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Abstract

Eurasian reed warblekcrocephalus scirpaceagpanded its range in Great Britain in the laté' 20d
early 2F centuries.The role of dispersal in th range expansiowas investigatedinference of the
mechanisms underlying the range dynamics drew figidwork, analysisof large observational
datasets and a simulatiormodel this modelwas run in a reedbed map of Britain, generated from

satellite data using machine learning.

Breeding season temperatu@ S & dzLJ NB SR ¢ linNBGthirRIKERg byhafugrdi®y € A YA O
occupancy in the current yeaperhaps mediated through reeBhragmites australiphenology.

Although components of productivity were positively related to temperature, these and adult survival

did not decline to the range edge. Thetas therefore no evidence that demography plays a role in
fAYAGAY3 NBSR g1 NbfSNRa NIy3aS Ay . NAOGFIAYT K26S09
Survivalwas negatively related to temperatur@and simulations sugges=d that this mayallow reed

warbler to maintain a more northerly range limit than without such a relationship.

wSSR 4 NbfSNR&E NIy3IS SELIyarzy Oly oS SELX I AYySE
enabled by longlistance dispersal:rdy rare long-distance dispersingndividualsmatched the rate of

range expansiowSSR ¢ Nbf SNDRa NI y3aS SR3IS (NI OISR Ot AYI
lagged behindThis could be due to disperdahitation, or perhapsnewly established populations
growtoosl@ f @ G2 3ISYSNIGS &dZFFAOASY(H SYAINIYyGaAD { AYdd
is more sensitive to demography than dispersal.The number of fledglings per breeding attempt
increasedver time probably due tcclimate warmingandcouldhaveincreasedemigratior if so, this

may be the cause of a more rapid movement in the rangatwid later in the study period.

Emigration, transition and immigratiomay thereforeLJt @ RATFTFSNBYy (i NBft Sa Ay

dynamics in space and time.
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1. Introduction

1.1 Introduction

¢ KS 1jdzSa i adys ORSKe FIZNB/R 6 KSNB (KSe& | NBKQ LINBRIFGS:
the question is a simple fact: an individual of a species only exists in a location if it moved there, or if

one of its predecessors did. But the simplicity ends there. Exapgca of ecology comes together with
evolutionary forces, environmental change and historical accident, in complex anlihean ways,

G2 RSGSNXAYS | &aLIS GénSanbetd@edr? gemelfldkahdOskléctioNih yhHsB8ab
environmental conditionsnake range edges highly evolutionarily complex aréhs. study of ranges

and their dynamics has therefore been an enduring field within ecology throughout its history as a

science.

Although there is much we do understand about ranges, we areigéible to predict successfully the

future range of most specig¢Sofaeret al.2018) This is a problem, because several important current
OKIFfftSy3aSa Ay IFLILXASR SO2t23& NBft I labthrapayenia LISOA S &
environmental changemany species are threatened with extinction, particuléifhpughhabitat loss

and dimate changgThomas et al. 20045 pecies can respond to such existential threats by adapting

in sity, changing their range, or by going extinct.

Adaptationto environmental chang siturequiresa change in phenotyp@andcan take the form of

either phenotypic plasticitye.g.Barshis et al. 2013) evolutionary adaptatiorfe.g.Kettlewell 1955)

Range change can take place without phenotypic chadge to individuals dispersing into un

colonised areas e.g. Svenning& Skov 2007)or through phenotypic changedue to phenotypic
plasticity(e.g.Macgregor et al. 2019r evolutionary adaptatiorte.g.Buckley and Bridle 2014pver

GKS t1rad moc YAttA2y &@SINBRXI LXIyd 4dFElF KFE@S NB
distributional changgebut little macroevolutionary chang@untley and Webb 1989)he current rate

of climate change is unprecedent@drecentdecades to milleni@lPCC 2014and is not expectetb

be matched by the rate of evolutionary adaptatiffrankset al.2014) This may suggest that species

are more likely to successfully endudiimate changeby shifting their range than by adapting

evolutionarily.

Therefore, understanding whether and how species will change their rargecigtical importance
for conservation scienceCurrentlymany species are changing their range poleward or to higher
elevations(Pecl et al. 2017As environmental change increases in pace, how we target conservation

effort will increasingly depend on where species will be in the future, and the pathways they will take



to get there, rather than just where they are in the presé@dtdzNIi K SN2 NB>X o0SAy3 ot S
range dynamics will allow ug tassess their extinction risk under climate chafeyg. Thomas et al.
2011)

Abetter understanding of the factors determining and cagsithange in range tkerefore a priority

in both pure and applied ecology. Much theoretical work has been carried out on range dynamics, but

S 101 SYLANROIt &ddGdzRASA 2F NIy3aSs LI NIEE& oSOl
running data ollection campaigns over large geographical areathisrthesid investigate the role of

dispersal in range change in a passerine bird, the Eurasian reed waAdrecephalus scirpaceus

0 KSNB I Fi SNJ. MW th&SisRparpdf thidchaptbkDimduce the field of range dynamics and

outline my broader aims. In the second part of this chapter | review potential causes of range limitation

and change in reed warbler Britain and introduce my specific research aims.

1.2 Rangelynamics: current state of knowledge and research guestions
I aLISOASEAQ Nry3dIS A& GKS 3IS23aANI LIKAOFE | NBI GAGKAY

ranges are: what limits them, and what causes them to change.

1.2.1 Range limits

M2&ald 2F 2dzNJ dzy RSNARGEFYRAY3 2F aLlS0ASaqQ Nry3asS o
presence/absence, and is thus vémyavily biased towards macroscopic species, due to the difficulty

of observing microorganisms. For the remainder of this section | focus on what we know about

determinants of range dynamics for macroscopic species.

Most species are absent from most plaaen earth, due to a combination of abiotic and biotic factors

and dispersal ability. Some species are limited in range by abiotic factors acting directly on
components ofpopulation growth rate(the sum of births, deaths, immigration and emigratioRpr
example, the northern range limit of fiddler cralidca pugnaxin the northern hemispherds
determined by the positive effect of temperature on larval survi&inford et al. 2009)Within their
potential abiotic range, most species diraited to some extenby dispersal: they do not occupy their

full potential range bcause they cannot get therEor example, many alien species can dyickade

new geographical areas once introduced; anainy species of tree are still not at equilibrium across
their European range after the last glacial maxim{8wenning& Skov 2007)Within their potential

range that they can access by dispersal, species are typically limited by biotic interactions: such as the

absence of suitable habitat or prey species, or the presesfccompetitors or natural enemies.



Overall, any factor that influences productivifthe number of offspring an individual producges)
adzNIDAGEE 2NJ RAALISNBEFIE OFy fAYALGD F ALISOASEAQ NI y:
inability to adapt © novel conditions outside of the rangé8ene flow from the centre to the edge of

the range may swamp local adaptation at the edge of the rapgeventing expansio(Kirkpatrick&

Barton 1997)

Although it is simple to characterise the processes behind réing&tion, diagnosing the causes of

range limits can be very challenging. Téeatial | dzi 2 O2 NNBt I GA2y 27F ofa LISOA S 3
environmental variables typically produces strong humiF LJSR NBf I GA2yaKALA 0°¢
occurrenceand environmental variables, even when there ishiaogicallink between the two. For

example, the relationship between climate and distribution for the majority of European bird species

is no better than randon(Bealeet al. 2008) Partitioning abiotic and biotic causes of range limitation

can therefore be very difficulespecially when some of the interspecific interactions that limit species

may themselves be closely linked tardite (Gross& Price 2000) Furthermore, multiple factors can
O2YO0AYS aAayvydzZ (FyS2dzaft e ientfdcthry darf affectdffédentPparQ of Ml y IS =
species range, or can change in importance over fi@aston 2003)Studying individual potential

causes or demographic parameters in isolation can therefore give an incomplete understanding.

1.2.2 Range change

SpecieQ NI y3Sa OFy OKIFy3aS o0& SELI yaAz2y nuddisfessy i NI O A
into and establish populations within the wolonised area. For a range to contract, populations at a

range edge go extinct. Thus the ecological processes ewaivbothtrajectoriesdiffer: for example,

dispersal is needed for range expansion, but not for contraction. Hereafter | focus mainly on range

expansion.

As for range limitation, any factor increasing productivity, survival or dispersal can cause range
expansion, and its infence can vary spatially and temporally along the range limit. Also, the rate of
range change for a species can vary over time or in space. For example, a range expansion in American
mink Neovison visonaried in rate by more than an order of magnitude oee52 year period, and

varied spatially, the rate being negatively related to habitat suitalffitaser et al. 2015)
1.2.3 The role odlispersal in range dynamics

Dispersak; the movement of an individual from its natal site to its first breeding site, or between

subsequent breeding sites plays a crucial role in range limitation and expansiéiundamentally

10



dispersalis the ony processllowing colonisation of new areas. A key finding in dispersal ecology is

that long-distance dispersal can be more important than mean dispersal distance for determining the

rate of range expansion. For example, the spread of tree populations #ie end of the Pleistocene

Aada (22 Fradg G2 KIS 6SSy OF NNASR 2dzi o0&l HiAKSS RIS |y
dispersal kerng(Clark 1998)The role of dispersal in ranghangecanalsobe considered in terms of

the inverse of dispersal: site fidelity. When site fidelity is high, species should be less likely to colonise

all of their potential ranggMatthiopouloset al. 2005) On the other hand, high site fidelity can
maintaintiny populations in rangeedge areagven if population growth rate is log®mith& Summers

2005) The direct role of dispersah range changean bevery difficult to disentangle, because

dispersal often covaries strongly with other trafRodriguezt al.2007; Stevens et al. 2014)

In practice, the realised spatial distribution of dispersers is a combination of the shape of the dispersal
kernel(the frequency distribution of dispersal distances in a populatang the number of emigrants.
CKAA YSlIya GKIFG | 2inlfedding #he totdl ouager of Wi€pSrseaNBe/ R
considerably more important than dispersal ability in determining how species change their range
(Mair et al. 2014)Therelative importance othis propagule pressure and lordjstance dispersal can
change over timéFraser et al. 2015For exampleatmospheric CO2 enrichmeist expected toboost
fecundity in someéNorth American tree#n the near future this is likely to elevate the importance of
propagule pressureelative to longdistance dispersaih determining the spread dafhese speas

(Nathan et al. 2011)

The other key role of dispersal in range dynamidtsisole as the mechanism for gene flow. When
dispersal is itself under strong selection at the range edge, especially during a range expansion, this
can cause vergomplex eceevolutionary feedbacks. Increased dispersal should be favoured during a
range expansion, as it allows exploitation of unoccupied halfifaavis& Dytham 2002) This,

especially in combination with assortment of individuals with higher dispersal ability towards the
range edgeshould create positive feedback in the rate of range amgion (Phillips et al. 2008)

Indeed, In North America, lodgepole piR@us contortan populations founded most recently have

more dispersible seed€wynar& Macdonald 1987)and recently founded bustricket populations

had higher frequencies of more dispersive individ@lsomas et al. 2001Pispersiveness may then

decline after the expansion has finish@danski et al. 2004 Alternatively,reduction of emigration

FNRBY G(GKS Nry3asS O2NB G2 GKS Nry3asS SR3ISsT LISNKI LA
a6l YLAY3IQ |4 GKS NIFy3aIS SR3IST Ftft2Ay3 AYyONBIAaASR
(Kirkpatrick& Barton 1997)

11



1.2.4 Range dynansdn the Anthropocene

As climate change and other anthropogenic environmental change has accelerated in recent decades
(IPCC 2014; IPBES 20d@ycies have responded by changing their ranges: generally poleward, uphill,

and to deeper depthgChen et al. 2011; Pecl et al. 201HApwever, there is great variation in how

species have changed their ran{@illingset al. 2015) For example, globally, 22% of species are

shifting their range in the opposite direction expected to match climate ché&@ben et al2011) In

some areas very few species are shifting in the direction expected from temperature cli{fingkesir

et al. 2015) Similarly, species responded in highly idiosyncratic ways to Quaternary climate change

(Le Galliardet al. 2012 references thereip This suggests that different dispersal abilities,
envi2 Yy YSyGlFf G2t SNryOSa |yR 20t 3IS23IN)LKeE& O02YS
AYRAGARIZ f AGGAO yIFGdz2NBE 2F aLISOASEAQ NIy3IS aAKATFOA

/| dZNNBy i aLISOASaQ -dhlcohd§uendek forfbipdiversity, Eclsys]fuf@idhijand

services, and enhance climate change feedb@eksl et al. 2017)n order to tackle these issues, we

need to be able to be able to predict how species will change their range. Species distribution models
(SDMs) have been amuoseR (1 22f Ay LINBRAOGAYy3 aLISOASaQ NBaL
overwhelmingly fail to predict observed range shifts, and they predict shifts where there are none

(Soker et al. 2018) There are indications that SDMs that incorporate some of the biological

mechanisms underlying range change éaetter predictive power

1.2.5 This study

Much of the study of range has been theoretical, and lacks empirical testing. Many empirical studies

2F K2g alLlSOASaQ Nry3aSa IINB fAYAGSR FyR OKIy3S K
for its role (Gaston2009) We do not hag a comprehensive understanding of what limits range or

causes range change for any one species. There is therefore a real value 3sogs studies that

examine every aspect of range dynamics for that species, from all angles. Such studies may allow

to better predict how species will change their range, or evaluate the level of data and analysis

required to do so.

It is likely thatfor a considerable proportion of species, dispersal will progress far too slowly for them
to be able to track clima change(Keith et al. 2008; Nathan et al. 201WUnderstanding the role of
dispersal in range change is therefore particularly important, because it determines whether we aim

to help species to track climate by prioritising their population growth rattheir dispersal ability.

12



In this thesis | study the causes of range limits and range changednwarbler inGreat Britain

0 KSNB I T b the late 28ANd ealyy2®aentury. Using large, spatially detailed, muléicadal
datases collected over the course of a range expansion, | aim to analyse in depth how range limitation
and range change occur in practice. In particular, | will evaluate evidence for the relative roles of
dispersalemigration, transition and immigratigrand demographyhere defined as productivity and
survival)in range change. In the next section of this chapter | introduce the study system, review
potential causes of range limitation and change in reed warbler, and outline the specific research aims

of this thesis.

1.3. Study system

The domain of my study is the range changeeied warblerin Britain in the late 20 and early 21
centuries. Reed warbler (Figuré.l) is a small insectivorous passerine bird. Reed wasbgely
breed in stands afommonreedPhragmites australié K S NB | F inSvékteiNIBS$aRa@dspend
the winter in subSaharan AfricaThis is an excellent sy system with which to study the role of

dispersal in range change in birds, for two main reasons.

Firstly, the ecology of reed warbler is well understood, having been stmaligth in its own right, and

also as a model organism for understanding, faregle, brood parasitisr(lY ork& Davies 2017and

migratory navigatior{Chernetsov et al. 2017 literature search on Google Scholar with the search

GSNY W ONP OGS dkd @ dz SHERDEELNG @eRievgd 165August 2019). This detailed

dzy RSNRGFYRAY3I 2F NBSR ¢ Nbf SNna SOz2ft23& fft2sa Y
NESR 46FNbfSNRa NIFy3aS fAYAGl GA2Y détaltRe life KistoyydS & L
reed warbler, allowing the construction of detailed models to fit to data or with which to make
LINBRAOGAZY&Dd {2 2dzNJ dzy RSNEGIFYRAY3I 2F NBSR 6+ Nbf

hypotheses more effectively for the roté dispersal in range change.

{ SO2yRf &z NBSR ¢ NIBfit@niskichly dbituyhehd Wy B Ldtieyy Diidata/ typasy

Large quantities of census, ringing and nest record data have been collected for reed waBbikairin

208N GKS O2dzNES 2F (KS NIy3dS OKEy3daSe Cc2N St OK
populdaion monitoring data collection schemes, reed warbler is one of the best represented of all
British breeding birds. Furthermore, these data have been collected from a large number of sites over
this period. This allows me to estimate demographic parametgtl an unprecedented level of

spatial resolution, enabling the comparison in these parameters between the range core, the

colonised areas and the range edge, to understand how demography drives range limitation and range

13



changeVery large amounts of riing data exist, much of it involving chicks ringed in the nest, with
which to estimate dispersakurthermore, climatic data exist in high spatial and temporal resolution
for Britain over the course of the range expansion, allowing me to explore how telirdaves

mechanisms of range limitation and range change.

- 3 . . . <

‘ —’ /i_ . e — - ~% { 3 = >
Figure 11. [Clockwise from top] Reed warbler (Flamborough Head, East Yorkshire, UK); reed warbler breeding
habitat (Watermill Broad NR, Norfolk, UK); reed warbler nest with eggs hatching (Watermill Broad NR, Norfolk,

UK).

14



YEAYRSNI 2F (GKA& OKI LJi SN BritidtR@rig&§ ko S OK I
LINBaSyd FyR S@lFfdad S LRGIGSYdArt O dza Baarr ¥ NBSR ¢

1.4 Reedvarbler range limitation and change
Mdn dm | AYAda | yﬁe OK I yaé AY NESR 46 Nbf SNRa 3If 2061 f
wSSR 41 Nbf SNR& O0NBSRA gxgandihdfoy B of KhousandsINPyéals.ORleed 0 SS Yy

warbler consists of three subspeciegirpaceusfuscusand avicennia. In this study | focus on the

nominate subspecies, which breeds in Europe, north Africa, west Russia and west Asi¢gFigumer

1.2). The three subspecies of reed warbler spent the Pleistocene in separate glacial refugia, one of
which was probably Ibaxi(Prochazka et al. 2011Populations of the nominate subspecies began
expanding approximately 3300 years ago, admixaslith each other14,000-17,000 years ago and
underwent a rapid expansiooverthe last 10000 years, coincident with Holocene warmi@#gbabi

et al. 2014; Ceresa et al. 2015)

Ly R20dzYSyYyGSR KAadG2NEXZ NBSR g NbftSNDRa NIy3aS KI a
and west.In Fennoscandia, reed warbler generally increased in distribution from the latter half of the
19" century onwardg(Jarvinen& Ulfstrand 1980) The Swedish reed warbler palation expanded
north and northnorth-east from the 19 century until the mid1970s, also growing markedly in
abundance towards the end of the peri¢@sterl6f and Stolt 1982; Stolt 199%rom 1975 to 1992

the population increased, and was then stable until 1993lthough captures at Swedish bird
observatories declined nesignificantly from 1980 to 199&arlssor& Ehnbom 2005)Reed warbler
colonised Finland in the 192@3arvinen& Ulfstrand 1980) and the rangehascontinued to move
northwards in recent yea®rommeret al.2012) Reed warbler wafrst seen in Norway in 1937, and
first bred in the soutkeast of the country in 194{Rged 1994)There was particular range expansion
during the latter h#f of the 20" century, with considerable variatidn total population size between
years. 8 Y OS (1 KSy I NI SR indNbrivdyid gredlli unehangdtehiving strneisaitgble
habitat further north uncolonised(Shimmings @ien 2015)

{2dziK 2F (GKS . FftGAOX GNBYRA A yhavhlBeénRnorg vahebldnS ND & R
Denmark,populations were stable from the latter half of the "1@entury until 1970(&rvinen &

Ulfstrand 1980)and then declined, particularlyl(71% yeat) from 1996 to 200%Heldbjerg& Fox

2008). Reed warbler increased in population size in northern Germany between 1950 and 1985
(Marchant 1992) There was no trend ithe number of reed warbles trapped at three sites in

Germany and Austria from 1972 to 19@erthold et al. 1998Reed warbler increased abundance

15



and distribution inthe Netherlamds up until the early 2000s, and has since remained st@lala
Turnhoutet al. 2010; although seeJohnston et al. 2018 wSSR 61 Nbf SND&a LJ]2 Lz |
France (+2% yedr and declind strongly in Cataloniagd% year) from 1983 to 2008.

Breeding
Passage
Wintering
Resident

Figurel.2. Global range of the three subspecies of Eurasian reed warbler and the closely related resident species
African reed warbleAcrocephalus baeticatu8irdlife International 2017)

Reed warbles migrate between Europe and S@aharan Africa by a variety of pathwdlpsochazka

et al. 2017) Generally wegrn European populations pass west of the Mediterranean, while eastern
European and Asian populations pass east, while a small proportion of birds pass directly through
central north AfricaProchazka eal. 2008) Western European populations crossing the Sahara use
oases and the wetlands of the lower Senegal River valley for fu@mgyet al. 2012; Hama et al.

2013) These routes are not known toVvechangedecently.
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Reed warbles winter in subSaharan Africa, in a broad curve following the humid savannah zone
approximately between Senegal and Chad. DetaNBBSR & NBbf SNR& Ay G SNAy3
understood (Prochazka et al. 20170f 51612 reencounters of Europearinged reed warbles
between 1933 and 2014, only 12 were made south of 20°N between November and February. Ringing
recoveies suggest that wintering populations of reed warbler are distributed longitudinally in
approximately the same way as their European breeding populaffreehézka et al. 2008jeather
stableisotope values suggest that reed warkdeary greatly in the feeding habitats used by different
individuals in the wintering ground@rochézka et al. 2008)n the humid savannah zone, reed
warblers are typically found in low trees and tall rank grg&owsettLemaire& Dowsett 1987) In

some areas of coastal mangroves in West Africa, reed warbler is the commonest insectivorous bird
species, migrant or residefi@warts et al. 2014)Coastal mangroves, which are very difficult to access

and survey, probably support a large proportion of the breeding population of European reed warbler,
especiallyBritish breeders. & T2 NJ G KS YAINI GA2y NRdziSas AG Aa

range has changed recently.

1.4.2 Limits and change in range in Brifisbeding reed warbler

LY . NRGFAYS NBSR ¢ ND {-aNaidistiNdds Rdnytis cd)thgrange K| &
has extended north and west over the last century. Between the 1930s and79&&ed warbler
extended its regular breeding range into Devon, Cornwall, Scilly in the west, and probably North Wales
and Yorkshire in the nortfSharrock 1976)From 196872 to 200811, reed warbler colonised west
Wales, the noth of England and southern Scotlafigure 1.3;Balmer et al. 2013)Although
expanding its range, between 1983 and 2008 rerdbler populations declined in the UK: more so in

the north ¢1.3% yeat) than in the south-0.7% yeat) (Johnston et al. 2016Vithin this period, there

has been variation in the population trend: reed warbler increased in population size in the UK from
2000 (219,000 individuals) to 2006 (257,000 individu&lsyvson et al. 2008)

adzOK 2F NBSR ¢ Nbf SN a"chdtuyy BaS takeikdlagedh3he aokthy/otBSitait, K S f
especially in Scotland. Since it was first seen in Scotland in 1908, reed warbler became an increasingly
common passage mignt, particularly in autumn. Reed warbler first bred in Scotland in 1973, in Unst
(Shetland), more than 500 km beyond the British range edge at the(Bmee 2007.)Reed warblers

were present in suitable habitat in the late 1970s and early 1980s but did not breed on the Scottish
mainland until 1984Bruce 2007)Thereafter there were a series of colonisations in the south and

east of the Scottish mainland.
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Figurel.3. Breeding range chrage in reed warbler iBritain, 196872 to 200811 (Balmer et al. 2013)

The two first site colonisations in Scotland are well documented and provide potentially useful
information about the cause of range limitation and expansion. The sites differ markedly in their
latitude and rate of colonisation, but both were preceded by the presence of individuals in late
summer or autumn. The first site, Tay reedbeds, is the largest contiguous re@uiigtht dominated

by reed)in Britain, being approximately 4 dm?in extent(Malzer& Hansell 2017)Reed warbleswere

caught at Tay reedbeds summer and autumifrom 1981 onwardgRobertson 2001)Reed warbler

first bred at Tay reedbeds in 1987, followed by breeding in 1988, 1990 and 1991. Male song had not
been heard at the site before breeding in 1987, and was thereafter not heard every year that breeding
took place. Rate of colonisation theréafwas slow, reachingightapparently occupied territories by

2006 (Scottish Bird Report.d.).
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The secod siteto be colonisedLochrutton Loch, is 95 miles SSW of Tay reedbeds. This site was much
closer to the nearest English populations at the time, in Cumbria, which itself only$@digs when
Lochrutton Loch was colonisd@ruce 1997) Thereedbeds at Lochrutton Loch are much smaller,
being scattered around a waterbody aboukd in length. At this site, a juvenile reed warbler was
trapped in late September 1992, the first to be caught by the local ringing dBnyge 1997)The

bird was sispected to be locally fledgedut this is also peak autumn migration time for the species

in Scotland(Bruce 2007)In 1993 the first breeding at Lochrutton Loch was confirmed, with
singing males holding territory antivo recentlyfledged juveniles caught in Septembeimn the
following years the population increased rapidly, wsttvensinging males and 20 juveniles caught at
the site in 1996. In 2010, Lochrutton Loch had at least 12 breeding pairs, with 58 individuals caught
(Scottish Bird Report.d.).

Outsicke of these two sites, there were no known breeding attempts on the Scottish mainland before
the late 1990s. Reed warbkwere first known to breed at other sites in Dumfries & Galloway, Borders
and Fife respectively from 1996, 1997 and 1999 onwards. 8ircerange expansion has been slow.
Pairs possibly bred in Moray, Nosttast Scotland, and Orkney in 2008, breeding was confirmed in
Upper Forth in 2011 and singing males have been seen elsewhere in north and west E8athdiich

Bird Reporin.d.). The current Scottish breeding population numbers jus6@(airs(Bruce 2007)

British-breeding reed warblers follow a slightly more westerly migration route than other populations
in western Europepassngthrough western France and western Ibefftabby& Green 1981; Andueza

et al. 2014)Ringed British and Iberian birds have been found wintering in westernmost West Africa,
mostly west of 12°W: i.e. in Senegal, GuiBssau and MauritaniéProchazka et al. 2008British-
breeding lirds appear to winter slightly further south within these areas than lberian bltds not

known if these migration routes or wintering range have changed recently.

1.4.3 Potential causes of range limitation and range change in reed warldatam

1.4.3.1 Causes of range limitation

Range limits delineate the boundaries between where species do and do not exist. Diagnosing the
causes of range limits is difficufior example,ifhding a negative effect of a variable beyond the range
edge does not necessarily mean that variable is limi®dgston 2003)To caricature, we might find

that a reed warbler cannot survive in space, but that does not mean oxygen limitatikeysvariable
limiting reed warbler rangeNo transplant experiments have been carried out to directly test the

causes of range limitation in reed warbler.
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habitat where births exceed deaths; brovified rectangle represents habitat where deaths exceed births.

there is no dispersal barrier in scenario (a), the range will advance to the right.

There are many potential proximate and ultimate causes of range limits. We can categorise these into
two broad categories: those that cause insufficient dispersal, and those that cause deaths to exceed
births. The species is at equilibrium withgistential range in the latter category, but not the former.

Figure 1.4 describes these two categories.

In scenarida), dispersal limitation prevents the species colonising available habitat to the right, even
though in all habitat, births would potertily exceed deaths. From an existing population ({illex)
near the range edge, most dispersal takes place over short distances, but does noavedahle

habitat further from the range coréf there is no barrier to dispersahen this senario only produces
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a temporary range limit, even if dispersal distances are small: so this scenario is morduikady
environmental change. However, if there is a barrier to dispersal then dispersal limitation could set up

a permanent range limit.

In scenaridb), due to an environmental gradient, beyond a certain distance from the range core the
potential birth rate no longer exceeds the potential death rate. From an existing populaitioin the
range individuals can disperse well irttte zone where deaths exceed birthmut they may not always
establish populations (right-most arrow) Although deaths exceed births in this zorfer some
populations this is more than offset by immigration, and population growth rateeisefore abowe 1
(filled circle) For a more distant populatigestablished in a year with favourable conditions or high
immigration immigration is insufficient to maintain a population growth rate above 1 and the
population declines to extinctiofempty circle) For both scenarioga) and (b) populations do not

establish at albeyond the range edge, even in years of favourable conditions or high immigration.

These two scenarios are a simplification and not mutually exclusive. For example, in s@nario

dispersal could be limiting because birth rate is too low to provédeughdispersers. Also, a large

population may take some time to decline to extinction where the population growth rate is just below

1, allowing populations to persist outside bf ySF G NI y3IS tAYAild wSSR 41 N
therefore be caused by dispersal limitation, by insufficient births to exceed deaths, or a combination

of both. Below | review literature on reed warbler ecology to identify potential causes of reed

ward f SN a NIByitalrSThé rangel lilnit doyld be generated by one of these, or by several

working together.

PfOAYFGStE @ NBSR g1 Nbf SNDa radakBlBliRa2yTa (NG Sy PS NILEK CTEA YaA
O2@3SNBR Ay NBSR6OSR® bSEGZI NBSR ¢ NbfSNRa oNBSRA
are found on evey continent except AntarcticéPacker et al. 2017put reed warbler only breeslin

Europe, western Asia ambrth Africa. WithiiNE SR ¢ NDf SNRA& 9 dzZNR LISy NI y 3!
are likely to have different caus¢&aston 2003; Hersteinssé&Macdonald 1992)the cause of the

range limit inBritainmight be different to that in Asia. Little direct work exists e causes of reed

g NDf SNRa NI y3aAS f A Braiila SK BAIEKSNE 2WdzRKdzOAE RISY 24y |
ecology, which narrows down the potential causes of its range limits. Most reed warbler studies have

been carried out at singk&tes: it is often impossible to reconcile apparently solid conclusions between

site-based studies for reed warblée.g. Brown & Davies 1949; Catchpole 1974)thus attempt to
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present the variation in findings between sites, but this is not always possible where specific aspects

of reed warbler ecology have beersgarched at relatively few sites.

1.4.3.2 Potential mechanisms of dispersal limitation

Dispersal limitation should be more likely during environmental change, as some species cannot keep
up with the rate at which new habitat becomes available. Some spediéree arestill recolonising
Eurasia after the Last Glacial Maxim@@venningk Skov 2007)Although birds typically have much
higher rate of dispersal than trees, there is dependency between trophic levels, and so it may be that
somebird speciesare still recolonising northern Eurodter displacement by ice sheefSayleur et

al. 2015)

As for most migratory birds, dispersal rate and distaamegenerally considered to be high in reed
warbler. Although neither study took account of bias in olvabte dispersal distances, bofaradis

et al. (1998)and Ceresaet al. (2016)found site fidelity is high in reed warbler, but a considerable
number of longerdistance movements are made. Due to the methodological shortcomings of these
studies, the relative frequency of noshort and longdistance dispersal remains unknowReed
warbler populations in Eurasia and north Africa have high gene flow and low genetic differentiation,
suggesting that dispersal between populations is high but not unrestri@eachazka etl. 2011;
Ceresa et al. 2015[Reed warbles can rapidly colonise new habit#tat iswell within the ranggShy

et al. 1998; Eertman et al. 2002; Beauchard et al. 200i%re are two scenarios by which dispersal

rate and distance could be limiting for reed warbler: if the rate at which new hadigzdmes available

is high relative to dispersal distances; or if the habitat is too sparse relative to dispersal distances. The
climate inBritainis warming, but it is not knowper sewhether this is creating new available habitat

for reed warbler, nor the rate at which it might be doing so. Reedbed is generally sparser in the north
of Britain(Packer et al. 2017put it is not known whether this is so at a scale relevant to reed warbler
dispersadistances. Reed warblers are strong fliers, crossing the Sahara and small sea crossings, so it

is unlikely that any habitat iBritainis inherently inaccessible to them.

If reed warbles do not attempt to settle in all suitable areas, dispersal ratelistance could be high
while dispersal remains limiting. First, if individuals assess the suitability of reedbed before settling,
but are conservative in doing so, then they may explore but not settle in suitable habitat. Although
much is known about exd warbler densities in different habitat within reedbed, little is known about
how reed warbles directly assess habitat. Secondly, if there is conspecific attraction and individuals

are biased towards alreaelyccupied sites, then high dispersal may natige a high rate of range
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expansion. Reed warbkeare easily lured into unsuitable habitat using playback of reed warbler song
during migration(Schauket al. 1999) but also during juvenile exploratigiGrinkevichet al. 2009)
This suggests that reed warbdedo use the presence of other reed warkdeas an information

regarding the suitability of a breeding site.

The number of reed warblspassing through Scotland on both spring and autumn passage has always
considerably exceeded the number of breedéBsuce 2007)suggesting thateed warbles have
ample opportunities to assess the suitability of unoccupied habitat in the nortBrithin Reed
warblers will rapidly recolonise stopover sites in suitable areas when well within the rgjegs
Prochazka et al. 2008hhowever, for most gamples of this it is not known whether the populations
actually went extinct. It therefore seems that reed warklirgely do not judge unoccupied habitat

in the north ofBritainas suitable: but it is not known whether they arenservative or efficient in this

judgement; nor whether this is because there are no existing populations there to attract birds in.

The strength okvidence forthe above scenarios for direct dispersal limitation could be enhanced if
a)abundance is natrally lower towards the range edge, ahjipositive densitydependence causes
decline inpopulationgrowth rateto the range edge, thereby providing fewer dispersers overall, even

if the relative frequency of londistance dispersers within dispersessiot low

It could be that the global population size of reed warbler, and therefore the number of dispersers, is
ultimately limited by the carrying capacity of the wintering grourfelstasian migratory birds are less

likely than resident birds to exhitdireeding ranges spanning Eurad&nsch 1999and are less likely

than resident birds to expand easiest into suitable vacant aregBohningGaeseet al.1998) Similar

findings have been made in North Ameri(@tralberg et al. 2017)This has been interpreted as

evidence that colonisation of new breeding areas is more constrained in migratory species, or that the
global population sizef a migratory species is as likely to be limited by the-bmeding range size

as by the breeding range size. It could be the case that dedesfigndent survival on the wintering

grounds prevents population expansionBritain ¢ KS SEF OG &aAT S 2F NBSR 41 Nb

poorly known, making this hypothesis difficult to evaluate.
hyS FAYyFf &aO0SylFNAR2 2F RAALISNERLFE f AYAQIBitailsy A& { K

too far from the wintering grouds. However this is unlikelyneé Central Asian breeding grounds are

further thanBritainis from the African wintering grounds.
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1.4.3.3 Potential mechanisms of limitation by deaths exceeding births: abiotic
We can broadly split the second scenari®dfishrange limitation in reed warblar deaths exceeding

births ¢ into abiotic and biotic causes.

28 YAIKG SELISOG NBSR 41 Nbft SNDR& y2NIKSNYy Nry3asS Si
betweenbirths and deaths. éleward range edges are often limited by abiotic factors. For example,

Arctic foxVulpes lagopu# its Icelandic range is limited in the north by abiotic factors, and in the

south by interactions with red foxXulpes vulpesvhose owmorthern range limit itself is set by abiotic

factors (Hersteinsson& Macdonald 1992 wSSR ¢ Nbf SNRa NI y3aS Aa |4 f

N

limited by climate.The current distribution of reed warbler in Europe correlates well with a model
based only on climate variablg$larrison et al.2003) The lower range of the distribution of
temperature of occupied cell® Europeis especially truncated in June and J{Higurel.6). Reed
warbler presence in the 1988989 bird atlas in Finland is strongly positively related to temperature
(Virkkala et al. 2005)In France, reed warbler is unusually narrow aggrasserines in the thermal
breadth of its breeding rang@loussus et al. 2011 continentalEurope somereedbed exists well
beyond the northern range limit of reed warbléRged 1994; Shimmingsdien 2015although see
Stolt 1999)

Likewise, it has long been proposed that reed warbler is limited by clim&@sgtain (Sharrock 1976)

Although reedbeds are sparser in the north and wesBudfain (Packer et al. 2017)arge areas of
NESROSR 06Se@2yR (KS y2NIKSNY -c8dviSef bydebed widI&rRperg.  ND £ S
obs.).Apart from areas of central Asia (where the extent of ocence is more poorly known), reed

g1 NDf SNR& vy 2 NInKBSithidyis iNthe clest p&tIobreeds I ND £ SNDa It 2061 €
particularly in June and July when ttlistribution of temperatures in occupied cels most truncated

(Figuresl.5, 1.6).

Some apparent limitation by climate is caused by indirect relationships with climate via biotic
interactions. Nevertheless there is a wide range of studies that documénk between climate and

reed warbler demographic rates, which propose or prove either abiotic or biotic mechanisms, or do
not speculate on the mechanism. | present all climate effects on reed warbler together in this section,
for simplicity. Most of tlese studies have been carried out some distance back from the range edge,
where different climatedemography relationships may exist, due to the relatively extreme conditions

there.
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Figure1.5. Mean July temperature (197R000;Fick& Hijmans 201y across reed warbler Eurasian breeding
range(Birdlife International 2017)

One of the besknown effects of climate change on our biosphere iattbf advanced spring
phenology in bird¢e.g.Both et al. 2004)Reed warbler is no exception. Reed warbler spring passage
dates and spring arrival dates across Europe are negatively related to local temperatuhe &North
Atlantic Oscillatior{HUppop& Hiuppop 2003; Sparks et al. 200Reed warbler spring arrival dates in
Leicestershire moved later from the 1950s to the 1960s, perhaps because spring temperatures
declined during that perio¢Mason 1995) In France, spring migration dates were related to local late
winter temperatures before reed warblers had left Afri(Réron et al. 2007)perhaps due to a
teleconnection (a relationship between climate anomalies at large geographical distances), and/or

impacts on reed growth.

Reed warbler breeding phenology also strongly related to temperature in all studies, although its
breeding phenology has little or no relationship with migration phenol(#pby 1978; Bergmann
1999) However, the nature of the relationship of breeding phenology with temperature differs
between sites. Generally, the relationship between temperature and season start and median is
negative(Bergmann 1999; Schaefer et al. 2006; Halwgilal. 2008; Vafidis et al. 2016ln France, the
peak of the ratio of juveniléo-adult captures moved later in yeawsith high winter and spring

temperatures; this is harder to interpret in terms of phenol¢ijoussus et al. 2011 he relationship
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of the end of the season with temperature is variable: none at sites in England and Pajemlils et

al. 2007; Halupkat al. 2008) negative at a site in GermaK@chaefer et al. 2006and positive for
juveniles but not adults at a site in Hung&®iholcsaet al.2009) Precipitation had a strong positive
effect on season end at a site in Polgiithlupkaet a. 2008) At a site in France, autumn migration
dates had no relationship with autumn temperature, but were negatively related to late winter

temperature.(Péron et al. 2007)
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Figurel.6. Histograms of monthly mean temperature (°C, 12000,Fick& Hijmans 2017&cross reed warbl€? a
range(Birdlife International 201Ayithin Britain (red) and outside oBritain (no fill).

Clutch size increased with spring temperature at a site in Germany, purely theeltceeding season
moving earlier(Schaefer et al. 2006klutch size decreasewer the season in reed warbler (Dyrcz
1981).However, no such relationship was found at sites in Poland or Wdkspkaet al. 2008;

Vafidis et al. 2016)At a site in Wales, incubation period increased with raif¥afidis et al. 2016)

The causes of nest failure in reed warbler are variable and differ substantially across the rdnge. In
UK, the most important cause of nest failure is weatl#bby 1978)across Europe, direct losses from

bad weather are quite low in reed warbler relative to other fact(@shulzeHagenet al. 1996) The
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effect of bad weather can be indirect or direct: at sites in central and eastern Ewsope broods
starved in cold rainy weather, while up to 15% of nest losses were caused byDyitd 1981)Reed
warbler nest survival increased with temperature at & s$it Poland, and increased nsignificantly

at a site in GermangSchaefer et al. 2006jalupkaet al. 2008) Runts are frequent in reed warbler,
which could make podiedging survival more sensitive to bad weath{Bibby 1978)At a site in
Cambridgeshire, chick peBedging survival was positively correlated to chick weight in a wet year,
but not in a dry yea(Bibby& Thomas 198B).

Reed warbler ppductivity generally increases with spring temperat{&ehaefer et al. 2006/afidis

et al. 2016; Meller et al. 2018At a site in Wales, first brood productivity was negatively related to
total breeding season rainfaVafidis et al. 2016)although there was m effect on productivity of
spring or summer rainfall at a site in Cambridgesliiitarrison et al. 2000)Nonbreeding season
conditions can influence breeding season productivity, t@ site in Cambridgeshire, reed warbler
productivity increased with the magnitude of highest winter flood, perhaps due to habifatts

(Harrison& Whitehouse 2012)

No study has found effects of breeding season climate on vesthler survival. Studies vary in non
breedingseason effects of climate on survival. For all western European breeding populations except
France, winter Sahel rainfall was positively related to survival, with autuonti Mtlantic Oscillation
(NAO¢ an amospheric pressure differential in the North Atlantexplaining lesgJohnston et al.
2016) At a site in Poland, only autumn rainfall in Spain had a (positive) effect on s@dalgbka et

al. 2017). At a site in Germany, survival was positively related to NAO and Sahel rainfall and negatively
related to rainfall in Spain; but these variables explained little absolute variation in su&atalvski

et al.2013) In the closely related African reed warbler, survival varies positively with breeding season
temperature (Janseret al. 2015) Reed warbleyare able to adequately compensate for some wind
drift during migration(Akesson et al. 20022nd can identify geographical displacement because they
navigae with a bicoordinate systentChernetsowet al.2008) However, the increased number of reed
warbler drift migrants on the east coast 8Ffitain during easterly windsn the migration periods
suggests wind has the potential to deflect migrant reed warblers from their migration paths,

potentially causing longer migration or death.
So overall, reed warbler productivity broadly increases with breeding season temperéaiutre,

apparently through different mechanisms in different part of the breeding range: through clutch size,

breeding season length or nest survival. The season start generally advances with increasing
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temperature, but the effects of this on productivity fdifs with local responses to temperature in
clutch size and season end. The effects of precipitation can be negative on nest survival and post
fledging survival, but the overall effects of precipitation on total productivity are less clear. There is
no evidence for effects of breeding season climate on reed warbler survival, but some varying
evidence for effects of nehreeding season climate, particularly from rainfall. | could find no studies

that investigated the effects of climate on juvenile survivatexruitment.

As breeding temperature declines north and west acBstin, productivity may likewise decline to

the north and west. This could mean that beyond a certain isotherm, productivity chirtiesto
decline below deaths, settg up a range limit. It seems less likely that temperature gradients could
cause a gradient in survival. However, few of the studies investigated the effects of climate on

demography near the range edge.

1.4.3.4 Potential mechanisms of limitation by deaexceeding births: biotic

Lid A& SIFAASNI 2 RSGSNXYAYS (GKS NRtS 2F |[6A2GA0 7
(Hoffman& Blows 1994)Most species exist well within their fundamental niche, and so we should

typically expect biotic rather than abiotdauses ofimits (Gaston 2003)Several salient biotic factors

AYLI OG 2y NBSR 4 Nbf dpiediondeSsity2aBd\thusJiavie Ghe pateitidl o I Yy R
limit range: habitat quality and configuration, interspecific competition, predation and brood

parasitism.

Reed warbles largdy breed in reedbed, and occasionally in other wetland habitats and crops. In
Britain, reed exists on a wide variety of substrates, from the high water mark torddiBove sea level
and is catholic in its tolerated hydroperiods and pH val{Recker et al. 2017Reedbd, as large
stands of reed suitable for breeding reed warlslesccupies a narrower range of conditions but may
still vary importantly in habitat quality for reed warbler acrd8stain For example, eight reed
specialist moth species respectively occupp ni’z G 2 ¢ T Bhitaidist2ibbtioN&n8 &eCaiimost

all biased in their distributions towards the southst of Britain (Quinn et al. 1997) If this is
representative of the general diversity or abundance of reedbed invertebrates, then there may be a
lower diversity and/or abundance of food sources for reed warbler in reedbed in the-n@sh of
Britain. Within reedbed, reed warblsroften have strong habitat preferences, not occupying all
available reedbed. However, these preferences vary from site to site, even over short digaywzs
Mhy mT  aFANIFHRYUST SG | & Kocian2004; Baldi 2008br &xaple} reed warbler

at different sites display opposite responses to reeuting (Catchpole 1974; Graveland 19%9ulin
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& Lefebvre 2002; Mortelliti et al. 2012y hiscould be due to habitalinked predation which could vary

with local predator guilds. As reed warkderarry out much of their foraging outside of reedbed, the
composition of surrounding habitat can (but not alway8aldi (2006) influence reed warbler
abundance. For example, reed warblers in Poland show a preference for nesting near oilseed rape
Brassica napu&Surmacki 2005Reanalysis of data iBenassi et a(2009)from a site in Italy showed

that reed warbler density is unrelated to total reedbed area in marshlands, but almost all the variation
in reed warbler density is explained by a model containing both marsh area and reedbed area (both

effects positive).

In terms of potential influences opopulationgrowth rate, habitat quality appears to have effects
through invertebrate supply and through nest predation rate. Reed wasldee opportunistic
feeders, with a broad trophic niche. This means that diet commositan vary significantly between
sites, with reed warblergenerally feeding on a wide range of prey types from most available nearby
habitat typeqGrim& Honza 1996)Given this, and the broad peak in templdrevertebrate availability

in reedbeds, it has therefore been suggested that reed washbdee not subject to phenological
mismatch. However, the link between overall food supply pogulationgrowth rate is not simple in
reed warbler. Although invertelte availability may have been covarying with reed growftfjdis et

al. (2016)found a positive effect of invertebrate availability and a negative effect of supplementary
feeding on lay date, suggtng that not all invertebrates are valuable to reed warbRatey(2018)
found that doublebrooding(making furthetbreedingattempts after a successfattempt) increased

with invertebrate availability. Comparing two sit@&bby& Thomag1985)found a lower productivity

but higher density at the site with greater invertebrate abundarm@ulinet al.(2002)found a positive
relationship between invertebrate abundance and reed warbler density. It could therefore be that
invertebrate availability has an overall positive effect on productivity, but also on site selection,
potentially leading to densitgependen effects on productivity in higldensity highinvertebrate

areas.

Reedbed is sparser in the north and wesBoitain (Packer et al. 2017 he relativamportance of

habitat quality and spatial configuration of habitat in determining reed warbler presence varies
between landscapesLy 'y | NBIF 2F LaGlFftez NBSR 4l Nbf SNDa
characteristics at the landscape scale than at tedbed patch scaléSozio et al. 2013A range of

studies have found that reed warbler density or occurrencebphility is greater in large habitat
patches(Foppenret al.2000; Virkkala et al. 2005; Surmacki 2005; Baldi 2008)not known whether

this is due to higher preference for or highmpulationgrowth rate in larger patches. At some scales,
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reed warbles are less likely to cross larger gaps between reedlfBdsschiete& Goedhart 2005)
However, the spatial cohesion of patches has a more minor positive or no effect on incfBeppen
et al.2000; Béaldi 2006; Mortelliti et al. 2012)

If reedbed or its surrounding habitat declines in quality to the navidst of Britain, either due to
natural variation or different management, it is likely to causdueed productivity or settlement
probability. This may cause systematic variation in recruitment and thpspnulation growth rate
which could set up a range limit. No clear evidence exists of an effect of habitat quality en post
fledging survival, juveld survival or adult survival. If reedbeds decrease in size or increase in
fragmentedness to the nortlwest ofBritain, it could reduce patch occupancy probability (through an

unknown demographic mechanism) and therefore incidence, setting up a ranigje lim

Especially in Europe, reed warldenainly competewith two species for breeding territories. Great
reed warblerAcrocephalus arundinaceoften outcompetes reed warblgiHoiet al. 1991; Honza et
al. 1999; Schaefer et al. 200®ut is not known to have bred Britain Sedge warbleAcrocephalus
schoenobanugs a common breeding bird Britain, with about 260,000 territoriegMusgrove et al.
2013) Given that reed warbler is typically dominant over sedge warbler (buCstehpole 1974)

even near its range edg&vensson 1978) A G0 Aa dzyf A{1Sfeée (GKIFIG asSR3S

range limit in reed warbler.

Predation during the breeding seasoan affect both fullygrown reed warbles and nest contents.
For adult reed warblex the majority of mortality during the breeding season seems to be due to
predation (Wierucka et al. 2016however, survival during this period is generaligh and so adult
predation is unlikely to contribute much to annual survival variat{®nochazka et al. 2017)
Nonetheless predation of fullgrown reed warblesis hard to studyMukhinet al.2009), and it could

be considerable for vulnerable juveniles and contribute to variation in-fledging juvenile survival.
The most likely avian predator of reed warbler, sparrowha\ekipiter nisusdoes not increase in
relative abundance towards the rnth and west ofBritain (Balmer et al. 2013)and so it is hard to

conceive a scenario by which predation of fighpwn reed warblesis limiting range.

Nest predation can be the main or even only cause of nest losses in reed warbler at certain sites,
seemingly particularly so in mainland Eurdpgrcz 1981; Borowiec 1992; Schtitizgenet al. 1996;
Schaefer et al. 2006FEgg predation is typically higher than nestlprgdation (SchulzeHagenet al.
1996;Halupka& Wrdblewski 1998Bibby& Thomas 1985)The effects of habitat and foodigply can
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be mediated through nest predation in reed warbler. Nest predation can differ between wet and dry
areas, cut and ueut reed, and between reed and n@aed nests; the direction of this effect differs

by site, presumably depending on the local gmitor guild(Catchpole 1974Bibby & Thomas 1985;
Graveland 1999)At sites in Wales, supplementaigd reed warblers had dramatically lower nest
predation(Vafidis et al. 201&018) perhaps due to increased adult nest presence or reduced begging
(e.g.Dyrcz 1981)Given the range of ecological factors that kcbgause variation in nest predation,
which can be the main source of variation in productivity in reed waridésby & Thomas 1985)
thereisa variety of ways in which nest predation could increase to théhnand west oBritainand

cause a range limit.

Reed warbler is one of the main hostdHritain of the brood parasite, cuckoBuculus canorufkeed

warblers readily accept cuckoo eggs, and so cuckoo parasitism can be one of the most important
influences on productivity in reed warblé8chulzeHagenet al. 1996) Additionally, ackoos will also

predate cluthes from large numbers of nediBibby 1978)even if they do not go on to parasitise

them. Therefore cuckoo have a negative effectppaductivity that goes beyond parasitisn@uckoo

parasitism is very strongly densithependent in reed warblegStokke et al. 2007gand is potentially

therefore a source of the densitgependence irreed warbler productivity(SchulzeHagenet al.

1996) However, although cuckoo density is high in the nortiBatain, almost allthese cuckoos

probably belong to gens that parasitise other hosts (e.g. meadow Aigtius pratensjs It is not

known how cuckoo density varies within reed warB NDa NJ y3S: &2 y2 aasSaays

cuckoo limiting reed warbler range can be made.

1.4.3.5 Causes of range expansion in reed warblIBritain

Species can be prevented from colonising an area due to insufficient dispersal into-tiodonised

area, or by deaths exceeding births in theaglonised area. Range expansion can likewise result from
change in the same two factors. Firstly, dispersal can increase or change such that immigration into
the un-colonised area becomes sufficiert $ustain populations or to colonise new sites. Secondly,
the potential ratio of births to deaths can increase in theaatonised area such that the population
growth rate becomes 1 or greater. Additionally, the above two scenarios could be provoked or
enhanced by adaptation at the range edge, perhaps due to reduced gene flow from the range core

(Kirkpatrick& Barton 1997)

There is no need for the ecological cause of the range limit in reed warbler to be the same as the cause

of the range expansion. For exampleshsurvival could decline with temperature north and west to
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the range edge. If survival (due to a change in the African wintering grounds) increases for the whole
population, then the potentigbopulationgrowth rate beyond the range limit will increadeading to

a range expansion, even without any changes in nest survival. Similarly, there is no need for there to
only be one cause of range expansion: multiple ecological and evolutionary causes can act at the same
time to cause a range expansigfhomas et al. 201). Next, | outline potential causes of the range

change in reed warbler.

1.4.3.6 Increased dispersal as a cause of range expansion
CKSNBE NS aSOSNIft gl e&a Ay BrkaincidbdBaSsRd by indkbsedS N & |

immigration intothe un-colonised area.

LT NBSR 6FNbftSNDRa NIy3dS tAYALGU A& OlFdzAaSR o0& afz2g
there is no barrier to dispersal, then range expansion may take place without any changes in dispersal
parameters. Under this scenario, range expansiosukhremain relatively similar in rate over time,

although it may vary as the range edge passes through different landscape habitat configurations. If
O2yaidN}YAySR 6& RAALISNEIf NIGST GKSy GKS NXaGS 27
an ncrease in dispersal distances, or due to an increase in abundance within the range increasing the

absolute number of emigrants.

LT NBSR 461 Nbft SND& NkoylsBriative habithtiseleitian, theh daigé &pansidn 2 @S N.
may take place withoutray changes in dispersal parameters. Range expansion would require a change

in the potential ratio of births to deaths in the toolonised area. Reed warbtawould then newly

identify some of the urcolonised area as suitable for colonising. Under thisage, the range edge

would move at the rate that the ratio of births to deaths improves, but plogulationgrowth rate

would remain above 1 at the range edge. Habitat selection can itself evolve during a range expansion

(Thomas et al. 2001jeed warbles could become less conservative in their habitat selection.

Immigration into the urcolonised area could increase without changeBiitain The first breeding

record for Scotland was in the far north, leading to suggestions that these pioneering birdeueay
come from growing Scandinavian populatiprether than the English populatio(Sharrock 1976)n

the 1990s, shortly after the Tay reedbeds were colonised, two Norwegigad reed warblers were
caught in Tayside in autumn, one of which in the Tay reedbeds themg&ubsrtson 2001)Some
Scandinavian bird species make more breeding attempts in Scotland after easterly winds during spring

migration(Harvey 2007; Thorpe 200AIso, some Scandinaviagimged reed warblesarrive in eastern
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Britain during autumn, especially during easterly winfB&ruce 2007) It is not known whether
individuals discovering potential breedihgbitat during autumn migration consider those locations

for future breeding attemptsEither way, an increase in the number of Scandinavian reed warbler
arriving inBritainin spring or autumn, due to an increase in the Scandinavian populationsedodu
change in wind patterns, could have caused an increase in the number of attempted colonisations.
However, much of the range expansion has taken place in the wésitafn, and so this scenario is

unlikely to have caused all of the range expansio

Finally, reed warbler is one of a group of species inhabiting eutrophicated water bodies that expanded
their ranges in northern Europe in the ®2@entury (Jarvinen& Ulfstrand 1980) over a time when
eutrophication increased in Eurofeatley et al. 2011)t has been suggested that eutrophication
caused a growth in reedbeds inr@pe in the middle of the 20century, causing an increase in reed
warbler populationgKarlssor& Ehnbom 2005)However, it is not known whether reedbed increased

in Britainover the 20" century. Reed warblabreed inMiscanthugBurton et al. 1999; Bellamy et al.
2009) whichcould haveincreased in extent. If reedbed discanthushas increased in the un

colonisedaresg, it could have alleed more immigration events.

1.4.3.7 Increased birtto-deathsratio as a cause of range expansion
¢CKSNBE INBE AS@OSNIf LXIFdzaAofS YSOKIyAayYa o6& gKAOK
by an increase in the potential bidho-deathsratio in the uncolonised area, leading to births newly

SEOSSRAY3I RSIGKad '€t 2F GKSaS LISNII jpopulaich LR GSy

growth rate has improved. | split these into abiotic and biotic.

wSSR g4I Nbf S Ngbwih ratd2coldddthavd hegnyincreased by climate change. As detailed

above, there are numerous known mechanisms by which reed warbler productivity is influenced by

Ot AYIFiSd ¢KS OfAYFGS RdzZNAYy3I NBSR 41 Nbf Srvilpd 06 NB S|
(Figure 1.7), and thereforbas changed in a potentially bengél way for reed warbler. Under all

future climate projections, reed warbler is predicted to expand its range in Bi(kanrison et al.

2003). Reed warbler in moving north and wests among a group of species that have changed their

range in a direction consistent with climate change. Generally species are moving in directions
consistent with climate change: poleward and to higher atens. The highest rates of range shift

are in geographical areas that have experienced the highest rates of waf@tieg et al. 2011)his

suggests that climate change is responsible for the range shifts of a large proportion ckhaftigeg

species.
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Figure 1.7. Estimated reed warbler breeding season temperature chari@g from 1968 to 2011 iBritain
(UKCPOQ9 data; Met Office 201'Hor each &m x 5 kmcell, the mean was taken dhe mean monthly
temperature for MayAug each year. A linear model was fitted wattmualbreeding season temperature as the
response variable and year as the explanatory variable. The coeffiidtiplied by 49 (n. years) is presented
representingthe estimatedtemperaturechange over the time period

It should be easier for reed warbler to track climate chang®ritain than elsewhere in northern
Europe. There is steepgradient in climatic variables Britain, especially in summeReedbeds in
Y2NIKSNYy {O02GflyRx tSaa GKFYy mnn YAfS&a FNRBY NBSHE
July temperature as areas of the Arctic coast of northern Scandinavia and Russi®080&iles
0S@82yYR NBSR 4 NbfSNDRa Odz2NNByid NIy3IS fAYAlD

An improvement irbreeding seasonlimate is not necessary for a range expansfonexample, ame
species areapidlyincreasing in the UK as their climate suitability decreg§Seeen et al. 2008Reed
warblerpopulationgrowth rate is influenced by climatic changes in its4boeeding rangéJohnston
et al. 2016) For examplenithe 1970s and 1980s, large areas of nrawug forests irthe west ofreed
g NDf SNRa 6AYUSNAY I NIy ISieyReNdl. 3R 3)RisizhroughydBcrebsBR dzO S R
survival, perhaps explains the loss of some of the breeding range core betweei72968 19881

in Britain (Balmer et al. 2013)Therefore, climate or environmental improvement elsewhere in reed
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g NDfSNRa NI y3IS O2dxd R KIS OFdzaSR (KS NIyasS SELJ
breeding range, then thatoalld improve juvenile and adult survival, increasingbeulationgrowth

rate acros®Britainand increasing the birdato-deathsratio in the uncolonised area.

There areseveralLl2 G Sy G AL+t 0A20A0 OFdzaSa 2F |y AYyONBFasS A
reedbed has increased in extent, it could increase the incidence of reed warbler in a landscape.
Considering the species with which reed warbler interact, it is not knetether reed warbler prey

species have increased or changed in distribution over the course of the range expansion. Sedge
warbler, with which reed warblecompete, has declined moderately in abundance in the core of reed

g1 NDf SNDRa& NI y B8meiét 3. QR 3; WeoBwand di al/2a18ywever, reed warbler is
R2YAYlF Yyl 2@0SN) AaSR3IS ¢ lpdabldtiGydwihyfaie isduglikeNId Save badn ND f S NJ
affected. Reed warbler is parasiid and predated by cuckoo, which have recently declined
dramatically in the south oBritainrz Ay Of dzZRAyYy 3 Y dzOK 2BEImeN& &IR2018)F NDH f S N.
However, brood parasitism of reed warbler increased steeply between the middle and [te 20

century, over a period when reed warbler was increasing in rdBgeoke & Davies 1987)lt is

therefore unlikely that an increase in productivity from reduced cuckoo parasitism could have caused
NESR o6 Nbf SNN& NI y Bbecdibuledfcith 2y > o6dzi AG O2dz R

| have outlinecseveraNBS | 42y &4 K& NBSR ¢l Nbf SNRA LRLzZ F GA2Y
the above mechanisms of increased population growth rate could operate by elevating births above
deaths in the urcolonised area. However, thepuld also operate by increasing the absolute number

of dispersers from the range into the «wolonised area.

1.4.3.8 Summary: range limitation and change in reed warblBritain

Reed warbler is an able disperser, suggesting it should be unlikbg ltmited in range by dispersal
distance; however, this depends on the relative rate of new availability of suitable habitat, which is
not known. There is evidence that reed warlslactively choose to avoid breeding in reedbeds beyond
the northern rangeedge inBritain, and conspecific attraction could prevent range expansion even if
RAZLISNEIE Aa KAIKD LG as8Sya dzytAal1sSte GKFEG GKS y2
S

_)\<'

the wintering grounds. It is not possible currently $o@ | £ dzf §S 6 KSGKSNJ GKS &A

wintering range limits the size of the breeding range.

There is widespread evidence that productivity in reed warbler increases with temperature, through

a range of mechanisms that may apply differently in dife locations. There is tentative evidence
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that productivity in reed warbler decreases with rainfall. There is no evidence that adult survival is
influenced by breeding season conditions; effects of breeding season conditions on juvenile survival

are unstudied. Breeding season temperature declines to the north and weBtitain, and so could

fAYAG NBSR 41 Nbf SNR& NJI y TBerelnké MEladishms (e.yf. indefebrat© A Sy
availability) by which habitat quality could limit reed wamni8 @nge inBritain, but no evidence either

way to say this is the case. However, habitat configuration (especially patch size but also connectivity)
appears more important than quality in determining reed warbldistribution: reedbed is sparser in

the north and west ofBritain, potentially too sparse to support a reed warbler metapopulation.
S5AaA0NAROGdziA2ya 2F NBSR g Nbf SNRA O2YLISGAG2NI aLISC
O2YLISGAGAZ2Y 2NJ LINBRI GA2Writhlh YAGAY 3 NBSR g1 NDf SN2

If dispersal rate is limiting reed warb{edange, range expansion could occur as reed warbler
equilibrates with its potential range, without any changes in dispersal or demographic parameters.

There are mechanisms by which habitat selection chalk changed to allow more of the potential

range to be occupied. There is evidence that an influx of Scandinavian birds into eastern Scotland

could have supplemented the range expansion. An increase in reedbed distributBsitaim could

have allowel a range expansion, but there is no evidence either way for this. The climate has changed
inBritainAy &dzOK | gt& |a G2 It 2 @ritddSliSsRuncértaiNihetBeNd NI
Ot AYIGS 2NJ SY@ANRYYSY ( -bieedDérangehSs asted inMBdy B indrdaséd £ S NI
NBE SR ¢ IpdpdiatichdidWn rate inBritain Apart from unknown potential changes in reedbed

extent or prey distribution and abundance, it is unlikely that biotic interactions have allowed range

expansionn reed warbler irBritain

Some of these mechanisms for the drivers of range limitation and change will produce distinctive
patterns in range change, dispersal and demographic parameteyexplained above,apticular
causes ofrange limitation make particulacausesof range change more likely.will attempt to
estimate reed warble® eange change, occupancy, demographic parameters and dispersal in space
and time and the relationships odome ofthese quantities with climate, in order to attempt to

diagnose the cases of range limitation and change in reed warlieBritain

1.5Thesis structureand methodologywverview

The structure othis thesis is as follows. | witlstimatereed warblef2 éange change and occupancy
(Chapter 2)dispersal (ChapteB) and demographic parameters (Chaptdy in Britain, in order to

evaluate support for different hypotheses for causes of reed wa€bliange limitation and change in
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Britain | do this primarily using large volunteecolleced datasets on reed warblén Britain held by

the British Trust for Ornithology (BT.@jird Atlas, the Breeding Bird Survaepdthe Constant Effort
(CES), Nest Record (NRS), and Ringing SchEmess include datasefeom which one can estimate
occupancyBird Atlas BBS CE§ productivity CESNRS, survival CE$and dispersalQES; Ringing

Scheme)

One of the key methodkuse for estimating reed warbler occupancy and demographic parameters is
hierarchical model In hierarchical modelghe realisation of a random variable at one leiethe
parameter of another random variabléhe level below Much of the variation in the datass | use
arises from (knownyariation inobserver effort by modeling processerror and observation error
separately hierarchicalmodels can account for these types of error separataljowing for more
accurate estimation of quantities of intere¢Kéry and Schaub 2011Additionally, this flexible
modelling approach allows fdvespoke complexlikelihood definitions, allowinditting of custom
survival models andhtegrated population modelgIPMs) IPMs combine datasets to allow more
accurate estimation of demographic parameteasid also estimation of latent parameters which
cannototherwise be estimated directlykinally, | aim to understand how reed warbler demographic
parameters, and their relanships with time and climate, vary in spatthereforefit the models in

a Bayesian framework, for pragmatic reasons: it is easier to fit large hierarchical models with many

parametersor spatial random effects this framework than in a frequentisepadigm.

The second main modelling approach | use is individaséd models (IBS). IBMsallow the
simulation of large numbers of agents (arglividual animalg givenparticular ruleqe.g. survival
rates, dispersal movements, numberaiffspring producedabout their behaviourl designan IBM

of the British reed warbler population, with whiéh further investigate theelative roles of
demography and dispersal iange limitation and change in reed warbleHritain. This IBM is
strudured and parameterised according to autecological information from the literature and from
the previous chapterddow reed warbler shortlistance dispersal takes place, and its parangter
are poorly known| thereforecarryout i g 2 & Sieldwark/(@hapter 3)to inform the
characterisation othis processn the IBM.I create a reedbed map of Britairom remotely-sensed
data (Chapter 5n which to run the IBMTo make this map, a machine learning classification model
is trained on Setinel-2 data; this model is predicted over Britain and then validated in the fldid.
Methods for the IBM are presented the Appendix, and preliminary results are presented in

Chapter 6. Additionally in Chaptel 8ynthesiselte information from Chagtrs 25 to evaluate the
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role of dispersal in range change in birds, and discuss the implications for the field and for future

research.
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2. Range change iBurasiarreed warblerAcrocephalus scirpaceus

2.1 Abstract
In this chapter I stugéd i KS LI GG§SNYy&a 2F NBSR 46 Nbf SNRa NI y3S

N>

down potential causes of range limitation and change in the spe@esupancy is strongly related to
temperature,suggesting that climate sets up the range limit directly or indirectly. Occupancy is much

more strongly related to temperature in the current year than in the previous year, suggesting that

climate sets up the range limit through behavioural choices,aiathan through demography. Reed

g1 Nbft SND& NI y3IS SELIYRSR Ay || &AYAfIl N RANBOGAZY
Of AYIGS OKIFy3S KI a Liangeelpansibn. AtBoagh thektgmpearakude df reed JS OA S :
g1 Nbf S NI a diddotyietidaseSored time, the velocity of the range edge was slower than the

velocity of the far edge of climate spacie frequency obccupied hectads at the cool edge of reed

g1 Nbf SNDa& dedremséd dirfg aspedoddtrapid warming, amtiyaecovered slowly during

climate stasis. This implies that reed warbler lagged behind its climate space, suggesting that the

species is disperséimited during rapid climate change.

2.2 Introduction

¢KS addzRé 2F aLISOASaQ IS23aINILKAOIE NIy3Sa Kla O2
opportunity and necessit{fGaston 2003)Large, longunning spatial datasets on species occurrence

and abundance have proliferated in recent years, as haveats tvith which to analyse thefPimm

et al. 2015) providing the opportunity to test predictions from spatial ecology. As anthropogenic
environmental change progress@®CC 2014; IPBES 2018any spe@s are responding by shifting

their ranges, and their conservation partly depends on our ability to predict those gpétd et al.

2017)

Globally, many species are shifting their ranges in directions consistent with climate ¢dregeet

al. 2011; Pecl et al. 2017%ecies are typically shifting their ranges at rates sufficient to track
temperature change (median 16Jm poleward and 11.0n uphill decadd; Chen et al. 2011)

However, the nature of the range shift varies greatly between species, with some species failing to

move in the direction expected due to climate change, or moving in the opposite dir¢btainet al.

2012) Furthermore, many species move with climate change, but lag behind their climate space
(Tayleur et al. 2015; Pecl et al. 201These idiosyncratic responsegy be due to variation in

dispersal abilities, abundance trends, environmental tolerances and local geodtdititey al. 1999;
Mairetal.2014% ! f 482X | & YIyeé &aLISOAS&Q NIGASHS2009)theds € A YAl
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wemight SELISOG GKS STFSOGa 2F OftAYFGS OKFy3aS 2y &LISC
through other speciesdepending on théime-scale of these caades(Suttleet al.2007)

¢CKSNB I NB aSOSNIft L) I dzaAofST LI2aarofte AYdSNI OlAy
(see 1.4. To narrow these downin this chapterl analyse reed warblenccupancy and climate to

answer three questions about the mechanisms of range dynamics in this species. First, by analysing

the relationship between climate and reed warbler occupanaydluate whether climate setsp

NESR 61 NbfSNDR& NIy3aS fAYAGD {SO2YyRZT 06& Wil YLI NRY
AL GAFE LI GGSNyYya Ay OfAYIGS OKFry3aSs L S@LtdadS ¢
range expansion. Third, mpmparing the velocity of #1range edge to the velocity of the edge of

suitable climate space, and lexamining the shift in climate space occupied by reed warbler over

time, | evaluate he extent to which reed warbler has successfully tracked its climate space.
Additionally, Igenerate estimates of range shift velocity to compare with estimates of dispersal rate

and distance (Chapter 3) for additionalinsighy i 2 G KS NRBf S RAALISNALFf KI & LI
change.Overall, this chapteaddresses the role of climate and dispersal in reed wafbkange

dynamics.

2.3 Methods

2.3.10ccupancy and climate

2.3.1.1Dataandmodellingapproach

Ly 2NRSNJ (2 S@Frtdzr S 66KSGKSNI Of hoddled @ed av&rtiled dzLJ N&F
occupancy as a function of climat®eed warbler captureldi I F N2 Y CESKege usedfdr Q &
occupancy dataUnder the CES, volunteers operate multiple mistis after dawn according to a
standardised methodology (Robinson et al. 2009),rd\v@ visits at approximately iday intervals
across the breeding season. Mistt locations are kept the same and habitat is managed in order to
prevent capture probability changing. A large number of sites are run every(yeaslian 92 over
dataset usedhere), with some sites running for long periods (more than 25 yedrs)s scheme
produces capture data and parallel effort data. Data were used from the initiation of the scheme in

1983 until 2014.
Occupancy was modelled with a hierarchical structureéhan observation error component and a

latent ecological process component (see 1.5). All models assumed that the underlying demographic

parameter varies with a covariate (year, temperature or rainfall) according to a slope and an intercept.
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There is expected to be spatial autocorrelation in occupancy, for example due to dispersal or
relationships with spatially autocorrelated ecological varialfésale et al. 2010)This means that

data from closeBfocated sites are likely to be néndependent. incorporated this structure into the

model as a spatial random effect, with each level of the random effect corresponding to a 100 km X
100 km gridsquare | used this scale as a trad& between flexibility and the number of data
contributing sites pegrid square Each level of the random effewBs correlated to the levels around

it (intrinsicconditional autoregresive modelBesaget al. 1991) The variation betweegrid squares

was determined by a term estimated by the modehedOspatial random effectvasadded each for
occupancy and its slope with a given covariate. The spatial discretising of the random effects presents
additional advantages by allowing estimation of occupancy, and its slope with covariates, for each grid

squae acrossBritain(e.g.Saracco et al. 2010)

2.3.1.2 Technical details of Bayesian modelling

Models were fitted in a Bayesian framework; details of the Bayesian modelling in this chapter and in
Chapter 4modelling of demographic parametere described here. For inference, the models used

Markov Chain Mote Carlo sampling (MCMC), which explores parameter space according to the prior
probability and the likelihood of the data in order to sample from the posterior probability. With

enough MCMC samples, the frequency distribution of MCMC samples matchesoseriqr

probability distribution, which can then beummarisede.g. with a mean and credible interval) for

each parameter in the model. To assess confidence in the posterior probability distribution this
process can be carried out independently sevekartSax | yR (GKS (N} OS& O6KSNBI -

of MCMC samples can be compared.

MCMC chainsnaytake many iterations to arrive from an initial value to a stationary distribution. In
order to solely focus on the posterior probability distributiomlidcaraed the first set (e.g. ®00) of

al al &l YLX Sa OAKYSONBT Till /6 8lJ weib daRd/ férA egtithatirig Shie posterior
probability distribution. The MCMC samples should be relatively independent, and so in order to
minimise autocorrelationn the MCMC chains | retad only one in every six samples from each. For
each model | ran three independent chains, and assessed their convergence by eye and using the
GelmanRubin statistic, Rat (Kéry and Schaub 201 Rhat compares the withinand betweenchain
variance; if Fhat was below 1.1 for a given parameter then | assumed that the chains had converged
on the posterior probability distributiofe.g.Kéry and Schaub 201T)he length of the total sampling

and the length of the burin were adjusted such that all pi@nvergnce sampling was in the burn

in, and that the chains had long enough to adequately explore the posterior probability distribution
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after convergence. Large models ran slowly, and so the length of the total sampling was set to be no

longer than necessary.

In a Bayesian model, the prior probability (i.e. a probability distribution and the values of its

LI NI YSGSNET KSNBI FUSNI WLINA 2NDRO NBLINBaSyd GKS LIND
for each parameter to be estimated in the model. Thignsopportunity to input prior knowledge

Fo2dzi F LI NI YSGSNDAa SELISOGSR gLt dS Ayidz (KS Y2R
expected value, then priors must be left vague (i.e. as close to uniform as possible over the range of
potential values) However, if there are few data, then completely vague priors can encourage
exploration of nonsensical parameter space. In my modelling | aimed to use uninformative priors

where possible. However, sometimes priors had to be more informative to avoid cahgroblems;

these cases are identified in the text.

Due to the large number of parameterssiamemodek (especially the IPNM Chapter 4), and the fact

that runtime can be slow for large Bayesian models, | fitted one model for each covariate: year,
temperature and rainfall. Although both temperature and rainfall followed trends over the survey
period (Figuret.3c & d), neither has done so monotonicallyear and climate will therefordiffer in

their covariancewith demographic parameterBy comparing the estimated relationship of reed
warbleroccupancy odemographic parameters with year and climate sepahgtl can infer whether

an apparent relationship with climate is a real one (resulting in a stronger relationship with climate
than with year) or if it arises from a spurious relationship with an unknown ecological variable that

has followed a trend ovearme (resulting in a stronger relationship with year than with climate).

Models were fitted in WinBUGS from(IR CorelTeam 2018)usingthe package R2WinBUGRurtzet
al. 2005)

2.31.3 Occupancy and climate: model details

Sites were defined as being occupied in a year if at least one adult reed warbler was captured on at
least one of thel 2 visitsof thatyear254a A 1 S& ¢ SNB ( Kdzda W2 ODaafBeRQ Ay |
the dataset Being a binary variablehé obsered occupancy of a site was assumed to be Bernoulli

distributedwith parameter<(equation 2.1)For sitei in yearj,

Arx 0 Qi _&; Eq. 2.1
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The logit of<was assumed to be the product of the true occupancy and whether the CES site was
operated on any visits in that yeaff (equation 2.2) The true occupancy was assumed to vary across

a global intercept according to a spatially varying tremdainst thecovariate year, temperature or
rainfall)with slope’ 1 localintercepti and random annual residual Random effects and+ were

spatially discretised by 100km x 100km gudare (identity gridid). For sitd in yearj

1T CEO | 1 Fo WE L DI FROO VQQ Eq. 2.2

Preliminary analysis showed that the global interceptould be given a reasonably vague prior, and
so was assumed to be drawn from a normal distribution with m@glbeing on the logit scale) and
precision (1/variance) 0.001. Being a slope paraméteras assumed to be drawn from a normal
distribution with mearD; preliminary analysis showed thitneeded a more informative prior, and so
was given a precision of 0 Xalues of the precision of the random effects and® had to be drawn
from positivdy-skewed positive real numbers, amgere therefore drawn frongamma distributios.
The precision of these random effects needed relatively narrow priors: thus all three wereshaesn

parameterl0 and rate parametet.

The presence of reed warbkeat a site could be influenced by breeding season climatengrer two

non-exclusive scenariogirstly, reed warblersiightonly occupy a site if the climate is suitable. This

g2dzZ R LINPRdzOS | NBfFidA2yaKALl 0 Sclinme S¢gcody,OéedzLI y O@
warbler demography could be a function of climate: for exampteductivity might be higher in a

warm year Climatelinked demographyvould then only influence occupancfghrough recruitment

and survivadl the following year. Therefore, thisecond scenario would produce a relationship
0SG6SSy 200dzLJ yOe& | yR Twk @scdraNaBngekretivzse twhd Sderdiidgiandf A Y I
ascertain the mechanism through which climate may influence occupancy, | mmbdels for

200dzLdt yO&s SIOK sAGK 2yS 2F (GKS F2tt26Aay3 020 N
temperature;O dzZNNB y i & S| ND& S Nhidayf yebrf t T LINS A 2 dz&

UKCPQ09 datéVet Office 2017)were used for temperature and rainfall (see Figuread& b for

summary maps): monthly 5 km x 5 km data were summarised annually (mean for temperature, total
F2NI NFAYFEEE0 20SN) 0KS YIFAY Y2y diMdust)?ahd exiBeR 6 | ND f
for eachCESite.All covariates were scaled to mean 0 and standard deviation 1 to ease model running

(Kéry and Schaub 2014nd allow comparison of slopes between covariates.
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2.3.2 Range change

Next, | described patternsin$eR ¢ NDf SND& NI y3IS SELN yaidcimae (2 065
change,tosS @I f dzr 6S 6 KSGKSNJ Ot AYIFIGS OKFy3aS YI @dankKl @S OF
the extent to which reed warbler has successfully tracked its climate spageS 8 ONA 6 S NBSR 4|
range,l used reed warbler presence/absence data from thé hBix@AtlagBalmer et al. 2013)or

the Bird Atlas, fieldwork was carried oover three different survey§19681972; 19881991, 2008

2011), in order to estimate the presence or absenckiaf species in as many as possible of the 3984

10km x 10km square® K S NB | T () 8difainkng Bl irBritRi) Ireland, the Isle of Man and the

Channel Islands, in the period Aphily. The aim was to produce complete bird species listsaoin

square. Fieldwork methods varied slightly between survey periods, and lists were supplemented with
records from other contemporary surveys. The proportioheftadsassessed as being surveyed well

was high, and differed little (89:92.3%), betweerBird Atlassurveys(Gillingset al. 2019) The level

of survey effort in Bird Atlas is much higher than in similar nationwide surveys of other taxonomic
groups inBritain (Mason et al. 2015)However, coverage was consistently lower in the central
Highlands and nortlwest Scotland in all periods, especially in 1:9881.: it is more likely thateed

warblers present here would be incorrectly classed as absent than elsewh&etain

Range change can be considered in two broad ways: change in the central tendency of the range, or
change in the range edge. Range change can be estimatedniy diferent way<Yalcin& Leroux

2017) Central tendency was estimated by taking the mean eastings and mean northings of all
occupiedhectads for a giverBird Atlassurvey When estimating change in range edge, many studies

focus on movements in the polewartjuatorward dimensior(e.g. Mason et al. 2015)However,

many species are moving in other directiq@hen et al. 201), and different parts of the range edge

can move in different direction&illingset al. (2015)adaptedThomas& Lennon(19990 & YS(i K2 R ¥ 2
estimating poleward range margin shifts, and generalised it to estimate range margin shifts in all
directions. The authors applied this to Bird Atlastimating rangenargin shifts between 19881 and

200811 for 122 species. | appdithis to reed warbler to estimate the range margin in 1968 1988

81 and 200811 as follows. From the 19682 range centroidn Britain a linewas defined atbearing

000 (i.e. north)to an outer point 10000km away. The 20 hectads occupied by reed warthlat are

closest to the outer poinivere identified, and the mean distance from the 1983 centroid to those

hectadswas calculated. Thiwast { Sy & Iy AYyRSE 2F NBSROCgandND f S NI &
was repeated every 15° up to 345° to give a multidirectional index of the range edge. Applying the
alYS YSGK2R (G2 NBSR g Nbf SBitdAHasir@e@sdibdedesimaiOi I Ra

of the rate of shift of the range edge in the intervening periods. In some directions, the range edge
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was often already at the coast and so thexas no capacity for range expansiofogivea simple
multidirectionalindex of capacity for range expansjdine method for identifying the range edge was

repeated, but identifying the 20 outermost land hectads, regardless of reed warbler occugdsion.

only deviations fronGillingset al.(20150 & YSGK2R&a 6SNB (2 dzaS LJzNB LINB
used additionalisit data to account for variation in effort), to estimate also the range edge for-1968

72, and to present the results for an individual species.

CES BBS
a) b)
o _| o _|
w o Site operated, 0 REEWA caught 0 © Min 1 visit, 0 REEWA recorded
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8 8
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Figure 2.1CES captures){and BBS observations) (of reed warbler in northern England and Scotlah@83
2016 CES data were only retrieved up until 2014; the BBS scheme began in 1994.

BirdAtlas datagiveussnapK2da 2F | &LISOAS&Q NI gk@aSnsighiicould L2 Ay U
be gained bstimatingt & LJS OA S aannudlly iy’ dld8r tdf, far exariiple: analyse covariates of

the annuallocation of the range edge; to analyse how demography or dispersal vary as a function of
distance from the range edge. Bo#imalysesvould provide evidence for particular causes of range

limitation or change. Preliminary data exploration was NNA SR 2 dzi F2aNduali g2 27F
demographic monitoring datasets well suited to this: tDE&nd theBBSNobleet al.2001) For the

CES sites in northern England and southern Scotland where reed vganblexr been frequently

caught, most already had reed warldgoresent in their first year of operation (Figul). It 5

therefore possible that reed warblswere present at these sites before operation began. Of the BBS

sites, only one had more thahree@ SI NEQ O2y aSOdziA @S NBSR g Nbf SNJ
covers a wider range of habitats than CES, and thezefopotentially more susceptible to passage

reed warblesthan CES sites (Figu2dl). Therefore for both the CES and the BBS datasets, it was not
possible to identify the year of colonisation for enough sites to robustly estimate the location of the

range edge in a given yeaand this avenue of analysis wiaagrefore not pursued
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2.3.3 Climatechange
ToS@F tdzr 1S 6 KSGKSNI Ot AYF({S OKFy3aS YlIeé& KI@S OF dza SF
to which reed warbler has successfully tracked its climate space, | stisechapatial patterns of

climate change between the Bird Atlas surveys.

¢2 O2YLI NB alLlSOASaQ NIYy3aS aKATIIaGilingset ¥dZ0iBR RA NS O
compared the range edge shifts, and range centroid shifts, to climate space centroid shifts. The
authors took the entroid of the climate space (between #.5nd 97.%' percentiles of temperatures

of all occupied hectads) occupied by a given species in the first period, and computed the vector to

the centroid of the same space in the second period. However, as redwiaS NRa Of AYF GS &L
northwards inBritain, novel warmer climate space in the south is still suitable for reed warbler (being

still cooler than most of the European breeding range). | therefordenthe samecalculation,but |

defined climate space as all temperatures above the™p@ercentile of the 196&2 hectad

temperatures, in everird Atlassurvey | calculate the climate space centroids from this.

In orderto compare range centroid shift wittlimate space centroid shift, and to compare range edge

shift with climate space edge shifestimated a multidirectional index of the distance to the cool edge

2F NBSR 61 Nbf SNR&a Of AYLFGS &Ll OSGilingset alRPIBATIIE G KS Y
was carried out using the same method used to define the indices for range edge and capacity for

range expansion; here | defined the cool edge of climate space (in each bearing) as thestazene di

to the 20 most distant hectads in that direction with)temperatureabove the 2.8 percentile of the
temperatures of hectads occupied by reed warlitet 96872 hectad and b)altitude below the 97.5

percentile ofthe altitudes ofhectads occupied by reed warbler in aBird Atlassurvey(to exclude

warm areas imon-lowlandhabitatsunsuitable for breeding reed warblei repeated this for each of

the Bird Atlassurveys

To understand how successfully species have responded to climate change, it is important to describe

their movement in climate space as well as in geographical sffangeur et al. 2015)irstly, to

compareNB SR ¢ IchaiigésSrNdvdate space with changes in geograpbjmate | produced

histograms of the northings and temperatureafcupied hectads in each Bird Atlas sun&scondly,
asasummaryoll KS LR AaAAGA2Y 2F NBSR 4 ND tafndzdthe pay 3S SR
breeding season temperaturef the 20 most distant hectads north dfie 196872 centroidin each

Bird Atlas surveyThirdly,| also preserdd the frequencyof occupied hectads with mean breeding

seasonil SYLISNI (dzNB 06St2¢ wmn/ X (2 &adzYYFNxA&asS NBSR g4I N
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edge.As in 2.3.1, | used UKCPQ8et Office 2017)monthly mean temperature at 5 km x 5 km
resolution to characterisdl 3 S R ¢ klin@itd sfadQFor each year of tineee Bird Atlassurveys

| took the mean of these monthly temperatures across Magust (the main months of reed
g1 NDf SNNA& od)NaBdSHeri tgoH theLid@ahTacross all the years af Bird Atlassurvey

2.4Results

2.4.1 Occupancy and climate
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Figure 22. Modelled relationship between climate and occupanayc): red dashed line describes the global
relationship; black lines describe the relationship for each k60x 100 kmsquare containing a data
contributing site.The estimated precisiaof the spatal random effects are very high (little estimated variation
in occupancyor its slope with covariateacross the studgites), so the black lines for each 100km x 100km
square are very tightly clustered under the red dashed Inel): points show the da-contributing CES sites.

For all five model runs, model was updated 10,000 times, of which aibwet of 5,000 samples was
discarded. After this burm, values of Fhat were below 1.1 for all parameters, and chains had visually
convergedTherewas a very strong relationship between occupancy probability and mean breeding
season temperature (Figures 2.2a, 2.4). Modelled occupancy was close to zero b¥lpwriBclose

to 1 above 14.8C. There was very little spatial variation in this relatiopshit 100km x 100km grid
squares in the far north and west of the range had a slightly steeper positive relationship between
occupancy and temperature (Figure 2.2b). There was a much weaker relationship between occupancy
probability and the temperature ithe previous year (Figure 2.4). Occupancy probability seemed to

increase with total breeding season rainfall (Figure 2.2c); however, the credible interval of the global
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slope overlapped with zero (Figure 2.4). This relationship varied little acrossmtye, f@erhaps with
a steeper relationship in the north and west than in the south and east (Figure 2.2d). There was no
relationship between occupancy probability and the total rainfall in the previous breeding season: the

credible interval for the globalgbe overlapped with zero (Figure 2.4).

Occupancy probability increased slightly from 1983 to 2014 across the breeding range (Figure 2.3a);
however, the credible interval of the global slope overlapped with zero (Figure 2.4). There was little
variation inoccupancy across the range (Figure 2.3b); however, occupancy was slightly lower in the
north and west, and there was a hint of a slightly more rapid increase over time in the same area
(Figure 2.3c).
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Figure 23. Modelled change in occupancy over tinag.red dashed line describes the global relationship; black
lines describe the relationship for each 1Rt x 100 kmsquare containing a dateontributing site; points
represent the mean relationship plus tlaanud residual.The estimated precision of the spatial random effects
and the random effect for yeas very high (little estimated variation in occupanoy its slope wittime, across
the studysitesor away from the time trend) so the black lineand poirts are very tightly clustered under the
red dashed lineb, ¢): points show the locations of the dataontributing CES sites.

2.4.2 Range change

From 196872 to 198891, reed warbler colonised much of Wales and northern England (Figures 2.5,
2.6). This was contemporary with a thinning out of the range: although the range increased
considerably in extent, the overall increase in occupied hectads was just 1.0% (Table 2.1). Thus the

range edge moved almost 10 times faster than the centroid over thieghérange edge 6.2 km year
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centroid 0.7 km yeat). The maximum change in the range edge over this period was more northerly

in direction (Figure 2.7) than was the change in the centroid (Table 2.1).

Time-

Temperature (t-1)-

Temperature-

Variable

Rainfall (t-1)-

L ]

Rainfall-

O—=-=-q-=----"g@g~- """ —" """ ="-—-—g-=-—=-==-fF---

5 10 15
Coefficient of relationship with occupancy (95% CI)

Figure 24. Forest plot ofcoefficientsof relationships between occupancy and climate or y&ar each model
run with a given variable, the estimateits global slope!(in equation 2.2ith occupancys presentedpoints),
with 95% credible intervalghars) Covariatesare scaled to allow comparison.

Between 19881 and 2008L1, reed warblefilled outmuch of its range (Figus.5, 26), with a 35%
increase in the number of occupied hectads (Table 2.1). The main expansion of the range edge was
northwardsinto Scotland, but there was alsm axpansion in the soutwest of EnglandFigure 27,

solid green ling)using up much of the capacity for expansion th@igure 2.6)Between thdatter

two Bird Atlas surveys, the centroid moved twice as fast (1.3 knm'year between the first two
periods, but the maximum change in the range edge was much lower than between the first two
periods (3.6 km yedr Figure 7). The maximum change in thenge edge was just east of norher

this period whereas the centroid moved in a similar direction to the previous shift, west of et

(Table 2.1).

Table2.1lal 3y A(GdzRSET RANBOGAZ2Y |yYyR RAaAGIYOS 2F NBSR ¢l NbtS
between Bird Atlasurveys

19681972 19881991 20082011
Number of occupied hectads 775 790 1087
Change in occupied hectads 15 297
Change ircentroid 13.1 km, 302.3 26.1 km, 307.8
Maximum change in range edge 120.3 km, 345 71.0 km, 018
Change in centroid of climate space 45.2 km, 337.3 12.6 km, 339.6
Maximum change in climate space edge 172.2 km, 000 22.7 km, 318
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Figure2.5. Reed warbler range centroids, range limits and potential for expansion over Birdétlassurveysin Britain. 196872; 198891, 200811. Green cells denote
hectads occupied by reed warbligr eachBird Atlassurvey Black points mean eastings and northings of occupied hectads. Solid lines link, for €adlerginent from G
345, the mean location along that axis of the outermostHrtadsoccupied by reed warblefThe equivalent margifor outermost 20Bird Atlas hectads, regardless of
occupancy statuby reed warbleris shown with the dashed lines (same in all years).
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Figure2.6. Reed warbler range centroids, range limits and potential for expansion over Birgétlassurveys

in Britain: 196872; 198891; 200811. Colouredines link, for each 1Bncrement from 8345°, the mean location

along that axis of the outermost 20 occupied hectads (RL, solid) or climatically suitable hectads (CL, dashed) from
each Bird Atlasurvey Coloured points are mean eastings and nargjs of occupied hectads from each Bird

Atlas survey(colours same as RL and CL). The equivalent centroid and margin (LIBiaf Allas hectads,
regardless of occupancy stathg reed warbleris shown in black.

2.4.2 Range change and climate

The climate warmed over the period from 1988 to 200811, generally with a higher rate of warming
in the south and east ddritainthan in the north and west (Figure&. In 196872, 97.5% of hectads
occupied by reed warbler had mean breedseason temperatures warmer than 132 (Figure 3).
The largest area of land that newly became above T3.@ver the study period was in noréast

England (Figure &).
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Figure 27. Annualchange in reed warbler range limit (Rblid ling and potential climatic limit (Cdashed ling
betweenthree BirdAtlassurveys (1968 2; 198891; 200811)in Britain. Lines show difference in km in RL or CL
(see Figure 2.5) between the first asglcond surveys (orange), or between the second and third surveys (green);
distances divided by the number of intervening years between the pairs of surveys to give annual change.

The rate of movement of climate space was much greater from-72a® 198891 (Figure 27, dashed

orange linelthan from 198891 to 200811 (Figure 27, dashed green line)As the climate warmed

from 196872 to 198891, reed warbleR @orthernrange edgalid not keep pace with the movement

of the far edge otlimate space (Figus2.6,2.0 ® wSSR g | adrdiddhetdicie mbed63%6 O

slower (0.7 kmyeddt (GKIFy GKS OSYUNRBAR 27F NBSR; TableRR) SNDa
lfa2s GKS OSYGNRBAR 2F NBSR 6FNbBfSNRa NI y3asS Y205+
NESR 61 NDf SNaver thi©fehonTaie® 1% L& 05 Y2 9SYSyti 2F NBSR st
was 30% slower than the movementoftedS RIS 2F NBSR g Nbf SNRa Of AYI
of the maximum change in range edge was intermediate between the change in theidearid the

far edge of climate spacéTable 2.1)From 198891 to 200811, warming slowed and the rate of
Y2@SYSy il 27 NiSRge@iguNzr sBINDréen lineaind centroid were faster than

the rate of movement of théar edge(Figure 27, dashed green lineand centroid of climate space.
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Figure 28. Estimated temperature changé€Q) during reed warbler breeding season from 1968 to 2011 in
Britain. For each &m x 5 kmcell, the mean was taken of the mean monthly temperature for May each
year. A linear model was fitted widinnualtemperature as the response variable and year as the explanatory
variable. The coefficient multiplied by 49 (n. years) is presented.cDostare presented for 133€ (2.5"
percentile of temperatures of hectads occupied by reed warbler in Z85or all areas with altitude less than
220m (97.9 percentile of altitudes of hectads occupied by reed warbler in any Bird Atlas sufwethe first

and lastBird Atlassurveygfor the mean temperature over each 5 year period).

l'f K2dZAK NBSR g Nbf SNRa y 2 NI Krahear edde gfBliatéSsRageS R A R
(Figure ), reedwarbl®&d NJ y3S SR3IS YI Ayl A yiénReratuiesiatred@ a A (G A 2 y
61 NBf SNDRa Y2NIKSNY NI}y3s SRIH. Hewerr tfefeiuedcyoONB F 4 &
occupied hectads at the cool edge of the rangg4(€) decreasedsubstantiallyfrom 196872, and

only partially recovered by 206BL (Table 2, Figure 2). The mean temperature dfectadsoccupied

by reed warbler increased by 0.%7 betweenl96872 and 19881, and by 0.0% between 19881

and 200811 (Figure @).
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Table22./ f AYFGS OKI NI} OGSNRaGA

Oa 2F NBSsuveys Nt SNR&a NIF y3S

19681972 19881991 20082011
Mean breeding season 13.5°C 12.9C 13.0°C
temperature, 20 mostistant
hectads north of 19682 centroid
Number of occupied hectads with 235 47 101
mean breeding season temperature
below 14C (Figure 2.5)
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Figure2.9. Reed warbler in latitudinal and clin@space irBritain over three Bird Atlassurveys Each panel is
the histogram of latitudes or mean breeding season temperature of all occupied hectads in that year (red dashed

line = mean).

54

1



2.5 Discussion

2.5.1Reed warbler range limitation

Reed warbler occupancy was very strongly positively related to current breeding season temperature.

This relationship was much stronger thtde relationship between occupancy and tirnguggesting

that the relationship with temperature was genuine, rather thansing from covariance with a latent

variable thatalsofollowed a trend over timeA similar strong positive relationship between reed

warbler presence and temperature was found near reed watbi@r O2 2t NI y I(GirkkdlR IS Ay
et al. 2005) | found thata step-change in occupancy probability occurred between 13 ari@ 1which

Ifa2 RSTAySa GKS O22f SR3IS 2F 200dzZLIASR . ANR ! Gt
breeding range irBritain is imposed by climate, directly or indirectly. The relationship between
200dzLd yOeé IyR GKS OdaNNByidi oNBSRAy3I aSlazyQa GSYl
0SG6SSy 200dzLJr yOe IyR (KS LINB@gAz2dza oONBSBAYy3a &as$s
g NDbf SNDa NI y3aS fAYAGD Aa AYLRASR (KNPrddHcKvityOf A Y I § &
and survivafrom the previous yeabeing climatelinkedd wWSSR 6 Nbf SNDRa NI y3IS A
generated by insuffient dispersal into the ugolonised area, rather than by deaths exceeding births

in the uncolonised area.

Although the range limit is ultimately caused by current climate, it is not clear whether this is a direct
effect of current climate, or an indirect effect of another factor itself affected by current climate. It
could be that reed warbler survival is pibgtly related to temperature, and reduced occupancy arises
from higher mortality below a given temperature. The temperatures reed weasl@gperience in
spring at the cool edge of their range are the coolest they experience over their entiogdife §ee
Figures 1.5,1.6). However, most species survive far beyond the edge of their r@Bgston 2003)so

it is unlikely that climatdinked mortality is causing the range limit for reed warbler. This will be

explored more in Chapter 4.

Reed warbles dependon stands of reedor breeding. Reed growth rate, growing season length and
maximum height irBritain are strongly positively influenced by temperatujidasiam 1972)Reed
emergence is delayed by cold or dry spring weather, and is prolonged by spring frosts. Reed below a
constant temperature of 1% takes much longer to achieve a suitable height for readbler nesting

than above 14C(Vafidis 2014)Therefore atsites with low temperatures, reed warbkemightarrive

early in the season, perceive the lack of reed growth for a given day length, and move on before
attempting to breed. The suppressive effect of dry weather on reed emerggtaesglam 1972yould

also explain the nosignificant but positive relationship between breeding seastinfall and reed
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warbler occupancy probability. However, eanlgsting reed warbleydo occasionallyest in dry reed

0SF2NBE (GKS OdaNNBy il a@.y Haugkael al. 2008 peihips felatively @elvA £ I 6 £ S
individuals do this, with enough of an effect to influence occupaRayther investigation would be

required to ascertain whethereed warblers do not occupy cold reedisdzecause they choose not

to attempt to breed in a reedbed it appears too coldi.e. a behavioural choicedr because they

cannot breed there because thghenology of the reed there is not advanced enough fottings

2.5.2 Reed warbler range expansion

Reed warbler expanded its range northwards and westwards between-13&hd 2008L1. As for

many other specie@Mair et al. 2012Brommeret al.2012) itsrate ofrange change varied over time:

the range change was slow at the centroid and fast at the range edge betweef/23681 19881,

and fast at the centroid and slower at the range edge betwee8B® and 2000 M ® wWSSR 4 ND €
poleward shifts in the range edge (5.1 and 3.5 km Y)eare considerably faster than the average (2.3

and 1.8 km yeat over two recent intervals) poleward range edge shift found in a study of birds,

butterflies, macrom¢hs, dragonflies and damselfliesBmitain(Mason et al. 2015)

Although, likemany other specieqPecl et al. 2017eed warbler shiftedits rangepoleward, there
was also a strong westward element especially in the range centii@donsider only the poleward
shift would cause underestimation of the magnitude of the shift, by 47% and 17%- 729681988

91), or 39% an8% (19881 to 200811) for the centroid and range edge respectively. The vectors of
the centroid shift and the maximum shift in the range edge were in different directions: the latter
generally more northerly. Together they gave a faithful descriptiothefoverall range shift that

neither could give well on its own.

As Britain warmed, the area climatically available to reed warbler moved generally northwards
between 196872 and 2008L1, especially between 1968L and 198®1. Reed warbler generally

SELI YRSR A& NI¥Yy3IS Ay (GKS RANBOGAZ2Y 2F ySgte | O
range expansion has been caused by climate change. Interestingly there was a range expansion into

the southwest of England in the second interval, into area that had already been climatically

suitable since 196&2. Thisould be due to dispersal limitation, asdggests that the causes of range

expansion in reed warbler may even differ witl@ntain

Although the range edge was not able to match the velocity of the far edge of climate space, the range

edge did not warm over time. The apparent conflict between these two measures may be because
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temperature does not decline monotonically towards the ety NB SR 41 Nbf SNRa LR
space (Figure 2.8). While some climatically suitable butalonised land lies well beyond reed

g1 NDfSNNR& NIXy3dS SR3ISST GKSNB A& -dlbnisadHaiidiadd réefl @ dzy &
g1 NDf SNNR& KNENEFS NERINBS RE 61 Nbf SNDRa NI y3IS SR3IS Ol y
0Kdza WGOGNFX O]l OfAYIFGS OKIFIyYy3aSQO ¢AlGK2dzi feAay3a Fd 0
climate space. The relative geographical location of the far edge of elisgEice can instead be
considered as a measure of the extent of climaticaitgilable but urcolonised land. However, the
geographical location of the edge of climate space partly depends on my definition of the edge of
climate space. | defined the edgeFo NBSR g4I Nbf SNRa Ot perdentifeSof a LI OS
temperatures of hectads occupied by reed warbler in £9@8Using a different definition (e.g. the

10" percentile) would give a different geographical location of the edge of climate space, and
therefore potentially a different velocity of the far edge of climate space, depending on the
topography of the geographical area the edge was passing through. Therefore | propose that the
temperature of the range edge is a better measure of its abilityaokt climate space than the location

of the far edge of climate space, which is sensitiva @omewhat arbitrary) numerical definition.

Reed warlf NRa NIF y3S SR3IS GNI O1 SR GKS SR3IS 2F Ot AYLIl
increase over timeHowever, tk S T NBljdzSy 0e 2F 200dzLIASR KSOGlF Ra |
climate space decreased during a period of rapid warm@rgcially, this frequenagcovered slowly

during relative climate stasis.This implies thatven though reed warbler mad unusually fast

compared to other specieshe bulk of the populatiorfailed to track its climate space through time

during a period of rapid environmental change. This is in common with many other sgeges

Tayleur et al. 2015 his suggests that only a minority of individuals disperse far enough to match the

rate of climate change, or that once established, reed warbler populations grow too slowly to generate
significant numbers of dispersers. The differeiinthe: 6 A f A 1 A Sa LrahgeNdeSaRd rangeND f S NI
edge to track climate spacgemonstrates the value ofdescribing range shift with more than one

metric (Yalcin & Leroux 2017)

Thisdisequilibriumwith climate spacés particdarly surprising in a species with high dispersal ability
(Prochazka et al. 201,13nd in an area with a relatively steep geodriapl gradient in environmental
variables: reed warbler has had to move shorter distances to track its climatic ni&@réaim than
elsewhere in its Eurasian breeding range. However, the range thinned out betweei72 2681 1988

91 over a period where British climate was ameliorating. It could be that over this time, population

growth rate declined because of factors unrelatetbteeding season climate, perhaps due to biotic
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changes irBritainor environmental change in the nésreeding range. Interestingly, between 1972

and 1986, droughts caused major declines in extent of West African mangrove f(Désie et al.

2013) which are thought to be an impali Yy O2YLRYySyid 2F 6SaiGdSNy 9d
wintering range(Zwarts et al. 2014; Prochazka et al. 20®)ch habitat loss could haveduced

survival and thereforgopulation growthrate, causing reduced occupantysome areadn Britain

This occupancy declina some areavetween 196872 and 1988l meant that although the range

edge was able to move at 63% of the velocity of the edge of climate space, the range centroid barely
Y2O0SR® ¢KAA A& O2yaraidasSyd eAGK TAyRepamhed byi K G &
abundance trendhan by dispersaMair et al. 2014)

2.5.3 Conclusion

Ly &adzYYINEX GKSNB Aa 3I22R BighiRdigiaed linitedibyiclima®, SR & I N.
through climatelinked settlement probability. Theimilarity betweenthe range expansion and the

extension of suitable climatic space@nsistent with climate change having caused most of the recent

range expansiorAlthough the range edge was able to tratknate space during rapid warng, the

bulk of the population lagged behin@iheestimatedrate of movement oNB S R ¢ rahge éd§eNX &

and of the far edge dfs climate space, will be comparéa Chapter 3with the frequency distribution

of reed warbler dispersal movementa order to evaluatdurther the roleof dispersal in tisa LIS OA Sa Q

range dynamics.
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3. Dispersal irEurasiarreed warblerAcrocephalus scirpaceus

3.1 Abstract

Dispersal in reed warbler, allowing range change, is carried out overwhelmingly by juveniles rather
than by adults. Only about a quarter of individuals recruit to their natal (ddafiug area, but those

that do so breed closer than random to their preaisst site, suggesting that there are multiple stages

to the decision about how far to disperse. Only 5.3% of individuals dispersed far enough to match the
NI 68 2F YIEAYdzY NI} y3IS OKIy3aSs &adaA3SadAy3d GKIG
long-distance dispersakHowever, he extent to which reed warbler is disperdiahited is unclear,
because some individuals dispersed very long distamiXxss. were generated on exploration, capture
probability, dispersal and seasonal variation in recruitmienjuveniles, and dispersal in adults,

order to inform the structure and plausible parameter values of the IPM and IBM

3.2 Introduction

In allowing colorgation of new areas, and as the mechanism for gene flow, dispersal plays a pivotal
role inrange dynamicgsee 12.3). For many species, dispersal is the least known aspect of its life
history, because it can be difficult to study. If emigrating, individuals are likely to leave finite
geographical research areas. If travelling, individuals ntightnore difficult to observe than they

were static. Migrating individuals can be mistaken for disperséranigration and emigration can be
mistaken for productivity or mortality respectively. In this chapter, | take advantage of hundreds of
thousandsof ringing records in order to estimatdult and nataldispersalkernels(the frequency
distribution of dispersal distances in a populatiomyeed warbler, whiclare both poorly describedn

this specieso date.

Describinglispersal in reed warblarontributes towards two main aims of this thesis. Firdthjs will

allow me to evaluate support for different causes of range limitation and change in reed waitnder.

NE

AL GALFE LI GGSNYyaE 2F NBgeR readl lwhibldr S10dba dishdrdpghiied, OK I y 3.

particularly during rapid environmental chan@@hapter 2) Comparing thedispersal kernel tdhe
velocity of range change may corroborate this infererfegrthermore, it ishought that longdistance
dispersal pys an important role in range expansion, with some range expansions impossible to
explain without longdistance dispersgke.g.Clark 1998)By estimating the proportion of individuals
dispersing fast enough to match the rate of range spreéadll be able taascertain whether the rate

of range expansion was enabled by latigtance dispersal.
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Secondlydescribing dispersal in reed warbleill allow me to build a more accurate characgation

of dispersal in the IPM (Chapter 4) and IBM (Chaptért®).structure of the IPM and IBM both depend
onafaithl RSEAONR LIGA2Y 2 F NI BdRexaniplbdhe SyNadmis ah IBMEUIK A & (G 2 NB
differ depending on whether it isostly juveniles that disperse, oif juveniles and adulthave an

equal probability of dispersingl describe reed warbler dispersal by amsalg followingyear

recaptures of birds ringed as chicks or adulesxtend this analysis tmmprise recaptures of chicks in

their juvenile year. This allows description of the spatial activity patterressof warblesin their early

weeks and months; | build some of this information into the IPM and Bially, | also describe how

fledging date influences recruitment probability to the next year; thlationshipis also incorporated

into the IBM.

3.2.1 State of knowledge of dispersal in reed warbler

Dispersal is the largest gap in our knowledgecefdrwarbler ecology-However, some aspects of reed
warbler dispersal are well known, particularly juvenile exploratidhere are indications that
migratory birds have higher gene flow than resident birds, suggesting that migratory birds have higher
dispessal(Arguedas Parker 200Q)Indeed, reed warbler populations in Eurasia and north Africa have
high gene flow and low genetic differentiation, suggesting that dispersal between populations is high

but not unrestricted(Prochdzka et al. 2011; Ceresa et al. 2015)

Little is known about reed warbler dispersal movementBiiitain, even though ansiderable analysis

was carried out nreed warbler (and other British breeding species) dispersal distanceariaglis et

al. (1998) In that study the authors analysed the raw frequency distribution of observed dispersal
distances as the true dispersal kernel. Like many dispersal distance studies, this failed to account for
the unequal pobability of detecting dispersal distances of different lengths in a finite study(&fiaa
Noordwijk 1995) Among a given set of points, there are more available short distances between the
points than long distances, and so the probability of detecting a dispersal movement declines with
distance(Koeniget al. 1996) This means that an appardnpositivelyskewed dispersal kernebuld

arise from a truly uniform dispersal kernel measured over a finite arba.true dispersal kernel,
instead, is the departure of the observed distribution of dispersal distances fiemull distribution

of possible dispersal distanc@gan Noordwijk 1995)
Dispersal in reed warbler &y be negatively related to population size: reed warbler populations in

Britaink NB yS$3F iABSte 48yOKNRBY2dz 6AGK ((Maftin dtlNB SA 2 dza

2017) However, this pattern could also arise through conspecific attraction, which reed warbler
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exhibit, andindeed negatively densitdependent dispersal appears to be rare in bi(t#atthysen
2005)

Juvenile reed warblshave a remarkable period of activity, probably partly related to exploration for
future breeding sites, in the weeks between fledging and migration. Over this period, juvenile reed
warblersgradually switch from being largely diurnal to largely noctu(ialkhinet al.2005) Juvenile

reed warbles gain independence from their parents at about29 days of age. From about 30 days
after hatching, juveniles begin to be active for short periods at night. From about 38 days old, juveniles
carry out short night flights over their natal reedbed. Between then and their departure for migration
at age 4955 days, most (63%) make one or severatunoal off-site excursions of several kilometres
(Mukhinet al.2005) These movements have no preferred direct{ukhin 2004) Birds may return
during the same night after their excursion, but some birds remain at another site5atay/s before
returning. Some juvenile reed warblers spend two weeks or even a month in thaigration period

at a site 2km from their natal siteBulyuk et al. 2000)Some juvenile reed warbkmove to other

sites very young: juveniles were trapped up tok2® away from their nests, in the opposite direction
from autumnal migration, as young as 33 dajds(Chernetso& Mukhin2001) Movements between

sites take place in ~1hr hops3hrs before dawriBulyuk et al. 2000; Mukhiet al.2005) The pattern

of capures suggests that birds move on their explorations by uninterrupted flights over habitat, rather
than filtering through theinterveningmatrix (Mukhin 2004) Over the period from 30 days old to

migratory departure, night flighnitiations get earlier and earlien the night

There appear to be multiple functions of this behaviour. Firstly, apart from during their Sahara
crossing, reed warblemigrate at night(Adamik et al. 2016)Therebre this premigratory process
may ease theninto a cycle of nocturnal wakefulness as migratory preparation. Next, reed warbler
return on spring migration in the penultimate hour before sunr{@wlshakowet al. 2003; Bulyuk
2006) and hence need to be able to recogmiheir migratory destination in nautical twilight. Moving
around near their natal site at night may build up a navigational target to be returned to at night the
following spring. During the po$liedging premigration period, reed warblarin Kaliningrd, Russia
redistribute themselves towards wetter areas, with more plum apligialopterus prunisuggesting

that at least part of the movement is due to finding the best areas formpigratory fattening
(Chernetsov 1998)inally¢ especially given the fact that some reed warblspend multiple days
away from their natal site; it may be that tkeir pre-migration behaviourconstitutes exploration

allowing assessment of potential future breeding sites. It is possible that reed warlsitother sites
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during the exploratory period in order that at least one other site is known if théepred reedbed

A &y Q lior iSalteady® carrying capacitythe following yeatGrinkevictet al.2009)

Adult dispersal is poorly described in reedrbler, but is thought to be low. Individuals have been
shown to build nests withitess than one metref the nest they built the year befor@ong 1975)
Although radietagging has shown that pairs may respond to simulatesk predation by leaving the

site and relocating to other sites tens of kilometres away, it is not known whether breeding is
attempted at the new site during the same season, nor whether it is a permanent (Mehin et
al.2009)

In this chapter | aim to describe reed wanbleatal dispersal, breeding dispersal and exploratory
movements inBritain All of these will contribute to the design of the IPM and IBM. | also aim to
compare themagnitudeof reed warbler dispersal movemeritsa single yedao the rate of moement

of the range edge, and to the spatial rate of environmental chd@apter 2) The latter comparisons

gAff KSfLI RSGSNN¥YAYS G6KSGKSNI RAALISNEI f -distanser 1a NB

dispersal is in range change.

3.3 Methods

3.3.1 Dispersal kernels

Although dispersal is very unlikely to take place in a straight line, Euclidian distance between start and
finish is the simplest way to describe dispersal. Not all individuals disperse the same distance, and so
acharacterisation of the frequency distribution of dispersed distances is more informative, especially
as the proportion moving long distances can have important effects on spatial population dynamics
(e.g. Clark 1998)here are two different approaches to measuring dispersal. Under the Lagrangian
approach, individuals are tracked in real time. Under Buterian approach, the number of particles

is measured at different distances from the source. Tracking devices are not yet sufficiently
miniaturised to track individual reed warblers in real time this spatial scaleso a Lagrangian
approach is not avkable for estimating reed warbler dispersal. However, large numbers of reed

warblersare ringed every year, allowing estimation of reed warbler dispersalylerian method.
| aimed to measure the distances from natal site to first breeding sitedhdispersal), and from a

IAPSYy ONBSRAYy3 aAGS G2 GKS y Sbny esinftedNdddispessdl B SRA y 3

converied the frequency distribution of observed movement distances into the proportion of

62



individuals moving different distances.itidhis by also using the frequency distribution of observable
movement distances, for each individual, as follows. For eachndisthand (50m for subl km
dispersal; km for nationalscale dispersal), bokthe number of individualg that were observed to
make a movement that fell within that distance band. | then, for each individualigdthe number

of dispersal movemestthat could have been observed in that distance band. Whsscalculated
using known efforfor the time period: for example, for a given individual that hatched in 2€%,
number of CES sitethat operated in distance band 234 km in 2008 Thiswas then summed across
individuals to given an indexof spatial observer effort for each distance band. | then didixiby y

for each distance band to give a proportipof observable distances moved by individuplfor each
distance bandvas then divided by the sum qf across all distance bands, to give a proportion of
individuals moving distances within that distance #ah defined this frequency distribution of
distances movedadjusted for the uneven spatial probability of observing movements of different

lengthg as theWispersal kerné&

Although it would have been useful emalysedispersalin relation to interesting covariates (such as
year or latitude)preliminary analyses showetiat there were too few data to do so. Therefore |

provided simple quantitative descriptions of dispersal in reed warbler, rather traaldysing dispersal.

Like any ecological procegd/iens 1989) dispersal is unlikely to take place in the same way on
different scales. Whether reed warbler dispersal is sdalpendent affects how the IBM is designed.
For example, dispersal could be characedias emerging frora dispersal kernel, where probability
of movement gradually fades away from the nesternatively, it could be that dispersal is comprised
of multiple decisions: a decision to leave or stay inrth&alareg if an individual leaveiss natal area
thenit might disperse according to a different dispersal kerhiflereforeestimatad dispersakernels

at both the national (3.2.2) andithin-site W &-sizd Y32 .B) scaleand compare the two kernels

3.3.2 Dispersal at national scale

| usad two ringing data sources from the British Trust for Ornithology (BTO) for estimating dispersal.
In the first, the Ringing Schen{Baillie et al. 1999)volunteer ringers seek to catch and ring birds
without necessarily following a structured pmagnme of ringing effort. Importantly for this chapter,

this dataset contains birds ringed as chicks in the (fEigure 3.1)Under theCESyolunteers operate
multiple mistnets after dawn according to aastdardised methodologgRobinsoret al. 2009) over

12 visitsapproximately 10 days apaatross the breeding season. This scheme produces capture data
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and parallel effort dataData were available from 1928 to 2015, and from 1983 to 2€drdthe

respective schemes.

Natal dispersalfor a youngeed warbleris the movement fronits natal nest location to the location

of its first nest asa breeding adult Some studies have attempted to measure this by taking the
movemens from any capture as a juvenile to any subsequent capture as an(adulCereseet al.
2016) However reed warbles can be caught many kilometres from their natal site while still
juveniles or may be caught as adults while still on migration to or from thefeding siteHere,due

to the large datasets availablewasable tousevery strictcriteria (for a natal site and first breeding
site) for evidence of natal dispersal movementanodified these dispersal movements with a null

distribution (see 3.3.1) to estimate the true dispersal kernel.

| used two criteria for areedg | NDb hafaNsie &Table 31). Firstly, if a bird was ringeas a chickn

the nest, | concludgthat it was d its natal site(criterion A) Secondlyif a recentlyfledgedbird was
caught beforat had finished growings T f A 3K i{ F S (i KS NBAssunéddrddityWwat#O 2 R S
natal site(criterion B) Birds at this age mostly move by hopping and are unlikely to have moved more

than tens of metres.

Table 3.1 Criteria used as acceptable evidence of natal or first breesiieg

Acceptable evidence of Acceptable evidence of first breedingjte

natal site

A.Ringed in nest 1. Caught on multiple occasionsaCESiteAy (G KS 06 A NRQa
year

B.Ringed as justiedged 2. Caught on multiple occasions (> 10 days apart) at aCie8 ringing siia

bird GKS 60ANRQa aSO02yR OFfSYyRINI &SI NJ

3. Caughtat a CES siten at least one occasichy (G KS 6 ANRQA&

year, and thenagainat the samesite in any subsequent year

4. Caughiat anon-CES ringing siten at least one occasiohy (G KS 0

second calendar yeaand thenagainat the same site in any subsequent ye

It is more difficult tobe certainthat an adult caught at aite is attempting to breed thereindividuals
caught as adults might just be passing throwghmigration Ktitorov et al. (2010)found that reed
warblers spent a median dbur days at a stopover sitd.proposetherefore that it is unlikely that
birds spending more thaten days at a siteare just passing througH. therefore assumel that
individuals caught at more than one CES visit, or on multiple occasions mortetihdeys aparbn a
non-CES ringing site, are resideGiven that migrant reed warblers are present at a stopover site for
only a median ofour days(Ktitorovet al. 2010) whereasresident birdsmay spendseveral months

on a site,l] assume that the integrated probabilityof capture at least once over a whole seasen
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much higher for aesident than a migrantThe difference betweerresidents and migrants in their
probability of capturén two differentyears will be even higher, because the probabilities are squared.
Theefore | assumel that it is unlikely that birds caught on multiple years at a site just passing
through Applying hese residency criterid y | sacdndliRa af life (i.e. the yeaubsequent to
fledginga I @S F2dzNJ LI2aaAot S ONRGSNALF T2 Ndte{T@eSWIG+ 6t S

Allmovements between a natal site and a first breeding €hable 31) were considered to be natal
dispersal movements. From theswtal dispersal movements, aral null distribution (described
below) for each natal dispersal movemerd, natal dispersal kernel wastimated (see 3.3.1)Null
distributionswere created by taking, for each individual making a dispersal movefalingunder a

given criterion for adult breedingite (i.e. 1, 2, 3, or 4all sites(CES sites if criterion 1 or 3; RGES
ringing sites if criterion 2 or 4yhere enough survey visits were matiepotentially have recorded

that bird asreedind I (i in that year Bok ék&@nple, i bird made a dispersal movement under
criteria A and 1, then the null distribution for that movementwould be all distances from the natal

nest to every CES site that operated two or more vigii$ KS & S NJ &adzo aSljdzSy d G2
year. Effort is recorded for CES sites, but not for general ringing: it was asghatetb ringing took

place on a nofCES ringing site on a given day if no reed warblers were caught on that site on that day.
WYw S i dbird do@ements of less than iBn ¢ were not processed by BTO widely, except for CES,
before around 2004. Thus all ndiktributionswere censored below Em, and all sutb km observed

movements discarded, for alispersal movements under criteria 2 antvefore 2004.

To estimate an adult dispersal kernel, | repeated finecess as for estimating the natal dispersal
kernel, but solely used movements between any adult breeding locations in subsequent years (rather

than between natal location and first adult breeding location).

In order to evaluate the proportion of individls moving fast enough to match the rate of range

change, | had to take account of the fact that not all individuals necessarily disperse in the direction

w

2F NI}y3IS OKFy3daSed ¢KS RANBOGAZ2Y 2F NBSR ¢l Nbt SNDRA

northerly (direction of maximum rate of range change: 3486872 to 198891; 015, 198891 to
200811; Chapter 2). | therefore estimated a dispersal kernel in the rswtith dimension. To do this,
| repeated the calculation for estimating the juvendespersal kernel; instead of using distances

between sites, | used distances in the northerly dimension only.
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Figure 3.1Locations of all (32,122) reed warldeinged as chicks iBritain, 19282015. Asterisk is location of
Watermill Broad NR.

3.3.3 SuHL km dispersal

Fieldwork was carried out at Watermill Broad Nature ResebZ5@N, 0.62E; Figure3.1), near
Cranwich, Norfolk, UK in 2016 and 2017. The site 9gstem of flooded former gravednd peat
extraction pits adjacent to the River Wissey, fringed by reed, se@gesspp and willowSalixspp.

and other trees. The site covers an area girapimately 700 m by 400 m, and supports a population

of approximately 150 pairs of reed warblers (Figure 3.2a). At the site, reed warblers almost exclusively
nest within reedbeds, but occasionally in sedge beds with reed stems, or in branch forksvirs vvillo

an event when the water level was high.

Fieldwork was carried out to estimate natal dispersal distances. All potential reed warbler breeding
habitat was exhaustively searched approximately evVieg/days for reed warbler nests. Reedrbler

nests are relatively easy fmd, and it is considered that almost all were found every year. The location

of each nest was recorded with GPS. All chicks in all surviving nests were fitted with a metal BTO ring
at agefive-sixdays. Attempts were made to capture as many adults as possible, usingetsstear

the nest. A CES site exists in the nowtlest of the site, supplementing the number of adults caught.

All adult reed warblers caught were fitted with a dar(écrigid laninate) colour ring with a unique
alphanumeric code (Figure 3.2b). This allowed the linking of the identity of any birds ringed as chicks

with a darvic ring worn as an adults soon as the clutch was complete for a given nest, a video camera
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was set to reord on the nest for one hour (Figure 3.2c). Repeat video attempts were made on each
nest (never in the same day) until the identity {tinged, metalringed or colouringed with code) of

both of the pair visiting the nest was ascertained.

a)

® Nests
| Reedbed

b)

: b WAV
Figure 3.2Fieldwork for subl km dispersal. a) Watermill Broad NR with nest locations (Zi&) and reedbed
SEGSYyidd® o600 5 NBAO O2f 2 dzMarbR ) ¥idew camé@a filiming & r8e wartder niest’ | R dzt
(white arrow) to record identity of attending adults.
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The distance from natal nest to first breeding nest was taken as the natal dispersal distance for an
individual. The distribution of distances frotmet natal nest to all nests at which video attempts were
made in the subsequent year was used as the digtribution. The natal dispersal kernel was
estimated from the natal dispersal distances and digdtributions as in 3.3.2. Fieldwork was carried

out by a small team, and had been carried out in previous years, allowing data fror2Q0T40 be
used.To my knowledge, this is the first time a natal dispersal kernel has been described for a migratory

bird atsuch a smalpatial scale.

3.3.4Juvenilereed warbler movements and seasonal variation in recruitment

Juvenile reed warbler movements, after fledging the nest and before migration, were described both
at the national scale and at the silkm scale. Frequency distributions were described for ieadce

and direction juveniles moved between ringing in the nest and subsequent captures in the same year.
Finally, a movement kernel was calculated from all recorded juvenile movement distances, as in 3.3.2.
The null distribution for this calculation wése distribution of distances to any ringing site operated

in the same year as the chick was ringed, after the date of first rin@egsonal variation in
recruitment was estimated by comparing chick ringing date bands to the proportion of chicks ringed

in that band that were subsequently caught on CES (at any site) in their first adult year.

3.4 Results

3.4.1 Reed warbler movements pefi¢dging premigration

In 2016, 23 chicks ringed in the nest at Watermill Broad NR swdyeequently caught on CES there.

At the subl km scale, juvenile reed warbler captures increased with time since ringing as a chick,
being initially very low (Figure 3.3a). At this scale, juveniles moved away from their immediate natal
area as time went o (Figure 3.3b). Above approximately 40 days of age, using the national dataset,
some individuals were caught many kilometres from their natal site (Figures 3.3c and 3.3e). Some of
these individuals spent more than a week at other sites (Figure 3.3c)/GBkim and supr&0 km
Y208YSyia RAFTFSNBR 2k 18R boNS @O0 with longer inavem@ntsthaing !

more southeasterly (Figure 3.3d).
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Figure 3.3Summemovements in juvenile reed warbleringed as chickga & b) Chick movements, Watermill
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(lines link subsequent captures of individual birds). djeRtiagram of all movements in (c). €) Movements in (c)

as a movement kernel.

3.4.2 Reed warblattispersal at national scale

Out of 25,024 reed warbler chicks ringed, 171 individuals met the criteria (see Methods) to have a
known natal site and a knowndeding site. Almost all (96.7%) natal dispersal movements were below
12 km, with a tendency for dispersal distance to decline with increasing distance below 12 km (Figure

3.4a). Only 23.3% of chicks recruited to within 1 km of their natal site. Thereswete relatively
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long-distance dispersal movements, the maximum of which was 77 km. There was unevenness in the
temporal distribution of longlistance dispersal movements: all natal dispersal movements greater

than 12 km took place between 1995 and 2008 Fé 3.4b).
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Figure 3.4Reed warbler natal dispersahd adult dispersalcrossBritishrange. anatal dspersal kernel; b) raw
nata dispersal distances vs time;m@gtal dispersal kernel in norteouth dimensior{blue dashed line = maximum
annualmovement in range edge (Chapter 2); orange dashed line = maxiammal movement in edge of

climate space (Chapter)24) adult dispersal kernel.

In the northsouth dimension5.3% of individuals dispersed faster than the maximum velocity of the

range edge between 1968 and 2011 (Kr year' between 196872 and 19881, Chapter Porthe
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maximum velocity of the edge of climate space between 1968 to 201 k8 year' between1968

72 and 19881, Chapter 2) (Figure 3.4c).

1,871 adultswere captured ommultiple CES occasionsninultiple years These were considered to be
adults which had known breeding locations in two or more yea4s8%of theseindividuals did not
movesites from the first to the second year in which they had multiple capt(ffegure 3.4d)2.8%

of individuds moved 13 km and one individual moved 33 km.

3.4.3Reed warbler natal dispersal and recruitment at-didm scale

a) b) _
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Figure 3.5Reed warbler natal dispersal, sdlikm. a) Histogram of dispersed distancesd distances t@vailable
territories (in year of dispersal), pooled across 2Q2037. b)Annual variation in proportion of individuals
dispersingnto each distance band.

Out of 1,433 chicks ringed at Watermill Broad NR over the years2016, 44 werecolourringed
and videoed at the nest in their first adult year, allowing calculation of their natal dispersal distances.
Within Watermill Broad NR, reed warbsatispersed shorter distances thamull distribution based
purelyon territory availaldity (Wilcoxon rank sum testV = 324, < 0.001) (Figure 3a). No individual
dispersed more than 706, even though reed warblsibred in thosemore distantlocations. Most
individuals dispersed 16200 m. Very few individuals dispersed betweenBI0 m. The proportion

of individuals dispersing less than B0was very variable between yedfagure 3.5h)

Recruitment to the following year declined strongly over the course of the season (Figure 3.6Db).
Although we would expect there to bedecline in juvenileyear capture probability over the course

of the season (as there is less time left in which to be caught), there was no relatioRséwpQ.422,

p = 0.532) between chick ringing date and proportion captured on CES in their juxeanil@=igure
3.6a). However, there was a very strong relationship (linear mégek 36.08 p < 0.001, R=0.7%)

between chick ringing date and the proportion captured on CES in their first adult year (Figure 3.6b).
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3.5 Discussion

3.5.1 Juvenile summer movements

Like otherge.g.Mukhin et al.2005) | found that juvenile reed warbleundergo marked changes in
their movement patterns as they age. Chicks are typically ringedraddys old, and fledge at about
10-12 days old: therefore at Watermill Broad NR very few chicks were caught on CES within two weeks
of fledging, and most wereaught at least four weeks after fledging. The period in the weeks
immediately after fledging is typically especially high in mortality for passefitestdaenzeret al.

2001) so potentially by the time reed warbkeare caught at CES, they have passed the high mortality
period. At the subl km scale, juveniles start to move away from theiniediate natal area about

four to five weeks after fledging. At this age, some individuals moved away from their natal site, and
spend some time at other sites: this finding is in common Bitlyuk et al(2000) Therefore juvenile

reed warbles caught at a given site in summer are not necessarily from that site, but are likely to be
from the nearest tens of kilometres: stricter definitions of the natal site should be more accurate when

estimating natal dispersal.

LikeMukhin (2004) | found that shorter distance juvenile movements in late summer are much more
evenly spread throughout the compass than longer distance movements, which tended to be in a
south-easterly direction consistent with migration routdsurthermore the shape and scale of the
movement kernel of juveniles during their first yg&igure 3.3ejs similar to that of the actuaed

natal dispersal kerne{Figure 3.4a)This suggestdat reed warblersnmay carry outat least some of

their prospecting for available breeding sitelsiring the late summer
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3.5.2 Dispersal and recruitment

| found that, like many birdéGreenwood& Harvey 1982; Winkler et al. 2005nost reed warbles
breedrelatively close to their natal sitereed warbler natal dispersal was positively skewed at both

the national and sulikm scalelt is especially striking that a speciestthagrates tens of thousands

of kilometres a year disperses shorter distances than random at thel dub scale At both the

national and suldlkm scalethere also appeared to be a naandom movement away from the exact

natal site, perhaps t@avoid competition with parents or to avoid inbreedimy the sublkm scale,

there was great annual variation in the proportiohindividualsdispersing less than 50, perhaps

due to variation in adult survivd ST RAy 3 G2 2FFALINAY3I AYKSNRGAYy3 (K

more than others

Althoughat the national scalenly about a quarter of individuals recruitéalwithin 1km of their natal

site, the dispersal kernel declined to zero well shoftttee maximum potential dispersal distances
across Watermill Broad NR. This suggests that there is a decision whether or not to leave a site, before
dispersing a longer distance, rather than the lasgale dispersal kernel simply being a continuation

of the shorter one.

At the national scale, almost all reed warldelisperse less than 12m. As for many species, there
glra | WFILG GF At Qielt® propkrion & hdvidSaNBpersing (o Nligténtes is
higher than would be expectechderan exponential distributio)) with some species dispersing much
further than 12km. Intriguingly, all of these londjstance dispersal movements were detected over

an 8 year period, even though the opportunity to detect latigtance dispersal movements has not
decreased (not shown). This was during a period (1®B8 200811) whenNE SR 46 NB f SND &
centroid moved much more rapidly than over the preceding two decades (Chapter 2). It may be that
during the range shift, dispersive behavior became more selectively favoyeagl@ravis& Dytham

2002 Phillips et al. 2006and then less so again as the rate of new availability of suitable climate
space slowedHanski et al. 24). However, the number of observed long distance movements is few,
and it is not known if similar movements wearedeover the period when the range centroid moved

more slowly.

Only 5.3% of individuals dispersed fast enough to match the fastest movemeraage edge or
climate space¢t KA a &adz33aSada GKFG NBSR ¢ Nbf SNakstancdNl y3IS (
dispersalwS SR g NDf SN & Rtaited (SiglieBd.4c) ahdSshithieSridividuals thatl

surpassedhe velocity of the range edge or the edge of climate space greatly surpassed that velocity.
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It is difficult to assesfrom this alone whether reed warbler is disperfialited. This depends on

whether the meandistance of the longlistance dispersal is long enough to compendatethe

scarcity of longlistance disperser&letermined by demographyYhe fattail of the dispersal kernel

YId SELXIAY ¢Ké G(GKS SRIS 2 Fin dida Rpaes dvéhBhbugiNtea NI y 3
frequency of occupied hectads near the range declined during rapid environmental c{taingeter

2). Perhaps amall number of individuals disperse far enoughnttatch the rate of environmental

change (although not the rate ofiovement of the far edge of climate space), but it takes some time

for the bulk of the population to fill in remaining occupied sites thiogbortdistance dispersallhe

relative contributiondispersal andlemographymay makeli 2 NB SR ¢ NDmi&MNidBe NI y 3 S
explored further using the IBMp(eliminary results presented in Chapter 6)is important to note

that the data contributing to the dispersal kernel wetaken from across the range corew were

from the range edge (not showr) may be that dispersal distance has evolved to be markedly greater

Fd NBSR ¢ ND(E.S§DMham 2009y 3S SR3IAS

As for many other passerines, adult dispersal is very low in reed warlietam. Adut reed warbles
have been recordetbaving sites after pedation or afterbreedingfailure (pers. obs.Borowiec 1992;
Mukhin et al. 2009) The fact thatonly a very low proportion of individualsactually permanently

moved breeding sitesuggests that these departuraster predation or failureare temporary.

Recruitment to the following year declined very steeply over the course of the season, while captures
in the same year did not decrease so strongly over the same time period. This suggests that the
seasonal decline in recruitment is determinedtbg length oftime left before the end of the season,

and mediated through ovewintering survival. Clutch size in ree@rbler declines over the course of

the seasorfDyrcz 1981 )and some documented increases in clutch azzess yearbave purely arisen

from the season moving earli¢Bchaefer et al. 2006t could be that the seasonal decline in clutch

size is due to adults reducing their investment appropriately spoase to the decline in recruitment.

Thischapter demonstrateshe value of ringing data for studying dispersal, but also the difficulty of
acquiring sufficient data to analyse relationships of dispersal with covariateend towards more
ringing of dicks would help with the study of avian dispersal. However, it is easy to understate the
magnitude of the task involved in using ringing data to analyse variation in dispersal: even in this
highly-captured species with 32,122 chicks ringed, adyenlong-distance dispersal movements

have been detected.
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Information presented on exploration, capture probability, dispersal and seasonal variation in
recruitment in juveniles, and dispersal in adulisincorporated into the structure and plausible

paramete values of the IPM (Chapter 4) and IBM (Appendix) as appropriate.
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4. Estimatingeurasiarreed warblerAcrocephalus scirpacew®emographic parameters and

their relationship with time, space and climate

4.1 Abstract

In this chapter | estimate reed warbler demographic parameters in Britain, and their relationships with

time, space and climate, in order to establighetrole of RSY 2 INJ LIK& Ay NBSR 41 N
dynamics. A increase in reed warbler egg survival and chick survival in Britain between 1983 and

2014 may have been driven by an increase in temperature. Egg survival and chick survival were
positively related to breedig season temperature, while adult survival was negatively related to the

LINE @A 2dzda 0 NBSRAY 3 AafIspatklyRMid ndt Jofk, Jaevéningzbeihation of

some key demographic parameters and population growth fdtme of clutch size, ggsurvival, chick

survival or adult survival declined to the range limit, suggesting that demography does not limit reed

g NDft SNRa NIy3aS Ay . NARGIAYT K26SOSNE y20 Fft 1S¢
increase in fledglings per breedingli 6 SYLJG YI & KIF @S AyONBIFraSR NBSR ¢
but it is unclear how stronglihe number offledglings per breeding attempt is related to population

growth rate.

4.2 Introduction

Range limitation and change candmnsideredn terms of spatial variation in population growth rate,
which is itself determined by the relative balance of births, deaths, immigration and emigration
(Gaston 2009)As such, the balance of births and deaths can play several important roles & rang
limitation and change; sometimes more important roles than dispgiSahford et al. 2009; Mair et

al. 2014) Reed warblerexpanded its range iBritainin recent decades (Chapter 2), but thae of
demographyin the range limit and the range change are unknown. Although | focus in this thesis on
the role of dispersal in range limitation and change in reed warbler, | can also approach this by
estimating the role of the balance of births and deaths in these phemamin this chapter | do so by

estimating reed warbler demographic parameters and their relationship with time, space and climate.

Demography can play several roles in range dynamics. Firstly, demography can affect range dynamics
directly through its effct on the potential population growth rate in the wwolonised area. Next,
demography can have an indirect effect on range dynammtbsough dispersat, by determining the

density of available dispersers near the range edge. Similarly, demography ceffuiie time it takes

for populations to establish, grow, and themselves produce significant numbers of dispersers; this can

be strongly influenced by positive densigpendence in births or surviv@llravis& Dytham 2002)
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a) Range is limited by dispersal

Births/deaths

Births exceed deaths eTer\,-'where

Range Range Un-colonised
core limit area

b) Range is limited by deaths exceeding births, due to environmental gradient

Births/deaths

Sink populations

e [ ) ‘P O
1
Births exceed deaths Deaths e%tceed births

Range Range Un-colonised
core limit area

Figure 4.1 Twoscenario®f range limiaitionin a hypothetical species: (a) disperalited; (b)limited bydeaths
exceeding births, due to an environmental gradiedircles represent populations (filled for population growth
NFGS x MT SYLXié T2 N GiRehJiEdlrettangle repideRts halitat Nier@ Births excedd ®
deaths; brown filled rectangle represents habitat where deaths exceed births. lmasodga), the range limit
falls far short ofthe area wheredeathsexceedbirths. In scenario (b), immigration (not shown) sustains sink
populations in the area where deaths exceed birfAise two scenarios produce different spatial patterns in the

balanceof births and deaths.

In chapter 1, | introduced two broad potential causes of range limitation: lack of dispersal into-the un
colonised area; or deaths exceeding births in thecotonised area. These should create different
spatial patterns in the baface of births and deaths. The two causes of range limitation are shown in
Figure 4.1 (detailed explanation in 1.4.3.1). When the range limit is caused by lack of dispersal into the
un-colonised area, the ratio of births to deaths should stay above 1 tietoange edge (Figure 4.1a).

The ratio of potential births to deaths should remain above 1 past the range edge, perhaps for some

distance. Conversely, if the range limit is caused by deaths exceeding births in¢bhnised area,
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the ratio of births todeaths should decline below 1 at, or short of (if dispersal is considerable), the

range edge (Figure 4.1b).

Similarly, there are twbroadpotential causes of range expansion (Chapter 19pErsal can increase

or change such thaimmigration into the urcolonised area newly becomes sufficient to sustain
populations or to colonise new sites. Alternatively, the potential ratio of births to deaths can increase
in the uncolonised area such that the population growth rate becomes @reater. As with range
limitation, these two alternative scenarios should create different patterns in thealonised area.

If the range expansion is caused by new increased immigration into to®lonised area, then the

ratio of births to deaths mayat necessarily increase the newly colonised area as the range edge
moves northwards. If the range expansion is caused by an increase in the potential ratio of births to

deaths in the urcolonised area, then this increase will be apparent there.

Thesetwo potential causes of range expansion may be difficult to distinguish through changes in
demography alone. Changes in demography can cause range expansion through two main
mechanisms: by increasing population growth rate beyond the range edge, orégsimg population
growth rate short of the range edge, thereby increasing the number of dispersers. These two

mechanisms may not be distinguishable if the location of the range edge is not precisely known.

If demography is cauginthe range limit in reed warbler Britain, there are a number gbotential

ecological mechanisms for this. Broadly, there are more known mechanisms for productivity as the

cause of the range limit than survivailpst mortality occurs outside of the breeding sea$@dfierucka

et al. 2016;Prochazka et al. 201,7and variation in breeding season conditions appe®a better

explain variation in productivity than variation in survig@hapter 1) Eglington et al(2015)found

that reed warbler productivity increases with latitude across Eurgple opposite relationship to

what wewould expect if it is limiting range. However, this study did not cover the northern edge of
NESR ¢ NDf SNR& NIy3aIS>s gKSNB LINPRAZOGAGAGE O2dzZ R ¢

Similarly, therds a range of ecological mechanisms for demography causing the expgension in

reed warbler irBritain. The possible causes of this are wider, because changes in demography leading
to an increase in potential population growth rate in the-colonised area need not only apply to that
geographical area. For example, iacrease in survival across tiitishrange, due to changes in
conditions on the wintering grounds, could cause an increase in the potential population growth rate
in the uncolonised area. Studies investigating individual demograparameters found that reed

warblerQ @opulation growth rate is strongly related to surviyatross Europelohnston et al. 2016)
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and weakly related to productivitgin Finland Meller et al. 2018) A study in France investigating
multiple demographic parameters found K § NB SR & Nbf SNR& LI Lz | GA 2
explained by survival than by recruitme@tulliard 2004) Therefore we might expect variation in
adzNBAGEE (G2 KIFI@S | Y2NB ABrtisRrahhelchaigeth@rfvargidn in 2y  NB S

recruitment.

Links between demographic parameters and climate could corroborate particular demographic roles
in range dynamics. For example, if a demographic parameter increases with temperature, and
decreases towards the range edge, then this would be consistentthathparameter limiting the
range through population growth rate. | will thus estimate the relationship between demographic
parameters and climate in this chapter. Howeuetannot use the relationship between climate and
demographic parameters to adjudite either way on the ultimate mechanisms (dispersal or
demography) for range limitation or range change. For example, a reduction in nest predation in the
un-colonised area could cause an increase in productivity allowing range expansion, without there

being a positive relationship between productivity and climate.

In this chapter | estimate reed warbler demographic parameters and their relationship with time,
space and climate, from demographic and population size data. This fulfils two aims towards my
overall research aims. Firstly, it allowse to assess the support for different scenarios of range
limitation and expansion. In particular, it will allow me to evaluate the second plausible scenario of
range limitation and change in reed warbler (Chagierthat the range limit and/or range change are
caused by variation in demography between the range and thedlonised area. Secondly, it allows

me to estimateclutch size, nest survival and adult surviealthe IBM (Chapter 6).

4.3 Methods

43.1 Data

4.3.1.1 Demographic and population size data

I modelled demographic parameter@nd population sizefrom data collected under two BTO
population monitoring schemes: the Constant Effort Scheme (CES) and the Nest Record Scheme (NRS).
Under the CES, volunteers operate multiple mmists after dawn according to a standardised
methodology (Robinson et al. @9), over 12 visits across the breeding season. This scheme produces
capture data and parallel effort data. Under the NRS, volunteers search for nests, and over successive

visits, record the contents (Crick et al. 2003). This scheme produces datatcm size brood size
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andhatching and fledging succedhe Constant Effort Site scheme began in 1983, later than the Nest
Records Scheme, so analyses of both datasets were commenced inClB83data were used to
estimate swvival and juvenile and adult population size; NRS data were used to estimate productivity.
Data were available for both schemes until 20D4ta from 139 CES sites and 611 NRS locations were
used (Figurd.2).

Dataset

CES
* NRS

lat

50 25 00

Figure4.2. Datacontributing sites from ES and NRS.

4.3.1.2 Climate data

L adzYYINARASR GFINARFGA2Y Ay NBSR g NbfSNRa o0NBSRA
because these variables are both known to influeresd warbler productivity (see 1.4.3.3)KCP09

data (Met Office 2017were used for breeding season temperature and rainfall. Monthdgn5S< 5km

data was summariseaghnually(mean for temperature, total for rainfall) over the main monthsexd

g NDf SNNR& ONBSRAYy3I aSlazy oaleé (2 1dz3dzado> | yR
precipitation data(Harris et al. 2014yvere used for wintering grounds rainfall. The actual limits of
NESR 4 Nbf SNRa the\eytenSoNBritsareddihg/febd BarbleryitRin those limits,

are poorly known. Most Britishreeding reed warbleyrecaptured while wintering have been from

west of 12W (Prochazka et al. 2008)nd they probably winter further south of Senegaleg@tering

Iberian breeders. Therefore | defined an extent o\¥&o 10W, and 5N to 16N (Figure4.3e), from

within which to extract rainfall data: this may well include considerable areas of lantiah weed

warblers do not winter. Monthly precipitation data was summed for each°@® 9.5 land cell within

this extent over the period May to Apahch yearThe mean totahnnualprecipitation was then taken

across all land cells within the extent, and usedaannualindex of wintering grounds rainfall (Figure

4 .3f).
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Figure4.3. Climate data used in analyses. a) Mean breeding season temperat@rid&in, 19832014. b) Mean
total breeding season rainfall Britain, 19832014.Change over study period (192814) in(c) mean breeding
seasontemperature; and ()i total breedirg season rainfall. Lines link annual values for gdithkm x 100km
grid cell containing dataontributing CES or NRS sitasc) and d)e) Extent (rectangle) in West Africa from
within which rainfall data extracted (Senegal in NW, Liberia infBHan (MayApr) total rainfall across West
African region in (c), 1983013.

4.3.2 Overall modelling approach
| estimated reed warbler demographic parameters over the period 2883} in separate analyses

and in anlPM (4.3.4). Survivaland population sizevere modelledfrom capture histories and counts
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in modelswith a hierardiical structure(as for occupancy in Chapter &so see 1)5 an observation
error component and a latent ecological process componBetails of the Bayesian modelling are
given in2.31.2. As inChapter 2 a separate model wasin for each covariate éar, temperature and
rainfall). All covariates were scaled to mean 0 and standard deviation 1 to ease model r{Kaiyg

and Schaub 201HBndto allow comparison of slopes between covariates.

The demographic paranters, and their slopes with each covariate, are assumetbdospatially
autocorrelated(e.g.Du Feu& McMeeking 2004)This means that data from closébcated sites are

likely to be noAndependent.This was modelled usingspatial random effectgas for occupangysee
2.3.1.1): thisallowed estimation of the different parameters, and their slope with covariates, for each
grid cel across Britain(e.g. Saracco et al. 2010¥Furthermore, one might expect demographic
parameters to follow ahump K LJSR RA&AGNAO6dziA2y FTNRBY 2y &gSR3S
Eglingon et al. 2015)Thus as a range edge is approached, one might expect-bneain decline in a
demographic parameter approaching the range edge. Therefore, although the fitted global and cell
wise slopes were linear, the flexible modelling approachmted the data to suggest deviations from

linear relationships with covariates across Bitishrange as a whole.

Some parameterg, clutch size, egg survival, chick survival and adult surgicaluld be directly
estimated from data. For these, an individual model was run fehgerameter (48.3). These sub
models were then combined with population size data into an integrated analy3id)4. detail the

specifics of the demographic parameter sumodels and their integrated analysis below.

4.3.3 Demographic parameter subodels

4.3.3.1 Likelihood of clutch size data

The data used for clutch size were the minimum clutch size from nest records for which the maximum
contents was the same as the maximum clutch size, leavb@b5ecords.Being anon-negative
integer,it wasassumed that the clutch size of a nest Poisson distributed with rate(equation 4.1)

On the scale of the link functionarget parameters (in this case, clutch siae)all demographic
parameter submodelsvaried around a global interceptith: a spatial random intercept for each grid

cell; a global slope with the covariate; a spatial random offset to the global slope for each grid cell; an
annual random residual. For example, fitve clutch sizesub-model, the log of clutch size is
determined by a globahtercepth a spatial random intercept ma global slopé pa spatial random

offset to the slope mand an annual random residwalfequation 4.2)Random effects and+ were
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spatially discretised by 100km x 100km grid cell (idengtitglid). For nest in yearj (N.B.each nest was

observed in one year only)

o 0 & Qi j Eq. 4.1
1T &% 1p 1P rp1p WE U W FQBRPQ Eq. 4.2

4.3.3.2 Likelihood oéggsurvival data

Nest records wer@ised to estimateeggsurvivalif the nest hadbeenvisited more thanonceduring
the egg stageand if the hatching success was knowsaving4,428 records.Hatching was deemed
successful if the maximum number of days the nest was observed with chicks was greatzgrthan
or if the nest failed at chick stage, or if the nest was successful, or if any young were obBeingd.
a binary variableit was asamed that the observethatchingsuccesse of the nest was a Bernoulli
distributed variable, the parameter of which was the datgsurvival 1 raised to the maximum
number of dayse for which the rest was observed during the clutch phdbéayfield 1961 equation

4.3). The logit of 1varied with covariategequation 4.4) as for clutch size. For nésh yearj,

('Qpx 0 Qi %p R Eqg. 43
1TTQEO | 1c¢r1¢C r¢¢ WE L DIFAREQ Eq. 44

4.3.3.3 Likelihood of chick survival data
Nest records were@sed to estimate brood survivilthe nest haceenvisitedmore thanonce during
the chick stage, if the nests were known to have hatched (s&8.2) and if the fledging success was
known, leaving4,264 records Being a binary variablét was assumed that the observdbdging
successc of the nest waBernoullidistributed, the parameter of which was the dallyood survival

2 raised to the maximum number of daysfor which the rest was observe@equation 4.5) The

logit of 2 varied with covariates, as aboyequation 4.6) For nesti in yearj,

[ @ 6 Qing i Eq. 45

1TQEO | Joro0 rolo WE U O FQBROQ Eq. 46
4.3.3.4 Likelihood o&dult capture histories

Adult survival was estimated from CES capture histoGeptures from sites at which fewer than 20

individuals were ever caught were removed. The minimum required length of capture histories for
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survival analysis is three years: thus all sites with féwerl vy G KNBS &SFNBEQ RIFGF
43461 individual capture historidgsom 139 sites

The observed presence of an individyalepends on its true presencg itscapture probabilityp and
its true residency (equation4.7). It was assumed that each individual survives from one year to the
next with probability 3, and that once an individual dies it remains déaguation 4.8)Having binary
outcomes, bothy andZwere assumed to be Bernoutlistributed variablesAdult survival probability

3 varies with covariates as aboyequation 4.9)In the analysis for rainfall, an additional ternn
was included for the slope of the relationship of surwviih rainfall in the wintering grounds in Africa.

For individual in yearj,

W 8 Q1 iE'Q0 Q@Y Eq. 47
O 60 Qi o FOF Eq. 4.8
I1TQEO | 11 11 rT1T WE U O FQBREQ Eq. 49

Capture probability can vary markedly between sites. The logit of the capture probalatity given
site was determined by a global capture probabilitgarp and a random offsetdr each sitey
(equation 4.10) Values omearp were drawn from a normal distribution with mean 0 and standard
deviation 32 a reasonably uninformative priofhe precision of the random effe¢iheededa slightly
more informative prior for the model to run succes$fulalues for this quantjtwere drawn froma
gamma distributionwith shape land rate0.1. The capture probabilitgitepat a CESsite in a given
year wasp multiplied bythe proportion e of 12 visits that were operated dhat site inthat year

(equation 4.11)For sitd in yearj,

a€é€ "GQo a Qwe s Eqg. 4.10
i QPR Q N Qy Eq. 411

Transient reed warblemix with residents on the breeding groundeh@xteret al.2006; Johnstoret
al. 2016). | therefore incorporatétransience into the analysis, in order to avoid underestimating
survival.No termwas included to allow movement between sites. Thusas assumed that the only

way individuals can become impossible to capture at the site at which they were firstredpsuby

g S

dying.Individuals caught more than once in their first year of capuetdNE Of  4aSR | &4 WNBa

is, it is assumed that an individual cannot be caught on more than one visit in a year unless it is truly

resident. This observed residen@sdepends on the true residency of an individuathe probability
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of capturing an individual on two or more vigits and the number of visitsf made in their first year
of capture(equation 4.12)| assumd that the true residency of an individuadepends on a global
residency probability (equation 4.13)Having binary outcomes, botiesand' were assumed to be

Bernoullidistributed variables.For individual,

| Q6 Qi gn 0 Eq. 4.2
sx 6 Qi “¢ Eq.4.13

Saracco et a(2012)model the probability of capturing an individual on two or more visits ket
parameter” (rho). In order to minimise the number of latent parameters, | calcuddkés probability
pt from the (already estimated) capture probabiljiy The complement gb is the complement of the

per-visit capture probabilityv, raised to he power of 12 (for 12 CES visitguation 4.14. For sitd,

P N p No Eq. 4.1
thus

Eq. 4.15

The probability of capturing an individual on more than two occasiomal®ilated by taking the
probability of capturing an individual just once (the probability mass function of the binomial

distribution),
pp(,:] Op fO Eqg. 4.16
and the probability of capturing an individual zero tinfég), and subtracting these from unity.
no p p N pPclup NU Eq. 4.17

thus
nNo n pcuup NU Eq. 4.18

4.3.3.5 Inference and model fit
The prior distributions usefibr global intercepts and slop@gere reasonalyl vague compared to prior
belief (Table4.1; more detailed explanationf approach toselection of prior valuegiven in 2.3L.2).

As for the analyses of occupancy, preliminary analysis showed that the iglteveéptcould be given
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a reasonably vague prior, and so was assumed to be drawn from a normal distribution with mean 0
and precision 0.001The values of the slope parameters were likewdassumed to be drawn from a
normal distribution with mean O; neliminary analysis showettat these needed morénformative

priors, and sowere given precision 0.1Vague priors for the precisions of the random effects
generated traps and errors; more informative priors were given for those quanfitese 4.1)As fa
analyses of occupancy (see 2.3), walues of the precision of the random effediad to be drawn

from positivelyskewed positive real numbers, ameere therefore drawn frongamma distributios.

Models were fitted in WinBUGS from(IR CorelTeam 2018)using the package R2WinBUGS&iIrtzet

al. 2005) To run the models folong enoughto satisfactorily convergehile keeping runtime length
reasonabe (see 2.31.2),each demographic parameter suodel was updated 1,000 times, of which

a burnin set of 5000 was discarded. One in six updates were retained to form the posterior sample,
in order to avoid autocorrelation in the MCMC chaiks for the analyses of occupancypdel fit was
assessed by examining the betweelmain and withirchain variance by ey and using the statistic-R

hat.

Table4.1. Priors for terms in linear predictor for each target parameter, for demographic parametemnsdlels
in separate analyseB.arameters of the normal distribution given as mean and precision.

Precision of grid  Precision of grid Precision of
Target Global .
. Global slope cell intercept cell slope globalannual
parameter intercept

random effect random effect random effect
¢ N(0,0.00) N(0, 0.1) Gamma(10,1) Gamma(10,1) Gamma(10,1)
1 N(0,0.001) N(O, 0.1) Gamma(10,1) Gamma(10,1) Gamma(10,1)
2 N(0, 0.001) N(0, 0.1) Gamma(10,1) Gamma(10,1) Gamma(10,1)
3 N(0, 0.001) N(O, 0.1) Gamma(10,1) Gamma(10,1) Gamma(10,1)

4.3.4 Integrated population model
4.3.4.1 IPMs: introduction
LG Aa NIXYNB GKFG ¢S KI @S LI NIftfSt RFGFasSia @gAlGK
parameters in detail. However, we can take advantage of the fact that the size of a population at any

time step is determined by births, deaths, immigration agwhigration. The ramification of the

population size through time itself therefore provides additional information on demography. IPMs
combine population size and demographic data to allow estimation of parameters for which no explicit

data exist(Robinsoret al.2014)
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Figure4.4. Directed acyclic graph of spatiemporal integrated population model for reed warbler Britain The notation for the nodes matches the text notation. Solid
arrows depict stochastic dependencies and dashed arrows depict deterministic dependencesr®depicted within rectangles and unknown quantities are depicted
within circles. Estimated parameters are coloured and-eetimated parameters are grey. The permitted variation in an estimated parameter is shown by colour: orange =
global intercept; hue = global intercept and fixed psite intercept; green = global intercept, rand@patialintercept, global slope with covariate, rand@patialslope with
covariate and randomannualresidual. The equation numbers in the teate given adjacent to the corresponding nodes or dependenties.|PM is run once for each of the
three covariates: time, temperature and rainfall.
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Here, | estimated reed warbler demographic parametesing an IPM for the reed warbler population

in Britain. This required defining the likelihood of population size data given true population size, and
defining how demographic rates produce changes in population(Kiz/& Schaub 2011)The joint
likelihood for the whole IPM was then the product of the individual likelihoods of the seven
contributing datasts. The schematic in Figu#e4 describes how the demographic parameter sub
modelswere combined with an additional statgpace submodel for population size in dRM. As for

the separate analyses @13), | assume that processes at the siteor nestscale are determined by

demographic parameters which vary at the grid cell (R@0x 100km) scale

4.3.4.2 Likelihood of adult capture totals

Adult survival probability 3 and capture probabilitp were modelledfrom their respective datasets
(encoCJandres given residency parameteén. True adult population sizgd was modelled, given
capture probabilityp, from adult capture totalzd (equation 4.20) In practice, the sitavise p was
multiplied by whether the site was operated in that yesk (equation 4.19)As theresult of several

trials with binary outcomesgdwas assumed to be binomialtiistributed. For sitei and yeay,

nNik NQQ Eq. 4.9
a'Qx 6 Q& &M i Eq. 420

4.3.4.3 Likelihood of juvenile captusenddependency of population size on demographic rates
Clutch sizé, eggsurvival 1 and brood survival 2 were modelled from their respective datasets (
se, te, s, te). Clutch, eggsurvival 1and brood survival 2 (the latter two raised to the length of the
incubationincand chick periodro respectively 10.5 and 11 used heyaere multiplied together to
give the number of fledglings per breeding attenipba (equation 4.21) Thiswas multiplied by a
latent parameter. , to give the peipair productivityprod (equation 4.22)For grid celiand yealr,

oN & [RNpR  NGR Eq. 4.2
N &Q 0N @by Eq. 422

The true number of juvenilegd was estimated by multiplying the number of breeding females in the
population (half of the true adult population size) by perpair productivityprod (equation 4.24)
The observed number of juvenile capturgd is proposed to be generated by the truember of
juveniles presenyjd, given the juvenile capture probability (the adult capture probabgitgultiplied

by an offsefo; equation 4.23)As the result of several trials with binary outcomejglwas assumed
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to be binomiallydistributed; as anon-negative integeryjd was assumed to arise from the Poisson
distribution. Juvenile capture probability was expected to be lower than adult captuobability,
because juveniles are present for a lower proportion of the breeding season than adults, by definition
Being between 0 and Yalues ofjo were drawn from a Uniform distribution with minimum 0.01 and

maximum 0.99using parameters 0 andchused numerical problems ingimodel) For site and year

Js

G QR 6 0 &dQd i Q¢ Eq. 423
o0p 9 Rl E0 j Eq. 4.2

Juveniles survive to the following year with probabilig. As for the other target parameters, ( 1,
2and 3), the latent parameters and 4 were allowed to vary with covariates in the same way

(equatiors 4.25-4.27). For grid cell and yeay,

GEQIRG LU LU rV)ILVLOELDIFRABRDLA Eq. 4.3

and
Spx D& Q0 & itebha Eq. 4.B
th LO T O o) enébdirQEPQ Eq. 4.7

Thelatent parameter. wasassumed to be a nenegative real number, with small values more likely

than large values, so wassumed tarise fromthe log-normaldistribution (a gammalistributionwas

also trialled but caused the model to faljalues of. outside of the interval [0.0001, 100] were

censored to prevent traps from unrealistic parameter space being explored (see 4.2.4.5). Adults
survive to the following year with probability3 (equation 4.28) Surviving adult®lsand recruiting

immature bidsNreck NS O2 Yo AYSR G2 YI 1S | (cBuatosy.2® S30)NRa | Rd
As the result of several trials with binary outcomes, bidandNrecwere assumed to be binomiaily

distributed.For sitei and yeatj,

Oigx 6 Q& &3 Mo ﬁ Eq. 4.8
01 Q& 6 Q& &xdQ Mt i Eq. 4.2
OQ Oifp 01 Qo Eq 4.30
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4.3.4.4 OmittedIPMstructure
{2YS (1y26y |aLISOGa 2F NBSR o6 NbfSNRa fAFS KA&AG2N
lack of data, or to keep th model to a manageable sizelere | identify some key sources of

unmodelled variation in the IPM.

Ltad RSaONAOGS (GKS Ff2¢6 2F AYRAODARdIzZrfa 20SNJ GAYS
grown juvenile). The flow of individuals is subject to key operations between pools: perhaps new
individuals being created, being multiplied (e.g. by dotiisieoding), or being reduced by mortality.

It is desirable to estimate these operations: demographic p&tens. Sometimes not enough data
SEAAG i GKS | §eé-cytldxdisbléate evaryfimpbrtant dd@ddrahia garametef. S

The latent parameter. , not corresponding neatlyo a particular demographic process in reed
warbler, can be thought of as a scaling paraméRobinsoret al.2014; Stenglein et al. 2014)s such

it accounts for unmodelled variation between the number of fledglings per breeding attempt per pair,
and the total number of fledglings per pair. There are likely to be two main demographic contributions
to . . Firstly, reed warblermake epeat breeding attempts throughout a season, even if they have
already been successful, sometimes fledgthgee consecutive broodqBatey & Leech 2018)

Secondly, the immediate period after fledging is a high moytalériod in most passerines

Both of these demographic processes are of interest and potentially contribute importantly to
variation in productivity. Extensive work went into estimating season length from the temporal
distribution of first egg dates, from NRS data. A further modelam@ated to calculate mean attempt
length from nest failure rates. Mean attempt length and season length could then be combined to
estimate the number of breeding attempts. However, nest recorders varied in when they stopped
searching for nests, and thisat® was fairly repeatable among years. Attempts to account for this
variation were not adequate, and so this attempt to partitiorwas not robust and was omitted from

the full IPM.

4.3.4.51PMinference and model fit

IPMs were fitted as fothe demographic parameter semodels, except the IPMs were updated for
f2y3SNI opnZnnn AlGSNI A 2inf Becagsk GokvergencE was much Sl G A 2 y
Priors for some quantities had to be very informative for the model to even run (Aa)lewith so

many parameters, simultaneous extreme values in several parameters at the same time could

generate very large or very small numbers. For example, a vague priordould mean that the
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chains exploredcannual productivityvalues of more tan 10,000juveniles perpair. WinBUGS trap
messages are not always easily interpreted, but from inspecting the state of parameters at the final
iteration before crashing, it appeared that in some such situations WinBUGS was encountering
numerical overflow from having to divide by values very close to Z8everalother issues were
encountered in development of the IPM. These were typically solved by careful selection of and
experimentation with the family and parameters of the distributsoof the priors, the family of the
distribution of the stochastic nodes, mathematically realistic initial values for the ¢hairtkthe

number of iterations and length of buin.

Therefore the specific prior parameter values used in the IPM (Table 4.2)were the result of
adjustment of each prioover an iterative debugging proce3se global intercepts in the IPM needed
to be more informative, and s, 1, 2and 3 were givenprior meanscloseto those estimated
from the demographic parameter suhodels.The means used for the priors for the global intercepts
for 4and. were arrived at through trial andreor. Theprior precisions used for the global intercepts
were all higher than those used the demographic parameter sulmodels, to avoid exploration of
nonsensical parameter spacthe global slopefor each parameter in the IPMere still giverpriors
with mean 0, but the precision needed to be increased relative to those in the demogpaphineter
sub-models.In general, the random effects the IPMhad to begiven more precise prior values than

in the demographic parameter suhodels.

Debugging was slow because of the high runtime; tlebuggingprocess was made faster by
parallelising the task so each chain ran on a different core. This brought the runtime ddiwe-$ix
days for 50,000térations.|IPMs are typically run faens/hundredsof thousands of iterationgKéry
and Schaub 201)he version(structure and priorspf the IPM presentedvas the only version that
comfortably updated for 50,000 iterations without failin§o my knowledgehis is the first IPM to
incorporate space more formally than as simple covariate, and the first IPM to simultaneously

incorporate environmental covariates across demographic processes.

Table4.2. Priors for terms in linear predictor for each target parametetPM

Target Global Global Preci_sion of grid  Precision of grid Precision of
parameter intercept slope cell intercept cell slope random  globalannual
random effect effect random effect

¢ N(1, 0.7) N(0, 0.3) Gamma(10,1) Gamma(10,1) Gamma(10,1)

1 N(4.2, 0.3) N(0,0.3) Gamma(10,1) Gamma(10,1) Gamma(100,1)

2 N(5, 0.3) N(0, 0.3) Gamma(10,1) Gamma(10,1) Gamma(100,1)

. N(0.2, 0.2) N(0, 0.1) Gamma(100,0.5) Gamma(100,0.5) Gamma(100,0.5)
4 N(0, 1.3) N(0,0.3) Gamma(10,1) Gamma(10,1) Gamma(10,1)
3 N(0, 1.3) N(0,0.3) Gamma(10,1) Gamma(10,1) Gamma(10,1)
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4.4 Results

4.4.1 Separate analysis

In the separate analyseRhat was less than 1.1for all parameters in all model§his, and visual

inspection of the MCMC chains, suggested that all parameters had converged satisfactorily. The
models for egg survivaleeded running for twice as long as the other models (20,000 iterations with
MAZnnn RAAOAWRERG 2 al WOMNAFS &l GAaTl OG2NE O2y@SNEHS

Table 4.3Intercept estimates of occupancy and demographic parameters, and estimates of nuisance variables,
from models with time as a covariate.

Parameter Estimate (95% credible interval)
Clutch sizé 3.824 (2.705, 5.305)
Daily egg survival 1 0.985 (0.982, 0.989)
Daily chick survival 2 0.993 (0.991, 0.994)
Adult survival 3 0.441 (0.403, 0.478)
Capture probabilityp 0.696 (0.662, 0.732)
Residency 0.643 (0.627, 0.656)

Clutch size was slightly higher in the south and west of the range and lowest in the east4Eglure
For all covariates, the credible interval of the slope of the relationship of chigelvith that covariate
overlapped with zero (Figurk6). Therevere nonsignificant trends for clutch size to slightly increase
over time and with temperature, and to slightly decrease with rairffétjure 4.6) There was spatial

variation in these relationships, but no clear systematic pattern (Figuvés4.8b, &4.9b).

Daily egg survival very slightly increased from the south to north of the range (Figure 4.5b). Egg survival
increased considerably over terfFigures 4.6 & 4.7¢), and the improvement in egg survival was slightly
higher in the south than in the north of the range (Figure 4.7d). Egg survival had a stronger positive
relationship with temperature than with time (Figures 4.6 & 4.8c), and thidipeselationship was
considerably stronger in the east of the range than elsewhere (Figure 4.8d). Rainfall and egg survival
were negatively related (Figures 4.6 & 4.9c¢), although the slope of the relationship was shallower than
between temperature and egsurvival (Figure 4.6). Notably, egg survival was particularly low in 2012
(as was chick survival), the wettest summer in the UK since 1912 (Figure 4.7c). An increase in rainfall
had a slightly stronger negative effect on egg survival in the south andoédake range than

elsewhere (Figure 4.9d).

Daily chick survival was higher than daily egg survival (Table 4.3), and was slightly higher in the north
and east of the range (Figure 4.5c). Chick survival had a very strong positive relationship with
temperature. This relationship was considerably stronger than the relationships with time (positive)

and rainfall (negative); the credible intervals of the global slopes of both marginally overlapped with
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zero (Figure 4.6). There was very little spatial variatioine relationship between chick survival and
temperature (Figures 4.8e and 4.8f). Chick survival increased more over time ireasttEngland
than elsewhere (Figure 4.7f). There was no systematic spatial pattern in the relationship between

chick survial and rainfall (Figure 4.9f).

Variation in demographic parameters across Britain

a) b)
Clutch size Egg survival
[ | 0.988
3.9
= E 0.986
38 0.984
o "
c) d)
Chick survival Adult survival

0.993

lat
lat

0.992

N

-5.0 -2.5 0.0

Figure 4.5Maps of modelled demographic parameters at middle of 19884 study period.

Annual fledglings per breeding attempt fpba was computed st from annual estimates of clutch
size, egg survival and chick survival, according to equation 4.21. The relatibeskgen annual
fledglings per breeding attempt and temperature and rainfall was likewise computed from estimates
of the equivalent relationships for the above parameters. Because fledglings per breeding attempt
was computed poshoc, uncertainty is not knen for estimates of fledglings per breeding attempt,

nor its relationships with covariates. Fledglings per breeding attempt was higher in the north and west
of the range than in the south and east (Figure 4.10a). The relationship between fledglings per
breeding attempt and temperature appeared to be stronger than with the other covariates (Figure
4.10d). There was no clear systematic spatial variation in the relationship between fledglings per
breeding attempt and temperature and rainfall (Figures 4.10e.1d), but fledglings per breeding

attempt seemed to increase more in the north than in the south of the range (Figure 4.10c).
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Figure 4.6 Slope estimaté& 95% CI) against scaled covarimteeach demographiparameter.

Adult survival was considerably hiy in the north of the range (Figuré5d). There was no
relationship between adult survival and timtitainrainfall or West African rainfall, although there
was a slight indication for all three to be positive (Figd®. Adult survival had a sting negative
relationship with temperature (Figures6 and4.8g). This negative relationship was stronger in the

north and west of the range (Figude8h).
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Relationships of demographic parameters with temperatyracross Britain
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Effects of covariates on fledglings/breeding attempt
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Figure4.11. Modelled annual adult survival and fledglings per breeding attempt (FBPA). Solid line is mean
estimated value for all grid ceb®uth of54°N containing datacontributing sites for that parameter; dashed line

is mean estimated value for all grid cellsrthoof 54°N containing datecontributing sites for that parameter.
Values scaled to mean 0 and standard deviation 1 for both parameters; valuesrtbern set of grid cells for

a given parameter scaled using mean and standard deviation of valussutrern set of grid cells for same
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The exact annual location of the range edge in the years-2883 is poorly known (Chapter 2). This
makes it difficult to compare the changes in parameters between the range core and the area
colonised after 1983. Based on tHescriptionof range changén Chapter AFigure2.5, 2.6, 54°N

was selected as an approximate delineation between the range core and the colonised area. Annual
adult survival and fledglings per breeding attempt were computed to the north and south of this line,
taking the mean of all dataontributing grid cefi in each region (Figurel1). Adult survival was
always higher in the colonised area, and slightly increased, relative to the range core. Fledglings per
breeding adult slightly increased in the colonised area relative to the range core over time. Hsere w
no clear indication that at the start of the period, adult survival or fledglings per breeding attempt

were lower in the newly colonised area than in the range core.
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Figure4.12. Selected output from IPM of reed warblerBritain, with time as covariateOutputs are provided
to present signs of internal conflict in the @l (ag), and an example map of change in population growth
rate over time (h)

4.4 2Integrated analysis

The IPMs did not converge properly. The IPM with time as a covariate is used as an example here, but
the issues were similar in the IPMs for temperature and rainfall. In the IPM with time as a covariate,
25% of parameters had a value Rhat of greater than 1.1, indicating that the variation between

chains was greater than the variation within chains (Figure 4.12a). The chains for some parameters,
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such as the juvenile offset to adult survival probabijityand the productivity scalingarameter. ,

were clearly not stationary (Figure 4.12b). There were further indications of internal conflict within
the IPM: for example, the model found clutch size to gradually increase over the years; however, the
estimated slope was given as negatiwhile the estimated annual residuals in early years were highly
negative to reconcile the negative slope with the increasing clutch size (Figure 4.12c). For some
parameters, the estimated values were extreme or nonsensical. For example, valuef~mjure

4.12d) led to estimates of annual productivity of up to 35 juveniles per pair (Figure 4.12e). This was
the apparent cause of very low values of juvenile survival (Figure 4.12f). It is unlikely that this would
have been resolved with further iterations, ¢@use. was still continuing to rise when iterations
ceased. Interestingly, some parameters were relatively unaffected by the internal conflict: for
example, the annual values of chick survival estimated by the IPM (Figure 4.12g) were similar to those
estimated in the separate analysis (Figure 4.7¢e). However, the extent of the lack of fit in the IPM is
unknown; therefore the apparent indication that population growth rate increased more in the

colonised area (Figure 4.12h) is not robust.

4.5 Discussio

45.1 Reed warbler demographic parameters and relationships with time and climate

Reed warbler egg survival and chick survival both increased overBintle parameters were even
more strongly positively related to temperature than to year. This suggests that climate warming has
driven an increase in nest survival in reed warbldBiitain Egg survival had a negative relationship
with rainfall, but this wa weaker than the relationship between egg survival and temperature, and so
the relationship with rainfall could be an indirect one arising out of a positive relationship with
temperature. This positive relationship between nest survival and breeding isdastperature is
consistent with that found elsewhere in Eurogf8chaefer et al. 2006:1alupkaet al. 2008) and
consistent with the identification of weather as the most important cause of nest failure in the UK
(Bibby 1978) unlike elsewhere in Europé&chulzeHagenet al. 1996) There are multiple possible
mechanisms for this relationship, for example: chicks can starve in cold, wet weByrez 1981)

nest predation care higher when food supply is lofvafidis et al. 2016 Alternatively, phenotypic

LI F AGAOAGeE YI1S& dzld 'y AYLRNII y((Bdshiyealy2818)i 2 F
perhapsadults provisioned their chicksss when food supply was low, in order to maintain their own
condition.UnlikeSchaefer et a[2006) but likeHalupkaet al.(2008)and Vafidis efal. (2016) | did not

find a positive relationship between temperature and clutch size.
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the north and west of the range Britain This relationship was much stronger than the relationship
between adult survival and time, suggesting that the relationship with temperature was genuine,
rather than arising from covariance with a latent variable that followed a trend over tiffigs
negativerelationship isurprising especially for a species at the cool edge of its raNgeother study

has found effects of breeding season climate on reed warbler su(se@l1.4.3.3 It is relatively rare

for the sunival of bird species of temperate regions to be influenced by breeding season conditions
rather than nonbreeding season conditiorfRobinsoret al 2007) It is possible that breeding season
droughts caused by higher temperatures directly cause higher mortaligdiit reed warbles.
Droughts could also place adults in a poorer conditiorafdumnmigration, causing higher mortality
during that period, which is the highest mortality period for this spediPsochazka et al. 2017)
Alternatively, it cou be that this is an indirect relationship with temperature through breeding
success. If nest survival is relatively high, then adults spend more time during the season in the laying,
incubation and chick period than if nest survival is low. Mortalitygkdr in this period in reed warbler

than during the nest building and fledging perigdierucka et al. 2016)

It is also difficult to explain the steeper radtye relationship between adult survival and temperature

at lower temperatures; perhaps this is due to local adaptation to cooler conditions in range edge
populations. Although the same relationship was not found in reed warbler, in Bulgaria great reed
warblershad a lower haemoparasite prevalence in a colder high altitude marsh than in a low altitude
marsh (Shurulinkov& Chakarov 2006)This relationship was presumed to be due to lower Diptera
presence at lower temperatures to transmit infections. It is therefore possible that reed wadiler

the cold edgef their range sustain lower parasite loads and therefore have higher survival as a result.
Interestingly, this negative relationship between survival and temperature did not result in a decline

in survival over the study pericas the climate warmed

LkeHalupka et al(2017) | found no effect of winter rainfall in the humid zone on adult reed warbler

survival. The strongest relationships eten reed warbler survival and African climate have been

positive relationships with Sahel rainf@8alewsket al. 2013; Ockendort al. 2014; Johnston et al.

2016) even though reed warblswinter to the south of the Sahel, suggesting that the effects of

rainfall there arise from stopover site conditiodalupka et al(2017)a dz33Sa i SR G KIF &G NBSR
use of mangroves make it more resilient to drought (although Besye et al. 2013)However, no

studies have datieated the exact wintering range of reed warbler, and so rainfall data averaged over

broad areas of west Africa (as used in all studies to date) probably include much data from outside
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survival and wintering range climate to go undetected.

Although climate strongly influenced demographic parameters, especially nest survival, there was
considerable spatial and temporal variation in demographic parameters thatrally) did not fit

with spatial and temporal climate gradients (Figudes & 4.6). This suggests that other factors, such

as biotic interactions or densigependence, exert significant influence on reed warbler demographic

parameters irBritain. | was not able to investigate this here.

It is regrettable that the IPMs did not fit, thus preventing estimation of further demographic
parameters angopulationgrowth rate, and their relationships with time, space and climétédey
assumption of IPMs is that the structure of the state equations and the observation process are
described correctlySchaul® Abadi 2011)Based on the parameters which were not stationary in the
MCMC chains, it seems that the likelihood for the number of juvenile captures is not correctly
described. It could be that juvenile captures contain a large proportion of staging birds on migration.
Indeed, estimated values afmegawere high on the south coast of England (not shown), where
juveniles can aggregate in late sumniérsley& Boswell 1978) This would make the number of
juvenile captires difficult to reconcile with the estimated number of adults and estimated fledglings
per breeding attemptindividuals may not have fallen neatly into the pools and operations assumed
by the IPM, in other ways. For exampteyas assumed that juvenileed warblers caught on CES had
already passed through thmain period of high postiedging mortality (3.5.1), andall mortality
thereafter was juvenile ovewintering survivalpotentially with adifferent rate); this may not have
been the caseandthe proportion of juveniles captured on CES whdlll in the high postledging
mortality period could have variedAs with any IPM, there islso additional unknownomitted

structure that could be causing the internal conflict (se2414).

4.5.2 Role of demography in reed warbl@m@nge dynamics iBritain

None of reedwarblerQ éutch size, egg survival, chick survival or adult survival declined to the range
limit. Indeed, egg survival, chick survival and adult survival wees higher in the norththan the

south of the range, and clutch size was intermediatethe north. This suggests that none of these
parametersare involved in causing the range limit in this specieBiitain. My results therefore do
y20 LINPGARS &dzLJLI2 NI F2N) 6KS KeLRGKSaAa GKFG N
intheunO2t 2y A44SR I NBlI® I 26SOSNE L ¢l a yz204 FotS 0

N bj)
(V)
N Tk

parameters, and so | still cannot rule out this hypothesis.
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the area where most colonisation has taken place. This appears to have been caused bydtlireate

increases in nest survival. However, given that fledglings per breeding attempt do not appear to have

been limiting range, the increase in this pareter cannot have caused the range expansion
specifically by increasing potentipbpulation growth rate in the urcolonised area. Instead, an

increase in fledglings per breeding attempt could have increased population growth rate short of the
rangeedge. This increase opulation growth rate could have increasethe emigration rate, and

therefore the rate of the expansionthat was already underway Interestingly, thisincrease in

FTft SRIfAyITa LISNIONBSRAYI FGGSYLWW 0SGeSSYy mohyo | yR
centroid movedmore rapidly 198891 to 200811; Chapter 2).

Ultimately, however, it is not certain that this increaseledfjlings per breeding attempt has actually

led to an increase in productivity, nor in population growth rate. It may be that the number of breeding
attempts, or juvenile posfledging survival, have declined over the same peridsiy elsewhere ang

NESR 4 Nbf SNDRa NIy3dS SRIS Ay 9dzNRBLIST LINRPRdAzOGA OA
(Meller et al. 2018) The precise role of demography in range limitation and change in reed warbler

in Britainwill only be known when the full cycle of demographic processes can be estimated.

4.6 Conclusion

To my knowledge, this is the first time that a sigeéi Q R S Y 2 3 Nleds)krid Geirlrdiiatihskiss

with time and climate, have been estimated at such high spatsalmtion | found thatan increase in

reed warbler egg survival and chick survinaBritain between 1983 and 201day have been driven

by an increase in temperaturé&gg survival and chick survival were positively related to breeding
aSlazy UOGSYLISNIGd2NBE:Z 6KAES | RdA G adaNDAGIE 6l a yS
temperature.None of clutch size, egaurvival, chick survival or adult survival declined to the range
fAYAGS ada3saday3a GKFEG RSY2ZIANI LKE R2S& y20 tAYAL
aspects of demography wesstimated. Likewisean increase in fledglings per breedirteanpt may

KIS AYONBIF&aSR NBSR g bbit i§ dhileahoNIstiogyly Bediglingslpgra S & LI

breeding attempt is related to population growth rate.
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5. Sentinel2 multitemporal imagery for estimatinglistribution of commonreed

Phragmites australign Britain

5.1Abstract

Reed one ofthe mostly widely distributed wetland plants globally, is important as a wildlife habitat,

for ecosystem services, and as a resource for humans. Reed has a dynamic geographical range and has
recently expanded outside of its native range, modifying ecosystdtiowever, like most wetland

plant communities, reedbed has rarely been mapped at large geographical scales, thus restricting the
information available to ecologists and resource managers. Using Seltidala andmachine

learning inopensource softwarel produce the first remotehsensed reedbed map d@ritain. A

random forestwastrained on79.2 haof reedbed and2,719.2ha of nonreedbed habitat using free

online imageryAccuracy was high within the training argeJC = 0.9988.9997) but much lower in

GKS @GFIfARFIGAZ2Y FNBIF o!!'/ T noctnyodI gKSNB (KSNB
Using the known commission and omission ert@stimatethat 36845 ha of Britain is reedbed.A

similar workflow carried out in Google Earth Engine, using nearly an order of magnitude more images,
gave a lower commission error but a disproportionately higher omission éwtimcuss challenges for
mapping rare vegetation types over large geographical areas, and present potential solutions. It is
likely that reflectance error, the number of confusion habitats and systematic variation in temporal
reflectance function place uppdmits on the size of a geographical area that can be classified

accurately with such a workflow.

5.2Introduction

Global wetland area is declining at a high rate; however, quantitative estimates of regional or even
national change in wetland area are scarce and geographically bjBsettison 2014)with studies

often focussing on individualetlands. To inform policy, there is a clear need for wetland inventories

on a larger geographical scdlduet al.2017)

Reed a large grasss one of the most widely distributed wetland plants globéfgcker et al. 2017)

Due to itshighly competitive ability in specific environmental conditions, it often forms common
wetland communities in which it is monodominant or dominant. Partly because of iiie w
geographical distribution and propensity to form monocultures, reed is globally important for
biodiversity, ecosystem function, nutrient cycling, and to humans. Some species (e.g. Eurasian bittern

Botauris stellarisare entirely or almost entirely rétcted to reedbeds. Reed colonises open water,
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and has very high primary productivity and a slow rate of decay: it thus expedites ecological succession
from open water to land. Reedbed plays a complex role as a greenhouse gas source and sink (Brix et
al. 2001). In the last century, reed has colonised areas outside of its native (guggéidal wetlands

of North America Chamberset al. 1999. A large body of research has developed into its invasion
ecolagy, resulting in calls for its formalisation as a model species for studying invédieysrsonet

al. 2016) As a habitat and as a material, humans have doarwide range of historical and current

uses for reeqKobbinget al.2013) for example, reedbeds are used for water treatment, and reed is
used for biofuel andor thatch. Due to negative effects, particularly on agriculture, large amounts of

money have been spent on eradicating it outside of its native rékigetin & Blossey 2013)

As a globdy-distributed (except Antarcticaypecies, reed has proved highly adaptafitacker et al.
2017)and is not under threat (IUCN category Least Condaesinsdown 201) However, it ha a
dynamic geographical range (eM@an Der Putten 1997and is often a conservation priority at national
scales. In order to understand its range dynamics ardrtget its conservation, it is important to map
reed distribution at larger scales and develop technologies and workflows for applied ecologists and

resource managers to continue to do so.

Remote sensing uses variation in reflectance of electromagnetiatian from the Sun to distinguish
202S00a 2y (GKS 9FNIKQ&a &adaNFIOSo tflyd aLsSorsSa gl
leaf morphology, leaf water content, and the variety and concentration of photosynthetic pigments),

which themséves vary through time, and thus can often be distinguished by remote sensing. Remote
sensing is particularly useful for the mapping of wetland vegetation, because of its difficult
accessibility. Furthermore, the training of classification algorithrms BSaR o0& NBSRQa TN
monodominance. Consequently, remote sensing (and aerial photography) has been an asset to the
mapping of reedbed for severdecades (e.gButera 1983. Research questions have been varied:
addressing the distributiore(g.Silva et al. 2008 change in distribubn (e.g Arzandeh& Wang 2003,

or biophysical characteristics m#edbeds (e.gOmojeghuo& Blackburn 2016p

As for other wetland types, few studies have mapped reedbed at scales larger than individual
wetlands, with none tany knowledge mapping this wetland type at the national scal&rltain, reed

is an important component of a variety of plant communit{sicker et al. 2017Although reedbed

is known to be declining in extent on the ndamropearncontinent, there is no published estimate of
reedbed extent, or change in extent,Bmitain. In this stug | aim to map the current extent of reedbed

in Britain, using remotehsensed data. In doing thikaim to provide an easHymplemented method
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which can be repeated in the future, in order to estimate the change in distribution of this species
over time.| use this reedbed map of Britain to rumy IBM of the British reed warbler population

within (Methods in Appendix; preliminary results in 6.2).

5.3 Methods

5.3.1. Study area, scale and species

laimedd 2 YIF LI Fff O2YYdzyAdASa 6KSNBE NBSR A& R2YAYLlY
Britain, at 10m x 10 mscale. Theravasa wide variety of noweedbed land cover types in the study

area, and so itvould not be possible to distinguigbresence of reed at the sytixel scale through

linear unmixing(partitioning the spectral signature of a mixed piket.g.: the edge of an area of

reedbed; an area where reed is present but not dominant or monodominant; or 4@ubx 10 m

area of reedbed. Reed typically spreads by rhizome or st@aocker et al. 2017and sol assumed

that the last of these scenariosowld be less prevalent than for a typically sedidpersed species.

5.3.2Data

| acquired remotelysensed imagery frorthe Multi-Spectral Instrument of the Sentin2lA satellite.
Sentinef2A is one of two satellites in the Sentifimission, between them collecting high spatial,
spectral and temporal resolution images of global terrestrial surfédessch et al. 2012hese data
are available free of charge, on multiple mirrors, typically within hours of captbestinel2
representsthe latest manifestation in the recent trenPettorelli et al. 2014for the inceasing

relevance of remote sensing for acquisition of spatial environmental information.

Images for all 120@m x 100km tiles overlapping any of the land surfaceRritain (except Rockall),

captured during the period1October 2015¢ 30" April 2017 were downloaded. The long study

period was selected because muchBsftain frequently experiences cloudy weather, and therefore

many passes were requirea orderto achieveenoughnon-cloud coverage for th whole study area.

All LevellC SentineRA images, from all 13 channels of theboard Multi-Sensory InstrumeniMS),

Ay G(KSas aLlkdarf yR GSYLERNIE NIy3IsSas gAdK | FAL
GDEM digital elevation mod€éDEM) from the ASTER satellite (1 @a®cond resolution) were also

downloaded for the study area.
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5.3.3Preprocessing

Atmospheric correction of satellite data was imdggsed, and achieved by means of a simple dark
object subtraction, implemented in QGIQGIS Developmeriteam 2017)sing the Sermhutomatic
Classification PlugifCongedo 2016Reed does not occur below the low tide mariBiitain, and so

all sea outside of the low tide mark was masked out for all tiles.

A random forestclassification model was created to identify clolRhndom forest is an ensemble
approach to classification, constructing many decision trees during traininthandaking the mode

of those trees during prediction, to avoid overfittirgrandom forest (500 treesfiree variables tried

at each split) was trained (using all 13 bands) on known cloudéhaund for one pass of one scene
(30UYD on the military gridlandomForespackage in R;iaw& Wiener 2002)Training areas of clal

and noncloud for this pass were identified by eye. This model had arobhag error rate(mean
prediction error for withhelddatain a bootstrap samplegstimate of 1.1%. Cloud presence/absence
was then predicted using this model across all other scenes, and all predicted cloud pixels were

masked out of all images.

| found, as have others (e.§kakun et al. 2037that muti-temporal SentineRA images can be mis
registered with respect to each other by upttoree pixels at 10m x 10 mresolution, and need co
registering in order to compare kpixel reflectances over time. Images wereregistered using the
coregisterimges function in the packag&kStoolboxn R (Leutner& Horning 2017) This function
(modified here to allow rasters including NA values) makegralcandidate linear x/y shifts to a slave
image, and selects the shift which maximises the mutual information of the slave image and a master

image.

The accuracyfahe coregistration function was inspected manually. Although the-raggstration

was typically eliminated, for some images the function only marginally reduced theegisgration,

or made no improvement at all. Thus it is probably inevitable tmateflectances are slightly spatially
smoothed when summarised over time, any map probably misses some true narrow reedbeds.

The ceregistration function failed when the neNA content of the slave rasters was below 3%, and
especially below 1% @.if the tile had been mostly sea, cloud, or was the intersection of the edge of

a swathe with a scene). Thus, four scenes for which theNWrontent of the nommaster tile never

reached above 3% were removed from analysis. Significantly, these saeniamed small areas of

land (Scilly Isles, St Kilda, part of Bressay, and a very small area of Cape Wrath) which were not covered

by other scenes. This therefore reduces the study area below the full ext@mnitain
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5.34 Multi-temporal images

At a given time of the year, reed has broadly similar reflectance to otbgetation (e.gGilmore et

al. 200§. However, across the seasons, reed has a seasonal pattern in reflectance and vegetation
indices which is mordistinct (e.g. Villa et al. 2018 Thus by using data from more than one season,

one can reduce the classification uncertainty forde@®nojeghuo& Blackburn(2010)found that a
reedbed map based on both a summer and winter pass was of higher accuracy than one based on just

a single pass.

Ideally | would estimate the temporal reflectance function for reed for each band, and use that to

predict reed presence/absence. However, it was not possible to mgicloud classification model to

recognise cloud shadow, and so cloud shadows weneorved by taking the median reflectance of

several cloudree images. Furthermoramy studywas carried out over 11 degrees of latitude. Reed

greening is known to vary in date by up to a month over relatively small geographical distances (<5

miles: e.gHaslam 1972 Villa et al(2013)found the temporal function of various vegetation inaes
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function is likely to have considerable variation acnogsstudy area.

Instead,to avoid greerbrown transitions| & L A i G KS @& S$EINAAWARY 2WadzY YaIND
September) and winter (NovemberApril). Due to the climatic situation of the study area, and the
short study period, few clouftee images were available for some scenes, otherwise a tlrefeur-
season resolution would haveebn used: for example, purple inflorescences emerge in late summer,
which have a different reflectance from reed leavesS S Bréwih cycle in Britain is completed
between April and SeptembéHaslam 1972)The date by which the reedbed becomes dominated by
green growth varies l@udinally (pers. obs.), with some southern English reedbeds becoming green
in the first weeks of May, while some northern Scottish reedbeds remain brown until the first week
of June; likewise some northern reedbeds become brown early in October, while southern
reedbeds stay green until late October. To reduce confusion for the classification model, all data from
May and October were remove&uture analyses with more clodtee and cloud shadoviree data

could include latitude as a factor in a tempbreflectance function. The median reflectance was taken

for each pixel of each scene for each season respectively.
5.3.5Training, classification and prediction

173 training polygons (29 reed, 144 nared) with a total area of, 2984 ha (792 ha reed, 2712 ha

non-reed) were identified from personal knowledge, Google Maps and Google Street View imagery.
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These polygons were located on three different scenesuf€i§l) to train the model on reedbed
across a range of latitude and longitydend on a variety of nereed potential confusion habitats.

The edges of training polygons were located away from reedtead boundaries in order to avoid
errors arising from any remaining risgistration. Training the classification model using fraéne
imagery avoids one of the two field data collection campaigns associated with remote sensing land
cover classification, and the associated financial and time costs. Hohaslarowledge that some of

the training data may not have been monotyptargds of reed: this is a potential source of error in

the model.
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Figure5.1. Map of scenes contributing to combined dataset, training scenes (blue) and validation scenes (red).

A random forest (500 treethree variables tried at each split) was trained on known reedAneed.

The median reflectance (by season) for each of tBeMISI bands, and two associated vegetation
indices, were stacked to form the training data. The model was trained at points sampled at random
from within the polygons: 100 points from each polygon; points in the same pixel as another point
were then discatded. Differences and ratios, such as NDVI, are often found to improve classification
methods solely using reflectancedsing band ratios or indices, rather than raw bands, can avoid noise
from natural absolute variation in irradiance over multiple da(&sngh 1989)Various vegetation

indices have proved useful in mapgireedbed in previous studies (e@avrancheet al.201G Villa et
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al. 2013, but no single index has proved useful across all survey Mgammbined dataset consisted
of seven indices, band ratios and standardised bandd€Bal) for each season, and the difference

in SAVI and NDW!I between seasons.

Table 5.1 Members of the combined dataset.

Quantity Formula
Enhanced vegetation index (EVI) 2.5*((B8B4)/(B8+(6*B4)7.5*B2)+1))
Greenblue ratio (GB) B3/B2
Normalised difference vegetation index (NDVI) (B8B4)/(B8+B4)
Normalised difference water index (NDWI) (B3B8)/(B3+B8)
Redgreen ratio (RG) B4/B3
Soiladjusted vegetation index (SAVI) (1.5*(B8B4))/(B8+B4+0.5)
Standardised blue band (SBB) B4/(B2+B3+B4+B8)

Other studies have found important rules with which to discriminate reed from confusion species in
their study systemDavrancheet al. (2010) found the difference imearinfrared (NIR of SPO®BH
between March (just before the greening) and June (at the peak of reed growth) was an important
criterion for their classification treeGimore et al.(2008)found the NDVI and NIR/red ratio in late
summer to be important for classification. However, the rules with which to discriminate land cover
types are contexspecific: the distinctiveness of a particular bandwidth at a particulantgoitime
depends on the local confusion species, and on the local reflectance function for the study species.
Furthermore,my study encompasses a much wider range of confusion species than these studies,
becausemine covers a much larger geogtaipal areaOnojeghuo& Blackburn(2010, 2016ajound

that incorporating texture information improved reedbed classification accuracy. However, their
study used much finer resolution data (2x 2.4 mpixels) to map large reedbedssoughtto map
reedbeds down to the size of one Sentineh pixel (10m x 10 n) ¢ often the full extent of a reedbed

- and thus texture measuragere unlikely to improveny classification accuracy ameere omitted.

Using the trained classification model, reed presence probability was predicted &citaésfor each

scene using the equivalent combined dataset. The probability threshold which maximised the kappa
coefficientd / 2 KSy Q& 1 I LILJ Zratdr relatSlity avazNBculaed forthye imSdell where
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accuracy was carried out until no improvements could be made to the model.

These predicted maps were aggregatedarsened; taking the meanjo 100m x 100 mscale before

being reprojected to WGS 84 UTM zoB6 and mosaickefoined together sidéby-sidec taking the
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mean where scenes overlappddyether. Slope was calculated from the DEM, and the slope map and

DEM were reprojected to the same datum and scale as fiiedicted reed map. Any cells with a slope

of more than 10° or an altitude of more than 4#0(maximum altitude of reed iBritain: Packer et al.

201 6 SNB IAGBSY I LINBRAOGSR NBSR LINBaSyO0S 2F WwWnQd

5.3.6Validation

Covering 11 dgrees of latitude, it was judged unfeasible with available resources to validate the map
across the entire study area. The map was validated across four Sentinel scenes in northern England
(Figire 51). The validation area was selectedn@ximise geographical distance from the training
polygons, to be central in the study area, and to minimise travel costs. Reedbed is a rare habitat
nationally, and thus sampling a random selection of pixels will find too few cells witizaron
probability of reedbed occurrence to accurately estimate either commission efrate of false
positives) or omission error (rate of false negatives) Fieldwork was therefore targeted

disproportionately towards cells with nerero probability of reedbed occurrence.

To estimate commission error, 40 hectares were selected from eaclscai®e, with 10 randomly
selected from within each of the following ranges of predicted proportfmrof reedbed cover from

the predictedmap:p=0; 0 pX N Do o @K nd®E6e<gK MP ¢2 YAYAYAEAS GNI O
were selected from the quarter of the scene with the highest aero probability of reedbed
occurrence. Each of these hectares was visited, the boundaries delimited (by comparing a satellite
map with the celloverlaid with landmarks), and both reedbed (total area of contiguous reed) cover
and reed cover (total area of any reed) of the hectare were estimated to the nearest 10%. Then, in
each hectare, six 16 x 10 mcells had previously been randomly selectediere available, three
predicted reedbed and three predicted nowaedbed. These 1@ x 10 mcells were visited and
NBESRO6 SR 0 R® gohtigusus reedfianckreed presence were recorded. Commission error was
guantified in two ways. At the hectaigcak, predicted and observed cover were regressed, and the
coefficient of determination (B was taken. At the 1@n x 10 mlevel, predicted and observed
presences were compared, to give a&UC (a performance metricof a classifieracross all
discrimnationthresholdvalueg for each for both reedbedoverand reedcover. Validation fieldwork

was carried out from ®October 2017 to 'Z November 2017.

All data availability query, download, classification, raster manipulation and random selection was

carried out in RR Core Team 2018)re-processing was carried out in R andIQ®ue to the large
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number of tiles used, some pi@rocessing tasks and all predictions were distributed over nodes in a

small compute cluster and carried out in parallel.

5.3.7Workflow in Google Earth Engine

{AyO0S (KS LINBOA2dza 62N] Tf 26 o 3Gor8itkNeNah SOR6HaB dzii = D 2
become widely usd. Google Earth Engine uses cloud services to massively scale up computational
capability for geospatial analysis, presenting two key advantagesnoyerorkflow carried out on a
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much greater data storage capacity, and much greater processing speed.

Clearly, carrying out an analysis in GEE provides a product faster. Additionally however, the proportion

of data SentineR data that could be incorporated imy HPC workflow was limited by storage

capacity. For example, hard drive space on the local machine limited the number ofLCewveages

GKIFIG O2dzZ R 60S &ad02NBRX |yR a2 2yfteée AYlF3ISa gAGK |
means that certai scenes only had a small number of cldtek passes for a given season, and so the

temporal resolution of the data on which the random forest could be trained was linlitedrefore

repeated the HPC workflow with GEE: to attempt to generate a meearate reedbed map, anid

assess the impact of relaxing data constraints on geospatial analysis.

| used all Sentine? data, from satellites-8A and £B, from the initiation of the Sentin@ program

on 28" June 2015 until the date of analgg27" July 2019). Temporal resolution was increased from

two periods to four: Februararch; Juneluly; AugusSeptember; NovembebDecember. The
combined dataset comprised NDWI, EVI, SAVI, RG, GB, NDVI and SBdasoteal differences in

SAVI and NDWwere not used, because there were more seasons). There was the opportunity to
further improve the number of passes used and the temporal resolution. GEE imposes user memory
limits for tasks, and so there was a trad# between maximising the number o&siables, further
AYONBlIaAy3ad GKS ydzYoSNI 2F AYF38a o66é& NBtFEAYy3 (K
further increasing the temporal resolution (ight periods: February, March, June, July, August,
September, November and December). One classification model was run for each of these data
maximisation approaches, and the accuracy of the resulting map was assessed (see validation process

below).

As far & possible, the GEE workflow was kept as similar as possible to the HPC workflow. However,

GEE has both extra functionality and reduced flexibility compared to R, and so some aspects were
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different. Pixels were sampled within polygons (rather than poiriteiwpolygons), and so it was not

possible to balance sampling between categories. It was not straightforward to buffer a raster land

mask in GEE, daused theBritishshoreline rather than the shoreline plus 160buffer ¢ therefore

some coastal redbeds may be missed. The GEE facility to predict probabilities with random forest

was not working at the time of analysis, and so presence/absence was predid#dS R D99 Qa Of z
and cirrus removal tools. Becaubearied the number of variablessbnveen the three approaches,

set the random forest to the default setting of number of variables per split: the square root of the

number of variables.

During preliminary analyses, Sentiiesynthetic aperture radar data were also included, butrdi
improve the accuracy of the classification. This was potentially due to the high noise even after
processing: inspection of the processed data revealed greater variation in backscatter within than

between habitat types.

The validation fieldwork hadlready taken place before the GEE workflow was carried out. The
validation data were used to assess the accuracy of the GEE reedbed map. The GEE reedbed maps and
the validation data are both at 18 x 10 mresolution, but they have slightly different onig and
projections. To assess accuracy at the hectare scale, the GEE reedbed map was projected onto the
validation map, and predicted reedbed cover was regressed against observed reedbed cover. To
assess accuracy at the dx 10 mcell scale, the centrpoints of the 10m x 10 mvalidation cells were
re-projected onto the GEE reedbed map, and the predicted and observed presences were compared.
Finally, as presence/absence was predicted (rather than probabilities), AUC could not be calculated
for the GEEegedbed map.

5.4Results

5.4.1 HPC workflow

5.4.1.1 Structure of random forests

For the HPC workflowyisual inspection of candidate random forests showed that balanced and
unbalanced random forests, and random forests with slightly different training areas, had similar areas

of true positives and slightly different areas of false positives. Thus, in rdeduce the area of false
LR2AAGADSEAY (g2 RAFTFSNBYG NIryR2Y FT2NBaida owwCmQ |
was created using the minimum predicted reedbed probability of the two random forests, for each

pixel.
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The three most informate variables in RF1 were winter RG, summer EVI and winter NDWE(Fig
5.2). The three most informative variables in RF2 (considerably more informative than the others)
were winter RG, winter NDWI and winter GB. Kappa was maximised at abitybof 0.585¢ this

was used as the threshold for classifyingri® 10 mpixels.

Figure5.2. Importance of variables ithe two random forestscontributing tothe final map(filled circles = RF1;
open circles = RF2), HPC workfl&vwhigher decreasin Gini denotes a greatsariable importance.

5.4.1.2. Accuracy diiPCGeedbed map

Files from 541 passes were acceptable for use afterppoeessing (mean 10.82 passes per scene,
range 322). Each scene had at least one winter and one sunpass. The random forests were
predicted over indices derived from these data. An example of the predicteaixXLD0 mmap, before

aggregation and mosaicking, is given in Fidgi8e
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