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Chapter 1



THE BLACK-TAILED GODWIT IN AN EVER-CHANGING
EUROPE

Black-tailed godwit » Mustsaba-vigle ® Barge a queue noire ® Rycyk Mustapyrstokuiri e
Grutto e Skries ® Macarico-de-bico-direito

Many common names describe the scattered Limosa limosa limosa populations that breed
or migrate throughout the European continent. The breeding area of the continental
subspecies of the Black-tailed Godwit (Godwit from here on; Fig. 1.1a) is distributed
across northern Europe, ranging from The United Kingdom and France in the west to
Russia in the east (Keller et al. 2021). Small breeding populations of 400-1,000 pairs are
dispersed in eastern countries such as Estonia, Hungary or Lithuania, while larger groups
of up to 10,000 pairs are in Poland, Belarus, Ukraine and Russia (Jensen & Perennou 2007).
However, the bulk of the European population breeds in north-western Europe, where up
to 60,000 pairs (circa 65% of the global population) are located in areas surrounding the
Wadden sea in the Netherlands, Germany and Denmark (Gill et al., 2007; Jensen and
Perennou, 2007; Fig. 1.1a). The Godwit is able to breed in a myriad of wetland habitats,
ranging from natural undisturbed bogs and fens, semi-natural extensive farmland such as
coastal and floodplain grasslands (Jensen & Perennou 2007, tawicki & Kruszyk 2011, Strus
et al. 2018a) to intensive agricultural monocultures (Gill et al., 2007; Kleijn et al., 2010;
Fig. 1.1b-e). Hence, as a breeding habitat generalist wader, it demonstrates flexibility
in adapting to contrasting land-use intensity conditions. One could say that the iconic
Godwit is a prime example of a bird that accompanied the fast man-made landscape
transformations the European continent suffered during the last century.

Before the expansion of modern human land uses, it is believed that the Godwit strictly
inhabited natural regularly flooded areas that were common throughout Europe (Bostrom
& Nilsson 1983, Dugan 1993). Together with the drainage of the majority of existing
mires in the 20™ century (Fluet-Chouinard et al. 2023), followed by the development of
agricultural practices that promoted the cultivation of croplands (Dugan 1993, Hartig et al.
1997, Zedler & Kercher 2005, An & Verhoeven 2019), the species was able to colonise these
newly formed farmland habitats (Pain & Pienkowski 1997, Donald et al. 2002). Similarities
between its previous natural breeding habitat and the newly-formed rural landscape were
probably the reason for their successful colonisation: landscape openness, the presence
of wet features, and heterogeneous and structurally diverse vegetation. Additionally, the
low-intensity grazing or cutting regimes practised at that time maintained the farmland
in the ideal conditions the species required year after year (Milsom et al. 2000, Durant
et al. 2008a). In this new and expanding breeding habitat throughout Europe, where
rural settlements dominated the landscape (European Environment Agency 2017), many
farmland species, including the Godwit, flourished with increasing populations (Lebedeva
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1998). It is believed that the population reached its peak during the 1960s with an
estimated 125,000 breeding pairs in its key Dutch breeding areas alone (SOVON 2001,
Teunissen & Soldaat 2006).

However, in order to sustain the increasingly growing human population, the
industrialization of agriculture took off around the 1960s in north-western countries,
bringing the end to what was coined as the “meadow bird golden era” (Cramp & Perrins
1983). The deployment of nitrogen fertilizers and high-power pumps to control water
table levels together with the use of pesticides became the standard procedures to meet
the high demand for more fertile and productive grasslands (Donald et al. 2001). Semi-
natural, low land-use intensity grasslands, often rich in both plants and animals, quickly
transformed into vast monocultures (Sutcliffe et al. 2015). Nevertheless, either by its
plasticity or lack of alternative, more suitable habitats, the Godwit was able to persist
and currently mostly breeds in those high land-use intensity locations (Thorup 2018,
Roodbergen & Teunissen 2019).

Yet, despite its flexibility towards increasing land-use intensity habitats, we cannot
describe the Godwit as a resilient species in recent decades. Throughout the last half
of the 20" century, the species sharply declined, with an overall 60% population loss
(EBCC 2016). The observed decline occurred throughout the European continent together
with many other farmland bird species (Duncan et al. 1999, Benton et al. 2002, Donald
et al. 2006, Flade et al. 2006). North-western European countries, where agricultural
industrialization predominated, suffered the heaviest impact. The previously large Dutch
breeding population currently has little over 30,000 pairs (Kentie et al. 2016). Grassland
mowing by heavy machinery caused direct clutch and chick mortality of this ground-
nesting species (Schekkerman et al. 2009). Additionally, due to more productive crops,
the mowing date advanced faster than the species could cope with its clutch laying
and chick-rearing timings (Schekkerman et al. 2009, Kentie et al. 2013). Furthermore,
grassland monocultures transformed open vegetation types into dense swards where
chicks couldn’t forage for invertebrate food or hide from predators, indirectly increasing
their mortality probability (Schekkerman & Boele 2009, Kleijn et al. 2010).

In more extensive farmland habitats that remained in central and eastern European
countries, the species was confronted with the polar opposite: the massive farmland
abandonment and abrupt end of traditional agricultural practices led to many breeding
areas becoming unsuitable as breeding areas (Leito et al. 2014, Kamp et al. 2018, Lesiv et
al. 2018, Mischenko et al. 2019) due to tree and shrub encroachment (Verhulst et al. 2004,
Sanderson et al. 2013, Kamp et al. 2018). Clutch mortality by both native and invasive
mammal predators also substantially increased in the eastern region of Europe (tawicki &
Kruszyk 2011, Brzezinski et al. 2019), a similar trend to what has been observed in some
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western European locations (Teunissen et al. 2005). Very little is known about the overall
ecology of these eastern European populations that breed in extensive farmland habitats
and how they differ from the western European populations. Some breeding populations
in Ukraine or Russia have only been recently described (Popov & Starikov 2015, Strus
et al. 2018a). Similarly, little is known about the particularly small populations that
potentially remained in the natural undisturbed mires (Leivits et al. 2013). Nonetheless, it
is speculated that great losses occurred also there, similar to other wader species that rely
upon those habitats (Fraixedas et al. 2017), with the reduction of habitat area and quality
pointed out as possible causes (Hancock et al. 2009, Fraixedas et al. 2017).

Thus, the identified key cause for the species’ population losses lies in its European
breeding grounds, mainly affecting the nest and chick survival (Roodbergen et al.
2012), while adult survival rates remained high (Roodbergen et al. 2008). It became
evident that many biological taxa dependent on farmland habitats were at severe risk of
disappearing (Gregory et al. 2005), with the Godwit obtaining a near-threatened status
(BirdLife International 2017). Research focusing on the specific habitat requirements
necessary to revert negative population trends became an essential topic in the farmland
biodiversity conservation field (Kleijn et al. 2011b). Yet, current research on the Godwit
habitat requirements is heavily biased towards north-western European countries,
where Godwits mostly breed in high land-use intensity habitats. Hence, many of the
suggested conservation actions have been based on knowledge gathered solely from
those populations. The remaining, central and eastern European Godwit populations
are assimilated within different bird communities and habitats (Keller et al. 2021),
with contrasting causes for their poor breeding success (Tryjanowski et al. 2011). The
feasibility of the currently suggested conservation actions for the species might be heavily
compromised in such locations. Successful cross-European conservation for the species
requires a full understanding of its habitat requirements along its whole distribution.
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Figure 1.1. (a) The Black-tailed Godwit, Limosa I. limosa (Linnaeus, 1758) and its current breeding
distribution across the European continent in orange, adapted from BirdLife International (2017) and
Keller et al. (2021); Contrasting Godwit breeding habitats widely varying in their land-use intensity: (b)
an Estonian fen with no human disturbance; (c) a Polish flooded grassland where low densities of cattle
graze the land; (d) a Dutch bird meadow managed through AES; (e) a Dutch grassland monoculture
that is mowed several times a year due to fertilizer’s enhanced productivity. Photos (d) and (e) by
Marycha Franken.
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PICKY BIRD? UNDERSTANDING THE BLACK-TAILED
GODWIT’S HABITAT REQUIREMENTS ACROSS EUROPE

In order to halt or revert the observed decline of the Godwit population, it is important
to identify site-specific or general breeding habitat requirements and to explore how
the key factors in bird habitat selection differ along the land-use intensity range. Habitat
selection factors can be divided into proximate factors, which drive the species to perceive
certain conditions as beneficial (as a cue or stimuli) and actively select them to lay their
clutches, and ultimate factors, which limit individual fitness and the population dynamics
through survival (Fuller 2012). However, it is important to note that proximate factors
often correlate with the ultimate factors. This is especially important for migratory and
ground-nesting birds, such as the Godwit, which rely on vegetation cues at early spring
arrival that can indicate their suitability or unsuitability as a nest site later in the breeding
season (Klomp 1954). Following Fuller (2012), we can describe five factors that may
influence the Godwit’s habitat selection: (i) Food supply for both adults and chicks; (ii)
Predation pressure, mainly affecting nest and chick survival (iii) Structural and functional
habitat characteristics, that allow the species to adapt to certain macro or micro-habitat
characteristics (e.g. vegetation height, soil moisture); (iv) The presence of other birds,
creating inter- or intraspecific competition or mutualistic relations and; (v) Space, the
necessary area to accomplish all the previous conditions.

Food Supply

Arguably one of the essential factors for habitat selection is food availability and quality.
If selected locations would be free of other limiting factors, populations would grow
until they reach their maximum carrying capacity (Goss-Custard & West 1997), or in
this case, the maximum number of Godwit breeding couples and respective families a
location can provide food for. Surprisingly, there is little research on food resources and
respective carrying capacities for waders in their European breeding grounds. Most of
the studies focusing on the potential carrying capacity for a wader species or community
were conducted in limited geographical ranges and mostly in wintering non-breeding
areas (Goss-Custard 1991, Zharikov & Skilleter 2003, Piersma 2012, Bakker et al. 2021). At
Godwit breeding sites, food abundance depends on the suitable foraging habitat available,
which differs between adults and chicks (Struwe-Juhl 1995a). While adults probe the
ground for soil-dwelling invertebrates using their long, sensitive beaks, their chicks mainly
search for active above-ground and flying arthropods in tall open vegetation swards
(Schekkerman & Beintema 2007). Due to the increased fertilizer application of grasslands
in northwestern countries, the soil-dwelling invertebrate abundance (e.g. earthworms)
has increased in those locations (Atkinson et al. 2005), benefiting adult Godwits (Kleijn
et al. 2009a). However, the abundance and biomass of above-ground invertebrates, such
as arthropods, are thought to have declined across all European grasslands that have
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intensified their management (Hallmann et al. 2017, Seibold et al. 2019). It is feared
that higher taxa depending on them, as Godwits are in their pre-fledgling phase, might
suffer heavy population declines because of this (Lister & Garcia 2018, Goulson 2019).
However, studies looking into Godwit chick growth in varying land-use intensity habitats,
pointed out that growth was not significantly lower in grassland monocultures compared
to much less intensive meadow reserves (Kentie et al. 2013, Loonstra et al. 2017). Then
again, those studies were done in breeding sites located within the same modern Dutch
agricultural landscape and did not assess invertebrate abundances directly. Therefore,
the assessment of the invertebrate community across other key breeding locations for
the species, together with an exploration of the environmental conditions responsible
for their abundance and quality is missing. Such knowledge may contribute to our
understanding of how resource availability limits Godwit breeding populations and if it is
a vital requirement for habitat selection and population growth.

Predator Pressure

Equally important for breeding site selection and limiting population size is predator
pressure (Fuller 2012). For Godwits, low clutch and chick survival rates have been pointed
out as the main sources for population declines in Europe (Roodbergen et al. 2012, Kentie et
al. 2013), while adult survival remains high and stable (Roodbergen et al. 2008). In the last
decades, both nest and chick predation pressure has increased all over Europe (Macdonald
& Bolton 2008). In north-western European countries most nest and chick mortality was
believed to be mainly caused by intensified agricultural practices (Teunissen et al. 2008b),
but currently, predators such as the Stoat (Mustela ermine) and the Red Fox (Vulpes vulpes),
are another important cause for the demise of the species, accounting for up to 50% of
all nest and chick mortality (Teunissen et al. 2008a, Schekkerman et al. 2009). In eastern
Europe, invasive and native mammals are likewise the current main culprits of the poor
breeding success, with the Red Fox or the American Mink (Neovison vison) predating over
70% of Godwits nests in most countries (Lawicki & Kruszyk 2011, Niemczynowicz et al. 2017,
Kaasiku et al. 2022). While in western European countries, predator abundance has been
demonstrated to have increased and especially impacted ground-nesting birds (Roos et
al. 2018), in eastern European countries wader nest predation seemed to have increased
due to forest encroachment on grasslands, which promotes predator presence in nearby
grasslands (Kaasiku et al. 2022). In both regions, predation might have been potentially
enhanced due to the lack of top predators, which alters the behaviour and abundance of
those mesopredators (Ritchie & Johnson 2009). However, Godwit nest survival continues to
be highly variable between countries, and in some populations, such as the population of
the Oulu region in Finland, nest predation is virtually non-existent with very high breeding
success rates (Timonen personal observations). Predator fauna, abundance and related
landscape movement dynamics are, therefore, highly variable across the Godwit distribution,
and their impacts on breeding couples are often difficult to assess (Ibafez-alamo et al. 2015,
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Laidlaw et al. 2021). Beyond causing clutch mortality, predation pressure can also impact
bird behaviour while on breeding grounds or even lead breeding birds to disperse to other
areas (Krebs & Davies 1997). After an unsuccessful breeding attempt, Dutch Godwits often
lay a second, replacement clutch within 200m of the previous clutch (Verhoeven et al.
2020). Similarly, breeding dispersal between years is also about the same distance (Kentie
et al. 2014). Thus, due to their high breeding site fidelity (Kruk et al. 1998), Godwit breeding
dispersal movements might not be representative of local predation pressures. Nonetheless,
predator pressure can also be assessed by inspecting incubation behaviour disruptions as
seen in other wader species, which leave the nest untended for longer periods whenever
predators are near, which may consequently increase their incubation duration, hatching
failure or predation probability (Cervencl et al. 2011). However, once again, little is known
about whether eastern European Godwits react differently in their breeding dispersal or
incubation behaviours, with no broader patterns between habitats or countries investigated.
Provisory and short-term solutions to increase breeding success by mammal exclusion have
recently been experimented with in both western and eastern European countries, such
as fencing areas (Smith et al. 2011, Malpas et al. 2013, Verhoeven et al. 2022b) or culling
mammal populations (Bolton et al. 2007, Fletcher et al. 2010a). However, without a better
understanding of how predation pressure affects nest and chick survival or breeding adults,
the implementation of truly effective conservation plans remains difficult (Laidlaw et al.
2021).

Structural and Functional Habitat Characteristics

Two central habitat requirements common throughout all breeding areas are landscape
openness and wetness (Beintema et al. 1995, Séderstrom & Part 2000). As a ground-nesting
species, the Godwit actively selects open areas by avoiding upgoing structures (e.g. trees,
shrubs, houses) that might obstruct its surrounding vision, which consequently reduces
predator detection (Van Der Vliet et al. 2010). Areas with the presence of trees might also
be additionally avoided due to their potential to enhance the clutch and chick predator
abundance, as a perching or nesting site for avian predators (Van Der Vliet et al. 2008,
Woud 2014), or by enlarging the foraging roaming area for mammal predators (Kaasiku
et al. 2022). Moreover, overall habitat wetness might be selected due to promoting a
similar unobstructed, predator-free environment. Sites with high soil moisture content,
the presence of many dispersed water bodies or completely flooded, are less prone to
tree growth or shrub encroachment, keeping them open (Smardon 2014). Also, mammal
predators might avoid wetter areas due to reduced site accessibility and difficult mobility
(Berg et al. 1992, Bellebaum & Bock 2008, Laidlaw et al. 2017).

Within an open and wet landscape, Godwits tend to prefer short vegetation swards

(usually <10cm) surrounded by a heterogeneous landscape to lay their clutches (Verhulst
etal. 2011, Groen et al. 2012, Rannap et al. 2017). Vegetation patches with diverse sward
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heights and structures are important for several aspects of its breeding ecology: while
short vegetation swards are necessary for the nest site selection and surrounding visual
predator detection, patches of taller, open vegetation are crucial as chick foraging area
and cover against predators (Schekkerman & Beintema 2007, Kleijn et al. 2010). The
maintenance of these key structural and functional habitat characteristics differs along
the land-use intensity gradient, due to striking differences in soil moisture and vegetation
productivity. In managed grasslands of western European countries, wetness and sward
height heterogeneity are currently largely dependent on agri-environment schemes (AES)
and protected areas in which management is aiming to slow down vegetation growth and
create a heterogenous sward mosaic by reducing fertilizer inputs, delaying the grazing
and mowing dates (Breeuwer et al. 2009), and keeping high water table levels (Groen
et al. 2012). However, the success of AES is limited and unable to revert the negative
population trend, with breeding numbers not substantially increasing (Kleijn et al. 2001,
Schekkerman et al. 2008, Breeuwer et al. 2009). AES sites are often oases surrounded by
intensively managed monocultures (Kentie et al. 2014), and due to the high mobility of
Godwit families, they often end up moving through areas that will diminish their breeding
success (Kruk et al. 1997, Schekkerman & Beintema 2007, Kentie et al. 2014). However,
both AES and intensive agriculture sites keep reporting the largest breeding populations
for the species (Roodbergen & Teunissen 2014). In more low-intensity semi-natural
habitats found in eastern Europe, those ideal conditions continue to be well preserved
by a mixture of extensive agricultural practices and natural flooding (Kose et al. 2004,
tawicki & Kruszyk 2011), but used by smaller, dispersed populations. In natural mires, the
Sphagnum vegetation that covers most bogs and the tall grasses that grow on fens seem
to be ideal for Godwits to build their nests, however, even lower breeding numbers are
reported there (Leivits & Leivits 2016).

It is, therefore, surprising that the species is not able to sustain similar large breeding
population numbers in low land-use intensity and natural habitats compared to more
productive and intensified ones, considering that openness, wetness and vegetation
structure heterogeneity are well maintained without the surrounding intensified
farmland that diminishes the reproductive success of the AES and protected sites in the
Netherlands (Kentie et al. 2015). Research focusing on those environmental conditions
is mostly limited towards north-western European countries, with little exploration of
the impacts of agricultural extensification on Godwit populations in eastern European
populations. What makes a natural undisturbed site attractive for Godwit couples
remains even less explored, and it is suggested that couples breeding there might not
be remnants of old populations but birds that are now moving from nearby agricultural
areas that became unsuitable (Popov & Starikov 2015). Potential trade-offs are occurring
in these low land-use intensity and natural habitats. To our human perception, they seem
perfectly suitable for Godwits, but the populations breeding there are unable to increase
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to numbers observed in more intensive agricultural farmland. Possibly higher nest and
chick predation pressures or lower food supply for both adults and chicks are occurring,
but these remain unexplored. A broader understanding of how structural and functional
habitat characteristics affect Godwits is necessary, especially for the protection of those
already smaller populations.

Presence of Other Birds & Required Space

As a semi-colonial species, Godwits are able to breed in locations where dense populations
of conspecifics nest, forming small colonies (van den Brink et al. 2010). This was commonly
observed in naturally flooded areas alongside large river systems in the past, such as the
Matsalu delta in Estonia before the construction of a water canal (Kose et al. 2004). As
present Godwit populations continue to decline, Godwit breeding colonies are now rare
and currently couples breed in smaller groups. However, younger inexperienced birds
might still prefer to nest in denser Godwit sites, as they perceive better quality areas
by the presence of other conspecific couples (Kentie et al. 2014). Thus, this variance
observed in breeding population densities across its breeding range points out that area
size might not be a key habitat requirement, as long as the habitat remains within the
suitable conditions previously mentioned. However, this is yet to be tested on a larger
scale, with the compared breeding populations in similar area sizes and habitats slightly
varying in land-use intensity (Kentie et al. 2014).

Little research has been published exploring whether Godwits benefit or actively select
their breeding sites according to the overall number of breeding pairs within the wader
community, or by the presence of other specific bird species. It is suggested that Godwits
often prefer to breed nearby couples of the Northern Lapwing (Vanellus vanellus;
Johansson, 2001), and wader species overall prefer larger, denser communities to benefit
from predator avoidance (Mgller et al. 2018). However, the opposite is more often
reported, with smaller-bodied wader species known to use the Godwit as an umbrella
species, often laying their clutches nearby their nests in order to gain from the collective
mobbing behaviour the Godwit engages in when attacked by predators (Gochfeld 1984,
Green et al. 1990). Furthermore, the Godwit seems to be part of a range of different bird
communities, which may have been caused by its ability to breed in a variety of breeding
habitats, where bird communities potentially differ greatly. This further demonstrates
that the number and presence of specific species might not be a vital requirement for
their habitat selection and breeding success.

Therefore, it seems that both the required area size and the intra- and interspecific
interactions with other birds are more dependent on what the local habitat conditions
enable than what the Godwit actively selects. Thus, we can delimit the main ultimate factors
for habitat selection and requirements by the Godwit as food resources (prey availability
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and quality), predator pressure (nest and chick survival) and environmental conditions
(vegetation characteristics and water table), with the presence or absence of intra- and
interspecific interactions and breeding area size, potentially playing a secondary role.

GENERAL OBJECTIVES, STUDY SYSTEM AND OUTLINE OF
THIS THESIS

As research on Godwit conservation and ecology starts to accumulate, little integration
of the independent and geographically unbalanced results has been attempted.
Comparisons between Godwit populations are often performed within countries and by
sampling nearby locations, leaving much of the environmental differences that exist along
the breeding range out of the analyses. In this thesis, | undertook the task of broadening
those comparisons. With the help of a collaborative network of conservationists working
on the Godwit, | conducted a cross-continental analysis to unveil global ecological
patterns and highlight the species' most crucial breeding habitat requirements. This
was performed by exploring how the identified three major factors influencing Godwit
habitat selection (food resources, predation pressures, and habitat characteristics) differ
across its breeding habitats and impact the breeding populations. As those three factors
are intrinsically related, some thesis chapters tackle how they impact one another, or
consequently how those relationships can affect Godwit breeding couples (Fig. 1.2).
Additionally, this approach will allow us to fill some knowledge gaps in the ecology of the
species, especially in eastern European populations and breeding habitats there located.

Cross-continental analyses offer the opportunity to unveil ecological patterns otherwise
hidden from geographically more limited datasets. By compiling and comparing data from
more diverse populations, broaderecological patterns can be established, while highlighting
further under-researched topics or geographical regions. Cross-continental analyses have
been used to unveil patterns in varying ornithological fields, such as anthropogenic effects
on bird diversity (Clucas et al. 2015, Burns et al. 2021), environmental effects on migratory
birds (Mandel et al. 2011, Schmaljohann 2019) or to help target and prioritize locations
or endangered populations needing conservation (Powell et al. 2015, Kolecek et al. 2016).
As a widespread European breeding species (Keller et al. 2021), the Godwit provides the
opportunity to perform such analysis. Therefore this thesis gathers data from a large part
of its known breeding range, by collecting previously published peer-reviewed and grey-
literature data but also through an empirical study that further investigates some missing
ecological relationships.

In Chapter 2 | explored and reviewed how wader populations differ in their breeding
densities along their respective European breeding habitats. This was achieved by
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extracting and compiling data from previously published peer-reviewed and grey literature,
which ended up gathering a high volume of varying information, including many species. |
summarized the overall ecological and population dynamic mechanisms that are currently
affecting wader communities in Europe. Furthermore, for species for which a relatively
large amount of data was available (Godwit included), it was possible to test if breeding
densities differ between land-use intensity classes. This study provided a good foundation
for the rest of the thesis, which aimed to understand differences in the observed Godwit
breeding densities along a land-use intensity gradient.

Next, | investigated more specific relationships between the habitat selection factors and
how they influence the Godwit breeding populations. To accomplish this | introduced
the original study system of this thesis: a cross-continental set of key Godwit breeding
sites which more or less replicated the diversity and land-use intensity range observed
in Chapter 2. Several biotic and abiotic variables were sampled throughout the Godwit
breeding season in France, the Netherlands, Poland, Estonia and Finland. This provided me
with an intricate dataset that included several variables depicting habitat characteristics,

such as vegetation productivity or soil moisture content, the abundance of invertebrate
food resources and some variables representative of predation pressures, that could be

later related to the number of Godwit couples present in the same sites. This extensive
dataset was used for Chapters 3, 4 and 5.

In Chapter 3, | investigated how the habitat characteristics as influenced by land-use
intensity affect the abundance of the different Godwit food resources. By sampling the
key invertebrate communities for the species (soil-dwelling, ground-active and flying) |
compared sites and countries that have contrasting habitat conditions. | hypothesized
that the invertebrate communities react differently in terms of their abundance, biomass
and average individual size towards increasing land-use intensity, with some being more
sensitive than others.

In Chapter 4, using the same set of sampled sites and variables, | investigated the relative
importance of the two previously investigated habitat selection factors on the number
of breeding pairs a site can support. As previously mentioned, the Godwit relies on early
environmental cues that might indicate a site’s suitability later in the season due to
changes in the environment (e.g. vegetation growth; Klomp, 1954). Therefore, | used an
approach where | test the relative importance of the habitat selection factors at two key
moments in the species’ phenology: the clutch laying time and the chick hatching time,
which are on average 28 days apart (Verhoeven et al. 2020). Besides demonstrating which
habitat selection factor plays a more dominant role in site selection, this also enabled us
to disentangle whether earlier or later conditions are more crucial for Godwits to select
breeding sites and influence breeding densities.
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Land-use Intensity

\ Black-tailed Godwit *
* Breeding Pairs *

Invertebrate Food Predator
Supply Pressure

Habitat Characteristics

e.g. vegetation growth, soil moisture, di to landscape feautures

Figure 1.2. Conceptual overview of the chapters presented in this thesis. Understanding how Godwit
population sizes and respective densities fluctuate along the land-use intensity gradient requires a
broad collection of data coming from a multitude of breeding areas (Chapter 2). In Chapters 3-6, the
interactions between the main Godwit habitat requirements are explored, either between themselves
or directly with the Godwit populations sampled in the thesis study system.
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In Chapter 5 | focused on predator-evading behaviour during the incubation period
across the sampled study sites. Because chick predation is logistically challenging and
time-consuming to investigate (Mason et al. 2018), especially across an extensive number
of sites and countries, | decided to focus solely on clutch predation. Taking advantage of
the thermologger devices we deployed to study clutch survival rates and daily survival
probabilities, | further extended the research and set up an alternative method that aims
to infer predator pressure from the clutch incubation behaviour of Godwits. | examined
whether areas with higher clutch mortality impact Godwit couples beyond directly reduc-
ing their breeding success, by indirectly creating a landscape of fear (Cervencl et al. 2011),
that can further reduce breeding success through long incubation recesses.

Due to the continuously increasing wader nest predation rates observed in Europe, un-
derstanding the sources and mechanisms behind poor wader nest survival continues to
be an extremely relevant conservation topic (Laidlaw et al. 2021). | additionally extended
the research on the theme and experimentally applied a new methodological approach
that tests the effects of some habitat characteristics on clutch survival probabilities. In
Chapter 6, together with collaborators that surveyed landscape characteristics using
unoccupied aerial vehicles (UAV), | test whether habitat conditions at the nest site and/
or landscape level have a higher impact on nest site selection and survival probabilities in
whole wader communities. This research was conducted in Baltic coastal grasslands, an
under-investigated breeding habitat for many wader species including the Godwit, and
assessed several habitat characteristics such as vegetation growth and heterogeneity.

Finally, in Chapter 7, | synthesized and discussed the results obtained in all the preceding
chapters. | contextualize the major conclusions of this thesis within the current main chal-
lenges in the Godwit conservation field, in the hope of highlighting the next potential and
most feasible steps in the protection of the species.
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Chapter 2

ABSTRACT

Wading birds can be found breeding in a myriad of habitats and ecosystems across Europe
that vary widely in their land-use intensity. Over the past few decades, wader breeding
populations have declined steeply in habitats ranging from natural undisturbed ecosystems
to intensively managed farmland. Most conservation science has focused on factors
determining local population size and trends which leave cross-continental patterns and
the associated consequences for large-scale conservation strategies unexplored. Here, we
review the key factors underlying population decline. We find land-use intensification in
western Europe and mostly agricultural extensification and abandonment in northern,
central and eastern Europe to be important drivers. Additionally, predation seems to
have increased throughout the breeding range and across all habitats. Using collected
breeding density data from published and grey literature, we explore habitat specificity
of wader species and, of the most widely distributed species, how breeding densities
change across a land-use intensity gradient. We found that two-thirds of all examined
wader species have relatively narrow breeding habitat preferences, mostly in natural and
undisturbed ecosystems, while the remaining species occurred in most or all habitats.
The most widespread generalist species (black-tailed godwit, northern lapwing, common
redshank, Eurasian oystercatcher, common snipe and ruff) demonstrated peak breeding
densities at different positions along the land-use intensity gradient. To conserve both
diverse wader communities and viable meta-populations of species, a diversity of habitats
should be targeted ranging in land-use intensity from natural ecosystems to medium
intensity farmland. Alongside, strategies should be designed to moderate predation of
wader clutches and chicks.

KEYWORDS

Wader; Breeding densities; Land-use intensity; Habitat selection; Agricultural activities;
Nest predation
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INTRODUCTION

Over the last century, the European agricultural landscape has expanded and intensified
(Herzog et al. 2006). Large areas of natural habitats have been converted to anthropogenic
habitats to better suit the needs of mankind; bogs, mires and marshes were drained and
steppes were ploughed and fertilized to increase the productivity of cultivated crops
(Dugan 1993, Hartig et al. 1997, Zedler & Kercher 2005, An & Verhoeven 2019, European
Commission 2019). Within decades, Europe transformed from a continent consisting
of ecosystems whose composition was predominantly controlled by natural dynamics
into a continent with a mosaic of predominantly agricultural and urban habitats whose
composition is primarily determined by human management (European Environment
Agency 2017). The rate of habitat change increased continuously and was particularly
high during the last few decades in which the last few remaining wildlife populations that
relied on these habitats for food and shelter started showing dramatic population declines
(Duncan et al. 1999, Donald et al. 2001, 2006, Benton et al. 2002, Flade et al. 2006).

For a long time, birds were a successful species group in adapting to anthropogenic
changes in their habitat. A wide range of passerines and waders that originally bred in
bogs, mires, swamps and alluvial grasslands co-evolved with early human agricultural
developments and were able to successfully reproduce on land used for farmland
practices (Pain & Pienkowski 1997, Donald et al. 2002). Improved habitat conditions such
as increased openness of the landscape and shorter and more accessible vegetation types
caused by cattle grazing or mowing were, and still are, beneficial for many ground-nesting
birds (Milsom et al. 2000, Durant et al. 2008a). They became so typical of agricultural
landscapes that they became known as farmland or meadow birds. It is theorized that the
peak of many wader populations on farmland occurred right before the modernization
of European agriculture in the late 1960’s, in the so called “meadow bird golden era”
(Cramp & Perrins 1983). However, with the start of the agricultural industrialization, their
population numbers started declining and in many places even these species disappeared
(Siriwardena et al. 1998, Donald et al. 2001, Pearce-Higgins et al. 2017). It is estimated
that in the last two decades, 30% of all farmland birds have disappeared from their
European breeding grounds (OECD & BirdLife 2019) and their numbers are predicted to
continue declining in future years if no additional conservation measures and policies are
implemented (Gamero et al. 2017).

Socio-economic developments have resulted in different patterns of agricultural land-use
change across Europe. On more fertile and accessible land, particularly in northwestern
European countries like the United Kingdom and the Netherlands, farming has almost
exclusively intensified (Sutcliffe et al. 2015). However, in other parts of Europe, marginal
lands and remote areas have been abandoned (Lebedeva 1998, Leito et al. 2014).
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Ironically, both processes reduce the habitat quality of farmland and grassland nesting
birds that depend on low-input grasslands in open landscapes (Olsen & Schmidt 2004,
Durant et al. 2008a). However, while we have a detailed understanding of the status of the
farmland bird communities of northwestern European intensive farmlands and the causes
of their declines (e.g. Newton, 2004; Vickery et al., 2001), we know much less about the
farmland bird communities that are found on the more extensively farmed lands and
natural habitats have remained in central and northeastern Europe (Tryjanowski et al.
2011). For lack of better information, conservation management of low intensity habitats
may therefore be partly based on insights obtained by research in intensively managed
habitats even though they are likely to differ in key aspects such as the bird community
composition.

Here we review how farmland wader communities differ between the main habitats in
which they breed in Europe. We focus on Charadriiformes wader species as they represent
a group of birds with overlapping breeding habitat requirements. We specifically ask
whether population trends differ between high and low land-use intensity habitats and
whether this can be related to differences in key population dynamical processes such
as nest or chick survival. Using a quasi-quantitative approach based on data collected
from previous published and unpublished studies, we ask how wader communities differ
between the range of habitat types they occupy in Europe. Furthermore, for a number
of the most widespread wader species, we test whether different habitat types support
different breeding densities.

KEY FACTORS DETERMINING WADER COMMUNITY
POPULATION SIZE IN RELATION TO LAND USE INTENSITY

Effects of agricultural intensification

The effects of agricultural intensification on wader populations have received a lot of
attention. Although agricultural intensification occurs in various regions throughout
Europe, most of the information on the effects of intensification comes from northwestern
European countries, where agricultural intensification is the dominant form of land-use
change and abandonment of farmland is relatively rare (Tryjanowski et al. 2011). In
countries such as the Netherlands and Denmark, most remaining waders therefore breed
in intensively managed agricultural grasslands (Thorup 2018, Roodbergen & Teunissen
2019). For the most widely distributed species of breeding waders (northern lapwing
(Vanellus vanellus), common redshank (Tringa totanus), black-tailed godwit (Limosa
limosa), Eurasian oystercatcher (Haematopus ostralegus) and Eurasian curlew (Numenius
arquata)) a vast body of research exists linking their decline to a range of nonexclusive
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causes associated with the intensification of farming (Roodbergen et al. 2012). Drainage
and grassland improvement transformed many structurally open wet grasslands into taller
and denser vegetation swards, making many sites unsuitable for nesting (Chamberlain et
al. 2000, Donald et al. 2001, Gregory et al. 2004, Wilson et al. 2004). Agricultural activities
such as mowing or reseeding may destroy clutches or kill chicks (Baines 1990, Kruk et al.
1997, Schekkerman et al. 2009, Kleijn et al. 2010, Kentie et al. 2013, Santangeli et al. 2018)
but may also have indirect negative effects by reducing food availability or accessibility
(Mccracken & Tallowin 2004, Kleijn et al. 2010). For example, accessibility of invertebrate
prey of wader chicks is very low in heavily fertilized dense swards (Kleijn et al. 2010),
while mowing swards during the chick stage reduces invertebrate prey availability and
removes cover against predators (Schekkerman & Beintema 2007). Agricultural drainage
results in a more rapid drying out of the topsoil layer, which makes it harder, or impossible
altogether, for birds to probe the soil for earthworm prey (Green 1988, Struwe-Juhl 199543,
Smart et al. 2006, Onrust et al. 2019). In several countries there is evidence that losses
due to nest predation have increased as well (Newton 2004, Roodbergen et al. 2012)
and that chick predation is enhanced by intensive farming practices because chicks in
poor body condition are more susceptible to predators (Schekkerman et al. 2009). It is
reported that, although numbers vary between years and sites, around 50% of studied
wader clutches are lost to predators in most of the western European wet grasslands
and farmland habitats (Macdonald & Bolton 2008, Roodbergen et al. 2012, Laidlaw et al.
2015). Effects of climate change have also been found to interact with effects of farming
on waders, as farmers have advanced their activities in spring mainly because of higher
spring temperatures, while some wader species, such as the black-tailed godwit, failed to
advance their breeding phenology (Kleijn et al. 2010), which may have contributed to the
observed increase in mortality caused by agricultural activities (Teunissen et al. 2008b). By
means of a meta-analysis based on data from 1,323 site—year combinations, Roodbergen
et al. (2012), established that adult survival is high and has remained stable over the
past few decades, indicating that the low reproductive success caused by agricultural
intensification is the main driver of the continuing steep decline of waders breeding in
northwestern Europe. The few studies examining the impact of agricultural intensification
on waders in central European countries such as the Czech Republic, Slovakia and Poland
find similar results with extremely high clutch mortality caused by agriculture activities
(e.g. early mowing, conversion of grasslands to arable land) and increased nest predation
together with a reduction of the total breeding area (Wylegala et al. 2004, tawicki & Bull
2011, Kubelka et al. 2018).

Conservation measures that have been introduced to counteract the effects of agricultural
intensification on wader populations primarily aim to reduce farming intensity. In many
northwestern European countries, low-intensity farming practices are implemented or
maintained in protected areas to conserve wader communities and other farmland fauna
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(Bignal & McCracken 1996, Doxa et al. 2010). On farmland, agri-environmental schemes
have been introduced aiming to promote wader populations by delaying early-seasonal
grazing or mowing, and restricting use of fertilizer and pesticides (Donald et al. 2002,
Kleijn & Sutherland 2003, Durant et al. 2008a, Verhulst et al. 2011, Sharps et al. 2016).
In some countries additional measures are being taken to reduce predation rates by
fencing and culling of both native and invasive predators (Bolton et al. 2007, Fletcher et
al. 2010b, Smith et al. 2011, Malpas et al. 2013). However, because reserves are often
just small refugia in the middle of intensively managed farmland (Kentie et al. 2014) and
conservation measures on farmland are generally too scattered or ineffective (Kleijn et
al. 2001), they do not achieve the required environmental modifications. As a result,
conservation efforts have not been successful in reversing the overall decline in breeding
wader populations observed in Europe (Verhulst et al. 2006, Ohl et al. 2008, Schekkerman
et al. 2008, Pe’er et al. 2014, Gamero et al. 2017). Yet intensive farmland areas remain the
most important breeding habitats for a number of wader species in northwestern Europe
(Roodbergen & Teunissen 2019). For example, Dutch agricultural landscapes are amongst
the most intensively farmed landscapes in Europe, but nevertheless support an estimated
40% and 25% of the world breeding populations of respectively black-tailed godwits and
Eurasian oystercatchers, even though the populations of both species are continuously
declining (Roodbergen & Teunissen 2014).

Effects of agricultural extensification

The impact of agricultural extensification or farmland abandonment on wader
communities is relatively poorly known. Abandonment of agriculturally marginal or
remote areas occurs throughout Europe, but is considered to be the main driver of wader
decline in central and eastern European countries such as Estonia and Russia (Leito et
al. 2014, Kamp et al. 2018, Lesiv et al. 2018, Mischenko et al. 2019). Mischenko and
Sukhanova (2016) for example, link drastic declines in local populations of ruff (Calidris
pugnax), Terek sandpiper (Xenus cinereus), black-tailed godwit and northern lapwing in
Russian floodplain meadows to the cessation of traditional extensive farming practices.
In Poland, abandonment of grassland use is also listed as one of the main reasons for
the 74-84% decline of species such as the black-tailed godwit and Eurasian curlew over
the last 30 years (tawicki & Kruszyk 2011). Land abandonment results in shrub and tree
encroachment which slowly transforms open landscapes of hay meadows and pastures
into wooded landscapes that are unsuitable breeding areas for most ground-nesting
meadow birds (Verhulst et al. 2004, Sanderson et al. 2013, Leito et al. 2014, Kamp et
al. 2018). Similar patterns can be observed in moorland and heathland habitats with
most information coming from the United Kingdom and Ireland (Thompson et al. 1995,
Tryjanowski et al. 2011). Waders breeding in moorland habitats, such as northern lapwing
and Eurasian curlew, have declined by 50% between 1985 and 2005 (Sim et al. 2005).
Extensification of management, and subsequent woodland encroachment, has been
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identified as a key driver because most waders avoid nesting near shrubs and trees (Amar
et al., 2011; Douglas et al., 2014; Pearce-Higgins et al., 2009). Increased nest and chick
predation is also mentioned frequently as a key factor underlying wader decline in these
low land-use intensity habitats. Besides the nest and chick predation by native predators
(tawicki & Kruszyk 2011), invasive species such as the American mink (Neovison vison)
and raccoon dog (Nyctereutes procyonoides) make up an increasing proportion of the
predator community that preys on waders (Kriger et al. 2018, Brzezinski et al. 2019).
Culling invasive predator populations has been shown to increase wader breeding success
and sometimes doubling breeding densities in the following years (Nordstrém et al.
2003, Niemczynowicz et al. 2017). It has been speculated that land abandonment could
promote an abundance increase of predators (Ejsmond, 2008; Tryjanowski et al., 2002,
2011) but data is lacking to confirm whether predation is influenced by land use. The few
studies that have examined nest losses caused by predation find no differences in survival
probability between managed and natural habitats (Ronka et al. 2006, Pehlak & Lohmus
2008). Nest losses caused by predation do seem to have increased between the late
1980’s and the late 1990’s in both natural and intensively managed habitats (Teunissen et
al. 2005, Ronka et al. 2006).

Whether overall nest losses in extensively managed or natural habitats are structurally
different from those in intensively farmed habitats is likewise unclear. Few studies have
been done in low-intensity habitats in Eastern Europe and these show nest losses ranging
from 45 - 73 % (tawicki & Kruszyk 2011, Magi 2017, Zamecnik et al. 2017). A meta-
analysis of western European studies showed mean nest losses of 53 - 71% for a number
of the most common waders in the same general period (Roodbergen et al. 2012). It is
noteworthy that nest survival is the only demographic rate variable from low-intensity
habitats for which some quantitative information is available for waders. We were able
to find only a single article focusing on chick survival, where Pearce-Higgins and Yalden
(2004) find that early chick survival is enhanced by the abundance of invertebrate prey.
Next to habitat loss caused by farmland abandonment and predation, climate change has
also been implicated in the decline in wader populations in low intensity systems. Climate
change may alter the quantity and phenology in wader chick insect food resources, which
may create mismatches between hatching and peak food abundance (Pearce-higgins et
al. 2010) and may affect natural flooding processes with increasing consequent droughts
and thus reducing habitat quality for wet grassland nesting and foraging of many species
(Mischenko & Sukhanova 2016).

Waders in natural habitats

Interestingly, recent studies suggest that abandonment of farmland may actually drive
waders back towards nearby unmanaged habitats such as bogs, fens, other open
peatlands (Popov & Starikov 2015). These are the natural habitats which waders used
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before they started colonizing farmland (Jarvinen et al. 1978, Bostrom & Nilsson 1983,
Tomkovich 1992). In Russia, in the beginning of the 20™ century, the northern lapwing
was numerous on bogs but occurred only sporadically on farmland (Lebedeva 1998). The
colonization of farmland allowed waders such as northern lapwing, black-tailed godwit
and common redshank to follow the agricultural expansion to the north and expand their
geographic distribution until the 1980’s (Lebedeva 1998). A similar switch from natural
to anthropogenic breeding habitats has occurred earlier in northwestern Europe where
most natural wetlands and peatlands have been used for peat extraction or drained
for agricultural purposes mostly before the second world-war (Beintema et al. 1995,
Vasander et al. 2003). With the exception of some bogs and blanket bogs that can be
found in northern United Kingdom and Ireland (Wilson et al. 2014) large expanses of
bogs and fens are now restricted to northeastern European countries (Fraixedas et al.
2017). Here they are still inhabited by wader communities that are regulated entirely
by natural processes such as annual fluctuations in hydrological conditions, limitations
in available food resources (Bostrom & Nilsson 1983) and predation (Berg et al. 1992).
Research into the ecology of waders in these habitats as well as long-term censuses
are rare probably due to the difficulty of accessing these habitats. Recently, Fraixedas
et al. (2017) found that most waders species breeding in these habitats in Scandinavian
countries have been declining during the last 30 years. Standardized surveys indicated that,
for some species, declines in breeding population have been as strong as in intensively
managed grasslands: ruff declined by 87%, broad billed sandpiper (Calidris falcinellus)
by 85% and spotted redshank (Tringa erythropus) by 61%. However, in Estonia and Latvia
some wader populations actually increased with northern lapwing and wood sandpiper
(Tringa glareola) both increasing 56%, while Eurasian curlew and whimbrel (Numenius
phaeopus) declined 44 and 17% respectively (Fraixedas et al. 2017). These contrasting
population trends between Scandinavia and Baltic countries is possibly explained by the
majority of these peatlands habitats being protected in the Baltic countries (around 75%),
while in Scandinavia this is the case for only a small fraction (14%), with the majority
of peatlands being at continuing risk of further degradation. Fraixedas et al. (2017)
suggest peatland drainage and consequent woodland expansion to be the main driver of
wader decline in these habitats. However, there is very little empirical research that links
wader breeding success or adult mortality to peatland habitat quality or area reduction
(Hancock et al. 2009). Additionally, there is no evidence that the wader species with
increasing populations do so because of high breeding success or because they relocate
from nearby abandoned farmland habitats. Studies from western Europe suggest that
many wader species show high philopatry, returning every year to the same locations to
breed (Groen 1993, Thompson et al. 1994, Thompson & Hale 1998). However, in natural
habitat in Eastern Europe, philopatry may not be as strong as black-tailed godwits were
rarely observed in the same site in the year after color ringing (M. Silva-Monteiro, pers.
observations). Likewise there are very few empirical studies focusing on wader nest and

30



chick predation or survival in these natural habitats, with most studies using artificial
nests to obtain predation estimations (Berg et al. 1992, Pehlak & L6hmus 2008), which
potentially bias true predation rates compared to real nests (Berg 1996, Valkama et al.
1999, Batdary & Baldi 2004).

During the last two decades research linking climate change and wader breeding success
in natural peatland habitats continued to grow, but mostly in areas above the arctic circle,
exploring arthropod phenology trends, snowmelt timings and their impacts on chick food
abundance and growth (Meltofte et al. 2007, Tulp & Schekkerman 2008, McKinnon et
al. 2012). In European sub-arctic natural habitats similar research has started only very
recently. Machin et al. (2017) found that Eurasian golden plover (Pluvialis apricaria) chicks
depend on late emerging arthropods which have extreme annual abundance variations
in Swedish tundra. Furthermore, in an eight-year study in the same area, Machin et al.
(2019) found that in years with late snowmelt had around two times higher predation
rates because the scarcely available nest sites at the starting of the egg laying were more
conspicuous for predators. To our knowledge no similar research has been conducted in
other natural systems such as bogs or fens throughout Europe.

STUDIES EXAMINING WADER BREEDING DENSITIES IN
EUROPE

To examine which habitats waders use for breeding in their main distributional range in
Europe, how this differs between species and whether different habitats support different
population densities, we searched published papers for quantitative data that could be
used to calculate breeding densities. Initially we performed searches of peer-reviewed
scientific articles reporting densities of breeding waders published between 1945 and
2018 using ISI Web of Science Core Collection (WoS) and Elsevier Scopus databases by
using a specific combination of related keywords (see Supplementary Information’ 52.1 for
more detailed information). We only used studies that met the following requirements:
(1) the study reported breeding pair density data or gave a number of breeding pairs for
a certain specified area from which a breeding density estimation could be calculated;
(2) the study described which methodology was used for surveying breeding birds;
(3) the study specified the habitat type or vegetation composition of the surveyed area;
(4) the study mentioned the year(s) of survey. We focused on continental Europe, including
United Kingdom and Ireland but excluding Iceland. Although southern Europe has some
locations supporting breeding waders (e.g. Tinarelli and Bacetti, 1989; Valle and Scarton,
1996) we were not able to find breeding density information in any country located in the
Mediterranean area.
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In total we found 32 scientific articles containing 984 breeding densities that included 26
wader species and 5 countries in the period 1967-2015. In line with previous observations
(Tryjanowski et al. 2011), we found most studies originated from the United Kingdom (65%
of all data). The other represented countries were Poland (10%), Finland (11%), Sweden
(10%), European Russia (3%) and France (1%). Surprisingly, hardly any studies were found
from countries such as the Netherlands, a renowned stronghold of wader species such as
black-tailed godwit, northernlapwing and Eurasian oystercatcher (Roodbergen & Teunissen
2019) with various scientific groups working on meadow bird ecology. In most countries, it
is common practice to report results of breeding wader surveys in local reports or journals
in the national language. We therefore decided to include grey literature in our review,
acknowledging that this biases our findings somewhat to languages that are accessible
to the authors (Dutch), mostly from northwestern Europe. Data from non-peer reviewed
conferences papers and government reports were searched on common search engines
such as google scholar database using the same combination of keyword as was used for
peer-reviewed papers. Our final dataset contained 87 studies, 29 species, 8 countries with
atotal of 2744 breeding density observations (see Supplementary Information S2.2). There
was considerable variation in the way birds had been surveyed, how breeding density data
had been reported and whether size of the surveyed area was listed (Table 2.1). Because
sample size for a number of habitat types was too low to perform reliable analyses on, we
grouped the different types of habitats or ecosystems into a smaller number of broader
habitat classes (Table 2.2). We excluded fens and sandy habitats (beach and dunes) from
our analyses due the low number of studies compared to other habitats and ecosystems.

Most breeding density data (i.e. a breeding density estimate for a specific wader species
in a specific area in a specific year or period) were obtained from the Netherlands and the
United Kingdom (Fig. 2.1a). Other important breeding sites are located in, for instance,
Denmark or Germany but published data matching our requirements could not be found
online.

Studies reporting densities of breeding waders were primarily done in the 1980’s and
90’s with much smaller numbers before and after this period. This trend was apparent
in peer-reviewed papers as well as in grey literature (Fig. 2.1b). This data peak during
that window of time might come from the adoption of the EU Birds directive in 1979,
which promoted and inspired much conservation research in many European countries.
By the 1980’s many farmland birds species were already in decline (Donald et al. 2001)
and studies focusing on those species were considered timely and relevant. As scientific
insights in ornithology advanced, publishing this type of descriptive data may not have
been considered interesting enough anymore to merit publication in peer-review journals
or even reports which could explain the decline in data after the year 2000. Consequently,
our results mostly reflect densities as they were in the period 1980-2000 and because
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species have continued to decline in most places (OECD & BirdLife 2019), probably
overestimate actual breeding densities. Absolute breeding densities should therefore be
interpreted with care.

Table 2.1. Characteristics of the variation in the data that were used to calculate breeding density
estimates. S: number of different source articles where data was extracted. N: number of observations
(breeding density for a single species in a time period and habitat)

Variable Categories S N (%)
Source type Articles published in peer-reviewed journals 32 984 (36%)
Grey literature (e.g. reports, non peer-reviewed conference 55 1760 (64%)
papers)
Breeding density Territory mapping based on multiple surveys 69 2147 (78%)
estimation Average number of counted pairs in surveys 4 188 (7%)
Highest number of counted pairs in surveys 5 150 (6%)
Mix of above methods 9 259 (9%)
Breeding survey type Transect line with varying number of visits 63 2053 (75%)
Constant search effort with varying number of visits 18 465 (17%)
Mix of above methods 6 226 (8%)
Breeding density units  Density of breeding pairs expressed by ha, km?® or tetrad 78 2250 (82%)
reported (4km?)

Local population size and surveyed area reported (breeding 13 494 (18%)
density calculated)

Year interval Single year breeding density estimate 74 2241 (82%)
Multiple year breeding density estimate (average per year 16 503 (18%)
used in analyses)

Area sampled Size of surveyed area given 73 2222 (81%)
Size of surveyed area not given 19 522 (19%)
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Table 2.2. Distribution of wader species over the main ecosystems and habitat types in which they
can be found breeding in Europe. Habitat classification generally follows terminology used in source
papers (see also Table 2.3). Grey highlighting indicates presence with numbers showing the number
of breeding density observations as an indication of the reliability of the occurrence (note that this
depends on the total number of observations per habitat). Numbers between brackets indicate the
number of papers on which the observations per habitat type were based out of the total of 96 papers.

— «»
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Wader Species E @& = & © & & k= L
Little Stint Calidris minuta 2 1
Purple Sandpiper Calidris maritima 8 1
Temminck's Stint Calidris temminckii 10 1
Eurasian Dotterel Charadrius morinellus 10 1 2
Jack Snipe Lymnocryptes minimus 2 5 2
Spotted Redshank Tringa erythropus 6 5 2
Red-necked Phalarope Phalaropus lobatus 10 4 2
Wood Sandpiper Tringa glareola 9 17 2
Eurasian Golden Plover Pluvialis apricaria 18 11 1 3
Whimbrel Numenius phaeopus 8 1
Ruddy Turnstone Arenaria interpres 1 1
Broad-billed Sandpiper Calidris falcinellus 4 1
Common Greenshank Tringa nebularia 12 1
Green Sandpiper Tringa ochropus 5 1
Marsh Sandpiper Tringa stagnatilis 2 1
Terek Sandpiper Xenus cinereus 3 1
Great Snipe Gallinago media 1 1
Pied Avocet Recurvirostra avosetta 3 1
Little Ringed Plover Charadrius dubius 2 1
Common Sandpiper Actitis hypoleucos 1 1 9 1 4
Dunlin Calidris alpina 10 3 38 4 27 5
Common Ringed Plover Charadrius hiaticula 10 1 23 6 6 1 6
Eurasian Curlew Numenius arquata 17 13 8 23 11 43 6
Ruff Calidris pugnax 10 10 5 6 13 27 6
Black-tailed Godwit Limosa limosa 3 27 9 66 310 5
Eurasian Oystercatcher Haematopus ostralegus 1 40 7 8 83 309 6
Northern Lapwing Vanellus vanellus 19 57 14 25 20 122 315 7
Common Redshank Tringa totanus 5 9 41 19 24 29 115 759 8
Common Snipe Gallinago gallinago 6 20 50 9 25 17 85 ga 8
Total Species per Habitat 14 22 9 6 7 12 11 6
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Our review revealed that breeding densities were estimated using different area
metrics and using different surveying methodologies (Table 2.1). For around 19% of the
observations information on the size of the surveyed area was unavailable. The most
frequently used method, representing 78% of the data, was territory mapping, where
observations of breeding couples seen and/or heard of multiple surveys are clustered into
territories to provide an estimate of the breeding pairs (Bibby et al. 1992). The number
of surveys differed substantially between locations. Studies in bogs, tundra and moorland
generally estimated densities of breeding birds by means of a single survey (e.g. Lehikoinen
et al., 2016, Pienkowski et al., 1986). This is probably related to the difficult logistics of
reaching and exploring these extensive and inaccessible areas. In other breeding habitats,
densities were estimated based on two to six surveys which inevitably gives more reliable
results. Such more detailed, labor intensive methods were generally used which in more
easily accessible sites, often with the help of citizen scientists (e.g. Altenburg and Jalving,
1998). However, the other 22% of the data calculated breeding densities using either the
maximum number of breeding pairs observed, the average of all surveys performed or
both techniques depending on the species or location. Interestingly we found that mostly
Eastern European countries used those techniques (e.g. Mischenko and Sukhanova, 2016),
with some studies in Scotland, United Kingdom, being the exception (e.g. Sim et al., 2005).
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Figure. 2.1. Wader breeding density data frequency according to (a) country and habitat/ecosystem
type and (b) year or average of year interval and data source type.

Comparing densities between areas that have been surveyed using different methods
is tricky, especially when methods and countries/ecosystems/habitats are confounded.
Brown and Shepherd (1993) found comparable results between two-survey territory
mapping and intensive nest search surveys. As far as we know, no other study
systematically compared breeding density estimates produced by different surveying
methods. Results should therefore be interpreted with care as it is unknown whether one
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method systematically produces higher or lower estimates compared to another method.
Likewise, variation in how breeding density data had been obtained and what area had
been surveyed relative to the distribution of the birds may influence the outcome of
analyses. However, we assume that the way in which birds had been surveyed did not
differed systematically between the land-use intensity classes that were the main topic
of interest of this part of the study. The main consequence of this variation will be that
our data contains much environmental noise, making it more difficult to find significant
differences between land-use intensity classes. It also makes it impossible to examine
processes underlying any observed differences.

WADER COMMUNITIES OCCUPYING DIFFERENT HABITATS

Waders breed in a wide range of habitats and ecosystems including tundra, fens, bogs,
moorland, saltmarshes, dunes and different types of grasslands (Fig. 2.1a). This essentially
suggests that any type of terrestrial habitat thatis open and wet can be used by some wader
species. Inevitably, some habitats only occur in some countries which could influence the
overall species community observed in that habitat or ecosystem. This is partly caused by
the fact that in some countries certain habitat types do not occur (anymore). For example,
eastern European countries have data mostly from natural habitats while the Netherlands
only has data from intensively and extensively used grasslands (Fig. 2.1a). The United
Kingdom has data from the widest range of breeding habitats (Fig. 2.1a) removing some
of the regional bias from the dataset.

Table 2.2 suggests that most waders are able to breed in multiple habitats. Loose groups
can be distinguished with specific habitat preferences. For example, Temminck’s stint,
purple sandpiper (Calidris maritima), Eurasian dotterel (Charadrius morinellus), spotted
redshank and jack snipe (Lymnocryptes minimus) show preference for high latitude
habitats such as tundra and bogs and are mainly observed in northernmost Europe.
Another prominent group with green sandpiper (Tringa ochropus), common greenshank
(Tringa nebularia), golden plover or whimbrel shows preferences towards peatlands such
as bogs and to a lesser extent moorland. Marsh sandpiper (Tringa stagnatilis) and Terek
sandpiper together with the great snipe (Gallinago media) are mainly observed on the
extensively managed marshes and wet grasslands along rivers and other water bodies.
Nevertheless, one third of the species can be considered habitat generalist, having been
observed breeding in at least five of the eight habitat types that are distinguished in table
2.1 with many of them occurring throughout Europe. This group includes both species
that seem to thrive in many anthropogenic areas such as intensive grasslands, arable
fields (Eurasian oystercatcher, northern lapwing or black-tailed godwit) and species that
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are more often observed in more undisturbed habitats (dunlin (Calidris alpina), common
ringed plover (Charadrius hiaticula) or ruff).

Three-quarters of all wader species have been observed breeding in bogs, by far the
highest proportion of the different habitats. A possible explanation for this may be that
before the large-scale modifications of mankind to the European landscapes, bogs, mires
and fens used to be the most widespread habitat providing open and wet conditions
in the distributional range of most wader species and occupied far larger areas than
floodplain grasslands, saltmarshes or coastal grasslands (Tanneberger et al. 2017). Bogs
can therefore be considered the core primary breeding habitat for most waders in Europe.
This is supported by the aforementioned observations of Lebedeva (1998) that Russian
northern lapwings and ruff colonized agricultural grasslands from bogs. Furthermore, large
parts of the wet grassland areas that currently hold the majority of the Dutch northern
lapwing and black-tailed godwit populations consist of extensive peat bog formations
that, over the past centuries, have been gradually transformed into grasslands by drainage
and fertilization (Dugan 1993). This suggests that here (some) waders have not colonized
new habitats but adapted to new conditions as their habitat changed. The relatively large
number of species observed on extensively managed grasslands may reflect the fact that
this is the habitat type that people created from most natural wet and open habitats.
If management is extensive enough such grasslands may still share many traits and
characteristics with the natural habitats from which they were derived and may therefore
support species originally breeding in habitats such as river floodplains, saltmarshes and
bogs. With increasing intensity of management, the environmental conditions that make
these habitats suitable for waders, such as high soil moisture during the breeding season,
will increasingly disappear. Together with saltmarshes, another habitat in which waders
are exposed to relatively high levels of disturbance, intensively managed grasslands
support the lowest number of different wader species and it is doubtful whether the
populations that can still be found in this habitat type are viable in the long run given
their negative populations trends (Roodbergen & Teunissen 2019).

DO WADER BREEDING DENSITIES DIFFER ACROSS LAND USE
INTENSITY GRADIENT?

Because a number of species occur in most or all wader habitats and ecosystems present
in Europe, we could explore how breeding densities of waders compare between different
habitats. In some habitats, the number of observations were rather low for most species.
For the purpose of analysis, we therefore grouped habitats in four contrasting land-use
intensity classes (no management and low, medium and high land-use intensity; Table
2.3). This allowed us to explore general patterns in breeding population density across a

37



Chapter 2

land-use intensity gradient from natural and undisturbed to intensively managed habitats.
We expected species to differ in their breeding density patterns along the gradient of
land-use intensity classes, since some are known to be more strongly associated with
farmland than others. We restricted this analysis to six species that were present in all
land-use intensity classes. For each species independently, we used generalized linear
mixed models with the number of breeding pairs per ha as our response variable and
land-use intensity class as a fixed factor. A potential pitfall of using breeding densities is
that very different population sizes can have the same densities (e.g. 2 pairs in 1 ha is the
same as 50 pairs in 25 ha) which could make variation between land-use classes difficult
to interpret. However, we found no relationship between the surveyed area size and the
number of breeding pairs (in the different land-use classes) for the studies where both
information was available (see Supplementary Information Fig. S2.1 for more information).
The number of observations per species varied from 71 to 577, came from 25 to 80 studies
and spanned the period 1960-2015. We included sampling year and study ID as random
factors. We would have preferred to include country as a random factor but because most
countries only had data of some land-use intensity classes this would produce unrealistic
results since this would lead to unlikely high estimates for missing habitats in countries
with overall high breeding densities and unlikely low estimates for missing habitats in
countries with overall low breeding densities. For the same reason we decided not include
sampling method as a random factor in our analysis. Our current analysis thus assumes
that the effect of geographic location on wader densities is relatively small compared to
that of land-use intensity. Given the exploratory nature of the study, we considered this
acceptable. All analyses were performed using the “Ime4” package (Bates et al. 2015)
in R programming environment (R Core Team 2020). Data were logl0 or square root
transformed whichever gave the best fit. If land-use intensity demonstrated a significant
effect, we used the function “emmeans” in the “emmeans” package (Lenth et al. 2018)
to test land-use intensity classes differed significantly with a post hoc contrast analysis.

Patterns in wader breeding densities over the land-use intensity classes differed between
the examined species with significant differences between classes for five of the six species
(Fig. 2.2). The northern lapwing and the black-tailed godwit breeding densities’ increase
from natural habitats to medium-intensity habitats after which the black-tailed godwit
decreases sharply while the lapwing remains around the same value. Post hoc analysis
reveal significance differences between no land-use and medium land-use intensity classes
for both species (black-tailed godwit: Tukey’s test, p-value<0.01, df=95, t-ratio=-3.9;
northern lapwing: Tukey’s test, p-value<0.01, df=461, t-ratio=3.5). Furthermore black-
tailed godwit breeding densities differed significantly between no land-use and high
land-use intensity and between medium and high land-use intensity classes (Tukey’s
t-test p-value=0.01, df=94, t-ratio=-3.0; Tukey’s t-test p-value<0.01, df=313, t-ratio=3.7
respectively). Breeding densities of the northern lapwing differed significantly only
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between low and medium land use intensity classes (Tukey’s t-test p-value<0.01, df=232,
t-ratio=-3.7). Of all six widespread species, northern lapwing and black-tailed godwit
showed the most pronounced differences between land-use intensity classes, suggesting
that they are particularly sensitive to management. Although the mechanisms of why
black-tailed godwit’ breeding densities decrease at high land-use intensities are well
understood (e.g. lower nest and chick survival resulting in lower recruitment (Kentie et al.
2018)), little is known about why breeding densities for both the black-tailed godwit and
northern lapwing increase when natural and low intensity habitats are managed a bit more
intensively. Populations in habitats belonging to low, medium and high land-use intensity
classes mostly show the same, negative trend (tawicki & Kruszyk 2011, Roodbergen et al.
2012) which are thought to be linked mainly to low reproductive success but this does not
explain why breeding densities supported by one habitat are higher than those supported
by another. Ecological theory predicts that population size is constrained by resources
such as food, habitat and other essential resources (Hockey et al. 1992, Santisteban et
al. 2012). Which resource is the main factor limiting the number of breeding pairs of
waders in a habitat, and whether these are resources for the adults or for the chicks, has
yet to be determined. Yet, this is important information if we want to design effective
strategies for the sustainable conservation of waders. Differences in surveying methods
between land-use intensity classes may have influenced the observed patterns. However,
it is unlikely that they are at the basis of the approximately 11-fold increase in black-tailed
godwit breeding densities from unmanaged to medium intensity management habitats.
Furthermore, common snipe (Gallinago gallinago) breeding densities were determined
with the same mix of surveying methods and shows almost the opposite pattern of
northern lapwing and black-tailed godwit suggesting that differences primarily originate
from habitat characteristics rather than methods of surveying.

The common snipe and ruff have their breeding density peak in unmanaged or low-intensity
habitats. However, their breeding density patterns among land-use intensity classes differ.
Breeding densities of the common snipe tend to decrease consistently along the land-use
gradient with significant differences between medium and high land-use intensity classes
(Tukey’s test, p-value=0.02, df=133, t-ratio=2.8). The species is known to prefer breeding
areas with prolonged high soil moisture and tall vegetation swards, and is able to lengthen
the nesting period if those ideal conditions are met (Green 1988). Such characteristics are
most frequently found in undisturbed habitats. Improving drainage is amongst the very
first steps to improve the usefulness of natural wetlands for farming which immediately
lowers habitat quality for this species and may explain why even low-intensity land-use
tends to result in lower breeding densities.

The ruff shows high breeding densities in low land-use intensity habitats, that contrast
markedly with low breeding densities in all other land-use intensity classes. Population
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declines in response to increasing land use intensity are well-known (Zdckler 2002).
However, our results suggest that breeding densities in natural habitats are also
significantly lower than those in low land-use habitats (Tukey’s test, p-value=0.01, df=19,
t-ratio=-3.6). This could indicate that, for ruff, anthropogenic habitats such as unimproved
coastal meadows, floodplain meadows and saltmarshes have higher carrying capacity
than natural habitats such as bogs and fens. It could explain the move of ruff into Russian
agricultural grasslands starting in the 1960’s (Lebedeva 1998). In the last 30 years, however,
even in natural habitats the remaining populations have experienced 75-97% decreases
(Fraixedas et al. 2017, Mischenko 2020), with the main causes unknown.

Table 2.3. A classification of different ecosystems and habitat types in different land-use intensity
classes. The ecosystem or habitat types follow the terminology of the papers from which the breeding
density data were obtained.

Land-use Characteristics Ecosystem/habitat Countries

intensity types

class

None Natural habitats. Habitat composition Tundra, bogs, fens, United Kingdom, Ireland,
determined by natural processes shorelines, some types Russia, Estonia, Finland,
(undisturbed). Not used by humans of moorland. Sweden
(unmanaged).

Low Semi-natural habitats. Habitat Unimproved coastal United Kingdom, Russia,
composition determined by a meadows, floodplain Estonia, Sweden
combination of natural processes and meadows, saltmarshes,
human use. Mostly grazed. No external ~ most moorland.
inputs and no drainage.

Medium Extensively managed semi-natural Traditionally managed, United Kingdom, Russia,
habitats and fields. Vegetation not low-input grasslands, The Netherlands
improved but human use has significant some nature reserves
effects on habitat composition. Low specifically managed for
fertilizer inputs, moderate drainage. breeding waders (e.g. in
Extensively grazed or cut once and then  north western Europe).
grazed.

High Agricultural fields, both grasslands and Improved grasslands United Kingdom, Russia,

arable. Vegetation seeded. Moderate-
high fertilizer inputs. Heavily drained.

(e.g. Lolium perenne),
arable fields.

The Netherlands

Interestingly, the common redshank and the Eurasian oystercatcher show only modest
differences in breeding densities between land-use intensities classes, with the latter
demonstrating significant differences between no land-use and low land-use intensity
classes (Tukey’s test, p-value=0.03, df=435, t-ratio=-2.7). This suggests that these species
are relatively insensitive to changes in agricultural management intensity. This is in line
with the observation that, compared to other waders breeding in the same locations
(e.g. black-tailed godwit, northern lapwing, Eurasian curlew), the common redshank
usually demonstrates the lowest populations decline rates of the local breeding wader
communities (tawicki & Kruszyk 2011, Roodbergen & Teunissen 2019) and that in their
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European breeding range common redshank demonstrated no overall major decline due
to poor breeding success from 1992 until 2006 (Roodbergen et al. 2012). What makes the
common redshank and the Eurasian oystercatcher more resilient towards management is
again mostly unknown. One could hypothesize that the unique behavior among waders
to feed their young during rearing period (Ens et al. 1992) makes Eurasian oystercatchers
a bit more resilient to habitat changes that result in worsened foraging conditions for
chicks, although the species has suffered significant population declines (Roodbergen et
al. 2012, Pol et al. 2014, Roodbergen & Teunissen 2019).

The high breeding densities of the northern lapwing in the highest land-use intensity
classes confirms the reputation of this species as the wader that is best adapted to
intensive farming practices. However, most of the breeding density data originated
from the period 1985-2005. Since then, the species has demonstrated drastic declines,
especially on intensive farmland (Bell & Calladine 2017, Plard et al. 2019).
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Figure 2.2. Breeding densities (the number of observed pairs per hectare) of widely distributed wader
species in different land-use intensity classes. Error bars represent standard error interval and numbers
above the sample size. Different letters indicate significant differences within species between land-
use intensity classes. Absence of letters indicate no statistical significance.

CONSERVATION IMPLICATIONS

Our review demonstrates that European waders can be classified into loose groups of
species with distinct distributions over the available breeding habitats. Approximately
two thirds of the waders species have relatively specific and narrow habitat preferences,
and are mostly restricted to natural and/or high-latitude areas. However, the remaining
species breed in a wide range of habitats, including various forms of agricultural land-use
habitats. Our exploratory analysis of breeding densities of the six most widely distributed
species suggests that they are differently affected by changes in management intensity
resulting in a different optimum at different land-use intensities.
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Figure 2.3 summarizes these results in a conceptual model to emphasize the implica-
tions for wader conservation. This model suggests that, rather than one optimal level of
management intensity, there is an intensity range in which diverse communities can be
maintained with shifts in intensity benefitting some species but adversely affecting other
species. With only northern lapwing able to sustain high breeding densities in high land
use intensity habitats, a large number of species seem to actually benefit from farming
practices that increase the productivity of natural habitats (Fig. 2.3, blue line). Especially in
low-intensity traditional farming systems, reducing management intensity will therefore
result in local population declines of these species (Leito et al. 2014, Kamp et al. 2018,
Lesiv et al. 2018, Mischenko et al. 2019). Contrary to the main paradigm in northwestern
Europe, conservation practices targeting these species need to focus on maintaining or
even slightly intensifying low-input mowing or grazing regimes.

O S\

Land-use intensity

Breeding density

Figure 2.3. Conceptual model demonstrating the relationships between breeding density and land-
use intensity for different wader species with different sensitivity for changes in land-use intensity
(different colors). Modified after Beintema, 1983.

Figure 2.3 also suggests there are widely distributed species that show no clear
relationships between breeding densities and land-use intensity (yellow line), such as
common redshank and Eurasian oystercatcher in this study. Based on current knowledge,
it is difficult to understand why this is the case. This highlights the fact that, despite
waders being a relatively well-examined species group, we lack a basic understanding
of the main factors that determine local population size, especially in low-intensity and
natural habitats. Whether resources limit breeding densities or other mechanisms are
at play, such as intra-specific competition for nesting sites, is unclear. Insight in these
processes would greatly help with the design of conservation strategies. If population size
cannot be easily manipulated through management of habitat quality, focus needs to shift
towards habitat quantity.
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Because evidence suggests that predation pressure has increased throughout the
distribution range of waders, it is furthermore important to study how current land
management practices and future management modifications moderate predation
(Laidlaw et al. 2017). This not only requires insights into the size and composition of the
predator community but also into mobility and behavior of individual predators. Until
recently, it was virtually impossible to investigate this but with the development of
advanced tracking devices this now moves into the realm of possibilities (Mason et al.
2018, Parra-Torres et al. 2020).

Natural undisturbed habitats are vital in sustaining breeding population for a large
number of species that cannot be found elsewhere due to their sensitivity to landscape
intensification (Fig. 2.3, black line). They also represent refugia for more flexible species
by sustaining small breeding populations. Natural habitats, such as bogs and other
peatlands, currently lack proper protection in several countries (Fraixedas et al. 2017).
Research into key population dynamical aspects, such as survival of chicks and adult birds
as well as the main causes of mortality are urgently needed in these under-researched
habitats. Such studies should preferably include climate change scenarios, such as rising
annual temperatures or severe droughts, because climate change induced ecosystem
changes such as tree encroachment in tundra and bogs systems (Forbes et al. 2010, Aune
et al. 2011, Heijmans et al. 2013) or changes in the phenology of the invertebrate prey of
chicks will most likely be an additional major factor affecting the quality of wader breeding
habitat.
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ABSTRACT

Grassland breeding waders have been steadily declining across Europe. Recent studies
indicating a dramatic decline in grassland invertebrates’ abundance and biomass, the key
food of most grassland wader chicks, suggest a likely driver of the demise of waders. While
agricultural intensification is generally inferred as the main cause for arthropod decline
there is surprisingly little information on the relationship between land use intensity
and total arthropod abundance in grasslands. Here, we explored those relationships
across several key wader breeding habitats by surveying ground-active, aerial and soil-
dwelling invertebrate communities in five European countries that range from natural
undisturbed bogs to intensively managed grasslands. Using maximum vegetation growth
and soil moisture content we investigated how they shape the size of the invertebrate
community within and across different countries. We found predominantly positive
relationships between grassland invertebrate abundance, biomass and body weight with
increasing vegetation growth and soil moisture. Maximum vegetation growth was strongly
positively related to ground-active invertebrate abundance and biomass and abundance
of soil dwelling invertebrates (mainly earthworms). Body weight of aerial invertebrates
furthermore increased with increasing maximum vegetation growth. Our results provide
little support for the hypothesis that agricultural practices associated with intensification
of grassland management result in a abundance decline of invertebrate prey for wader
chicks. Conservation practices aiming to enhance wader chick survival require a careful
balancing act between maintaining habitat productivity to secure high prey abundance,
and keeping productivity low enough to maintain open swards that do not need to be cut
before chicks have fledged.

KEYWORDS

Agricultural land-use; Arthropod; Bogs; Farmland; Insect decline; Invertebrate; Wader
chicks
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INTRODUCTION

Farmland birds are amongst the most rapidly declining species groups in Europe, and
conservation attempts have so far failed to halt the decline in population size and
distribution (Kentie et al. 2016, Gamero et al. 2017). Changes in agricultural practices have
been identified as the core driving factor of many species’ demise with both agricultural
intensification and farmland abandonment having adverse effects on farmland specialists
(Benton et al. 2002, Donald et al. 2006, Durant et al. 2008a, Howison et al. 2018). Ground-
nesting waders are affected in particular (Siriwardena et al., 1998; Van Turnhout et al.,
2010), with populations declining around 30% solely in the last two decades (OECD &
BirdLife 2019). Low survival of wader nests and especially chicks seems to be the main
factor driving wader population decline (Roodbergen et al. 2012, Kentie et al. 2018). Wader
chicks of most species are precocial and forage for arthropods and other invertebrates
such earthworms or leatherjackets from the moment they hatch (Beintema et al. 1991),
with particularly large arthropods being important because these are energetically the
most rewarding (Schekkerman & Beintema 2007).

Recent studies suggest that arthropod’ abundance and biomass in European grasslands
have dramatically declined (Hallmann et al, 2017, 2019; Seibold et al, 2019) and that this
may drive declines of higher taxa that depend on them (Lister & Garcia 2018, Goulson
2019). Some studies furthermore report that large species have become smaller over time
(Oliveira et al, 2016). It is commonly accepted that arthropod declines are largely the
result of changing, more intensive agricultural practices (Mgller 2019, Sdanchez-Bayo &
Wyckhuys 2019, Seibold et al. 2019, Raven & Wagner 2021), and interactions with future
climate scenarios may potentially exacerbate abundance declines (Sohlstrom et al. 2022).
However, the negative effect of farming is often implied from a lack of a relationship with
other explanatory variables (Hallmann et al. 2017, Seibold et al. 2019).

While there is convincing evidence that farming practices can negatively affect specific
species groups such as bees, carabids or spiders (Blake et al, 1994; Bell, Philip Wheater
and Rod Cullen, 2001; Ekroos et al, 2020) there is surprisingly little information on the
relationship between land use intensity and total arthropod abundance, arguably the
most relevant variable for arthropod-feeding farmland birds. A notable exception is
Benton et al., (2002) who found, in a mixed farming system, a decline in invertebrate
abundance with increasing farming intensity over time, which was correlated to a decline
in farmland birds. However, not all agricultural practices are expected to adversely
affect arthropod abundance. Grassland intensification typically involves increasing the
vegetation quality and productivity through improving drainage, application of fertilizers
or correcting soil properties that impede plant growth. Experimental fertilization studies
often show an increase in arthropod abundance caused by increased quantity and/or
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quality of the vegetation (Vince et al. 1981, Siemann 1998, Haddad et al. 2000). Empirical
studies that examine arthropod communities under different regimes of agricultural
management indeed show varying results. For example, Dennis et al. (2007), finds that
important bird arthropod prey abundances decreases with increasing grazing intensity in
Scottish moorland. Simons et al. (2014) finds that the herbivore arthropod community’
biomass and abundance in German semi-natural grasslands does not significantly differ
in contrasting fertilizer application rates. Kleijn et al. (2010) finds positive relationships
between total arthropod abundance and fertilizer input in Dutch meadow bird grasslands.

However, these studies only provide partial insight in the relationship between farming
intensity and arthropod communities because they examine effects of manipulating the
management of existing, often intensive, farming systems. In such studies, long-term
and large-scale effects of, for example, past fertilizer applications, modifications in the
regional hydrology or nitrogen deposition may partially mask relations between arthropod
numbers and land-use intensity. This makes it difficult to assess whether, and under
what conditions, arthropod availability is a key limiting factor for wader chick survival, or
whether other processes play a more dominant role, such as mortality caused by mowing
machinery (Schekkerman et al. 2009), too dense swards making the available arthropods
inaccessible (Kleijn et al, 2010) or mowing-induced lack of cover leading to enhanced
chick predation rates (Schekkerman & Beintema 2007).

Here we use an alternative approach to assess the relationship between land use intensity
and arthropod abundance in wader habitats. We make use of the natural variation in land-
use intensity that is still present in Europe and survey the range of key breeding wader
habitats from no-input natural habitats such as mires and bogs to intensively managed
high-input grasslands. We sampled aerial, ground-active and soil-dwelling invertebrates
in 64 sites in five countries and related their abundance, biomass and average individual
body weight to vegetation productivity (used as a proxy for land-use intensity) and
soil moisture content as key variables affecting wader chick habitat quality. We test
whether invertebrates decline with increasing land use intensity, which would support
the hypothesis that intensive farming practices are a key driver of invertebrate prey. We
also examine whether and how invertebrates are affected by soil moisture content, a key
variable for many wader species as it affects the ability of adult birds to probe the soil for
invertebrate prey (Struwe-Juhl 1995b, Smart et al. 2006, Korniluk et al. 2021) and known
to influence vegetation productivity (Heisler-White et al. 2009).
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METHODOLOGY

Study sites and design

Data was collected in 64 sites in five countries across mainland Europe: France, the
Netherlands, Poland, Estonia and Finland. To standardize habitat types and to make sure
that results would be relevant for wader conservation, all sites had been hosting breeding
waders (particularly the near-threatened black-tailed godwit Limosa I. limosa; BirdLife
International, 2017) in the years before sampling, as indicated by local experts. Eighty-
one per cent of the sites hosted black-tailed godwit territories in the year we surveyed
these sites, all contained contained at least one territory of a wader species and breeding
densities varied substantially (Table 3.1). The relationship between environmental
variables, invertebrate abundance and black-tailed godwit breeding densities is topic
of another paper (Silva-Monteiro et al. in prep.) and will not be addressed here. We
aimed to include sites that varied as much as possible in land-use intensity both within
countries and between countries, and sampled bogs and fens (natural habitats with no
agricultural use), coastal and floodplain grasslands (semi-natural habitats that are grazed
or mown but do not receive any inputs) and improved grasslands varying in management
intensity (none to high fertilizer input; see supplementary information’ table S3.1 for
more detailed information). Each site was sampled in a single season which was timed
to start approximately three weeks prior to the estimated mean hatching date of black-
tailed godwit chicks (roughly between April and June) and the sampling period covering
48 and 72 days, depending on country. Logistical constraints forced us to sample different
countries in different years with sites in Finland being sampled in 2017, sites in Estonia
both in 2017 and 2018, France and the Netherlands being sampled in 2018 and the Polish
sites being sampled in 2019. Sites were located a minimum of 0.5 km apart ensuring they
represented independent observations.

Invertebrate sampling

In each site, we surveyed aerial, ground-active and soil-dwelling invertebrates, sampled
vegetation biomass and measured soil moisture content at twelve-day intervals
throughout the local wader’ breeding season (see supplementary information’ Fig. S3.1
for a visual concept of the sampling methods). Each site had a total of four to six sampling
rounds. Four rounds only occurred when individual sites were inaccessible due to flooding
in the first sampling round. Only the French sites were sampled six times by extending
the sampling period with one more survey round. Because black-tailed godwit, and
other wader species’ chicks are considered opportunistic feeders, foraging all available
arthropod orders (Beintema et al. 1991, Johansson & Blomqvist 1996, Schekkerman &
Beintema 2007), we considered all sampled arthropods as relevant prey items.
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Arthropods (insects and spiders) were sampled using a combination of pitfall traps and
sticky traps (Eglington et al., 2010). Aerial insects were surveyed using three yellow sticky
boards (10 x 25 cm, adhesive on two sides; brand Koppert, type Horiver) per site and
survey round, placed vertically in the vegetation with the bottom end approximately 10
cm above ground surface and spaced 10 meters apart. After four days, the traps were
removed and individual arthropods counted. The abundance of the ground-active
arthropods was estimated by means of three pitfall traps (plastic yoghurt cups, height
125 mm and diameter 85 mm) spaced 10 m apart, that were filled with water and cooling
fluid to act as a preservative. A cover raised 60 mm above the pitfall traps protected them
from flooding during rainfall. Pitfall traps were open for four days per sampling period and
closed with a lid for the remaining eight days of the twelve-day period. Both ground and
aerial arthropods were identified to order and categorized in four size classes according
to their body length : 0-2, 2-4, 4-10 and 210mm. Arthropod biomass (mg) was estimated
for each order and size class by means of length-weight formulas available in Rogers et
al. (1976, 1977). We used 1mm for the “0-2mm” size class, 3mm for the “2-4mm”, 7mm
for the “4-9mm” and 10mm for the “>10mm” class. Average individual body weight (mg/
individual) was calculated by dividing the sum of all size classes’ biomasses with the total
abundance of arthropods.

Soil-dwelling invertebrates, primarily earthworms and leatherjackets (Tipulidae larvae)
were surveyed by extracting 20 cm wide by 20 cm long by 15 cm deep soil samples from
each site using a spade (Kleijn et al. 2011a). Because soil macro-fauna is not expected to
change much over the season, sampling was done only twice during the breeding season,
simultaneously with the first and last arthropod samples. In each field, five samples were
taken randomly located in the same general location of the arthropod samples. Per site
and sampling round, the pooled number of earthworms and leatherjackets were counted
on site by manually inspecting the extracted soil sample and expressed in number of
individuals per m2. Soil-dwelling invertebrate abundance was expressed as the average of
the two sampled rounds.

Surveying environmental variables

Vegetation biomass (dry weight in g/m?) was estimated by clipping the vegetation in three
30 x 30 cm vegetation plots randomly located within 10 m of the arthropod sampling sites
and weighing them after drying for two days in an oven at 70°C. To determine soil moisture
content (%), five 15 cm deep soil samples located randomly in the same general vicinity as
the biomass samples were taken using an auger (or soil corer). Subsamples were pooled
and mixed and fresh weight was determined after which samples were dried at 105°C for
12 hours in order to determine their dry weight. Soil moisture content in percentage was
calculated as (([soil fresh weight — soil dry weight]/soil fresh weight)*100).
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We used temperature sums (Tsum; Prins et al., 1988) to correct for the unavoidable
differences in phenology of the vegetation and arthropod communities caused by
sampling sites with different management (see analysis framework below). Arthropod
development, like vegetation growth, is strongly influenced by temperature (Ratte 1984,
Logan et al. 2006). If sites were grazed or mown before maximum vegetation growth
could occur, estimates would be expected to occur at a lower Tsum than undisturbed
sites in the same country. Including Tsum in the analyses could therefore account for part
of the environmental noise caused by management differences. Tsums were calculated
by summing the daily average temperatures above 0°C starting on January 1% until the
maximum vegetation growth day. Daily average temperatures were extracted from the
Global Historical Climatology Network (Menne et al., 2012) using a nearby meteorological
station where complete datasets were available.

Analytical framework

Our study included sites that did not receive external inputs or were even entirely
unmanaged by people making it difficult to use commonly input-based indicators of land-
use intensity such as nitrogen input or grazing intensity (Herzog et al., 2006; Kleijn et
al., 2009). We therefore used maximum vegetation biomass growth as an indicator of
land-use intensity as this reflects the outcome of all management practices implemented
by farmers to enhance productivity. This has the added benefit that it also incorporates
natural variation in productivity that may affect arthropod communities. In each site,
maximum vegetation biomass growth was estimated as the largest increase between two
successive biomass samples and dividing the difference by the number of days in between
(daily g/m?; Fig. 3.1a). Because the vegetation in bogs (surveyed only in Estonia) did not
demonstrate any clear peaks in biomass production, for bog sites we used the average
growth rate across the entire sampling period as maximum growth rate. We subsequently
used the median day of the sampling interval with maximum vegetation growth to
standardize our estimates of the other environmental variables and the arthropods (Fig.
3.1). For soil moisture content, we fitted linear relationships with time and used the model
predicted value at the median day of maximum vegetation growth as our estimate of soil
moisture content (Fig. 3.1b). The advantage of using this approach is it uses data from all
our samples, thus reducing the impact of outliers. We followed the same approach for
the arthropod sampling but here we used a linear or quadratic regression (best fit visually
selected) from the sampled replicas (Fig. 3.1c). For the bog sites in Estonia, for which
maximum vegetation growth estimates were based on the entire sampling period rather
than an individual sampling interval (see above), we used the average date of maximum
vegetation growth in coastal and floodplain meadows that were sampled in the same year
to extract corresponding arthropod, soil moisture and temperature sum data.
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Figure 3.1. Methodological process for obtaining each sites’ representative environmental explanatory
variables (maximum vegetation growth in green, soil moisture content in blue) and respective
invertebrate community response variables (in orange).

Statistical analyses

We employed generalized linear mixed models and an information theoretic approach to
investigate to which extent the selected environmental explanatory variables drive the
arthropod community’s abundances, biomass and average individual body weight. We
used country as a random variable and applied the “within-subject centering” procedure
(van de Pol & Wright 2009) in order to disentangle effects of the explanatory variables
within and between countries. To do this, we first scaled and centered the explanatory
variables (maximum vegetation growth, soil moisture content and Tsum) through the whole
dataset in order to observe potential within country relations (referred to as ‘explanatory
variable — within’). We then scaled and centered the country’s averages of maximum
vegetation growth and soil moisture content in order to observe potential relations across
countries (‘explanatory variable — across’). In our model selection approach, we forced
the predictor Tsum-within to be included in all models to account for effects of local
differences in mowing and grazing practices that were outside the scope of the study.
Interactions between explanatory variables in the models were not considered due small
sample sizes among countries as the analyses across countries are being done on the
basis of a single mean value per country. Negative binomial and gamma distributions
(with log-link) had the best data fitting and were thus used for abundance and biomass/
average individual body weight respectively. Careful inspection of residuals, suggested
none of the models was zero-inflated or suffered from over- or under-dispersion. We used
an all-subsets approach to build a model set containing all possible combinations of the
different explanatory variables. Individual models were restricted to have a maximum
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of three explanatory terms, in addition to Tsum-within, to avoid overfitting in view of
sample size (Babyak 2004). We used the Akaike information criterion corrected for small
sample size (AlCc) to select models that had a AAICc<2 (Burnham et al. 2011). Full-model
averaged parameter estimates (comprising zeroes when the predictors were not presentin
certain models) were calculated for each predictor in the model set (Symonds & Moussalli
2011). This approach allowed us to compare the relative importance of different predictor
variables because standardized effect sizes of different predictor variables can directly
be compared and the 95% confidence intervals of effect sizes can be used to assess their
reliability. All analyses were performed in R (R Core Team 2017), using packages glmmTMB
(Brooks et al., 2017) and Mu-MiIn (Barton 2020).

RESULTS

Differences between habitat types and countries

A number of variables indicated the expected patterns (Table 3.1). For example, bogs
and fens had the highest mean soil mositure content and agricultural grasslands had the
lowest. Soil dwelling invertebrates only occured in considerable numbers in the relatively
intensively managed Dutch sites and to a lesser extent in the Polish floodplain meadows.
In a number of other habitat types they were completely absent. However, for the other
variables there was considerable variation in the response and explanatory variables both
between the habitat types, within countries and within habitat types between countries
with no obvious patterns. Across all investigated habitats and countries, the variables
showed four- to 13-fold increases from lowest to highest values (Table 3.1), indicating
that sufficient variation was present for doing meaningful analyses on the relationship
between response and explanatory variables.
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Table 3.1. A summary of the observed invertebrate numbers and the main explanatory variables
(maximum vegetation growth rate and soil moisture) per broad habitat type and country (meants.e.).
Habitat types are ordered from low- to high-intensity. Observed settlement densities of black-tailed
godwits and the wader community at large are also given for reference. See for survey methodology
of waders Silva-Monteiro et al. (in prep.).

Maximum Invertebrate abundance Black-tailed Total
Vegetation Soil Godwits wader
Habitat Type growth Moisture Ground- Soil- territories  territories
-Country  (g.m?.day™) (%) active Aerial dwelling  (100ha™) (100ha™)

Bogs and fens
Estonia (n=7) 3.8%+1.3 99.1+0.9 323+5.1 1103.1+271.6 0.0+0.0 1.8+0.5 41+1.1
Floodplain meadows
Estonia (n=2) 15.5+4.0 53.5+123 93.5+7.5 1187.0+433.0 0.0+0.0 0.7+0.7 14+1.4
Poland (n=5) 8.0+20 50.5+4.3 193.0+29.6 1191.0+116.6 3.0+1.0 40+4.0 186+11.2
Coastal meadows
Estonia (n=7) 13.2+29 38.2+1.8 99.4+150 8106+81.9 0.1+0.1 89+26 19.6+4.1
Finland (n=6) 4.0£0.9 58.0+5.6 39.3+6.9 1459.2+473.2 0.3%0.3 16.8+5.8 38.6+11.5
Extensive Meadows
Poland (n=6) 63+09 67.0+1.8 953+9.1 1339.0+276.8 1.2%0.7 18.2+9.4  32.7%82
France (n=12) 149+2.1 22.7+0.8 222.6+26.5 445.4+38.5 1.8+0.2 57+16 17.5+3.2

Netherlands
(n=4) 10.4+3.2 346+4.7 3288+51.8 2083.3+122.8 20.3+25 1459+425 252.1+60.4

Intensive Meadows
Finland (n=7) 7.2+19 30.1+29 34.4+83 377.6+167.2 0.0+0.0 182+5.6 40.2+17.0

Netherlands
(n=8) 16.4+25 394+35 4429+83.8 1511.9+1743 113+2.0 625+11.3 115.2+21.6

Factors related to ground-active invertebrates

In total, we counted 42,968 ground-active invertebrates. The model averaged estimates
of the variables included in the candidate model set (AAICc<2) suggest that maximum
vegetation growth across countries was most strongly related to the abundance of
ground-active invertebrates (Table 3.2). This relationship shows a nearly fourfold increase
in abundance between the near-natural sites with the lowest maximum vegetation
growth in Finland and Poland and sites with the highest productivity in the Netherlands
and France (Fig. 3.2a). There were only two models in the candidate set of best models,
both featuring positive relations with vegetation growth within and/or across countries
(supplementary information’ table $3.2). Maximum vegetation growth across countries
also had the highest averaged estimate (B = 0.43) for ground-active invertebrate biomass.
However, the 95% confidence interval of the estimate overlapped zero indicating more
uncertainty for biomass than for abundance. All other examined explanatory variables
also featured in the candidate model set, but in contrast to maximum vegetation
growth, estimates were close to zero, indicating low relative importance (Table 3.2). The
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correcting variable Tsum-within was however consistently positively related to ground
active invertebrates (B = 0.18, 95% CI not overlapping zero). Average body weight of
invertebrates was most strongly related to soil moisture within countries (Table 3.2, Fig.
3.2b) with positive relations across a wide range of soil moisture content (Fig. 3.2b).

Table 3.2. Model-averaging results of the candidate model sets explaining abundance, biomasses and
average individual body weight (AIBW) of ground-active, aerial and soil-dwelling invertebrates. For
each predictor, the model-averaged parameter estimate (B) is given, followed by its 95% confidence
interval (Cl), indicated in bold when not overlapping zero.

Vegetation Vegetation Soil Moisture Soil Moisture Temperature
Growth within Growth across Content within Content across Sums within

Ground-active

Abundance 0.04 0.71 0.10
(-0.09-0.18) (0.30-1.12) (-0.04-0.24)
Biomass 0.01 0.43 0.02 0.03 0.18
(-0.07 - 0.09) (-0.35-1.21) (-0.08 -0.11) (-0.29-0.34) (0.02 - 0.34)
AIBW 0.00 -0.02 0.11 0.06 0.08
(-0.04 - 0.04) (-0.14-0.10) (0.03-0.19) (-0.14-0.26) (0.00-0.16)
Aerial
Abundance -0.10 0.05 0.03 0.14
(-0.26 —0.06) (-0.09-0.19) (-0.17-0.23) (-0.02-0.30)
Biomass 0.13 0.02 0.07 0.34
(-0.36-0.62) (-0.10-0.14) (-0.10-0.14) (0.14 - 0.54)
AIBW 0.21 0.29 -0.02 0.10
(0.05-0.37) (0.11-0.47) (-0.14-0.10) (-0.07 - 0.28)
Soil-dwelling
Abundance 0.47 -0.23 0.0
(-0.94 —1.88) (-1.37-0.91) (-0.23-0.24)

Factors related to aerial invertebrates

We counted a total of 264,565 aerial invertebrates. The abundance of aerial invertebrates
was not well explained in our study with none of the variables having high effect sizes and
all 95% confidence intervals overlapping zero. Similarly, aerial invertebrate biomass was
not strongly related to productivity indicators or soil moisture with the correcting variable
Tsum-within having the highest averaged estimate (B = 0.34; 95% Cl not overlapping
zero). However, the best candidate model set for aerial invertebrate average body weight
consisted of a single model (supplementary information’ Table S3.2) that indicated
consistent and pronounced positive relationships with both vegetation growth across and
within countries (Table 3.2). Both across and within countries aerial invertebrate body
weight increases almost threefold from low to high maximum vegetation growth (Fig. 3.3a
and 3.3b respectively).
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Factors related to soil dwelling invertebrates

In total 478 soil-dwelling invertebrates were observed. The abundance of soil dwelling
invertebrates such as earthworms was positively related with maximum vegetation
growth across countries. Effect size was relatively high (B = 0.47; second highest of all
effect sizes) with a predicted increase from 0.05 to 0.73 individuals per square meters
across the observed range of maximum vegetation growth rate (Fig. 3.4). However, many
soil samples did not contain any earthworms and the large number of zeros may explain
why the 95% confidence interval was so large and included zero. The negative effect size
of soil moisture content across countries may have been relatively unreliable for similar
reasons.
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Figure 3.2. The relationships of ground-active invertebrate abundance with vegetation growth across
countries (a) and ground-active invertebrate average individual body weight with soil-moisture content
within countries (b). Regression plots are based on models with all explanatory variables presentin the
averaged model from the candidate model set. Light grey band in Fig. 3.2a displays 95% confidence
interval for the shown across-country country relationship. Confidence bands are not presented in Fig.
3.2b to avoid unnecessary visual overlapping. Rugs at the bottom of the figure indicate the x-value for
the partial residuals.
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Figure 3.3. The relationships of aerial invertebrate average individual body weight with vegetation
growth across (a) and within countries (b). Regression plots based on models with all explanatory
variables present in the averaged model from the candidate model set. Light grey band in Fig. 3.3a
displays 95% confidence interval for the shown across-country country relationship. Confidence bands
are not presented in Fig. 3.3b to avoid unnecessary visual overlapping. Rugs at the bottom of the figure
indicate the x-value for the partial residuals.
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DISCUSSION

Across a wide range of wader habitats that spans from waterlogged natural low-productive
bogs and fens all the way to heavily drained high-input agricultural grasslands, our results
show predominantly positive relationships between grassland invertebrate abundance,
biomass and body weight on one hand and maximum vegetation growth and soil moisture
on the other hand. This implies that drainage of (semi-)natural wader habitats may result
in a decline in the size of ground-active invertebrates but at the same time the much
larger effect sizes of maximum vegetation growth on a number of different invertebrate
parameters suggests that practices aimed to increase vegetation productivity will
enhance grassland invertebrates overall. Our results therefore provide little support for
the hypothesis that agricultural practices associated with intensification of grasslands by
definition result in a decline in the abundance of arthropods and therefore in the potential
availability of invertebrate prey for wader chicks.

The observed predominantly positive relationships between invertebrates and vegetation
growth is in line with the theory of cascading effects of nutrient availability on arthropods
through plant biomass and quality (Siemann 1998, Haddad et al. 2000, Andrey et al.
2014). Living and dead plant tissue is, either directly or indirectly through consumption
of other invertebrates, the primary food source for most invertebrates. It is therefore
perhaps not surprising that the size of the invertebrate communities increases with habitat
productivity because more productive habitats simply provide more resources to sustain
invertebrates. Andrey et al. (2014), observed a marked increase in arthropod abundance
after experimentally increasing the productivity of nutrient-poor grasslands. Our study
observes a similar trend using a correlative approach that examines invertebrates in
habitats with contrasting productivity. The disadvantage of our approach is that we did
not study the impact of vegetation productivity under standardized biotic and abiotic
conditions. This was inevitable, because a key objective of our study was to better
understand how land-use intensity affects the abundance of invertebrate prey for wader
chicks, and natural and intensively farmed wader habitats generally do not occur within
close proximity of one another. The fact that our study found relatively clear patterns
for ground-active invertebrates despite the environmental differences between habitats
suggests a robust relationship between habitat productivity and population size of
ground-active invertebrates such as beetles, spiders and ants that are generally caught
with pitfall traps. The much wider range in observed maximum vegetation growth across
countries than within countries, could explain why relationships across countries were
generally more pronounced than relationships within countries (Table 3.2).

Soil moisture did not show clear relationships with invertebrate abundance or biomass.
Only body weight of ground-active invertebrates was clearly positively related to soil
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moisture within countries (Fig. 3.1b). Little is known about how soil-moisture conditions
influence invertebrate size (Smith et al. 2009) but the few available studies suggest that
smaller body size does correlate with drier soils in some species of invertebrates (Huk &
Kihne 1999, Vessby 2001). Invertebrate abundance and biomass has been found to be
positively related to soil moisture and presence of wet features, such as footdrains or
pools (Eglington et al. 2010, De Felici et al. 2019). Invertebrates generally prefer to oviposit
in moist locations where larval development is often more successful (Huk & Kithne 1999,
Knisley et al. 2018). Our study was done in wader habitats, which are generally rather
wet, particularly in the (near-)natural sites. A possible explanation for the absence of a
relationship with soil moisture in our study, could be that this was only a limiting factor
for invertebrate abundance and biomass in the driest sites in France, the Netherlands
and Finland (Fig. 3.2b). Because our sampling size did not allow for a reliable analysis of
the interaction between maximum vegetation growth and soil moistures we could not
actually test this. However, a clear conclusion is that, within wader habitats, productivity
is a stronger driver of invertebrates than soil moisture.

The lack of an association of aerial invertebrate abundance or biomass with any predictor
might originate from the sampling method that we used. Unlike pitfall traps, that generally
sample specimens from the same area where vegetation growth and soil moisture were
sampled (Elek et al. 2014), sticky traps sample invertebrates that may have come from
much farther distances (Taylor et al. 2010). The larvae of many aerial insects, particularly of
the Diptera that are often well-represented on sticky traps (Whitaker et al. 2000), develop
in water bodies (Thorp & Rogers 2011), which are unrelated to the site characteristics as
measured in our study. Yellow sticky traps furthermore sample pollinators (Wheelock &
O’Neal 2016) that are related to landscape-level factors as well as local factors (Steffan-
Dewenter et al. 2002). In our study, the characteristics of the landscapes surrounding the
sampled sites may therefore have been more important than the local site conditions
for aerial invertebrate abundance and biomass. Nevertheless, body weight of aerial
invertebrates showed clear and consistent positive relations with both vegetation growth
within and across countries (Table 3.2, Fig. 3.3), which is in line with previous findings in
Dutch wader grasslands (Kleijn et al., 2009). Body size increases of important grassland
invertebrates such as crane flies have been linked to increases in habitat productivity
before (Jourdan et al. 2019). However, why we found clear relationships between local
productivity indicators and body weight but not with invertebrate abundance and biomass
remains puzzling.

Soil-dwelling invertebrates are occasional prey for precocial wader chicks (Beintema
et al., 1991; Schekkerman and Beintema, 2007) but are the main food source of many
adult breeding waders (Buchanan et al. 2006). Our results indicate that soil-dwelling
invertebrates tend to increase primarily with increasing productivity of sites. Uncertainty
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of the relationship was large, probably because of a complete lack of soil-dwelling
invertebrates, mainly earthworms, in most sites in Finland and Poland (Fig. 3.4). The
increase in earthworm abundance in more productive sites is most likely linked to fertilizer
application as earthworm densities generally increase with pH and fertilizer application
(Atkinson et al. 2005). This result suggests that productive habitats provide food for both
adults and chicks (Beintema & Visser 1989, Ewing et al. 2018). Unproductive habitats,
on the other hand, only provide food for chicks so that adult birds have to forage on
neighboring sites that are more productive (Struwe-Juhl, 1995).

Our study sheds more light on the current debate on the causes of insect decline. There is
convincing evidence that agricultural intensification has negative effects on a wide range of
invertebrate groups (Benton et al. 2002, Ekroos et al. 2020). However, our results indicate
that generalist invertebrates that make up the bulk of insect biomass may actually benefit
from agricultural practices aimed to enhance the productivity of grasslands. This is in line
with a recent study showing that abundance of aquatic invertebrates in the Netherlands
has declined over the past three decades because of reduced nitrogen and phosphorus
concentrations in surface water while taxonomic diversity increased over the same period
(Hallmann & Jongejans 2021). Unlike arable crops, even improved grasslands are only
rarely treated with insecticides, which may allow saprophytic and herbivorous insects to
build up substantial populations. Although our study did not determine whether peaks
in invertebrate availability match the main chick foraging period or whether invertebrate
availability was enough to meet wader chick energy demands (Meltofte et al. 2007, Tulp
& Schekkerman 2008), these results suggest that lack of invertebrate prey is probably
not the main driver of the high grassland wader chick mortality observed on intensively
managed grasslands. This is further supported by findings that the growth rate of black-
tailed godwit chicks does not differ between medium and high-intensity grasslands (i.e.
herb-rich grasslands with foot drains vs. monocultures; Loonstra, Verhoeven and Piersma
2017).

Our results indicate that the abundance of invertebrate prey of wader chicks increases
with increasing land-use intensity. We do, however, not recommend unconstrained
intensification of management of wader habitats to enhance chick prey availability. Studies
from Northwestern Europe show clear negative effects of agricultural intensification on
both wader breeding population densities (Jbhannesdoéttir et al. 2019, Douglas et al. 2021,
Silva-Monteiro et al. 2021) and wader chick survival (Roodbergen et al. 2012) through
mechanisms other than food abundance, such as more difficult access to invertebrate prey
in dense, heavily fertilized swards (Kleijn et al. 2010), higher mortality rates due to more
frequent agricultural activities or higher exposure to predators in recently cut vegetation
(Schekkerman & Beintema 2007, Kentie et al. 2015, Loonstra et al. 2019). Conservation
practices aiming to enhance wader chick survival therefore requires a careful balancing
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act of maintaining habitat productivity to provide enough prey for chicks, and possibly
adult birds, while keeping productivity low enough to maintain open swards that do not
need to be cut before chicks have fledged.
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Chapter 4

ABSTRACT

The endangered continental Black-tailed Godwit (Limosa limosa limosa) is a migratory
ground-nesting wader breeding in a wide variety of open, wet habitats across Europe.
Conservation research has concentrated on the causes of population decline but we know
surprisingly little about whether any resources limit local breeding populations and if
so, whether these are resources for the adults or the chicks. We collected data from 63
key breeding sites in five countries across Europe to test whether, after correcting for
differences in surveyed areas, the size of Godwit breeding populations was related to
environmental variables (vegetation biomass, soil moisture) or food resources for adult
birds (soil invertebrates) or chicks (vegetation dwelling arthropods) measured during
different times of the reproductive cycle. We found the number of Godwit territories to
be positively related to arthropod abundance during the chick-hatching period. We found
additional, weaker support for a positive relation between Godwit territory numbers
and the abundance of soil-dwelling invertebrates (mostly earthworms) at clutch laying,
but not at chick-hatching. These relationships were observed across countries, while
we found little support for relationships within countries, possibly due to the smaller
range in conditions that exist within countries. Both vegetation growth and soil moisture
weren’t related to Godwit territory numbers. Our results suggest that food abundance
for chicks, and to a lesser extent adult birds, are key factors determining the size of local
Godwit breeding populations. Conservation management aiming to enhance local Godwit
populations should therefore consider the impacts of management strategies on the
arthropod prey of chicks.

KEYWORDS

Agricultural land-use; Black-tailed Godwit; Arthropods; Habitat selection; Invertebrate
availability
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INTRODUCTION

The continental Black-tailed Godwit (Limosa limosa limosa; Godwit hereafter), is a
generalist migratory ground-nesting wader species, that breeds in a wide variety of open,
wet habitats in Europe (Silva-Monteiro et al. 2021a). The largest populations are currently
located in intensive agricultural grasslands in northwestern European countries such as
the Netherlands and Germany (Thorup 2006, Keller et al. 2021). Smaller and more isolated
populations can be found in most European countries, not only in agricultural habitats but
also in natural ecosystems such as bogs and fens (Jensen & Perennou 2007, tawicki &
Kruszyk 2011, Strus et al. 2018b). Despite the species ability to thrive under a wide range
of environmental conditions, it has been declining throughout most of its range in the last
half-century (Gill et al. 2007). In the intensive grasslands of the Netherlands, population
size decreased by 30% between 2007-2015 (from an estimated 47 to 33 thousand breeding
pairs; (Kentie et al. 2016)). Similar trends have been observed in less intensively managed,
semi-natural grasslands. For example, in the last three decades, Godwits declined by 38%
and 85% in Ukraine and Poland respectively (tawicki & Kruszyk 2011, Strus et al. 2018b).
Little is known about population trends in natural habitats (Silva-Monteiro et al. 2021a).
However, studies that examined other wader species that frequently share breeding areas
with Godwits also report sharp declines during the last three decades (Fraixedas et al.
2017).

Conservation research has focused on understanding the causes for local Godwit declines,
which, in northwestern Europe, have been linked to the direct and indirect impacts of
increasing agricultural intensity (Beintema et al. 1995, Roodbergen et al. 2012). Here, high
nest and chick mortality due to ever-advancing mowing and grazing dates (Schekkerman
et al. 2009, Kentie et al. 2013), dense monocultural vegetation swards disabling Godwit
chicks to forage or hide effectively from predators (Schekkerman & Beintema 2007, Kleijn
et al. 2010), low water table potentially reducing invertebrate availability for both chicks
and adults (De Felici et al. 2019, Onrust et al. 2019), all reduce the reproductive success of
breeding pairs (Kentie et al. 2018). In eastern Europe, population decline is predominantly
driven by agricultural land abandonment resulting in shrub and tree encroachment
that makes many locations unsuitable for Godwits (Leito et al. 2014, Kamp et al. 2018,
Zmihorski et al. 2018). Moreover, the predation pressure of both nest and chicks has been
increasing across all breeding habitats in Europe, seemingly independent of the intensity
of land-use (Silva-Monteiro et al. 2021a).

Surprisingly little is known about whether any resources limit the number of breeding
pairs of waders in a habitat and if so, whether these are resources for the adults or the
chicks (Silva-Monteiro et al. 2021a). This is important information if we want to design
effective strategies for the sustainable conservation of waders because population size
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is determined by the product of the habitat area and the breeding density. Godwit
breeding densities differ markedly and predictably across habitats with a clear optimum
at intermediate land-use intensities where semi-natural grasslands are being managed to
enhance productivity somewhat but are not yet heavily drained, levelled, fertilized and
reseeded (Silva-Monteiro et al. 2021a). Why breeding densities in natural or extensively
managed areas such as mires and coastal and floodplain meadows are so much lower
than in the more intensively managed grasslands remains unclear. The population size
of waders has been found to be determined by essential resources such as food (Goss-
Custard 1991, Zharikov & Skilleter 2003, Piersma 2012, Bakker et al. 2021) although this
has almost exclusively been examined in the non-breeding season. Kleijn et al. (2009a)
reviewed studies in the Netherlands and Germany examining the relationship between
breeding densities on one hand and groundwater level and prey abundance for adult
Godwits (e.g. earthworms) on the other and found that settlement densities were
more consistently positively related to water level than to earthworm abundance. They
speculated that Godwits use soil moisture to select sites that provide good chick-rearing
habitat. Wet habitats generally support higher arthropod prey (Eglington et al. 2010, De
Felici et al. 2019) and have vegetation structure that is often more open and accessible to
chicks (Kleijn et al. 2009b). Identifying the key environmental factors that determine the
number of breeding pairs in Godwit habitats can help develop management practices to
support and strengthen local populations.

Here we examine which environmental variables are most strongly related to the number
of Godwit breeding pairs across a European gradient in land-use intensity. In 63 known
Godwit breeding sites located in five countries, we determined local population sizes
by means of territory mapping of breeding birds. In each site, we furthermore sampled
vegetation biomass, soil moisture content and assessed above- and belowground
invertebrate abundances throughout the breeding season. We specifically asked to which
environmental variables Godwit territory abundance were most strongly related and
whether this differed between the establishment phase (clutch-laying) and the chick-
hatching phase.

METHODOLOGY

Study sites and design

We collected data in 63 sites in France, the Netherlands, Poland, Estonia and Finland. All
sites were areas potentially hosting breeding Godwits, as indicated by survey information
from the years before this study was conducted. Site selection aimed to include locations
varying widely in environmental conditions both within countries and between countries
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to incorporate as much variation as possible in variables potentially explaining Godwit
breeding numbers and representing all habitat types used by Godwits for breeding
(Silva-Monteiro et al. 2021a). This included bogs and fens (natural habitats with no
agricultural use), coastal and floodplain grasslands (semi-natural habitats that are grazed
or mown but do not receive any inputs) and improved grasslands varying in management
intensity (no to high fertilizer input; see supplementary information’ Table S4.1 for more
detailed information). We thus used a space for time design that reflects the complete
transition from a natural undisturbed Godwit breeding habitat to an intensively managed
agricultural one (Silva-Monteiro et al. 2021a). Additionally, sites were located in countries
that included both the extremes and average latitudes of the species’ main breeding
distribution (AEWA 2008, Keller et al. 2021). We surveyed and sampled each site in a
single season starting approximately two weeks before the estimated mean laying date
of Godwit clutches (roughly between March and May) with the sampling period covering
48-72 days, depending on the country. Logistical constraints forced us to sample different
countries in different years with sites in Finland being sampled in 2017, sites in Estonia
both in 2017 and 2018, France and the Netherlands being sampled in 2018 and the Polish
sites being sampled in 2019. Sites were located a minimum of 0.5 km apart ensuring they
represented independent observations and varied in size from 2 to 617 ha (mean: 38 ha).
Western European countries (e.g. Netherlands) generally had smaller areas compared
to Eastern European countries (notably Estonia). Twelve surveyed sites did not have any
Godwit breeding pairs in the year of the survey, possibly due to early-season extreme
weather events (e.g. drought). Because the sites’ environmental variables still represent
important data explaining Godwit site selection we nevertheless included the data from
these sites into our analysis.

Surveying breeding populations and determining laying date of Godwit
clutches

Godwit breeding populations were estimated by means of a territory mapping approach
following Bibby et al. (1992), where observations of territory-indicative behaviour (e.g.
pair bond, display, alarm, nests etc.) were recorded on field maps and observations from
multiple rounds were clustered into territories. We aimed for five rounds per site, but the
final number of rounds ranged between four and six. Eighteen sites were inaccessible in
the first sampling round due to flooding and therefore had only four rounds. In the twelve
French sites, we decided to extend the surveying and sampling period with one more round
resulting in six rounds. Surveys were generally performed using a line transect of parallel
lines 200m apart through the whole surveyed area. To determine the exact phenology of
the Godwit breeding season we additionally tried to find as many nests as possible. Once
a nest was found, we assessed the laying date following the floatation method of Paassen
et al. (1984), for which we used the earliest date of three analyzed eggs. The hatching
date was subsequently assessed by adding 28 days to the laying date because Godwits
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generally lay four eggs in four days and start the average 24.5 day incubation period (here
rounded to 25 days) immediately after the last egg is laid (Haverschmidt 1963a, Verhoeven
et al. 2020). To avoid the inclusion of replacement clutches, we excluded all clutches laid
after a country-specific date after which we considered it unlikely that first clutches would
still be laid. This date was estimated by adding 44 days to the date the first clutch was
found in each country. The 44 day period was based on the period between the earliest
clutch and May 1%, the known local date where first clutches are stopped being laid in the
Netherlands (Verhoeven et al. 2020).

Surveying environmental conditions

In each site, we surveyed arthropods (aerial and ground-active) and soil-dwelling
invertebrate abundance, sampled vegetation biomass and measured soil moisture content
at twelve-day intervals throughout the local Godwit breeding season. In each site, the
number of sampling rounds was the same as the number of bird survey rounds.

Arthropods (insects and spiders) were sampled using a combination of pitfall traps and
sticky traps (Eglington et al., 2010). Aerial insects were surveyed using three yellow sticky
boards (10 x 25 cm, adhesive on two sides; brand Koppert, type Horiver) per site and
survey round. Sticky boards were placed vertically in the vegetation with the bottom
end approximately 10 cm above the ground surface and spaced 10 meters apart. After
four days, the traps were removed and individual arthropods counted. Ground-active
arthropods were surveyed using three pitfall traps (plastic yoghurt cups, height 125 mm
and diameter 85 mm) spaced 10 m apart, that were filled with water and cooling fluid to
act as a preservative. A cover raised 60 mm above the pitfall traps protected them from
flooding during rainfall. Pitfall traps were open for four days per sampling period and
closed with a lid for the remaining eight of the twelve days. Total arthropod abundance
(of aerial and ground-dwelling arthropods) per round was considered to be the sum of the
three pitfalls and three sticky board traps.

Soil-dwelling invertebrates, primarily earthworms and leatherjackets (Tipulidae larvae)
were surveyed by extracting 20 cm wide by 20 cm long by 15 cm deep soil samples from
each site using a spade (Kleijn et al. 2011a). Because soil macro-fauna is not expected to
change much over the season, sampling was done only twice during the breeding season,
simultaneously with the first and last arthropod samples. In each field, five samples were
taken randomly located in the same general location of the arthropod samples. Per site
and sampling round, the pooled number of earthworms and leatherjackets were counted
and expressed in number of individuals per m? and the average of the two sampling
rounds was used in the analyses.
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Vegetation biomass (dry weight in g/m?) was estimated by clipping the vegetation in three
30 x 30 cm vegetation plots randomly located within 10 m of the arthropod sampling
sites and weighing them after drying for two days in an oven at 70°C. To determine soil
moisture content (%), five 15 cm deep soil samples located randomly in the same general
vicinity as the biomass samples were taken using an auger. Subsamples were pooled and
mixed and fresh weight was determined after which samples were dried at 105°C for one
night to determine their dry weight. Soil moisture content in percentage was calculated
as (([soil fresh weight — soil dry weight]/soil fresh weight)*100).

Analytical framework

We investigated how the total arthropod and soil-dwelling invertebrate abundance,
vegetation biomass and soil moisture in two separate periods were related to the
number of Godwit territories per site. As this gave a better model fit than directly using
territory densities, we used as the main response variable the number of territories while
statistically accounting for differences between sites in the area surveyed. Additionally,
it allowed us to examine whether area-territory number relationships differed between
countries. Because it is unknown if adult Godwits select a breeding area because it confers
benefits to themselves or to their chicks during the rearing period we ran analyses with
variable estimates at the estimated clutch-laying and chick-hatching dates (Fig. 4.1a).
For this, we extracted for each environmental variable an estimate at each site’s average
clutch-laying date and chick-hatching date. For sites where we did not find any nest, we
used the country-averaged clutch-laying date and associated chick-hatching date. For soil
moisture content we fitted linear relationships with time and used the model predicted
values (Fig. 4.1b). The advantage of using this approach is that it uses data from all our
samples, thus reducing the impact of outliers. We followed the same approach for the
arthropod abundance and vegetation biomass sampling but here we used either a linear
or quadratic regression (best fit visually selected) from the sampled replicas (Fig. 4.1c
and 4.1d). We used the averaged value of the two soil-dwelling invertebrate abundance
samples in the models for both periods since soil-dwelling abundance is expected to only
slightly vary during the breeding season. The different sites varied in size and we included
site area in our analyses to correct for this.

69



Chapter 4

7 A
7} i

4 L ___ -
+28 days
2 {4
P>
Time
| Site or country average laying date I Site or country average hatching date
b C d
s _ Fitted linear or quadratic PY Ftted/inecroraunitic
= Fitted linear regression IC) regression 3 HEressionit. sl
5 ~0 @ B \
g E] X (| DTR—— Sa—
4 E () 4eeererreeremrensinnnenns S 7 "
S 1 S = [ N
H = © , h
g i ~ H 3 * !
g ~ o 3 ! \
2 b R X = 2 <o N e
E i 3 T
2 s

\

v

Time

Figure 4.1. (a) Methodological process for obtaining estimates of environmental variables at clutch
laying and hatching date: (b) soil moisture content, (c) vegetation biomass and (d) arthropod
abundance. Country average laying dates were only used in sites without nests.

STATISTICAL ANALYSIS

To investigate to which extent the set of environmental variables were related to the
number of Godwit territories, we employed generalized linear mixed models and an
information-theoretic approach. We chose this approach because we were specifically
interested in the relative importance of the different variables and we had no prior
expectations about the outcome. In contrast to the more traditional hypothesis testing approaches,
information-theoretic approaches present likelihoods that a model or variable is the best model or variable rather
than tests of significance. We analyzed two sets of models using the same set of environmental
variables: the first with the estimates obtained at the site or country averaged laying
dates and the second with estimates obtained at the associated hatching dates. We
used country as a random variable and applied the “within-subject centring” procedure
(van de Pol & Wright 2009) to disentangle the effects of the explanatory variables within
and between countries. Some environmental variables, while not being relevant due to
lack of variation within countries, can become relevant when analysed across a wider
geographical range. For this, we first scaled and centred the explanatory variables
through the whole dataset to observe potential within-country relations (referred to as
‘explanatory variable — within’). We also scaled and centred the country’s averages of the
environmental conditions to observe potential relations across countries (‘explanatory
variable — across’). We removed variables that were demonstrating multicollinearity
by examining the variance inflation factors (VIF; Quinn & Keough 2002, Graham 2003).
“Area size - across” was excluded from both sets of analyses and “soil moisture content -

70



across” and “vegetation biomass - within” from the analyses at laying and hatching dates
respectively. The remaining explanatory variables all had VIFs lower than 2.5. Interactions
between explanatory variables in the models were not considered due to small sample
sizes among countries as the analyses across countries are being done based on a single
mean value per country. Poisson distribution gave the best fit for both sets of analyses and
inspection of residuals suggested none of the models was zero-inflated or suffered from
over- or under-dispersion.

We used an all-subsets approach to build a model set containing all possible combinations
of the different explanatory variables. Given the sample size, individual models were
restricted to have a maximum of four explanatory terms, to avoid overfitting (Babyak
2004). We used the Akaike information criterion corrected for small sample size (AlCc) to
select a candidate set of best models (AAICc<2; Burnham et al. 2011). Full-model averaged
parameter estimates (comprising zeroes when the predictors were not present in certain
models) were calculated for each predictor in the model set (Symonds & Moussalli 2011).
This approach allowed us to compare the relative importance of different predictor
variables because standardized effect sizes of different predictor variables can directly
be compared and the 95% confidence intervals of effect sizes can be used to assess their
reliability. All analyses were performed in R (R Core Team 2017), using packages glmmTMB
(Brooks et al., 2017) and Mu-MiIn (Barton 2020).

RESULTS

The results of the analyses at clutch-laying date only provided support for a positive rela-
tionship with soil-dwelling invertebrates, such as earthworms and leatherjackets, across
countries with a parameter weight of 0.56 and a model-averaged estimate of 0.20 (Table
4.1). The best model containing soil-dwelling invertebrates indicates an approximately
two-fold increase in Godwit territory numbers from sites with the lowest earthworm
densities in Finland and Estonia to sites with the highest earthworm densities in the
Netherlands (Fig. 4.2). The 95% confidence intervals of the model-averaged estimate
overlapped zero indicating some uncertainty in the support for this variable, but this is
perhaps not surprising given that no invertebrates had been observed in near 50% of the
sites (n=31) and the many zero values making the analyses less powerful. We additionally
found support for the obvious positive relationship between breeding pairs and area size
within countries. There was little or no support that godwit territory numbers at clutch
laying were related to vegetation biomass, soil moisture or arthropod abundance.
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Table 4.1. Model selection and model averaging results for candidate models explaining Godwit
breeding population size at the site and country averaged laying date. Candidate models are ranked in
order of increasing differences in corrected Akaike information criterion (AAICc). Akaike model weights
(wm) indicate the probability that a model is the best-approximating model given the set of models
considered. For each predictor, the parameter estimate for each candidate model is given, along with
its model-averaged estimate (B) (including zeros for variables that are not in a particular model), 95%
confidence interval, and relative importance (wp). Confidence intervals that do not overlap zero are

indicated in bold.

Clutch-Laying Period Model

Predictor #1 #2 #3 #4 #5 B 95% CI wp
Site Area Within 0.20 0.20 0.18 0.18 0.19 0.19 0.03-0.36 1.00
Soil Invertebrate 0.35 0.35 0.35 0.20 -0.25-0.65 0.56
Across
Arthropod 0.09 0.09 0.03 -0.10-0.16 0.32
Within
Vegetation 0.05 0.01 -0.06 - 0.07 0.07
Biomass Within
AAICc 0.00 0.12 1.16 1.21 1.99
wm 0.29 0.28 0.16 0.16 0.11
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Figure 4.2. The relationships of the number of Godwit breeding pairs with the soil-dwelling invertebrate
abundance across countries, based on the regression plots of the second model of table 4.1. The light
grey band displays the 95% confidence interval for the shown across-country country relationship.
Several site observations are overlapping due to many sites having identical breeding pair counts.
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However, at chick-hatching, the arthropod abundance across countries was strongly
related to the number of breeding pairs as indicated by the fact that the variable was
included in all models in the set of best models (i.e. parameter weight of 1). Furthermore,
the model-averaged estimate was 0.66 and its 95% confidence interval did not overlap
zero (Table 4.2).

Table 4.2. Model selection and model averaging results for candidate models explaining Godwit
breeding population size at the site and country averaged chick-hatching date. Candidate models are
ranked in order of increasing differences in corrected Akaike information criterion (AAICc). Akaike
model weights (wm) indicate the probability that a model is the best-approximating model given the
set of models considered. For each predictor, the parameter estimate for each candidate model is
given, along with its model-averaged estimate (B) (including zeros for variables that are not in a par-
ticular model), 95% confidence interval, and relative importance (wp). Confidence intervals that do
not overlap zero are indicated in bold.

Chick-Hatching Period Model

Predictor #1 #2 #3 #a B 95% ClI wp
Site Area Within 0.20 0.20 0.20 0.22 0.20 0.03-0.36 1.00
Arthropod Across 0.70 0.70 0.51 0.70 0.66 0.35-0.97 1.00
Moisture Across -0.22 -0.08 -0.34-0.18 0.37
Moisture Within -0.09 -0.01 -0.11-0.08 0.14
Soil Invertebrate

Across -0.28 -0.21 -0.21 -0.19 -0.48-0.10 0.78
AAICc 0.00 0.56 1.04 1.97

wm 0.37 0.28 0.22 0.14

Anillustration of this relationship based on the model with the lowest AICc suggests a nearly
fourfold increase in abundance between sites with the lowest invertebrate abundance
(e.g. France and Estonia) and sites with the highest abundance (e.g. Netherlands) (Fig.
4.3a). Again, results indicate the obvious positive relationship between Godwit breeding
pairs and area size but it is noteworthy that its average estimate was three times lower
than that of arthropod abundance across countries (Table 4.2). A graphical illustration
of the relationship suggests that the number of Godwit pairs increase with 0.24-0.83
breeding pairs per 10 ha in all countries except for Estonia (Fig. 4.3b). In Estonia, which
had most of the larger surveyed areas that were most often located in bogs and fens, the
number of pairs increased only marginally with the increasing size of the surveyed area.
Additionally, soil-dwelling invertebrate abundance demonstrated a negative relationship,
contrasting with the earlier positive one during the clutch-laying period. However, its
-0.19 model-average estimate also overlapped zero. Values for each site’s vegetation
biomass, soil moisture and invertebrate abundances at the two different explored dates
are described in the supplementary tables S4.2 and S4.3.
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Figure 4.3. The relationships of the number of Godwit breeding pairs with total arthropod abundance
across countries (a) and surveyed area size within countries (b). Regression plots are based on the
third model on the candidate model list in table 4.2. The light grey band of (a) displays the 95%
confidence interval for the shown across-country country relationship, while several site observations
overlapping due to identical breeding pair counts. Confidence intervals and partial residuals are not
presented in (b) as multiple overlapping confidence intervals would have made the graph difficult to
read. For similar reasons of presentation the x-axis of the panel (b) was shortened and does include
two Estonian sites with surveyed areas of 547 and 616 ha.

DISCUSSION

Our cross-continental analysis revealed that soil-dwelling invertebrates in the clutch-
laying period and even more so, local arthropod abundance in the chick-hatching period
are the best predictors for the number of Black-tailed Godwits breeding pairs. We only
found support for relationships with environmental variables across countries with both
variables describing food availability. Variables describing the physical conditions of the
breeding habitat, vegetation biomass or soil moisture, were found to be far less important
or not related to Godwit territory numbers at all.

The positive relationship between the number of Godwit territories and local arthropod
abundance at chick-hatching may be explained through two mutually non-exclusive
mechanisms. Firstly, breeding pairs may select nest sites that are perceived to be high-
quality habitats for their chicks (Kleijn et al. 2009c). Godwit chicks are nidifugous and
have to forage for themselves right after hatching. Grassland-dwelling arthropods are
the main prey items of Godwit chicks (Beintema et al. 1991, Schekkerman & Beintema
2007) and chick survival immediately after hatching, when chicks are most vulnerable to
limitations in food availability (Schekkerman et al. 2009), may be constrained by arthropod
abundance. Nest site selection may therefore at least partially be determined by the parent
bird’s assessment of the abundance of food for their chicks when they hatch. Secondly,
arthropod availability may be related, through its positive effect on chick survival, to
reproductive success. As far as we know, chick survival is currently the key process driving
determining reproductive output throughout the breeding range (Roodbergen et al.
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2012, Loonstra et al. 2019). Breeding pairs in sites with more arthropods may be more
successful and because Godwits demonstrate natal philopatry (Kruk et al. 1998, Kentie
et al. 2014), this may result in higher recruitment rates and therefore larger population
size, in sites with high arthropod abundance compared to sites with low arthropod
abundance. These two potential mechanisms influencing the population size of breeding
Godwits operate at different scales. Site selection will mainly be relevant at local scales
as godwits predominantly remain in the region in which they bred before with Godwits
in the Netherlands renesting an average of 564m away from previous years’ nest sites
(Verhoeven et al. 2020). The potential effect of arthropod abundance on reproductive
output will most likely act at a larger, continental scale. Differences in arthropod abundance
within habitats are relatively small because they are driven to a large extent by land-use
intensity (Silva-Monteiro et al. 2022). The fact that we found support for a relationship
with arthropod abundance across countries but not within countries could then suggest
that the mechanism through reproductive output is the dominant factor explaining the
patterns in our data (Fig. 4.3a).

The high relative importance of abundance of soil-dwelling invertebrates, such as
earthworms and leather jackets, suggests that food for the adults may be an additional
factor determining Godwit breeding densities although to a lower extent. In our study,
the high abundance of soil-dwelling invertebrates was mainly restricted to intensively
managed grasslands in the Netherlands. However, Leito et al., 2014, observed that within
Estonia, with a generally low abundance of soil-dwelling invertebrates, the species often
select breeding locations with relatively high earthworm densities. The relationship of
godwit territories with prey items for adults may be weaker than that with prey items for
the chicks because adult birds are more flexible. For example, Godwits have been found
nesting in long-term flooded meadows dominated by sedges that contained only very few
prey items of adult birds (Struwe-Juhl 1995b). Between incubation bouts, birds were seen
foraging up to 500m from the nest on agricultural lands with high densities of earthworms.
The long-term flooding may clear the area of vertebrate prey of potential nest predators
(Bellebaum & Bock 2008, Laidlaw et al. 2017) and the benefits of lower nest predation
rates may outweigh the costs of larger foraging distances. After the chicks hatch, Godwit
families often move to areas where the arthropod availability is higher or more accessible
(Schekkerman & Beintema 2007), with adults frequently foraging in different areas when
not on guard (Beintema & Visser 1989). The observed negative relationship with soil-
dwelling invertebrate at chick-hatching may be the result of the intensive drainage of
the most productive grasslands in the Netherlands. The top layer of such grasslands are
known to dry out rapidly after which soil-dwelling invertebrates migrate to deeper soil
layers where they become inaccessible to Godwits (Onrust et al. 2019). This suggests
that sites that combine high soil-dwelling invertebrates at egg-laying with high arthropod
abundance at hatching support the highest numbers of Godwit territories.
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The somewhat surprising finding that in Estonia the number of Godwit territories was not
related to the size of the surveyed area may also be explained by foraging ecology. In many
parts of the very large bogs and mires that we surveyed, and that were completely devoid
of soil-dwelling invertebrates, adult Godwits may have to fly too far to feed themselves.
Here the benefits of safe nesting may no longer outweigh the foraging costs. We may
therefore have surveyed areas that seemed suitable to the human eye, but could in fact
not support large breeding Godwit populations.

In an earlier study, Silva-Monteiro et al. (2021a) found that, across Europe, Godwit
breeding densities increase with increasing land-use intensity from natural to moderately
intensively managed grasslands. In another study, Silva-Monteiro et al. (2022b) found that
the abundance of vegetation-dwelling arthropods and soil-dwelling invertebrates was
generally positively related to vegetation productivity, an indicator of land-use intensity.
The high availability of vegetation biomass, mostly enhanced by fertilizer input, allows
for a more abundant invertebrate community, as it is their primary food source (Haddad
et al. 2000, Andrey et al. 2014). Our current study, therefore, suggests that agricultural
improvement of (near-)natural habitats has improved the food availability for both adult
Godwits and chicks and may thus have increased the carrying capacity of breeding sites.
It could explain why Godwits, along with many other wader species, colonized Russian
farmland and expanded their range during the course of the 20™ century (Lebedeva
1998) and why Godwits are thought to have increased in population size in the first half
of the 20™ century in their current stronghold, the Netherlands (Mulder 1972, Bijlsma
et al. 2001). Practices associated with the continued intensification of farming, such as
increasingly frequent cutting regimes, the use of dense monocultural swards and removal
of within- and between-field relief (Kleijn et al. 2010, Groen et al. 2012, Kentie et al. 2015),
are now making modern farming landscapes more and more unsuitable for Godwits, even
though they still support abundant arthropod communities (Silva-Monteiro et al. 2021b,
in preparation). Our findings, therefore, suggest that moderately managed agricultural
grasslands (relatively low fertilizer input, cattle grazing intensities, and extensive cutting
regimes and high water tables) offer the ideal breeding habitat for Godwits, as they
enhance food availability for both adults and chicks but do not yet have a negative impact
on the environmental conditions that enhance chick survival such as proper vegetation
cover and high arthropods abundance. Although the exact management practices with
which this has to be achieved will have to be tailor-made to each breeding area to take
into account inherent differences in, for example, soil type, local hydrology, farming
system as well as the impact managment will have on other bird species that inhabit
the site this means that the optimal conservation management to enhance local Godwit
populations should aim for modest increases in land-use intensity at the extensive end of
the habitat range, while it should aim for reducing land-use intensity at the intensive end
of the range.
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Chapter 5

ABSTRACT

Birds have evolved a wide range of behaviours to minimize the impact of predators on
clutch survival. Here, we examine whether leaving the nest for prolonged periods of time
during the incubation period is a potential nest defence strategy of continental Black-tailed
Godwits (Limosa limosa limosa). The Black-tailed Godwit is a ground-nesting, grassland
breeding wader that has sharply declined in its European breeding area, a decline which has
been partly attributed to increased nest predation rates. We used iButton thermologgers
placed in nests to determine the frequency and length of long incubation recesses (>20
minutes) and the daily amount of time breeding couples spent taking these recesses,
in five European countries with contrasting predation levels (France, the Netherlands,
Poland, Estonia and Finland). We test whether these incubation recess variables differ
between daytime and nighttime and whether this type of behaviour is related to the nest
survival rate. We found that long incubation recesses occurred in all examined populations
and differed significantly between daytime and nighttime in some populations but not
others, without any apparent relationship to local clutch predation rates. Furthermore,
we found evidence for a positive trend between frequent and prolonged long incubation
recesses and the daily clutch survival probabilities. Further study on the direct links
between predator presence and other likely causes for long disruptions in the incubating
behaviour is needed to confirm the role of incubation recesses in ground-nesting waders.

KEYWORDS

Nest defence; Predation pressure; Clutch incubation; Thermologger; iButton; Black-tailed
godwit; Breeding habitat; Limosa limosa
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INTRODUCTION

The continental Black-tailed Godwit (Limosa limosa limosa, Godwit from here on) is a
wader species that breeds in a myriad of habitats, from intensive agricultural land and
semi-natural ecosystems such as coastal and floodplain grasslands, to more natural
undisturbed areas such as fens or bogs (Silva-Monteiro et al. 2021). For the last half-century,
the population size has been declining throughout much of the European continent (Gill
et al. 2007). Important drivers of the decline are loss of breeding habitat and diminished
breeding habitat quality caused by agricultural intensification in western European
countries (Beintema et al. 1995, Roodbergen et al. 2012) and agricultural abandonment in
more eastern European countries (Kamp et al. 2018, Zmihorski et al. 2018). Additionally,
high rates of nest and chick predation observed in most habitats may further contribute
to the decline of this species (tawicki & Kruszyk 2011, Roodbergen et al. 2012, Kentie
et al. 2015, Silva-Monteiro et al. 2021). Agricultural land-use modifications potentially
increased Godwit nest and chick predation rates; in intensified agricultural landscapes,
the mowing regimes removed important tall, open patches of vegetation used by chicks to
hide from predators (Schekkerman & Beintema 2007) and caused nesting sites to be more
conspicuous to predators (Kentie et al. 2015), while in more extensive grasslands wader
nest predation seem to have increased due to afforestation, which promotes predator
presence in nearby grasslands (Kaasiku et al. 2022).

Ground-nesting bird species such as the Godwit are exposed to a wide range of potential
nest predators that feed on their clutches (Macdonald & Bolton 2008). The Netherlands,
which hosts the majority of the Godwit breeding population (Roodbergen & Teunissen
2014), reports average nest predation rates of around 30-50% of all clutches (Teunissen
et al. 2008a, Kentie et al. 2015). In Poland, nest predation rates of 60-70% have been
reported (tawicki & Kruszyk 2011, Niemczynowicz et al. 2017). On the other hand, in
northern Finland, home to one of the few growing European Godwit populations, nest
predation is rare (Timonen et al. unpublished). Mammals are considered to be the main
nest predators, with the Red Fox (Vulpes vulpes) usually causing the majority of nest losses,
followed by mustelid species (e.g. Stoat, Mustela erminea; Teunissen et al. 2008, tawicki
& Kruszyk 2011, Salewski & Schmidt 2022). Moreover, invasive species are increasingly
considered a problem for wader conservation, particularly in eastern European countries.
In that region, attempts have been made both to control invasive predators such as the
American Mink (Neovison vison) by culling (Niemczynowicz et al. 2017), and to protect
ground-nesting bird species by fencing parts of important breeding areas against both
invasive and natural predators (Korniluk M. data unpublished).

Waders species have a diverse set of nest defence strategies to counteract roaming
predators (van de Kam et al. 2004). Godwits often use “predator-mobbing” behaviour,

81



Chapter 5

where birds from several breeding couples join forces, often along with breeding birds
from other wader species, to simultaneously attack an intruder (Gochfeld 1984, Green
et al. 1990). However, this strategy is effective only when breeding populations are large
and many birds can share the burden of trying to chase nest predators away (Kirby 1984).
Godwit breeding populations most likely have other, more passive, nest-defence strategies,
similar to what has been observed for smaller wader species (Nethersole-Thompson &
Nethersole-Thompson 1986, Larsen 1991), but these have so far not been described in
detail for Godwits. A study on the Common Redshank (Tringa totanus) observed that birds
breeding at a site in mainland Germany were absent from the nest for several hours every
night, while on a nearby islet, the breeding birds remained on the nest throughout the
night (Cervencl et al. 2011). The authors linked this difference in incubating behaviour to
predation rates, which was much higher in the mainland breeding site than on the islet
(87% compared to 2%). They suggested that these incubation recesses could potentially
result in higher clutch and breeding bird survival but that the long absences from the
nest might negatively impact chick development (Webb 1987). It is relatively unexplored
whether such long incubation recesses also occur in other biparental wader species, such
as the Godwit, and whether this is influenced by frequent exposure to predators.

Here we investigate the nesting success and predation rates of Godwit populations in five
European countries and examine whether long incubation recesses occur, whether the
amount of time spent daily in these recesses, along with their average daily frequency
and length, differ between populations and between daytime and nighttime, and
whether these variables are related to nest survival. In line with Cervencl et al. (2011),
we hypothesize that (i) long incubation recesses are more frequent in Godwit populations
experiencing higher predation rates and (ii) breeding couples that frequently deploy long
incubation recesses have a higher nest survival rate than birds that rarely deploy them.

METHODS

Study sites and data collection

We collected datain five European countries: Finland, Estonia, Poland, the Netherlands and
France. The selected Godwit breeding areas reflect both the diversity of habitats in which
the species breeds and cover a significant part of the known European breeding range
of the continental /imosa subspecies (Silva-Monteiro et al. 2021). Sites were comprised
of grasslands that differed in their land-use intensity (e.g. grazed semi-natural coastal
grasslands, fertilized and mowed monocultures) but also included natural undisturbed
habitats (e.g. fens; see supplementary information table S5.1 for more details). The sites
represented key breeding areas for the species in the respective countries and were
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subject to the local predator fauna. The exception was Poland, where the sampled clutches
were located inside a fence intended to counter the low breeding success of previous
years by protecting ground-nesting birds against large mammalian predators (e.g. Red
Fox and Raccoon Dog), but having little effect against smaller species (e.g. Stoat; Korniluk
M. data unpublished). Due to the difficulty of finding enough Godwit clutches in nearby
non-fenced sites, we had to resort to focusing only on the fenced breeding population.
However, this allowed us to check whether the breeding behaviour of the birds in the
fenced Polish sites was markedly different from that of birds in the other countries where
birds were exposed to larger ground-active predators.

Godwit clutches were surveyed following the protocols and objectives of the fieldwork
team in each country. In early 2018, each local team was provided with around 20
temperature sampling devices (thermologgers from here on). Thermologgers were
deployed in the breeding seasons (between March-July, depending on the country) of
2018, 2019 and 2020 in Estonia and Poland and only in 2018 in France, the Netherlands
and Finland.

Clutch fate and incubation pattern determination

We noted the geographical coordinates and estimated the laying date for each found
Godwit nest. The laying date was estimated using the egg flotation method (van Paassen et
al. 1984), assuming the date of the earliest laid egg of all measured eggs. A thermologger
was placed under the clutch. Thermologgers were wrapped in a small plastic bag and
were attached to a nail stuck in the ground to avoid it being thrown out of the nest by the
incubating bird (see supplementary information Fig. S5.1 for more detailed information).
We used iButton DS1921G thermologgers (Thermochron®, Australia), which are widely
used in ornithological research to record incubation temperatures and infer ground-
nesting species’ nest fates (e.g. Ospina et al. 2018, Laidlaw et al. 2020). Thermologgers
were programmed to take temperature data points in time intervals of 20 or 30 minutes,
depending on the clutch’s incubation stage, with the larger interval being used in early-
stage incubation nests. These time intervals allowed us to collect data on the whole
incubation period while avoiding additional visits to the nest to switch devices due to
inadequate memory capacity. Thermologgers were retrieved 28 days after the estimated
laying date of the nest, which corresponds to the average estimated hatching date
(Haverschmidt 1963b, Verhoeven et al. 2020). If the clutch had not yet hatched by this
point, the thermologger was retrieved on a later day after the nest had hatched.

Based on the patterns in the temperature data, we created an incubation presence or
absence dataset for each sampled clutch. Temperature data between one hour after
deployment of the thermologger and the end of incubation were used for this. The final
moment of clutch incubation was determined by visually inspecting the temperature
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fluctuations and locating the last high-temperature point (indicating incubation) before
the temperature dropped permanently (signalling its hatching or predation; Bolton et al.
2007). If a clutch successfully hatched, an erratic interval of temperatures (usually 12 hours
in duration) could be observed before the nest cup temperature started following ambient
temperatures. If the clutch was predated, a sharp decline in the incubation temperatures
could be observed before logging ambient temperatures (see supplementary information
Fig. S5.1 for more details). Nest success or failure was determined by this final temperature
examination. Nests that had failed due to other reasons (e.g. abandonment, flooding)
were excluded from our analyses.

Temp dif ference < 0 Temp dif ference = 0 Temp dif ference > 0
Temp dif Temp val Temp dif
< < >
—2 X SdTemp dif TneanTemp val — 2 X Sd’l‘emp val 2 X sdTemp dif
absent
absent Temp val Temp val absent
< >
MeaNremp val — 2 % SdTemp val MeaNTemp val + 2 X SdTé’mP val

o @

present absent present absent

Temp val
>
MeaNTomyp val +2 X SdTGmP val

@

present absent

Figure 5.1. Decision tree for incubation presence or long incubation recess classification, starting with
the temperature difference between two consecutive temperature points.

Previous studies that use thermologgers to investigate incubation recesses often use an
additional thermologger located outside the nest cup to separate incubation-induced
changes in temperature from environmental temperature fluctuations (Cervencl et al.
2011, Saalfeld et al. 2012), or follow incubation temperature fluctuations in more detail
(every minute) in areas where environmental temperatures are strikingly different to the
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wader incubation temperatures (Meyer et al. 2021). Due to limitations in the number of
thermologgers at our disposal and the data storage possible in them, we chose to monitor
more nests rather than have such a control thermologger for each nest. We subsequently
developed a protocol to evaluate if a parental bird was present or absent at the clutch
incubation based on the possible temperature interval differences. Because the minimum
interval between temperature recordings was 20 minutes, our study focused only on long
incubation recesses (>20 minutes in length), which we think are also more indicative of
interactions with predators because short incubation recesses can be the consequence
of parent birds switching places or rolling eggs. Following a decision tree that takes
into consideration the means and standard deviations of the temperature values and
the temperature difference with the previous point, each temperature data point was
classified as present or absent at clutch incubation (Fig. 5.1). A thorough check suggested
that this automated procedure produced a classification that was ~99% in line with our
own visual assessment. We manually corrected the ~1% of the classifications where we did
not agree with the automated classification. For each temperature entry, we furthermore
recorded whether it was made during the daytime or nighttime, with “nighttime” being
considered all entries with a time falling between sunset and sunrise time, using the R
package “suncalc” (Thieurmel & Elmarhraoui 2019).

Statistics

For each Godwit clutch, the following long incubation recess variables were calculated: (i)
The daily average time (in hours) a breeding couple spent taking long incubation recesses;
(ii) The daily average number of long incubation recesses performed and (iii) The average
length (in hours) of a long incubation recess. Due to the low sample size, we pooled
nests from the same country that were sampled in different years. We used program R
version 4.0 (R Core Team 2021) to analyse if the three variables differed among sampled
countries and within countries between day- and nighttime by standardizing according to
each country's day and night duration and using the non-parametric unpaired or paired
Wilcoxon rank-sum test, respectively.

Additionally, we investigated if any of the long incubation recess variables were associated
with the daily survival rate of the nest (Mayfield 1975). The daily survival rate was
estimated using survival models in MARK (White & Burnham 1999) and the R Package
RMARK (Laake 2013). We standardized the breeding season date by starting to count in
each country at the date of the first laid clutch (=1). Furthermore, we inspected if the three
long incubation recess covariates demonstrated multicollinearity by examining variance
inflation factors (Zuur et al. 2009). We had to remove the daily average time spent in a
long incubation recess, due to its high variance inflation factors and correlation with the
other two variables of interest (r>0.6). We also included country as a covariate to test for
differences between countries and associated ecosystems, land use, and management
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(e.g. fenced vs. unfenced). As a first step, we analysed whether a linear, quadratic or third-
degree equation best explained the decline in daily survival rate over time. Next, we ran
models that included the best fitted temporal model, country and the two remaining long
incubation recess variables to test whether they increased model fit, by assuming that
those variables remained constant throughout the breeding season. Models were ranked
using the corrected Akaike’s Information Criterion (AlCc) values and weights, and a subset
of best candidate models that had AAICc<2 was selected (Burnham & Anderson 2001).

RESULTS

Thermologgers from 94 Godwit nests produced data that could be used for analyses. The
hatching success varied highly across countries. All nests successfully hatched in Finland
while the majority of the nests hatched in The Netherlands and (in the fenced area)
in Poland. In France, about half of the nests hatched while the majority of nests were
predated in Estonia (Table 5.1).

Table 5.1. The number of nests analysed by country, clutch fate, and average sampled incubation
duration.

Country Hatched Predated Average sampled incubation duration (days +/- se)
Estonia 10 (31%) 22 (69%) 8.9+/-1.1
Finland 19 (100%) 0 (0%) 12.1+4/-1.3
France 6 (43%) 8 (57%) 13.7 +/-1.8
The Netherlands 9 (75%) 3 (25%) 16.3+/-1.0
Poland 11 (65%) 6 (35%) 12.4+/-1.4

In Estonia and Poland, most nests were predated during the nighttime, while in France
and the Netherlands they were mostly predated during the daytime period (Fig. 5.2).
Across all countries, and disregarding short incubation recesses that arguably have little
impact on chick development, Godwit clutches were incubated on average 94.6% of the
time (22.7 hours per day).
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Figure 5.2. Radial graphs showing the frequency and time of occurrence of nest predation in four
countries. White and grey bars represent day- and nighttime, respectively. No clutch was predated in
Finland.

Godwits breeding in Estonia, Finland and France spent more time away from the nest in
long incubation recesses than in the other two countries, although the difference was
only statistically significant for Poland (Fig. 5.3A; all Wilcoxon test statistics available in
supplementary information tables S5.2-4). Likewise, couples breeding in those three
countries spent more time in long incubation recesses during the nighttime than during
the daytime period compared to Poland and The Netherlands (Fig. 5.3B); again, this
difference was only statistically significant for Poland where couples spent more time away
from incubation during the daytime than during the nighttime period. The number of long
incubation recesses performed per day was significantly higher in Finland than in all other
countries, while in Poland it was significantly lower than in all other countries (Fig. 5.4A).
Additionally, the frequency per hour of long incubation recesses was significantly higher
during the daytime period compared to nighttime in France, The Netherlands and Poland
(Fig. 5.4B). In all countries except for Estonia, more long incubation recesses occurred
during the daytime than during the nighttime (Fig. 5.4B). The average incubation recess
length was significantly higher in France compared to other countries (Fig. 5.5A), and
tended to be longer during the night in most countries although those differences were
not statistically significant (Fig. 5.5B).

87



Chapter 5

A B

ab

°
©

)
@
>

o
@

>

o
g

I}
i
~

c
T
N

Hours spent in a long incubation recess per day

ﬂmﬂ%ﬂ

Estonia Finland France Netherlands Poland Estonia Finland France Netherlands Poland

e
o
)

% of the day/night period in a long incubation recess

Figure 5.3. (A) Average daily hours (means + standard error) a godwit breeding couple spent in a long
incubation recess in the different sampled countries. (B) Average percentage of the day and night
duration (means + standard error) the breeding couple spent in a long incubation recess. White and
grey bars in plot B represent day and night time, respectively. Different letters represent statistical
significance between countries. Asterisk (*) represents statistical significance between the day and
night period. Note that higher latitude countries have longer daytime.

The best daily survival model with only temporal relationships included time as a linear
variable, although the model with time as a quadratic term performed only marginally
worse (Table 5.2). When adding the other variables of interest, the country variable was
present in all models with AAICc<2 (Table 5.2), not surprisingly indicating that the daily
survival rate differed between the study areas in the different countries. The models that
included the long incubation recess variables were also included among the three best
models, suggesting that long incubation recesses explain part of the variation in daily
survival rates (Table 5.2).

Table 5.2. Survival model selection results for (A) best temporal trend and (B) Long Incubation Recesses
(LIR) variables of interest. The best model is highlighted in dark grey while other supported models
(AAICc<2) are in light grey.

Model AlCc AAICc weight LoglL
Temporal relationship models

Linear Date 327.31 0.00 0.53 -161.65
Quadratic Date 328.96 1.65 0.23 -161.47
Null Model 330.08 2.77 0.13 -164.04
Third-degree Date 330.39 3.08 0.11 -161.18
Best temporal relationship + Country + LIR Variables models

Linear Date + Country + LIR Frequency per Day 306.88 0.00 0.45 -147.40
Linear Date + Country + LIR Average Duration 307.78 0.89 0.29 -147.85
Linear Date + Country 307.93 1.05 0.27 -148.94
Linear Date + LIR Frequency per Day 326.44 19.56 0.00 -160.54
Linear Date + LIR Average Duration 327.11 20.23 0.00 -160.21
Linear Date 327.31 20.43 0.00 -161.65
Null Model 330.08 23.20 0.00 -164.04

88



An illustration of the effect of long incubation recesses based on the best survival model
indicates that in all countries except Finland, where no nest was predated, the daily
survival rate decreased as the breeding season progressed and that a higher daily number
of long incubation recesses increased the daily survival probabilities, especially in Estonia
and France, the two countries with the lowest daily survival rates (Fig. 5.6).
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Figure 5.4. (A) The average number of long incubation recesses per day in the different sampled
countries. (B) The average number of long incubation recesses per hour between day and nighttime.
In both plots, the interval lines represent the standard error. White and grey bars represent day and
nighttime respectively. Different letters represent statistical significance between countries. Asterisk
(*) represents statistical significance between the day and nighttime period. Note that higher latitude
countries have longer daytime.
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Figure 5.5. (A) The average length of a long incubation recess in the different sampled countries. (B)
The average length of a long incubation recess during the day and nighttime. In both plots, the interval
lines represent the standard error. White and grey bars represent day and nighttime respectively.
Different letters represent statistical significance between countries. Asterisk (*) represents statistical
significance between the day and nighttime period. Note that higher latitude countries have longer
daytime.
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DISCUSSION

Our results suggest that Godwit breeding couples that regularly leave the nest for
longer periods of time have higher daily nest survival probabilities. Two of the best nest
survival models included a long incubation recess variable. Couples displaying this type
of behaviour may therefore be more successful in hatching their eggs than couples that
spend a larger proportion of their time incubating. Furthermore, model outcomes suggest
that the effects on daily nest survival rates of more or less frequent long incubation
recesses can be as large as the differences in survival rates between study areas in the
different countries (Fig. 5.5). The daily total time, frequency, and length of long incubation
recesses differed significantly between countries, but we did not find any indications that
they were higher in countries with high predation rates. Although such a country-level
comparison is not very conclusive, the fact that none of the examined nests in Finland
were predated but breeding couples still took long and frequent incubation recesses runs
strongly counter to our first hypothesis.
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Figure 5.6. An illustration of the highest ranked nest survival model from the set of models in Table 5.2
section B. Relationships are estimated based on either zero or two long incubation recesses performed
per day (continuous and dashed lines, respectively). Note that the dashed line for Estonia is covered by
the continuous Polish line. Similarly, the dashed and continuous lines for Finland overlap each other,
because nests in this country had 100% survival.

The predation rates observed in this study are in line with what has previously been
reported: very high predation rates in Estonia (Kaasiku et al. 2022), very low predation
rates in Finland (Pakanen et al. 2011), and about half of the clutches being predated in
both France and Netherlands (Teunissen et al. 2008a, Kentie et al. 2015). For the fenced
population in Poland, nest predation rates were about half of the rates recently reported
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for unfenced clutches in this country (35% compared to 70%; tawicki & Kruszyk 2011,
Niemczynowicz et al. 2017). Although we lack direct observations of Godwits leaving
the nest due to an approaching predator, such apparent nest-defence behaviour has
recently been documented in other wader species breeding in the same general areas
as the Godwits in Estonia in this study (Kaasiku et al. 2022); camera traps employed to
identify wader nest predators in the vicinity of the nest captured incubating Northern
Lapwings (Vanellus vanellus) and Common Redshanks abandoning their nests for several
hours when a Eurasian Fox or invasive Golden Jackal (Canis aureus) was roaming the
area (Kaasiku T. pers. obs.). Leaving the nest generally increases clutch incubation time
(Cervencl et al. 2011) and consequently clutch predation rates, which suggests that
birds only leave the nest when they are forced to. This lends support to our hypothesis
that the majority of our identified long incubation recesses might have been caused by
roaming predators. However, our study does not examine direct links between predator
presence or predation pressure and long incubation recesses, and care should be taken in
interpreting these results. It is likely that birds might leave the nest unattended for longer
periods for other reasons as well, such as foraging opportunities (Bulla et al. 2015), local
cattle disturbance in grazing sites (Durant et al. 2008b), weather conditions (Smith et al.
2012), or the occasional human presence inside some farmland locations (Silva-Monteiro
personal observations).

Nest survival probabilities decreased during the course of the breeding season, a finding
consistent with previous studies on this species (Kentie et al. 2015, Niemczynowicz et
al. 2017). Additionally, the patterns observed across and within countries elicit some
speculation about which type of predator may have caused differences in long incubation
recesses. For example, couples breeding in Estonia and Finland had longer incubation
recesses during the nighttime period compared to the other countries, which all had
significantly longer incubation recesses during the daytime period. Because mammals are
known to roam breeding areas mainly during the nighttime (Laidlaw et al. 2019, Kaasiku
et al. 2022), this could suggest that local predation pressure by mammals was higher
in Estonia and Finland than in the other three countries. This aligns with our finding
that couples breeding in the fenced Polish area (and thereby protected against large
mammalian predators) all had incubation recess variables that were significantly lower
compared to the other countries.

Our observation that clutches were incubated on average 95% of the time is slightly
higher than previous reports for this species, with 89% observed in Hungary (Hegyi &
Sasvari 1998) and 92% in a Dutch nature reserve (Kleijn & Bos 2010). The latter studies
were done through direct observations during the daytime only, which in the Netherlands
could have led to a slight underestimation of the proportion of time spent on the nest
(Fig. 5.3B). The average length of long incubation recesses was 37 minutes and was very

91



Chapter 5

similar across countries. We believe this measurement was likely influenced by the 20-30
minute sampling interval of the thermologger, which did not record shorter recesses.
Nonetheless, it does indicate that even though long incubation recesses of 40-60 minutes
are rare in our sampled populations, they are still relatively common compared to studies
of other wader species in which recesses were usually shorter than 10 minutes (Sladecek
et al. 2019, Meyer et al. 2020). Only the clutches in France during nighttime are an
exception, with on average almost two-hour-long incubation recesses. This was caused
by some specific incubating couples performing exceptionally frequent and prolonged
incubation recesses every night.

In principle, long incubation recesses could also have negative effects on the hatching rate
of clutches because frequent absences from the nest may reduce embryo development
and growth (Webb 1987, Olson et al. 2006) and thus extend the length of the incubation
process. This in turn increases the vulnerability of the clutch to roaming predators
(Cervencl et al. 2011). However, for the 57 clutches that successfully hatched, we found
no significant relationship between the daily amount of time spent in long incubation
recesses and the incubation duration (Generalized Linear Regression Model assuming a
Poisson distribution, Z=1.02, P = 0.31).

In sum, we find that Black-tailed Godwits display similar behaviour to what has previously
been reported for Common Redshanks, regularly leaving the clutch for prolonged periods
of time (Cervencl et al. 2011). Although it is likely that they do this to evade potential
predators, we find little evidence to support the idea that in areas with high predation
losses Godwits demonstrate this behaviour more frequently. Even in areas with high
predation pressure, where two-thirds of the nests are predated, breeding birds remain
incubating on the nest for roughly 92.5% of their time. Staying away from the nest likely
has negative consequences for hatching success and chick development and we suggest
further studies aim to link incubation patterns of wader species with nest and chick
survival. It is worth exploring in more detail how the impact of predators modifies the
behaviour of ground-nesting birds such as the Black-tailed Godwit.
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Chapter 6

ABSTRACT

Several ground-nesting wader species rely on Boreal Baltic coastal meadows as their
breeding areas. Due to a combination of habitat quality loss and an increase in clutch
predation in recent decades, wader populations have sharply declined, with some
becoming endangered. Therefore, identifying which grassland characteristics are
essential for waders to select their nesting location and which ones enhance their clutch
survival probability is vital to implement efficient conservation plans to halt many species'
population declines. However, many vegetation variables, such as vegetation height
or heterogeneity, can be logistically complex to measure using traditional methods in
relatively large areas, especially considering the highly accurate resolution needed. Here,
we assessed several sward vegetation characteristics together with other key landscape
features by combining innovative UAV surveys with nest survival study, in five key Estonian
coastal grasslands for waders. We found that the main four wader species found, Northern
Lapwing (Vanellus vanellus), Common Redshank (Tringa totanus), Common Ringed Plover
(Charadrius hiaticula) and the Baltic Dunlin (Calidris alpina schinzii), do not significantly
differ in their nest site selection vegetation height, growth or heterogeneity. Yet, we
found that vegetation sward height and heterogeneity surrounding the nest sites within a
2-meter buffer were positively related to nest survival probability. Additionally, the distance
between the nest location towards large flooded area (220m?) was negatively correlated,
and all variables affected the species in the wader community similarly, with no variable
interacting with a specific species. Our results signal the importance of diverse sward
structures and the presence of constantly flooded areas in Estonian coastal meadows,
which could be achieved through more diverse grazing management. Moreover, our study
highlights the importance of integrating UAV technologies within the animal conservation
research field, in order to unveil ecological patterns that could remain hidden using more
traditional methods.

KEYWORDS

UAV; Shorebird; Nest site selection; Nest survival; Vegetation heterogeneity; Sward height
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INTRODUCTION

Boreal Baltic coastal meadows are a key semi-natural habitat for ground-nesting birds,
with many wader species relying on these wetlands as breeding grounds across northern
European countries such as Sweden, Finland or Estonia (Ottvall & Smith 2006, Pakanen
et al. 2011, Leito et al. 2014, Rannap et al. 2017). These areas have been maintained
by traditional and extensive agricultural practices for decades, creating unique open
landscapes characterized by very high plant species richness (Joyce & Wade 1998, Burnside
et al. 2007). However, during the second half of the 20" century, many wader species’
populations that rely on those habitats, such as the Northern Lapwing (Vanellus vanellus),
Common-ringed Plover (Charadrius hiaticula) or the Baltic Dunlin (Calidris alpina schinzii),
sharply declined (Kuresoo & Magi 2004, Thorup 2006, Hellstrom & Berg 2014). Habitat loss
and quality degradation are pointed as the main causes for such declines, with agricultural
land abandonment or insufficient grazing pressures rendering most locations unsuitable
for ground nesting birds due to shrub and tree encroachment (Amar et al. 2011, Douglas
et al. 2014, Kaasiku et al. 2019). Additionally, an increase in nest predation by both native
and invasive predators has further contributed to the negative population trends (Manton
et al. 2016, Kriger et al. 2018, Kaasiku et al. 2019, Silva-Monteiro et al. 2021).

In Estonia, the remaining coastal grasslands for breeding waders are mainly preserved
through agri-environmental schemes (AES). They now occur in small, fragmented patches
of both original and previously abandoned, currently restored sites (Kose et al. 2021).
AES compensate farmers for not intensifying local grazing regimes, while locations are
kept with at least half their area with relatively short vegetation swards up to 10cm in
height. However, sites under the current AES management still have up to one-third of
the land with unsuitable quality for breeding waders (Kaasiku et al. 2021), with those
AES sites often surrounded by fragmented patches of woodland, consequently increasing
nest predator presence and enhancing clutch predation probability (Kaasiku et al. 2022).
Additionally, it has previously been argued that sites continuously grazed with cattle may
show declines in grassland structural diversity and heterogeneity (Villoslada et al. 2021).
Those vegetation characteristics are essential for ground-nesting bird species for their
nesting site selection (Verhulst et al. 2011) and as a refuge against predators (Schekkerman
& Beintema 2007, Laidlaw et al. 2015). It is unclear whether the grazing regimes and
the management practises that are currently being implemented in Estonia for wader
conservation are effective, as continuous attempts to revert population declines have not
succeeded for several species (Estonian Environmental Agency 2019). Better insights into
which vegetation characteristics wader species select for their nest sites and how this
and additional landscape characteristics influence clutch survival could help design more
effective conservation practices targeted at grassland breeding waders.
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Previous studies exploring the waders nest site selection and/or survival often define
contrasting classes of vegetation structure or heterogeneity by surveying and mapping
relatively small samples of breeding habitats or by visually inspecting aerial photography
(Verhulst et al. 2011, Laidlaw et al. 2015, Bertholdt et al. 2016, Zmihorski et al. 2018,
Kaasiku et al. 2022). Estimates of grassland structural heterogeneity and sward height
are then inevitably restricted to the local scale that these methods can be used for.
Such estimates may not fully account for the spatial nature and complexity of grassland
habitats, therefore hindering the representativity of habitat quality estimates. Satellite
data has partially overcome these obstacles, providing wall-to-wall estimates of grassland
vegetation height (Kaasiku et al. 2021). Yet, the relatively coarse resolution of satellite
images may not adequately capture the spatial scales relevant to the habitat vegetation
preferences of wader species.

However, recent developments in Unnocupied Aerial Vehicles (UAVs) technologies have
enabled wall-to-wall, rigorous assessments of coastal grasslands’ vegetation composition,
sward height, and heterogeneity, at highly detailed, centimetre-scale spatial resolutions
(Villoslada et al. 2020, 2021, 2022). These small Ground Sampling Distances (GSD),
coupled with the ability to capture multispectral images over relatively large areas, and
the processing capabilities of machine learning algorithms, render UAVs highly efficient
field tools to map and model habitat structure and quality (Libran-Embid et al. 2020,
Adade et al. 2021). These improvements in data collection also overcome some of the
logistical limitations associated with traditional field surveying techniques. Integrating
these available technologies into avian conservation research is only a logical step to help
create or update necessary conservation actions.

Here, we combine UAV-based assessments of grassland sward height, growth and
heterogeneity with wader nest site selection and survival information in five Estonian
coastal grasslands. We hypothesize that breeding wader species will have specific nest-
site preferences, and we unveil those preferences by comparing the surrounding and
landscape characteristics of their nest-site choices against randomly selected points.
Additionally, we hypothesize that those nest-site characteristics will also affect their nest
daily survival probabilities. Therefore, we employ nest survival models to investigate if the
surrounding nest vegetation characteristics or selected landscape-level features, such as
nearby forest cover or proximity to flooded areas, have a bigger influence on the survival
probability.
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METHODOLOGY

Study sites

We conducted our study in five semi-natural coastal grasslands located in western Estonia
(Fig. 6.1) between April and June 2020. Sites ranged from 32.8 to 86.2 ha, all managed
through AES requirements by cattle grazing (at least 50% of short swards) and known to
be key wader breeding areas (Estonian Environmental Agency 2019).
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Figure 6.1. Geographical locations of the five sampled coastal grasslands along the western Estonian
coastline.

We identified four plant communities commonly occurring in Estonian coastal meadows,
which have been previously described in detail: Lower shore (LS), Upper shore (US), Open
pioneer (OP) and Tallgrass (TG; Bergamo et al., 2022; Burnside et al., 2007; Villoslada
et al., 2021). The composition and distribution of plant communities in Estonian coastal
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meadows are mainly driven by the brackish conditions in the Baltic Sea and seasonal
flooding driven by storm surges (Ward et al. 2016). Regular management in the form of
grazing or mowing halts succession and avoids reed or juniper encroachment. While LS,
US and TG follow a salinity or moisture gradient from the coastline to the upper edge of
the meadow, OP appears as low-lying depressions characterized by very high salinity and
low vegetation cover.

To capture the full range of sward height and structure, we followed a stratified random
sampling approach and in each study site we estimated vegetation height in 20 locations
per plant community. For each estimate, we used a 30 x 30 cm plot and collected five
random vegetation height measures within the plot using a ruler at a precision of 1 mm.
Measurements were subsequently averaged per plot. The exact plot locations (x, y and z
coordinates) were recorded with a Trimble R8s GNSS receiver.

Wader surveys, clutch laying date estimation and fate determination

Nests belonging to wader species (Charadriiformes) were thoroughly surveyed and moni-
tored by scanning the landscape using binoculars and walking through the site to flush
birds and detect their respective nests (Sutherland 2006). Surveys started at the onset of
the local breeding season (April 5™) and were conducted 7 or 8 times per site in a 9-12 day
interval. The geographical coordinates of each found nest were fixed using a Trimble R8s
GNSS receiver. In each survey, previously found nests were revisited for incubation or fate
update. Clutch’s laying date estimation followed the egg floatation method (van Paassen
et al. 1984, Liebezeit et al. 2007), where the earliest laying date of two or three measured
eggs was considered. We considered the full laying period plus an incubation time of
25, 27, 27 and 28 days for the species Baltic Dunlin, Common-ringed Plover, Common
Redshank (Tringa totanus) and Northern Lapwing respectively (Kaasiku et al. 2022). If a
nest did not have a complete clutch (i.e., 4 eggs), and eggs were freshly laid, we would
consider the start of the laying date as the current date minus the number of eggs present.
Nest fate was considered by inspecting the remains of the nest cup, with a clutch being
successful when small eggshell fragments were located inside the nest cup and predated
when no eggs nor remains could be found inside the nest cup or egg remains were found
in the vicinities of the nest cup before the predicted hatching date (Green et al. 1987).
Clutches that failed to survive due to other reasons besides predation (e.g. abandoned,
flooded) were excluded from our dataset. Because we were interested in testing differ-
ences between species we also excluded the four observed Black-tailed Godwit (Limosa
limosa limosa) nests from our dataset due to the small sample size.

UAV surveys and modelling of vegetation height and sward complexity

Each study site was surveyed twice using a Sensefly Ebee X equipped with a Parrot Sequoia
1.2 megapixel monochromatic multi-spectral sensor and a senseFly S.0.D.A camera. The
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first set of flights took place on May 2™-5" whereas the second set was on June 4"-7™.
We collected both multispectral and RGB images at a GSD of 10 and 3.5 cm per pixel
respectively. Multispectral images were collected in four spectral bands: Green (530-570
nm), red (640-680 nm), red edge (730-740 nm) and near-infrared (770-810 nm). The
multispectral sensor was radiometrically calibrated with an Airinov calibration panel
before each flight. Once collected, we increased the positional accuracy of all images
in eMotion 3® applying a post-processed kinematic (PPK) correction process, based on
RINEX observation and navigation files from the ESTPOS Estonian GNSS-RTK permanent
stations network. Finally, we built RGB and multispectral orthomosaics in Pix4D v.4.3.31°,
totalling five orthomosaics per study site.

To predict vegetation height, we generated two distinct datasets from the UAV images:
vegetation indices based on multispectral data and a digital surface model based on
RGB data. We used the multispectral orthomosaics to compute 13 vegetation indices
(VIs; Supplementary Information Table S6.1). VIs reflect spectral information related to
essential ecosystem structures and functions such as vegetation fractional cover, gross
primary productivity or water content (Camps-Valls et al. 2021). The choice of Vls in this
study was based on their ability to accurately predict above-ground biomass in coastal
meadows (Villoslada et al. 2021). To complement the spectral information conveyed by
Vls, we also computed a digital elevation model (DEM) at each site. Microtopography
in coastal meadows is closely related to soil moisture gradients, salinity, availability of
nutrients and ultimately, vegetation productivity (Ward et al. 2016). We generated the
DEMs using the Structure-from-Motion (SfM) and Multi-View stereo photogrammetry
algorithms integrated into Pix4Dmapper (Smith et al. 2015). Within this step, the RGB
images are transformed into photogrammetric 3D point clouds through common key
points selection, point cloud extraction and point cloud densification. We imported the 3D
point clouds into CloudCompare v2.11.3, where we used a Cloth Simulation Filtering (CSF)
algorithm (Zhang et al. 2016) to sort points as “ground” or “outliers”. We deleted points
classified as outliers and interpolated ground points to generate DEMs with a resolution
of 10 cm/pixel, matching that of the multispectral orthomosaics.

Finally, we modelled vegetation height at both dates and each study site using a Random
Forest regression algorithm (Breiman 2001) with the “randomForest” (Liaw & Wiener
2002) and “raster” packages in R v4.1.2 (Hijmans et al. 2015). The RF key parameters
“Ntree” and “mtry” were set to 600 and 4 respectively, based on the good performances
obtained in previous studies (Villoslada et al. 2021, 2022). We used the 13 vegetation
indices and the DEMs as explanatory variables and 50% of the field samples as the training
dataset. We tested the accuracy of results with the remaining 50% and used the explained
variance (R?) and Root Mean Squared Error (RMSE). We assessed the prediction perfor-
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mance of each explanatory variable using the per cent increase in Mean Squared Error
(MSE; Breiman, 2001).

We adopted the methodology proposed by Villoslada et al. (2021) to estimate sward
heterogeneity. Here, we refer to sward heterogeneity as changes in the distribution and
arrangement of aboveground plant material (Laca & Lemaire 2000). We applied the Mean
Shift clustering routine (Comaniciu & Meer 2002) to each of the vegetation height maps
in QGIS v.3.16.0. The Mean-Shift segmentation algorithm groups together adjacent pixels
with similar values by iteratively assigning each pixel with a peak of the image probability
density (Zhou et al. 2011). The Mean-Shift clustering routine is an unsupervised
segmentation technique and does not require a priori knowledge of the number of output
clusters (Comaniciu & Meer 2002). The clustered above-ground biomass maps were
further analysed using the Patch density index (Pd), calculated as the number of distinct
vegetation patches per circular polygon area through the “landscapemetrics” package in
R (Hesselbarth et al. 2019). In this study we use Pd as a proxy for the sward structural
heterogeneity: larger variability in above-ground biomass within the sward corresponds
to a higher Pd value.

Landscape Variables

Additionally, we calculated the percentage of forest area cover within a 1 Km radius and
the distance towards large flooded areas of all nests. Forest patches were extracted from
the Estonian Land Board (2020), whereas flooded areas and seawater were classified
using the UAV imagery obtained in the surveys. We created a binary (water vs non-water
surfaces) training/validation dataset of 50 samples with a split sample of 50%/50%. The
samples consisted of 50x50cm polygons manually digitized using the RGB image of the
first UAV survey as a basis. For the classification of the flooded surfaces, we used the
23 vegetation indices as co-predictors in a classification RF with “ntree” set to 600 and
“mtry” set to 4. We then filtered out all flooded surfaces with an area of less than 20 m”.

Statistical analyses

We used a set of habitat variables known to affect both nest site selection and respective
clutch survival probabilities to explore potential differences between wader species and
the whole breeding wader community. For each surveyed nest we extracted the following
variables: (i) vegetation sward height detected during the first UAV survey; (ii) vegetation
sward height growth, by subtracting the vegetation sward height of the first UAV survey
from the second; (iii) patch heterogeneity index, the density of distinct vegetation
microhabitats patches per area unit; (iv) distance to a large flooded area (=20 m?) and;
(v) the percentage of forest cover in a one-kilometre buffer. Variables i-iii were calculated
using the data gathered from the UAV surveys by estimating the average of all cells that
fell inside a two-meter circular buffer around the geographical coordinates of each nest.

102



Other buffer areas (10cm and 50cm) were tested and we found no substantial differences
between estimated averages of both vegetation height and growth (see Supplementary
Information Fig. S6.1 for more details). Therefore, we decided to use the two-meter buffer
as we believe it to be a more ecologically representative area that wader species inspect
for the selection of their nest site (Cunningham et al. 2016).

Because vegetation sward height and growth depend on a multitude of environmental
variables (e.g. rainfall, temperatures; Lieth, 1975), and can change within weeks, we only
used clutches that were laid between two weeks prior and one week after the first UAV
survey for each site in our analyses, as nests laid beyond those dates would probably
select nest locations according to vegetation values and indices already not captured by
our UAV surveys.

To unveil potential species-specific nest site preferences, we compared the average
estimates of the selected nest-surrounding vegetation characteristic variables (i-iii)
against random points. Random points were generated in QGIS v.3.16.0, equal to the
number of wader clutches found in each site. We used generalized linear mixed models
with the three variables of interest as our response variables and a control variable (real
nest vs random point) with interaction with wader species (including random points) as
a fixed factor to infer possible differences between species and/or random points. We
additionally included the study site as a random factor. Models were created using the
“Imed” package (Bates et al. 2015) in the R programming environment (R Core Team
2020). In case the control variable showed a significant effect, we searched for significant
differences within the wader species variable with a post hoc contrast analysis using the
“emmeans” package (Lenth et al. 2018).

Moreover, we explored if the three vegetation variables, together with the two landscape-
level variables (distance to flooded area and percentage of tree cover) influenced
daily nest survival probabilities (Mayfield 1975). Daily survival rates were estimated
using survival models in MARK (White & Burnham 1999) and the R Package RMARK
(Laake 2013). We additionally included wader species as a covariate to test if survival
probabilities varied between species and also the interaction of species with the other
five environmental variables to inspect if the survival of individual species is differently
affected by them. Initially, we examined whether daily nest survival probabilities differed
along the selected window of time by including a null model (no time influence) or time as
a linear or quadratic equation. In the next step, survival models were used that included
the best-fitted temporal trend model and the remaining habitat variables. We investigated
all possible models with a maximum of two covariates to prevent overfitting and ranked
according to the corrected Akaike’s Information Criterion (AlICc) values and weights. A
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subset of best candidate models was selected that had AAICc<2 (Burnham et al. 2011) for
trend visualization.

RESULTS

We found and monitored a total of 194 wader nests during our surveys. A subset of
101 nests fitted the UAV survey window of time, which was used in further analyses.
Nests had an overall 34% clutch hatching success, with the majority belonging to the
Northern Lapwing (53%). Clutch hatching success was similar between species (29-40%;
Table 6.1) but highly variable between sites (0-86%; Table 6.2). No statistically significant
associations were found with the average initial sward height, vegetation growth and
patch heterogeneity between the species’ nest sites and random points (Fig. 6.2).
However, we could still observe subtle non-significant differences between species, such
as smaller-bodied species (Baltic Dunlin and Common Ringed Plover) having a narrower
preference for lower patch heterogeneity index compared to large-bodied species
(Common Redshank, Northern Lapwing; Fig. 6.2).

Table 6.1. Clutch hatching success and predation rates observed with respective sample sizes in
surveyed wader species.

Species Hatched Predated
Baltic Dunlin 4 (40%) 6 (60%)
Common Redshank 8 (40%) 12 (60%)
Common Ringed Plover 5(29%) 12 (71%)
Northern Lapwing 17 (31%) 37 (69%)

Table 6.2. Sampled site’s clutch hatching success and predation rates observed with respective sample
sizes and selected environmental variables’ averages estimates (+/- standard error).

Site Hatched Predated Veg. Height Veg. Growth Patch Dens. Index
Haeska 0 (0%) 8 (100%) 91.8 +/-13.5 51.9 +/-13.0 15.7 +/-2.4
Keemu 8 (20%) 32 (80%) 44.0 +/-2.9 104.9 +/-9.9 16.2 +/-0.7
Pogari 12 (44%) 15 (56%) 35.9+/-1.2 52.7 +/-4.5 26.1+/-2.0
Pagaranna 2 (29%) 5(71%) 67.6 +/-10.7 56.4 +/-3.8 20.6 +/-4.1
Pulgoja 12 (86%) 2 (14%) 133.1+/-11.8 107.3+/-17.8 44.1 +/-3.6

The best nest survival model with only temporal trends revealed the time variable to not
be critical to explain nest daily survival probabilities (Table 6.3, Section a), with the null
model assuming that nest daily survival probabilities remain constant along the explored
window of time. Therefore, we did not include the variable in the following nest survival
analysis. When adding the other covariates of interest, the best two models (AAICc<2;
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Table 6.3, Section b) included the covariates “distance to a large flooded area”, “patch
heterogeneity index” and “initial vegetation height”. We found little evidence that the nest
site vegetation growth and forest area cover influenced the daily nest survival probabilities.
Likewise, we found no evidence that daily survival probabilities were different between
the analysed species or that the environmental variables affected differently the wader
species.
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Figure 6.2. The average initial vegetation height (a), growth (b) and patch heterogeneity (c) of nest
sites of the four found wader species and of randomly selected points.

An illustration of the effect of distance to a large flooded area at different levels of patch
heterogeneity, based on the best survival model, indicates that the daily survival rate
decreases with further distance to a flooded area and that a higher sward heterogeneity
index at the nest site increased the daily survival probabilities substantially (Fig. 6.3a).
Based on the second-best model we observe that a larger vegetation height also increases
daily nest survival probabilities similarly (Fig. 6.3b).
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Table 6.3. Survival model selection results for best temporal trend (a) and the top ten models with the
selected environmental variables of interest (b). The best model is highlighted in dark grey while all
suitable models (AAICc<2) are in light grey.

Model AlCc AAICc  weight Deviance

a. Temporal relationship models

Null Model 236.4 0.0 0.4 2343
Quadratic Date 236.6 0.3 0.4 230.6
Linear Date 238.3 1.9 0.2 234.3

b. Environmental covariates models (top 10 models)

Distance to Flooded Area + Patch Heterogeneity 224.7 0.0 0.5 218.6
Veg. Height + Distance to Flooded Area 225.7 1.0 0.3 219.7
Distance to Flooded Area 228.9 4.2 0.1 224.9
Veg. Growth + Distance to Flooded Area 230.2 5.5 0.0 224.2
Patch Heterogeneity 2323 7.7 0.0 228.3
Distance to Flooded Area + Species 232.8 8.2 0.0 222.8
Veg. Height + Patch Heterogeneity 233.9 9.2 0.0 227.9
Patch Heterogeneity + Forest Area Cover 233.9 9.3 0.0 227.9
Veg. Growth + Patch Heterogeneity 234.0 9.3 0.0 227.9
Patch Heterogeneity + Species 235.3 10.7 0.0 225.3
DISCUSSION

Our findings demonstrate that integrating UAV-based vegetation models with traditional
breeding bird surveys can help unveil hard-to-detect landscape characteristics that are
related to the nest survival probabilities of wader species. Vegetation height and sward
heterogeneity have been previously demonstrated to be important factors influencing
wader nest site selection and survival (Groen et al., 2012; Laidlaw et al., 2015; Verhulst et
al., 2011). However, most studies couldn’t demonstrate clear relationships between nest
survival and immediate surrounding vegetation characteristics, although this is usually
examined at much larger scales such as 1 km radius buffers (Laidlaw et al., 2020, 2015).
Here, due to our more finely detailed vegetation assessments, we present evidence for the
characteristics of the vegetation within 2m of the nest site moderating its survival. Nests
located in vegetation patches that had higher sward heights and patch heterogeneity
levels at the beginning of the breeding season, when the first UAV survey was conducted,
had higher chances of survival. The main nest predator in our sites, the Red Fox (Vulpes
vulpes; Kaasiku et al., 2022), is a species known to forage in important wader breeding
areas and opportunistically feeds on clutches that it may encounter (Seymour et al. 2010,
Meisner et al. 2014). Nests in taller and more heterogeneous vegetation were possibly
better-concealed and may have been less likely to be detected by predators. Because
most nests were predated during night time (personal observations), this could indicate
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that nest predation in Estonian coastal meadows mainly functions by predators’ scent
detection, and nests within more heterogeneous vegetation might be better at concealing
those scents. These findings contrast with Icelandic semi-natural grasslands that couldn’t
detect any vegetation characteristics affecting predation probabilities (Laidlaw et al. 2020).

Our finding that distance to large water bodies is a major variable for nest survival is
in accordance with previous studies, that observed that species such as the Northern
Lapwing or the Common Redshank benefit from nesting in proximity to wet features, as
it makes it harder for predators to navigate and forage around (Smart et al. 2006, Laidlaw
et al. 2017). However, we failed to find an effect of forest cover, despite forest cover and
the distance to the forest edge having previously been identified as key factors related
to wader nest survival (Kaasiku et al. 2022). This could indicate that the presence of
constantly flooded areas is more important than previously assumed, even if observations
of red foxes foraging in flooded areas are common within our study sites (Kaasiku personal
observations). The lack of negative effect of the forest edge on nest survival could be
explained by the relative lack of heterogeneity in this characteristic within our sample
compared to Kaasiku et al. (2022).

The four main wader species breeding in our sites did not differ in their nesting site
preferences and their nesting site characteristics did not deviate significantly from the
vegetation characteristics of random points. On one hand, this could suggest that sites are
sufficiently managed for their overall breeding habitat selection. On the other hand, this
could also have been caused by overgrazing which would create homogenous vegetation
in which it is impossible to adequately assess specific vegetation preferences. All species
nested within buffers close to an initial vegetation height average of 5cm, with randomly
selected points having a similar estimate and rarely above the 10cm threshold. Large-
bodied waders (Common Redshank and Northern Lapwing) had a broader nest site use
in terms of both vegetation height and heterogeneity. For those species, the optimization
of grazing regimes toward larger sward heights (e.g. 210cm) in certain areas might be a
possible tool to increase their nest survival. Using a more heterogeneous grazing regime
(e.g. diverse grazer species with intercalating intensities) could also increase vegetation
heterogeneity at the local scale (Tichit et al. 2005, Villoslada et al. 2021). However,
at the beginning of their breeding season, swards of 10-20 cm consist mostly of dead
grasses pushed down by the weight of snow, which are usually avoided by birds (personal
observations). Thus, a trade-off is probably occurring through the current practised
grazing regime: while aiming for shorter swards creates suitable nesting habitat for all
species, this suitable habitat might decrease nest survival during the early stages of the
breeding season, caused by the seemingly too high predator density (Kaasiku et al. 2022).
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Figure 6.3. (a) An illustration of the highest-ranked nest survival model from the set of models in Table
2, Section: The estimated nest Daily Survival Rates (DSR) decrease with further distance to a large
flooded area (220 m?) and with lower surrounding patch heterogeneity index; (b) An illustration of the
second-ranked nest survival model from the set of models in Table 2, Section b: The estimated nest
DSR decrease with further distance to a large flooded area (20 m?) and with lower initial vegetation
sward heights.

Furthermore, the feasibility of modifications in grazing regimes needs to take into account
all the local breeding bird species. Smaller-bodied waders (Common Ringed Plover and
Baltic Dunlin) that share the same breeding sites, likely need patches that remain in
the current sward structure and heights, as their narrow vegetation selection suggests.
Considering that the current vegetation height and heterogeneity at our study sites seem
to be suitable for the present local wader community, practices to potentially revert the
observed wader population declines should be aimed towards predator control, such as
fencing areas (Smith et al. 2011, Malpas et al. 2013, Verhoeven et al. 2022b) or culling
predator populations (Bolton et al. 2007, Fletcher et al. 2010a). This would be especially
crucial in sites known to have a higher abundance of predators, as predation seems to
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be extremely site-specific (Table 6.2). At the same time, management practises aiming
for higher vegetation heterogeneity, as shown in this study, could be a tool to support
predator control approaches sustainably.

Our study shows the potential for interdisciplinary between UAV technologies and

research in animal conservation, with results highlighting the benefits of more accurate
data that traditional methods cannot achieve.
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WHY SUCH CONTRASTING GODWIT DENSITIES ACROSS
HABITATS?

Data from a total of 415 Godwit breeding populations was collected in Chapter 2, allowing
me to calculate and compare breeding density averages between distinct land-use
intensity classes. As the widely varying population sizes found across Europe suggest,
respective breeding densities also fluctuate immensely along the land-use intensity
gradient (Fig. 7.1). Interestingly, the Godwit seems to be one of the habitat generalist
waders investigated in detail in Chapter 2 that has more pronounced breeding density
variations between land-use classes. Other species, that often share the same breeding
areas, such as the Common Redshank or the Northern Lapwing, tend to have lower
disparities. This already demonstrates that, although the Godwit can endure contrasting
habitats, its breeding success and potential population growth might be exceptionally
dependent on some requirements related to a specific land-use intensity.

The highest Godwit breeding densities can be found in medium land-use intensity
habitats, which in Chapter 2 are described as extensively managed agricultural land that
has low fertilizer input, but due to yearly systematical grazing or mowing regimes, the
vegetation composition and structure are substantially modified. This type of landscape is
mostly found in northwestern countries, such as the Netherlands, where it is paradoxically
considered to be “low” land-use intensity compared to the surrounding, more intensive
agricultural land (Groen et al. 2012, Howison et al. 2018). These sites are categorized as
“meadow bird reserves”, as the land management used has the main goal of enhancing
and protecting several endangered bird populations (Melman et al. 2008, Roodbergen
& Teunissen 2014). Nonetheless, these habitats have considerably more human-induced
modifications in their vegetation than the extensive farmland found in eastern Europe,
most of them included in the low land-use intensity class described in Chapter 2. The
reason medium land-use intensity habitats are the most suitable breeding habitats for
the Godwit can be better understood when we contextualize the observed decreasing
breeding densities in habitats included in other land-use intensity classes.

Godwit breeding densities unsurprisingly drop in half towards high land-use intensity
farmland (Fig. 7.1). The main causes these habitats are not able to sustain larger, denser
populations have been extensively researched in the past decades, all arising from
grassland intensification management (Fig. 7.2, black arrow). Extremely low clutch and
chick survival from either direct impacts, such as mortality caused by heavy machinery
(Kruk et al. 1997, Schekkerman et al. 2009, Kentie et al. 2013) or indirect impacts, such
as reduced accessibility to invertebrate prey food (Mccracken & Tallowin 2004, Kleijn et
al. 2010) or lack of vegetation cover against predators (Schekkerman & Beintema 2007),
turn these sites unattractive for unsuccessful breeding couples, which will disperse in
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following seasons, especially towards patches of lower land-use intensity (Kentie et al.
2014). Additionally, the recruitment of juvenile individuals into the area will also decrease,
as insufficient fledglings are produced on-site, and the absence of more experienced
couples, often used as a proxy to infer the breeding site quality, further contributes to
larger natal dispersal distances (Kentie et al. 2014). However, these farmland habitats
are still used by many couples, probably due to a lack of better alternatives or by their
proximity to higher quality patches of lower land-use intensity, making it difficult for them
to distinguish or avoid these areas during the whole breeding season (Groen et al. 2012,
Kentie et al. 2015).
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Figure 7.1. Average Godwit breeding densities along the land-use intensity gradient classes based on
Chapter 2. The numbers above bars represent sample sizes while error bars represent standard error
intervals. The orange bold line models the hypothetical breeding density fluctuation across the land-
use intensity gradient.

Chapter 3 demonstrates that the abundance of important invertebrate food for chicks
increases along the land-use intensity gradient, remaining high even in the most
intensified agricultural sites sampled. This indicates that the primary problem of intensified
agricultural sites lies in negative effects beyond invertebrate abundances, such as their
poor accessibility, due to the difficulty of walking through dense vegetation swards (Kleijn
et al., 2010). This is corroborated by the observed movements of GPS-tracked breeding
individuals that, besides favouring the lower land-use intensity patches available at the
country level, need larger areas to guide their foraging chicks in search of invertebrate
food in patches of higher land-use intensity compared to the lower-end (Li et al. 2023).
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Contrarily to the highest end of the land-use intensity gradient, the decreasing breeding
densities towards low land-use intensity and natural habitats remain poorly understood.
The lowest breeding densities observed are located in those habitats, with undisturbed
bogs and other mires having 30 times fewer couplesin an area of the same size compared to
medium land-use class habitats (Fig. 7.1). These habitats are extremely under-researched
in their importance for many wader species (Bostrom & Nilsson 1983, Fraixedas et al.
2017, Rannap et al. 2017), including the Godwit, as seen by the low number of breeding
populations extracted in the literature review of Chapter 2. However, some variability
might still exist that due to the lack of data couldn’t be observed, such as potentially
higher breeding densities in larger mires (Bostrom & Nilsson 1983) or in populations
described in floodplain river islands that were more common in the European landscapes
of a century ago (Magi et al. 2004). Nonetheless, from the available data, both the found
reports and the sampled sites in our study system point to very low breeding densities in
mires (Fig 7.1 and Fig 7.3a). The breeding densities increase substantially towards the low-
land use intensity habitats, which are regulated by natural flooding processes but differ
from the natural land-use class due to their minimal grazing regimes. Still, the breeding
densities observed in those habitats, mostly flooded and coastal grasslands located in
eastern European countries, remain three times lower than medium land-use intensity
habitats, and slightly lower compared to the high land-use intensity farmland habitats.

We can observe a strikingly identical pattern in the breeding density fluctuations across
our study system sites when grouping them following the same land-use intensity
classification of Chapter 2: a clear peak in the medium class while decreasing towards
intense, and the lower and natural classes (Fig. 7.3a). The data in our study system was
collected in the period 2017-2019 while the data underlying the literature review from
Chapter 2 mainly originated from 1980-2000. This suggests that the effects of land-use
management on godwit breeding populations are relatively robust.

Chapters 3 and 4 contributed to understanding the main environmental variables that can
explain differences in breeding densities of Godwit across the land-use intensity gradient
(Fig. 7.2, green arrow). When exploring the relative importance of the main habitat
requirements (Chapter 4), the invertebrate food supply for chicks at hatching time was
the best variable to explain the variability observed in the number of breeding pairs a
site was able to host. In Chapter 3 we observe that the overall abundance and individual
body size of chick invertebrate food are positively correlated with the site’s maximum
vegetation growth, arguably the most representative variable of land-use intensity (Fig.
7.2, blue line). Thus, we can infer that the Godwit breeding population size and respective
breeding density are mainly dependent on the relative abundance of food a site can
generate and provide specifically for chicks, during hatching time. The abundance of
those ground-active and flying arthropods is low in natural and low land-use intensity
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habitats, thus becoming poor-quality breeding sites for couples, by potentially conferring
lower survival probability to their chicks, as they are especially vulnerable during the first
days regarding necessary food as energy input (Beintema et al. 1991, Schekkerman &
Beintema 2007). It is also plausible that Godwits can infer future invertebrate abundances
using environmental cues of the breeding site, and select those which will grant higher
probabilities of a larger food supply close to hatching time. However, within countries,
we find no significant relationships with the investigated environmental variables, even
for countries with contrasting land-use intensities. This provides more support to the
first possibility, as the chick survival probability bears more impact on the site’s carrying
capacity through the species’ high breeding site fidelity (Kruk et al. 1998).

Nevertheless, although not as central as chick invertebrate food, the abundance of adult
invertebrate food during the clutch-laying period, mainly earthworms in our study system,
also played a role in explaining the breeding populations of sites. In addition to enhancing
reproductive success, areas that can sufficiently provide food for both chicks and adults
might be an enticement for more Godwit couples to settle there, especially at the early
stage of the breeding season when female Godwits might need a large energy supply to
start egg formation (Musters et al. 2010). These sites would additionally enable shorter
foraging trips for adults, possibly increasing their own fitness as well as increasing their
ability to protect their clutches and chicks against predators. This seems to be the case
in some countries, where Godwit territories are mostly found in areas with higher soil-
dwelling invertebrate abundance, such as Estonian coastal meadows (Leito et al. 2014),
while in other countries, such as the Netherlands, Godwit breeding densities do not seem
to correlate with the abundance of soil-dwelling invertebrates (Verhoeven et al. 2022a).
However, in the last case, the study analyses sites where the abundance is overall high
compared to other countries where most sites are completely empty of soil-dwelling
invertebrates (e.g. Finland, Poland, Estonia). This further demonstrates why cross-
continental analyses can be appropriate for understanding whether certain variables are
relevant outside certain geographically limited contexts.
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Figure 7.2. Conceptual model demonstrating the relationships between the land-use intensity gradient,
defined as the maximum vegetation growth a breeding area can generate, with the abundance of
Godwit breeding pairs (orange bold line) and abundance of invertebrate communities (blue bold
line). While the drop in Godwit breeding pairs on the more intensified side of the land-use gradient
represents the direct and indirect consequences of intensified agricultural activities (black dotted
line), the rapid increase in the more natural and extensive side of the land-use gradient is caused
by the growing availability of food resources for both chicks and adults (green dotted line). Specific
habitats belonging to those two contrasting sides of the land-use gradient can be mostly found in
western and eastern European countries respectively.

We can observe that the sampled sites with the highest Godwit breeding densities were
extremely abundant in both chick and adult invertebrate food, belonging to both medium
and high land-use intensity class habitats (Fig 7.3b, orange and red dots). These locations
are characterized by higher vegetation productivity presumably achieved through fertilizer
input or controlled water tables. Chapter 3 demonstrates that locations with greater
vegetation growth can generate a higher abundance of both invertebrate communities,
through cascading effects of nutrient availability (live or decaying plant biomass; Haddad
et al., 2000; Siemann, 1998). Yet, smaller, less dense Godwit populations are also able to
breed in sites abundant in chick invertebrate food but mostly absent of adult invertebrate
food, with these sites belonging to natural and low land-use intensity habitats (Fig 7.3b,
blue and green dots).
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Figure 7.3. (a) Average Godwit breeding densities observed in our study system sites, excluding
the areas that did not have breeding couples in the respective sampled season (n=51), following
the same land-use intensity classes defined in Chapter 2 (“Natural” includes bogs and fens; “Low”
includes coastal and floodplain grasslands; “Medium” includes bird meadow reserves and extensive
farmland; “High” includes improved farmland with varying levels of fertilizer input). Numbers above
bars represent sample sizes while error bars represent standard error intervals; (b) The relationship
between the relative abundances of chick invertebrate food (ground-active and flying arthropods) at
clutch hatching time and adult invertebrate food (soil-dwelling invertebrates) at clutch laying time
(28 days apart), is represented by the dotted lines for each land-use intensity class. Study system
sites (n=63) are classified according to land-use intensity (in point colours), and the respective Godwit
breeding densities observed on site (in point size). Due to small sample sizes within land-use intensity
classes, lines are merely illustrative of the relationship.
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It is interesting to point out that while we found evidence that food supply for both
adults and chicks plays a prominent role in the breeding densities of the species, we did
not find such evidence for the studied structural and functional habitat characteristics
necessary for the Godwit couple to establish a breeding territory. Whereas the distinct
sampled invertebrate communities are dependent on vegetation growth to reach higher
abundances (Chapter 3), the abundance of Godwit couples was not significantly related to
any environmental variable, such as vegetation growth or soil moisture (Chapter 4). This
seems to suggest that Godwits can potentially breed in any open wetland habitat, while
food availability will determine its achievable local breeding density.

NEW INSIGHTS INTO GODWIT PREDATOR RELATIONSHIPS

While the relative effect of the habitat requirements was straightforward to sample and
inspect, measuring the effect of predator pressure remains a challenging topic. The main
predator species of ground-nesting birds in Europe are elusive by nature (Macdonald &
Bolton 2008, Teunissen et al. 2008a). A study that could assess their local abundances
and relative time spent inside breeding areas across our study system would be ideal, but
practically unfeasible, considering the diverse range of existing predators and material
needed to detect them. Thus, taking advantage of the breeding bird surveys conducted
in Chapter 4, | alternatively examined the incubating behaviour of Godwit nests found, by
inspecting the frequency and duration of long incubation recesses (220 minutes), which
could give some insight into some characteristics of the relative predation pressures that
the species might locally perceive (Cervencl et al. 2011).

Although the sample size of Godwit nests that | could monitor in each country was
relatively low, the predation rates observed in Chapter 5 were very similar to what has
been previously documented in the same general locations, giving a fair overview of
the current nest predation panorama affecting the species along the land-use intensity
gradient of our study system (Fig. 7.5). In France and the Netherlands, where the highest
end of the land-use intensity gradient is located, the clutch predation rates fell between
the interval of 30 to 50%, similar to previous reports (Teunissen et al. 2008a, Kentie et al.
2015). Additionally, intensified farmland also sampled in Finland demonstrated the lowest
predation rates, being completely absent of predation to be more exact, as commonly
observed in the Oulu area (Timonen personal observations). However, towards the lower
end of the land-use intensity gradient, in habitats such as fens as well as coastal and
floodplain grasslands located in Estonia, the predation rates were high (69%). Although
in similar habitats in Poland, wader nest predation rates usually have values comparable
to the ones observed in Estonia (tawicki & Kruszyk 2011, Niemczynowicz et al. 2017), the
ones presented in Chapter 5 are half lower due to the presence of a protective electrical
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fence around the sampled area, that restricts the entrance of large mammal predators
(e.g. Red Fox, Vulpes vulpes; Korniluk personal observations).

Surprisingly no relationships between the long incubation recess variables and the relative
nest predation rates observed were found, contrary to what has been found in one other
wader species (Cervencl et al. 2011). All variables analysed in Chapter 5 varied considerably
between countries, but seemingly couples that employed this behaviour more often,
or for a longer duration, were not consistently from populations that experienced high
predation pressures (Fig 7.5a). For example, all nests successfully hatched in Finland but
those registered the highest number of long incubation recesses. Moreover, Estonia had a
similar frequency of recesses to France, but the predation rates were substantially higher.
However, performing long incubation recesses increased the nest survival probabilities,
especially in the previously mentioned countries, where predation rates were considerably
higher. Thus, although the existence of long incubation recesses as a potential anti-
predator mechanism is a novel behaviour description for the species, it seems that it is
broadly employed across populations. Because we lack direct visual evidence that all these
long incubation recesses were caused by the presence of predators, we cannot assume
that they were only executed as direct means to increase nest survival probabilities. It is
also possible that those long recesses might be consequences of foraging opportunities
(Bulla et al. 2015) or unfavourable weather conditions (Smith et al. 2012).

Nevertheless, there is visual evidence for other wader species, such as the Common
Redshank or the Northern Lapwing, sharing the same breeding areas as the Godwit in
the studied Estonian sites, performing this long incubation recess behaviour when in the
presence of a roaming predator (Silva-Monteiro & Kaasiku personal observations). Thus,
it is highly plausible that the Godwit is also capable to perceive the risk of returning to
clutch incubation duty too early when a roaming predator is still nearby. An early return
to the incubation would likely facilitate the predator to detect the nest and consume the
eggs (Cervencl et al. 2011). However, performing this behaviour is still not enough to
counteract the large predation rates observed in some breeding sites, as noted by recent
research pointing out the continuously increasing predation rates in both western and
eastern regions of Europe (Laidlaw et al. 2021).

The influence of the Polish electrical fence in the frequency of the long incubation recess
behaviour gives evidence of how impactful the presence of especially larger mammal
predators can be. The fact that couples breeding within the electrical fence engaged in
half less long incubation recesses compared to all the other populations (Fig. 7.5a) could
indicate that this behaviour is mostly applied when in the presence of larger predators
(e.g. Red Fox), which are the current major nest predators for the species (Teunissen
et al. 2008a, tawicki & Kruszyk 2011, Salewski & Schmidt 2022). Nevertheless, we still
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do not know to which extent these long incubation recesses might negatively affect
breeding Godwits. Those indirect impacts can range from development constrictions in
the chick embryos (Webb 1987, Olson et al. 2006) to increasing predation probability,
or even hatching failure by extending the necessary clutch incubation duration (Cervencl
et al. 2011). Therefore, the consequences of long incubation recesses should be further
explored to grasp how directly and indirectly impactful they are to the overall Godwit
clutch hatching success.
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Figure 7.5. (a) Godwit clutch predation rates (% of the total sampled nests) and respective average
frequency of long incubation recesses performed per day by breeding couples in our study system
countries; (b) The relationships between the whole wader community’s clutch predation probability
and the vegetation heterogeneity and height, and distance to large flooded areas (>20m?) in Estonian
coastal grasslands.

Unexpectedly, the environmental conditions affecting wader clutch survival seem not
to substantially differ in the low land-use intensity coastal grasslands found in Estonia
compared to more intensified agricultural grasslands (Chapter 6). In intensified grasslands,
agricultural management often leaves nest locations conspicuous to predators (Kentie et
al. 2015), while the reduced vegetation heterogeneity and sward heights usually facilitate
predators foraging movements (Laidlaw et al. 2015). Additionally, a lack of water bodies or
flooded areas might further increase predator mobility in wader breeding areas (Laidlaw et
al. 2017). In the eastern side of Europe, it has been pointed out that afforestation of coastal
grasslands, due to the cessation of agricultural activities, leads to an increase in predation
rates as the area where mammal predators roam increases substantially, augmenting the
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chances of finding wader nests close to the forest edge (Kaasiku et al. 2022). In Chapter
6 | contribute to the evidence base on the topic. Similar to more intensified grasslands,
vegetation sward heterogeneity and height, together with flooded feature distance, are
the key variables explaining nest survival in the wader communities breeding in coastal
grasslands (Fig. 7.5b). Thus, it is likely that the foraging movement dynamics and clutch
visual detection of the main wader nest predator, the broadly distributed Red Fox, might
be dependent on the same set of landscape characteristics, although to my knowledge not
yet has been tested with a cross-habitat analysis. Additionally, the fact that the grassland’s
functional and structural habitat characteristics play a dominant role in wader nest survival
probability across the land-use intensity gradient, demonstrates how fundamental the
management and conservation of those features is in Godwit breeding areas.

Therefore, while the invertebrate food supply is the main habitat requirement that
mediates the number of breeding pairs a breeding site can sustain, its inner structural and
functional habitat characteristics are potentially the ones that mediate the local predator
pressures.

CONSERVATION IMPLICATIONS AND FUTURE RESEARCH
DIRECTIONS

Understanding how wader breeding densities fluctuate between distinct habitats,
urbanization levels or agricultural management has been widely used to infer where and
how to modify certain conditions for the benefit of targeted species (Fuller et al. 1986,
Reijnen et al. 1996, Tharme et al. 2001, J6hannesdottir et al. 2019, Douglas et al. 2021).
In this thesis, through the same method, | reviewed and added further knowledge of
where and through which ecological processes Godwit populations are currently being
threatened. Hopefully, this will encourage the application of more effective conservation
practices that can lead to stable or growing Godwit populations in Europe.

The remaining available space for wildlife in Europe continues to be threatened by severe
biodiversity declines (EEA 2020). Current times demand the most efficient use of the few
suitable areas available. A potential major action to revert the overall negative Godwit
population trend would be to improve existing habitats to their suitability peak for the
species. Targeting the habitat requirement that seems to be primarily driving the density
of breeding populations, the chick’s invertebrate food resources (Chapter 4), could
potentially lead to anincrease in their populations using the same areas. This would require
modifications in both directions of the land-use intensity: either moderately intensifying
agricultural productivity in low land-use habitats or reducing it in highly productive
farmland, such as monocultures. However, one should never modify whole landscapes
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without assessing the potential impacts it might cause on other species and communities
that share the same areas. This is especially true for low land-use habitats, mostly located
in eastern Europe. There, bird communities have higher species richness, by both species
that are more geographically restricted to the eastern European region and species that
are practically extinct from western European farmlands and are now threatened in the
eastern ones. Species such as the Great Snipe (Gallinago media) or the Ruff (Calidris
pugnax), coexist with the Godwit and are often specialized in those unique types of low
land-use intensity habitats (e.g. floodplain grasslands; Chapter 2). The intensification of
semi-natural grasslands, either through the appliance of fertilisers, creating ditches or by
increasing the grazing regimes, would likely raise the Godwit abundance, but on the other
hand lead to a decrease in the breeding populations of those, already threatened, wader
species (Zockler 2002, Korniluk et al. 2021).

Hence, ideal land-use modifications would have to be focused primarily on highly
intensified grasslands. These would be mostly located in western countries, where
local bird communities are less intricate and already subject to heavy, constant habitat
modifications (Chapter 2). Decreasing the land-use intensity to medium levels would still
enable to have a sufficiently abundant food supply for both chicks and adults (Chapter 3)
while bringing some vegetation characteristics, such as sward density and heterogeneity, to
a more beneficial level, helping to both reduce the high nest and chick predation pressures
and losses due to intensive agricultural activities (Schekkerman & Beintema 2007, Laidlaw
et al. 2015). The only current strategy to reduce land-use intensity in the most intensive
European agricultural landscapes for the benefit of many farmland-specialized species
is through Agri-Environmental Schemes (AES), which have not been able to revert the
negative Godwit population trends (Schekkerman et al. 2008, Oosterveld et al. 2011,
Kentie et al. 2013). Due to AES sites being often integrated within mosaics of agricultural
monocultures, continuing to invest solely in the breeding habitat quality of those scattered
areas would likely continue to be an ineffective strategy for Godwit conservation. Country
and European-level decisions on whole agricultural land-use changes are urgently needed
(Pe’er et al. 2014, 2022, Clough et al. 2020). Although an ambitious goal, the definitive
halt and reversion of the negative Godwit population trend is likely dependent on this,
as projections for the species populations in these farmland habitats continue to point to
overall declines if no further measures are applied (Kentie 2015).

Instead, low land-use intensity habitats should aim to protect current land management
that promotes high vegetation sward heterogeneity and plant richness, to continue to be
a stronghold for many endangered bird species that rely on them. Yet, even considering
those ideal conditions, nest (and potentially chick) predation pressures continue to be
at an all-time high for both the Godwit and whole bird communities (Chapters 5 and
6). These already minor Godwit populations are therefore at further risk of completely
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disappearing in many sites. In order to reduce predator abundance and/or accessibility,
the urgent improvement of low land-use grasslands through artificial processes should
be considered. Electrical fences that exclude predator presence have shown promising
results, with extremely high Godwit fledgling success (Smith et al. 2011, Malpas et al.
2013, Verhoeven et al. 2022b). On the other hand, enhancing some landscape features,
such as increasing landscape openness by removing aforestated patches (Kaasiku et al.
2019), augmenting the presence of constantly flooded areas through higher control of
water tables (Bellebaum & Bock 2008) or implementing more diverse grazing systems
to increase vegetation sward heterogeneity (Villoslada et al. 2021), could potentially
lead to similar increases in Godwit fledgling success as the electric fences demonstrate,
without the heavy land modifications and logistically complex maintenance they require.
Moreover, this would lend an opportunity to test these methods and verify and compare
their cost/effectiveness, while studying many knowledge gaps on the predator pressure
dynamics in these little-researched habitats.

One such major knowledge gap is Godwit chick predation. This thesis, like much of
the previous research, focused solely on clutch predation research, due to being more
logistically feasible to conduct in several countries. However, chick predation is also a key
factor in the current decline of many ground-nesting species (Roodbergen et al. 2012,
Mason et al. 2018). More research needs to be conducted, especially investigating how
habitat conditions affect the foraging dynamics, home ranges and survival probability of
both wader chicks and their main predators along the land-use gradient.

Likewise, natural, undisturbed habitats remain extremely understudied. These are wader
diversity hotspots sprinkled out across northern Europe, and the only breeding refuge
found in the continent for many habitat specialists waders, such as the Wood Sandpiper
(Tringa glareola) or the Eurasian Golden Plover (Pluvialis apricaria; Chapter 2). However,
many ecological processes affecting breeding waders there remain unknown. How predator
pressures, available suitable nesting areas or how wader diets differ in mires compared
to grasslands are just some examples. Mires are logistically challenging locations to set
up research experiments (Chapter 2). However, these habitats are massively threatened
due to the current high demand for peat extraction (Andersen et al. 2017) and extremely
vulnerable to climate change (Essl et al. 2012). Research there should be prioritised, aiming
for their legal protection as key bird breeding areas (Fraixedas et al. 2017). Additionally,
although not a crucial breeding habitat for Godwits, they might act as a refuge, signalling
when the nearby grasslands have lost their suitability (Lebedeva 1998).
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CONCLUDING REMARKS

The Godwit is a bird that many farmers across Europe recognize as an iconic, integral piece
of their farmland landscapes (Vredenbregt 2019). Cooperation between farmers, nature-
lovers and researchers has yielded excellent conservation research and led to develop
several on-site practices targetting the protection of the Godwit in many countries.
However, this thesis unveils that some critical ecological knowledge for the species can
only be revealed beyond independent, within-country research, through cross-continental
analyses of the species’ habitat requirements. Thus, as successful conservation requires
collaboration across international borders (Kark et al. 2015), the future of the Godwit,
and many other endangered animal species, is dependent on how we, as Europeans,
cooperate.
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$2.1. Web of Science search protocol

Search of the Web of Science on 01-11-2018, using the search terms Topic=wader$ AND
Topic=(farmland OR wetland OR grassland OR meadow OR peatland OR bog) AND
Topic=breeding AND Topic=densit* AND Topic=habitats AND Topic=selection AND
Topic=communit*.

$2.2. List of references of studies used in the analysis of breeding density
data
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Altenburg, W. & Wymenga, E. (1988). Vegetatie en weidevogels in het relatienotagebied
Het Reestal: natuurwerenschappelijk onderzoek voor de evaluatie van het beheers-
plan Reestal

Baines, D., 1988. The effects of improvement of upland, marginal grasslands on the distri-
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Figure S2.1. The breeding pairs’ abundance of selected wader species in relation to its surveyed area’
size. No relationship was found between the two variables in any species. Data distribution indicates
that surveyed area’ size is also independent of the land-use intensity class. Colors represent different
land-use intensity classes from where the data was sampled (see table 2.3). Surveyed area’ size was
log-transformed for better visualization of the data’s distribution. Not all data was possible to be rep-
resented in this figure due the lack of surveyed area size information in some articles, which prevented

us to calculate the respective number of breeding pairs.
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Excavated ground for soil dwelling
invertebrates (x5)

Site area

Vegetation clips for vegetation biomass
(x3) and soil samples for soil moisture (x5)

g W7

Wi

30cm

15¢m
-

Sampling procedure repeated 4 to 6 times every 12 days

Pitfall traps for ground active
invertebrates (x3)

6cm

7

“ =

Sticky traps for flying invertebrates (x3)

10cm

L]

25¢m

<

10cm

Figure S3.1. Invertebrate and environmental sampling procedure’ visual concept.
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Table S5.1. Black-tailed Godwit breeding habitat description of the sampled clutches in this study.

Country Habitats sampled Main Geographical Area

Finland Cultivated grasslands, with varying fertilizer inputs Bothnian Bay, Oulo region. 64.87,
ranging 50-200 kg N ha™'yr™* 25.43

Estonia Fens, no agricultural activities or human disturbance. West mainland Estonia and
Vegetation mostly comprises tall swards of grass Islands. 58.77, 23.68

constantly submerged.
Herb-rich semi-natural coastal pastures, with no
fertilizer input.
Poland Farmland grassland, a single fenced site with extensive East Poland, Bialystok region.
agricultural practices. Grazed and mowed twice yearly. 53.07, 22.89
Netherlands Farmland grassland, with extensive agricultural practices Northwest Netherlands, Friesland
for biodiversity enhancement. Low fertilizer input. region. 52.99, 5.41
Intensive monoculture grasslands, with high fertilizer
input and early mowing (mid-April).
France Pasture grasslands, with no fertilizer input and grazed. Midwest France, Beauvoir-sur-mer
region. 46.88, -2.05
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Figure S5.1. (A) Thermologger used to sample clutch incubation temperatures. The device was
wrapped in plastic to avoid direct contact with water. The device was inserted under the eggs and
stuck to a nail to avoid removal by the breeding birds; (B) Incubation temperatures of a predated
clutch. Grey bars represent the nighttime period of the day. We can observe a sharp decline in the
incubation temperatures close to midnight of May 10", representing the time of predation, and then
resuming to the environmental temperatures characterized by the continuous increasing and decreas-
ing of temperatures along the day; (C) Incubation temperatures of a successfully hatched clutch. Grey
bars represent the nighttime period of the day. We can observe a slow decline in the incubation tem-
peratures starting at midnight of June 6", representing the beginning of the hatching process, ending
around midday of the same day, then resuming the environmental temperatures characterized by the
continuous increasing and decreasing of temperatures along the day. In both incubation temperature
plots, long incubation recesses are visible, when the temperature drops for some hours and then
quickly resumes back to the constant incubation temperature.
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Table S5.2: Wilcoxon rank-sum test results for the daily hours spent in a Long Incubation Recess (LIR)
across countries and the percentage of the day and nighttime period spent in a LIR. Significant results
are highlighted in bold.

Sample Size Statistic Test P-value
Daily hours spent in a LIR Across Countries
Estonia - Finland 32-19 402 0.06
Estonia - France 32-14 205 0.67
Estonia - Netherlands 32-12 208 0.67
Estonia - Poland 32-17 410 <0.01
Finland - France 19-14 180 0.09
Finland - Netherlands 19-12 199 <0.01
Finland - Poland 19-17 313 <0.01
France - Netherlands 14-12 104 0.32
France - Poland 14 -17 205 <0.01
Netherlands - Poland 12-17 169 <0.01
% of the day/night time ina LIR  Within Countries
Estonia: Day - Night (32) 112 0.07
Finland: Day - Night (19) 95 1.00
France: Day - Night (14) 58 0.76
Netherlands: Day - Night (12) 63 0.06
Poland: Day - Night (17) 57 0.04

Table S5.3. Wilcoxon rank-sum test results for the daily frequency of Long Incubation Recess (LIR)
across countries and the hourly frequency of LIRs during the day and nighttime period. Significant
results are highlighted in bold.

Sample Size Statistic Test P-value
Daily frequency of LIR Across Countries
Estonia - Finland 32-19 406 0.05
Estonia - France 32-14 246 0.61
Estonia - Netherlands 32-12 243 0.18
Estonia - Poland 32-17 427 <0.01
Finland - France 19-14 202 0.01
Finland - Netherlands 19-12 200 <0.01
Finland - Poland 19-17 302 <0.01
France - Netherlands 14-12 85 0.98
France - Poland 14-17 198 <0.01
Netherlands - Poland 12-17 169 <0.01
Hourly frequency of LIR Within Countries
Estonia: Day - Night (32) 148 0.33
Finland: Day - Night (29) 120 0.33
France: Day - Night (14) 96 <0.01
Netherlands: Day - Night (12) 74 <0.01
Poland: Day - Night (17) 66 <0.01
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Table S5.4. Wilcoxon rank-sum test results for the Long Incubation Recess (LIR) length across countries
and the LIR length during the day and nighttime period. Significant results are highlighted in bold.

Sample Size Statistic Test P-value
LIR length Across Countries
Estonia - Finland 32-19 378 0.15
Estonia - France 32-14 133 0.03
Estonia - Netherlands 32-12 136 0.14
Estonia - Poland 32-17 493 0.66
Finland - France 19-14 107 0.35
Finland - Netherlands 19-12 114 1.00
Finland - Poland 19-17 197 0.27
France - Netherlands 14-12 102 0.36
France - Poland 14-17 168 0.05
Netherlands - Poland 12-17 133 0.17
LIR length Within Countries
Estonia: Day - Night (32) 94 0.11
Finland: Day - Night (19) 120 0.83
France: Day - Night (14) 24 0.14
Netherlands: Day - Night (12) 15 0.41
Poland: Day - Night (17) 45 0.31
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Figure S6.1. Boxplots representing the vegetation sward height (a) and vegetation height growth (b)
averages according to different nest buffer radii (10cm, 50cm and 2m), between wader species and
randomly selected points.
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Table S6.1. List of vegetation indices selected in the present study to predict standing above-ground

biomass.

Vegetation index

Equation

Reference

Normalized Difference
Vegetation Index (NDVI)

Soil Adjusted Vegetation Index
(SAVI)

Modified Soil Adjusted
Vegetation Index (MSAVI)

2-band Enhanced Vegetation
Index (EVI2)

Difference Vegetation Index (DVI)

Green Normalized Vegetation
Index (GNDVI)

Green Ratio Vegetation Index
(GRVI)

Green Difference Index(GDI)

Green Red Difference Index
(GRDI)

Red edge normalized difference
vegetation index (NDVlre)

Red edge simple ratio (SRre)

Red edge triangular vegetation
index (core only) (RTVIcore)

Datt4

(NIR-R)/(NIR +R)
[(NIR-R)/(NIR + R+ L)](1 + L)

L (soil adjustment factor) = 0.5
2.5[(NIR-R)/(NIR + 2.4R + 1)]
NIR-aR

o =0.96916

(NIR-G)/(NIR + G)

NIR/G

NIR-R +G
(G-R)/(G +R)

(NIR-Rededge)/(NIR + Rededge)

NIR/Rededge

100(NIR-Rededge)-10(NIR-G)

R/G*Rededge

Rouse et al. (1974)

Huete (1988), Ullah et al. (2012)

Jin et al. (2014)

Jiang et al. (2008), Jin et al. (2014)

Richardson and Everitt (1992),
Maguigan et al. (2016)

Gitelson et al. (1996), Naidoo et al.
(2019)

Sripada et al. (2006), Naidoo et al.
(2019)

Gianelle and Vescovo (2007)
Gianelle and Vescovo (2007)

Gitelson and Merzlyak (1994), Kross et

al. (2015)

Gitelson and Merzlyak (1994), Kross et

al. (2015), Naidoo et al. (2019)

Kross et al. (2015), Clausen et al. (2013)

Datt (1998)
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The Black-tailed Godwit (Limosa I. limosa) is a wader bird species currently threatened in
most of its European breeding distribution range. While its breeding habitat preferences
are known to be fairly broad, with populations occurring in natural undisturbed mires,
semi-natural grasslands or highly intensive farmland monocultures, most of the
conservation research for the species has been conducted in the highest end of land-
use intensity range, where the bulk of the European population predominantly breeds.
Thus, much of the knowledge regarding its main habitat requirements has been limited
to certain geographical contexts, potentially leaving out crucial ecological knowledge
needed to revert the observed declining populations, especially in less-studied habitats
and regions. In this thesis, by comparing populations belonging to a wider set of varying
breeding habitats available in Europe, | extend the analyses of the species’ main habitat
requirements. Using a cross-continental approach, | infer broader ecological patterns
often undetected by studies that evaluate locations and habitats that are within proximate
geographical regions and/or under similar environmental conditions.

The main habitat requirements that would be interesting to explore throughout the Black-
tailed Godwit breeding range are the food supply availability, local predator pressures and
the presence of specific structural and functional habitat characteristics, all essential for
the species' territory settlement and breeding success (Chapter 1). Hence, the overall aim
of my PhD thesis was to evaluate the importance of those three habitat requirements
towards potentially attaining larger and denser Black-tailed Godwit breeding populations.
As the breeding populations differ in size and density depending on the habitat and its
respective land-use intensity, data was collected in a unique study system that covered
five European countries (Finland, Estonia, Poland, the Netherlands and France), enabling
widely varying land-use intensity habitats to be sampled.

| start by reviewing the current diversity and main population dynamics of wader species
and communities present in the breeding habitats of the European continent (Chapter 2).
Using previously published peer-reviewed and grey-literature data | examined how
varying classes of agricultural land-use intensities affect the presence and breeding
density of wader species that have general preferences, including the Black-tailed Godwit.
I found that while the species is able to successfully breed in habitats with extremely
contrasting environmental conditions, its population size and density peak are mainly
located within breeding habitats of the “medium” class of the land-use intensity gradient.
Those habitats mainly consist in farmland and grasslands that are often managed through
agri-environmental schemes or traditional, extensive land management practices, such as
low grazing pressures. Additionally, the sharply decreasing population densities towards
both extremes of other land-use intensity habitat classes reveal that the species is greatly
dependent on unidentified specific habitat requirements that enable denser populations
in such “medium” land-use habitats, but not in the other classes. This created a base
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for assembling the rest of this thesis, further focusing on finding which specific habitat
requirements play a major role in the population size and density and understanding its
underlying ecological mechanisms.

In Chapter 3, using the original study system of Black-tailed Godwit key breeding areas,
| began by investigating how the relative abundances of invertebrates, the food supply
for both adults and chicks, differ according to different habitat conditions. By sampling
three functionally distinct invertebrate communities (soil-dwelling, ground-active and
flying), and a set of functional and structural environmental conditions (vegetation
growth, soil moisture and temperature sums), | found that the overall abundance and
average individual size of such invertebrate communities are mostly positively correlated
with the local vegetation productivity. Stronger relationships were especially found with
ground-active and soil-dwelling invertebrates while relationships with flying arthropods
were less robust. This suggests that the intensification of agricultural management is
likely not causing a reduction in the food available for both adults and chicks. Rather, the
causes of the decline of the Black-tailed Godwit population observed in such habitats are
most likely related to other aspects of land-use intensification, such as poor invertebrate
accessibility within dense vegetation, mortality caused by heavy machinery or nest and
chick predation enhanced by intensified management practices.

Next, In Chapter 4 | investigated in the same sites which of the variables measured in
Chapter 3 best predicted the Godwit population sizes and densities residing there. | looked
into their relative importance during two crucial phenological times for the species: the
clutch laying and chick hatching times, which are 28 days apart. The invertebrate food
supply at the chick-hatching time was demonstrated to be the major variable enabling
larger populations. Additionally, the food supply for adults during the clutch-laying time
also played a relevant, yet weaker role. Thus, it seems that the number of breeding
territories a location can sustain, or in other words, its carrying capacity, is dependent on
the amount of invertebrate food it can generate. Remarkably, the measured environmental
conditions played little role, as indirectly demonstrated by the flexibility of the species to
breed in distinct, widely varying habitats.

The final habitat requirement investigated was the local predator pressures. This thesis
focused on nest predation, as the sampling of the breeding grounds in the previous chapters
allowed me to find a reasonable number of Black-tailed Godwit clutches that could be
followed using thermologger devices that register incubation temperature fluctuations.
In Chapter 5, by assessing predation rates and the total duration, frequency and average
length of long incubation recesses performed by breeding birds, | investigated potential
causes and impacts of such behavioural variables on hatching success across our study
system sites. | found that long incubation recesses, the time spent away from incubation
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for a period longer than 20 minutes, are employed by birds in all countries independently
of how large the local predation rates are. Furthermore, it revealed that couples that
performed more frequent and lengthier long incubation recesses had higher nest survival
probabilities, revealing it to be a potential anti-predatory mechanism. Overall, clutch
predation was high in most of the populations sampled, and its impact on the overall
population declines deserves to be further explored and targeted through conservation
actions and research, especially at the low-intensity end of the land-use range.

Therefore, | found it important to additionally research the influence of functional and
structural environmental conditions on the clutch survival probability of whole wader
communities. Focusing on Estonian coastal grasslands, an important, under-researched
breeding habitat for many wader species, including the Black-tailed Godwit, in Chapter
6 | conducted an innovative assessment of the breeding areas’ vegetation conditions to
unveil which variables mainly influence wader nest predation. Using imagery collected
by unoccupied aerial vehicles | explored the relative importance of the characteristics
of the vegetation immediately surrounding the nest-site (vegetation height, growth and
heterogeneity) and landscape level variables (distance to flooded areas and nearby forest
cover) on nest predation probabilities. | found that vegetation height and heterogeneity,
together with distance towards flooded areas greatly explain the nest predation probability
of all found ground-nesting wader species. Interestingly, these variables are extremely
similar to the ones found to affect nest predation probabilities in more intensive grassland
habitats located in western European countries.

In conclusion, while the main habitat requirement mediating the density of Black-tailed
Godwit pairsin a breeding area is the local invertebrate food availability, its inner structural
and functional habitat characteristics potentially mediate the occurring predator pressures
(Chapter 7). Consequently, | propose that to achieve larger and denser populations, a
transition is necessary towards agricultural practices and policies that enable an optimal
“medium” land-use management level for the species. Alternatively, the employment of
some landscape enhancements, such as creating more diverse vegetation structures or
experimenting with predator-exclusion methods, will potentially decrease the alarmingly
high nest predation levels currently observed.

Cross-continental analyses are, therefore, essential in unveiling hard-to-detect ecological
patterns, and much needed for the conservation of this endangered species. However,
this can only be achieved if international collaborations between countries, researchers
and citizens are kept at the forefront of conservation and nature protection in Europe.
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