploit
human-modified landscapes, often to the detriment of more specialised prey species such
as ground-nesting birds (Roos et al. 2018). Reducing the impact of predation on threatened
prey species is an ongoing conservation challenge, with successes largely being confined
to islands, where projects can eradicate populations of destructive non-native species
without continued immigration from surrounding landscapes (Oppel et al. 2011, Russell et
al. 2016), and nature reserves where land-use can more easily accommodate tools such
as predator-exclusion fencing (e.g. Malpas et al. 2013, Verhoeven et al. 2022). However,
as yet, a strategy that consistently, sustainably and legally reduces the impact of
mesopredators at a landscape-scale has not been developed. The challenges associated
with managing predators of ground-nesting birds were addressed in a workshop held during
this PhD, the findings of which were published and are presented as an appendix to this
thesis (Laidlaw et al. 2021).

Currently, design and delivery of effective actions to manage predator populations is
constrained by limited understanding of their distribution, demography, movement ecology
and population dynamics (e.g. Glen & Dickman 2005). Mesopredators are often nocturnal
and elusive, and their ecology can be complex and non-intuitive (Glen & Dickman 2005).
This complexity has major implications for the management of such species to reduce their
impact on threatened populations, as removal or exclusion of mesopredators can potentially
have unintended consequences for other predator species, and for the threatened
populations being protected. For example, localised removal of feral ferrets Mustela furo to
protect an important seabird population led to enhanced survival of juvenile ferrets and
subsequent increases in ferret populations (Bodey et al. 2011a). Similarly, removal of
domestic cats from a New Zealand island reserve initially resulted in increased rat
abundance and a subsequent decrease in breeding success of Cook’s petrel Pterodroma
cookie (Rayner et al. 2007). Finally, and more counter-intuitively, common ravens Corvus
corax ranged more widely and predated artificial nests more rapidly after removal of the
comparatively smaller hooded crow Corvus cornix (Bodey et al. 2009). These examples

emphasise the importance of considering ecosystem-wide effects of predator management
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and highlight the complexity of attempting to manage one element (generalist mammalian

predators) of complex food webs.

More research is urgently required to improve understanding of predator-prey systems and
how management actions can be used effectively to manipulate encounter rates between
predators and threatened prey species. For ground-nesting waders in Europe, particular
attention should be given to the red fox Vulpes vulpes, which is widely considered as the
major predator of nests in the region (Macdonald & Bolton 2008). In addition, further studies
to quantify the contribution of different predator species to wader chick mortality are needed,
as most studies consider only nest predator impacts and associated actions. Identifying
chick predators is challenging (despite highly intensive monitoring of curlew broods during
our study (Chapter 3), no predation events were observed), but studies could take
advantage of the increased miniaturisation of tracking devices to collect the high-resolution

data of chicks needed to identify where and when predation events occur.

Ultimately, limiting the impact of mesopredators on widespread species such as curlew will
be challenging, particularly in highly anthropomorphised landscapes, such as Breckland,
and deploying effective strategies to do this at the appropriate scales is likely to be a long
and complex process, involving partnership working with many different land-owners. To
prevent extirpations in the short-term, more immediate, emergency measures may be

required.

The importance of grasslands for lowland-breeding curlew

Actions to boost threatened wader populations in Europe have generally achieved most
successful outcomes in nature reserves (Smatrt et al. 2014, Franks et al. 2018, Jellesmark
et al. 2021). As wader populations have become increasingly threatened by nest and chick
predation, the breeding range of many species has contracted into these protected areas,
where land can be managed to create attractive conditions for breeding (Silva-Monteiro et
al. 2021). In contrast, most breeding curlew occur outwith reserves, in areas managed for
agriculture but, despite low levels of productivity being reported in most areas, some higher

density breeding sites still persist (Ewing et al. 2022).

In Breckland, we found most curlew to be breeding at very low densities across a range of
different habitats and conditions, but two grassland sites still host densities comparable to
those supported in the UK uplands (Chapter 2; Baines et al. 2022). The first site is a ~2 km?
area of grass-heath managed by a private estate primarily for deer stalking, but also as part
of an estate-wide land sparing policy. This site hosted a density of 3.3 pairs per km? but, of

42 curlew nests monitored at this site over four years, only 18 hatched and only four chicks

118



fledged successfully (Chapter 2, 3). The second site is an RAF base, used primarily for
training new recruits and logistics. This site (~3 km?) hosts potentially the highest density of
breeding curlew in the southern lowlands of England, with a minimum of 7.4 breeding pairs
per km? (Chapter 2). However, breeding productivity here was also low, with only 22/70
monitored nests hatching across four years, from which only 10 chicks fledged (Chapter 2,
3).

These two sites potentially represent a unique opportunity to maintain and enhance the
Breckland curlew population by deploying actions at only two sites, rather than at sites
across the region which would be far more logistically challenging. In chapter 5, simulations
suggested that the most efficient means of achieving sustainable levels of breeding
productivity were likely to involve a combination of vegetation management (maintenance
or provision of cover vegetation) and permanent predator-exclusion fencing, with only
~21.5% of the population requiring such management to reach sustainable levels.
Currently, ~36 pairs of curlew breed across these two sites, equating to around 24% of the
estimated curlew population in Breckland (~150 pairs). Fencing and maintaining or
encouraging cover vegetation at these two sites could thus be an effective means of
enhancing curlew productivity in Breckland. If such actions were deployed and were
successful at improving breeding productivity, these sites could potentially act as source
populations, supplementing losses in the wider Breckland population where curlew likely

breed at too low a density to be managed efficiently and effectively (Ewing et al. 2022).

These two sites also demonstrate the importance of integrating demographic data alongside
occurrence data when targeting and prioritising conservation actions (Chapter 4). Using
occurrence data alone might suggest that these sites only require protection to maintain
current conditions (Chapter 4). However, integrating demographic data into this type of
decision-making highlights the additional need for actions to boost productivity, as current

levels appear to be too low to allow these populations to persist in the long term.

It remains to be seen how many other sites support high densities of breeding curlew in the
southern lowlands of England, but it is likely that these will be hard to detect using citizen-
based surveys. Curlew are a highly mobile species during the breeding season (Bowgen et
al. 2022) and are also very secretive, particularly when laying and incubating eggs. For
example, prior to the start of this PhD, BTO BirdTrack data suggested a maximum of five
breeding pairs at RAF Honington, subsequent intensive field monitoring revealed the

current population to be 25 — 30 pairs.

The vast majority of curlew in Breckland breed on the few remaining large areas of

grassland, and even the few pairs that nest on arable crops do so in the fields adjacent to
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grasslands (Chapter 4). However, semi-natural grasslands are an increasingly scarce
habitat across the UK as many have been lost to development or intensification of
agricultural (Vickery et al. 2001, Ridding et al. 2015). Much of the remaining semi-natural
grassland in the UK is privately owned (Ridding et al. 2015) and, although some of these
sites are covered by standardised citizen science schemes such as the BTO Breeding Bird
Survey, few will be monitored at the intensity required to accurately estimate numbers of

breeding curlew and some will not be surveyed at all owing to restricted public access.
Collaborating for curlew

One of the UK’s largest landowners is the Ministry of Defence (MOD), managing ~1.4% of
the country’s land area, including some of the largest remaining semi-natural dry grasslands
in western Europe and large numbers of grassland airfields (MOD 2009). Although only a
few of these sites are subject to biodiversity monitoring, the presence of breeding curlew on
many of these sites is becoming increasingly clear and, on active airfields, has led to conflict

between conservation of this threatened species and air safety (Natural England 2022).

Curlew are considered to be at high risk of striking aircrafts and, while the MOD have a duty
of care to the wildlife supported on their sites, air safety is prioritised. Consequently, under
license, adult curlew can be shot if they pose in imminent threat to aircraft and large
numbers of nests are destroyed each year in an attempt to reduce curlew activity on bases
(Natural England 2022). To mitigate these actions, headstarting projects have recently been
established, whereby eggs laid on RAF bases that are due to be destroyed are instead

removed, reared in captivity and released at the point of fledging.

Headstarting is an increasingly well-recognised tool that can be used to boost the breeding
productivity of highly threatened wader populations (Pain et al. 2018). In most cases,
headstarting is a last resort, used primarily when a population reaches a critical level at
which it would go extinct before levels of breeding productivity can be boosted sufficiently
in the wild (Ross et al. 2021, Wijewardena et al. 2023). The curlew headstarting project is
primarily a way to mitigate conflict with RAF bases, but also provides a unique opportunity
to answer some important questions about curlew biology relevant to the species’
conservation, and to explore whether release of headstarted juveniles can be used as a tool
to encourage colonisation of new breeding sites in areas where conditions can be more

easily managed.

Currently, headstarted curlew are being released at a range of sites and their subsequent
movements are tracked through a mix of GPS-tagging, radio-tracking and surveys for

colour-ringed individuals. The findings from these studies should help to identify factors
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influencing the recruitment of juveniles into breeding locations, and thus to inform future
headstarting releases. For example, it is possible that recruitment rates may vary between
release sites with and without established breeding curlew populations, as recruitment may
be linked to conspecific social cues (Gill 2019). Proximity to the coast could also influence
recruitment, with juveniles potentially joining passage or overwintering birds on migration to
other breeding sites (Gill et al. 2019), and environmental conditions at release sites could
also influence recruitment and subsequent likelihood of successful breeding (e.g. Laidlaw
et al. 2015, Kaasiku et al. 2022)

More research is required to fully understand the importance of RAF bases to the UK curlew
population, particularly in the lowlands, and whether the current management of curlew on
these sites (headstarting) is having the desired effect (reduced risk of bird strike). If other
bases in southern England also support high densities of breeding curlew, particularly if
they have low levels of air traffic, it might be possible to target conservation actions in these
sites to further mitigate the impact of nest destruction on more active bases, which might
be a more cost-effective option and attractive for the MOD in the long-term. Currently, there
are very few NGO-run sites that support breeding curlew in lowland England and thus

opportunities to protect existing populations are limited.
Field trials

To inform the deployment of appropriate and adequate, curlew-specific agri-environment
prescriptions in farmed landscapes, and conservation approaches in non-agricultural
settings (e.g., airfields), interventions need to be robustly trialed across the range of

landscapes in which curlew breed in the UK.

Field trials of predator-exclusion fencing over different temporal (permanent or temporary)
and spatial scales (nest-, field- or site-level) should be prioritised due to the potential of this
tool to boost the hatching rate and overall breeding productivity (e.g., Rickenbach et al.
2011, Smith et al. 2011, Malpas et al. 2013, Verhoeven et al. 2022). Fencing should be
trialed experimentally in landscapes with and without vegetation structure promoting chick
survival (Chapter 3 and 5), and in combination with lethal mammalian predator control within

larger fenced areas.

During fieldwork, grassland patches of as little as 1.5 ha were observed being used to
successfully rear chicks in arable-dominated areas of Breckland however, it is unclear
whether this patch size would be sufficient to encourage recruiting curlew pairs to breed
within arable-dominated landscapes in which demographic successes are slightly more

common (Chapter 4). Additional field trials could be designed whereby grassland patches
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of varying sizes (1 — 100 ha) and suitably heterogeneous vegetation structure are created
within arable-dominated areas to identify the area of grassland required to encourage

additional recruitment into these areas.

Remaining knowledge gaps

This project has primarily focused on the curlew population breeding in Breckland, a lowland
area of eastern England. One of the main reasons for targeting effort in this region was that
information from successive Breeding Bird Atlases (Balmer et al. 2013) suggested that the
population was stable or possibly growing slowly. Focusing research efforts in areas in
which threatened populations are not (yet) in decline can potentially help to identity the
conditions promoting such trends, which can then be used to inform management.
However, our findings suggest that productivity in Breckland is low, despite the apparent

population stability.

This project has also been conducted over four years, a relatively short period over which
to study a long-lived species which may only require very occasional successful breeding
seasons to maintain population stability. Long-term monitoring is required for threatened
curlew populations to fully understand annual variation in demographic rates and the
conditions influencing such variation. Alternatively, a good year now might represent what
an average year constituted during periods of population stability or growth, and populations
may only be persisting in Breckland because of adult longevity. Rapid declines could
therefore be on the horizon as adults senesce or die, increasing the urgency for immediate

deployment of actions.

Finland hosts the second largest curlew population in Europe. As the Finnish population is
thought to be stable and the majority of birds breed in lowland areas (Brown 2015), this
could potentially provide a good opportunity to identify the conditions promoting population
stability or growth in lowland breeding curlew, which could be used to inform management
of more threatened populations in the UK. Greater attention should also be given to
strategies aimed at reducing the impact of afforestation in the UK uplands, which hosts over
85% of the UK breeding population (Brown 2015). Afforestation can have substantial,
negative effects on breeding wader populations (e.g. Kaasiku et al. 2022, Palsddéttir et al.

2022) and is likely to be the greatest emerging threat facing curlew in the UK.

Curlew are a very well-loved species in the UK, and using this to our advantage will be key
in gaining the support of important stakeholders, such as the RAF and owners of other large

estates with areas of open grassland. Curlew have the potential to act as a flagship species
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for grassland management in the UK, and conservation of such habitats needs to be

prioritised in order to restore curlew populations.

Finally, integrated, evidence-based actions are required to maintain and restore curlew
populations and ultimately save this iconic but increasingly threatened species from
extinction. To deliver these actions, we need a robust agenda for action that mobilises large-
scale, multistakeholder nature recovery, narrows the disconnect between actions to
conserve nature and actions leading to loss of nature, and complements and generates
further support from both the public and private sectors (Sutherland et al. 2004, Strassburg
et al. 2020, Milner-Gulland et al. 2021, Pettorelli et al. 2021, Leadley et al. 2022, Chan et
al. 2023).
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Abstract

Rapid declines in breeding wader populations across the world have prompted the
development of a series of conservation tools, many of which are designed to influence
productivity. Across western Europe, efforts to reverse population declines are typically
limited by high levels of nest and chick predation and, managing this predator impact has
been a major research focus in the last two decades. A workshop held at the 2019
International Wader Study Group conference aimed to synthesise current understanding of
predator management tools and to use expert knowledge to identify and prioritise important
knowledge gaps in this area. Here we review the four predator management tools that were
described (predator diversion, exclusion, lethal control and headstarting), together with
insights into the potential responses of mammalian predators to these management tools.
The expert assessment of important areas for future work highlighted the need to increase
our knowledge of predators and their responses to management interventions; to ensure
our science connects to policy, practitioners and members of the public; and the need for
clear and consistent goals for the future of breeding wader populations to inform the

development and deployment of these management tools.
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Introduction

Across western Europe, widespread drainage and agricultural intensification have driven
declines in wetland biodiversity, and breeding wader populations have been a particularly
prominent casualty of these processes (Wilson et al. 2004, Smart et al. 2008). Once
common and widespread, breeding wader populations are increasingly confined to nature
reserves (Smart et al. 2006), and have continued to decline despite the creation and
management of conditions suitable for breeding in nature reserves and, through agri-
environment schemes, in the wider countryside (O’Brien & Wilson 2011, Smart et al. 2014).
The life history of waders is generally characterised by low fecundity and high adult survival
but, while variation in survival rates contributes greatly to population dynamics, manipulating
survival is rarely feasible. By contrast, management to enhance productivity is common,
with the ultimate goal of increasing numbers of breeding individuals. One of the primary
reasons associated with the failure of declining wader populations to recover is
unsustainably high levels of nest and chick predation, and consequent low levels of
recruitment into breeding populations (MacDonald & Bolton 2008a, Laidlaw et al. 2017,
Kentie et al. 2018). There is evidence that nest predation rates have increased in recent
decades (Roodbergen et al. 2012), and a recent review of predator impacts on bird
populations found that waders were commonly limited by predation (Roos et al. 2018). The
predators of wader eggs and chicks are typically generalist mammalian and avian predators
and, consequently, managing their impacts on specific populations (which may comprise
only a small part of their diet) is challenging. In addition, several of the avian predators that
can be important predators of wader chicks (Mason et al. 2018) are themselves of protected
conservation status (especially raptors). A series of different conservation tools have been
used to try to reduce predator impacts on breeding waders (e.g. see Colwell (2019) for
Charadrius Plover examples). The aim of a recent predator management workshop held
during the 2019 International Wader Study Group (IWSG) conference was to synthesise
current understanding of the deployment and effectiveness of a selection of these tools,

and to identify and prioritise knowledge gaps that need to be addressed.

The predator management tools considered at the workshop included (1) diversionary
techniques, which aim to reduce levels of nest and chick predation by altering the relative
attractiveness of the landscape or resource base; (2) exclusion techniques, which aim to
create barriers between predators and nesting waders; and (3) lethal control techniques
which aim to reduce local predator abundance. Our understanding of these tools are
summarised below, together with details of their design and deployment. Studies of these

tools have focussed almost entirely on their effectiveness at reducing predation levels, and
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very little attention has been paid to how predators might respond to the use of these tools.
Consequently, this issue is also considered below. Finally, a more recently developed
emergency intervention tool for increasing hatching, fledging and recruitment rates is
headstarting, which involves removing eggs and rearing chicks in captivity through the

period of greatest vulnerability to predation. This technique is also described.

Attendees at the workshop spanned a broad range of stakeholders in breeding wader
conservation, and included researchers, landowners, conservationists and representatives
of organisations involved in the development of conservation policy. Following
presentations on each of four predator management techniques, attendee discussion was
used to identify knowledge gaps and the long-list of questions resulting from this process
was subsequently reduced to 12 through round-table discussion by the plenaries. Attendees
were then asked to rank each of the 12 short-listed questions on three criteria; urgency,
importance and feasibility (Table 1). The resulting scores (numbers of attendees ranking
high, medium or low for each criterion applied to each question) were then synthesised and
discussed. Here we present (i) reviews of the evidence for the effectiveness of each of the
predator management techniques, including potential implications for the responses of
mammalian predators to these activities, and (ii) for each identified question, the outcome

of the scoring of criteria and the main points arising from the discussion of these issues.

Table 1: Table showing the criteria for being prioritised as high, medium or low priority for the different
classifications of urgency, importance and feasibility. Feasibility included a range of attributes:
whether there was existing data availability (need for additional empirical studies), the logistics, cost,

scale and time requirements and also the legal constraints (licensing requirements etc.).

Urgency Importance Feasibility

Has potential to Relevant data exist or could be

High reLluki(raéys:[\(/)vift gria\:golrrrl]féusegfce easily gathered (low cost / time /
9 quire . . logistic requirements), with few /
action interventions, or alter

. no legal constraints
current practices

May influence some

May require or all aspects of Some relevant data exist and /
. swift action outcomes of or could be gathered but some
Medium . . ) " X

in some or interventions, or alter logistic or legal aspects likely to

all aspects some or all current be complex / challenging

practices
Unlikely to .Unllkely to greatly Relevant data not available and
. X influence outcomes .

Low require swift gathering those data would be

; of interventions or .
action . complex / challenging
current practices
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1. Predator Diversion

Managing breeding wader habitat

Strategic habitat management in landscapes that support breeding waders is likely to
influence how predators interact with waders and other prey. Relatively simple forms of
strategic habitat management aim to reduce accessibility of sites to predators, availability
of predator breeding locations (e.g. trees, dry banks or reedbeds) and/or opportunities for

predators to hunt effectively (e.g. through removal of perches for avian predators).

Landscape-scale habitat management can potentially be used to influence the impact of
predators on breeding waders. In Dutch grasslands, numbers of breeding black-tailed
godwits Limosa limosa limosa are declining rapidly (Kentie et al. 2016, Roodbergen &
Teunissen 2019), and densities increase along a gradient of land-use intensity from herb-
poor meadows and grassland monocultures to herb-rich meadows (Groen et al. 2012), with
important habitat-specific differences in demographic rates. black-tailed godwits breeding
in monocultures tend to experience lower nest survival (Kentie et al. 2015) and lower
survival of chicks, possibly due to a combination of low food availability and higher predation
rate (Kentie et al. 2013), compared to herb-rich meadows where population growth rates
can be positive (Kentie et al. 2018). In this example, landscape-scale variation in land-use
intensity is having population-level effects through complex interactions between
management, predation and breeding success, and strategic management of landscape
structure could potentially be used to alter these relationships. Similar processes also
operate in other species and study systems. For example, the abundance of wet features
positively influences the breeding density of some wader species on wet grasslands (e.qg.
Smart et al. 2006, Eglington et al. 2008) with important density-dependent reductions in
predation rates of nests and chicks (MacDonald & Bolton 2008b, Eglington et al. 2009,
Laidlaw et al. 2017). Reducing the accessibility of wader breeding areas, for example by
surrounding them with water, may deter some mammalian predators, although both
European badgers Meles meles (hereafter, badgers) and foxes can and do swim, if

necessary.

Managing non-wader prey

The availability of small mammal prey in wader landscapes could also have important
implications for the generalist predators that prey on small mammals and waders (e.qg.
foxes, stoats Mustela erminea, weasels M. nivalis and raptors), so understanding how

management influences small mammal distribution is important. For example, the presence
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and activity of common voles Microtus arvalis can vary across grazing regimes, and grazing
management can be used to manipulate vole presence (Lagendijk et al. 2019). There is
also a need to understand the influence of agricultural activities on the availability of key

resources for predators (Pringle et al. 2019).

Wet grasslands managed for waders are generally unsuitable for small mammals (too short
and wet), which mostly occur in the taller and denser vegetation of verges outside of grazed
fields (Laidlaw et al. 2013). Northern lapwing Vanellus vanellus (hereafter lapwing) nest
predation rates have been shown to be lower on wet grassland fields with more surrounding
verge habitat (Laidlaw et al. 2015), and the magnitude of this effect is such that increasing
the amount of verge in wet grassland landscapes could, in theory, reduce nest predation
rates by up to ~20%, but only in areas with high lapwing nesting densities (Laidlaw et al.
2017). Managing habitat to benefit the non-wader prey of key predators could therefore

have implications for wader demography.

Potential predator responses to diversion techniques

In the case of raptors, which are species of conservation importance protected by law but
important predators of wader chicks (Mason et al. 2018), diversionary techniques to reduce
their impact may be most appropriate, particularly when raptor predation pressure is
localised and substantial. In these situations, providing diversionary food directly to focal
raptors during the breeding season, with the aim of reducing their need to hunt, has been
shown to significantly reduce predation rates on chicks (e.g. red kites Milvus milvus
predating Lapwings: RSPB unpublished data; kestrels Falco tinnunculus predating little
terns Sternula albifrons: Smart & Amar 2018). There are other potential methods for
diverting avian predators away from important breeding areas. For example, laser-hazing
involves directing a laser beam at the body of the predator to dissuade them from hunting,
but trials of the efficacy of this method (at tern colonies) have thus far been inconclusive
because it has proven difficult to haze a sufficiently large proportion of predators, and there
appear to be inconsistent effects of hazing on predation attempts and success (RSPB

unpublished data).

In the case of mammalian predators, the cover provided by shrubs and trees, and the
availability of suitable areas for breeding (e.g. subterranean earths for foxes) can be very
important, and removal of these features could potentially divert them away from wader
breeding areas. However, the area over which such features may have to be removed could
be extensive and, may therefore not be financially or practically feasible. Reducing the

attractiveness to predators of wader breeding areas through, for example, provision of
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alternative high quality and accessible foraging habitats could, in theory, encourage
predators to focus their activity away from wader breeding areas (Mukherjee et al. 2009),
but predator dissuasion is likely to depend on predator abundance and the spatial and

temporal distribution of resources.

Manipulating habitats to enhance small mammal populations could have the unintended
effect of allowing the area to support higher densities of predators due to an increase in
prey abundance, and changes in the availability of key prey species could influence
mammalian predator responses to diversion techniques. For example, rabbits Oryctolagus
cuniculus and small mammals are a key component of the diet of rural foxes (Soe et al.
2017), and rabbit populations have declined across Europe (Smith & Boyer 2007); in the
UK, a 62% decline has been reported between 1996 and 2017 (Harris et al. 2019), in part
linked to the recent occurrence of Rabbit Haemorrhagic Disease (RHD). Blanco-Aguiar et
al. (2012) documented an avian predatory switch from rabbits to gamebirds as a
consequence of rabbit declines from RHD in Spain. Additionally, water voles Arvicola
amphibius, a wetland vole species which are likely to have been alternative prey for foxes
foraging in wetland habitats (Short & Porteus 2018), have seen dramatic declines in
distribution and numbers in the UK (90% decline since 1970’s; Jefferies et al. 2003). It is
unknown if current mammalian prey declines are causing shifts in the diet of predators

towards breeding waders.

While there has been considerable research into some aspects of predator diversion tools
there are still several important questions that need to be addressed. Key knowledge gaps
include the behavioural and demographic responses of predators to the deployment of
these tools, especially increased provision of non-wader prey, the potential for predator
dietary shifts in relation to changes in prey availability, and the scale of deployment of
habitat management, diversionary feeding, or predator dissuasion that would be required

to achieve local population growth of waders.

2. Predator exclusion

Over the last two decades, the potential for predator fencing to improve wader breeding
success by excluding mammalian predators (particularly foxes and badgers) from nesting
areas has been widely explored. A variety of fence types and designs have been employed,
to address a wide range of contexts. In particular, fences can be designed to operate at
different spatial and temporal scales. Spatially, fences to exclude large mammalian

predators can be deployed from individual nests up to whole sites, and temporally,
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deployment can range from temporary (e.g. covering only the period when nests are active)
to seasonal (e.g. covering some or all of the breeding season) to permanent (Fig.1). In
addition, fences can operate through electrification or by creating a physical barrier that is
impenetrable to the larger mammalian predators of nests and chicks. Nest enclosures (i.e.
physical barriers to predators placed directly over nests) can enhance hatching success,
but nest abandonment and predation of incubating adults have also been recorded
(Isaksson et al. 2007, Barber et al. 2010), and so the overall benefit of this management

approach remains unclear.

Site

Field

Plots

Nest

Temporary Seasonal Permanent

Figure 1: Plot showing relative spatial and temporal scales for the different fence types. Photos of

combination and barrier fences from (White & Hirons 2019).

Temporary fencing at smaller spatial scales (individual nests to fields) tends to involve
electrified fences that are easy to construct and move around (e.g. stranded wire livestock
fences) while permanent, site-scale fencing tends to involve barrier fencing, which can be
of sufficient height and/or buried depth to exclude mammals capable of jumping and/or
digging, or existing permanent livestock fences can be electrified (the latter are often termed
‘combination’ fences). Combination fences provide both a physical and an electric barrier
and are commonly used in conservation settings. Further details on fencing design,
installation and maintenance together with the advantages and disadvantages of different
fence types can be found in the detailed guidance produced by the RSPB (White & Hirons
2019). In general, temporary electrified fences are relatively cheap and easy to deploy but
require reliable electricity supplies (mains or battery, potentially with solar panel charging)
and regular monitoring, and batteries can drain rapidly if vegetation is not kept sufficiently

short to avoid contact with the fences. By contrast, permanent barrier or combination fences
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are generally more durable and easier to maintain but are also more expensive to construct
and can restrict movements of non-target species. Fence designs have developed greatly
in recent years and following the most recent guidelines closely is likely to be extremely
important. In addition, ongoing maintenance and management of all fence types is essential

to ensure that an effective barrier is maintained.

Several studies have explored the effectiveness of fences at excluding mammalian nest
predators, typically by comparing either fenced and unfenced areas, or comparing areas
before and after fence deployment. These studies typically report substantial improvements
in hatching success inside fences for all scales and types of fences, with hatching success
rates of around 80% being regularly reported in fenced areas (Maslo & Lockwood 2009,
Rickenbach et al. 2011, Malpas et al. 2013). Consequently, fencing has rapidly become a
key component of breeding wader conservation actions across western Europe. Fences do
not exclude avian predators and smaller mammalian predators (e.g. mustelids) and so the
consistently high hatching success achieved within fences supports the previous evidence
that larger mammals are responsible for the majority of wader nest predation in these areas.
A much larger range of predators (including avian predators) can be responsible for chick
predation. Fences do not exclude many of these chick predators and the precocial chicks
of waders can leave fenced areas, but the evidence to-date suggests that the increase in
hatching success achieved with fencing can translate into high levels of fledging
(Rickenbach et al. 2011, Malpas et al. 2013), although this is not always the case (Hoodless
& MacDonald 2016).

While a great deal of trialling and testing of predator-exclusion fencing has been conducted,
and while there is strong evidence of the effectiveness of fences as a nest protection tool,
several important questions have yet to be addressed. These include the capacity of fences
to facilitate breeding wader population recovery, the deployment strategies that could
deliver such a goal and the extent to which fences need to be deployed in combination with
other predator management techniques (e.g. lethal predator control to reduce predator

pressure and/or predator diversion techniques to avoid high levels of chick predation).

Potential predator responses to exclusion

Fencing is one of the most effective exclusion interventions for mammalian predators
(Khorozyan & Waltert 2019), but it's effectiveness could potentially be improved by being
used in combination with predator dissuasive tools, e.g. acoustic (high pitched sounds),
visual (e.g. flashing lights) or chemical (scent based), that aim to deter predators by

overwhelming their senses. The success of these deterrents is typically context-dependent,
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and over-exposure can sometimes lead to habituation (Khorozyan & Waltert 2019), and the
effects of such deterrents on breeding waders is unknown. Temporary fencing could
potentially exclude mammalian predators from areas which were previously part of a home
range, which could result in range shifts and increased between-group aggression,
reductions in body condition and survival and increases in stress and disease occurrence
(Williamson & Williamson 1984). If the patch excluded is large and/or high quality this could
result in tenacity to penetrate the barrier. For some terrestrial predators, persistence can
result in individuals assessing fences for weak spots where fences can be breached.
Fencing without consideration of the quality and extent of the remaining landscape for

predator use may therefore increase risks of fence breaches.

3. Predator exclusion

The concept of increasing wader productivity and population size through lethal control of
predators stems from wild gamebird management, where culling of predators is regarded
as fundamental, alongside the provision of nesting and brood-rearing cover (Potts 1980).
Control typically involves the removal of foxes and corvids from the area where waders
breed, and often from a buffer strip of 500-1,000 m surrounding this core area. It may also
involve control of small native mustelids (stoat and weasel) or the invasive American mink
Neovison vison which, as an exotic predator, potentially renders evolved defence
mechanisms of waders less effective. Methods and seasonal timing of control vary between
countries owing to differences in national and regional legislation. Methods used include
day/night shooting and various live-capture traps and neck-snares for foxes, shooting and
cage-trapping for corvids, and killing or live-capture traps for mustelids. During the last five
years, night vision and thermal-imaging rifle-scopes have become more widely used and
have started to replace traditional spotlighting for fox control (GWCT, unpublished data).
These new technologies, in combination with the use of trail cameras to detect predator
presence and trap alarm systems, have generally led to improved efficiency of predator

control.

When implemented at the landscape level, lethal control can result in local and regional
predator suppression (Heydon et al. 2000, Heydon & Reynolds 2000a, b, Porteus et al.
2019). Lethal control has been shown to be effective at increasing breeding productivity of
several wader species above the level required for stable populations in different countries
and situations (Niemczynowicz et al. 2017). In the UK uplands, for example, experimental
control of foxes, corvids and small mustelids resulted in an average threefold increase in

the breeding success of lapwing, golden plover Pluvialis apricaria and curlew Numenius
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arquata. Importantly, greater breeding success translated into increases in breeding
numbers (= 14% per annum) for these three species, compared to ongoing declines in
numbers (= 17% per annum) in the absence of predator control, although no effect was
recorded for snipe Gallinago gallinago (Fletcher et al. 2010). Large-scale surveys indicate
that predator control on grouse moors in the UK uplands leads to higher breeding wader
densities than on moorland with no predator control, and increases in wader populations
have been documented following the reinstatement of predator control (Tharme et al. 2001,
Littlewood et al. 2019, Ludwig et al. 2019).

On lowland wet grassland at the Dimmer reserve, NW Germany, black-tailed godwit
fledging success during six years of fox control averaged 0.83 chick/pair (n = 136 pairs),
compared to 0.27 chick/pair (n = 62 pairs) over seven years without fox control (Belting
pers. comm.). Across Lower Saxony, monitoring of 2,537 pairs of black-tailed godwit over
14 sites during 2012-2017 revealed fledging success greater than 0.7 chick/pair only at the
four sites, supporting 853 pairs, where efficient fox control was undertaken (Belting pers.
comm.). However, an effect of predator control is not always apparent (Bodey et al. 2011b).
In an eight-year experiment across 11 nature reserves, (Bolton et al. 2007) found that
reducing fox and carrion crow Corvus corone numbers had no overall effect on lapwing nest
survival rates or population trends, although twice as many pairs fledged young at six sites
during periods of predator control. In addition, reductions in nest survival in the presence of
predator control were apparent when controlling for the background density of foxes and
carrion crows, indicating that the impact of predator control on nest survival rates may vary

depending on the density of predators present at that time (Bolton et al. 2007) .

Several meta-analyses of the effect of lethal control on bird populations, all including studies
on breeding waders and other ground-nesting birds, have concluded that the average
overall effect is positive but that there is great variation in effect sizes among species and
locations (C6té & Sutherland 1997, Holt et al. 2008, Smith et al. 2010). There are many
possible causes for these variable responses to predator removal, including annual
variation in the abundance of predators or alternative prey, abiotic factors, such as poor
weather at hatching or catastrophic losses due to flooding, an impact from other predators
which have not been targeted, density-dependent effects, individual variation in predator

behaviour, or inefficient predator control.

Lethal control is the most emotive and controversial of the conservation tools for increasing
wader productivity but may be the only feasible option in certain landscapes and for species
which breed at low density and whose broods wander over large areas. For instance,

exclusion fencing is largely impractical for lapwings nesting in arable fields and for curlews
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in upland areas, whereas lethal control has the advantage that it affords protection to both
nests and chicks. In situations where a wader population is critically low, lethal control can
buy time to address habitat issues and, if conducted efficiently at a large enough scale, it
might reduce the predation problem at the landscape scale (Heydon et al. 2000). The need
for lethal control also needs to be clearly explained, to maintain support for a recovery
project. Disadvantages are that it requires competent practitioners following best practice
and, even then, some methods risk the capture of non-target species. The outcome of lethal
control in a given location is difficult to predict, and there is a risk that by removing foxes
and corvids, predation by species that are protected (e.g. badger, buzzard Buteo buteo) or
more difficult to control (e.g. stoat) increases. It is therefore essential to undertake adequate
monitoring of predation rates, to avoid unintended consequences such as compensatory
predation (Dion et al. 1999).

Monitoring before, during and after deployment of lethal control is important to check that
predation is the main cause of low wader productivity, to identify the predator species
responsible, and then to ensure that lethal control results in the desired outcome. In some
cases, the main predator may be a legally protected species and alternative management
tools will have to be considered. If lethal control is identified as a necessary tool to boost a
wader population, clear aims should be defined at the outset, encompassing the methods
to be used, scale, timeframe, cost and method of measuring the outcome. Where legislation
permits, control leading up to and during the wader breeding period (January-July) is
considered most appropriate as the aim should be seasonal predator suppression rather
than local eradication. In the study by (Fletcher et al. 2010), for example, the increase in
wader numbers was achieved with a 43% reduction in spring fox numbers and a 78%
reduction in carrion crows. Implementation of lethal control must be legal, proportionate
and, because it is controversial, with the potential for detrimental impact on a project or
conservation organisation, justifiable. Collection of data on wader productivity, predator
density and numbers of predators killed is, therefore, essential so that the approach taken
can be evaluated and justified. For example, while the RSPB considers fox control to be
important on some of its key breeding wader reserves, it has a policy of ensuring that
practitioners must ensure no orphaning of dependent cubs. Monitoring on its reserves
during 2012-2018 showed that annual lapwing productivity on reserves with fox control
averaged 0.78 £ 0.15 chick/pair compared with 0.47 + 0.06 chick/pair on reserves with no

fox control, which, in conjunction with the number of foxes removed, justified this approach.

Ultimately, to reduce the need for lethal control, and possibly other interventions, it is
important to investigate why generalist predators occur at such high densities in the

landscape and what has driven increases in their numbers, and impacts on ground-nesting
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birds, over the last 30-40 years. Better understanding of predator populations will inform the
development of more sustainable solutions for recovery of declining wader populations in
the long-term. In the short-term, the focus should be on filling knowledge gaps that will help
make lethal control more efficient and effective. More studies are needed on the behaviour
and detectability of predator species, including how predators use landscapes, which may
enable practitioners to target their management better (Reynolds et al. 2004) and measure
its impact. Further research is needed on the effects of controlling predators on the wider
ecological community. For example, it is currently unclear whether controlling some
predators, particularly foxes, results in functional or numerical responses of other
mesopredators, leading to compensatory predation on wader eggs and chicks (Trewby et
al. 2008, Ritchie & Johnson 2009). Mesopredator increases would be especially detrimental
to wader populations if the new suite of predators were legally protected and/or could not
be controlled effectively. Finally, it is important to understand the situations in which lethal
control is most effective and when it should be combined with other techniques, such as

exclusion fencing.

Potential predator responses to control

In the UK, the National Game Bag Census suggests fox numbers are relatively stable after
a period of increase during 1960-early 1990s (Aebischer et al. 2011). Foxes are territorial
with a social group that defends the territory against surrounding groups. In addition, there
is often a smaller proportion of itinerant individuals that do not hold a home range but move
across multiple social groups (Storm et al. 1976). Loss of an individual in a territorial social
group through culling can affect the social unit, leading to changes in movements and
territories (Ham et al. 2019) and potentially breeding opportunities. Dependent cubs could
also perish, likely through starvation and dehydration, although there is usually a sex bias
towards males during culling (Kadmmerle et al. 2019). Lethal control can reduce social group
size and thus group capacity to defend the territory, potentially creating a territory vacuum
or ‘sink’ into which new individuals can move, with consequences for the level of culling
likely to be required to maintain suppressed fox humbers (Porteus et al. 2019). In studies
of badgers, culls have been shown to result in greater movement of individuals between
social groups (Tuyttens et al. 2000). Understanding the economic costs of culling and its
relative effectiveness needs to be compared to other non-lethal approaches, alongside the
ethical considerations of culling one native species to protect another native species.
Finally, culling one predator type can potentially lead to increases in other predators within
the community, through competitor release and changes in trophic interactions (e.g.
(Molsher et al. 2017).
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4. Headstarting

Headstarting waders to increase the productivity of a wild population is a relatively new
concept but this technique has been used in the amphibian, reptile and fish world for over
50 years (Huff 1989, Heppell et al. 1996, Fraser 2008). There are various definitions of
‘headstarting’ but of most relevance to waders is “a conservation technique in which young
animals are raised artificially and subsequently released into the wild. The technique allows
a greater proportion of young to reach independence, without predation or loss to other
natural causes” (Alberts et al. 2004). Species and populations that are most suited to
headstarting are those that: (i) experience high mortality during early growth stages, (ii) can
be successfully raised in captivity with a high fledging rate, (iii) have relatively high survival
in later life stages and are long-lived, (iv) mature quickly, (v) would be expected to recruit to
the release population or area (i.e. show a degree of natal philopatry) and (vi) where the
number of headstarted individuals contribute a reasonable proportion of the population size

to which they are expected to recruit.

Headstarting has been used in various forms for a variety of wader species, including piping
plover Charadrius melodus (Powell et al. 1997), American oystercatcher Haematopus
palliatus (Collins et al. 2016), spoon-billed sandpiper Calidris pygmaea (Pain et al. 2018),
black-tailed godwit and curlew. The impact of headstarting will vary depending on the size
of the target population, productivity in the wild, and the ability of captive operations to
increase the survival of eggs and/or chicks and release healthy birds capable of survival in
the wild. Preliminary analysis suggests headstarting, often involving early removal of
clutches from just 10 adult pairs per year who then go on to re-lay in the wild, may be slowing
the global decline of the spoon-billed sandpiper (Clark et al. 2018) and is increasing the
productivity of UK black-tailed godwits from 0.34 to 1.1 fledglings per pair (RSPB/WWT
unpublished data). These projects both involve marking and tracking of headstarted
individuals and, for both these migratory species, headstarted individuals have migrated

successfully and returned to project areas to breed and have produced their own young.

While headstarting can be a powerful conservation tool, it is associated with a number of
significant risks and, like other conservation methods, will only result in long-term benefits
if conducted as part of a wider conservation effort that addresses the underlying cause(s)
of decline. Risks include inadequate care or housing during the captive phase that results
in mortality or low fitness in released birds, behavioural modifications, infectious disease,
lack of imprinting on natal areas and negative impacts on the source population. Many of
these risks can be successfully managed by ensuring headstarting operations (i) are

conducted by experienced, multi-disciplinary teams (including animal care specialists,
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veterinarians, site managers and scientists), (ii) are well-planned and based on a clear
conservation case determined using population modelling, and (i) include comprehensive

disease management and post-release monitoring.

The high-degree of uncertainty associated with headstarting raises many questions such
as will released birds return, survive as well as their wild counter-parts, breed successfully
or will their treatment in captivity affect later behaviour? The uncertainty of headstarting
presents two key challenges, the first of which is good decision-making, ensuring that
headstarting is undertaken in circumstances where it can be effective ,but also ensuring
opportunities to benefit a population through headstarting are not missed. Taking a risk-
based approach, using population modelling and completing a comprehensive feasibility
assessment can aid decision-making. The second key challenge is increasing our
understanding of headstarting when experiments are often not possible due to the target
population being threatened, and time and resources being limited. As such, it is vital that
headstarting efforts are designed as trials and learning is maximised through close

monitoring and detailed reporting of the failures as well as the successes.

There are a number of guidance documents available to help manage the risks and meet
the challenges associated with headstarting (Lee et al. 2012, IUCN/SSC 2013, National
Species Reintroduction Forum 2014a, b). Fig.2 presents a set of processes that should be
followed from project initiation through to monitoring outcomes (specifically marking and
tracking of headstarted individuals to quantify subsequent survival and recruitment),
adapted from the Scottish Code for Translocations (National Species Reintroduction Forum
2014a).
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Appendix 1: Predator management workshop

Initial appraisal

Establish desired conservation outcome
(aim and objectives)

!

Assessment of whether headstarting is appropriate,
including consideration of alternatives
(justification assessment)

Planning i If yes

Plan including feasibility and risk assessments

i In light of plan

Decide whether to proceed

Apply for permissions and licences

Establish team, recruit as neccessary

Put in place required infrastructure and purchase
required equipment and supplies

Undertake egg collection, rearing and release of
birds

Monitor outcomes

Communicate outcomes

Figure 2: A flow chart of the processes that should be followed for any headstarting project from initial
concept through planning, doing and monitoring outcomes. Adapted from the Scottish Code for
Translocations (National Species Reintroduction Forum 2014a).
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Discussion of knowledge gaps

Workshop attendees were asked to rank each of the 12 short-listed questions on three
criteria: urgency, importance and feasibility (Table 1). These questions were derived
through plenary discussion from the knowledge gaps raised during the presentations and
group discussions. Attendees assigned high, medium or low classifications for each
criterion applied to each question (Fig.3). We present the knowledge gaps in order of the
proportion of the audience that considered the urgency to address that knowledge gap to
be high (Fig.3). The scores assigned to the questions for urgency and importance were
broadly similar, indicating that questions tended to be considered as high in both urgency
and importance, or medium/low in both urgency and importance (Fig.3a & b). Most
guestions were considered to have medium or low feasibility, with none receiving a majority
score of highly feasible (Fig.3c). The process of determining and prioritising knowledge
gaps revealed that there was particular importance assigned to determining an appropriate
and achievable vision for breeding wader populations in the future, which we address
initially below. We then discuss the remaining knowledge gaps that are focused around
three topic areas: (i) increasing our understanding of predator responses to management,
(i) connecting to policy, uptake and transferability of management options and (iii) the wider

implications of predator management.

Determining an appropriate and achievable future vision for breeding waders and predator
management is integral to determining whether we are carrying out the most urgent and
important work required to attain our desired outcome (Fig.3; [Q11], with square brackets
hereafter referring to numbered knowledge gap). While targets and goals provide something
to aim for, they are often narrow in focus and concentrate on site, landscape or regional
levels. While it may seem comfortable to have a realistic target of a certain number of pairs
in a local population, the setting of targets will likely be influenced by our preconceptions,
and ultimately it may not be the place of practitioners alone to determine these targets.
Achieving the goal of increasing local populations on managed areas using the
management tools discussed here may be feasible, but if our fundamental objective is to
re-establish wader populations in the wider countryside, then we are likely to need to extend
beyond the currently available management tools (Lyons et al. 2008). Having an appropriate
vision for the future may also allow us to harness the efforts of people working or living
across different countries and habitats towards the same outcomes. Consideration of our
collective vision is an important first step as it has the potential to influence how questions

concerning the remaining knowledge gaps we present might be framed.
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6) How do we influence the uptake, use and understanding of
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Figure 3: Proportion of the 70 workshop attendees that voted for each of the 12 knowledge gaps over
the three classifications of a) urgency, b) importance and c) feasibility on the three priority levels of
high (dark grey), medium (light grey) and low (white; see Table 1 for definitions). The knowledge

gaps are in descending order of high urgency vote proportion.

Increasing our understanding of predator responses to management

The knowledge gaps concerning predator responses to management were focussed on
understanding the causes of high predator densities [Q1], and the potential role of gamebird
releases in parts of Europe in which they occur was highlighted. Determining factors that
influence predator behaviour and predator detectability [Q2] and how predator communities
respond to predator management interventions [Q4], which includes the possibility of
mesopredator release (Crooks & Soulé 1999), were also important areas of future research
that could greatly influence the design and deployment of predator management tools.
Three of the four knowledge gaps that scored highest on urgency and importance
concerned the need for improved understanding of predators ([Q1], [Q2] and [Q4]).
Attendees considered there to be particularly low feasibility for determining the impact of
apex predators on mesopredator effects on waders ([Q9]; highest number of votes given to

‘low”; Table 1).

Connecting to policy and transferability of knowledge

Knowledge gaps that were concerned with dissemination of information regarding predator
management were also highlighted during discussions. How interventions can be supported

by policy [Q3], and how we can influence the uptake, use and understanding of these tools
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[Q6] both scored highly on the metrics of urgency and importance (Fig.3). Determining how
information regarding predator management could be used to influence public perception
and behaviour [Q8] and how transferrable our current knowledge is [Q10] to other habitats
and species facing the issue of predation were also issues considered important, but slightly

less urgent than other issues.

The three knowledge gaps with the highest degree of agreed feasibility (largest proportion
of audience considering there to be high feasibility) were those regarding the dissemination
of information through policy support, update and understanding of management tools and
influencing public perception of management ( [Q3], [Q6] and [Q8]; Fig.3). However,
attendees considered there to be particularly low feasibility for how transferrable our current

knowledge of predator impacts on waders is to other systems [Q10].

Wider impacts of predator management

Consideration of the wider impacts of predator management focussed on how deployment
strategies can be designed to achieve specific goals [Q5] and when they should be
combined for greater impact [Q12]. The response of waders to both management
interventions [Q7] and to mesopredators in the presence of apex predators [Q9] were also
key knowledge gaps exploring beyond the direct impacts of management upon predators.
Discussion of these issues highlighted the importance of identifying the goals of predator
management for breeding waders, as this will influence the design, the spatial and temporal

scales of deployment and the geographical targeting of management approaches.

Summary

This workshop provided a very valuable opportunity to identify the most pressing questions
in this issue of fundamental importance to recovering breeding wader populations in
western Europe. We consider all 12 knowledge gaps to be priorities, especially as their
importance, urgency or feasibility may vary geographically. We hope that this work provides
a platform for the rapid development of studies to address many of these knowledge gaps
and will help to facilitate the collaborations that will undoubtedly be needed to reduce

predator impacts on breeding waders before it is too late.
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