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Abstract

Among temperate birds, two traits in particular are associatectuitbntpopulation
declines; an association with farmed habitats, and the strategy oeflistagnce
migration. The European Roll@oracias garrulusenjoys both of these characteristics,
and has declined substantially over the last few decades. Here, | investigate intra
specifc variation in Roller breeding ecology and migration in an attempt to work

towards conservation solutions.

| first compare the breeding ecology of Rollers from two populations; one in Latvia at
the northern range limit, and one in France in the coretelednean range. | show that
the French population is limited principally by nege availability, whilst foraging
habitat is more important in Latvia. | also highlight the lower productivity of Latvian
birds, which also varies substantially from yeayeéar. Comparison of insect and chick
f e a t'iCe ma f°N in Erance provides little support for specific foraging habitat
preferences, providing further evidertbatforaging habitat is not limiting for the

French population.

Next, | provide the mostomprehensive analysis of Roller migration to date, showing
that Rollers from seven European countries generally occupy overlapping winter
quarters. | also show that Rollers from Latvia migrate up to twice as far as their
southern European counterpartsadriecoveries provide the first chance to study the
migration of juvenile Rollers, as well as rbreeding season mortality. In particular, |
highlight the shooting of Rollers from eastern populations in Arabia during spring
migration. Finally, | describpatterns of connectivity among 98 populations of 45
migrant landbird species from two trarsontinental flyways. As with the Roller,
connectivity is generally weak, such that any-hoeeding season drivers of population

decline will have widespread buffdse impacts on breeding populations.

My research highlights the utility (at least in the sHertn) of nesboxes for Roller
conservation, but also demonstrates that, in more marginal pants m@inge, the

provisioning of nesboxes alone is probably insufficient.
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Chapter 1: The loss of avian abundance and the need for evidence-based conservation

Chapter 1: The loss of avian abundance
and the need for evidence-based

conservation

1.1 Defaunation in the Anthropocene

I n tandem with the anthropogenic alterat.
biodiversity is deteriorating/WVaterset al.2016) Current vertebrate species extinction

rates are 8 to 100 times higher than the estimated background rate, making the current
crisis comparable with the previous five 'mass extinction' events in geological history
(Ceballoset al.2015) Whilst tragic, thesspeciesextinctionsi largely restricted to

rare, rangeestricted or insular speciésare overshadowed by the decline of

populationsof common, widespread specig€eballos & Ehrlich 2002; Gaston & Fuller

2007; Inge et al.2014) which has serious implications for ecosystem functioning

(Dirzo et al.2014; Belloet al.2015)

The task of preventing further declines and extinctions is generally hampered by our
incomplete knowledge of the species and populations we are trying to protect. Even the
most basic information, such as the number of extant species, is poorly knowanfor m
taxa(Schefferset al.2012) As a result, species are perhaps being lost faster than they
can be described.ees & Pimm 2015)For those species that have been described, data
are often lacikg on their numbers, distribution and ecology, preventing an accurate
assessment of their conservation status and the factors limiting populati(Besitre,
Hilton-Taylor & Stuart 2004)

BirdsT conspicuous, ubiquitous and wllvedi are probably the bestudiedanimal
class(Baillie et al.2004; Schefferst al.2012) so as well as serving important

functions in natural communitdgsSe ker ci oj | u, D,éeylppvidd Ehr | i
useful indicators of ecosystem hedl@regoryet al.2005; Butleret al.2012)and good

case studies for understanding ecological patterns and proegse&aullivan, Newson

& PearceHiggins 2015) Although not the most threatened animal taxon, bird

populations areevertheless declining; around 150 species have been lost since 1500

AD, and 1 in 8 species are currently threatened with extin(Bwdlife International

2008) Island endemics and species with slow life histories are, perhaps unsurprisingly,

12



Chapter 1: The loss of avian abundance and the need for evidence-based conservation

at the greatest risk of extinctigBirdlife International 2008)As above, however, an

emphasis on specimsvel extinctions risks drawing attention away from the more
insidious probl em efricuiwlaktimesaviaa abundamde hass i n c
declined by an estimatedi2ZZb %(Gaston, Blackburn & Klein Goldewijk 2003)

Among temperate bird species, two traits in particular are associatecimigint

declines ilmbundance; an association with agricultural habitats, and the strategy of
migrating to tropical wintering grounds. Although these declines have been well

described, their mechanistic drivers remain elusive in many cases, and probably vary

both within and between species. As argued below, detailed ecological studies are
necessary in order to elucidate the links between environment, animal behaviour,
demograpp and popul ation dynamics. Such an 0
demonstrating to policy makers, funders and other stakeholders that proposed
conservation actions will deliver biodiversity ga(i@itherlancet al.2004)

1.2 The decline of European farmland birds

The historic appropriation of forests and wetlarior cultivation presumably paved the

way for birds of open habitatsonce restricted to marginal areas and more naturally

open landscapésto colonisemuch of EuropéDonaldet al.2002) Farmland now
occupies al most h ahodtingarfimpBrtamt and ardiler | and ar
community of both generalists and opsountry specialists. However, European

farmland birds have sufferdaige losses over the last few decadese tharhalving

in abundance between 1980 and2(Hig. 1.1, Donaldet d. 2006)

OAgricultural intensificationd describes
intensity of farm management practi¢€&hamberlairet al.2000) Driven by postvar
technological and political advances, these developments inghedelisation of

farms, simplification of crop rotations, loss of rRopped areas and increased
mechanisation and agrochemical (Benton, Vickery & Wilson 2003)As well as

resulting in the general homogenisation of the European farmed lan{Beapenet

al. 2003) agricultural intensification has reduced the quality and quantity of functional

habitat for nesting and foragirfButler et al.2010)
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Chapter 1: The loss of avian abundance and the need for evidence-based conservation
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Figure 1.1 Common bird indicators for Europe, 198013.Theseaggregated indices
summarisehe population trergiof 39 common farmland species (solid line) and 34 common
forest bird species (dashed line) across Europe. Data downloaded from PE20ABYS

Agricultural intersification is generally attributed as the main driver of farmland bird
declines. Across Europe, for example, there is a striking negative correlation between a
countryos cereal yield and the (omar al | t
Green & Heath 2001; Donakt al.2006) Similar patterns are mirrored in the United
States, where farmland (a.k.a. grassland)starg also decliningMurphy 2003)

Agricultural intensification is not the only probable driver of farmland birdides)

however. Rural abandonment, and the subsequent encroachment of forest into open
areas presents an additional threat to farmland specialists, particularly in central and
eastern Europ€sandersomet al. 2013; Zakkalet al.2015) Thus, across aadient of
agricultural intensification, the response of farmland bird populations is likely to be
norlinear, with an intermediate optimufe.g. Brambilla, Rubolini & Guidali 2007)

Despite this convincing association witlrigultural intensification, the proximate
cause of farmland bird declines is likely to vary from species to species, as indicated,
for example, by intespecific variation in the lonterm trends of British farmland bird
populationg Siriwardenaet al. 1998) The task of identifying causal mechanisms is
made difficult by the temporal synchrony of various componeinagjricultural
intensification(Chamberlairet al. 2000) such that detailed ecological studies are
generally necessary. These have revealed diverse environmental causes and
demographic mechanisms, including; pestigideen reductions in prey avability

and chick surviva{Aebischer & Ewald 2012Xirect destruction of nests and chicks by
farm machinery{Green, Rocamora & Schaffer 199%rm specialisation reducing crop
diversity, so Imiting the opportunity for multiple breeding attemfiéilson et al. 1997)
and loss of winter stubble reducing winter food availability and aduthair(Peach,

Siriwardena & Gregory 1999)

14



Chapter 1: The loss of avian abundance and the need for evidence-based conservation

Following the weldescribed loss of farmland biodiversity, the EU Common

Environmental Policynowme nt i vi s-Esi éewdl gl f &emi ngd t hr
agrienvironment schemes, though evidence that biodiversity benefits from these

schemes is mixe(Kleijn & Sutherland 2003; Bakeat al.2012) Althoughwidespread
generalist species ar e -amckspheacltleodw 6t oca nperloifoir
the farmed environment, evidence is currently lim{i€igijn et al.2006) with the

decline of common farmland birds continuing unabated. Many species will instead
require mor e -anddieleprée d (s @ Peaadeai ab20@L; Ewdd et al.

2010) or at least a shift towards regionally relevant and locally jeupegdrescriptions
(Whittingham 2006)

1.3 The decline of sub-Saharan migrant birds

Populations of birds which migrate annually between breeding areas in Europe and non
breeding areas in st®ahararAfrica are also decliningFig. 1.2a), though to a lesser

and more variable extent than farmland birds. The aggregate European population index
of 38 widespread suBaharan migrants declined by Z3between 1980 and 2009, in
contrast to the roughly stabp@pulations of residents and shdistance migrants

(Vickery et al.2013) Although declines are particularly strong for migrants breeding in
farmland habitatsHig. 1.2b), the comparisonf ecologically similar pias of migrant

and resident species indicates that migrants are declining irrespective of breeding
habitat(Sandersort al.2006) As in the case of farmland birds, this decline is mirrored

in North America(Robbinset al. 1989)

The inherent complexity of migrant life cyclesentred around the exploitation of
seasonal resources at distant geographic locatiorekes identifying proximal causes
difficult (Hostetler, Sillett & Marra 2015Whilst it makes intitive sense that the
reliance of individuals on multiple sites throughout the annual cycle makes migrants
vulnerable during eras of environmental chafgaultiple jeopard§ Newton 2004)we
still have a relatively poor understanding of the drivers of populatiomeeaal migrant
birds.
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Figure 1.2 Annual variation in the aggregate population indea lming-distance migranbirds
(dashed line) and shedistance migranand residenbirds (solid line)andb farmland long
distance migranbirds (dashed lineand norfarmland longdistance migranirds (solid line)
Redrawn from Vickenget al (2013)using the WebPIlotDigitizer application
(http://arohatgi.info/WebPlotDigitizer)

The most obvious factor explaining the decline of-Sabharan migrants (compared to
residents) is the deterioration of conditions during thebreeding season. For

example, reduced rainfall in the Sahel region of West Africa is strongly correlated with
inter-annual variation in the survival and population abundance of several migrant
species which winter in this arg@each, Baillie & Underhill 1991; Szep 1995)
Alternatively (or additionally), migrants could face unique problems on the breeding
ground, such as increased competition with residents followingntdropean winters
(Lemoine & BohningGaese 2003)r reduced ability to respond to phenological

change at lower trophic levglBoth & Visser 2001)Finally, migants may simply be

more susceptible than residents to pressures operating on the breeding grounds (e.g.
agricultural intensification), as suggested by the positive correlation between population

trends of migrants and residents breeding in the same cdGaingersoet al. 2006)

In reality, different migranpopulations during different time periods are probably
affected by different and interacting breeding and-bi@eding season drivefisloller,
Rubolini & Lehikoinen 2008; Morrisort al.2013; Vickeryet al.2013) As with

farmland birds, detailed studies are therefore required in order to diagnose the
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Chapter 1: The loss of avian abundance and the need for evidence-based conservation

environmental processes responsible for these declines and to identify probable
solutions. For migrants, ¢hproblem is compounded by our generally poor
understanding of their whereabouts and ecology during théreading season.

1.4 Thesis outline

I have briefly outlined the declines being suffered by biodiversity as a whole, and
farmland and migratory birds articular, as well as highlighting the importance of
detailed ecological studies in identifying causes and conservation solutions. The
following chapters deal with these issues in more detail, using the European Roller
(Coracias garrulushereafter 'Roér')i a longdistance migrant bird, often associated
with agricultural landscapes and declining across most of E(Bitife International

2015)71 as a case study.

First, inChapter 2 | desribe the biology and status of the Roller, and review evidence
for the potential causes of its ongoing decline. | then introduce the two main study sites;
one in France, where the population is si

northern Imit in Latvia, where the populatidras undergone a massive decline.

Chapter 3 explores intraspecific variation in théreeding ecologgf the Roller
Specifically,| use field data collected in France and Latvia between 2013 drxdt@0
test the influene of foraging resource availability on breeding densiggtbox
occupation and breeding succeHRsis comparisomeveas important differencem the
factors limiting breeding density and productivitytive two populations, with

implicationsfor conservation management priorities.

In Chapter 41 compare the carbon and nitrogen stable isotope ratios of (1) chick
feathers from across the French study site and (2) prey taxa collected from different
landuses. | generate expected prey source stabilepe ratios for all nests, and test
whether variation in chick feather stable isotope ratios can be explained simply by the

availability of different prey sources in the core foraging range.

Chapter 5is the first of three chapters concerning migratiamombine all current

Roller tracking dat& including geolocator data from my study populations in France
and Latviai to compare the migration routes and wintering sites of birds from across
Europe. This forms the first pdfuropean assessment of migrgtoonnectivity for this

species.

17



Chapter 1: The loss of avian abundance and the need for evidence-based conservation

In Chapter 61 presenta timelyanalysis of ring recovery data in the Raller
complementing the direct tracking data use@lmapter 5. This provides the first data
on the migration of juvenile Rollers, as well as inforimratelating to the causes of

mortality during the notbreeding season.

In order to place the metrics of migratory connectivity measur&hapter 5 into
context, inChapter 7 | collate equivalent tracking data 88 populations of 4&igrant
land-bird species from the Neotropic and AfRalaearctidlyways. This analysis
reveals a pattern of generally weak connectivity. The consequences of this for the

response of populations to environmental change are discussed.

Finally, inChapter 8 | synthesis andiscuss my findingi n t he context of
decline in Europe.
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Chapter 2: Description of the study system

Chapter 2: Description of the study

system

2.1 The European Roller

The European RollgCoracias garrulugs arguably one of the most striking birds in the
WesternPalaearcticsharing a place in the order Coraciiformes with other such

colourful species as the European Bed¢e Merops apiasteand Common Kingfisher

Alcedo atthisNamed for the spectacular rolling dives performed during courtship and
territorial defence the Roller is the only member faimily Coraciidae found in Europe,

where its blue and chestnut plumage imistakable Fig. 2.1). The binomial name
Coraciasgarrulus r ansl ates roughkrefaecédnoigbky heo Re

form and harsh calls.

Figure 2.1 European Roller in vineyard, southern France, 2013 (Tom Finch)

Three traits combine to makiee species regionally distinctive; Rollers are cavity
nesters, longlistance tran§aharan migrants, afidacross much of their range

farmland birds. Unfortunately, these characteristics probably put the Roller at risk
during the current era of humaniven environmental change. In this section | give a
brief overview of the natural history of the Roller, then discuss its decline and the likely

causes.
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2.1.1 Natural history

2.1.1.1 Distribution

The Roll erés breeding distribution exteni

in the west through southern, eastern and reait Europe, then east as far as Siberia
andKashmir Fig. 2.2. Breeding Rollers are restricted to warm, lowland regveitis

stable summetlimates; in western Europe they reach no further north than southern
France, whereas further east, away from Atlantic influence, they breed as far north as
the Baltic StategHagemeijer & Blair 1997; Huntlegt al.2007) Rollers are associated
with open landscapes, including mixed farmland, open forests with clearings,
Mediterrarean plains and stepp€ramp 1985; Fry & RBr 1992)

a b
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Figure 2.2 a Breeding (Eurasia) and winter (Africa) distribution of the European Rollehand
location of principle study sites in France and Latvia. Range map polygon from Birdlife

International & NatureServe (2013). Mercator projection.

After breeding, Rollers migrate south to overwinter in the dry, wooded savannahs of
subSaharan AfricdFry & Fry 1992) Most aspects of their migratory movements and
nonbreeding ecology are poorly understand, though three recent studies have tracked
Rollers from western European populations to sowthkt Africa(Emmeneggeet al.

2014; Catryet al.2014; RodrigueRuiz et al.2015)
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2.1.1.2 Diet and foraging strategy

Rollers principally feed on large invertebrates, particularly beetles (order Coleoptera) to
the north of their range and grasshoppers and crickets (order Orthoptera) to the south
(Cramp 1985; Sosnowski & Chmielewski 1996; Avilés & Parejo 2002; Bohus & Kiristin
2004; Folch, Kristin & Manosa 2004As accomplished and opportunistic hunters, they
also catch small vertebrates, as well as smaller insectsvieged ants) when locally
abundan{Cramp 1985; Kisd:lek & Moskat 2014)

Their versatile hunting strategies include swatldwe aerial foraging, raptelike

quartering, and warbldike sally-gleaning, though they are most often seen poised on

an exposed perch before flying down to take prey from thengl or in midair (Cramp

1985; Sosnowski & Chmielewski 1996) T h+darmiwaisi &6 f oragi ng t ac't
in-hand with their association witipen habitats, in which a large area can be surveyed

from a single lookout post.

2.1.1.3 Breeding biology

Like other Coraciiformes, Rollers are cavity nesters hwtlike beeeaters and
kingfishersi they are unable to excavate their own nest holedl{eg.areobligate
secondary cavityestery Depending on local availability, Rollers will nest in tree
hdes (especially those excavated by woodpeckers), masonry, sandbanks, rocky
outcrops, and artificial nest box@ramp 1985; Fry & Fry 1992; Avilést al. 1999)

Rollers typically lay 85 (up to a maximum of 7) neapherical white eggsvith a
laying interval of approximately two day€ramp 1985; Avilé®t al. 1999) Although
they are singkbrooded failed clutches may be replac@ramp 1985)Incubation
starts before clutch completiérusually after the laying of the third egagnd lasts 1i7
20 days, with nestlings fledging 280 days after hatchin@ramp 1985; Parejo, Avilés
& Rodriguez 2012)Because incubationasts before the last egg is laid, hatching is
asynchronous and nestling size is often asymm@nsnowski & Chmielewski 1996;
Parejo, Silva & Avilés 2007; Parejo, Avilés & Expésito 2Q15)

Otheraspectsfo t he Rol |l er6s reproductive behavi

much detail, with every generalisation having its exceptions:

A Rollers are largely regarded as socially monogani@tsmp 1985)though there
is anecdotal evidence of apparent cooperative breeding from Spain and Slovakia,

with three adult Rollers observed feeding a single b(dedés & Sanchez 1999;
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Chapter 2: Description of the study system

Bohus 2002)A recent molecular study detected exiear parenthood in ~ 5 % of
nests in a Spanish populati@®anchezl ¢jar et al. 2015)

A Rollers are considered territorial, and aggressive encounters (perhaps occasionally
lethal) with conspecifics and other nsgte competitors are not uncommon; they
are also known to evict the eggs of other species from preferred ne§Ceitep
1985) On the other hand, Rollers sometimes breed at remarkably high densities,
with adjacent pairs often separated by less than a few tens of (@&teyp 1985;
Vaclav, Valera & Marhez 2011) Similarly, they regularly tolerate the close
presence of othercaviye st i ng species, and may app:¢e

another species to fledge before starting a clutch of thei(Gvamp 1985)

A Ringing has provided good evidence of high fidelity to natal (Rollers often return
to breed within 1 km of where they hatched) and breeding(gitées, Parejo &
Rodriguez 2011; Vaclast al.2011) though longdistance dispersal ents away
from well-monitored sites are inevitably une@getected. Most Rollers do not breed
until their second full year, though some breed in their {@samp 1985)

A The Roler is sexually dichromatic, but mostly in the UV spectrum, making-field
identification of sex difficul{Silva et al.2008) The nature of the division of
labour between males and females is thus poorly known. Females appear to take a
larger share of incubation duti@Sramp 1985pbut males and females feed young
at similar rategAvilés et al.2011) Pair bonds may last several years, though
mateswapping also occuf®arejoet al.2015)

In summary, breeding Rollers depend on open habitats with a good supptyeof lar
invertebrates and loetut perches, and suitable cavities for nesting. They are also long
distance migrants, crossing not only the Sahara Desert, but the equator too. So, whilst it
would probably be inappropriate to describe Rollers as ecological kgtscihis

combination of traits certainly makes them special; and perhaps vulnerable.

2.1.2 Population status

Over the |l ast century or so, the Roll er 6:
particularly in northern and central Europe. Now extinct in SweBenmark,
Germany, Czechoslovakia, Slovenia and Est@@ramp 1985; Kovacst al.2008;

Luttsepp, Kalamees & Luttsepp 201the species is suffering ongoing declines across
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Europe. Between 1970 and 1990, the Roller was declining in 18 out of 23 assessed
European countries and increasing in just fheckeret al. 1994) This pattern

continued throughout the next decade, when the Roller was declining in 20 countries,
stable in 6 and increasing in 1; with an overall decline of more than 30 % the Roller was
classified as &Buti¢ld&eandBbmmel@004)The nkoatecenp
assessment period (20000 1 0) saw t he Roll erds decline
species was recl assi f iBadlife latsrnattohaé20k4a) conc e |
However, the Rollerds decline continues I
popul ation trend could be estimated, thol
8 out of 33 European countries the 20002010 assessment peri(@irdlife

International 2015a)Jnsurprisingly, these wefitudied populations are also some of

the smallest in Europe. In contrast, little is known alteetiarger populations of Russia

and Turkey, which together hold more thal
the poorly monitored Central Asian population is not thought to be in decline; the
species is thus cl as y(Bifdifeelrdernatisnal@d1lB8pf st con

2.1.3 Threats

The International Species Action Plan for the European R#l®racset al.2008) the

result of a 2008 workshop Hungary, compiles a list of all perceived threats to the

Roller. Due to a positive association between population trend and breeding

productivity (and the admitted lack of data on mortality), the report assumes that adult
survival does not limit Roller papation growth. Instead, it argues that the principle
driver of the Rollerdés decline is a redui
nesting habitat on the breeding grounds.
intensification of (1) foest and (2) grassland management, (3) increased habitat
homogeneity, (4) conversion of permanent grasslands, (5) land abandonment and (6)
increased insecticide use. Other potential threats include persecution on migration, nest

predation, and climate chg®, though these have not been studied in any detail.

The conclusions of the species action plan are principally based on expert intuition,
rather than any systematic, objective or eviddmased process. The primary scientific
literature on Roller conseation ecology is rather limited, and key information on
survival and migration is lacking almost entirely. In particular, no one has attempted to

guantify whether the drivers of popul ati
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2.1.3.1 Nest site limitation

There are several instances of impressive increases in Roller numbers following the
supplementation of natural nest sites with artificial Hestes(Rodriguez, Avilés &
Parejo 2011; Vaclaet al.2011; Aleman & Laurens 2013; Kis$ al.2014) This quasi
experimental evidence suggests that-+séstavailability is limiting the growth of some
Roller populationgNewton 1994) The widespread removal of old tr§@slido, D6 &
Hidalgo de Trucios 2001; Gibboes$ al.2008)and the demolition or renovation of rural
structuregFranco, Marques & Sutherland 20@5¥ therefore good candidates in the

l i st of processes responsible for the RO
(e.g.lberian Green Woodpeck®icus sharpe(Birdlife International 20153)and
competition with other cavitypesting specie.g. Parejo, Danchin & Avilés 2006)ay
also have played a role.

However the low uptake of nedioxes in the declining Polish populati@osnowski &
Chmielewski 1996and the failure of nediox provisioning to halt the extinction of
Rollers in EstonigLuutseppet al.2011) suggest that other factors are also involved.
Furthermorethe success of contemporary Aesk schemes does not necessarily mean
that nestsite loss was responsible for historical declines; in some cases (where good
foraging opportunities exist), nelsbx provisioning has facilitated the colonisation of
new aras, rather than the recovery of existing populat{ghsman & Laurens 2013)

2.1.3.2 Reduced quality of foraging habitat

Studies of nessite use have shown that Rollers often select cavities depending on th
nature of the surrounding habitat, generally preferringitdensity, insectich habitats

over more transformed, intensive oifasilés & Costillo 1998; Catryet al.2011;
Rodriguezet al.2011; Bouvieret al.2014) Empirical studies oRoller foraging site
selection are rare, though in Austria hunting Rollers selected perches near invertebrate
rich meadows and in areas with high edge density, avoiding maize fields and human
settlementgSacklet al.2004; Tiefenbach 2009Yogether, this suggests that |lauk

types vary in (at | east) their O6perceive:

Only a handful of studies have tested th
nest, i.eits influence on breeding success. In southern Spain, for example, chick
mortality was highest in irrigated crops compared to less intensive hgbidés &

Parejo 2004)In southern Hungary, however, breeding success was higher in a farmland
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mosaic than in natural grassland / steppe, despite the former habitat having fewer

grasshopper&iss et al.2014)

As a whole, these results suggest that Rollers prefer to nest aediforage i areas

of low managementensity, where insects are both abundant and accessible, though

the effect of surrounding habitat orekbding success is more ambiguous. It is easy to
envisage, then, how the homogenisation and intensification of the European farmed
landscapéBenton, Vickery & Wilson 20033ould have reduced the quality of Roller
foraging habitat and contributed to the
decline of Rolles coincides remarkably well with the conversion of meadows to maize

fields (Samwald & Samwald 1989)

The limited evidence so far suggests that there is no singular cause oflthe Ra s

decline. Several factors are likely to be involved, the relative importances of which
probably vary across the Rollerds range.
drivers might interact, such that the strength of the effect of one drivedepayd on

the presence or absence of others. This complex picture can only be improved by further
studies of Roller ecology and demography.

2.2 Study sites

The majority of the data presented in this thesis were collected at two Rolleorest
schemes in FraecandLatvia (Fig. 2.2b). These sites vary in both geography and
climate, but the main rationale behind their selection was the differing state of their
Roller populations (see below)yheboundarieof each sitaredefined by a 1 km buffer
around all nesboxes, with annuathanges in site extent reflecting the loss and gain of
nestboxes.

2.2.1 Location and geography

2.2.1.1 France

ThePlaine du Roussillo(42.81°N, 2.94° E) lies 13 km north of the city of Perpignan
in thePyrénéerientaledepartementThe fieldsite (mean elevation = 7 m; mini

m; max = 20 m) covers approximately 23.52kmthe north of the plain in the
communesf Salsede-Chateaux and Sakuippolyte. The site occupies a gradient from
the dry vineyaredominated plain in the south to theclbard and meadowdominated
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landscape on the edgetbe Etang du Salses (a saline lagoon surrounded by saltmarsh)
in the north Fig. 2.3. The principle lanetover is vineyard35 %), followed by a semi
natural steppé i k e h a b i) treated frondhe @tatioralw@rooting and

abandonment of vineyards (24 %).

a b

Landuse
M vineyard
Fallow vineyard
B Orchard
B Hay meadow &
Wetland "

B other

Figure 2.3 Map of French field sitea shows locations of nesioxes (circles) and natural
cavities (triangles) in 2015, with a 1 km radius buffer around allm®sts delineating the site
boundary.b showsland-use parcels in 2015, with langes classes aggregated for plotting. The
northern suksite, dominated by orchards, meadows and wetland is Garrieux; the southern

vineyarddominated suisite is StHippolyte.
2.2.1.2 Latvia

Some 2,000 km to theortheast, the Latvian sit6{.05°N, 24.47° E) is situated on an

ancient sandlune system 20 km east of the city @& The site (mean elevation = 22

m; min. = 2 m; max = 46 m) is divided into the core Garkalne population (~ 35 km

with the satelli¢ sites ofti daji and Silakrogs a few kilometres to the north and south,
respectivelyffig.2.4d . The sandy soi | Pisusgylpestnéddrest>dr y S
50 % cover)with a low understory omoss, lichen and dwarf Ericaceous shrubs. Denser
mixedforest grows in the moister depressions and open heath is maintained by forestry,

military activity (a large active training areataji and abandoned Soviet military
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bases and stores in Garkalne and Silakrogs) and a 1992 dférkst fire in Garkalne.
The main human impact on the landscape thus arises through forestry or military
activity, in contrast to the agricultural French site. Due to agesssctions only

limited dataareavailable fromi dagi, so | focus principally on Garkalne aBilakrogs.

a b

Landuse

B Forest
Clearcut

[ Heath / sand
Grass
Wetland

[l other

2 km

Figure 2.4 Map of Latvian field sitea shows locations of nesbxes (circles) and natural

cavities (triangles) in 2014, with a 1 km radius buffer around altm®sts delineating the site
boundaryb showsland-use parcels in 2014, with lehuses classes aggregated for plotting. The
northern suksite is the core population of Garkalne; the satellite site of Silakrogs is to the south;

the inaccessible northern satellite sitéidig is not shown.

2.2.2 Climate

Given that both study sites suppBuropean Rollers, their summer climates are
necessarily warm, sunny and dry, though summer maximum temperaturesgfe ~ 5
warmer in France than Latvia, and seasonality in temperatl@®sisnarkedKig. 3.23),
resulting in a longer growing season. Freargalso drierKig. 2.5b) and has lower
cloud covemn genera(Fig. 2.5¢), and the region is characterised by strong Rorth
west er | ke Misgiral &ig 25d)o0
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a France Latvia

>

ga 30

Eo 20- = N N

E2 = = / N

% 9 104 2013 .

£3 — 2014 ~ \

§E 0- 2015 Z

s 10— 1 A S
S P S A S P F S &P S A SO D NI
S,b ((e’ @g ?Q «é\{b 3\) 3 ?:) (_OQ,Q 00 \;0 OZ' }fb’ Qz' @@ ?.Qé{b 30 ) v_\) %Q;Q 00 \;o 0@

b France Latvia

g

o o 20 \//\

@ c Va— \/

T 0 5

2E 10 ~ > b N4

E o

0 T

c France Latvia
8_
=
567 > ZANS
o > \_
c 8 = =
g'047 / \—/
=3
327
N N N W e
W <(¢Z; ,é{b’ V‘Q ‘é{ﬁ\ 3\) 3w ?})Q%@Q OO eo OQ: N Qo ’é@ ?Q ®$\5\5 BOVOQ’QQ'Q OOV\O ()e'
d France Latvia
@40+
>E
‘® o 30
T o
c @
5920 e X%
§ 10 —_—— | \__‘________w’\v/——

be““«eﬁ“’\\{g‘ Y&@’é‘ 5\»;‘ S oQ* & 0°$° & Y ((o @fb & ®f5* >° 5\> \)q%@i; Oéeo:‘oef’
Figure 2.5 Inter- and intraannual variation ira maximum daily temperature, numberof
rainy days per monttt mean cloud cover ardimean wind speed in France and Latvia,
averaged across each month. Grey lines show data fromhZM¥) with 20182015 in red,
green and blue. All weather data were downloaded from www.wunderground.ctira for
weather stations closest to the two field sites (Perpigivpprt42.74 N, 2.87 E and Rpa
airport56.92 N, 23.97 E).

2.2.3 Roller status

2.2.3.1 France

The French Roller population is likely to be increasing, with the three most recent
estimates putting themumbers at 45%40 pairs in 199QTuckeret al. 1994) 520 620
in 2000(Burfield & van Bommel 20043nd 8001000 in 200 Tron et al.2008) The

breeding distribution is largely contiguous, following a broad arc along the
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Mediterranean coast, from Pyrénd@sentales in the soutWvest to Vars in the east,

extendingup the Rhéne valley as far as Dro(Mayet, Schwartz & Remy 2013)

Until the late 1990s the Pyréné@sientales supported only a small Roller population,

despite apparently favoaile habitat, presumably owing to a lack of suitable nesting

cavities. The installation of approximately 150 Aesxes from 1997 onwards by the

Groupe Ornithologique du Roussillon preceded a substantial increase iretigei o n 6 s
Roller population, which sbd at 110120 pairs in 201{Aleman & Laurens 2013)

The area covered by the Plaine du Roussillon field site is described as one of the
Abastionso of the depart meldbdthekRawh!| er p o
breeding pairs in 201(Aleman & Laurens 2013)

Although principally a nedbox-breeding population, Rollers also make use of existing
natural cavities. The few trees (mostly bladplarPopulus nigrap are restricted to the

north of the site (principally planted as wibdeaks around orchards). Most cavities are

old Iberian Green Woodpecker nests, though there are a handful of rotten holes suitable
for Rollers. Use of other humarmgttures for nesting was previously undocumented in

this site(Aleman & Laurens 2013}hough in 2015 two pairs were found breeding in

farmsteads (one abandoned and one inhabited).
2.2.3.2 Latvia

In contrasto the apparently healthy state of the French population, Rollers in Latvia
have declined drastically in range and al
most rapidly disappe@KengsspgeRabflisasknst B
mirrors the decline observed in the other Baltic States; Rollers have not bred in Estonia
since 201 Luttseppet al.2011)and Lithuania now holds just a handful of breeding

pairs (Laimonas Sniauksta, pers. comm.). In Latvia, Rollers were completely extirpated
from the agricultural landscape sometime in the 2000s, with their distribution now

restricted to the open forests anal Garkalne municipality. This remnant population of
approximately 10 breeding pairs increased in size following the provisioning ef nest

boxes from 1999; the national population now fluctuates around 25 breeding pairs,
including a handful in the sateditsites ofi dagi and Silakrogs (Edmunds Raskis,

pers. comm.). Aside from neBbxes, Rollers make use of Black Woodpecker

Dryocopus martue ol es i n Scotds Pine, and there :

breeding in abandoned military buildings, digh not during our study period.
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My two principle study sites span the ex|
apparently healthy French population is typical of many Mediterranean populations,
whereas in Latvia, at the northernedge offtheesc i es & range, the st
isolated relict of the formerly abundant northern European population. Rollers at both

sites rely on nedboxes for breeding; the French population has increased following the
installation of nesboxes, andtheltavi an popul ati onds extinct
prevented (or at least delayed) thus. This makes the monitoring of breeding attempts

and, if necessary, the trapping of adults and nestiirsgstantially easier. However,

the use of artificial nedtoxesperhaps makes our study populations atypical compared

to others in Europe (though ndxix schemes aimed at Rollers now exist across the
continent) as well as the ancestral populations at our study sites. Additionally, the

remnant Latvian population, hag been extirpated from all farmland, now occupies a
habitati lowland heathi which was probably only of minor importance historically.
Nonetheless, | expect the comparison to reveal important differences in the ecology of

the two populations, whichmagh p expl ain the speciesdo de

conservation solutions.
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Chapter 3: Intra-specific variation in the

breeding ecology of the European Roller

3.1 Abstract

Understanding the relative importance of food and-sigstimitation is important for
effectively directing conservation efforts to bolster the breeding density of declining
populations Both food and nedite limitation have been suggested as being

regonsible for the decline of the European Roller, but igfrecific variation in the
importance of these two factors has not been formally tested. Here we compare the
breeding ecology of two Roller populatiohsne in Latvia andnein Franced to test

the relative importance of food and nsge limitation In France part of the core
Mediterranean populationnestbox occupations high, and we found no evidence of
nestbox selection based on surroundiigaging resource availability. Furthermore,

Rdller breeding densitincreased linearlyith nestbox density(but not food

availability), stronglyindicating nessite limitation. In contrast, the Latvian population

i at the northern range margirhad lower nesbox occupation, and showed a

preferene fornestboxesin areas ohigher foraging resourcavailability. As such,

breeding densityncreased with food availability (but was unrelatediéstbox

density, stronglyindicating food limitationWe did not detect any effects of resource
availabiity on any measure of breeding success. Overall, both resource availability and
clutch size (and therefore breeding productivity) were lower and exhibited more inter
annual variation in Latvia than France. These findings provide evidence that the factors
i mi ting breeding density vary across the
prioritiesfor Roller conservationOur results also highlight thpotentialvulnerability of

the Latvian populatioto environmental change

Supporting material can bedad inAppendix 1

3.2 Introduction

Most conservation efforts are targeted at maintaining or increasing the breeding density
of threatened species. A key pegjuisite for the effective delivery of conservation
management is an understanding of the factors limiting breeding density (ing) et

carrying capacity of a habitat). During the breeding season, bird population density at
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any instance will generally be limited by the availability of one of two key functional

resource$ nesting and foraging habit@tlewton 1998)

Evidence for fod limitation comes from correlations between food availability and
breeding population density in both spé@ééatson, Rae & Stillman 201@nd time

(Karell et al.2009) Experimental food supplementation studies have demonstrated a
positive effect of food availability on nelgvel breeding succegg/ellicomeet al.

2013; Ruffinoet al.2014) though this will only influence population density if

breeding success (as opposed to overwinter survival, which we do not consider here) is
the limiting demographic factor. Alternatively, breeding density might be limited by the
availability of opportuities for nesting, especially for obligate secondary cavity nesters
which rely on the prexistence of suitable hollows for breediidgwton 1994)As for

food limitation, correlational and experimental studies have demonstratesiteest
limitation in wild populationgFargalloet al.2001; Cockle, Martin & Drever 2010)

Both food(Thorupet al.2010; Aebischer & Ewald 2012nd cavity limitation(Franco,
Marques & Sutherland 2008ave been implicated in recent bird population declines,
and efforts to augment the availability of these resourd¢esough the provisioning of
artificial nestboxes(Rodriguez, Avilés & Parejo () or foraging habita(Ewaldet al.
2010)1 form a key part of many conservation interventions. Understanding which
resource is limiting is crucial for successfully directing conservation efforts. For
example, restoration of foraging habitat makes little sense if the breeding density of a
population is limited by cavity availability (though degradation of foraging habita
would likely shift the balance away from neste limitation). Notably, the relative
importance of food and nesite limitation can vary over time; nelsbx provisioning

can only increase breeding density up to a carrying capacity determined bydoragin

resource availabilityNewton 1998)

Nestsite limitation and foraging habitat limitation have both been blamed for the
decline of the European Roll@fovacset al.2008, discussed i@hapter 2). The

relative success of many ndgix schemes suggests that rst limitation is important
(Vaclav, Valera & Martinez 2011; Aleman & Laurens 2QMhilst the apparent failure
of others(Lultsepp, Kalamees & Luitsepp 20ELggests that food limitation operates

elsewhere.

Here, we compare two populations of breeding Rollese at the northern range edge

i n Latvi a, and one i n ranearestrangholten omdértot he s p
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explore the relative importance of food and ret& limitation. We first quantify

variation in resource availability within and between sites. Dividing each site into a 1
km?grid, we then test whether Roller breeding dtgris best predicted by nesite
availability or resource availability. We go on to test whether Rollers seleeboess
based on surrounding resource availability, and whether this influences breeding
success (controlling for nearest neighbour distaara intetannual effects, as well as
nestbox condition in France). By comparing the breeding ecology of these two distant

populations, we contribute to an understanding of their differing population trends.
3.3 Methods

3.3.1 Land-use mapping

Details of our two stdy sitesi one in France and one in Latviare outlined in

Chapter 2. The boundary of each site was defined by a 1 km radius buffer around each
nestbox. All land parcels within this buffer were manually digitised in Quantum GIS
(QGIS Development Team 2008)th reference t@erial photography and field visits,

and identified in the field using the definitionsAppendix 1 (Tables S1.1andS1.2.
Land-use polygons were theonverted to a*b m raster (UTM projection) in R

Development Core Team 2014)

Land-use mapping wasoaducted for every year of the study in France, and 2@ii4

in Latvia. The landscape of the Latvian field site is relatively static, with the only major
inter-annual changes arising through forestry activity. Whilst 6 s pr obabl e t h
clearcuts icentified in 2014 were actually forested in 2013, and that forests identified in
2014 had been harvested by 2015, etedas only made up % of the study area. Of

this area, only a fifth waygearg Withsaplingsi ed a
below knee height) in 2014, suggesting that forestry activity affect%o<oi thetotal

site area from year to year. All other habitats are likely to have remained stable during

thethreeyearstudy period.
3.3.2 Invertebrate availability

3.3.2.1 Transect design

To quantfy spatictemporal variation irfioraging resource availabilityve conducted
visual transects in an attempt to mimic the hunting mode of the Rdller eachof the

main landuse types in France and Latvikaple S1.3. We focused on large (> 10 mm)
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terrestrial insects in orders Coleoptera (beetles), Orthoptera (grasshoppers and bush
crickets), Hemiptera (true bugs, principally cicadas) and Mantoidea (mantises), which
make up the majority of the Rol@rdiet(Cramp 1985; Sosnowski & Chmielewski

1996; Avilés & Parejo 2002FEach 40 m transect was repeated once every 2 weeks
throughoti the season in Latvi@014)and Franc€2015 Table S1.3. Surveyed land

use parcelsvere randomly selected and stratified according to the approximate
proportional cover of each langse typeand transectstarted atirandom distance

along a randomlgelectearcel edgeTransects were walkgmkerpendicular to the

parcel edgat a constant slow pace of approximately 0.3%rasd a 1.5 m wide strip
(total area = 60 R) was surveyed for potential Roller prégvertebratesvere identified
(generally tafamily, but sometime® order or genus) and classed into 10 mm size bins.
The same methodology, but over a slightly different time window and with different
observers, was followed in France in 2013 and 2014, with qualitatively similar results
(seeSection 3.4.1.

3.3.2.2 Biomass estimates

To convert countsf invertebrateto biomass estimates, specimems (159)

belonging to each insect taxon and covering a range of body lengths were collected in
the fieldin Latvia (2014) and France (2014 and 20B8pecinenswere measured from

head to tip of abdomen, then oven dried for 14 days &€ 6Dried insects were

weighed, incinerated in a muffle furnace for 3 hours ate&el@hen reweighed. Ash

free dry weight (i.e. biomass) was calculated by subtracting tbs afahe remaining

ash from the initial (dry) masSpecimen lmmass washenmodelled against body

length (loglog linear regressiorgnd taxor(a fixed factor;Fig. S1.1. From this model

(R%gj = 0.98), biomass was predicted for the midpoint of each 10 mm size class for each
taxon {Table S1.4. These predictions were then used to estimate the total biomass

recordedon each transecgiventhe size class and taxon of each recordedrtebrate
3.3.2.3 Statistical analysis

To model the variation in biomass recorded on each transect, we usegart\wardle

model. The first model predicted the probability of recording an insect during a transect
(using a GLMM with binomial error structure and logitlink 6 bi no mi al model
second model predicted the biomass of recorded insects given that one or more had been
recorded during a transect (GLMM with gai
model 6) .

40



Chapter 3: Intra-specific variation in the breeding ecology of the European Roller

Binomial and gamma models were fitted using theaBkagdme4and the bobyga
optimizer(Bateset al.2015) with a random intercept of transect identity to account for
the pseudeaeplication arising from repeating the transects through the season. We first
modelledthe fixed effect of landise type, then included calendar date and its quadratic
effect (both scaled and centered) to explore seasanationsin prey biomass. In

France walsoincluded the interaction between lanse and calendar date. However,
dueto low invertebratenumbers recorded in Latvia, the interaction models were over
parameterised and failed to converge. Candidate models using all combinations of
predictor variables were assessed using the R patkalgkén (Barton 2015)and
predictions were maat-averaged over the set of models wthiCc<2usi ng t he
method in which absent variables are set to zero rather than exdBydeulltiplying

the predictions of the binomial and gamma models (i.e. weighting predicted biomass by
the probability 6 observing annsec), wethusobtained predictions of insect biomass in

each lanelse type at a given time point over the course of the season.

Biomass predictions were then mapped ontd%rh rasteaccording tdand-usecover.
Surveyed landise types covered, on average, 83 % and 76 % of land within a 250 m
radius of each nest in France and Latvia, respecti#elythe rarer landisecategoris

in which insect surveys were not conducted, we assigned insect biomass as denoted in
Tables S1.1andS1.2 For each site and yeave producedastersof predicted prey

biomassat eachsevenday interval starting 23 May and ending 1 Aug.

3.3.3 Foraging range size

Little published information exists on the foraging range size of the Rotaqudntify

the size of the foraging range of breeding Rollarsl thus the area over which to
quantify resource availability for each nest, we used radio teleniBregding adult
Rollers were trappeflinder license) ihatvia (2014) and-rance(2015)at the nest just
before or soon after hatching. Tags (Biotrack PIP3 Ag39Q@,151 MHz,30 ms pulse
length,60 pulses mir) were fixed to the shaft of the central tail feather with cotton ties

and cyanoacrylate glue.

Tagged birds were triangulated by two alees in radio contact, each equipped with a
Sika receiver and Lintec flexibleéement antennae (Biotrack). Subsequent fixes of the
same individual were separated by at least 1 Aody where possiblevisual

confirmation of locations was acquired. Naisually-confirmed locations were inferred

using thegeospherdk packag€Hijmans 2015)by intersecting the bearings from the
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location of each observer. Experiments with tags in known locations revealed a
maximum detection distance of ~ 1 km; iis&etions more than 1 km froamobserver

were therefore discarded as unrealistic.

In order to tradeff number of individuals’s.number of fixes per individual, we
excluded birds with fewer than 10 fixes; there was no correlation between number of
fixes per individual and any metric of home range (Seetion 3.4.2. Because we were
principally interested in the foraging range of breeding Rollers, we also excluded
positions recorded after breeding attenyatd finished ofailed. As measures abre

and maximumforaging range wéhencalculated, for each individual, the area of the 50
% and 9%% density kernels, as well as thé"shd 9% percentiles of distance from fix

to nest.

3.3.4 Nest monitoring

Potential Roller negtoles(bothartificial nestboxes andree/ building cavities) were
monitored throughout the 20185 breeding seasons in France and Latvia. Nest contents
were recorded either directly or with an inspection camera (Ridgid @Awith 360 cm

extension) attached to a telescopitepo

Due to logistical constraints and personnel availability, the frequency and extent of nest
monitoring varied between years and sifeagble S1.5. In particular, the ifrequency

of nest controls in Latvia in 2015 likely resulted in m@ogmpetitobbreeding attempts
going undetected (morbrtarget breedens Latvia are small passerines with short
nesting periods), and the number of empty nests being overestimated. Additionally,
monitoring started relatively late in Latvia in 2015 (so early faileg:tders may have

been missed) and finished relatively early in France in 2014 (so late breeders may have

been missed).

Nestholeswere categorised doller nests (Roller eggs or nestlings observed during a
season), empty nests (no eggs or nestlingsy$peacies observed during a season) or
competitor nests (eggs or nestlings of other bird species observed during a season). If
occupied by more than one species during the course of the sehstatan be a
competitor nest and a Roller nest (in thateoravithout exception), but never a Roller

nest and an empty nest.
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3.3.4.1 Breeding density

In order to explicitly explore the relative importance of ret& and food availability in
predicting breeding density we divided each site into a regular 1000 m grid (following
UTM gridlines), and in each square calculated (1) the number cborst as a

measure of nedite availability, (2) the averageid-seasormprey biomass, as a measure

of resource availability and (3) the number of Roller breeding attempts Hbavess, as

a measure of breeding density. In France there were 12 squares cgmasilioxes in

2013 and 2014 and 13 squares in 2015, and in Latvia there were 24 squares in all years;
squares without ne&toxes were ignored.

Linear mixed models with Roller nest density as the dependent variable afibxest
density or prey biomass #® independent variable were constructed separately for
each site. Data were pooled across years, so we included year {&\ktdactor) as a

random intercept.
3.3.4.2 Nest-box occupation

Next, we tested for predictors of Roller nege occupationDue tovariation in search
effort for (andthe general rarity of) nests in natural cavities, we modelled the
occupation probability of nestoxes only. Nesboxes which were empty but checked

only once during a season were excluded from the analysis.

To test thehypothesis that Rollerestbox use is related wurrounding foraging

resource availabilitywe extracted predicted prey biomass averaged ovetaltbcells
within a 250 m buffer around each nbsix (corresponding to the estimated core
foraging rangeseeSection 3.4.2 for the Zday periods starting May 23 and June 27
(corresponding to the start of the laying and chigdring periods, approximately). We
also calculated the distance to the resarest known Roller nest (including those in
natural caities). Additionally, to test whether Rollers avoid the ~ 12 % of French nest
boxes with missing lids, we generated a-tewel factor describing whether the lid was

present (1) or absent (0).

We employed two model |l ing f refomewveoardk)s .c oTrp
nestboxes occupied by Rolle(gcluding boxes which housed a competitor then a

Roller) with those not occupied by Roller, supposing that all-hestx e s ar e Oava
to Rollers, and ignoring the presence or absence of any comgegites. The second

appr oac ke nfpotRyod )l ecr cboxesaoccapied by &allé(grcluding boxes
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which housed a competitor then a Rollerdh those remaining empty, excluding
competitoronly nests and supposing that only empty +Estes are availde to
Rollers.

We constructedwo global GLMMs each for France and Latvia (one for Raltgher
and one for Rollérempty), with a binomial error structure and logit likdependent
variables werdaying and chickrearing prey biomass, distance to nearest neighbour,
and (in France only) lid presence / absence. In Latvia, due to strong correlations
betweerlaying andchick-rearingprey biomassr(> 0.99,p < 0.001), we only
considered the latter. Fandom intercept of nestox identity was included to account
for the fact that the same ndxixes were used in multiple yea@ontinuous variables
werescaled andenteredCandidate models using all combinations of predictor
variables were assessedngsthe R packageluMIn (Barton 2015)and predictions
were modelveraged over the set of models vwgthiCc < 2.

3.3.4.3 Breeding success

For all roller nests we recorded parameters relating to the circumstances, timing and
success of breedinG#ble S1.§. Differencesin these parameters (clutch size, number
of hatchlings, egg survival, chick survival and fledglings per breeding attempt) between

France and Latvia wtesse tested using Wel cl

Finally, we tested whether Roller breeding success (clutch size, efgasand chick
survival) variedaccording to surrounding foraging resource availabifgriations in

clutch size (complete clutches only, continuous variable), hatching rate (proportion of
hatchlings per egg, binomial error structure with logit linkj #adging rate (proportion

of fledglings per hatchling, binomial error structure with logit link) were modelled
separately for France and Latvia. Data from 4bestes and natural cavities were
combined over 20135, with year included as a fixed effectamest identity as a

random intercpet. The main predictor variabtd interestwas as above, predicted prey
biomass in a 250 m buffer around each nest. The timing of each breeding attempt was
known, so we extraetlprey biomass for the nespecific week®f laying and, 35 days
later, chickrearing.As above, only chickearing prey biomass was included in the
Latvian models, due to strong correlation with laying prey biorfras€.99,p <

0.001) We also included distance to next nearest known Radgs, again for the nest
specific weeks of laying and chickaring. Finally, we fitted lay date and its interaction

with year (ahreelevelfixed factor). Continuous variables were scaled and centered,
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and observations were weighted according to lay datertainty, whereby nests with

more than 10 days between minimum and maximum lay da&d &ble S1.§ were
downweighted by a factor of 0.5. Candidate models using all combinations of predictor
variables were assessed usinghheMin R package, and predictions were medel

averaged across the set of models w#iCc < 2.
3.4 Results and Discussion

3.4.1 Resource availability

The Roller is typically a siandwai t , 6 pounced6 hunter, and
an effective way of quantifying viation in the availability of the large terrestrial
invertebrates on which they pr@yig. 3.1). The differences in biomass between France
(mean biomass per transedd.25 g and Latvia (mean 6.05 g indicated a

fundamental difference in resource dahility between the two sites, consistent with

global patterns of reduced productivity towards the p@man et al.2015).

There were also substantial variasdn foraging resource availability within each site.
In France there wasverwhelmingsupport for the fixed effect of langase on both the
probability of observing amvertebrateand the biomass of observiedertebrates

(Table S1.7). Predictecbiomass was more than double in hay meadow (0.31 g per
transect) and fallow (0.41 g) compared to orchard (0.13 g) and vine (G=igt §;1c).

The latter two landises are treated with pesticides, and the uncultivated rows between
crops are, in most fields, plouggh and mown throughout the season in order to control
weeds. Meadows, on the other hand, appear largely unimproved and fallow, entirely
unmanaged, approaches a seatiural habitatOur findings are therefore in line with a
large body of literature demomating the negative impact of intensive agriculture on
invertebrate abundan¢Britschgi, Spaar & Arlettaz 2006; Haat al.2006;

Schekkerman &eintema 2007; Attwoodt al.2008; Golawski & Meissner 2008)
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Figure 3.1Invertebratebiomass for the four main lange types irfFrrance (2015) and Latvia

(2014).a andb show meart S.E. insect biomass for eaciw2eksurveyperiod. Bars irc and

d are the product of the predicted values fromldimelusebinomial (modelling the probability

of observing annvertebratgand gamma models (modelling the biomass of observed

invertebrate see text for full description). Lines eéandf are the product of th@odel

averagegredicted values for the seasonal binomial and gamma models.
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In Latvia, whilst there was strong support for #ifect of landuse on the probability of
observinganinvertebratethe intercepbnly model wadest (i.elowest AlCc,highest
information content) at predicting the biomass of obsenmveeltebrategTable S1.3.
So, after weighting by the probability of observing an invertebrate, predictecss
wassubstantially higher in open (insolated) habitatéearcut (0.08 g), heth (0.11 g)
and sand (0.09 @) compared to pine fore.002 g) However, even the best Latvian
land-uses were worse than the poorest Frenchleed(Fig. 3.1d).

In Franceg(Table S1.9, but not Latvia(Table S1.10, there was strong support for the
inclusion of the quadratic effect of calendar datd its interaction with landse For
fallow, orchard and vinebiomass peadaround early Julyfollowed by a decline,
presumablydriven by the increasingly arid conditioffsg. 3.1e). In contrastbiomass

in hay meadow declinedfter mowing in early June.

Orthoptera were the most abundant taxon in both France (68 % of biomass) and Latvia
(71 %), so the patterns in overall invéntate biomass were largely driven by changes in
numbers of Orthopterdig. 3.2a, Fig. 3.2b. In France, the next most important taxon
wasCicadidae (28 % of biomassyhich emergeen massén late JuneAdult cicadas
primarily feed on woody vegetation,,amlike Orthoptera, wenmore abundant in

vineyard than fallowKig. 3.Z). In Latvia, Coleopter§28 %) were the next most

important taxon after Orthoptera, reaching their highest abundance ingeerd their
abundance fluctuated throughout the sedban 3.21).

Although our surveys focused on terrestrial invertebrates living otyliony vegetation,
Rollers are also capable of taking prey in flight or gleaning them from taller vegetation.
Our surveys are likely to have underestimated the biomdbkssd# prey sources. In
France, though cicadas made up over a quarter of recorded biomass, we probably
underestimated their availability by missing insects in trees and tall hedges, as well as
those in flight. In Latvia, beetldsespecially Scarabidae, Gaapidae and

Cerambycidaé were recorded surprisingly rarely, given their importance in the diet of
northerly forestedge Roller population&Sosnowski & Chmielewski 1996; Luutsepp

al. 2011) These taxa tended to be aggregated around their food sources (e.g. dung,
flowers, wood piles), swere encountered stochastically and infrequently during our
transectslt is unclear how much this bias will affect our interpretatibmge have no

data on the importance of negrrestrial prey in Roller diet, though casual observations

suggest that thenajority of prey are captured at ground level. Besides, we suspect that
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land-uses which support a high density of terrestrial invertebrates will probably support

more actively flying ones too.
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Figure 3.2Mean® S.E.invertebratdiomass for each-@eekperiod, broken down by major
insect taxa in Franca & Orthopterag = Cicadidae) and Latvid(= Orthopterad =
Coleoptera).

In France, in addition to the main survey in 2015, we conductedtebratesurveys in
2013 and 2014. Whilst observer differesgrobably contribute to differences in
absolute biomass, relative differences between-leedtypes are generally consistent
(Fig. 3.3. Fallow and hay meadow are reliably the most produéivéuseswith vine

and orchard (the latter was not surveyed013) having lowebiomass The high
invertebrate biomaggcorded in hay meadow in 2014 can probably be attributed to the
comparatively earlier survey period (which perhaps underestimated the seasonal
decline), and the highiomassn vine in 2013 igprobably due to the comparatively late

survey period (which underestimated the seasonal increase).
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Figure 3.3Comparison ofnvertebratéransect results 20135 in France. Bars are the product
of the predicted values from the yespecific landuseonly binomial and gamma models. Note
that, whilst surveys covered the whole season in 2015, they started comparatively late (and
excluded orchard) in 2013 and fineshcomparatively early in 201gaxis scales are not equal,
reflecting potential observer differences with respect to absolute biomass.

3.4.2 Home range size

Due tohigh rates of breeding failure (but low tag loss).atviaand high rates of tag
loss(but low breeding failuren France, only seven tagged breeding birds were tracked
for long enough to acquire 10 fixeBable 3.1). Across these seven individuals, all
measures of home range correlated with one anathked.(7,p < 0.05), but not with

either number of fixesr(< 0.17,p > 0.10) or duration afracking ¢ < 0.59,p > 0.10).

Table 3.1 Summary of foraging home range metrics for 7 rachcked Rollers.

Kernel area (km? Distance from nest (m) Duration of
Site n fixes tracking
50% 95 % 50 % 95 % (days)
0.11 0.70 51 647 10 6
0.36 1.89 256 1061 22 7
France 0.20 0.92 189 632 18 7
0.12 0.63 146 509 26 14
0.10 0.51 163 426 34 15
0.54 3.31 480 1144 14 17
Latvia
0.13 1.09 294 764 89 17
mean= 0.22 1.29 226 740 30 12
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Home ranges were generally centered on thesiistand often overlappingig 3.4).
Mean 50 % and 95 % kernel areas were 0.22 and 1.2¢9ckmesponding to circles

with 265 and 641 m radii), and meari"sthd 94" percentiles of distance from the nest
were 226 and 740 m. From our limited data, we thus assume a core (50 %) foraging

range of 250 m and a maximum (95 %) range of 750 m.

Based on direct observations, mean foraging radius has been estimated at 165 m in
Spain(Avilés & Costillo 1998)and 356 m in Franc@ouvieret al.2014) and

maximum foraging range at 1800 m in Slova@ahus 2002and 2300 m in Poland
(Sosnowski & Chmielewski 1996Although not directly comparable with our

telemetry results, these estimates are at least of the right order of magnitude. Regardless,
the precise value chosen for ttwre foraging radius matters little; across nests,

predicted prey biomass in a 250 m and 750 m radius correlates stmoadly76,d.f. =

226,p < 0.001 for France; = 0.82,d.f.= 290,p < 0.001 for Latvia).

With only two individuals successfully trae#t in Latvia, we refrain from making a
guantitative comparison of foraging home range between the two countries. However,
we note that for all but one of the range size metrics, only one French Roller had a

larger home range than either of the two Lat\Ranllers.

a France b Latvia

Figure 3.4Foraging home range mFrance andb Latvia. Pointsshow individual fixes,
bounded by minimum convex polygons (lines). Shaded regions denote 50 % and 95 % density
kernels, and filled triangles are nagies. Axis tick marks are spaced 1 km apamtl the scale

is equal in both panels
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3.4.3 Breeding density

Mean ¢ S.E.) nesbox density was higher in France (5.8.66 boxes per kfnrange =
1i 17) than Latvia (4.0 0.38, 115), though this difference was not significatr (
1.77,d.f.= 60.4,p = 0.08). Roller density, however, was substantially and sigmifig

higher in France (2.2 0.43, G 11) than in Latvia (0.8 0.09, G 3;t=3.9,d.f.= 39.6,p
< 0.001).

At the 1 kn? scale, there was a strong positive effect of-bestdensity on Roller
density in FranceH;, 33.0= 250.4,p < 0.00% Fig 3.5a), but not in Latvia F1,70= 1.0,p
= 0.33 Fig 3.5b). In contrastthere was no relationship between prey biomass and
Roller density in Francf~1, 10.0= 0.3,p = 0.5 Fig 3.59, but a significant positive
relationship in LatvigF1, 70= 38.8,p < 0.00% Fig 3.5d). This provides convincing

evidence that Rollers are neste limited in France but food limited in Latvia.
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Figure 3.5Relationship betweea b nestbox density and, d prey biomass and Roller nest

density (at a 1 kiscale) in France and taa. Line shows fitted relationshipl S.E.
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3.4.4 Nest-box occupation

Consistent with differences in neésbx density relative to breeding pair density, nest
box occupation was much higher in France than Latvia. In France, Rollers bred in
almost every seconcestbox (Fig. 3.6a), whereas in Latvia, despite an abundance of

available nesboxes, occupation was ~ 15 %d. 3.6b).
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Figure 3.6 Number of nesboxes categorised &ller nestscompetitorthenRoller nests
competitor nestandempty nestdn a France andb Latvia, acrosshe threeyear study period.

Numbers in segments represent proportionspetyear.

Models predicting variation in nebbx occupation were generally quite poor; marginal
R°s (i.e. the proportion of variance accounted for by fixed effects) for the global models
were 0.03 and 0.17 in France and < 0.01 and 0.16 in Latvia for theiRdlier and

Rolleri empty models, respectively.

In France, the most important variables wergt-bex state and nearest neighbour
distance, with no support for an effect of surrounding foraging resource availability on
probability of nesbox occupation{able S1.1). In Latvia, both nearest neighbour
distance and surrounding prey biomass were itapbfTable S1.12. The effect of

prey biomass was positive in Latvia, such that-besies surrounded bgnduses with

higher prey availabilityvere more likely to be occupied by RolleFsq 3.70 andFig
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3.8b). These results support the coarseale aalysis of Roller breeding density
(Section 3.4.3 and are consistent with neste limitation in France and food limitation

in Latvia.

The direction of the effect of nearest neighbour distance was positive in France but
negative in Latvia. In France, tipeobability of Roller occupation was slightly higher

for nestboxes far from other Roller nestsid 3.7aandFig 3.89. In contrast, in Latvia

the probability of Roller occupation was higher for Assxes close to other Roller

nests Fig. 3.7b, Fig. 3.8). The mechanisms driving these apparent deqlgipendent
effects are unclear, but we suspect that the observed patterns are inevitable
consequences of (1) the lack of habitat selection in France resulting in a fairly even
distribution of breeding Rollserthroughout the site, possibly facilitated by irgpeecific
competition and (2) the preference of Latvian Rollers for high quality foraging habitats
resulting in a more clustered distribution of breeding Rollers.

In France, lhere was aegative effect olid absence for the Rolleempty model, but

not the Rolleirother model Table S1.1). Across the study period, 10 out of 23 (43 %)
nestboxes without lids (and free from competitors) were occupied by Rollers compared
to 92 out of 125 (74 %) nebbxes wih lids (and free from competitors). The number of
Rollers using damaged ndsdxes was too low to test for differences in breeding
success, but this avoidance is concerning. In 2015 we visited othdroxesites in the
PyrénéeOrientalegegion which vere stated by Aleman & Laure(2013)to hold

breeding Rollers; most nelkbxes were in a poor state of repair, and we found no Roller
nests. Clearly, the provisioning of ndgixes is not a sustainable letggm solution
unlessfunds to guarantee their maintenance are guaraiteetbnmayelet al. 2009)

The difference between the Rollempty and Rollérother model suggests that Rollers,
but not other avian cavity nesters, avoid fmstes without lids. This effect is likely to

be driven by Common Kestrefalco tinnunculuswhich are too large to accassst

boxes otherwise, using boxes with missing lids.
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a France b Latvia
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3.4.5 Breeding success

On the whole, there was little suppbm either site for aeffect offoraging resource
availability on roller clutch size, hatching success or fledging success. Invaakre
unable to detect any convincing predictors of spatial variation in breeding success
(notwithstanding obvious differences between Francd.ahda, and some apparent
densitydependent effeckswith the most important variables generally being temporal

(i.e.yearandlay date).
3.4.5.1 Clutch size

Clutches were, on averadarger in France (meadhS.E. = 4.6 0.11) than Latvia (4.2
°0.10t=2.5,d.f.=110.1p=0.01). This is in line with previous studies of Rollers,
which reveal a trend towards smaller clutches at higher lati{@tesiowski &
Chmielewski 1996; Moreirat al.2004; Luttsept al.2011; Parejo, Avilés &

Rodriguez 2012; Aleman & Laurens 2013; Vincéfdrtin, Gimenez & Besnard 2013;
Kiss, Elek & Moskéat 2014)This pattern is contrary, however, to the more general rule
of clutch sizes increasing with latitude, as resource seasonality increases andtewerwi
survival and thus breeding density decrdas® s h mbypothésis; Sanz 1997, 1998;

La Sorteet al.2014) Instead, our findings are consistent with Soler & S@de82)who
argue that for singlerooded cavity nesting birds this pattern should be reversed if the
disadvantages associated with large clutches are limited (due to the relative safety of the
cavity) and larger eggs (tradedf against smaller clutches) are tawed in northerly

populations.

Within both populations, the most important predictor of clutch size was lay date, with
thelatest clutchesontaining roughly oneggfewerthan the earliegfFig. 39, Tables
S1.13andS1.14. Seasonally declining clutcles is a general pattern found across
singlebrooded specig€rick, Gibbons & Mgrath 1993)and has been previously
reported for Rollers in Spaivilés et al. 1999) The absence of second broods means
that there should be no selecti@n Rollers to breed earlier than is optimal (i.e. clutches
should be initiated such that peak resource supply and demand coincide). In France,
peak resource availability (early July) occurré® Sveeks after the initiation of the
earliest clutches (late M@ approximately coinciding with the developmental +pa@nt

of these earliest nestlings. (In Latvia, there was no detectable seasonal trend in resource
availability7 seeSection 3.4.). Pairs constrained to breed later should therefore lay

fewer eggs, wing to the inevitable decline in resource availability following the
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seasonal peak. Alternatively, or additionally, later breeders may be of poorer quality
resulting in smaller brood¥erhulst & Nilsson 2008)The absence of this seasonal
decline in France in 201Fig 3.%) is intriguing, but difficult to explain without

directly comparable invertebrate biomass data across years.
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Figure 3.9Variation in dutch size ina France and Latvia. Lines show modehveraged fitted
values { S.B), with all other predictor variables set to theirmeanvalue o w6 and &6 hi gh
biomass 4) and nearest neighbour distanbg gre the 10 and 9" percentiles. Points are raw

values, jittered slightly on thyaxis for readability.

We found no convincing spatial association between invertebrate availability and clutch
size; in France, although there was a negative effect of-cbarkng period pre

biomass on clutch size, this was neither statistically nor biologically significant

(predicted clutch size for the ®@nd 90" percentiles of prey biomass differed by only

0.3, with overlapping S.E. regiorisig. 394a). In Latvia there was a weak neigat
densitydependent effect on clutch size, such that predicted clutch size increased by 0.45
from the 18 to 90" percentiles of nearest neighbour distarfig.(39b). The direction

of this effect is consistent with clutch size being limited by redueladive resource

availability in areas of high Roller breeding density.
3.4.5.2 Hatching success

Hatching success was substantially higher in Latvia (mean = ®823) than France

(0.57° 0.04 t=4.6,d.f.= 126.4,p < 0.00), such that, despithelargerclutches in
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France, mean number of hatchlings was actually lowér’(R.22, compared to 3%

0.15 in Latviat = 2.6,d.f.= 131.9,p = 0.01). In France, of 79 clutches with known
outcomes, 47 % suffered partial losses and 15 % suffered complete ilossdgia, of

39 monitored clutches, 54 % suffered partial losses and there were no complete failures.
The higher failure rate in France wiagreforeprimarily driven by complete nest

failures rather than partial egg losses; when complete failures watveledfrom both

sites hatching successassimilar in Francg0.80° 0.03 and Latvia(0.84° 0.03 t =
1.1,d.f.=96.5,p=0.29).

In the majority of casesewvere unable to identify th@rcumstancesf complete nest

failures, buthe mostikely cause igpredation (by snakes, rodents and birds, and pine
martens in Latvig)followedby usurpation byoth inter and (perhaps) intrapecific
competitorsPredation rates thus appear low in Latvia, consistent with a negative
correlation between latitedand predation pressuyiddcKinnon et al.2010) However,

the predation pressure exerted by pine martens on bird nests has been shown to vary
inversely with small mammal abundar(@eline withthe6 al t er nati ve pr ey
Zarybnicka, Riegert & Kouba 2015pur threeyear study period did not coincide with

a year of high predation pressure in Latvia, but in previous years pine martens have had

devastating effects on Roller breeding suc¢EsR4d inskis, pers comm).

In France, hatching success also declined through the seasoeanijtolutchehaving
a predicted success rate 0075, compared to < 0.40 for the latest clutclég. (3.10a,
Table S1.195. Again, this decline was driveprimarily by complete failuresnd is
consistent with later breeders being of lower quality, though we cannot rule out a
seasonal increase in predation pressure édetl al (1999)demonstrated a similar
seasonal decline in hatching sus;dhough we foundo sucheffect in Latvia, where
thestrongespredictor of hatching success was the fixed effégear, primarily driven
by the higher egg failure rates2014and 2015Fig. 3.10b, Table S1.16.
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Figure 3.10 Variation in hatchingate (hatchlings per eg@) a France andb Latvia. Lines
show modelveraged fitted value$ §.B), with all other predictor variables set to their mean
valueo6 Lowd and O6higho near e$dndaff@drcgrtilesoPoints aei st an

raw vales, jittered slightly i for readability.

In both France and Latvia there was a negative effect of nearest neighbour distance on
hatching success, with predicted egg survival decreasing by 0.31 (France) and 0.16
(Latvia) from the 18 to 90" percentils of nearest neighbour distan&éy( 3.1(). One
possible explanation for thositive density dependenisamproved defence against
predatorsat higher nesting densiti¢s.g. MacDonald & Bolton 2008[Rollers readily

mob avian predators and competitors, providing a potential mechanism through which
this density dependence might operate. In Latvia, however, predation rates were very
low during our study period, so impred defence against predators seems an unlikely
explanation. Instead, the effect of neighbour distance may be an artefact of habitat
quality (with higher breeding densities in better habitats) or laying date (with fewer
neighbours later in the season),ugb we accounted for prey biomass and lay date in

our models, so these explanations seem unlikely too.

3.4.5.3 Fledging success

In contrast to the lower hatching success in Fraheegptobability of a hatched chick
successfully fledging was substantially higher (mean = 0.023) than in Latvia
(mean = 0.68 0.06 t = 3.5,d.f.=52.7,p=0.001) In France, of 78 monitored broods,
12 % suffered partial brood reduction and onPb4f brood failed completely. In

Latvia, of 39 broods, 31 % suffered partial reduction and 21% complete failure.
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Variation in chick survival was low in France, and poorly explained by our predictor
variables Fig. 3.11a Table S1.17, indicating a high ahrelatively constant probability

of fledging successfully, comparable with data from Spainlés et al. 1999) Roller

chicks are rarely predated, perhaps d@utéir odorous vomit which probably serves a
defensive functiorfParejoet al.2013) In Latvia, he onlyconvincingpredictor of

variation infledging success was the fixetfect of yearwith very low chick survival

in 2014(Fig. 3.11b, Table S1.1§. In other years, fledging success was comparable

with France. The high mortality rate of chicks (and eggs) in 2014 was a result of a spell

of unseasonally cold, wet weather during late incubation and soon after hatching.
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Figure 3.11Fledging success vias annually ira France andb Latvia. Lines show model

predictions, and error bafsS.E.

Overall, these rates translameo similar nest success rat&® o of nests fledged young
in France, compared &b % in Latvia), but higher nest productivity inr&nce than
Latvia, with 2.6 and 1.8 fledglings per breeding atteifipt 2.0,d.f. = 134.0,p = 0.05)
and 3.7 and 3 fledglings per successful (est3.0,d.f. = 96.0,p = 0.003), respectively
Differences in hatching and fledging success balancedwalt, teat he probability of
survival from egg to fledging was similar in bgibpulationg0.54 in France, 0.47 in
Latvig; t = 1.0,d.f.= 114.1 p = 0.3]). The ultimate factor driving differencas

productivitybetween the two populations was therefdutch size.

Our results highlight four key differences between the two populations: (1) resource

availability is lower in Latvia than in France, (2) nege availabilitymay limit
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population density in France, but foodhy belimiting in Latvia, (3) clutch size, and
therefore productivity, is lower in Latvia than in France and (4)-ateual variation in
egg and chick survival is greater in Latvia than in France (at least over our short study

period).

We argue that the Freingopulation is primarily limited by the availability of cavities;
nestbox occupation is high, and is poorly predicted by surrounding habitat.
Furthermore, at the 1 Knscale, Roller density correlates remarkably well with-best
density; even at veryigh nestbox densities (17 boxes per RyRoller breeding
density shows no sign of reaching a plateau. This hypothesis is supported by the
substantial increase in the local Roller population following the provisioning of nest
boxes since the late 19908deman & Laurens 2013)

On the other hand, we suggest that the Latvian population is not currentbjteest
limited, given the relatively low rates of ndsix occupation and lack of correlation
between nesbox and Roller density. In neighbouring Estonia, the provisioning of nest
boxes failed to prevent the extinction of breeding Rolleiigitseppet al.2011) again
suggesting that nesite availability is not a limiting factor in northern Europe. The fact
that Roller density and nebbx occupation were both predidtby surrounding

resource availability suggests that the Latvian population may instead be food limited.
This is not to say that nebbxes are unimportant; their removal would probably spell

disaster for this relict population.

Previous studies of Rolimestsite selection havgenerallyshown a preference for
insectrich habitatscompared to mormtensivdy managedanes (Avilés & Costillo

1998; Catry et al. 2011; Rodriguez et al. 2011; Bouvier et al. 201t relationship
between surrounding foragj resource availability and Roller breeding suc¢As#és

& Parejo 2004; Kiset al.2014) We did not detect these signals in France, possibly due
to the relatively small spatial scale of oursty . We suspect that ev
sites are still surrounded by good enough habitatare sufficiently close to good

enough habitat to still be suitable for breeding Rollers. The Latvian site is larger, and
more variable in suitability, andendetected a preference of Rollers for +imstes with
higher foraging resource availability. Surprisingly, however, there was no effect on
breeding success, perhaps because any effect of habitat quality was swamped by the

strong interannual variations.
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Our temporally (7 day) and spatially3® m) explicit predictions of insect biomass
formed the basis of all analyses for which foraging resource availability (at various
scales) was the main predictor variable. This process of estimating insect diomass
converting counts to biomass; predicting biomass using g&vbhurdle model; and
applying predictions across the whole $iig prone to several sources of uncertainty.
Nevertheless, a more basic approach based on the total cover-agé&ndith high
invertebrate counts would likely have yielded similar results, given the strong
correlations between predicted nkstel insect biomass and the proportional cover of
fallow + hay in Francer(= 0.83,d.f. = 94,p < 0.001) and cleacut + heath + sand in
Latvia (r = 0.95,d.f. = 95,p < 0.001).

Our data suggests that the Latvian populationn t he nort hern edge
distributioni is more vulnerable to extinction than the French population. Already

limited to ~ 25 pairs, the Latvian populatigiven its lower productivity, must depend

on higher annual survival rates in order to maintain the same population trajectory as in
France. I n Latvia, t hei duetoimclementrweaher, high anc
pine marten predation, or badthsubstantially reducing the populatitevel

productivity. In France, however, conditions are relatively reliable and, at least over the
course of our study period (and, to the best of our knowledge, in general), conditions

rarely deteriorate sufficientlptdiminish populatiodevel productivity.

Finally, our results highlight different priorities for Roller conservation in the two
regions. In France, as long as the surrounding habitat continues to support a large
number of large terrestrial invertebratas,expansion of the nelsbx scheme appears

to be sufficient to maintain / increase population size. Nonetheless, unless these nest
boxes are maintained and / or replaced, this provides only a short term solution. In
Latvia, although the erection of ndxixes has almost certainly prevented the extinction
of the Roller population, we found no evidence that the population is currentlyiteest
limited. Instead, efforts should focus on creating and protecting the open habitats which
provide important foragipresources. Additionally, attempts to mitigate irgenual
stochasticity in predation rates (by protecting +imstes from pine martens) and

weather (by supplementary feeding) should (and are being) be considered.
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Supplementary tables

TableSllLandus e categories and def igives the tataboverof ¢
each lanelse categorin 20156 Pr ey predi cti ondé den-osees t
category when predicting prey biomass across the field site (surveyed halz@tatk e d w

O6meand = assigned aver age pirseylgnobiudeg&gEmas aasa
prey biomass of correspondinglands e cat egory; 606 = assig
Category Definition Prop. Pr.ey

cover prediction
vine Cultivated grape vines 0.35 =

vine (fallow) Fallow vineyard; vines usually removed, and overgron 0.24 =
(waisthigh) with characteristic sparse herbaceous

vegetation
saltmarsh Marshland on edge of saline lagoon 0.06 mean
orchard Plantation of fruit or nut-producing trees (typically 0.06 =
apricot, almond, olive or peach)
wet grass Rank, apparently unmanaged grassland with rushesa 0.05 = hay meadow
reeds
mixed Mosaic of scrub, hay meadow and wet grass; inacces: 0.05 mean
due to large fences.
lagoon Saline lagoonKtang du Salsgs 0.04 0

hay meadow Managed grassland; mown for hay or grazed by shee; 0.04 =
goats or horses

scrub Abandoned / fallow land with dense or scattered bush:  0.03 mean
(at least waishigh) generally separated by no more the
5m
dwelling Inhabited dwelling, garden, allotment, greenhouse, etc  0.03 0
vine (young) Recently (within 2 years) planted grape vines, with 0.01 0

woody stems shorter than knee height and surroundin
earth mostly bare

orchard (young) Recently(within 2 years) planted orchard, with trees 0.01 0
shorter than waist height and surrounding earth mostl
bare

bare Recently (within 1 year) ploughed with < 10% vegetati 0.01 0
cover; crop type unknown (typically either vine or
orchard)
abandoned Abandoned / fallow land with few or no bushes; rank 0.01 mean
vegetation; previous landse unknown
wheat Wheat cover crop <0.01 =hay meadow

orchard (fallow) Fallow orchard; trees removed and ground overgrown <0.01 = vine (fallow)
(waisthigh) with characteristic sparberbaceous
vegetation
orchard Abandoned orchard, with dead / unkempt trees preser <0.01 = vine (fallow)
(abandoned) and ground overgrown (waikigh) with characteristic
sparse herbaceous vegetation

market garden Smaltscalecultivation of annual crops, associated with <0.01 0
Dwelling
industrial Industrial buildings and yards, e.g. factory, quarry, fani < 0.01 0
fill etc.
forest (pine) Plantation ofPinusspp., with basically no understory <0.01 0
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Table S1.2Landuse categories and definitions tatvia. 0 P r o pives theotal e r 6
proportional coveof eachland-use category in 201&eeTable 1for description ofprey
pr edi Nateithatr§ pine foresti B were treated as a single lamsk categorjor
invertebrate transects

Category Definition Prop. Prey
cover prediction
forest (dry pine 2) Forest dominated biyinus sylvestrissparse 0.33 =
understory including (knee high) dwarf shrubs
forest (dry pine 3) Forest dominated biginus sylvestrisunderstory of 0.16 =
(up to waist high) dwarf shrubs
forest (pine other) Forest dominated byinus sylvestrisdense understory 0.11 = forest
of (often head high) bushes and saplings
forest (dry pine 1) Forest dominated byinus sylvestrisminimal 0.09 =
understory of lichen and bryophytes
forest (pine young' Forest dominated by young (at least head hefgintys  0.07 = forest
sylvestriswith diameter at breast height < 20 cm
clearcut Recently (within 5 years) felled forest; if-pdanted 0.05 =
thensaplings less than head height
forest (birch) Forest dominated bgetulaspp. 0.04 = forest
dwelling Inhabited dwelling, garden, allotment, greenhouse, «  0.04 0
scrub Abandoned / fallow land with dense or scattered 0.03 mean
bushes (at least waibtgh) generally separated by no
more than 5 m
industrial Industrial buildings and yards, e.g. factory, quarry, 0.03 0
landHill etc.
heath Open area with few trees, dominated by dwarf 0.02 =
ericaceous shrubs.
hay meadow Managed grassland; mown foay or grazed by cattle  0.02 mean
or horses
forest (other) Forest dominated by species other tRamus sylvestris  0.02 = forest
(oftenPiceaor Abiesspp.) with very dense understor
wetland Marshy area dominated by reeds and rushes 0.01 mean
riparian Waterlogged forest on the edge of river 0.01 mean

sand Open area with little vegetation coviebare sand or <0.01 =
thin layer of lichen or bryophytes

orchard Plantation of fruit or nutproducing trees <0.01 mean
lake Freshwater lake <0.01 0
abandoned Abandonedand butwith few or no busheftherwise <0.01 mean

scrub) rank vegetation; previous lange unknown

68



Appendix 1: Supporting information for Chapter 3

Table S1.3Number of insect transects conducted in each majoruaadn France and
Latvia.

Site Land-use Transects Repeats First Last Total
vine 22 5 18 May 26 Jul 110
vine (fallow) 15 5 18 May 26 Jul 75
France
orchard 8 5 21 May 26 Jul 40
hay meadow 3 5 18 May 26 Jul 15
240
forest(dry pine) 17 +7* 6 /5* 30 May 11 Aug 137
clearcut 14 6 26 May 11 Aug 84
Latvia
heath 4 6 1 Jun 10 Aug 24
sand 2 6 26 May 8 Aug 12
257

*17 transects repeated 6 times, 7 transects repeated 5 times

Table S1.4 Modelled asHree dry weight (g) according to insect taxon (rows) and size clas:
(columns).

Taxon 101 20 mm 201 30 mm 301 40 mm 40i 50 mm 50i 60 mm

CLASS
Insecta 0.049 0.155 0.329 0.579 0.907
ORDER
Orthoptera 0.043 0.139 0.302 0.541 0.861
Coleoptera 0.054 0.175 0.382 - -
FAMILY
Acrididae 0.022 0.082 0.194 0.368 0.615
Tettigonidae 0.052 0.192 0.453 0.861 1.438
Cicadidae 0.037 0.138 0.326 - -
Carabidadike?! 0.042 0.156 - - -
Scarabidae 0.070 0.257 - - -
Geotrupidadike? 0.121 0.448 - - -

YIncludes familieCarabidagCantharidae, Cerambycidae, Curculonidae, Silphidae and Staphylinida
2 Includes familiesGeotrupidagChrysomelidae and Histeridae
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Table S1.5Nest control effort across the study period in France and Latvia. Median vall
per nest (287 75" percentiles).

Nestboxes . Control Controls Interval
; iy First control Last control . between
Site Year [ cavities period per box
controlled date date (days) ") controls
Y (days)
28 May 26 Jul 59 6 10

2013  67/3
(287 28 May) (267 26Jul) (591 59) (571 7) (77 12)

18 Apr 25 Jun 68 21 3
France 2014 61/7

(187 19 Apr) (257 26Jun) (647 69) (197 22) (37 4)

12 May 18 Jul 67 10 6
2015  71/20
(127 13 May) (187 22Jul) (667 71) (97 15) (57 7)
22 May 17 Jun 44 3 11
2013 97/0

(27 27 May) (16 Juni 4Jul) (217 55) (27 5) (77 13)

26 May 22 Jul 59 7 9
Latvia 2014 98/1

(247 27May) (187 24Jul) (511 60) (57 8) (77 10)

13 Jun 14 Jun o* 1 0*
2015 971/0

(107 14 Jun) (10 Juri 4Jul) (07 20) (1i2) (07 6)

* A control period / interval of 0 means the nest was controlled only once
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Table S1.6Definitions of parameters calculated for each Roller breeding attempt.

Variable Values  Definition
order 1,2 Order of avian breeding per cavity; 1 if first known avian breeding
attempt of season; 2 if second
attempt 1,2 Order of Rollebreeding attempt per cavity; 1 if first known Roller
breeding attempt of season; 2 if second (likely replacement clutch)
clutch size 116 Number of eggs
clutch O0yes OyeslichsiZe epresent a finished cl
complete 6 n o 6 completion (i.e. prior to the layingofth#8 gg) ; dunknov
6 un k n failed before completion could be determined or if nest was first
discovered after hatching (in which case clutch sizeféesiied from
number of hatchlings)
hatchlings 116 Number of hatchlings; includes any nestlings which died young
egg survival 011 Proportion of eggs successfully hatchiedtchlings/ clutch size
fledglings 116 Minimum number of fledglingsassuming that all hatchlings die unless
(min) fledging is confirmed (unlikely)
fledglings 1716 Maximum number of fledglings, assuming that all hatchlings live unle
(max) death is confirmed (most likely)
chick 071 Proportion of hatchlings successfully fledgéddglings (max) /
survival hatchlings
success 0,1 Success of nesting attempt; Hl@dglings (max) 0, otherwise 0
lay date date Earliest possible date of first egg; assuming a 2 day laying period, ar
(min) (working back fromrhatch date (mir))a 20day incubation period starting
on the day of the third egg. 10 May if totally unknown (due to clutch
failing before completion could be asta@ned).
lay date date Latest possible date of first egg; assuming a 1 day laying period, anc
(max) (working back fromhatch date (ma¥)a 17%day incubation period startin
on the day of the third egg
hatch date date Minimum first hatch date; lastay on which eggs but no hatchlings wel
(min) required; if bald and blind chicks are subsequently observed more th
days later then use this date minus 7 (i.e. assume bald and blind chic
couldnét have hatched more thar
hatch date date Maximum first hatch date; first day on which chick(s) were observed;
(may feathers have emerged from pin, then subtract 7 days (i.e. assume
feathered chicks must have hatched at least 7 days previously)
lay date date Estimated date of first egg; mjubint oflay date (minjandlay date
(max)
lay date 0in Uncertainty oflay dateestimategifference betweelay date (minjand

uncertainty

lay date (max)
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Table S1.7Model summaries for France lande only and intercefuinly models predicting
variation ina) the probability of observing an insect on a transectdrke biomass of
observed insect¥, = factor present; = factor absenk = number of parameters inoael; @
= difference in AICc betweeifmo d e | and @b Aksikednodel aveight. ;

Intercept, though not shown, is present in all models.

Model land-use k AlCc (o¢] Wi

a binomial

1 \ 5 238.8 0.00 >0.999
2 \ 2 257.1 18.28 <0.001
b gamma

1 \ 6 155.2 0.00 0.998
2 \ 3 142.6 12.63 0.002

Table S1.8Model summaries for Latvia lanagse only and interceqainly models predicting
variation ina) the probability of observing an insect on a transect@nke biomass of
observed insect¥. = factor present; / = factor absent. Intercept, though not shown, is pr

in all models.

Model land-use k AlCc o¢] Wi

a binomial

1 \/ 5 180.8 0.00 > 0.999
2 / 2 224.8 44.03 <0.001
b gamma

1 / 3 1232.2 0.00 0.945
2 \ 6 1226.5 5.67 0.055
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Table S1.9Model summaries for France seasonal models predicting variaténha
probability of observing an insect on a transectlanthe biomass of observed insects.
Results are presented only for models witk 2, butw; is calculated across all models
(though only across those with < 2 for the purposes of model averaging). Parameter
estimates are shown for continuous variables ahly.factor present; / = variable absent.

Intercept, though not shown, is presenalirmodels.

land-use land-use
Model landuse date dat€ k AlCc o Wi
3date 3 dat€

a binomial
1 \% 18.80 15.19 \% \Y 13 197.3 0.00 0.499
2 \% 457 13.40 / / 7 1981 0.76 0.341
b gamma
1 \4 10.69 2.43 \% V 14 187.2 0.00 0.889

Table S1.10Model summaries for Latvia seasonal models predicting variatianthre
probability of observing an insect on a transectlanthe biomass of observed insects.
Results are presented only for models wjitk 2, butw; is calculated across all mdde
Parameter estimates are shown for continuous variables\bnlyactor present; / = variable

absent. Intercept, though not shown, is present in all models.

Model land-use date datef k AlCc o Wi

a binomial

1 \% 0.40 / 6 1797 0.00 0.348
2 \4 / 0.40 6 179.8 0.10 0.332
3 \ / / 5 180.8 1.11 0.199
b gamma

1 / / / 3 12322 0.00 0.497
2 / 10.38 / 4 12307 148 0.237
3 / / 10.26 4 12304 1.85 0.197
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Table S1.11

S u mma r §Rolefi othértarmpRdller empty nesbox occupation

models in FranceResults are presented only for models witk 2, butw; is calculated
across all models. Parameter estimates are shown for continuous variabl®s-ofdgtor

present; / = variable absent. Intercepbugh not shown, is present in all models.

neighbour brey
Model distance  (laying) (ChI.Ck- state k AlCc (o ¢] Wi
rearing)

a Rolleri other

1 0.25 / / 3 310.7 0.00 0.156
2 / / / 2 311.1 0.32 0.132
3 0.30 10.21 / 4 311.3 0.58 0.116
4 0.24 / V 4 312.1 1.34 0.080
5 / / V 3 312.2 1.44 0.076
6 / 10.15 / 3 312.3 1.53 0.072
b Rolleri empty

1 0.81 / V 4 169.4 0.00 0.272
2 / 0.72 V 4 170.4 0.94 0.171
3 0.74 0.33 Vv 5 170.6 1.16 0.152

Table S1.12Su mma r y adédlleridtheo gnd Rollefi empty nesbox occupation
models inLatvia. Results are presented only for models witk 2, butw; is calculated

across all models. Parameter estimates are shown for continuous variables-ofdgtor
present; / = variable absent. Intercepbugh not shown, is present in all models.

Model neighbour distance prey (chickrearing) k AlCc (o) Wi

a Rolleri other

1 10.63 1.15 4 187.6 0.00 0.468
2 / 1.38 3 188.3 0.63 0.341
b Rolleri empty

1 10.68 0.89 4 176.4 0.00 0.566
2 / 1.18 3 177.7 1.29 0.297
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Table S113 Summary of &6t opd c Rasultgdne peseteri ontydodneotiets witkr2, b&tw ia calcudated across all models.
Parameter estimates are shown for continuous variables\brlyactor present; / = variable absent. Intercept, though not shown, is present in all mod

rey (chick neighbour neighbour (3
Model year prey (laying) prey distance distance lay date year=ay k AlCc m Wi
rearing) : . ; date
(laying) (chickrearing)
1 V / 10.20 / / 10.13 \/ 9 239.2 0.00 0.242
2 \ / / / / 10.07 \Y 8 240.3 1.14 0.137

Table S114 Summary of 6t o plLatvic Resutsahe preserzed oniy foidnedels wiik 2, butw; is calculated across all models.
Parameter estimates are shown for continuous variables\bnrlyactor present; / = variable absent. Intercept, though not shown, is present in all mod

prey (chick  neighbour distance neighbour distance year? lay _

Model year rearing) (laying) (chickrearing) lay date date k AlCc @ W
1 / / / 0.23 710.33 / 5 72.8 0.00 0.296
2 / 0.12 / 0.21 710.32 / 6 74.2 1.42 0.145
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Table S115S u mma r y hatéhingdsticoegsddels in FranceResults are presented only for models witk 2, butw; is calculated across all models.
Parameter estimates are shown for continuous variables\bnlyactor present; / = variable absent. Intercept, though not shown, is present in all mod

neighbour neighbour

i 3
Model year prey (laying) prey (.Ch'Ck distance distance lay date year? lay k AlCc (o Wi
rearing) . . . date
(laying) (chickrearing)
1 / / / 10.73 / 10.83 / 4 306.7 0.00 0.185
2 / 0.46 10.46 10.97 / 11.17 / 6 307.3 0.62 0.136
3 / / 10.23 10.70 / 10.83 / 5 307.8 1.13 0.105
4 / 0.21 / 10.87 / 10.98 / 5 308.1 1.40 0.092
5 / / / 10.69 10.23 10.79 / 5 308.2 1.50 0.088

TableS1.16 Summary of 0t wqgudsinfLattiadRbsults gre pesentedeoslysfor models wiitk: 2, butw; is calculated across all models.
Parameter estimates are shown for continuous variables\orlyactor present; / = variable absent. Intercept, though not shown, is present in all mod

prey (chick  neighbour distance neighbour distance year 3 lay _
Model year rearing) (laying) (chickrearing) lay date date K AlCc ® W
1 \Y / 710.55 / / / 5 69.8 0.00 0.143
2 \% 710.36 70.69 / / / 6 70.5 0.70 0.101
3 \ / 10.64 / 0.51 / 6 70.6 0.74 0.098
4 \ / / 10.51 / / 5 71.1 1.25 0.076
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Table S117Su mma r y fledfjing&ucaegmddels in FranceResults are presented only for models witke 2, butw; is calculated across all models.
Parameter estimates are shown for continuous variables\orlyactor present; / = variable absent. Intercept, though not shown, is present in all mod

neighbour neighbour

Model year prey (laying) prre;)gfi(;r;;:k distgnce Qistancg lay date ye:ar;t;ay k AlCc (o¢] Wi
(laying) (chickrearing)
1 Vv / / / / / / 4 90.0 0.00 0.082
2 Vv / / / / 70.62 / 5 90.3 0.35 0.069
3 Vv / / 0.64 / / / 5 90.4 0.41 0.067
4 / / / / / / / 2 90.6 0.57 0.062
5 \Y, / i0.34 / / / / 5 91.1 1.16 0.046
6 / / i0.30 / / / / 3 91.7 1.76 0.034
7 Vv / i0.41 0.66 / / / 6 91.9 1.90 0.032
8 Vv / / 0.50 / i0.53 / 6 91.9 1.92 0.032
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Table S118Su mma r y fledfjing&ucaegmddels inLatvia. Results are presented only for models wjitk 2, butw; is calculated across all models.
Parameter estimates are shown for continuous variables\orlyactor present; / = variable absent. Intercept, though not shown, is present in all mod

prey (chick  neighbour distance neighbour distance year ? lay K

Model year rearing) (laying) (chickrearing) lay date date AlCc @ W
1 \Y, / / / / / 4 73.2 0.00 0.219
2 Vv 10.58 / / / / 5 74.0 0.77 0.149
3 \Y, / / / 0.55 / 5 74.6 1.43 0.107
4 Vv / / 10.32 / / 5 75.2 1.97 0.082
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Chapter 4: Insights into the foraging
ecology of the European Roller from

chick feather stable isotopes

4.1 Abstract

Having previously demonstrated that the French study population is not limited by
foraging habitat availability, we here use carbon and nitrogen stabdpéssignatures

to explore signals of foraging habitat selection. Within the French study area, we
detected striking patterns in chick featli®N andi!*C values, with chicks in the
Garrieux site being®N enriched and®C depleted compared to thoseSaintHippolyte,

just a few kilometres to the soutin an attempt to explain these patterns, we compared
chick feather stable isotope ratios with those measured from potential prey items
collected from the main landse types in each site. We estimatedllability-weighted
averagdi®N andi**C values for a randomly selected prey item at both the site and nest
level. We hypothesised that, if Rollers are indifferent to foraging habitat, differences in
chick feather stable isotope ratios will simply refleatiations in the stable isotope
signature of locally available prey sources. ksiée differences in chick feath&t®N

values corresponded exactly with differences in mean estimated prey §6hrcand

at the nest level, estimated prey soufé€ was convincingly correlated with observed
chick feathefi*3C. Both of these observations point towards Rollers foraging on
available prey sources rather than selectiregi$ic ones, though we refrafrom

estimating the contribution of different prey saesdo Roller dietNevertheless, our
results suggest that Rollers may consume more vinglgded nutrients than

expected, perhaps because of high prey accessibility in thisitndhe sitespecific
variation in prey and consum@&*N andii**C valueshasconcerningmplications for
largerscale geographical assignment studies, but shows promise for the study-of short

distance dispersal.

Supporting material can be found Appendix 2
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4.2 Introduction

Natural variations in the abundance of different stedatopes have been used by

ecologists to answer a wide range of quest{tmger & Bearhop 2008Many natural

stable isotope ratidsrepresenting the relative enrichment or depletion of the heavier,
rarer isotopé vary along biogeographical gradients within habitatesgstems and
continentgBowen 2010; Hobsoat al.2012b) A record of these differences can be

found in consumer tissues, which provide a tintegrated chemical readyshifted to

some degree by trophic enrichment) of where or what an animal consumed around the
time of tissue synthes(8earhopet al.2002; Hobson & Bairlein 2003)n other words,

fiyou are what you egblusafewa 6. Thus, by sampling tissu
and turnover rates, researchers can gain an insight into the ecology of birds over various
temporal and spatial scal@®ubenstein & Hobson 2004; Beaulieu & Sockman 2012)

In avian ecology, recent emphasis has been placed on using stable isotopes to infer the
origin of migratoy birds, making use of continentide gradients irii*3C , °N{j 2H U
values(e.g. Hobsoret al.2012a; Garciderez & Hobson 2014; Ve al.2014)

However, the spatial resolution of these attempts at geographical assignment is often
dissatisfying, and largscale gradients may be rendered less useful by-scel#, site
specific variations associated with habitat choice or(digt Oppekt al.2011)

Instead, stable isotopes have been used more successfully to quantify variation in
foraging habitat associations (rather than locabemse, both during the breeding
seasor{e.g. Girardet al.2012)and overwintefe.g. Marra, Hobson & Holmes 1998;
Bearhopet al.2004; Gunnarssoet al.2005) as well as to estimate the nutrient
contribution of diferent dietary sourcés.g. Ingeret al.2006; Cros®t al.2014)

Agricultural intensification and the affiliated reductions in the quality and extent of
foraging habitat as well as the spatial separation of nesting habitat from foraging
habitati has been blamed for tldecline of many opehabitat specie€Thorupet al.
2010; Aebischer & Ewald 2012; Catey al.2013) In order to devise conservation
management plans and to predict the effect of futurelaedhange, an understanding
of individual foraging habitat requirements is requifethnco & Sutherland 2004;
Barbaroet al.2008; Catryet al.2012)

In Chapter 3, we provided evidence that tleeal density of breedinBollers at our

study site in southern Francestsongly assaated withnestsite availability. We found
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no associations between surrounding prey biomass and either breeding dendikyx nest
occupation probability or breeding success. An understanding of the foraging ecology
underlying this finding is crucial. Omé one hand, Rollers may rely on particularly rich
Ohoneypotd habitats (e.g. fallow) which
study area so as to be available to most breeding pairs. Alternatively, Rollers might use
whatever habitat is immedely available to them in their home range, with even
relatively poor habitats (e.g. vine) stil
importance of a few rich patches.more widespread but poorer quality patches has
important consequences fandd management and Roller conservation, and essentially

represents a small scale lasyring land-sharing scenario.

In the absence of direct data on Roller foraging behaviour, we use carbon and nitrogen
stable isotope signatures as tracers of dietaryemigiin an attempt to detect signals of
foraging habitat selectiohVe make use of a striking gradientliiiN and(to a lesser
extent)i*C valuesacross the French study area. We first test whethersiteer

differences init°N andi*3C valuescan be gplained simply by Rollers deriving

nutrients from different prey sources in proportion to their availability (consistent with,
though not proving, an absence of foraging habitat preference). We then examine
whether expected prey sour@@N andi>C values within the 250 m core foraging

rangei again based on random prey selectigedict variation in chick feathéf°N

andit®C values

4.3 Methods

4.3.1 Study sites

Our study was conducted ine Plaine du Roussillon (42.81° N, 2.94°E}he
Pyrénéerientaledepartemenin southern France (s&hapter 2 for a more detailed
description of the site). Due to the positioning of fiEstes, our main study site
naturally divides into twoarrieux and Sairtippolyte Garrieux is the nortérly of

the two sites, in therchard and meadowlominated landscape on the edge of the
Etang du Salses (a saline lagoon surrounded by saltmAar&hy kilometres to the

south, SainrHippolyte isdominated byineyard and fallow.
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4.3.2 Tissue sample collection

During the standard ringing of nestling$ 32ody feathersvere collectedrom 122
individuals between 2013 and Z01n total, 37 nests were sampled, 15 in Garrieux and
22 in SaintHippolyte. Feathers were collected between June 24 and July 26 (mean =
July 14, IQR = July 822) from chicks 3R51 days after the estimated first egg date,
corresponding to a nestling age ofi28 days (mean = 19.5, IQR =i113).

Insects of order Orthoptefgrasshoppers / cricketaind family Cicadidaec{cadas)
themainprey items of Rollers in southern Eurgi@amp 1985; Avilés & Parejo 2002)

i were collected by hand in early J@§15. Five sampling points, two in Garrieux and
three in Saint Hippolyte, were chosen at random. At each sampling p&ishecimens

of each taxonvere collected from the nearest orchard, vine, fallow and (in Garrieux
only) hayfield. These four landises make up, on average, 80 % of the area within 250
m of each sampled nest. total, 143 insects were collecttdm 17 fields(74

Orthoptera and 69 cicadas).

4.3.3 Chemical analysis

Analysis of stable isotope ratios was carried at the University of East ARghéhers

were washed in a 2:1 chloroform/methanol solution, left to dry in a fume cupboard
overnight, then cut into small (~2 mm) sections. Insect specimens were rinsed in
distilled water, airdried, and then had their appendages removed (legs, wings and
heads; body parts which agenerallyremoved or regurgitated by Rollers and so rarely
metabolised). Insects were then desiccated in a freeze drier and powdered with a pestle

and mortar.

Each sample of 0.5 mg was weighed into a tin capsule. These wramged (expelling

all air) and loaded into a combustion Costech elemental analyspled tca Thermo
Scientific Delta XP continuous flow mass spectromefiéln a Conflo Il interfaceAll

samples were measurabbngside iFhouse references (caspandstandardsqgollager).
Across all batcheshémeanprecision oftit°N andi*®C valueswas0.14 andap. 47

respectively. Stable isotope ratios axpresse@s deviations from international

standard (AIR for nitrogen and/-PDB for carbon), and reportadn per mi | (a)
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4.3.4 Variation in chick feather stable isotope ratios

Wefirst compared withinand betweeibrood variation imitrogenandcarbonstable
isotope ratios using ANOVA, with brood identity as the grouping variable. Within
brood variation wasegligible, so we used broadean data for all further analyses.
Differences in broogneanii'®N andi**C values between sites (de¥el fixed factor)
and years (a-Bvel fixed factor) were tested using linear mod€lsndidate models for
each isotope werconstructed using all combinations of site, year and intercept, and
were compared based &iCc values(Table S21). Tocompare the carbdnitrogen
niche space of chicks in Garrieux and S&ligpolyte, we estimatestandard ellipse
(corrected for samplsize)and their area of overlap usitigesiar R packaggParnell &
Jackson 2013)

4.3.5 Variation in prey source stable isotope ratios

Variations in raw prey source isotope values were explored using separate linear models
for G*°N andit3C. We first compared the univariate effectssité (a 2level factor),

land-use (3 levels in Sairlippolyte, 4in Garrieux) and taxa (al2vel factor)based on

AICc values Table S22). We then constructed a global model viked effects of

site, landuse and taxaas well as all paiwise interactionsif. site3 landuse, sité

taxa and landise® taxa). Candidate models were created using all combinations of

predictorvariablesand werecompared based @gxiCc values Table S2.3.

Because there were no systematic effects oflesedor taxa on insect stable isotope

rati os, we ded i asideelddmbinations ofsite rlande and taxa

(Fig. 4.1). However, ot all preysourceasr e equal ly O6avail;abl ebd
for example, fallow is rare in Garrieux (< 2 % cover), orchard is rare in-Bapblyte

(< 9 % cover), and €Cadidae make up a larger proportion of biomass in vine (~ 85 %)
thando Orthoptera (~ 15 %Because insect collection was targeted so as to sample a
representative range of prey sources, rather than to sample prey sources in proportion to
their availabilty, amply comparing raw prey source isotopues may give an

i naccurate estimate of Oavail abled dietal
stable isotope signature of a randomly selected prey vweroalculatedavailability-

weighted meaprey sourcé*™>N andiit*C atthree levels:

1. The site level, by weighting prey source isotope values by the proportional

biomass of each taxon in each lamgk and the proportional cover of each fand
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use across each site. This represents the average edtisoadpe value of a

prey source selected randomly from each site (horizontal dashed Iffigs.in

4.1, 4.2and4.3). Landuse proportional cover was calculated as thelsitel

mean proportional cover of the four landes around each n¢260 m radiukg

and proportional biomass was the relative ratio of biomass accounted for by
Orthoptera and Cicadidae between 16 June and 16 July (based on transect data
described irChapter 3).

2. The landuse level, by weighting prey source isotope values bpithgortional
biomass of each taxon in each laumgk. This represents the average estimated
isotope value of a prey source selected randomly from eaclu&mith each site
(Fig. 4.2.

3. The taxon level, weighting the prey source isotope values hyrtipertional
biomass contribution of each lande for each taxon and the proportional cover
each lanelise across each site. This represents the average estimated isotope
value of a prey source selected randomly from each taxon in eadrigité.9.

d Garrieux Saint-Hippolyte
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o Tl } .. O Orthoptera
ﬁ A ¢ L .-.+.'. ] A Cicadidae
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3 é +
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S R  piobubatututululubatut v > Subat ;F ;
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Figure 4.1Raw prey sourc&®N and{it*C valuedfor all unique combinations of site, laide
and taxa. Points show mean val@eS.E. Dashed horizontal lines show weighted gitel

means { S.E).Point size is proportional to relative availability of each prey source per site (i.e.

their contribution to the sitlevel mean).

84



Chapter 4: Insights into the foraging ecology of the European Roller from chick feather stable isotopes
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Figure 4.2Weighted prey soura#°N andi**C valuespooled across landses Points show
weighted mean valué€sS.E.Dashed horizontal lines show weighted-$iteel means®( S.E).

Point size is proportional to relative availability of each prey source per site.
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Figure 4.3Weighted prey sourd@®N andi**C valuespooled across tax&oints show
weighted mean valué€sS.E.Dashed horizontal lines show weighted-$#eel means®( S.E).

Point size is proportional to relative availability of e@chy source per site.
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4.3.6 Site-level expected prey isotope values

We first tested whether intsite differences in chick feath@®N andi!*C values
matched intesite differences in estimated average prey soii®dé¢andii3C values
We used linear regression to estimate the slope of the relationship betwdevesite
average prey source (ileorizontal dashed lines Figs. 4.1 4.2and4.3) and chick
featheri*>N andi*C values

Absolutedifferences between diet and consumstable isotope ratios result from trophic
enrichment,andr e descri bed by O6trophic discri mi
not been quantified for the European Roller. Instead, we estimate TDFESNand

Ut3C usingDESsIR a Bayesiaimputation approdtto estimatingpeciesand tissue

specific TDFSrom a comprehensive metmalysis of published valu¢dealyet al.

2016) We thus judged whether Rollehicks were™N or 1*C enrichecbr depleted

relative to expected preysingtheseestimated TDFs.

Our nullexpectationi a fitted slope not different to 1, with an intercapproximating
theestimatediDFii s consi stent with Rollers deriwv
available prey source, rather theansuming more o particular prey source.

Deviationsfrom this expected relationshipere interpreted with reference to prey

source isotope values Figs. 4.14.3

4.3.7 Nest-level expected prey isotope values

Next, we estimatedhe availability-weightedme a n  p r eyN asda'¥Crvalues far
each nest by weighting prey source isotope values by the proportional cover of each
land-use type in a 250 madius and the proportional biomass of each taxon in each
land-use type. This represents the average estinssbtbisotoperatio of a prey source

selected randomly from within the core foraging rafsg=Chapter 3).

To test thenull hypothesis that cbk feather nutrients are deriveninply from average
availableprey sources, we ran linear regressions separately°forandi*>C in each

site. Chick feather isotope valuas the dependent variable, and predicted legst

dietary isotope value was tpeedictor variableAs above, our null expectation was a
positive relationship (with slope = 1), indicating that Roller chicks derive nutrients from

different prey sources in proportion to their availability.
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4.4 Results

4.4.1 Variation in chick feather isotope stable isotope ratios

Compared to variation between broods, withimod variation irfeatherstable isotope
ratios wasnegligible(ANOVA; Fzs, s5= 89.8,p < 0.001f 0 ¥N; fess, s5= 30.1,p <
0.001f o ¥C), indicating that, within aest all chicksderive nutrients from
isotopically similar dietary sourceShere was no support for the effect of yeatibiN
values(Table S21), but iit3C valuesvaried significantly between yeansith higher
values in 2015 compared to 2013 and 2(A436= 15.1,p < 0.001 Table S21).
Inferred nestling age did not differ between years (ANOWAzs= 1.2,p = 0.28) or
sites F1,35= 0.4,p = 0.53), and had no effect on eitiEtN (F1, 35= 1.4,p = 0.25) or
Ut3C (F1,35=0.1,p = 0.75).

Even over the small scale of our stuahga there was strong spatial variatioshitk
feather stable isotope ratjogith support for the effect of site on batliN andiit*C
values(Table S21). Roller chicks from Garrieux and SaiHippolyte were comgtely
nonoverlapping in isotopic spagestimatedstandard ellipseverlap = 1.8 10'%%; Fig.
4.4), despite being separated by oBlikm at their closest poirBetweensite
differences were most striking fGt°N (F1, 33= 170.0,p < 0.00), but were also
significant foriit3C (F1, 33= 22.1,p < 0.009); chick feathers weré&N enriched (meaf
S.E.=9.1° 0 . 1 7and#3L depletedi 23.2° 0.10a ) in Garrieux compared to Saint
Hippolyte ("N =6.4° 0.133 ;U*C=i225°0. 14 a) .

n
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Figure 4.4 Chicks fromGarrieux and Sairtlippolyte do not overlap in carbeamtrogenniche
space. Pointshew broodaveragai*®N andiit*C feathersvalues with smalksamplesize

corrected standard ellipse.
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4.4.2 Variation in insect isotope stable isotope ratios

Overwhelmingly, the strongest univariate predictor afigtion ininsecti*®>N andi**C
valueswas site Table S22). Insects were generaltyN enrichedand*C depletedn

Garrieux with no systematic effects of lanse or taxaKig. 4.1). The ratio of interto

intra-site variation was higher fa*°N (F1, 141= 24.7,p < 0.001) thani**C (F1, 141=

13.7,p < 0.001), the latter thus being more variable within each site. The effects of site
were not, however, totally consistent acrossaalttuses and taxafo r *>Nihere was

strong support for site landuse andsitet ax a i nt er aléCttherewas, and

strong support for site taxa interactionsTable S23 andFig. 4.1).

4.4.3 Site-level expected prey isotope values

After weighting all prey sources by their estimated availability in each site, ifdan
was 2.84 higher and meaii**C 3.1 lower in Garrieux than Saktiippolyte. In
other words, a randomly sampled insect would®deenrichedand**C depletedn

Garrie.

For ii*°N, there was thus almost perfect correspondence between thsit@tifference
in expectedrey sourcei>N (2.8a ) andchick feathei*™®N (2.7& ). As such, the slope
of the regression line between digwel expected prey and observed chitiN was
almost exactly oneb(= 0.99, 95 % C.I. = 0.83L.14;Fig 4.59. The absolute difference
between expected prey soutéeN and chick featheli'>N was therefore similan
Garrieux(+3.3a ) andSaintHippolyte (+3.4a ). These differences are slightly higher
than the estimated TDF (mediar-2.5a ), but well within the 95 % limits (0.6@.8;

Fig 45a).

For U*3C, the intersite difference irexpectegrey sourceéitC (3.1a4) wa's
substantially greater than for chick feathewhich were onlp.7& *3C enrichedn
SaintHippolytecompared to Garrieux. The slope of the regression line between
expected prey and observed chighC was therefore significantly less thane, though
still positive(b = 0.21, 95 % C.I. = 0.089.34;Fig 4.5h). The absolute difference
between expected prey souttéC and chick featheii:3C was substantially highén
Garrieux(+4.0a ) compared to botBaintHippolyte(+1.5a ) and theestimated
median TDF of+1.38 (95 % C.1.=71.84.2).
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Figure 4.5Intersite relationship between expected prey and observed chick feattfirand
b UHC values Solid lines are the fitted regression lirffesS.E) and points are broegverage
values. The dashed line has a slope of one and intercegtsxiseat the TDF, representing the

relationship expected if consumers derive nutrients from the expected prey sources. Dotted lines
represent the 95 % confidenawits of the estimated TDF.

4.4.4 Nest-level expected prey isotope values

Withinsitesy ar i at i on i AN valles wagat bésgvaakiyrelated tmest
level expected pregourceli™N values F1, 20= 6.0,p = 0.02in SaintHippolyte; F1, 13=
0.04,p = 0.85in Garrieux).In other words, nests with a high predicted availability of

15N enriched prey sources did not necessarily have high chick féatNevalues Fig.
4.6a andb).

Fo r ¥3Clihoweverthere was a significant positive relationship between expected prey
and obs e r’3ealeso both8aintHippolyte F1 20= 8.9,p = 0.007) and
Garrieux(F1,20=11.6,p = 0.005) The fitted slopesf these relationships were close to
one p =1.05,95 % C.I. =0.32 1.79 in SairHippolyte;b = 0.62, 0.281.02 in
Garrieux).Thus, within each site, nests surrounded by-ases with high predicted
preyit3C valuegended to have high chick feath&?fC valuegFig. 4.6candd).
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Figure 4.6 Relationship between predicted and obseryddl*>N andc, d i*3C valueswithin

each siteLines show fitted relationshig &.E.) and points show bro@derage values. Dashed
line has a slope of 1 and intercepiaxis at the isotopspecific median eghated trophic
discrimination factor (dotted lines are 95 % confidence intervals).

4.5 Discussion

Chick feathers collected fromests in Garrieux and SaiHippolytei separated by only

a few kilometres were completely nocwverlapping in isotopic spacéhis difference

in chick feathestable isotop&alues across such a small spatial sisadgriking,

indicating that chicks in the two sites derive nutrients from isotopically distinct prey

sourcesThe principal aim of this study was to explain tisistopic segregation,
providing insights into Roller foraging ecology.
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4.5.1 Nitrogen stable isotope ratios

The main driver of intesite differences in chick feather isotope values was the relative
15N enrichment (+2.3 ) of chicks in Garrieux. This pattern wamtched almost

exactly by intersite differences in mean expected insée values (+2.8 ). This

strongly suggests that theN enrichment of chicks from Garrieux is driven simply by
their deriving nutrients from available prey sources which are'2¥senriched, rather

than a preference for specific prey sources which®arenriched. In other words®N
appears to provide a signal of site membership. This is supported by the f&tiNhat
values were invariable between years and, within eachralidé¢iyely consistent across

prey sources. Thus, at the nest level, there was no correspondence between expected
prey sourcei™®>N and chick featheii*>N.

The marked variation iG*N valuesi of prey and consumers alikeover such a small

spatial scaleequires an explanation. In ecological studig3\l has typically been used

as an indicator of dietary trophic le{@eaulieu & Sockman 2012; Resaktayor et al.
2014)or broad gradients in precipitation and aridi@hamberlairet al.2000; Drakeet

al. 2013) Herewe show thatbetween two sites separated by just a few kilometres, prey
sources belonging to the same taxa and exposed to the same topographical and climatic
conditions differ, on average, byalmosi3 Thi s di fference was |
of landuse type, suggéng that soil management plays little role in driving the mnter

site difference. Our best guess is that in§&t reflects differences in underlying soil

U®N, perhaps driven by the proximity of Garrieux to the saline lagoon (Etang du

Salses). Indeed,ithin SaintHippolyte there was a neargnificant negative correlation
between distance to the shore and chick featt¥srvalues ¢ =10.40,d.f.= 20,p =

0.07).

The absolute differences between expected prey satidand chick feathelit>N

within each site were slightly higher than the estimated TDEYft (as demonstrated

by the fitted line sitting above the dashed lin&ig. 5a). Given (1) that TDFs have not

yet been quantified for the Roller and (2) the large uncertainty surrounding edtimate
TDFs, we are reluctant to draw inferences based on these estimates. However, assuming
that the median TDF is correct for our population, Rollers in both Garrieux and Saint
Hippolyte are’>N enriched relative to mean expected prey source. This suggests a
preference fot°N enriched prey sources. However, no prey sourceShrenriched

(relative to the site average) in both sites, so this would require spsitéic preference

for Cicadidae or vine-derived nutrients in Garrieux and orchakerived nutients in
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SaintHippolyte Figs. 4.2and4.3). A global preference for some-mmeasured prey

source consistentf{?N-enriched across sites (e.g. small vertebrates) may be more
likely. Our impression though, given the tight correspondence between expected mean
prey sourcei®N and chick feathei*®N, is that the TDF has probably been slightly

underestimated.

4.5.2 Carbon stable isotope ratios

Patterns of variation differed quite markedly for carbon stable isotope ratios. Compared
to UGN valueschick featheri3C values varied more between years but less between
sites, and prey sour¢&®C values varied more within sites. fluermore, there was quite

a convincing correspondence between-msatl expected prey sourd&C values and
observed chick feath&t*C values. This suggests thatinlike i*°N, which appears to

be an indicator of sitemembership only i**C combines ($e-specific) information on
land-use and/or prey taxa.

The intersite difference in mean expected prey soiité€ (3.14) was much | at
than for chick feathers, which were o@ly7 & 3C enrichedn SaintHippolyte

compared to Garrieux. In other words, the random selection of prey sources in
proportion to their estimated availability would have resulted in largersiteer
differences than observed for chick featiléC values. Theabsolute difference

between expded prey sourc&*C and chick featheii*C closely matched the

estimated TDF in Sairtlippolyte, but was well above the estimated TDF in Garrieux
(see position of the fitted line relative to the dashedifirieigure 5b). Given the size of
this discrepangccompared to TDF uncertainty, we are confident that chicks in Garrieux
are’*C enriched relative to expected mean prey, rather than chicks in-Sppulyte
being®*C depleted, though a combination of the two may also be liQelly three prey
sources hve highet3C than average in GarrieuRjcadidae in orcharend vineand
Orthoptera in vineAn increase in the proportion of either of these prey sources in the
diet of Rollers would thus increase dietétyC in Garrieux relative to Saistlippolyte
(though an increase in Cicadidae in vine would also incrédslevalues in Garrieux).
Increased use of virgerived nutrients seems the most plausible explanation for this
difference. Whilst insect biomass is relatively low in vineyards, the abundance of
perches combined with sparse vegetation cover is likely to improve the accessibility of
prey(Butler & Gillings 2004; Tomest al.2011) An as®ciation with vineyards is
consistent with anecdotal observations of foraging Rollers, though this hypothesis needs
confirming with more quantitative measures. Alternatively,fiteenrichment of chicks
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in Garrieux could represent an undsstimation ofhe availability of highi*3C prey
sources, rather than a foraging preference. Although our insect transects were very
efficient at surveying Orthoptera (almost entirely terrestrial), it is possible that we
underestimated the availability of Cicadas, whach often airborne or on tall

vegetation.

The correlation between ndstel expected prey sour&&C and chick featheii*C is
intriguing. Intrasite variation in prey sourdé3C was primarily driven by (13°C
enrichment of insects from vine ahtC depletion of those from hay in Garrieux and (2)
13C enrichment of insects from fallow ahtC depletion of those from vine in Saint
Hippolyte. That nests with high expected prey sotitég tended also to have high
chick feathefi**C strongly suggests th&ollers derive nutrients from different land
uses in proportion to their availability. If, on the other hand, Rollers specialised on a
particular prey type (e.g. grasshoppers in fallow) we might expect no relationship
between expected prey soutéC andchick feathefi3C; instead, all nests would

show a similar signal associated with the preferred prey type.

It is unclear whyii*3C values varied between years, particiyl@iven that this increase
occurred in both sitegnd no single prey source wakatiely 13C enriched in both

sites 2015 was a bumper year for Cicadidae (though without robust insect survey data
from 2013 and 2014 we cannot quantify this increase), and an increase in the proportion
of cicadas in the diet would resultTfC enrichmehin Garriuex, though not in Saint
Hippolyte.Another possible driver of the increasgdC valuesin 2015 is a weather
drivenincreasen the relativeproportion of G to Cs plants(Lajtha & Marshall 1994)

though we have no evidence for tHiegardless, the int@mnual variation in chick
featheriit3C valuessuggests that they represent something more interestimgithply

site membership.

Most isotope studies of avian diet have focused on-aogked species with wide
foraging ranges and diverse diets spanning a range of trophic levels and / or biomes
(Ingeret al.2006; EtHacenet al.2014; Resandayor et al.2014) Fewer have
examined insectivorous birds with smaller foraging rarfges Girardet al.2012;

Crosset al.2014) in which detary sources may be less isotopically distinct. We
avoided placing too much emphasis on estimating the dietary contribution of specific

prey sources, partly due to their overlapping isotopic values and partly because of
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uncertainty surrounding estimatedghic discrimination factors. For these reasons, we
chose not to employ isotope mixing models, which are increasingly used in stable
isotope dietary studigg.g. Parnelet al.2010; Bond & Diamond 2011; Phillipst al.
2014)

Instead, we were interested in whether the spatial patterns of avaHa@igiited prey
source stable isotope ratios were cstesit with patterns in chick feather stable isotopes
ratio. Feather carbon stable isotope ratios provide evidence that Rollers derive nutrients
from different prey sources in proportion to their availability. Feather nitrogen stable
isotope ratios provided signal primarily of site membership, and the hsiés

differences in availability weighted average prey souted corresponded exactly with
inter-site differences in chick feath&®N. The removal of vinelerived nutrients, for
example, would have reduced the correspondence betweesitatdifferences in

dietary isotope values and chick feather isotope values. Our results are therefore
generally consistent with the French study pafon not being limited by food
availability, instead deriving nutrients from prey sources in proportion to their
availability. Specifically, we suggest that vineyards make up for their lower prey
abundance by providing high accessibility, so might pad important foraging

resource for Rollers, though this hypothesis needs further confirmation.

Unfortunately, we were unable to collect sufficient data from Latvia to perform
comparative analyses, principally due to the high chick mortality rate inv2Zbé#d the
maindata collectiorwas conducted. However, based on data from 5 riegts32.J),

U'*N valuesare lower and less variable in Latvia than France, whéié@svalues are
comparable. Our prediction would be that in Latvia, where Rollers atg likbe food

limited, chick feather stable isotope values will be more consistent across the study area

as Rollers concentrate their foraging efforts in the few high quality areas.

Our results contribute to a growing body of literature highlighting thgnihade of
smallscale variation in stable isotope val{@sunderet al.2005; Oppekt al.2011;
Charmantieret al.2014) This has concerning implications for the use of brecale
patterns in stable isotope values for the geographical assignment of migrant birds
(Hobsonet al.2012b) In reality, small scale decisions relating to local site choice may
overwhelm broader geographic sign@ppelet al.2011) These sitespecific stable
isotope signatures might instead prove useful in studieataef dispersal, ifslyear
breeders (retaining feathers grown in the nest) can be assigned to their natal site
(Charmantieet al.2014)
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Supplementary tables

Table S21 Model summaries for the effect of site and year on chick feather (lonead)
N andi*Cvaluesk= number of p ar;adifereneeairsAlCc betwasild
mo d e | and &b Akaikednodelaveighty = factor present; / = factor absent.
Intercept, though not shown, is present in all models.

Model site year k AlCc ® Wi

>N

1 \ / 3 75.4 0.00 0.819
2 \ \ 5 78.4 3.02 0.181
3 / / 2 138.4 63.02 <0.001
4 / \ 4 142.1 66.69 <0.001
V= ®

1 V \Y 5 49.3 0.00 0.997
2 / \ 4 61.3 11.97 0.003
3 \% / 3 68.2 18.84 <0.001
4 / / 2 76.9 27.56 <0.001

Table S2.2Model summaries for univariatffect of landuse, site and taxa on ins&&iN

andu'®C values

Model site land-use taxa k AlCc (o] Wi

UsN

1 \% / / 3 665.6 0.00 0.986
2 / \% / 5 674.1 8.49 0.014
3 / / / 2 686.6 20.96 <0.001
4 / / \% 3 688.4 22.82 <0.001
usc

1 \% / / 3 745.2 0.00 0.990
2 / V / 5 754.7 9.48 0.009
3 / / / 2 756.4 11.14 0.004
4 / / V 3 758.3 13.06 0.001
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Table S2.3Model summaries fanteractive effects of landse, site and taxa on insétiN

andi®CvaluesResul t s are pr esent<dutwmis talgulafedacrost
all models.

land-  land
land- ) site 3
Model site taxa use® use? k AlCc (o) Wi
use . taxa
site taxa
N
1 \ V \ V V V 13 644.4 0.00 0.574
2 \Y V \ V / V 10 6453 090 0.367
usC

o

<

<
<
o

743.2 0.00 0.342
2 \Y% \% \% \% / \% 10 745.1 186 0.135
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Chapter 5: A pan-European, multi-
population assessment of migratory
connectivity in a near-threatened
migrant bird

A version of this chapter is publishedDiversity and Distributions9, 1051 1062

5.1 Abstract

The extent to which individuals from different breeding populations mix throughout the
nonbr eedi ng s @m@atergcno n(nie.cet.i voimt y6) has i mport e
population dynamics and conservation. Given recent declines ofllstamce migrant
birds, multipopulation tracking studies are crucial in order to assess the strength of
migraory connectivity and to identify key sites route Here, we present the first
largescale analysis ahigration patterns anahigratory connectivity in the ghmlly
nearthreatened Europed®oller Coracias garrulusWe synthesise negeolocator data
with existing geolocator, satellite tag and ring recovery fitata eight countries across
Europe. W describe routes and stopoveesiainalyse the spatial pattern of winter sites
with respect to breeding origin, and quantify the strength of connediiityeen

breeding and winter site¥/e demonstrat¢he importance of theorthern savannah

zoneas a stopover regiandrevealthe easterly sprinpop (via Arabia) and leajirog
migrationof Rollers fromeasterrpopulations Whilst therewassome overlajpetveen
individuals from different populatior@ver winter, their distributiomwas noarandom,

with positive correlations between breeding and autumn/winter longitude as well as
between pairwise distance matsaa breeding and winter sitg€Sonnectivity was

stronger for eastern populations than western onesmdlderate levels of connectivity
detected hermay increase the resilience of breeding populations to locédedmtht

losson the winter quarters. We also highlight passage regions crucial faratessful
conservation oRoller populations, including th8ahel / Sudan savannah for all

populationsand the Horn of Africa / Arabian Peninstida northreastern Rollers

Supporting information can be foundAppendix3.
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5.2 Introduction

Migratory birdsarepotentially morevulnerable teenvironmentathangethan sedentary
species because they rely resources at a series of sites separated by hundreds to
thousands dkilometres(Newton 2004)lt is thereforeunsurprising thatibds that

migrate from temperate breeding groundgopicalwinter quartersare declining faster
than theirsedentargounterpart§Sandersomet al. 2006; Hewson & Nble 2009;

Vickery et al.2013) Recent evidence suggests that the mechanisms driving these
declines are populatiespecific combinations of potentially interacting factors acting on
the breeding, passage, and/or wintering groktisrisonet al.2013; Vickeryet al.

2013) Disentangling the mechanisms that limit migrant populations in order to guide
their conservation therefore requires an understanding of their-$paupmral

distribuion throughout the annual cycle.

A growing body of tracking studies are now identifying the sites used and threats
encountered by migrants during the Ameeding season. These studies also reveal a
range of migration séitegies and patterns, includinggratory divideqReichlinet al.
2008) narrow (Willemoeset al.2014)and broaefront migration(Schmaljohanret al.
2012) leapfrog migration(Panuccio, Mellone & Muner 2013pop migraion (Tattrup
et al.2012)and convergence at ecological barri&wgandbergt al.2009) Of

particular value (but also scarcity) are mypitipulation tracking studies from across a
speciesbd range examining i ntr asmputatioh i ¢ Vv
studies also provide insight into migratory connectivity i.e., the extent of mixing of
different breeding populations during the Ameeding seasofirierweileret al.2014;
Stanleyet al.2014) Migratory connectivity is describeadong a continuum from
compl ete segregation (6strongb6 connecti vi
of different breeding populations during the Ameeding seasaiWebsteret al.2002)
The strength of connectivity is expected to underpin the response of populations to
habitat losgMartin et al.2007; Taylor & Norris 2009; Iwamuret al. 2013)with strong
connectivity increasing their vulnerability, as any local deterioration irbmeeding
conditions will be felt by all members of a breeding populatidosiman & Sutherland
1992; Jonest al.2008 Cresswell 2014)Althoughmigratoryconnectivity is typically
measured between breeding and winter populafi@pder, Fox & Marra 2011; Fraser
et al.2012; Cormieet al.2013) the mixing of individual&n routeand at topover

sites is arguably just as importaparticularly given that mortality is often greatest
during migration(Sillett & Holmes 2002; Lok, Overdijk & Piersma 201&)onnectivity
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across the annual/cle therefore has strong implications for conservation management,

and its estimation is an important precondition for their effective delivery.

The European RolleCoracias garrulug h er e af t is a neatliReateriectlong )
distance migrant thdtas declined by 2B0 % globally over the last decad®aillie,
Hilton-Taylor & Stuart 2004)The species is classified as vulnerahl&urope having
gone extinct in several centi@hd northern territorieBurfield & van Bommel 2004;
Kovacset al.2008) Most authors attribute thidecline to the degradation of the open
agricultural habitats in which Rollers generally bréed. Avilés & Parejo 2004; see
also Kovacetal.2008) However, with Oo6migration and
a knowledge gap for this specigvacset al.2008) the influence of notbreeding
conditions on Roller population dynamics remains unknown. Three recent tracking
studies have revealed thiearround movements of Rollers from the western extremes
of the breeding rang&Emmeneggeet al.2014; Catryet al.2014; RodrigueRuiz et al.
2015) but further trackingtudiesfrom across the rangee necessary to broaden our

understanding dRoller migration and population structure

Here, we expand these singleuntry studies into a paBuropean analysis by
combining all existing published data with new data from Rollers tagged in Portugal,
France, Austria, Montenegro, Latvia & Cyprus. We identify emghpare migratory
strategies and wintering grounds of Rollers breeding across Eamgeguantify the
strength of connectivithetween breeding and winter sites. This mpidipulation study
provides a crucial step towards better understanding the paputthamics of the

Roller; a prerequisite for its successful conservation.

5.3 Methods

We combine new dafaom 17 solar geolocators with geolocator£ 9) and satellite tag

(6) data from three existing studiggmmeneggeet al.2014; Catryet al.2014;

RodriguezRuiz et al.2015) and the only sulSaharan ring recover@ur data yield

from breeding populations in Portudal= 4 individuals) Spain(10), France(8, with 1

individual tracked over two yeardustria(1), Montenegrd3), Latvia(4), Bulgaria(l

ring recoveryjand Cyprug1), spanning 3600 km longitude and 2500 km latitude and
providing good coverage across thestern half of th®olled s gl o b all breedi
distribution(Birdlife International 2013Fig. 5.1). All deviceswvere deployed on
breedingRollerscaptured at or near the nest sttevards the end of incubation or

during chickrearing
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5.3.1 Geolocator data

In total, 113solar geolocator@nass = 1.43.1 g; 0.72.9 % of adult Roller mass
(Cramp 1985)were deployed across eigtduntriesbetween 2009 and 2018ee
Appendix 3, Table S31). After accountindor returnof tagged bird$48/113 = 42%),
successfutecapture 43/48 = 90%), tag loss 13/43 = 30%) andtotal electronic failure
(4/30 = 13%), data were successfulipwnloaded fron26 tags Of thesethree failed
beforethe onset of spring migration, but after arrival totheter quarters.

We employ the stahdaod debtesholi dnmoahic
latitude from day/night length and longitude from the timing of solar noon/midnight,

and yields two positionper 2®urper i od. Sunri se and sunset
from which day/night length and timg of solar noon/midnight are derived) are

identified when light intensity crosses ajolefinedthreshold. Due to differences in

light data output, the procedure for identifying sun transitions varies according to tag
manufacturerFor BASTrak devices, ifial data handling was conducted using the

BASTrak software suitéBritish Antarctic Survey 2008)We used a threshold of 2

arbitrary light unis and identified and removed false transitiahsz(to shading during
daylight) by setting a minimum dark period of 4 h. Any remaining false transitions (n =

18 over 4 devices) were identified and removed manually. BASTrak devices record
maximum light int@sity over a mode$pecific logging period (2, 5 or 10 minutes),

meaning that sunsets (but not sunrises) must be advanced by the length of this logging
period. For SOI devices, and for all further analyses, we used (&2 B2, R

Development Core Team 2018goLightpackaggLisovski & Hahn 2012)A

threshold of 3 units above the baseline level was used, and false transitions were filtered
out by fitting a LOESS curve to the transition data, removing transiggoeeding three

interquartile ranges of the curve.

In order to estimate geographical position from sun transition timings, the sun angle to
which the chosen light threshold corresponds must be determined (i.e. calibration). We
e mp | o yhalltat Galilbna t (Lisomséiet al.2012)identifying for each tag the sun
elevation angle that minimised latitudinal deviation from the known nesting location
during the 21 day period following deployment (medr88°, min =i 5.0°, max 3

1.9°). The suitability of this angle is not necessarily constant in spateéme because
shading conditions (due to vegetation, cloud or topography, for examajajary, but

this technique is commonly used in geolocator studies, and alternative calibration

methods (e.g. HHEkstrom(Lisovskiet al.2012) were not possible. Wigsed the in
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habitatangle to estimate twiegaily positions for all transition data from a given tag,
but explored the influence of calibration angle on location estimates by recalculating
mean winter and stopover (see next paragraph) latitudes udnadpitat angle + 0.5°

and £ 1.0° (calibrationds no effect on longitude). Latitude estimates during the spring
and autumn equinoxéswhenlatitudinal variation in day length is insufficient for
successful geolocatianwere discarded (mean period rejected per equinox = 20 days;
min = 18, max = 52, geending on the calibration angle assigned to a given tag).

To separate stationary periods from periods of movement we useltiathgeLight

function (followingEmmeneggeet al.(2014), which fits a changepoint model to sun
transitions (quantile = 0.90, minimum stationary period a4 allowing the

detection of stationary periods throughout the annual cycle, includinggdbhe

equinoxes when geographical positionswaravailable For each individual, spatially
overlapping and temporally adjacent stationary sites were aggregated manually and the
mean (x SD) position of each site, in addition to the Deceiddenary (hexafter

Owi nter6) period was cal cul atkRgdS3lforndi vi d

new geolocator data on(y = 17).

5.3.2 Satellite tag data

Twelve 5 g slar-poweredPlatform Transmitting Terminals (PFI00, Microwave

Telemetry Inc., Columbia, MD, USA) were deployed on breeding &hllersfrom six

sites across Spain 2012 and 2013After accounting for death or device failure, we

were able to analyse the trackssix individuals to their winter grounds, and one on
return migration. We randomly selected ol
location per day, and defined stopover and winter periods (mean + SD position) as all
points reflecting less than 20 kmovement in a 24 hour period. SRedriguezRuiz et

al. (2015)for full details.

5.3.3 Ring recovery data

We are aware of only one si#aharan ring recovery of a European Roller; a nestling
ringed in Haskovo, Bulgaria in July 1936 and found in Tap®anzania on 15

December 193@Pateff 1942)Given hat all tracked birds described in this study had
reached their winter sites by early December, we assume that this ringed individual had
reached its final destination upon recovery (although we have no information on

whether migration schedules differ iveen juveniles and adults).
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5.3.4 Analyses

Inferences aboubutesand precise phenologye limited by the latitudinal uncertainty
of geolocator data during movement pericaisd are of course impossible with our
single ringrecovery) We therefore presergtopver siteqas defined abovend infer
routes taken basgaedominantlyon longitude dataRather tharpresenting individual
level phenological datave show median datéwith interquartile range, IQR)f arrival
to and departure from theeeding, autumand winter sites, based on changepoint

analysis of sun events (see above)

In order to examine migratory connectivity throughout the annual cycle, we combine

data from all sourceme 33, t hough | ower for some ana
coefficierts were calculated between (1) longitude of breeding andSabsiran autumn
stopover site, (2) longitude of breeding and winter site (where positive coefficients
indicate a 6éparall el d migration pattern),
circle) migration distance, and (4) latitude of breeding and winter site (where positive
coefficients indicate sequenti al (6chai n
northerly breeders -fwioda@rmifgmra thamaedthse.o uWe
Mantel correlation coefficient(, rangei 1i 1) between pairwise (orthodromic) distance
matrices of breeding sites and winter sites, where positirelationandicate that

individuals that breed close togettadso winter togethe(i.e. migratory onnectivity;

Ambrosini, Mgller & Saino 2009)Tests were conducted across all individuals, as well

as independently for western (Portugal, Spain and France) and eastern (east from

Austria) subsets.

In order to account for uncertainty around the meaogatorderived positions of

autumn stopover and winter sites, we repeated the analyses using a randomised iterative
process, sampling new positions from the error distribution about mean positions (see
Appendix 3 for details). Furthermore, to explore fingplications of sample size for our
analyses, we conducted resampling experiments in which each statistical test was

performed on sequentially reduced datasetsAppendix 3 for details).
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5.4 Results

5.4.1 Autumn migration

Median departure date from the breediitg was 24 August (IQR: & Augi 6" Sep).

In the west, two autumn routes were apparent; Rollers from-seghlberia took a
westerly route along the Atlantic coast of west Africa before bearing east along the
savannah beltyhereas those from nortfast Spain and southern France flew directly
across the Saharkig. 5.2, Fig. S31). In the east, Rollers migrated south over the
Mediterranean Sea and Sahara Desert; for Latvian birds, this southwards movement

occurred on a broad front with several Medianean crossing points.

Stopovers were detected in soethst Europe for Latvian Rollers and west Africa for
Rollers from souttwest Iberia, and all birds made a prolonged autumn stopover in the
northern savannaff éble 5.1; median arrival = 20Septerber (IQR: & Sepi 29"

Sep); median departure & 8lovember (IQR: 28 Octi 14" Nov)). There was a
significant correlation between breeding
correlationrr = 0.81,d.f.= 29,p < 0.001;Fig. 5.34). This association was near

significant when using data only from eastern populatiors(63,d.f. = 7,p = 0.07)

but not with data from western populations alane 0.27,d.f. = 20,p = 0.22). In

addition to the main autumn stopover, some individaksls stopped south of the

equator prior to reaching their winter quarters. Median arrival to the winter quarters was
14" November (IQR: 8 Novi 215t Nov).

5.4.2 Winter quarters

All individuals spenthe winter period in southern Africaetiveen the equatond 20

25°S (Table 51, Fig. 5.1). Data from the PTT devices suggests that at least some
individuals make smalcale movements during the winter period (mean winter site SD
= 46 km for latitude; 50 km for longitude) which are too srabe detected by
geolocators. Tere is no evidence of substantial variation in winter distribution between

years (data not shown).

106



Chapter 5: A parEuropean, multpopulation assessment of migratory connectivity in a tlearatened
migrant bird

60

40

20

Latitude (°)

Population
. HE Portugal

@ Spain

Q© France

O Austria
-20 + W Montenegro
A Latvia
@ Bulgaria
@ Cyprus

Longitude (°)

Figure 5.1 Migratory connectivity in the Europed®oller (Coracias garruluyrevealed by
geolocators, satellite tags and a ring recovery (Mollweide eayeal projection). Loxodromic

lines (not intended to represent routes taken) connect breeding and winter sites of 33 European
Rollers from eight countries. Shaded areas show glotesdding (green) and winter (blue)
distribution of the EuropeaRoller, from BirdLife International and NatureServe (2013). The
southeast quarter of thereedingdistribution, from Iraq and southern Iran to southern
Kazakhstan, is occupied by tekemenowsubspeciednset top: verticle lines represent

latitudinal shift in mean winter position resulting from + 1.0° to sun elevation dngk.

bottom: bars showariation (SD.) surrounding mean winter locations.
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Figure 5.2 Smoothedongitudinal tracks of 32 Europe&vllers (Coracias garruluyfrom
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figure. Shadedox denotes winter period (Detan) and bars indicate approximate periods of
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across two consecutive years.
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Table 5.1Countrylevel summary of the migration of 33 European Roll&er@cias

garrulug) revealed by geolocators (GLS), satellite tags (PTT) and a ring recovery. Migre

distance is measured as mean great circle distance between breeding andtevi&erirsi

autumn displacement is the mean longitudinal difference between autumn and spring r

with negative values indicating a westerly (clockwise) spring loop.

Migration . Springi autumn
) Sub-Saharan Winter .
Country n distance (km * displacement (°
stopover quarters
SD) + SD)
Cameroon, Angola,
Portugal 4 GLS 6550 + 271 ) . 154+6.7
Libya, Congo Namibia
4 GLS Nigeria, Namibia,
Spain 6800 £ 371 Cameroon, Angola, +2.2+6.0
6 PTT Niger, Chad Botswana
) Angola, DRC,
Chad, Niger, o
France 9 GLS 6450 + 458 o Namibia, 142+3.6
Nigeria, CAR )
Zambia
Austria 1GLS 7350 Chad Botswana 14.0
) Zambia,
Montenegro 3 GLS 6450 + 287 Libya 18.3+£53
Botswana
Zambia,
_ Chad, Sudan, Botswana,
Latvia 4 GLS 8050 + 503 ) ) +12.2+5.0
Libya Zimbabwe,
Angola
Bulgaria 1 ring 5350 - Tanzania -
Cyprus 1GLS 4050 Sudan Kenya +4.0
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Great circle distances between breeding and winter sites (ignoring any deviations from
the orthodromic route) ranged from 4050 to 8625 Kab(e 5.1) and were greater for
individualsfrom more northerly breeding grounds<0.66,d.f.= 31,p < 0.001). When

data for Rollers from eastern and western Europe were tested separately, this association
was significant for the eastem= 0.90,d.f.= 8,p < 0.001), but not the western sebs

(r =10.04,d.f.= 21,p = 0.85), which is perhaps unsurprising given the limited

latitudinal variation between western breeding sites. There was no overall correlation
between breeding and wintering ground latitude (.01,d.f.= 31,p = 0.94). For

western populations this association was sggmificant and positiver (= 0.37,d.f. =
21,p=0.08) and for eastern populations it was-smmificant but negativer =10.45,
d.f.=8,p=0.19).

Rather than occupying discrete areas, the winter epsaot different breeding

populations were large and often overlapping. However, there was a strong overall
correlation between breeding and winter site longitude(.75,d.f. = 31,p < 0.001;

Fig. 5.3b). When this analysis was repeated on data frotrthieseastern or western
populations it was significant for tliermer(r = 0.69,d.f. = 8,p = 0.03) but not the

latter(r = 0.02,d.f. = 21,p = 0.92). There was also a strong correlation between
pairwise distance matrices of breeding and winter sites{®l testym = 0.50,p =

0.001), indicating that individuals which breed close together also winter close together.
Again, when eastern and western populations were considered separately, the Mantel
test was significant for the formati = 0.36,p = 0.02) but not the lattery =70.3,p =

0.68).

5.4.3 Spring migration

Median departure date from the winter quarters Wasl&ch (IQR: 14" Febi 17"

Mar). Spring routes differed from autumn routes foiradividuals Table 51), most
strikinglyforLa vi an Rol |l ers, whose s per(Rign5®2, 601 oopo
Fig. S31). Spring stopover sites were often difficult to identify given their close

proximity to the vernal equinox. Nevertheless, all individuals stopped before reaching
Europe, and imost cases these stopovers appear to be in thi®ahdran savannah

zone (in others, latitudinal uncertainty was too largeflpFig. S31). Additional

spring stopovers were made north of the Sahara by some individuakd) as in west

Africa by Rollers from southwest Iberia. Median arrival date to the breeding grounds
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was 4" May (IQR: 29" Apr i 8" May), soRollers spent on average more than eight
months away from their breeding grounds.

We only successfully tracked one individual across melears, so are unable to

make any quantitative conclusions regarding wiihotividual repeatability. However,

the migration of this individual appears to be repeatable in spacEi¢gsex31b andf)

and dashed lines Hig. 52) and time; departure armdrival to androm winter and

breeding grounds were consistent to within 6 days (but note the potential uncertainty of

geolocatorderived phenological information).

a b
50 - 50 —
@ Portugal W Montenegro
<> Spain A Lavia
‘oq—)’ 407 © France @ Bulgaria . 40 7
k= [ Austria € Cyprus OB’
5 3 ®
5 30 A 2 30+ A
2 v S o 0w
g v 2 o° v
o - . " w - ~
% 20 9 l o~ = 207§ <§>. 2 A
s 6 A ALK
= e c <& ¢
£ |m 089 £ g o
EDNER $¢ s
L 104 © o 10 -
0 T T T T 0 T T T T
-10 0 10 20 30 40 -10 0 10 20 30 40

Breeding site longitude (°) Breeding site longitude (°)

Figure 5.3 Relationship betweealongitude of breeding site arfidst subSaharan autumn
stopover(Pearson correlatiom;= 0.81,d.f. = 29,p < 0.001) and longitude of breeding site
andwinter sitgr = 0.75,d.f. = 31,p < 0.001). Dashed lines repres&nt y

Geolocatorderived locations are inherently imprecise aotentially inaccurate, so an
evaluation of the sensitivity of our conclusions to this source of uncertainty is crucial.
Imprecision in estimated winter locations (SD = 540 km for latitude, 214 km for
longitude) was small relative to the crdssmispherenovements of this londistance
migrant, and our randomisation tests show that our conclusions based on mean autumn
and winter positions are robust; on only one occasion did an originally significant (

0.05) test have 9% confidence intervals overlapg zero, and this was only marginal
(Appendix 3). Confidence intervals were wider for outpafgests incorporating

latitudinal information than those based on longitude only, owing to the greater

imprecision of the former. Whilst it is not possible taqgtify the potential inaccuracy
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arising from the application of an inappropriate sun elevation angle, altering the chosen
in-habitat sun angle by + 0.5° and % 1.0° resulted in average latitudinal displacements in
mean winter position to the north (angledase) or south (angle increase) of 138 km

and 275 km respectively. Finally, our resampling experiments suggest that test
coefficients stabilisebgya 10, with the inclusion of ad

effect on coefficient precisiolAppendix 3).

5.5 Discussion

Knowledge of the yearound spatial distribution of migrant populations is critical for
their conservatiofNewton 2008)In order to protect a specific breeding population, it
is important to know not only where theygrate to and how they get there, but to what
extent they mix with individuals from other populatidiesy. Jonest al. 2008;

Iwamuraet al.2013) Here we have performed the first wisieale multinational

analysis of migratory connectivity in the Europdwoller, a charismatic and globally
nearthreatened migrant bird. New data from France and Portugal are broadly consistent
with the two previous studies from these breeding populafEemsneneggeet al.

2014; Catryet al.2014) with data on the previously unknown migration routes of
Austrian, Montenegrin, Cypriot and tvdan Rollers greatly extending our knowledge of
t hi s s p-eotndesvémente ar

Our randomisation trials showed that analyses using latitudinal data were more sensitive
to geolocator imprecisiorafising due talay-to-day variation in shading) thahdse
incorporating longitudinal information only, but in general our conclusions are robust to
this imprecision. The second component of geolocator uncertainty is calibration error,
I.e. the application of an inappropriate sun elevation angle. This ig&gcisrnot

possible to quantify in our studthough see Fudickar, Wikelski & Partecke 2012;

Lisovski & Hahn 2012; McKinnowrt al.2013)but affects latitude only and is only

likely to be a concern iRollers experience considerable differences in shading

conditions over winter compared to during the breeding season. We acknowledge this
unknown potential for latitudinal inaccuracy (perhapsaipeveral hundred km), but

note that our conclusions are predominantly based omeasst rather than nor$outh,
segregation. Finally, our resampling experiments suggest that the inclusion of additional

data would not necessarily increase the robgstoéour conclusions.
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5.5.1 Autumn migration

In westerrRollers, autumn migration occurred on two frorigllers from the south
west of the region took a westerly route along the Atlantic coast of West Africa, then
turned east along the savannah belt, wisetlease from norteast Spain and southern
France took a more direct route across the Sahara (feserteneggeet al.2014;
Catryet al.2014; RodrigueRuiz et al.2015) This suggests a traadf between the
additional time and energy required to make a dedadrthe costs associated with the
desert crossing, which is narrower and potentially more benign towards the coast
(Alerstam 2001; RodrigueRuiz et al.2015) Similar detours are made Bpmmon
Swifts Apus apusandCommonRedstart$?hoenericus phoenerici©om northern
Europe(Akessoret al.2012; Kristensen, Tattrup & Thorup 2018uggesting that the
factors driving the selection of this route may not be unique tBdiier. Interestingly,
individuals from both sides of this migratory divide eventually converged at similar
autumn stopover sites, and wintered in the same region ofaesthAfrica. For
easterrRollers there was no evidence of any detours shortening thensardtisahara

crossing.

Given that theRolleris predominantly aséindwai t pr edat or -agdso un|
foraged) and an active, flapping flier,
stopovers for refuellingAlerstam & Hedenstrom 1998}he locations of which are

clearly important from a conservation perspective. Our study supports previous work
identifying the northern savannah zone, particularly the Lake Chad basin, as an
important autumn stopover site f@ollers from western European populations
(Emmeneggeet al.2014; Catryet al.2014; RodrigueRuiz et al.2015) We also show

that individuals from eastern populations make use of this area. Although the longitude

of breeding and autumn stopover sites were positivelyeor at ed (i ndi cat.i
migration), the longitudinal spread of the latter was narrower, suggesting convergence

of Rollers from across Europe. The northern savannah is an important site for many
insectivorous migrants that winter further so(Morel 1973) and recent tracking
studies have demonstrated its Faognbatca ance
eleonora(Melloneet al.2013) Red-backedShrike Lanius collurio(Tgttrupet al.

2012, EuropearBeeeaterMerops apiaste(Arbeiteret al.2012)andCommonCuckoo

Cuculus canorugWillemoeset al.2014) Droughts in this region during the 1970s and
1980s reduced the survival and population size of several European visitors, presumably

due to reduced prey abundarfeay. Peach, Baillie & Underhill 1991; Baillie & Peach
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1992) Given thatRollers from across Europe converge on this regiobpih autumn
and spring (see below), any environmental degradé&tign Heldet al. 2005; Zwartst

al. 2009)would likely have widespread population consequences. Currently only the
Chadian portion of Lake Chad is designated as an Important Bieg Wit no

protection afforded in north east Nigeria or in the surrounding basin.

5.5.2 Winter quarters

All trackedRollers wintered in the tropical grasslands, savannahs and shrulf@isds

et al.2001)of southern Africa, 4000 to 8600 km away from their breeding sites. The
Rolleds arri val in southern Africa coincide
Intertropical Convergence Zone (ITCZ) and the return of the wet season to thig regio
whilst the northern savannahs are entering theséagor{Barry & Chorley 1992) Our

data conform to the official species distribution n(ielg. 5.1; Birdlife International &
NatureServe, 2013)hough none of our tracked Rollers winteesdfar south as South

Africa (which isperhaps occupied dyollers from the far east of the breeding range,
including thesemenowsubspecies). Given that none of theR&llers from western

Europe wintered in west Africa, we suspect that the species occurs here only on passage
and suggest that revision of the current distribution be considered. However, further
research is necessary, particularly given the unknown winter quarters of the small north

African breeding population.

Although the winter ranges of different (and often distant) bingegolopulations
overlapped, the distribution of winterifpllers with respect to their breeding origin
was significantly norrandom. In addition to strong longitudinal correlations between
breeding and winter sites, there was a correlation between padistance matrices of
breeding and winter site§hese results suggest that migratory connectivity is neither
absent nor strong, but s osnterwohnegée ¢ onn ttihneu u
by Websteet al (2002) This moderate level of connectivity(= 0.50) is similar to
that measured bjrierweileret al (2014)intheirs udy o f HéaoierdCeicgsu 6 s
pygargusfrom Northern Europers = 0.56 0.60), although such interspecific
comparisons should be made with caution due to the-deglendence of connectivity
measurements. The fact tiallers from discrete breeding palations spread out over
a larger area during the ndaneeding season may increase their (populdtuoal)
resilience to deterioration of local environmental conditions on theéoreeding
grounds. On the other hand, it could dilute the strength of @asomal density effects
(Norris & Marra 2007) For instance, if a population suffers a locally catastrophic
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breeding season but mixes with individuals from across Europe over winter, the
expected densitgependent reduction irepcapita overwinter mortality may not be
realised.

Migratory connectivity appears to be stronger for eastern populations compared to
western ones, as demonstrated byificant correlations between (ijeedingand

winter site longitude and Yairwisedistance matrices of breeding and winter sites for
the former but not the latter. Similarly, RodrigtRaiz et al (2015)found no evidence

for connectivity in SpanisRollers. Whilst these differences may reflect the different
spatial struture of eastern (mean pairwise distance between breeding sites = 1202 km)
versus western (536 km) study sites, an alternative explanation for this disruption to
connectivity in the west may be the easterly circumnavigation of the Gulf of Guinea. In
contras , eastern birds are able to make a s
maintaining their longitudinal structure. This intriguing possibility points to the

potential importance of continental configuration as a driver of connectivity patterns in
other sgcies. Stronger connectivity in eastern populations may increase their
vulnerability to loss of no#breeding habitat compared to western qdese<et al.

2008) a possibility which deserves attention in the face of strong population declines in
theeast Ker us & Ral i nethli2608)2 00 8 ; Kovacs

There was no overall relationship betwd®eeding and winter site latitude, but the-non
significant tendency for higlatitude eastern breeders to winter at more southerly
latitudes suggests a lefpg migration, with a significant positive relationship between
breeding latitude and migratialistanceRollers from therelic{ Ker us & Ral i ns
2008)Latvian populabn wintered 8002000 km south of thRoller from the increasing
(Burfield & van Bommel 2004; but see Pomeroy, Walsh & Richardson ZDj®)ot
populationdespite breeding 2400 km further north. Whilst this conclusion largely

relies on a single data point from Cyprus, and is based on latitudinal patterns which are
prone to uncertainty, the Bulgarian ring recovery adds further suppmut kypothesis.
Leapfrog patterns have been described in a number of migrants, including many wader
specieqe.g. Duijnset al.2012)Y ellow Wagtail Motacilla flava(Bell 1996)andBarn

Swallow Hirundo rustica(Ambrosiniet al.2009) and may re#ct competitive

differences or different optimal time allocation strategies between northern and southern
breeding population&reenberg 1980; Bell 1996; Alerstam & Hedenstrom 1998)

Further multipopulation tracking sidies are necessary to explore the generality of leap

frog migration, in addition to its causes and consequences.
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5.5.3 Spring migration

The northern savannah zone also appears to be used on spring migration, when
stopovers were generally south of their autweguivalents (though note large

latitudinal uncertainty due to proximity to equinox and equator), as expected given that
the northern savannah becomes increasingly dry over winter. All individuals exhibited,
to some extent, a loop migration. French and MoagrinRollers had a small

clockwise loop, whereas Latvid®ollers had a large antlockwise loop, taking them to

the Horn of Africa and along the Arabian Peninsula. This route, proposed byeHalyg
(1984)and presumably driven by regional variation in foraging and/or wind conditions
(Pearson &Lack 1992) is supported by the recovery of a LatviamgedRolleron

spring migration in Saudi Arabia (data not shown). The recovery of ringed Serbian and
HungarianRollers in Arabia suggests that other eastern populations also use this route
(Stankovil 2011, T o®Rhapley6). R&enttrpokingofredc o mm. ;
backed shrikegTgttrupet al.2012)a nd E | e o n oMeHodext af. 2013)show s
that this route is ot unique tdRollers, but may be important for many insectivorous
migrants. In contrast, common cuckd@¢illemoeset al.2014)and Mont aguds |
(Trierweileret al.2014)display a clockwise lap, with spring migration displaced to

the west. All three ringeRollers recovered in Arabia were shot, and anecdotal evidence
suggests that large numbersRdllers are killed by hunters in this regi¢ag. del

Hoyo, Elliott & Sargatal 2001Having been separated by up to 1000 km on autumn
migration andbver winter, the spring migration of Latvi&ollers occurred in a
synchronous and narreffont, so any threats present in this region will likely affect all

members of the population.
5.5.4 Conclusions

Our study supports existing data on the migratioRalfers from western Europe, and
describes new routes from eastern Europe, including a large synchronous loop migration
(via Arabia) performed by LatviaRollers, and a putative ledpog pattern in the east. It

also highlights the importance of the northervesmah zone as a stopover region for

this species. We perform the first paaropean quantification of migratory connectivity

in this species, finding a nalandom spatial structure despite some mixing of

individuals from different breeding populations.yAtonservation actions in southern

Africa would therefore have widenging but diffuse effects. Connectivity appears to

be stronger for eastern populations, many of which have undergone severe declines in
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recent decades. Whilst it is unclear exactly whatconsequences of the level of
connectivity detected here will be fRoller population dynamics, we are now in a
position to start exploring explicit hypotheses.

Although our findings appear robust to the inherent imprecision of geolocator data and
ourrelatively small sample sizes, future studies should aim at more precisely
elucidating the sites used; we are currently limited to making only large, international
scale conservation recommendations. We expect many of our findings to be consistent
acrosther flapping, insectivorous, terrestrial birds faced with similar environmental
constraints. For example, if driven by prey availability and weather conditions,
migration routes (e.g. detours to shorten the Sahara crossing, stopovers in the northern
savannah) should be fairly conserved across species. More broadly, we suggest that
continental configuration plays a role in shaping patterns of conne¢ge®&Zhapter

7). The development of migration strategies at the individual level is also predicted to
be important in determining connectivity patte(@sesswell 2014)so studies of

juvenile migration(seeChapter 6) andadult route fidelity are crucial. We also
recommend research into differential migration in relation to sex, and spatial and
temporal patterns of mortality during the Aloreeding season. This information should

be combined with genetic analyses to exantire interplay between migratory
connectivity and the structure and isolation of breeding populations to further inform

conservation management.
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Supplementary tables

Table S3.1 Summary of solar geolocator deployment and recovery. Tags were deploye:
across eight countries between 2009 and 2013.

Birds

Deployment . Devices Birds Tags Data
Population returned
year deployed - recaptured recovered downloaded
(minimum)
Montenegrd 4 3 3 3 3*
2009
Austrial 6 1 1 1 1
Montenegré 5 0 0 0 0
2010
Austrig 4 1 1 1 0
2011 France (PdR)” 10 7 4 4 3
France (PdR) 14 6 6 5 4
France(VdB)?* 6 2 2 0 0
2012 Latvia® 15 9 8 48 4
Portugat ¢ 10 3 2 2 2
Spaird” 12 5 5 5 4x*
Cyprug$ 9 3 3 1 1
France (PdF) 6 A 2 2 2 2
2013
France (VdBj 2 0 0 0 0
Portugaf 10 6 6 2 2
TOTAL 113 48 43 30 26

. BASTrak MK14S; Biotrack Ltd., Warehamorset, UK; 0.6 mm shrinkvrapped dyneema leg loog
. BASTrak MK 18; 0.6 mm shrinlwrapped dyneema leg loop

. SOIGDL 1.0; Swiss Ornithological Institute, Sempach, Switzerland; leg loop

. BASTrak MK5790C; 4mm Teflon ribbon leg loop

. BASTrak MK4490C; 4m Teflon ribbon leg loop / back harness

. BASTrak MK7490C; 4mm Teflon ribbon leg loop

One tag failed 21 December 2009

A Data from Emmenegger et al. (2014)

y One tag failed 27 December 2011

8§ One tag recovered after 2 years, but failed 12 September 2013

¢ Data from Catry et al. (2014)

1 Data from RodrigueRuiz et al.(2014)

** One tag failed 24 December 2012

AA | ncl udagged 2012 indivduais,ene of which was recaptured, yielding two consecut
years of migration data.

*O0 o b WN P
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Supplementary figures
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