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Abstract

Ephemeral resource and productivity peaks are characteristic of temperate woodland
ecosystems. An ecological model system, which both exhibits and exploits these ephemeral
peaks, andis the focus of thisthesis, is the deciduous tree-herbivorous caterpillar-insectivorous
bird food chain. Phenological synchrony within food chains, displaying ephemeral peaks, is crucial
to maximise fitness of highertrophiclevels. In the well-studied oak-winter moth-insectivore
system, the phenology of all levels are highly temperature sensitive, and given atmospheric
warming since the mid-20"" century has been, and is predicted to continue, occurringatan
unprecedented rate, this tri-trophicsystemis at risk of phenological mismatch. The effects of
climate change on this system have been well studied in oak (Quercus spp.) dominated woodlands
across Europe, as oak supports a wide variety of invertebrates. However, little isknown about the
importance of otherdeciduous tree species, which also supportavariety of invertebrate species
that are likely to be important to nesting blue tits (Cyanistes caeruleaus). Understanding the
predictors of phenology and productivity across multiple trophiclevelsis required to understand

the pressures on thisfood chain with a changing climate.

The overarching aim of this thesisis to explore the effects of both climate and habitat on the
phenology and productivity of both blue tit and herbivorous caterpillars. The effect of tree leafing
phenology and airtemperature on herbivorous caterpillar phenology was investigated at a local
scale, across an extensive woodland site in Durham (UK) through collecting fallen frass. Frass fall
phenology was not predicted by temperature ortree phenology, and did not differacross four
common deciduous tree species. However, frass fall was most abundant under oak trees,
corroboratingthe importance of oak for Lepidoptera. Across the same Durham study site, nestling
blue tits faecal sacs were collected, with aview of using next-generation sequencing to elucidate
nestling dietand resource usage, to expand the food chainintoamore complexfood web. Due to
difficulties extracting and amplifying DNA from blue tit nestling faecal sacs, sequencing was
unable to be undertaken. However, | provide amethod for extracting DNA from difficult faecal
samples, which are likely inhibitor-rich and contain highly degraded DNA. The effects of climate
and habitat on blue tit phenology and productivity were then considered, by combining bird
nesting datafrom 34 sitesacrossthe UK with local temperature and habitat variables. Overall,
climaticfactors were more important predictors of blue tit phenology and productivity than
habitat. Decreased clutch size and earlier breeding phenology, but decreased risk of nest failure,
is predicted at highertemperatures. Theseresults, combined, depict a mixed picture for how blue
tits may fare with changing climate. Tofurther work presented in this thesis, the effects of climate
and habitaton recruitment need to be explored to understand the fullimplications of the results

presented here on blue tit population dynamics.



Chapter 1: General introduction

1.1 Motivation

Climate change is occurring at an unprecedented rate, with global surface temperature having
increased, onaverage, by 0.12°C per decade between 1951 and 2012 (IPCC, 2014). Temperatures
are forecastto have warmed by an additional 0.3to 4.8°C by 2100 compared to 1900
temperatures (IPCC, 2014). Additionally, changes in precipitation are occurring with the frequency
of intense rainfall now more probable, though spatially variablein the likelihood of occurrence
(IPCC, 2014). Changestoannual mean precipitation are also forecast toincrease at high latitudes
and decrease in mid-latitude regions (IPCC, 2014). Due to rapid recent climate change, ecological
responses to climate change are now one of the mostwidely researched areasin ecology. There is
now a large body of evidence indicating recent changes in global climate are affectingawide
variety of organisms from all major ecosystems (Waltheretal., 2002). Changes have been
documented, and further changes predicted, in relation to a wide variety of biological processes,
including: phenology (e.g. Crick etal., 1997; Dell etal., 2005; Jonsson and Jonsson, 2009),
physiology (e.g. Bozinovicand Portner, 2015; Portnerand Farrell, 2008), life history (e.g. Coulson
et al., 2001; Pinceel etal., 2016; Wegge and Rolstad, 2017), community structure (Walther, 2010;
Waltheretal., 2002), morphology (e.g. Guerinetal., 2012; McCauley et al., 2018), population
dynamics (e.g. Clark et al., 2003; Sillettetal., 2000; Thompson and Ollason, 2001) and spatial
distributions (e.g. Chenetal., 2011; Parmesan, 2006; Wilson et al., 2007).

In addition to climate change, otheranthropogenicfactors are also exerting pressures on
ecological systems. Forexample, land-use changes, through the destruction, fragmentation and
disturbance of habitats, are one of the most importantdrivers of current species extinctions
(Hoffmannetal., 2010). However, climate change is predicted to become equally, or potentially

even more, important forspecieslosses overthe nextfewdecades (Newbold, 2018).

Investigating the impacts of anthropogenicactivities on ecological systems has become
particularly pertinentinlight of recent biodiversity loss (Butchartetal., 2010). Sixty percent of
total biodiversity decline (biodiversity decline was calculated asasum of all the decline fractions
from IUCN red list status of birds and mammals between 1996 and 2008), has occurred inonly
seven countries (Indonesia, Malaysia, Papua New Guinea, China, India, Australiaand the USA
(mostly Hawaii); Waldron et al., 2017). Most biodiversity loss has been attributed to local-scale
processessuch as habitatloss and/or degradation, overexploitation or effects of invasive species
(Pearce-Higgins and Green, 2014). However, climateand land-use occurata wider, less local,
scale and are now believedto be the two largest threats to global biodiversity (Bellard et al.,

2012).



To date, research into the impacts of climate on biological systems has mostly focussed on
species’ spatial distributions or phenology (Chenetal., 2011; Waltheret al., 2002). However, in
orderto understand how climate change will impact ecosystems atlocal scales, abetter
understanding of the processes and changesin community structure are needed, in order to make

informed conservation decisions (Mace et al., 2008; McLean etal., 2016).

Common species providearich opportunity toinvestigatethe effects of environmental changes
(Gaston, 2010; Gaston and Fuller, 2008) and such speciesare integral to the provision of many
ecosystem services (Gaston, 2010). The effects on ecosystems of loss, or decline, of previously
common species are oftenthe most pronounced, due tothe cascade of reductions and loss of
otherspeciesrelianton common species, altering many bioticinteractions (Gaston, 2010). In
Europeantemperate woodland ecosystems, blue tits ( Cyanistes caeruleus) are one such common
species, with adistribution across the Western Palearctic (Stenning, 2018) and are the focus of
the research presentedin this thesis. Inthe UK blue tits occupy approximately 3.4 million
territories duringthe breeding season, making them the most abundant UK woodland bird
(Musgrove etal., 2013). Consequently, the blue tithas been widely used as a model organismfor
researchin woodland systems, with severallong term studies across Europe investigating aspects
of the specieslife history and behaviour, as well as population responses to changing climate (e.g.
UK - Wytham Woods, Oxfordshire and Nagshead, Gloucestershire; the Netherlands - Hoge Veluwe

and Wageningen).

1.2 Outline of the introduction

The remainderof thisintroductionis splitinto foursections. Inthe first section | will providea
brief overview of the influence of climate change on ecological systems, focussing on phenology,
range shifts and bioticinteractions. Inthe second section | will describe the modelsystem
deciduous tree-herbivorous caterpillar-bluetit, which forms the basis of the research presented in
thisthesis. | will then discuss previous research, concerning both life history and the impacts of
climate change, on the tree-caterpillar-insectivorous bird model system. Inthe third section, | will
explore the current limitations and knowledge gaps in the tree-caterpillar-insectivorous bird

system. Finally, | will outline the aims of this thesis.

1.3 Influence of climate change on ecological systems
1.3.1 Phenological changes

Phenology, the timing of seasonal processesin animals and plants, has been widely studied
particularly intemperate systems with marked seasonality, possibly due toitbeing one of the
easiest ecological processes to track (Waltheretal., 2002). Generally, the phenology of spring

activities across Europe, such as breeding (e.g. Beebee, 1995; Both etal., 2004; Crick et al., 1997),
9



the return of migratory speciesto breedinggrounds (e.g. Hippop and Hiippop, 2003; Jonsson and
Jonsson, 2009) and the emergence of butterflies (Delletal., 2005) have advanced inrecent
decades. There is some evidence thatautumn phenological events, such as leaf colour change
across Europe has delayed by approximately 4.8 days during 1959 to 1993 (Menzel and Fabian,
1999). However, the timing of autumn migrationin birds, shows aless uniform response, for
example, long-distance migrants are leaving breeding grounds earlier, whereas short-distance
migrants are delayingtheir departure (Jenniand Kéry, 2003). Phenological changes are not limited
to terrestrial systems, with seasonal peaks of meroplankton, some classes of holozoplankton and
dinoflagellatesin the North Sea having advanced significantly between 1958 and 2002 (Edwards
et al., 2004). In additionto advancements and delays to phenology, there is also evidencefor
changesinthe duration of events. Forexample, alengthening of the vegetative growing seasonin
the Northern Hemisphere of between 1.1—4.9 days perdecade has been observed, since the
1950s (Menzel, 2000; Menzel etal., 2003; Menzel and Fabian, 1999). Extended flight periods have
alsobeendocumentedininvertebrate taxa, such as aphids and butterfliesin the UK (Bell et al.,
2015; Roy and Sparks, 2000). Of 55 aphid speciesinthe UK, 85% have extended theirflight
periods (Bell etal., 2015). Across Europe, butterflies have not only extended their flight periods,
but have also altered the number of generations they have inayear, withincreased frequency of
second and subsequent generationsin warmeryears (Altermatt, 2010). All of these processes
have been shown to exhibit strong correlates with climatic conditions (Altermatt, 2010; Bell et al.,

2015; Both etal., 2004; Parmesan, 2006; Waltheret al., 2002).

Phenological changes, such asthose previously discussed, can occur through two mechanisms,
evolution or plasticity. Evolutionary adaptation occurs through climate-induced selection pressure
on traits with geneticvariance (Hoffmann and Sgro, 2011). For example, thereare adaptive
optimaforbreeding phenology in systems with ephemeral peaks in resources, such as laying date
in passerine birds, leadingto differencesin selection pressure between early and late breeders
(Marrot et al., 2018). In contrast, phenotypicplasticity is when an organism changes its phenotype
e.g. breeding phenology, inresponseto changesin theirenvironment. Unlike evolutionary
responses plasticresponses are not genetically based, although plasticity itself isaselectable,
heritable and variable trait (Nussey etal., 2005), and allows populations to respond rapidly to
environmental change (West-Eberhard, 1989). In practice, responses are unlikely to be relianton
justone mechanism alone and are likely acombination of both local -adaption and plasticity

(Phillimoreetal., 2010).

1.3.2 Range shifts

Species distributions are heavily influenced by climatic suitability, with suitability based upon

species-specificenvironmental requirements determined by physiology, as well as abioticand
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bioticrequirements of otherspeciesinthe food chain. Changing climate alters the location of
these climatically suitable regions, which, in temperate regions are generally shifting poleward or
to higheraltitudes (Waltheretal., 2002). Many species across a number of taxa have exhibited
such range shifts (Hickling et al., 2005; Moiseev and Shiyatov, 2003; Parmesan, 1996; Thomas and
Lennon, 1999) with evidencethat these range changes are due to changing climate. Shiftsto
higherlatitudes and elevations have occurred ata median rate of 16.9 kilometresand 11 metres
perdecade, respectively across Europe, North America, Chile, Malaysiaand Marion Islands, across
a numberof taxonomicgroups (Chenetal., 2011). For example, in the UK, between 1960 and
2000, 275 species range margins have shifted northwards, 52 species southwards and 2 species
range margins have not changed, out of 329 speciesfrom 16 different taxa (Hickling et al., 2006).
In the same study, when changesin elevation were considered, 227 species have moved to higher
altitudes, and 102 species to lower altitudes overthe same time period (Hickling et al., 2006).
Unless speciesare highly mobile, orable to migrate, they may lag behind the rapidly changing
climate (Devictoretal., 2008; La Sorte and Jetz, 2012). This could be as a result of poor dispersal
ability (Schloss etal., 2012) or long generation times but could ultimately resultin reduced ranges
and populationsizes, which could lead to extinction (Pearce-Higgins and Green, 2014). This
highlights the need foragood understanding of life history parameters, as well as distributions, to

elucidate the effects of climate change on species ranges.

1.3.3 Biotic interactions

Responses to climate change by individuals and species will have implications for communities as
awhole, duetointra-and inter-speciesinteractions (Harrington etal., 1999; Van Der Puttenetal.,
2010; Walther, 2010). Ecosystem functioning requires bioticinteractions, which are relianton
spatial and temporal overlap of two or more species, with many such interactions being highly
influenced by climate (Parmesan, 2006; Waltheretal., 2002). To be able to accurately predict
speciesresponses to climate change, itisimperative that speciesinteractions are incorporated

into predictions (Gilman et al., 2010).

Bioticinteractions can be disrupted when nodesinanetwork respondto climate change
differently, and therefore put strain upon existing linkages, create new species combinations or
change dominance within communities (Walther, 2010). One example of where strains on existing
linkages occurhas been termed the match-mismatch hypothesis. The match-mismatch hypothesis
iswhere resource users time key events, such as breeding, to coincide with ephemeral resource
peaks (Cushing, 1969), with consumer fitness beingreliant on resource and consumer phenology
matching temporally (Cushing, 1990). If resource and consumer phenology mismatch (resource
phenologyis earlierorlaterthan consumerdemand), consumerfitness will be reduced as a result

(Durantet al., 2007). Many species’ phenology’s are changing as a result of climate change, and
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the changesare not uniformwithin and between species (Parmesan and Yohe, 2003), which can
lead to an uncoupling of once synchronous trophicinteractions (Both et al., 2009; Winderand
Schindler, 2004). Evidence of such uncoupling has already been documented in marine systems,
where primary, secondary and tertiary producersinthe North Sea, which many fish species are
relianton, have demonstrated marked differences temporally in phenological responses (Edwards
et al., 2004). The primary producers, diatoms and dinoflagellates, have shifted theirsummer
phenology by 0and 23 daysrespectively, whereas the secondary and tertiary producers,
copepods, non-copepod holozooplankton and meroplankton, have shifted their phenology by 10,
10 and 27 days, respectively. Phenological changesin plankton, as well as range changes and
overfishing, have been linked to declinesin cod stocks in the North Sea (Beaugrand etal., 2002).
Phenological mismatch has also beenreported Interrestrial systems, with evidence of
phenological mismatch in predator prey interactions (e.g. insectivorous woodland birds and
caterpillarprey (Burgess etal., 2018); marmots emerging earlier, before snow has melted and
plantgrowth has resumed, inthe Colorado Rocky Mountains (Inouye etal., 2000)) and plant-
pollinatorinteractions (Parmesan, 2007). Generally, in terrestrial, marine and freshwater systems,
there is evidence that secondary consumers are less sensitiveand responsive to climate change
than primary consumers or producers (Thackeray, 2016) and these differing responses to

temperature are likely driving observed mismatch.

In additionto disruption between predatorand prey phenology, thereis evidence that host-
parasite interactions may also be disrupted due to climate change. Forexample, across Europe
the common cuckoo (Cuculus canorus), amigratory brood parasite, is becomingincreasingly
mismatched with some of its host species (Saino et al., 2009). Across Europe, cuckoos are arriving
back to their breedinggrounds, on average, 5.3 days earlier (between 1947 and 2007), whereas
theirhostspecies are returning 14.6 days earlier, if they are short distance migrants, and 6.0 days
earlierif they are long-distance migrants (Saino etal., 2009). This apparent mismatch between the
cuckoo and some of its host species has been suggested as a contributing factorto the recent

observed cuckoo declines (Saino et al., 2009).

1.4 A simple food chain as a model system

The simplified food chain of deciduous tree-herbivorous caterpillar-insectivorous bird has become
a model systemintemperate woodlands for exploring life history, predictors of phenology and
impacts of climate change on trophicinteractions (Both etal., 2009; Charmantieretal., 2008;
Visseretal., 1998), andis the focus of the research presented inthisthesis. This highly
synchronous systemrelies upon correctly timed phenology across all trophiclevels to maximise
fitness, with all levels exploiting ephemeral peaks resources. The primary producersin this

system, deciduous trees, produce new leaves annually after lying dormant over winterto avoid
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frost damage, whilst simultaneously exploiting increasing photoperiod to maximise growth
(Linkosalo etal., 2000). Lepidopteran larvae, primary consumers in this food chain, utilise these
newly emerged leaves to supporttheirown growth. The optimal foraging period for Lepidopteran
larvae is when leaves are young, where protein contentis maximaland tannin build-up, which
inhibits larval growth, is minimal (Feeny, 1970). Finally, secondary consumers, passerine birds
such as tit (Paridae) and flycatcher (Muscicapidae) species time their breeding such that peak
nestling demand coincides with the ephemeral peakin Lepidopteran larval availability. Most tit
and flycatcherspecies are singlebrooded (Lundberg and Alatalo, 2010; Perrins, 1979; Stenning,
2018), therefore correctly timed breeding phenology is essential to maximise productivity (Burger
et al., 2012; Wilkinetal., 2009). Many woodland titand flycatcherspecies are hole-nesting,
relying on pre-excavated cavities to breed in and readily utilised man-made nestboxes (Stenning,
2018). This, along with theirabundance, make them model species for studying phenologyand

the consequences of varying environmental parameters on life history and fitness.

The environmental cues, or conversely physiological constraints, underpinning trophic
interactionsinthis system, along with aknowledge of life histories, need to be well understood to

make informed predictions about how this food chain will respond to climate change.

For the primary producers, leaf developmentis temperature sensitive and temperature is
responsible forinter-annual variation in the timing of first leafing, referred to as leaf-out date
(Linkosalo etal., 2006). Most temperate trees require a period of winter chilling followed by
warmingto facilitate bud development (Hunter and Lechowicz, 1992; Tansey et al., 2017), with
specificthermal requirements varying by species (Morin et al., 2009). Some speciesalso use
seasonal changesin photoperiod as a cue to initiate leaf development, but not all populations
have the same requirements, with photoperiod ecotypes across latitudinal gradientsin some
species (Partanen,2004). The addition of photoperiod in the regulation of leaf-out phenology
prevents species from leafing early in response to an unusually warm periodin early spring when
a frost risk remains (Caffarraand Donnelly, 2011), but limits their ability to respond to early
springs. Although all speciesinagiven arealikely experience similar environmental conditions,
interspecificdifferencesin leaf-out phenology remain, explained in part by differencesin stem
anatomy (Lechowicz, 1984). However, individual trees are highly repeatablein their phenology
amongyears e.g. early leafing trees are always early leafing (Cole and Sheldon, 2017; Crawley and
Akhteruzzaman, 1988; Hinks et al., 2015; Wesotowskiand Rowirski, 2006a), which could be
attributable to either genetics or consistent environmental and developmental conditions. There
isevidence thattrees have responded to recent climaticchange, with earlier bud -burst occurring
inwarmersprings (Parmesan and Yohe, 2003), but with interspecies variability in the mechanisms

and ability to track optimal phenological timing (Tansey etal., 2017). In the UK, itis predicted that
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many tree species will be able to advance their phenology to track optimal climatic conditions
(Tanseyetal., 2017). However, notall species willadvance atthe same rate, which could lead to a
changein the orderspeciesleaf-upintemperatewoodland systems (Roberts et al., 2015). In turn,
this could alterwoodland composition, due to new combinations of species competing for light

(Robertsetal., 2015).

The primary consumers, Lepidopteran larvae, developmental requirements are less well
understoodin comparisonto the tree primary producers. Temperature exhibits a positive
relationship with caterpillar growth and feeding rates, until athermal limitis reached after which
both growth and feedingrate reduces (Kingsolver, 2000). Ephemeral Lepidopteran larval peaks
occur during spring, in temperate deciduous woodlands, and are typically dominated by afew
species (Hunterand Lechowicz, 1992; Shutt, 2017). In Europe and America, green oak tortrix
(Tortrix viridana) and winter moth (Operophtera brumata)larvae contribute substantially to such
peaks (Hunterand Lechowicz, 1992; Shutt, 2017; Wesotowski and Rowinski, 2006b). In an oak
dominated UKwoodland, green oak tortrix and winter moth contributed 46% and 26% to the
ephemeral peak (Hunterand Lechowicz, 1992). However, in mixed woodlands across Scotland,
green oak tortrix was not detected, but winter moth still accounted for 33% of the caterpillar peak
and three species (winter moth, Operophterafagata and Agriopos aurantiaria) accounted for
over50% of the peak (Shutt, 2017). Winter moth has been foundto be responsible forhigh levels
of defoliation on hosttrees, Quercus spp., across Europe and in Nova Scotia (Crawley, 1985;
Cuming, 1961; Wesotowski and Rowiriski, 2006b) and can even outcompete sympatricspecies,
such as the green oak tortrix, in some instances (Hunterand Willmer, 1989). Due to winter moth’s
abundance andits ability to reach pest status (Embree, 1971; Speight, 1979), more is known
about the effects of environmental conditions onits lifecycle than many other Lepidopteran
species. Wintermoth is polyphagous (Cuming, 1961; Tikkanen et al., 2000; Vanbergen et al., 2003;
Wint, 1983) butis mostlikelyto use oak (Quercusspp.) or willow (Salix spp.) as host species
(Shutt, 2017). Temperature isimportant during all life stages, exerting different effects during
each stage (Holliday, 1985). During the larval stage, caterpillars emergeearlier and grow faster
whenreared under warmertemperatures (Buse et al., 1999). However, humidity also influences
larval phenology with eggs hatching three days later when reared under 50%, as opposed to 70%,
relative humidity (Embree, 1970). Larvae need to synchronise their hatching phenology with leaf -
out of theirhosttree, as youngleaves are most nutritious and once the leaves mature they
become unpalatableto caterpillars (Feeny, 1970). Peak caterpillarabundance and oak leafing are
highly correlated inthe field (Burgess etal., 2018; Hinks et al., 2015). Both caterpillarsand trees
respond at a similar rate to warming springtemperatures, with oak (Quercus robur)bud-burst and
winter moth egg hatching predicted to remain synchronousin the future (van Asch etal., 2013;

Buse and Good, 1996). In the UK, caterpillar phenology and the duration of availability is laterand
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longer, respectively, inthe northand west (Smith etal., 2011). However, little isknown about
whethertheirdevelopment periodinthefieldi.e. time between hatchingand pupating, has
varied with changing climate. Experimentally, development timeis shorter when caterpillars are

reared at warmertemperatures (Holliday, 1985).

Passerine birds, secondary consumersin this food chain, are thought to use a combination of cues
to initiate breeding, including both temperature and photoperiod (Visserand Lambrechts, 1999),
to ensure nestlingdemand coincides with the period when caterpillars are available. Lengthening
photoperiod initiates photo-stimulation and secretion of gonadotropin-releasing hormone, which
controls gonadal growth and maturation (Dawson etal., 2001; Sharp, 2005). However,
photoperiod alone does not explain inter-annual variation in breeding phenology, as photoperiod
is consistentinter-annually. Acombination of otherfactors are believed to fine tune breeding
phenology, once transitioninto areproductive state has beeninduced through photoperiod
(Visserand Lambrechts, 1999). Spring temperature is one such factor, altering the rate of gonadal
growth, with more rapid growth at highertemperatures (Engels and Jenner, 1956). However, the
sensitivity to temperature may differ within and between species, with an experimental study in
house finches (Haemorhous mexicanus) and some field populations of great tits (Parus major)
reporting no effect on the timing of reproduction (Visserand Lambrechts, 1999; Watts et al.,
2018). Close correlation between bud-burst, in oak and silver birch, and first egg dates of tits have
beenreportedinthe field (Bourgaultetal., 2010; Burgessetal., 2018; Cole etal., 2015; Hinks et
al., 2015; Slagsvold, 1976), with local scale oak phenology predicting breeding phenology of great
tits (Hinks etal., 2015). However, experimentally the same result has not been proven (Schaperet
al., 2011; Visseretal., 2002). Tree phenology and avian food availability at the time of breeding
may influence avian breeding phenology, by providinginformation as to when food may be
abundant fornestlings (Visser and Lambrechts, 1999). However, the causal mechanisms forhow
these cues may be used by the birds are unclear. Chemical cues fromthe trees, which indicate
bud-burstisimminent, have been hypothesised as one mechanism for how birds may process
local phenological cues (Bourgaultetal., 2006). This would require scale buds to be ingested for
the birdsto receive the cue, howeverscale bud consumptionislow, and therefore phenological

cuesfrom treesare unlikely to operate through this pathway (Bourgault etal., 2006).

Generally, birdsinthe UK have been exhibitingadvancements in breeding phenology since 1970s
(Cricketal., 1997), which has been attributed to warming springs (McCleery and Perrins, 1998).
Across Europe, passerine woodland birds are no exception (Visseretal., 2003), and have
advanced breeding by approximately 3.5-5days for each 1°Crise in springtemperature
(Phillimoreetal., 2016; Thorley and Lord, 2015; Vedder etal., 2013; Visseretal., 1998). However,

the responses have not been uniform across populations, and are not fully explained by
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temperature alone (Visseretal., 2003). The advancement of tit breeding phenology with warming
temperatureis likely to have occurred through phenotypic plasticity (Charmantier etal., 2008;
Phillimore etal., 2016; Thorley and Lord, 2015), and with selection strongly favouring early
breedingindividuals (Marrotetal., 2018). Phenological advancement has also been linked to the
North Atlantic Oscillation index, suggesting winter temperature and precipitation may also
influence breeding phenology (Sanz, 2002). In the UK, tit species have been continuously
monitored in Wytham Woods (Oxfordshire, UK) since 1947 (Perrins, 1979), and much of the
understanding of finer scale predictors of breeding phenology comes from this site. Topographical
variables, such asaspectand altitude, as well as nesting habitat have been shown to furtherfine
tune breeding phenology (Wilkin etal., 2007). Altitudinal differences are likely to be due to
bioclimaticfactors, with temperature decreasing as heightabove sealevel increases and
therefore breeding being delayed at higheraltitudes (Wilkin et al., 2007). Phenology has been
shownto varyin a counterintuitive way with nest site orientation, with north facing slopes having
earlierbreeding phenologythan warmersouth facing slopes, possibly due toincreased
invertebrate availability in damp and humid conditions allowing females to reach breeding

condition quicker (Wilkin et al., 2007).

Factors unrelated to climaticconditions also influence breeding phenology. Forexample, birds
breeding at high densities exhibit delayed first egg dates, with the causal mechanism of this
unproven, but postulated to be due toincreased competition forresources (Wilkin etal., 2006).
Phenology also varies due to habitat, forexample birds nestingin areas with high oak density
breed earlierthanthose with lower oak density, ata single site in the UK (Wytham Woods,
Oxfordshire; Wilkin et al., 2007). At this site, birds nesting at woodland edges, in 20*" century
woodland plantations or grassland, exhibit delayed breeding phenology in comparison to birds
nestinginthe centre of woodlands and in older woodland habitats (such as ancient, semi-natural
woodlands), independent of the number of oak trees (Wilkin etal., 2007). Due to phenological
variation existing between habitats, independent of oak, the presence of other (unidentified)
speciesorwoodland structure may be importantin determining breeding phenology (Wilkin et

al., 2007).

Birds must notonly correctly time the initiation of breeding, so nestling demand coincides with
food availability, but also subsequent events such as hatching. Hatching phenology can be
modulated through anumber of mechanisms such as egg pauses, variable incubation length
and/orclutch size (Cresswelland Mccleery, 2003). All of these adjustments, first egg date
included, have to occur prior to the individual experiencing the optimal conditions and therefore
are reliant on cuesto indicate when these optimal conditions may occur. The cues used to elicit

modulations post egg laying phenology are, in comparisontofirst egg date, relatively poorly
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understood. Temperature during egglaying, as opposed to pre-egglayingforfirstegg date,
influences decisions such as when to commence incubation (Cresswell and Mccleery, 2003).
However, experimental increases in nest temperature does not decreasethe duration of
incubationin great tits (Vaugoyeau etal., 2017), which given embryonicdevelopmentis more
rapid at higherincubation temperatures (DuRantetal., 2013) is counterintuitive. Clutch size
decreasesasthe breeding season progresses,in typically single-brooded species such as tits (Crick
et al., 1993; Perrins, 1979; Stenning, 2018), but there is no evidence seasonaldeclines are
temperature mediated with no relationship between temperatureand clutch size beingreported
(Dolenec, 2007). Instead, seasonal declines in clutch size could be due to reduced resource
availability lateroninthe breedingseason (Perrins and McCleery, 1989), or due to later breeding
individuals being of lower quality orinexperienced. There has been a suggestion that the focus of
phenologicalstudies should shift from first egg date to hatching date, which may be more
biologically relevant when considering the effects of climate change (Tomas, 2015). Similarly to
firstegg date, local oak tree phenology predicts the timing of hatching (Hinks et al., 2015),
suggesting birds are using oak as a reliable predictor of food availability for nestlings, or that both
treesand birds are using similarcues. Experimentally it has also been shown that hatching date
advances with warmertemperatures (Vedder, 2012). However, to my knowledge, thereis no
indication whether this stands in field studies, although hatching date of blue tit, greattitand

pied flycatcher have shown similartemporal advancement to first egg date (Both et al., 2009).

Itisclear phenology hasadvancedin the oak-herbivorous caterpillar-insectivorous bird tri-trophic
system, and the changes, at leastin part, have beentemperaturedriven. Forfood chainsto
remain synchronous, the advancementsin phenology at each trophiclevel needto occurat the
same rate. Thackeray etal., (2016) showed that consumers, across many taxa and species,
advancedtheirphenology lessthanthe producerstheyare reliant on, and work on this tri-trophic
system corroborates these findings (Both etal., 2009). Bud-burstand peak caterpillar availability
have remained synchronous with elevated spring temperatures (Both et al., 2009; Burgessetal.,
2018). However, whether bud-burst and moth egg hatching has remained synchronousisless
clear, with both synchrony (Buse etal., 1999) and disruptions to synchrony (van Asch and Visser,
2007; Visserand Holleman, 2001) being reported. Secondary avian consumer, and primary
caterpillarconsumer phenology have not remained as synchronous, with secondary consumers
responses being weakerthanthose of primary consumers (Both etal., 2009; Buse etal., 1999). In
the UK, residenttit species, both blueand great tit, appearto be remaining more synchronous
(Burgessetal., 2018; Vatkaet al., 2014) than the migratory pied flycatcher (Burgessetal., 2018).
Asynchronyis greaterin warmersprings and, therefore, mismatchis predictedtoincrease
between secondary consumers and caterpillars with continued spring warming, eventhose

secondary consumer species that are currently synchronising with caterpillar peaks (Burgess etal.,
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2018). Data from a single UK study site corroborates the national findings, suggesting that tit
breeding phenology is currently synchronised with tree phenology, and most synchronised in
areas dominated by tree species used forforaging (Coleetal., 2015). In addition, passerine
phenology was best predicted when vegetation phenology was considered ata local scale (Hinks
et al., 2015). Insectivorous birds mismatching with their prey has consequences for their
individualfitness, but does not necessarily have negative effects on demography (Reedetal.,
2013), despite producing fewer fledglings per female. Demography has been buffered by the
number of fledglings recruitinginto the population only being weakly affected by mismatch (Reed

et al., 2013).

1.5 Limitations and knowledge gapsin the simple deciduous tree-herbivorous
caterpillar-insectivorous bird food chain

A wealth of research has been conducted on the simple oak-herbivorous caterpillar-tit food chain,
across Europe, leadingto a good understanding of natural history and the effects of climate

change on phenology. However, anumber of unanswered questions remain.

To date, the majority of research on the tree-tit food chain has been conducted in woodlands
dominated by mature oak, due to its dominance across much of Europe (Ozendaand Borel, 2000),
despite beingarelatively uncommon habitat type inthe UK (Forestry Commission, 2011, 2013).
Blue and great tits are not exclusively oak woodland specialists; they thrive in many different
habitat types, from mixed deciduous woodland to urban and wetland areas (Stenning, 2018). To
date, there has been limited research into the implications of climate change on tits breedingin
habitats notdominated by oak, despite previous work showing blue tits nestingin urban and
suburban areas have lowerbreeding success than woodland counterparts (Pollock etal., 2017).
Habitat variables, such as woodland age and local oak density have been shown toinfluence the
breeding phenology of some woodland insectivores (Wilkin et al., 2007), but such habitat effects
have beenlargelyignoredin widerscale studies, and, to date have only beeninvestigated at afew
single sites. Therefore, little is known as to whether habitat may be able to bufferthe negative

effects of climate change on breeding parameters detected in oak dominated woodlands.

In additionto the research focus on oak woodland, there is also adisproportionate balancein
knowledge concerning different levels of this woodland food chain. Insectivorous secondary
consumers, such as blue and great tits, have received more research attention than primary
consumers or primary producers, forexample. Thisis possibly due to the ease with which each
level can be studied. Relative to birds, little is known about the response of insects to climate
change, and mostresearch to date (in this system) has focussed upon winter moth larvae, due to
theirabundance in oak woodlands (Kennedy and Southwood, 1984). Most insights into the

ephemeral peakin caterpillarabundance comes from indirect sampling methods such as
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collectingfallenfrass (e.g. Smith etal., 2011). Caterpillarfrass cannot be attributed to a specific
species, providing arepresentation of more general invertebrate availability but only undera
single tree. To date, studies of frass fall have been heavilyfocussed upon oak trees, despite
Lepidopteran larvae, and otherinvertebrates, beingfoundin good numbers on othertree species

(Kennedy and Southwood, 1984).

Much of the knowledge on the tree-tit food chain has arisen from research conducted at single
sites, especially Wytham Woods, UK and Hoge Veluwe, the Netherlands. Both sites have been
monitored overlong-time periods (in ecological research terms), however the results are difficult
to extrapolate out to other populations, as effects of climate change differ at small geographical

scales (Visseretal., 2003).

Examiningatri-trophicfood chain (deciduous tree-herbivorous caterpillar-insectivorous
passerine), furthersimplified to oak-caterpillar (winter moth)-passerine (tit or flycatcher) has
allowed an understanding of the drivers of change within and between different trophiclevels.
However, tri-trophicinteractions are, of course, an oversimplification of amore complex
ecosystemand its associated food webs. Both tits and flycatchers are predominantly
insectivorous duringthe breeding season (Betts, 1955; Lundbergand Alatalo, 2010; Perrins, 1979;
Stenning, 2018), with adults and nestlings consuming large numbers of Lepidopterabut also
Araneae, Hymenoptera, Coleoptera, Dipteraand Hemiptera (Betts, 1955; Cowie and Hinsley,
1988; Shutt, 2017). Each species withintheseinvertebrate orders have theirown suite of host
speciesand are found on a wide variety of deciduous tree s (Kennedy and Southwood, 1984).
Further knowledge of the trophicinteractions insectivorous birds rely on would offer potential
insightsinto, forexample, whether mismatch can be buffered through habitat or prey switching.
This thesis provides an opportunity to expand knowledge of the oak-caterpillar-bluetit system, by
investigating the broaderrole of non-oak trees and to explore the effects of climate change on

thistri-trophicsystem.

1.6 Thesis aims

The overarching aims of this thesis are to explore:

1) The effects of both climate and habitat on the phenology of two trophiclevels,
invertebrates and blue tit, of the deciduous tree-herbivorous caterpillar-blue tit tri-
trophicsystem.

2) To expandtheimpactsfrom 1) intothe productivity of the secondary consumers, blue

tits.

| have fourdata chaptersthat | outline below.
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In Chapter 2, | will explore the variationin caterpillar frass fall phenology, atasingle sitein
Northern England, overthree years and underfourtree species thatare commonin UK
woodlands. Thisis with the view to helpingidentify tree species thatare likely to be important
sources of Lepidopteran prey for nestling blue tits, and expanding our knowledge of the must
understudied level of the tree-tit system. The novelty here liesin the comparison between the
relative role (in terms of abundance and phenology of frass fall) of oak and othercommon tree

species forinsectivorous woodland birds.

In Chapter 3, | aimedto explore the potential of using next generation sequencingto elucidate the
diet of nestling blue tits. Previous research has highlighted Le pidopteran abundance within
nestling diets, howevertaxonomicresolutionis poorthrough standard methods, and through
using moleculartechniques this could be addressed. In this chapter|test DNA e xtraction
methods, and primer pairings to efficiently amplify prey DNA from blue tit nestling faecal sacs.
However, due to difficulties discussed in the chapter, | was unable to sequence the extracted DNA
during the duration of this thesis, and so this chapterfocuses on comparing different DNA
extraction methods, within and between species, totry and elucidate why bluetitsamples are

difficult to obtain high levels of DNA amplification from.

Next, in Chapter4, | investigatethe predictors of blue tit phenology across the UK expanding
previous findings, from single study sites, to amulti-site (34 site) scale and include the effect of
local tree species composition, through utilising along-term citizen science dataset. This work
enablestrends between different populations to be explored, to find general patterns forthe role
of differenttree species on blue tit phenology and investigate whetherthe detailed studies from

individualsites (e.g. Wytham Woods) are generalizable.

Finally, in Chapter5, | continued to examine the effects of climateand habitat, across the UK,
usingthe same long-term dataset (from Chapter4), on blue tit productivity and whether

environmental variables influence the risk of nestfailure.

20



Chapter 2: Caterpillar phenology: variation and drivers

2.1 Abstract

In temperate systems many insectivorous passerines have alifecyclethat tracks ephemeral peaks
ininsectavailability. Caterpillars of Lepidoptera are vital prey forinsectivorous woodland birds,
and as such birds time theirbreedingto coincide with peaksin caterpillaravailability. Broadleaved
woodland covers 1.3 million hectaresin the UK, with 18% being covered by oak trees, which host
alarge number of larval Lepidopteran species. Previous phenological research of caterpillars has
been oak-focussed, despite non-oak species hosting Lepidopteran larvae. Environmental factors,
such as temperature and leafing phenology have previously been shown toimpact caterpillar

developmentand, inlight of warming springsis a key areafor field research.

Here | investigate the drivers of phenology, duration and magnitude of caterpillar frass (faecal
pellet) fall, as a proxy for caterpillar availability, under four common UK tree speciesina
woodlandin Northern England. Seventy percent of total frass fall was produced under oak trees
and therefore reinforces oaks importance for Lepidopteran larvae, and insectivorous woodland

birds.

Frass fall phenology was not predicted by temperature (either withinsite or between year), or
leafing phenology, which could have effects on bird populations reliant on this resource. No
interspecies variation in peak frass fall phenology was observed, providing no evidence of the
potential fornon-oak speciesto provide Lepidopteran food resources to breeding birds that have
mistimed breeding events. These findings further strengthen the importance of oak within UK
woodlands, and the need to ensure oak trees are not disadvantaged in future woodland

management.
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2.2 Introduction

In temperate systems many insectivorous passerines have alifecyclethat tracks insects annually,
eitherthrough migration (e.g.swifts (Apus spp., swallows and martins Hirundininae) or through
timing breeding, to exploitephemeral insect peaks (e.g. tit specie, Paridae). Birds are a major
predatorofinsects, and caterpillars are an important part of the diet of many breedingwoodland
birds, especially in temperate regions (Perrins, 1991). For example, both titand flycatcherspecies
(Paridae, residentand Muscicapidae, migrant species, respectively)in the UK, breed
predominantlyin woodlands, and are reliant oninvertebrates (mostly Lepidoptera (Betts, 1955)
and Araneae (Grzedzicka, 2018)) to feed their chicks during theirshort breeding seasons. Birds
and caterpillars often form part of a tri-trophicfood chain (trees-caterpillars-birds), whichis a
well-studied biological system, and the subject of several long-term research projects (e.g.
Wytham Woods, UK (e.g. Betts, 1955; McCleery and Perrins, 1998; Perrins, 1991) and Hoge
Veluwe, Netherlands (Visseretal., 1998, 2006; Visserand Holleman, 2001). A key area of research
insuch tri-trophicsystemsis focused upon understanding the phenology of the three levelsin
relation to each other. The resource peaks of caterpillars usually occuras a narrow peak during
spring, just afterleaves have fully opened on deciduous trees. Due to this, birds aim to time their
breeding, so peak demand from nestlings corresponds with peak availability of theirfood
resource. Inrecentdecades, the phenology of many species has been changinginrelationto
climate change (Waltheretal., 2002), and this tri-trophicsystem has also been experiencing
advancement (Buse etal., 1999; Crick et al., 1997). However, notall levels have advanced atthe
same rate, with secondary consumers advancing more slowly than producers (Burgess etal.,
2018; Thackeray et al., 2010). This highlights the need for furtherresearch, to fully understand the

effects of warmingsprings on eachtrophiclevel and the systemasa whole.

Typically, Europeantit species feed their chicks mainly on larvae of moths of the families
Noctuidae, Totricidae and Geometridae (Grzedzicka, 2018; Perrins, 1979, 1991). In temperate
Europeanwoodland, winter moth (Operophtera brumata, family Geometridae) larvae make up a
large proportion of the diet of nestlings and are a key source of important nutrients for nestlings

(Arnold etal., 2010; Perrins, 1991).

Winter mothimagos typically emerge in November and Decemberinthe United Kingdom, laying
theireggs (whichthen overwinter)inbark crevicesin the tree canopy. The eggs hatch, into their
larval stage, whenleaves firstemerge on their host trees (Holliday, 1985). The time it takes for
the larvae to fully develop, before dropping to the ground and pupatingin the soil depends on the
air temperature, with development time being shorter when the temperature iswarmer (Buse et

al., 1999; Holliday, 1985).
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Broadleaved woodland covers 1.3 million hectaresinthe UK, with wide rangesin woodland age
and species composition (Forestry Commission, 2013). The five most dominant species in the UK,
by area, are oak (Quercus spp.), birch (Betula spp. and Carpinus betulus), ash (Fraxinus excelsior),
sycamore (Acer pseudoplatanus) and beech (Fagus spp.) (Forestry Commission, 2013). Despite UK
woodlands comprising a mixture of species, and oak and birch combined comprising 36%
(approximately 18% each; Forestry Commission 2012) of total woodland area, typically oak has
beenthe focusforbird and caterpillarresearch (Perrins, 1979; Smith et al., 2011). Partially due to
invertebrate, especially Lepidoptera, abundance being highe st on oak trees (Kennedy and
Southwood, 1984). The phenology and abundance of winter moth, akey resource for nestlings, is
typically only investigated in relation to oak (e.g. Burgess et al., 2018; Buse et al., 1999; Perrins,
1991; Smithetal.,2011). However, the larvae are polyphagous found onawide range of other
tree species (Cuming, 1961; Shutt, 2017; Tikkanen etal., 2000; Vanbergen etal., 2003; Wint,
1983), and little is known aboutlarval phenology and abundance across non-oak species.
Although, itis worth noting thatindividual larvae willtypically be monophagous, consuming the
first host speciesit can become established on after hatching (Wint, 1983). Female winter moths
are flightless, and are thought to have little control in selecting the host plant, or oviposition site,
and this decision will depend more on pupation site and orientation atemergence, aswell as

what trees are locally available (Wint, 1983).

Many sampling techniques for canopy dwelling caterpillars are time intensive (e.g. branch
beating), logistically challenging, and require excellentidentification skills of larvae, which can be
difficult. Branch beatingisacommondirectinvertebrate sampling technique, howeveronly gives
an indication of the species presentlower down in the canopy and samples are often removed
off-site foridentification at a later date. If samples are removed, and not replaced, and the study
isat a large scale, this could bias observations being undertaken of highertrophiclevels by
artificially depleting the food resource. Anindirect sampling approach to record phenology of
arboreal caterpillarsis frass sampling (Burgess et al., 2018; Glgdalski etal., 2017; Sisasketal.,
2010; Smithetal., 2011; e.g. Veenetal., 2009; Wesotowski and Rowirski, 2014), which cannot be
used to identify Lepidopteran larvae present, but can provide insights into their phenology and
abundance. Todate, studies employing frass sampling have tended to focus only on oak species
(Burgessetal., 2018; Smithetal.,2011), a mixture of species (Sisask etal., 2010; Wesotowski and
Rowinski, 2014), or not explicitly specified the species sampled (Gladalski etal., 2017). However,
Veenetal. (2009) investigated asuite of species (ash, birch, hazel, oak, pine, spruce) and found

strong peaks underall deciduous species.

This study aims to assess the importance of fourcommontree speciesin UK woodlands (beech,
Fagus sylvatica; silver birch, Betula pendula; sycamore, Acer pseudoplatanus and oak, Quercus

robur) for Lepidopteran larvae, and therefore indirectly insectivorous woodland birds. | will assess
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the potential importance of each species by comparing the total frass fall produced undereach
species, as a proxy for caterpillar availability. | will also investigate whether temperature (both
withinand between years)and/ortree phenology can be used to predict frass fall phenology
(timingand duration of frass peaks), and to establish whether phenology varies spatially and/or
temporally. | will also explorewhetherincreased oak density surrounding the tree being
monitored influences frass fall detection, and whetherthisis likely due to sampling
contamination. | hypothesise peakfrassfall phenology will be driven by both temperature and
leafing phenology (Buse et al., 1999), and differ between species due to interspecies differences
inleafing phenology (Roberts etal., 2015). Previous research has focussed heavily on oak,
therefore | cannot predict the differences that will be found between species. However, due to
oak likely hosting the greatest variety of Lepidopteran species, | predict oak will be important for
caterpillars, and inter-annual variation in phenology will likelybe driven by temperature and tree

phenology.
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2.3 Methods
2.3.1 Study site

This study was conducted ina near contiguous area of mixed semi-natural woodland, and
suburbia, to the south of Durham City (covering 1km grid squares NZ2740, NZ2741, NZ2840,
NZ2841, NZ2641; Figure 2.1), owned by Durham University. The woodlands receivelittle
management, apart from the removal of dangerous trees overhanging publicright of ways. The
woodlands are mostly comprised of sycamore (Acer pseudoplatanus), beech (Fagus sylvatica),
english oak (Quercus robur) and silver birch (Betula pendula) with an understory of hazel (Corylus
avellana) and hawthorn (Crataegus monogyna) in places. At ground level the woodlands are
dominated by bluebells (Hyacinthoides non-scripta), alongside a mixture of other species typical
of semi-naturalwoodland. The suburban parts of the study sites, mostly surrounding university
accommodation and college buildings, are a mixture of native and non-native species. These
receive more management, and the understory is generally grass species, with little orno dead

wood or leaflitter, as opposed to woodland floor.

Figure 2.1: Map depicting woodland and suburban sampling area (red shaded area) in Durham, United
Kingdom.

2.3.2 Frass sampling

Frass (caterpillarfaecal pellets) samplingis acommon method used for phenological studies of
caterpillaravailability, especially when coupled with observations of other trophiclevels
phenology e.g. birds (Gladalskietal., 2017; Sisask etal., 2010; Tremblay etal., 2003; Veenetal.,
2009). Frass fall has been shown to highly correlate with results obtained through branch beating,
giving reliable estimates of caterpillaravailability (Fischbacheretal., 1998). The sampling method
used here was based upon a method from Smith et al. (2011), describedin brief below. Trapsto
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collect frass (caterpillarfaecal pellets) were placed underbeech, english oak, silver birch and
sycamore trees, from 26™ April until 1t July in 2015, 2016 and 2017, with the number of traps

undereachspeciesdetailedin Table 2.1.

Table 2.1: The number of each tree species monitored for frass fall in each year of the study

Number of traps in given

Species year
2015 2016 2017
Beech 13 15 15
Oak 8 15 15
Silver Birch 5 15 15
Sycamore 9 15 15

Frass traps consisted of single black plastic seed tray (approximately 37x 22 cm, with drainage
holes) lined with permeable white horticultural fleece (17 gsm thickness), which was fitted toline
the tray so it sat flat on the base of the tray and up the sidesto preventfrass beingloston
collection. Trays were placed levelon the ground (levelling those on sloping ground), directly
underthe canopy of the tree being sampled. Traps were heldin place by pegged black plastic
anti-butterfly netting (LBS Horticultural Supplies, meshsize: 7x 6 mm), stretched tightly overthe
top of the tray. As well as preventing the trap from being dislodged, netting also prevented larger
debris beingcaughtintheliner. Liners were collected and replaced every five days. However, on a
few occasionsliners were left forslightly longer, or shorter, periods before collection (min: 4 days,
max 6 days between collection, 32 (out of 2075) traps were not collected atthe 5 dayinterval).
On collection, liners were temporarily stored in labelled polythene bags priortodrying. Liners
were air-dried after collection, fora minimum of 24 hours, and then, aftersorting, the frass
contents weighed. To separate the frass from debris, each liner was brushed (usinga 50 mm
paintbrush) toremove all frass and debris. Particles were sieved through metal 1 mm meshto
remove larger, non-frass debris. As frassis cylindrical and uniformin shape, when placed onto
folded paperitcan be ‘rolled’ off, as frass will tend to roll fasterthan non-frass debris. Resultant
collected frass was placed underalow powerdissection microscope (at 2x magnification; Nikon),
and any non-frass material was removed using fine pointed tweezers. The total frass sample was

thenweighed (Kern EG300-3M, 1 mg).

Frass mass was convertedinto frassfall, defined as mgfrass perm? perday. For analyses, the date
associated with the frass fall mass was the mid-point between the startand end date of the

collection period.

2.3.3 Smoothing raw frass fall data

Raw frass fall data (Figure 2.2) were smoothed using methods adapted from Soulsby and Thomas
(2012). Raw data were smoothed to clearly define single smooth peaks, reducingthe noisein the
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data. This method was originally used to describe butterfly eclosion and flight periods. However,

it can be appliedtoany curvilinear phenomenon that startsand ends with zero data.

The curve isa function of four parameters: N (maximum detectable frassfall), to (the start of peak
frassfall), Tz (duration of frass fall) and T (mean life span of caterpillar) whosevalues are fitted, to

maximise log-likelihood, to each trapin eachyear:

n() = 0,fort' <0
3N s -
n®) = m a sin°X — 3sin“X.cosX + 211
INe (1 + e)
2(a? +9) (a2 + 1),for > T

(a sinX —cosX + e"¥)|,for0 < t' <Tg

n() =

Where:
n(t) is thefrassfall attime, t
N is the maximum detectable frass fall
T is the mean lifespan of a caterpillar —fixed at the mean time from hatchingto pupation for Winter Moth,
17 days (Holliday, 1985)
to is the date of the beginning of the frass peak
t' =T - to, where t'is atime parameter, whichis negative prior to the startof the frass peak
Tg

tr . .
a= ,and X = m — aredimensionless parameters
(m.T) TE

T is the duration of the frass peak (days)

These modelswere fittedin ‘R’ v.3.5.1 using box-constrained optimisation (‘L-BFGS-B’, using
‘optim’ from the ‘stats’ package (R Core Team, 2017)), which constrained each of the variables to
a minimum and maximum value. As many of these variables cannot be negative, box constraining
improves model performance and keeps variables within plausibleranges. The following
constraintswere used: N, min: 1, max: 75; to, min: 1 (15t April), max: 50 (20" May); T, min: 5, max:

70.

Model performance was assessed using relative root error (RRE), to give model fitona

percentage scale, calculated as:

RRE = (root mean squareerror)/ (root mean squarecount) * 100

Traps where model fitting failed were classed as not having a frass peak (coded 0), all others were
defined as havingafrass peak (coded 1). A summary of the RRE and number of trees being

classed as havinga frass peak are shownin Table 2.3.

Peak frass fall was taken as the date where modelled frass fall was maximal. The duration of the

frass peak was taken as the fitted T: value (following Soulsby and Thomas (2012)).
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Figure 2.2: Temporal patterns of raw frass fall in 2015 (a, b, ¢, d), 2016 (e, f, g, h)and 2017 (i, j, k, |) under four tree species, beech (a, e, i), silver birch, (b, f, j), sycamore (c, g, k) and oak (d,
h, 1). Colours are consistent in columns for trees monitored in multiple years. Lines between points are to aid interpretation only, and do not represent any statistical relationship between
points.
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2.3.4 Temperature data

Temperature datawere collected usingiButtons (DS1921G-F5thermochrons; HomeChip), which
recorded ambient airtemperature, at hourly ortwo hourly intervals; the latter schedule was
adopted outside of the blue titbreeding season. iButtons were affixed, below nest boxes (to
provide shading), using butterfly netting to create aventilated hammock. Nest boxes were
located on a tree close to each frass monitoring site. The mean temperature during March and
April was then calculated foreach logger. This time period was selected due toitbeing shown to
best predicttree phenology forthree out of the four tree speciesinvestigated here (Tansey etal.,
2017), and tree phenology is typically highly correlated with caterpillar phenology (Both etal.,
2009; Burgessetal., 2018). Twotemperature variables were then calculated, allowing both within
and between yeareffects of temperature to be explored, following van de Pol and Wright, (2009).
The firsttemperature variable was the mean temperature across the site foreach year, and the
second a measure of how much each frass traps microclimate varied from the site mean by

subtracting the local mean March/April temperature from the site mean.

2.3.5 Tree phenology

The trees monitored for frass fall, were also monitored to record tree phenology. Phenology d ata
collected were: date of bud-burst - the first record of a leaf bursting through the bud; first leaf
date - whenthe first fully formed leaf was observed and full leaf —when all the leaves were fully
formed. Bud-burst was used fortree phenology as oak bud-burst and peak caterpillarabundance

has been shown to be highly correlated previously (Both et al., 2009; Burgess etal., 2018)

2.3.6 Habitat

The total number of oak trees within 400 m? of each temperature logger were counted (with each

logger at the centre of a 20 x 20 m quadrat).

2.3.7 Statistical Analyses

Temporal and species differencesin mean phenological values or total frass fall peryearwere
investigated through constructing mixed models with the phenological or total frass fall variable
as the dependentvariable, eitheryearorspecies as a categorical fixed effectand trapID as a
random (intercept) effect to account for any trap variation notaccounted for in the fixed effects.
When investigating whethertemperature ortree phenology could predict frass fall phenology,
both a withinyear (acrosssite) and between year measure of temperature and bud-burst were
included as fixed effects, along with trap IDand year as random (intercept) effects to allow for
variation between traps and years which were not accounted forin the fixed effects. Inall
analysesinvestigating frass fall phenology or total frass fall, derived variables (from modelfitting,

such as date of peak frass fall, or duration of frass fall) were only used when smoothed curves
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could be successfully fitted. When frass peak detection was investigated in relation to the number
of oaktreesinthe vicinity of the trap, frass traps from underoak trees were excluded from the
dataset. For all models, normality and heteroscedasticity of residuals were checked, and
continuous variables were scaled (through dividing by standard deviation) and mean centred
(column mean subtracted). Individual model structures are described in Table 2.2, with all
implemented as linear mixed models, using the package ‘Ime4’ (Batesetal., 2015), in ‘R’v.3.5.1 (R
Core Team, 2017). Full models were constructed, and no model simplification was undertaken. P
values were generated through ‘ImerTest’ (Kuznetsovaetal., 2017), which are calculated using

Satterthwaite’s degrees of freedom method (Satterthwaite, 1946).

Table 2.2: Model responses, predictor variables and error distributions used in analyses.

Famil d
Response Fixed Random Observation . amtly a|.1
link function
Date of peak Trap ID
(random Gaussian
Te Year (factor, 3 levels) intercept, 86 i dentity !
factor, 40
Log(total frass fall) levels)
Date of peak Trap ID
d
Species (factor, 4 '(ran om Gaussian,
Te levels) Intercept, 86 identit
factor, 40 ¥
Log(total frass fall) levels)
Bud burst date
i
(continuous) Trap ID
. (random
Mean site March .
April temperature Intercept,
Date of peak factor, 40
(per year) .
. levels) Gaussian,
(continuous) 86 . .
identity
Te Observations Ye'ar (random
L intercept,
deviation from mean factor 3
March April site ’
levels)
temperature
(continuous)
Binomial response, 1 Trap ID
= defined peak, 0= no Number of oaktrees .(random Binomial,
peak (continuous) intercept, 117 logit
- peaks under oak tnuou factor: 39 g
trees excluded levels
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2.4 Results

In total 155 traps, from under 60 individual trees, were monitored over the three-year period of
this study, with a slightly smaller samplesize inthe first year compared with subsequent years
(N3015 =35, Nyp16 =60, N,017=60). Equal numbers of each of the fourtree species were monitored
in 2016 and 2017 (15 of each species), but differing numbers of each speciesin 2015 (N geech = 13,
Nsiver girch = 5, Nsycamore =9, Noak = 8). Overthe three years, 86 out of the total 155 traps (55.5%)
produced an identifiable frass peak with 35% of beech, 54% silver birch, 36% sycamore and 100%
of oaktrees producing a frass peak (Figure 2.3, Table 2.3). The smoothed dataare shownin Figure
2.3, predicted on adaily basis foreach trap for the duration of sampling period to produce

smoothed curves.

Table 2.3: Model fits (relative root error) of the smoothed frass fall data, along with the number of trees
where frass peaks could be identified or not.

Species Peak No peak Min RRE (%) Ma()‘(%I;RE Mean RRE (%)
Beech 15 28 24.39 84.55 67.27
Silver birch 19 16 52.98 87.98 68.34
Sycamore 14 25 47.19 98.47 71.09
Oak 38 0 18.43 86.09 58.47
All species 86 69 18.43 98.47 64.24
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Figure 2.3: Smoothed temporal frass fall in 2015 (a, b, ¢, d), 2016 (e, f, g, h) and 2017 (i, j, k, |) under four species, beech (a, e, i), silver birch, (b, f, j), sycamore (c, g, k) and oak (d, h, I).
Colours are consistent in columns for trees monitored in multiple years. Data are only shown from traps where a frass peak could successfully be detected.



2.4.1 Frass fall phenology

2.4.1.1 Timing of peak frass fall

The timing of peak frass fall differed amongyears, being earliestin 2017 and latestin 2016 ( Figure
2.4, Table 2.4). After controlling forinter-annual differences, there was no difference in the timing
of peaks among species (Figure 2.5, Table 2.5; ANOVA —analysis of deviance, Species: x> = 1.85,

DF =3, p=0.61). Peakfrass fall phenology was not predicted by temperature, neither within nor

betweenyears(Table 2.6, Figure 2.6). Peak frass fall phenology was also not predicted by host
tree phenology (Table 2.6).
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Figure 2.4: Timing of peak frass fall, between years. Each point represents a single tree (either beech, silver
birch, oak or sycamore) in a given year. The points have been jittered on the horizontal axis to aid
interpretation, as many overlay each other. The horizontal line represents the fitted intercepts for each year,
after controlling for individual trap effects.

Table 2.4: Variable estimates for the fixed and random effects, from a general linear mixed model exploring
whether the timing of peak frass fall differs between years. Rows in bold denote significant effects.

Fixed effects Estimate Standard error Degrees of T value P value
freedom
Intercept (2015) 89.43 1.71 83 52.26 <2x 1016
2016 4.92 2.12 83 232 0.02
2017 -9.34 1.95 83 -4.78 7.5x10°%
Random effects Variance Star.‘da.rd Number of observations: 86
deviation :
Trap 1D 0.00 0.00 Number of groups (traps):49
Residual 41.71 6.46
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Figure 2.5: The timing of peak frass fall between species. Each point represents a single tree, coloured by
sampling year. All points have been jittered on the horizontal axis to aid interpretation. The horizontal black
line represents the fitted intercept for each species, after inter-annual and inter-trap differences have been
accounted for, and the shaded area surrounding the fitted intercept denotes the standard error. Note that

the number of peaks recorded for each species varied (see Table 2.2).

Table 2.5: Variable estimates for the fixed and random effects, from a general linear mixed model exploring

whether the timing of peak frass fall differs between species.

Fixed effects Estimate Standard Degrees of T value P value
error freedom
Intercept (Beech) 88.82 4.38 3 20.27 5.3x10*
Oak -0.66 2.00 80 -0.33 0.74
Silver Birch -1.00 2.25 80 -0.45 0.66
Sycamore -2.85 244 80 -1.17 0.25
Random effects Variance Stat:nda.rd .
deviation Number of observations:86
Year 48.38 6.96 Number of groups (traps):49
Trap ID < 0.0001 < 0.0001 Number of years:3
Residual 41.81 6.47
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Table 2.6: Variable estimates for fixed and random effects, from the general linear mixed model, exploring
the effect of both spatial and temporal variation in temperature and tree phenology on the timing of peak

frass fall.
Fixed effects Estimate Standard error Degrees of T value P value
freedom
Intercept 128.51 23.25 1 5.23 0.12
Bud burst 0.68 0.84 1 -1.77 0.33
Between year 5.84 0.85 81 0.47 0.64
temperature
Within year 0.72 155 81 0.67 0.50
temperature
Random Effects Variance Star.lda_rd
deviation Number of observations:86
Year 22.21 4.71 Number of groups (traps):49
Trap ID < 0.0001 < 0.0001 Number of years:3
Residual 41.71 6.46
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Figure 2.6: The relationship between within site temperature and peak frass fall phenology. Temperature is
representative of microclimate deviations (°C) from the mean temperature across the site at each trap
location. A negative value represents cooler temperatures and positive, warmer.

2.4.1.2 Duration of frass fall

The duration of frass fall differed significantly between years, with 2015 and 2017 being
significantly differentfrom one another (Figure 2.7; Analysis of Deviance:x*=7.34, DF =2, p =
0.03). On average, the duration of frass fall was shorter in 2017, thanin 2015 (Figure 2.7, Figure
2.7). Frass fall duration was not different between any of the fourtree species (Table 2.8, Figure
2.8). Leafing phenologyof the hosttree, temperature between years, norlocal temperature

predicted the duration of frass fall (Table 2.9).
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Figure 2.7: The difference in the duration of the frass fall between years. The horizontal black line represents
the fitted intercept for each year, after controlling for inter-trap variation, with the shaded grey area
depicting the standard error. Each point represents an individual tree; the points have been jittered on the

horizontal axis to aid interpretation.

Table 2.7: Variable estimates for the fixed and random effects, from a general linear mixed model exploring
whether the duration of frass fall differs between years. Rows in bold denote significant effects.

Fixed effects Estimate Standard error Degrees of T value P value
freedom
Intercept (2015) 43.35 4.84 77 8.96 <1.37x1013
2016 -8.12 5.59 50 -1.45 0.15
2017 -13.59 5.16 51 -2.63 0.01
Random Effects Variance :ZT;?;: Number of observations:86
Trap ID 1131 10.63 Number of groups (traps):49
Residual 246.4 15.70
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Figure 2.8: The difference in the duration of the frass fall between species. The horizontal lines represent the
fitted intercepts, after controlling for inter-annual variation and inter-trap variation, with the shaded grey

areas showing the standard error of these fitted values. Each point represents a single tree, coloured by
year. All points have been jittered on the horizontal axis, to aid interpretation.

Table 2.8: Variable estimates for the fixed and random effects, from a general linear mixed model exploring
whether the duration of the frass fall differs between species.

Standard

Degrees of

Fixed effects Estimate T value P value
error freedom
Intercept (Beech) 27.27 6.05 14 451 <0.001
Oak 12.34 6.53 36 1.89 0.07
Silver Birch 8.09 8.09 42 1.13 0.27
Sycamore 4.96 4.96 52 0.66 0.51
Random effects Variance Star.lda.\rd .
deviation Number of observations:86
Year 21.36 4.62 Number of traps:49
Trap ID 108.17 10.40 Number of years:3
Residual 249.28 15.79
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Table 2.9: Variable estimates for fixed and random effects, from a general linear mixed model exploring the
effect of various predictors on the duration of frass fall.

D f
Fixed effects Estimate Standard error cgrees o T value P value
freedom
Intercept 55.98 46.64 1 1.2 0.45
Bud burst -4.30 2.51 52 -1.71 0.09
Between year 2.59 5.98 1 74 0.64
temperature
Withinyear .83 4.48 74 -0.63 0.53
temperature
Random effects Variance Star‘lda.rd
deviation Number of observations:86
Year 83.57 9.14 Number of groups (traps):49
Trap ID 118.32 10.88 Number of years:3
Residual 237.95 15.43

2.4.2 Total frass fall

Total frassfall varied inter-annually (Table 2.10; Analysis of deviance:yeary>=11.70, DF =2, p =
0.003) and was significantly lowerin 2016 than 2015 and 2017 (Table 2.10 and Figure 2.9). Oak
produced significantly more frass fall (69.72% of total frass fall) than any of the otherthree tree
species (Table 2.11and Figure 2.10), with beech producingthe least (6.19% of total frass fall) and
silver birch and sycamore producing, on average, similar quantities (14.34and 9.75% of total frass

fall, respectively; Figure 2.10).

Table 2.10: Variable estimates for the fixed and random effects, from a general linear mixed model
exploring whether the total amount of frass fall differs between years, controlling for species and trap ID.

Fixed effects Estimate Standard Degrees of T value P value
error freedom
Intercept (2015) 3.91 0.37 4 10.59 5.38 x10*
2016 -0.42 0.16 54 -2.62 0.01
2017 -0.04 0.15 53 -0.30 0.77
. Standard
Random effects Variance . .
deviation Number of observations:86
Species 0.46 0.68 Number of traps:49
Trap ID 0.10 0.32 Number of species:4
Residual 0.20 0.45
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Table 2.11: Variable estimates for the fixed and random effects, from a general linear mixed model
exploring whether the total amount of frass fall differs between species, controlling for year and trap ID.
Rows in bold denote significant effects.

Fixed effects Estimate Standard Degrees of T value P value
error freedom
Intercept (Oak) 4.66 0.16 4 28.59 6.53 x10°
Beech -1.67 0.19 44 -8.76 3.14x 101!
Silver Birch -0.99 0.18 41 -5.56 1.75x 106
Sycamore -1.03 0.19 55 -5.37 1.64 x10°6
Random effects Variance Star]da.\rd .
deviation Number of observations:86
Year 0.46 0.68 Number of traps:49
Trap ID 0.10 0.32 Number of species:4
Residual 0.20 0.45
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Figure 2.9: The differences in the total amount of frass fall between years. The horizontal black line
represents the fitted intercept for each year, after controlling for species and trap variation, with the shaded
grey area depicting the standard error. Each point represents an individual tree. The points have been
jittered on the horizontal axis to aid interpretation. Note that the model was fitted on the log scale, and

transformed for plotting.
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Figure 2.10: The differences in the total frass fall between species. The horizontal lines represent the fitted
intercepts, after controlling for inter-annual and inter-trap variation, with the shaded grey areas showing
the standard error of these fitted values. Each point represents a single tree, coloured by year. All points
have been jittered on the horizontal axis, to aid interpretation. Note that the model was fitted on the log

scale, and transformed for plotting.

2.4.3 Probability of a frass peak occurring

The probability of afrass peak occurringincreased as the density of oak treesinthe immediate

vicinity of the host tree increased (Figure 2.11, Table 2.12).

Table 2.12: Variable estimates from a generalised mixed model (with a binomial, logit link function)
exploring the effect of the density of oak trees in the immediate area surrounding the tree being sampled on
the likelihood of a frass peak occurring. In this model all oak traps have been removed and only traps from
under the other three tree species (beech, silver birch, and sycamore) are included.

Fixed effects Estimate Standard error Z value P value
Intercept -0.23 0.21 -1.13 0.26
Number of Oak 0.82 0.29 2.83 0.005
trees
. Standard
Random effects Variance .. Number of observations:117
deviation
Number of groups (traps):46
Trap ID <0.001 <0.001
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Figure 2.11: The probability of a frass peak (1) occurring or not (0) given the number of Oak trees. Each point
represents a single tree, with the oak records removed, of either Beech, Silver Birch or Sycamore, with darker
points having more points at the same position than lighter points. The black line represents the fitted line
from the generalised mixed model, and the shaded grey area the 95% confidence interval.
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2.5 Discussion

Thisstudyis amongthe firstto investigate in detailthe timingand duration of caterpillar
availability, atanintra-site level, and to focus on multiple potential hosttree species. Here, |
aimedto assessthe importance of four common tree species in UK woodlands (beech, silver
birch, sycamore, and oak) for Lepidopteran larvae, and therefore indirectly insectivorous
woodland birds. All species produced detectable frass peaks, in all years, although notall
individualtrees produced peaks. Of the four species, oakis the mostimportant speciesfor
Lepidopteran larvae, due to producing significantly more frassfall. All species produced
detectable frass peaks underatleast one tree in each year. However, the probability of frass fall
being detected under non-oak species significantly increased as surrounding oak density
increased, suggesting wind-blown contamination could be an issue. Contrary to my hypotheses,

neithertemperature nortree phenology predicted frass fall phenology.

2.5.1 Frass fall phenology
2.5.1.1 Timing of peak frass fall

Caterpillar phenology was monitored for three consecutiveyears and varied significantly inter -
annually, with the timing of peak frass fall being earliestin 2017 and latest in 2016 (Figure 2.4,
Table 2.6). Previous research suggested caterpillar phenology is driven by te mperature with moth
egg hatch being delayed when temperatures are cooler (Buse etal., 1999), and peak frass fall
exhibiting the same trends (Smith etal., 2011). However, the results presented here are not
consistent with these findings, as caterpillar phenology is not predicted by temperature between
years or withinthe site (Table 2.6, Figure 2.6). Due to sampling only being undertakenin three
years, there will have been alack of powerto detect between yearrelationships with
temperature. There is more power to detect awithin site relationship between peak frass fall
phenology and temperature, however, temperature did not explain differences in frass fall
phenology within the site. This may be due to the temperature windowused, which was selected
based upon beinginformative fortree bud-burst (Tansey etal., 2017), whichis typically highly
correlated with caterpillar phenology, however may not be informative when used as a predictor
for frassfall. The temperature window used, mean March-April temperature, will not have been
indicative of overwintering temperatures or any extreme variation in temperature experienced
during spring. Overwintering temperature may be important as caterpillars spend alarge
proportion of theirlife cycle inthe egg stage. Forexample, winter moth caterpillarsare inthe egg
stage for approximately six months of the year as opposed to only two monthsinthe larval stage
(Holliday, 1985). However, the relationship between temperature and development during egg

stage is relatively complex, as eggs pass through up to three distinct stages, making hatching
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phenology difficult to predict using field measured temperature (Holliday, 1985). A combination
of temperature and humidity influence the timing of egg hatching (Embree, 1970), and itis
unclear whethertemperature or humidity is more important, but eggs reared underlower
humidity have been shown to hatch out later (Embree, 1970). It was not possible to measure
humidityin this study, but may serve as an explanation as to why no relationship with
temperature was found, as humidity may be more important for controlling hatching, and may
not have varied across this site. Peak frass fall phenology did not differamong species ( Figure 2.5,
Table 2.5) or with tree phenology (Table 2.6), contrary to my hypotheses. Thisissurprisingasthe
presence of youngleaves are imperative for larval survival and, experimentally, hatchingis
typically highly correlated with host tree phenology (Both et al., 2009; Buse etal., 1999; Embree,
1965). In addition, peak frassfall has been shownto be highly correlated with first leaf date in
oaks across the UK, ina nationwide study (Burgess etal., 2018). The lack of correlation between
host tree phenology and peak frass fall, detected here, could suggest an uncouplingof a
reportedly synchronous relationship, at this site, with predicted peak frass fall typically occurring
approximately 35 days after bud-burst of the host tree. However, the measure of tree phenology
used here may have beentoo sensitive, as bud-burst date represented the date at which new
leaves were seen protruding fromthe bud on one or more buds. Caterpillars may not be highly
synchronised with the first bud-burst, but more synchronised to when the majority of buds are
bursting. Atthe broad UK scale caterpillars are tracking earlier, warmer, springs (Burgess etal.,
2018) andthisis consistent with findings from the Netherlands (Both et al., 2009). The caterpillar-
oak relationship is predicted to remain synchronous, as both levels are believed to use the same
cuesand will therefore continueto track changing climate at the same rate (Buse etal., 1999).
Due to peakfrass fall phenology not differingamongst host tree species, this suggests that non-
oak tree species would be unableto offer Lepidopteran resources to insectivorous birds that may

have mistimed breeding with Lepidopteran resources on oak trees.

All raw frass fall data were smoothed, following Soulsby and Thomas (2012), to account forany
extreme weather events, such as rainfall, that happened during sampling that weren’t accounted
forinthe models. Forexample, raw frass fall datafrom underoak treesin 2017 appearto display
a bimodal distribution (two peaksinfrass fall; Figure 2.2), however this coincides with a heavy
rainfall event. Rainfall can cause frass to disintegrate and become difficult to detect (Fischbacher
et al., 1998). Smoothing dataalso accounts for the five day interval between sampling, allowing

for phenological variables to be estimated at a finer resolution.

This study highlights the need forlongterm, more in-depth, local scale monitoring to establish
whetherthere are finerscale processes, which are notapparentwhen generalised to large spatial

scales, and to validate nationwide extrapolation.
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2.5.1.2 Duration of frass fall

Similarly to peak frass fall phenology, duration of frass fall was also significantly different among
years, howeveronly between 2015 and 2017 (Figure 2.7, Figure 2.7).1 hypothesised this would be
due to temperature as caterpillars develop quicker when exposed to warmertemperatures (Buse
et al., 1999; Holliday, 1985), taking less time to reach pupation. Therefore, adecrease inthe
duration of frass fall would be expected under warmertemperatures, due to shorter
developmenttimes. However, when tested no relationship with between yeartemperature and
the duration of frass fall was found (Table 2.9), whichiis surprising given caterpillars develop more
rapidly at warmertemperatures (Buseetal., 1999; Holliday, 1985). The lack of relationshipis
likely due tothe small sample size in this study, due to only three years of monitoring. Although,
temperature differences across the site, within ayear, also did not predict the duration of frass
fall (Table 2.9), despite increased samplesize. The duration of the peak may not be defined by the
time it takes for caterpillars to develop, but how synchronously larvae hatch out. If caterpillars
hatch out synchronously they will all develop at roughly the same rate, leading to a potentially
shorterand sharper peak. However, if they hatch asynchronously the time taken forthemto
reach pupation will be more drawn out, and could lead to a longerand shallower peak. Limited
research has been undertaken investigating hatching synchrony, but at warmertemperatures
hatchingis suggested to be more synchronous (Embree, 1970), which may explainthe shorter

duration of peak observedin 2017 in this study.

There was no difference in duration of frass fall between tree species (Figure 2.8, Table 2.8), or
the leafing phenology of the host tree (Table 2.9). Given timing of peak frass fall did not vary with
any of these variablesitis notoverly surprising there was no effect of these variables on the
duration of frass fall either, suggesting that neither hosttree phenologynortree species

influences caterpillar phenology at this site.

2.5.2 Total frass fall

Previousresearchinto caterpillar phenology, using frass fall, has typically focused on oak trees
(e.g.Burgessetal., 2018; Smithetal., 2011). This focus has been justified through because the
largest number of Lepidopteran species have been show to reside on oak trees (Kennedy and
Southwood, 1984), and Lepidoptera typically form alarge part of insectivorous birds, such as blue
tits, diets (Betts, 1955; Shutt, 2017). The findings here supportthis focus on oak, due to the
highestamount of frass fall being observed under oak trees (Table 2.11, Figure 2.10). However,
frassfall was detected underall species investigated here (Figure 2.3, Figure 2.10), which suggests
that four of the five most common broadleaved tree speciesin UK woodlands playarolein
insectivorous birds feeding behaviour (with ash being unable to be tested in this study, due to

there beingalack of suitable trees at thissite). These findings suggest that none of the non-oak
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tree speciesinvestigated here could provide Lepidopteran resources on the scale of oak, for birds
nestingin oak-poorhabitats, forexample. Oak currently occupies the largestareain UK
woodlands of any broadleaved species, but heterogeneous oak woodlands are uncommon
(Forestry Commission, 2013). Due to the importance of oak for Lepidopteran larvae,
demonstrated here, any changes to woodland composition in the future which would
disadvantage oaks could lead to reduced breeding success and/or populations of insectivorous

birds, due to reduced Lepidopteralarvae availability.

2.5.3 Probability of detecting a frass peak

In this study, 100% of oaks sampled produced adetectablefrass peak, whereasin non-oak species
between 35and 54% produced a detectable frass peak, lowerthan stated by Veen etal. (2009).
Here, | have shown the probability of afrass peak being detected significantly increased as oak
densityincreased (Table 2.12, Figure 2.11). Taken in combination with the fact that there was no
difference inthe timing of peak frass fall between species, peaks detected under non-oak species
could be as a result of windblown frass from nearby oaks being collected in traps, and therefore
creating ‘false positives’. Theoretically, all tree species investigated here could produce frass
peaks (true positives) as they have all been shown to host Lepidopteran species (Kennedy and
Southwood, 1984; Shutt, 2017). Therefore, furthervalidation is required to clarify whetherthese

peaks are true positives.

2.5.4 Conclusions

In conclusion, the results presented here support the oak focus of previous work, when
Lepidopteran larvae are being investigated, due to oaks consistently producing the highest levels
of frass fall. Lepidopteran larvaeform alarge proportionof insectivorous woodland birds’ dietsand
these findings suggest birds are likely to be heavily reliant upon oak trees when foraging. Espedially
as frass fall detected under non-oak species could be due to contamination fromnearby oaks. These
findings also highlight that insectivorous woodland birds may face problems finding sufficent

Lepidopteran food resources, if oaks are disadvantaged in UK woodlandsin the future.

Temperature, either between years oracross the site, wasalso shown here to not predict the timing
of peak frass fall or frass fall duration, which is particularly pertinent given predicted future climate
trends and insectivorous birds’ reliance on thisresource. The lack of intra-species variation in peak
frassfall phenology, prevents non-oak species from providing alepidopteran resource to breeding
birds that have mistimed breeding events with Lepidopteran peaks on oak trees, reaffirming oaks

importance within UK woodlands.
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Chapter 3: Refining and comparing DNA extraction and amplification
methods from avian adult and nestling faecal samples

3.1 Abstract

Advancesin DNAtechnology, such as next generation sequencing (NGS), provide new
opportunities to understand trophicinteractions, and dependencies, to answer ecological
questions. An essential pre-requisite of NGS is the ability to extractand amplify high quality
DNA. Extracting DNA from environmental samples is often challenging due to DNA degradation
and the presence of complexinhibitors. Faecal samples have the potentialto provide asimple
and non-invasive method to investigate species’ resource usage. However, faecal samples
contain highly degraded DNA, and high concentrations of substances thatinhibit polymerase
chainreactions (PCR), making DNA extraction and amplification difficult. Here, | provide details
of methods developed to extractand amplify DNA from faecal samples of three bird species
(nestling bluetit (Cyanistes caeruleus), nestling meadow pipit (Anthus pratensis) and adult
starling (Sturnus vulgaris)), with the final goal of evaluating the diet of blue tit nestlings
through NGS. DNA of sufficient quality for NGS was unable to be extracted fromblue tit
nestling faecal sacs with an off-the-shelfextraction kit (MO-BIO PowerSoil extraction kit).
Improvementsin DNA extraction were achieved through modifications to the off-the-shelf
extraction kit, followed by a secondary extraction using solid phase reversible immobilisation

with magneticbeads.

DNA extracted from nestling faecal sacs were tested with fourinvertebrate primer pairings to
amplify invertebrate prey DNA during PCR. mICOlintF and jgLCO1490 (from Leray et al., 2013)
provided the highest amplification success, but also likely amplified bird DNA. Amplification of
DNA was much more readily obtained from adult starlingand meadow pipit faecal sampl es,
than from nestling blue tit faecal samples. Further work to increase amplification success, with
specificinvertebrate primers, would be required to sequence DNA from blue tit faecal
samples, but this was not possible within the timeframe available. In conclusion, faecal
samples can be highly variable both within and between species and, as such, a DNA extraction
and amplification approach, which may be appropriate forone species may not be foranother.
Future work could investigate ways of increasing starting DNA concentration, such as through
whole genome amplification, and further ways of removing chemicals which may be degrading

DNA or inhibiting PCR.
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3.2 Introduction

Recentclimate change has altered species distributions, both spatially and temporally, putting
pressure on existing species interactions and providing opportunities for new interactions to
occur (Parmesan, 2006; Walther, 2010; Waltheret al., 2002). An understanding of the
interactions between speciesis essentialto fully understand the implications of climate change
(Walther, 2010). However, trophicinteractions between species, such as predator-prey
interactions, are challenging to study, due to foraging locations often being spatially extensive
and difficultto observe. Asaresult, ourunderstanding of food webs is often simplistic, with

many missinginteractions.

In temperate woodlands, the deciduous tree-herbivorous caterpillar-insectivorous bird
tri-trophicsystemis often used asamodel forunderstanding the effects of climate change on
bothindividual trophiclevels and theirinteractions (Burgeretal., 2012; Burgess et al., 2018;
Buse et al., 1999). Lepidopteramake up alarge proportion of insectivorous nestling birds’
diets, such as blue tits (Cyanistes caeruleus), howeverthey are not the sole prey group (Betts,
1955). Therefore, inreality, thisfood chainis a more complex food web with multiple
interactions. Nestlingdietisimportantin maximising offspring fitness, which depends on the
quality and quantity of prey items delivered (Wilkin et al., 2009). However, the specifics of diet
composition, and the importance of specificprey groups are not well understood. Despite its
importance, to date, studies of nestling dietin avian insectivores have typically only been able
to beresolve preyitemstoa family level, with many prey items unableto be identified (e.g.
Betts, 1955; Garcia-Navas and Sanz, 2011; Grzedzicka, 2018; Wilkinetal., 2009). Traditional
methodsforelucidating diet are often labourintensive and require expert identification skills
(e.g. microscopicanalysis of prey remainsin faecal matter, identification of prey fromvideo
footage), areinvasive (e.g. ligatures (Johnson etal., 1980)) or require dead specimens (e.g.
gizzard analysis (Bourgaultetal., 2006)). These reasons combined, offer reason as to why diet

composition often goes unstudied.

Technological advances, such as DNA based techniques, provide new opportunities to
elucidate speciesinteractions at a highertaxonomicresolution, and also through non-invasive
methods. The most recentadvance has beenin next-generation sequencing (NGS, or parallel
sequencing). NGS can sequence many individual DNA fragments within a sample, allowing the
identification of the contents of complex mixtures, such as dietary samples (Shokrallaetal.,
2012). Due to recentadvancementsintechnology, reduced costs and the increased number of
plantand animal reference sequences available, NGS has widened potential to answer

ecological questions (Valentini etal., 2009). Using this method, itis possible to assemble
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detailed food webs, forthe first time in some systems. NGS has been widely used to elucidate
mammal diets (e.g. De Barbaet al., 2014; Clare et al., 2009; Razgouret al.,2011) and is
beginningtobe usedforaviandiets (e.g.Jedlickaetal., 2013, 2016; Shutt, 2017; Trevellineet
al., 2018).

NGS requires high quality DNA to be extracted and successfully amplified using an appropriate
primer pairing of a ‘barcode’ region, through polymerase chain reaction (PCR) (Kingetal.,
2008). During PCR, individual samples can be tagged, allowing samples to be tracked and more
complexinteractions, such as food webs, to be inferred (nested metabarcoding, see Kitson et
al., 2018 fordetails). NGS of PCR products resultin large numbers of sequences that must be
matchedto reference sequence libraries for species identification. Ecological samples often
prove difficult to produce DNA of sufficient quality for NGS applications, as DNA is often

degraded, or contain high concentrations of PCRinhibitors (Schraderetal., 2012).

Faecal samplescanbe used for moleculardietary studies, as the methods used to elucidate
dietfromfaeces are non-invasive, non-destructive and samples are relatively easy to collect.
Despite beingeasy to collect, faecal samples are challenging to extractand amplify DNA of
sufficient quality for NGS. Thisis due to excrement being chemically complex, with many
chemicalsinhibiting PCR as well as creating a hostile environment that can lead to further DNA
degradation (Mclnnesetal., 2017, Monteiroetal., 1997, Oehmet al., 2011; Schraderetal.,
2012). DNA recovery can be optimised through collection protocols, such as by collecting fresh
samples from hard surfaces e.g. rock as opposed tosoil (Mclnnes etal., 2017), through DNA
extraction method (Braid etal., 2003; Schraderet al., 2012) and/or modificationsin PCR
protocol (e.g. additives (Kreader, 1996), dilution of template or polymerase selection (Schrader

etal., 2012)).

Barcodingloci vary by taxon, and influences primer selection for PCR amplification. Typically in
aviandietanalyses cytochrome C oxidase subunit| (COX1) isselected (e.g. Trevelline etal.,
2018) dueto the large reference database available forthis loci, which frequently permits
sequence identification to specieslevel (Hebertetal., 2003). A combination of loci may be
usedto elucidate diets forgeneralist species (Pompanon et al., 2012). PCR primers are barcode
region specific, and can be species/taxa specificor universal (amplify multiple phyla or taxa).
Universal primers are typically used in dietary studies due to not knowing a priori what the diet
islikelytoinclude. However, primerselection will introduce biasesin terms of prey species
returned, as different primers favour certain phyla or taxa. For example, the universal primers
described by Leray et al., (2013) amplify approximately 88 % of taxa within Arthropoda, which

will affectthe species recovered post-sequencing.
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The aim of this chapteristo develop and test DNA extraction methods to extract DNA from

nestling blue tit faecal sacs and to compare amplification success with universalinverte brate
primers. The second aimisto sequence the extracted DNA, to evaluate nestling dietary

composition andtorelate this tolocal habitat components and nestling survival.
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3.3 Methods

3.3.1 Sample collection and storage
3.3.1.1 Field collected faecal samples
3.3.1.1.1 Blue tit

Nest boxes containing active blue tit nestsin Durham University woodlands (latitude: 54.7629,
longitude:-1.5692) were monitored during March to Julyin both 2016 and 2017. Post-hatching,
active nest boxes were checked every 2-4 days, until chicks were 15 days old, and a final check
made once when nestlings were 20+ days old to ascertain assumed number of fledged chicks
(i.e.lastchick count minus any subsequent fatalities leftin the nest) and approximate fledging
date (estimated as the midpoint between the last day activity was detected and the final nest
check. Activity refers to the date chicks’ presence in nest boxes were detected audibly, without
visual inspection, between days 15-20). Nests were not visually checked between 15 and 20

days post hatchingto minimisethe risk of premature fledging.

During each visit post-hatching (day 1to 15), all chicks were removed from the nestand placed
inthe same cotton bird bag, lined with aclean paperbag, priorto sampling. Contamination
between broods was minimised by lining cotton bird bags with a clean paperbag for each
brood. Nitrile gloves were not used when handling small chicks; therefore alcohol gel was used
to decontaminate hands after each brood was handled. Each chick was individually weighed,
and in 2016 a unique combination of toes marked, using anon-toxicmarker pen, allowing
individuals to be identified priorto beinglarge enough to metal ring (British Trust for
Ornithology metal ring; underlicenseto CJB). Faecal samples were collected opportunistically
duringroutine handling, either from the bag, directly off hands orthe flooror, most
commonly, (once chicks were approximately five to seven days old) holding the chick directly
overthe tube, which oftenresulted in defecation. Allfaecal sacs were stored individually in

5 mL Eppendorf tubes (clip top for 2016 and screw top for 2017 samples) pre-filled with 4mL
100% ethanol. Onceinthe ethanol, faecal sacs were broken up using stainless steel tweezers,
decontaminated with ethanol and fire. Samples were stored at -20°C, within six hours of

collection, forup to eight months.

3.3.1.2 Samples from captive birds
3.3.1.2.1 Starling

Faecal samples were collected from captive adult starlings (Sturnus vulgaris) at Newcastle
University, which are fed a mixture of cat food, fruit, cereals and mealworms. Faecal samples

were collected during routing cleaning of the birds’ cages, usinga disposable spatulato scrape
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the solid portion of excrement from paperlining the cages. Faecal samples were storedin 5mL
screw top Eppendorftubes, and were between zero and twelve hours old at collection. All
samples originated from multiple individuals and were homogenised after collection, with
more than one faecal sample beingstoredinthe same tube. Samples were stored at -20°Cfor

up to 24 hours aftercollection.

3.3.1.3 Tissue samples

Breast muscle from frozen puffin (Fratercula arctica) and kingfisher (Alcedo atthis), which both
died of natural causes, and a toe from frozen coal tit ( Periparus ater) and great tit (Parus
major), which had both been previously kept for experimentation by Newcastle University and
euthanised atthe end of the study, were used to obtain positive bird DNA from known spedies.
Invertebrate DNA was also extracted from three known species of moth (common wave
(Cabera exanthemata), purple bar (Cosmorhoe ocellata) and silver ground carpet (Xanthorhoe
montanata)); Geometridae larvae, Noctuid larvae, atipulid (Tipulidae spp.), blue mussel
(Mytilus edulis), ramshorn snail (Planorbidae spp.) whitefly (Aleyrodidae spp.) and thrip
(Thysanopteraspp.), to obtain positive invertebrate DNA from known species. This allowed

primersto be tested forboth bird and invertebrate DNA amplification.

3.3.2 DNA extraction

Multiple DNA extraction methods were tested on nestling and adult faecal samples. The
names used foreach extraction method are referred to throughout this chapter, and any
modifications made within the method described. All extracted DNA was stored at -20°C.
Priorto DNA extraction being undertaken, faecal samples were defrosted and storage ethanol
removed. Samples were heated to approximately 60°C for 30 minutes to remove residual

ethanol and, a partially dry weight obtained (Mettler AE 166, + 0.01 g).

Faecal samples from starlings were homogenized (to preventindividual biases e.g. specific
inhibitors, differencesin diet preferences) before adding to tubes to create samples of
differing weightsin the following classes, <0.01g, 0.05 g,0.2 g and 0.4 g. Thisallowed
comparisons of the effects of modifications to DNA extraction methods on DNA recovery of
differentsizes of samples. The weight classes were representative of the weights of blue tit

nestling faecal sacs obtained duringfield collection.

3.3.2.1 PowerSoil extraction kit

DNA from faecal samples were extracted usingthe MO-BIO PowerSoil DNA isolation kit
following manufacturer’sinstructions (instruction manual Version 07272016, Qiagen, Valencia,

CA.).
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3.3.2.2 Chemical lysis extraction method

Thisis an optimised DNA extraction method for faecal samples, based onthe MO-BIO
PowerSoil extraction kit. Allextraction buffercomponents are described in Table 3.1, and
referred tothroughout by the namesusedin the table. The chemical compositions of each
solution, and the original extraction protocol, were devised by G. Sellers (original protocol in

supplementary material, 3.6).

3.3.2.2.1 Cell lysis

Each blue tit nestling faecal sac, collected in 2016, was removed from the storage tube post
dryingand addedtoa new 5 mL tube that was prefilled with 2.4 g of sterile garnet (1— 1.4 mm
diameter) and 1460 pL lysis solution one. 530 pL of lysis solution two was subsequently added
and the sample placed in SPEX SamplePrep Geno/Grinder 2010 at 1750 RPM for two minutes
to fully lyse cells. This mixture was centrifuged (Thermo Scientific Heraeus megafuge 40R) at
4,000 xgfor 1 minute atroom temperature. Up to 1000 pL of supernatant wastransferredtoa

clean2 mL tube.

To simplify sample preparationin 2017, blue tit nestling faecal sample processing was slightly
modified. 2200 pL lysis solution one, and 2.4 g garnet were added directly tothe dried sample
tube. This mixture was then ground at 1750 RPM for four minutes, centrifuged briefly for30s,
and 800 pL lysis solutiontwo added, and centrifuged at 4,000 xg for 1 minute with up to 1500
uL of supernatantremoved and centrifuges at 10,000 xg for 1 minute (atroom temperature,
with centrifuging conditions remaining constantin all subsequent steps, unless stated

otherwise). 500 pL of supernatant was retained for purification and any excess stored at -20°C.

Lysing volumes were modified in some experiments, with the following volumes also being
tested: 2555 L lysis solution one and 945 pL of lysis solution two, or 974 uL lysis solution one

and 353 pL lysissolutiontwo, butthe rest of the lysis procedure remained the same.

3.3.2.2.2 DNA purification

200 pL of proteinflocculant was added, briefly vortexed, andincubated onice for 10 minutes
before centrifuging. 500 uL of supernatant was removed and placedin a fresh tube with either
84 L (2016 samples) or 200 pL (2017 samples) of a1:1 mix of inhibitor flocculant 1and 2 and
the mixture centrifuged. Supernatant was transferred toa new 2 mL tube and 1568 pL of
binding solution added. Inafurthertest, binding solution volume was reduced to 1000 uL. A
silicaspin column (Biobasic EZ-10 DNA Mini Spin Column) was filled and flow through
discarded until all the binding mixture had passed through. 392 uL of wash solution (or 375 uL

of wash solution with 1000 ulL of binding solution was also tested) was added directlyto the
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silicamembrane and after being centrifuged, flow through was discarded and the spin column
centrifuged againto dry the silicamembrane. Anew collection tube was provided, and 100 pL
(313 pL and 50 pL alsotested) of elution buffer, heated to 70°C, was applied directly to the

silicamembrane and left atroom temperature fortwo minutes priorto centrifuging. DNA was

collectedinthe new tube and stored at -20°C until use.

Half volumes forthe whole DNA purification stage (based on original 2016 volumes) were also
tested with all steps carried out as written above, or with a reduction to 750 uL binding

solution.

Due to the chemical lysis extraction method, and solutions, being a modified version of the
MO-BIO PowerSoil extraction kit, the modified solutions were also tested following the
manufacturers protocol both forfull DNA extraction, and just for DNA purification (step 8

onwards of manufacturer’s protocol).

DNA extracted from meadow pipit faecal sacs, was provided by Lisa Malm who extracted it

usingthe 2016 chemical lysis extraction method orthe MO-BIO PowerSoil extraction kit.
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Table 3.1: Descriptions of the chemical components, and concentrations, of each solution used during

DNA extraction using the chemical lysis extraction method, modified from MO-BIOs PowerSoil DNA
extraction kit. The names of the solutions here are used throughout the protocol descriptions.

Final
Solution Contents concentration in pH
solution
Guanidinethiocyanate 147 mM
Trisodium phosphate 228 mM 9.0
Lysis solution Sodium chloride 26 mM Adjusted 95|ng
one appropriate
Tris hydrochloride 67 mM amount of 5M HCI
EDTA 27 mM
Aluminiumammonium sulphate 90 mM
Lysis solution dodecahydrate -
two
Sodium dodecyl sulphate (SDS) 1.25% -
P :
rotein Ammonium acetate 5M -
flocculant
Inhibitor Aluminiumammonium sulphate 180 mM i
flocculantone dodecahydrate
Inhibitor
Calciumchloridedihydrate 204 mM -
flocculanttwo
Bmdl,ng Guanidinehydrochloride 55M -
solution
Wash solution Ethanol 80% -
Elution buffer Tris hydrochloride 10 mM
8
(2016 samples) EDTA 1 mM
Elution buffer Tris hydrochloride 10 mM 8

(2017 samples)

3.3.2.3 Proteinase K digestion and additional inhibitor removal:

Enzymaticcell lysis, along with an additionalinhibitor removal step, as described by Sokolov
(2000), wastested onsix great titfaecal samples. Aftersamples weredried, and transferred to
a2 mLtube, 1 mLof enzymaticlysissolution (Table 3.2) was added to each sample, briefly
vortexed and incubated at 55°C until fully digested (vortexed every 20 minutes, complete
digestionin 1-2hours). 100 pl of saturated potassium chloride was added to the lysate, mixed
by repeatedinversion, and incubated onice for5 minutes. After centrifuging at 10,000 xg for
10 minutes 500 pl of supernatant was removed and DNA purification carried out as described

in chemical lysis extraction method.

This method was also tested on stored lysates from blue titand meadow pipitfaecal samples,
fromthe chemical lysis extraction method. Either proteinase K (final concentration of 0.4
mg/mL) was added to each stored lysate and the steps described above followed, or 100 pL of
saturated potassium chloride solution was added to stored lysates from the chemical lysis

extraction method, incubated onice for 5 minutes, centrifuged and 500 L of supernatant
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removed. Subsequent DNA purification was as described in the chemical lysis extraction

method.

Table 3.2: Descriptions of the chemical components, and concentrations, of the lysis solution used during
enzymatic cell lysis.

Solution Contents Final concentration in solution
Tris hydrochloride (pH 7.5) 50 mM
Sodium chloride 100 mM
Enzymatic lysis solution EDTA 10 mM
Sodium dodecyl sulphate (SDS) 1%
ProteinaseK 0.4 mg/ml

3.3.2.4 Carboxylated paramagnetic bead clean up (SPRI, with magnetic beads)

After DNA was extracted from blue tit nestling faecal sacs (irrespective of first extraction
method) all underwent asecond DNA extraction, to remove any PCRinhibitors that were co-
eluted, using solid-phasereversible immobilization with carboxylated paramagneticbeads.
Magneticbead solutions were made following Jolivet and Foley (2015), and were identical to

AMPure XP and RNAClean XP beads (Beckman Coulter).

All sampleswere processed on 96 well plates. 90 uL of SPRI bead solution (20% PEG 8000,

10 mM Tris base, ImM EDTA, 2.5 M sodium chloride, 0.05% Tween 20) was added to 50 pL of
extracted DNA solution and vortexed for 30 seconds. The mixture was incubated at room
temperature for 5 minutes, placed on amagneticplate and once supernatant had cleared,
supernatant was removed and discarded. 200 pL of 70 % ethanol wash solution was added,
leftat roomtemperature forone minute, then removed and discarded. This step was
repeated, and the beads lefttoair dry for 10-15 minutes on the magneticplate, before 30uL

of 10 mM tris hydrochloride was used to elute DNA and magneticbeads removed.

3.3.2.5 E.Z.N.A tissue DNA kit

All DNA extracted from bird and invertebrate tissue was extracted using Omega bio-tek
E.Z.N.A.tissue kit, following the manufacturer’s protocol (August 2016 version, Product
Manual D3396 Tissue DNAKit Combo).

3.3.3 DNA amplification (PCR)

Universal invertebrate primers targeting the COX1 mitochondrial region were selected from

the literature, and usedinthe pairings definedin Table 3.3, to amplify DNA. These
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combinations were selected due to theirability to amplify likely invertebrate prey items in blue

tit nestling diets.

mICOlintF/jgHCO2198 and ZBJ-ArtF1-deg/mICOlintF_revComp primers were modified to
contain standard [llumina molecularidentification tags (MIDs) and bridge sequences, as
describedinKitson etal., 2018. All other pairings, and ZBJ-ArtF1-deg/mICOlintF_revCompin

some instances, were tested in the untagged form with the sequences as writtenin Table 3.3.

Table 3.3: Descriptions of primers used, and the combinations used, to amplify invertebrate and bacterial
DNA extracted from avian faecal samples during PCR.

Primer Name Paired with Sequence Reference
mICOlintF jgHCO2198 GGWACWGGWTGAACWGTWTAYCCYCC Leray et al.
jgHC02198 mICOlintF TAIACYTCIGGRTGICCRAARAAYCA 2013

ZBJ-ArtFlc or Modified from

mICOlintF_revComp ZBJ-ArtF1c-deg GGRGGRTAWACWGTTCAWCCW GTWCC Leray et al.

2013
ZBJ-ArtR2c or
ZBJ-ArtF1c AGATATTGGAACW TTATATTTTATTTTTGG
ZBJ-ArtR2c-deg Zealeet al.
. 2011
ZBJ-ArtR2c ZBJ-ArtFlc or WACTAATCAATTWCCAAATCCTCC

ZBJ-ArtFlc-deg

ZBJ-ArtF1c-deg ZZBE‘;]J'AA::RRZZCC do;g AGATATTGGAACW TTATATTTTATHTTYGG  Modified from

ZBJ-ArtF1c or Zealeet al.
ZBJ-ArtR2c-deg WACTAATCAATTW CCAAAHCCHCC 2011
ZBJ-ArtFlc-deg
LepF1 ZBJ-ArtR2c or ATTCAACCAATCATAAAGATATTGG Brandon-Mong
ZBJ-ArtR2c-deg et al.2015

PCR amplification was undertakenin 20 pL reactions, with a high fidelity Taq polymerase mix
(either MyTaq Red HS Mix or MyFi Mix (BioLine, both at 2X dilution factor)), varying primerand
magnesium concentration and template DNA (1-7 uL). The optimal conditions foreach primer

pair are describedin Table 3.4.

PCR was undertaken on eitheran Applied Biosystems Veritithermal cycler, or BIO-Rad T100

thermal cycler, but was consistent foreach primer pairing after optimization.
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Table 3.4: Optimal PCR chemistry and cycling conditions for each primer pairing.

Magnesium Primer Annealing
Primer pairing concentration concentration Cycles temperature
(mM) (M) (o)
mICOlintFand
2. . 1
jglC01490 0 0.6 45 >
ZBJ-ArtF1-deg (or ZBJ-
ArtFl) and
mICOlintF_revComp
ZBJ-ArtF1 and ZBJ-ArtR2
2.5 0.6 50 45

ZBJ-ArtF1-deg and ZBJ-
ArtR2-deg

LepF1 and ZBJ-ArtR2
(ZBJ-ArtR2-deg)

3.3.4 Gel electrophoresis

PCR products were visualized on 1.5% agarose gel, stained with ethidium bromide

(3 uL/100 mL), underultra-violetlight, which had been run in 0.5x TBE bufferat 70 or 90V
(dependentonthe size of gel and tank being used) for 40 minutes. 5L of template DNA was
used forvisualization, along with bromophenol blue loading dye when MyFi Mix was used

(1 uL/5 pL template). HS MyTaqg Mix already contained loading dye, so noloading dye was
addedto template from reactions amplified with MyTagq. In each gel a DNA positive (labelled
‘pos’) and negative (‘neg’) are included to aid interpretation and to act as controls. The DNA
positive shows successful DNA amplification with aband presentinthislane and at the
expectedfragmentlengthforthe primersused. Thisactsas both a reference and a control to
ensure thatthe PCR has been successful. The lane with the DNA negativeshould not have a
band present, andis used as a control to ensure no contamination during PCR and PCR set-up.
A DNA ladder (molecularweight marker) was also always included in the first lane of each gel,
for reference, to establish the length of DNA fragmentthatis being expressed. EasyLadder|
(Bioline) was used with each band representing 2000, 1000, 500, 250 and 100 base pairs (bp)

fromtop to bottom of gel.

3.3.5 Sequencing

Although sequencing was originally planned to be undertaken, it was not possible within the
timeframe of my PhD, due to issues with obtaining DNA and amplification success of suitable

quality for NGS.
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3.4 Results

696 blue tit nestling faecal samples were collected during 2016 and 2017 breeding seasons
(334, and 362, respectively). Opportunisticcollection of great tit (Parus major) nestling faecal
sacs resultedin six faecal samples being collected over the two years. Collection dates varied
by year, due to inter-annual phenological variationin nesting, with the mean sample collection
date in 2017 being 10 days earlierthanin 2016 (24" May and 3 June, respectively, Figure
3.1). The earliest collection date in 2016 was 18" May, as opposed to 9™ May in 2017, and the
latest 15" June, 6" June in 2017 (Figure 3.1). Faecal samples were collected from blue tit
nestlings fromthe day of hatching (referred to as day 1), until they were 18 days old (Figure
3.2), with 53% of faecal samples being collected from 13 to 15 day old chicks. Faecal samples
rangedinweightfromlessthan 0.01 g (markedasO gin Figure 3.3) to a maximum of 0.6g
(mean0.12 g), withsamplesin 2017, on average, being heavierthan 2016 samples (0.15 and
0.08 g, respectively; Figure 3.3). Faecal sacsincreased in weight with chick age (linear model:
sample weight=0.007 (+0.0009) x chick age + 0.02 (+ 0.01), F =75.32, df =694, adj.R?=0.10,
p < 0.001; Figure 3.4).
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Figure 3.1: Number of samples collected on each calendar day (9t May until 15t June), per year.
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Figure 3.2: Total number of faecal samples collected at each different chick age (day 1 equals day of
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Figure 3.3: The number of blue tit faecal samples in each 0.01g weight class, over both years. The weight

is a partially dry weight, after the sample had been incubated at 60°C for 30 minutes.
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Figure 3.4: The relationship between weight of collected faecal sample and chick age (day 1 equals first
day of hatching) at time of collection. The red line represents the fitted values from a linear model
(weight = 0.007 (+ 0.0009) x chick age + 0.02 (+0.01)), grey shaded area 95% confidence intervals, and
the raw data plotted as points with size and colour denoting how many samples are at that position.

3.4.1 DNA extraction method

The chemical lysis extraction method had better success than the MO-BIO PowerSoil
extraction kit, orany attempt to recreate/modifythe protocol (Table 3.5). Itis worth noting
that duringthese tests each extraction was a separate faecal sac, as it was not possible to test
more than two methods on the same faecal sac, so there could be unavoidable variation in
extraction success due to this. Dryingthe faecal sacinthe oven priorto DNA extraction did not
improve DNA recovery, with approximately 60 % of samples amplifying successfully in each

treatment (Table 3.5).
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Table 3.5: A comparison of DNA extraction methods and modifications on DNA amplification success of
blue tit faecal samples, using different universal invertebrate primer pairings.

Primer pairing amplification of blue tit faecal samples
success rates (%)

Extraction Modification ZB) 2!
method i i LepF1/ZBJ- )
mICOlintF/ LepF1/ZBJ ArtF1_deg/mICOli

ArtFL/ZBl- 01490  ArtR2_d
ArtR2 I8 riRe_deg ntF_revComp

Halfvolumes from DNA
purification stage <1 - - -

Eluted in 100 pL 10 mM tris
hydrochloride 50 67 25 63

1.5 mL lysis volumeand
eluted in100 pL TE <1 - - -

Increasedinhibitor flocculant
volume to 200 pL - 67 - -
Chemical
lysis Addition of saturated
potassiumchlorideas
additional inhibitor removal
step, eluted in 100 uL 10 mM
tris hydrochloride

Dryingsamples in oven
before processing/notdrying - Both 67 - -

SPRI bead clean up on
extracted template 79

Chemical lysissolutions
following PowerSoil protocol
throughout and standard 33 - - -

MO-BIO <51 utions for DNA purification

PowerSoil

extraction . . .

kit Chemical lysissolutions for
DNA purification steps,

following PowerSoil protocol <1 - - -
throughout and standard

solutions for lysis

Increasingthe amount of inhibitor flocculant solution added in the chemical lysis extraction
method did not affect amplification success of blue tit faecal samples, but amplification was
weaker (Table 3.5), likely due to doubling elution buffer volume (and therefore halving DNA

concentration).

Furtherinhibitor removal, by undertaking asecond DNA extraction, post chemical lysis
extraction, using SPRI beads, increased amplification success of DNA extracted from blue tit

nestling faecal sacs from approximately 60% to 79% (Table 3.5).

The success of DNA extraction methods varieed between species (Table 3.6). Enzymaticlysis of

great titfaecal samples did not produce amplifiable DNA (Table 3.6). The addition of saturated
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potassium chloride solution, as an additional inhibitor removal step inthe chemical extraction
method, and decreasing elution volume (from 313 pL to 100 uL) produced amplifiable DNAin
meadow pipit nestlingfaecal samples (Table 3.6). However, when this modification was tested
on blue tit faecal samples amplification success was much lowerthan obtained with meadow
pipitandthe original unmodified chemical lysis extraction method on the same blue tit

samples (Table 3.6).

Table 3.6: DNA amplification success of faecal samples from three nestling bird species extracted using
two extraction methods, with or without modifications.

Amplification success

. . Modification to extraction (% samples) with
Extraction method Species .
protocol mICOlintF/
j_gLC01490
None — eluted in 313 uL of
Meadow pipit TE 60

Potassiumchlorideadded
to lysateandeluted in

100 plL tris hydrochloride 100
Chemical lysis
Blue tit None — eluted in 100 uL of 71
TE
Potassiumchlorideadded
to lysateandeluted in 38

100 plL tris hydrochloride

ProteinaseK digestion
and chemical lysis Great tit None <1
DNA purification

Faecal samples from captive adult starlings, with known diets, amplified more successfully
than blue tit samples with 86% and 66% amplification success rate, respectively, when
extracted using the same extraction protocol . There was no difference in amplification success
rates of starling faecal samples extracted using G. Sellars modified MO-BIO PowerSoil
extraction protocol (supplementary material 3.6.1) orthe chemical lysis method (Table 3.7).
Starlingsampleslysed in atotal volume of 3 mL had the bestamplification success across all
weight categories, in comparisontolysisin 2 and 3.5 mL (Table 3.8). Heavierfaecal samples
(0.4g), whenlysedin3mL, failed to amplify more often than lighter samples (<0.01 and 0.05
g, 0.2 g) with 67% and 100% amplification success rate, respectively (Table 3.8).
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Table 3.7: Amplification success of DNA extracted from adult starling faecal samples using the original
modification of the MO-BIO PowerSoil extraction kit (by G. Sellers) and the modified chemical lysis
method.

Amplification success (% samples amplified) with mICOlintF/
igLC01490 with each extraction method

Sample weight
P ght () G. Sellers modified MO-BIO

. . Chemical lysis
PowerSoil extraction protocol

<0.01 100 100
0.05 100 100
0.2 100 100
0.4 67 67

Table 3.8: Testing the interaction of lysis volume and sample weight on DNA amplification success of
faecal samples from captive adult starlings.

Amplification success (% samples amplified) with mICOlintF/

Sample weight (g) jgLC01490 with different lysis volumes (mL)
2 3 3.5
<0.01 67 100 67
0.05 100 100 100
0.2 100 100 67
0.4 100 67 67

3.4.2 DNA amplification (PCR)
3.4.2.1 mICOlintF and jgLC01490

DNA amplification was stronger, at all primerand magnesium concentrations, when DNA was
elutedin waterratherthan TE. Primer concentration was more important for DNA
amplification than magnesium concentration, with high primer concentrations giving stronger
amplification, butalso non-specificbinding (especially in samples eluted in TE) with the
production of additional fragments around 1000 base pairs. The optimal chemistry for PCR was
2.5 mM magnesiumand 0.6 uM primer concentration. The optimal annealing temperature was

51°C, consistent with Kitson etal., 2018, when all otherfactors remained constant

mICOlintF and jgLCO1490 strongly amplified all bird DNA tested (Table 3.9). Amplification
efficiency was strongerand cleanerin PCRs conducted with MyFi, as opposed to MyTaq, under

optimal conditions, and as such was preferentiallyused.

3.4.2.2 ZBJ-ArtF1 and ZBJ-ArtR2

The ZBJ-ArtF1/ZBJ-ArtR2 primer pairing was more sensitive to magnesium concentration than
primer concentration with optimal DNA amplification at 2.5mM magnesium and 0.6 uM
primerconcentration. This primer pairing did not amplify any bird DNA and only amplified DNA
from Planorbidae spp. and Lepidopteraspecies (Table 3.9).
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Table 3.9: Amplification success or failure of each bird or invertebrate species with each primer pairing

tested.
Primer pairing
. . ZBJ- LepF1/ZBJ- ZBJ-
Species ICOlintF .
P tnLcollr:lg(/) ArtF1/ZB)  ArtR2(_deg ArtF1/mICOlint
- -ArtR2 ) F_revComp
Kingfisher
(Alcedo atthis) 4 x v v
Great tit
(Parus major) v x x x
Bird .
res Coal tit
(Periparus ater) v x x x
Puffin
(Fratercula arctica) v x x v
Geometridae larvae v v v v
Common wave
(Cabera v v v v
exanthemata)
Terrestrial
invertebrates Silver ground carpet
(Xanthorhoe v v v v
montanata)
Tipulid spp. v v v v
Blue mussel
) (Mytilus edulis) v x x %
Aquatic
invertebrates .
Planorbidaespp v v v v

3.4.2.3 LepF1/ZBJ-ArtR2 (and ZBJ-ArtR2-deg)

LepF1 when paired with ZBJ-ArtR2amplified DNA most successfully atintermediate
magnesium concentration (2.5 mM), and mid to high primer concentrations (0.4-0.6 uM), with
high magnesium concentration (3 mM) inhibiting DNA amplification. This primer pairing

amplified awide range of invertebrate DNA but did notamplify bird DNA well (Table 3.9).

3.4.2.4 ZBJ-ArtF1-deg (or ZBJ-ArtF1)/mICOlintF_revComp

Pairing ZBJ-ArtF1-degand mICOlintF_revComp at 0.6 uM concentrationand 2.5 mM
magnesium concentration with MyFI Mix and 4 pL of template DNA produced acleanreaction
withinvertebrate DNA. When tested further, noimprovements to amplification strength or

specificity could be made by modifying either annealingtemperature and/or annealing time.
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This pairing amplified all moth species tested (unknown Geometridae larvae, common wave
adultand silverground carpetadult) but did notamplify bird DNAwell, in comparisonto the

other primer pairings previously tested (e.g. mICOlintF and jgLCO1490, Table 3.9).

The addition of unique identification tags to primers, to allow nested metabarcoding, caused
disruptionsin amplification with variation in amplification success dependent on tag

combination (Figure 3.5).

DNAposF 8 forward DNAposF
A rev DNAposR DNAposR

Figure 3.5: Amplification success of DNA extracted from carpet wave moth, with untagged primers (pos)
and different combinations of tagged primers.
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3.4.3 Comparing amplification success rates of DNA from blue tit faecal sacs with

different primer pairings

As all primer pairings successfully amplified a variety of Lepidopteran species, the amplification
success of DNA extracted from blue tit nestling faecal sacs could be compared. mICOlintF and
jgLC01490 amplified DNA from blue tit nestling faecal sacs the best out of all combinations
tried, with 79% of faecal samples tested amplifying successfully (Table 3.5). However,
mICOlintF and jgLC0O1490 also strongly amplified bird DNA as well (Table 3.9). No other primer
pairing tested amplified bird DNA as readily as mICOlintF and jgLC0O1490 (Table 3.9).

ZBJ-ArtF1/ZBJ-ArtR2 and mICOIlintF/jgLCO1490 exhibited similaramplification success rates
during small scale tests (Table 3.5) but amplification success rates dropped during wider
testing. Noimprovementin amplification with ZBJ-ArtF1/ZBJ-ArtR2 was observed when
template DNA volume was reduced (Figure 3.6and Figure 3.7). Amplification success of DNA
from blue tit faecal sacs was only 25% with LepF1/ZBJ-ArtR2-deg (Table 3.5). During small scale
tests, ZBJ-ArtF1-deg(orZBJ-ArtF1)/mICOlintF_revComp showed higher amplification success
than LepF1/ZBJ-ArtR2-deg (Table 3.5), but the addition of unique identification tags to ZBJ-
ArtF1-deg(orZBJ-ArtF1)/mICOlintF_revComp caused amplification success to reduce to 12.5%.

Due to spending extended time testing and refining DNA extraction methods, testing primer
pairings and none of the primer pairings that did not amplify bird DNA giving satisfactory levels

of DNA amplification, sequencing was not undertaken.

S1 S1dil SSdil

Figure 3.6: Visualising the effect of reducing template DNA volume (2 and 1 uL on left and right of each
sample pair, respectively) on amplification success of DNA from blue tit nestling faecal sacs and
amplified with ZBJ-ArtF1/ZBJ-ArtR2 primers at 0.4 uM concentration and 3.0 mM magnesium
concentration. Easyladder | is in the first well for reference.

R B _ R _B

Figure 3.7: Serial dilutions (1, 1:2, 1:4, 1:8, 1:16, 1:32 and 1:64, respectively) of DNA from two blue tit
faecal sacs (333 and 335, diluted with TE) along with DNA from Planorbid ae spp. eluted in TE (S1) and
H>0 (55). PCR chemistry was as follows: 2 uL of template DNA, and ZBJ-ArtF1 and ZBJ-ArtR2 at 0.4 uM,

with 3mM magnesium concentration. EasylLadder | is in the first well, for reference.
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3.5 Discussion

The results | have presented here highlight the difficulties of trying to obtain high quality DNA
and high DNA amplification success from faecal samples, both of which are essential pre-
requisites for NGS. | extensively tested DNA extraction methods and PCR modifications, such

as primer choice and cycling conditions, to maximise amplification success.

3.5.1 Sample collection

Faecal sample collection demonstrated a peakin collection date each year (Figure 3.1), with
samples being more readily obtained from older chicks (Figure 3.2). This will need to be
considered, inthe future, wheninterpreting sequencing results as the dietary requirements of
chicks may differ with age (Betts, 1955), butyounger chicks will notbe as well represented as
older chicksinthis dataset. Therefore, the species richness of younger chick’s diets may not

highlight all important taxa.

3.5.2 DNA extraction method

The MO-BIO PowerSoil extraction kit did not reliably provide amplifiable DNA for PCR from the
blue titfaecal samples, and as such was modified to improve results (Table 3.5). There was no
difference in DNA extraction success between the original modifications to the MO-BIO
PowerSoil protocol (supplementary material 3.6.1) and the chemical lysis method (Table 3.7).
Due to the likelihood that DNA in faecal samples was presentinlow concentrations, further
modifications were made to try to concentrate extracted DNA. Modifications such as elutingin
smallervolumes and lysingin smaller volumes did not provide animprovementin DNA
amplification success rates (Table 3.5). When concentrating DNA during extraction any
inhibitors which are presentin the sample, and may co-elute with DNA (such as
polysaccharides, which behavelike DNA (Schraderetal., 2012)), will simultaneously be

concentrated.

An oversightinthe chemical lysis extraction protocol for 2016 samples wastoelute DNAin TE
buffer (tris hydrochloride and EDTA). EDTA prevents DNA degradation during storage, but
reduces DNA amplification success during PCR by chelating metal ions (magnesium, in
particular), which stabilise DNA and are cofactors for polymerase enzymes (Rossen etal.
1992). The protocol was modified for samples processed in 2017, and all sampleswere eluted

in 10 mM tris hydrochlorideinstead.

Priorto extraction, removal of storage ethanol is required as ethanol carried through to PCR
can reduce, or inactivate, polymeraseenzymes (Rossen etal., 1992). There was no difference

inamplification success between samples which had been dried at 60°C, to furtherremove any
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residual ethanol, or processed without drying (Table 3.5). This suggests that ethanol was not a
likely cause of inhibitionin these samples, but as a precaution all samples were dried at 60°C

priorto DNA extraction.

Inhibitors can be removed ina number of ways during DNA extraction, such as through silica
spin columns, chemical flocculation and/orenzymaticbreak down (Schraderetal., 2012).
Here, | tested whethersilica spin columns, chemical flocculation and/or enzymatic lysis could
remove inhibitors sufficiently so that amplifiable DNA could be obtained from nestling faecal
sacs. Silicaspin columns have been shown to remove inhibitors co-extracted with DNA during
chloroform extractions (Kemp etal., 2006), and are often used in commercial extraction kits
designed forinhibitorrich samples (such as MO-BIO PowerSoil extraction kit), and as such spin
columnswere usedin every DNA extraction method tested here. Chemical flocculation
successfully removes inhibitors presentin soil samples andis routinely used in drinking water
purification (Braid etal., 2003). As some inhibitors found in water samples are also likely
presentinfaecal samples chemical flocculation should improve amplifiable DNA recoveryin
faecal samples. Increasing the volume of inhibitor flocculant, to facilitate the removal of more
inhibitor molecules, and simultaneously increasing elution volume, to diluteinhibitors carried
through with eluted DNA, had no effect on PCR amplification success of the blue tit samples
(Table 3.5). These two modifications reduced the strength of the bands when visualized on an
ethidium bromide gel, which represent amplified DNA, due to concurrently diluting inhibitors
and DNA. Therefore, anincreased volume of inhibitor flocculant was used, but with areduced
elution volumeforall faecal samples collected in 2017, and is recommended when using this
method. Enzymaticcell lysis, using proteinaseK, instead of chemical lysis can reduce inhibitor
activity, when coupled with effective DNA purification (An and Flemming, 1991). However,
using enzymaticcell lysis and DNA purification steps from the chemical lysis method, gave no
detectable DNA from great tit nestling faecal sacs (Table 3.6). This could possibly have been
due to enzyme inactivation by either storage ethanol oraninhibitor presentinthe samples,

preventing lysis from occurring (Rossen etal., 1992).

Polysaccharides are acommoninhibitor presentinfaecal samples (Monteiroetal., 1997;
Schraderet al., 2012), and behave ina similarway to nucleicacids (Monteiro etal., 1997; Peist
et al., 2001; Schraderetal., 2012), with theirconcentration varying with time, even withinthe
same individual due to variationin diet (Monteiro etal., 1997). Amembranous sac encases
nestling excrement, containing both faecal matteranduricacid, to facilitate the removal of
excrement fromthe nest (Herrick, 1900; Weatherhead, 1984). The membranous sacitself may
be comprised of polysaccharides (visual observation during DNA extraction and J. Nicholls,

pers.comm. 2018). Satisfactory levels of amplification have been reportedinblue tit nestling
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faecal samples whenthe sacwas removed priorto extraction (J. Nicholls pers. comm., 2018),
suggestingthe sacitself could be a potential source of inhibition. The storage method of the
samples usedinthis study prevented this modification being tested, asfaecal sacs were
homogenised upon collectionin an effortto prevent DNA degradation. Due to polysaccharides
behavinginasimilarwayto nucleicacids (Schraderetal., 2012) they can compete with nucleic
acids during extraction and be co-eluted with, oreveninstead of, DNA. Molluscan and plant
tissue are rich in polysaccharides, and as such suggestions of methods to extractamplifiable
DNA, whilst removing polysaccharides, are commoninthese fields (e.g. Sharmaetal., 2002;
Sokolov, 2000; Souzaetal., 2012; Wang and Stegemann, 2010). Phenol-chloroform and cetyl
trimethylammonium bromide (CTAB) extractions are often used forinhibitor rich samples
(Schraderetal., 2012). However, phenol-chloroform extractions require the use of hazardous
chemicals, and are not particularly suited to large scale studies, and as such this method was
not used. DNA extracted using the CTAB method can be degraded during the extraction
process (Fanget al., 1992), which could negate any benefits of inhibitor removal in faecal
sampleswhere DNAis already likely highly degraded. Another method for removing
polysaccharidesisthrough the addition of a saturated potassium chloride solution to lysates,
to precipitate polysaccharides and proteins from the sample after cell lysis and before DNA
elution (Sokolov, 2000). Removing polysaccharides priorto eluting DNAis preferable, due to
polysaccharides behaving in asimilarway to nucleicacids (Schraderetal., 2012). Whentested
with faecal samples, the addition of potassium chloride restored amplification of DNA
extracted from meadow pipit nestling faecal sacs (Table 3.6). However, this approach reduced
DNA amplification success in bluetit nestling faecal samples, with reduced amplification
success observedin comparison to the chemical lysis extraction method (Table 3.5). This
suggeststhatit was concentrating DNA, not additional inhibitor removal, which restored
amplificationinthe meadow pipit samples. Being unable to restore amplification of DNAin
both species tested highlights the differences encountered when extracting DNA from
different species faeces, and that a one-size-fits all extraction approachis not possible. Italso
furthersuggeststhatinhibitors could be originating from specificpreyitems presentinblue tit
nestling diets, but notin meadow pipit, orvariationin digestion physiology between the two

species could be responsiblefor differing success between species.

Blue titfaecal samplesvaried in weight from <0.01 up to 0.6 g (Figure 3.3), and faecal sac
weight was positively related with age (Figure 3.4). Therefore, it was essential to ensure that
the extraction protocol was optimised for all possible weights. Modifying lysis volume, and
therefore dilutinginhibitors, was tested using faecal samples from adult starlings. DNA from
adultstarlingfaeces amplified more successfully, atall weights and lysis volumes, than DNA

from blue tit nestling samples. Only heavy samples (0.4gor 0.2 g) lysedinlarge or small
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volumes (3 ml or 2 ml), exhibited reduced amplification success (Table 3.8). This suggested

lysingin 2.5 ml total volume sufficiently diluted any inhibitors present whilst maintaining DNA
ina high enough concentration foramplification. The high DNA amplification success of adult
starling faeces furthersuggests that the reduced success in blue tits may be due to prey items

consumed or nestling physiology.

A secondary DNA extraction can also further remove inhibitors which have been carried
throughthe first extraction (e.g. Kemp etal., 2006). This presentsincreased costs (in both time
and money), but can be the only solution for extremely complex samples, such as the blue tit
nestling faecal sacs. SPRI beads are ideal in this situation as they reversibly bind DNA leaving
inhibitorsto be discarded and DNA eluted inasmallervolume to further concentrate extracted
DNA. DNA from blue titfaecal samples that were extracted using the chemical lysis extraction
method and underwent asecondary extraction using SPRI magnetic beads exhibited increas ed
DNA amplification (Table 3.5), suggesting SPRI beads successfully removed inhibitors which
had been co-eluted with DNA in the first extraction and further concentrated DNA. This
secondary extraction method could be developed further (asin Vo and Jedlicka, (2014)) to be
used as a single extraction method, maintaining the benefits forrecovery of amplifiable DNA,

but reducingthe incurred time and monetary costs.

3.5.3 DNA amplification (PCR)

mICOIlintF and jgLCO1490 primer pairing amplified 79% of nestling blue tit faecal samples,
afterundergoingasecond extraction with SPRI beads, the highest success rate of all the
primer pairings tested (Table 3.5). However, this pairingis a universal primer which amplifies
all phyla, apart from Entoprocta (Leray etal., 2013), and successfully amplified all bird DNA
tested (Table 3.9). The high amplification success with mICOlintF and jgLCO1490 could be due

to blue tit DNA, whichislikely to be presentin most samples, beingamplified over prey DNA.

Amplification success with other primer pairings, which did not readily amplify bird DNA, such
as ZBJ-ArtF1/ZBJ-ArtR2, LepF1/ZBJ-ArtR2 and ZBJ-ArtF1-deg/mICOlintF_revComp (Table 3.5)
may be more representative of faecal sacs that contain prey DNA, or these primers may be
more sensitive to inhibitors than mICOlintF/jgLCO1490. Prey DNA concentration has been
shown to naturally vary within excrement and can be absent altogether when chicks are
undergoing periods of fasting, as has been demonstrated in shy albatross ( Thalassarche cauta)
(Mclnnesetal., 2017). This may offeran alternative explanation for why amplification success
exhibits no discernible patterns with primers that do notamplify bird DNA. However, chicks
did not appearto be routinely starving, although brood reduction was common in most broods

and faecal samples may have been obtained from these individuals, which may not have been
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fed as frequently. A furtherset back with using ZBJ-ArtF1-deg/mICOlintF_revComp primer
pairingwas due to an apparent effect of the addition of unique MIDs and bridge sequences on
amplification success (Figure 3.5), suggesting the unique MIDs were interacting and inhibiting

amplification during PCRwhen used in certain combinations.

3.5.4 Future work

There isstill additional work that could be undertaken toimprove DNA extraction and

amplification success, prior to sequencing, outlined here.

DNA amplified with mICOlintF and jgLCO1490 could be sequenced asis, despite the likelihood
a large proportion of reads would be blue tit. These effects could be minimised by usinga
sequencing platform withincreased read depth (i.e. lllumina HiSeq as opposed to MiSeq)
which may provide sufficient prey reads, in addition to blue titreads, to elucidate trophic
interactions. Even a sub-optimal approach would provide an advancementin knowledge, as to
date NGS has not been used in this system, apart fromto describe adult pre-breeding diet
(Shutt, 2017). To try and maximise prey reads during sequencing of DNA amplified by
mICOIlintF/jgLCO1490, SPRI beads, used here in secondary DNA extraction, could be diluted to
a lowerconcentration, therefore only allowing a predetermined amount of DNA to bind
regardless of DNA concentration in the starting mixture This would normalise the amount of
DNA from each sample that makes up each library (Hosomichi etal., 2014). Reducingthe
variationin DNA concentration between each sample within each library, may prevent prey
reads being swamped during sequencing when bird reads are the dominant signal.
Alternatively, blue tit blocking primers could be used, in addition to universal invertebrate
primers, to prevent amplification of blue tit DNA whilst still allowing amplification of prey DNA

during PCR (e.g. Vestheim and Jarman, 2008).

New invertebrate primers could be designed, or sourced from the literature (e.g. Folmeretal.,
1994), that are likely to amplifypreyitemsfoundin bluetitdiets, but do notamplify bird DNA,
and these primers tested tosee if amplification of DNA from faecal samples improves. Testing
primersthatamplify adifferentlocus e.g. 16S may also improve amplification success.

However, using adifferentlocus may not provide as much specieslevel detail as COX1dueto a

shorterbarcoding region making species discrimination harder than with COX1 primers

If low DNA concentration in extractions is what is preventing amplification, whole genome
amplification could be undertaken toimprove DNA quality, and concentration, prior to

amplification with invertebrate primers (Cheung and Nelson, 1996).
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Modifications to the faecal sac collection protocol could be made totry to reduce inhibitors at
this stage. As previously discussed, the membranous sacitself may be a source of
polysaccharides, and other PCRinhibitors, as well as likely containing a large amount of bird
DNA. The faecal sac could be dissected and removed at time of collectionto tryand

circumventthis. However, thisdoesincrease the risk of contamination.

Finally, tofurther establish the effects of fasting and diet composition on amplifiable DNA
recovery, feeding experiments on captive birds could be undertaken. In addition, the time it
takesfor preyitemstobe detectedin faecal samplesafter consumption could also be
established usingthis approach and could then be translated intofield studies. This would

allow prey phenology inthe nesting environment to be deduced from faecal samples.

3.5.5 Conclusion

Using NGS to elucidate the diet of nestling blue tits still remains a promising approach, and
would shed light on the trophicinteractions which these birds depend on during the breeding
season. Here, | have shown that despite faecal samples being hostile environments, with
degraded DNA and high concentrations of inhibitors, DNA of sufficient quality foramplif ication
by PCR can be extracted. However, the methods presented may not be directly applicable

(without modification) from one species to another.
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3.6 Supplementary material
3.6.1 Modified MO-BIO PowerSoil extraction protocol (G. Sellers)

Described here is the original chemical lysis extraction protocol, based on MO-BIO PowerSoil
DNA extraction kit, devised by Graham Sellers. All extraction buffer components are described

inTable 3.1, and referred to by names stated in the table throughout.

3.6.1.1.1 Cell lysis:

Samples are processed dry and volumes are based upon 1 g of starting material. Dried samples
are addedto a5 mL Eppendorftube, prefilled with 2 g of sterile garnet(1-1.4mm diameter)
and shaken briefly. 2200 uL of lysis solution one added and mixture briefly vortexed, followed
by 800 pL of lysis solution two and the sample ground using appropriate apparatus (e.g. SPEX
SamplePrep Geno/Grinder 2010 at 1750 RPM for two minutes). This mixtureisthen
centrifuged (Thermo Scientific Heraeus megafuge 40R) at 4,000 xg for 1 minute at room
temperature. Supernatantisthentransferredtoacleantube, centrifuged (10,000 xg for1

minute —these conditions from now on) and supernatant removed.

3.6.1.1.2 DNA purification:

500 pL of supernatantis carried through for purification at all stages, however this volume can
be modified, and all subsequent solution volumes should be modified accordingly if the
startingvolume is different. 200 uL of protein flocculantis added tothe removed supernatant,
briefly vortexed, andincubated onice fora minimum of 10 minutes. The mixture centrifuged,
supernatantremoved and placedin afresh tube with 125 L total volume of a 1:1 mix of
inhibitor flocculant 1and 2, the mixture vortexed and incubated onice fora minimum of 10
minutes. The mixture centrifuged and supernatant transferred toanew 2 mL tube with 1000
uL of binding solution. This solutionis used tofill asilica spin column to capacity, whichis
centrifuged and flow through discarded, with this step repeated until all the binding mixture
had passedthrough. 375 plL of wash solutionisadded directly to the silicamembrane and after
being centrifuged, flowthrough discarded and centrifuged again to dry the silicamembrane. A
new collection tube is used and 300 pL of elution buffer, applied directly to the silica

membrane, centrifuged and DNAis now inthe collection tube.
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Chapter 4: The effect of climate and habitat on blue tit phenologyin the
United Kingdom

4.1 Abstract

Phenological synchrony between trophiclevelsinfood webs is crucial to maximise fitness of
highertrophiclevels. The tri-trophic deciduous tree-herbivorous caterpillar-insectivorous bird
food chain has become a model ecological system forinvestigating the impacts of climate change
on phenology. Understanding the cues blue tits (Cyanistes caeruleus) use to correctly time their
breedingis of great value ininforming predictions on how bird species may fare ina changing
climate. To date, the effect of climate oninsectivorous birds’ phenology has largely been
investigated without considering the effects of habitat. Forinsectivorous birds, nesting habitat
definesthe food resources available for chicks laterin spring. Consequently, if warming springs
affectthe temporal patterns of food availability, differently across habitats, the impacts of
climaticchange may operate differently among habitats. Blue tits are thought to optimise their
breedingto coincide with peaksintheir main prey the winter moth caterpillar (Operophtera
brumata). | hypothesisethat, after controlling for effects of springtemperature and latitude,
birds nestingin areas with a high proportion of early leafing tree species would have early
breeding phenology and vice versa. | use datafrom 34 long-term nest-recording sites across the

UK to test this hypothesis.

| found there has been a significant temporal advancementin both first eggand hatching date,
since 1980, with blue tits at these sites laying theirfirst eggs and hatching approximately 10and 7
daysearlier, respectively. | found that the main driverinthe advancement of breeding phenology,
was mean springtemperature. There was no evidence fordifferencesin blue tit breeding
phenologyinrelationtolocal tree composition, i.e.therewas nofine tuning of breeding to local
tree phenology. This suggests that birds are usingtemperature cues as the proximate cue totime
breeding, and not local habitat cuesthat mayindicate whenthe local peaksin food are likely to
occur. The lack of association between bird breeding phenology and habitat, suggest mismatch
could become a problem. This will be especially problematic if resource peaks differ between
habitats, as birds do not appearto be adapted to local habitat phenology, especially as birds and

caterpillars already differin their responses to climate change.
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4.2 Introduction

Phenologyis defined as the timing of cyclicor periodicevents. In living organisms thisis usuallyin
relation to the timing of cycliclife events, such as migration or reproduction, of which many
coincide with meteorological seasons. Phenology is often finely tuned such that organisms can
exploitseasonal pulsesinresources, which may only occurfora short period of time, and/orina
specificlocation, and are characteristic of seasonal environments. Forexamplethe pied flycatcher
(Ficedula hypoleuca) breedsin temperate Europe during spring, exploiting food resources and a
moderate climate in which toreproduce, before migrating to Africaforthe non-breeding season

(Lundbergand Alatalo, 2010).

In recent decades the phenology of many organisms has been changing (Waltheretal., 2002), and
ingeneral spring activities such as breeding (e.g. Crick etal., 1997; Moyes et al., 2011), return of
migrant species totheirbreeding grounds (e.g. Jonsson and Jonsson, 2009) and emergence of
butterflies (Dell etal., 2005) have all advanced. Many of these phenological changes have been
shown to be strongly temperature dependent and attributable to changesin climate (Thackeray
et al., 2016; Waltheretal., 2002). Similarly, the breeding phenology of many avian species has
advancedinrecentdecades (Crick etal., 1997; McCleery and Perrins, 1998) and correlates

negativelywith temperature (McLean etal., 2016).

Blue tits (Cyanistes caeruleus) are a small resident passerine species, with a distribution limited to
the Western Palearctic (Birdlife International, 2014; Stenning, 2018). They are an obligate
secondary cavity nesting species and are therefore reliant on the presence of natural cavities,
such as disused woodpecker cavities or natural tree cavities, in which to breed (Perrins, 1979).
Blue tits have received a lot of research attention due to theirabundance and willingness to
inhabit man-made nest boxes (Perrins, 1979), making it easy to monitor many aspects of theirlife

cycle.

Blue tits are a relatively short lived species, typically only living forthree years, and breedingin
theirfirstyear (Robinson, 2018). They are usually single brooded (Perrins, 1979), meaningthe
correct timing of breedingis vital. During the breeding season blue tits are insectivorous (Perrins,
1991), and predominantly feed youngon Lepidopteran larvae, typically winter moth (Operophtera
brumata) larvae, and also otherinvertebrates including spiders and flies (Cowie and Hinsley,
1988; Garcia-Navas and Sanz, 2011; Serrano-Davies and Sanz, 2017). Winter moth are believed to
be the preferred preyitem and nestlings fed a higher proportion of winter moth larvae are
generallyin better condition at fledging (Wilkin et al., 2009). Winter moth larvae are only
available forashort period during spring, with larvae feeding on newly emerged leaves of

deciduoustrees, predominantly oak (Quercus spp.) but occurringin lower numbers on other
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species (Wint, 1983). Pupation takes place in the ground, at which point caterpillars become
unavailable toforagingblue tits. Peak nestlingdemand forfood must therefore coincide with the
peak availability of winter moth caterpillars, and for this to occur timing the onset of breedingis

crucial.

Blue titstypically lay one egg perday and beginincubation after the penultimate orfinal egg, to
ensure synchronous hatching. Incubation typically lasts 13to 15 days (Perrins, 1979; Robinson,
2018; Stenning, 2018) and nestlings usually hatch overone ortwo days. The mean clutchsizein
the UK is nine eggs (min-max, 2-16; Robinson, 2005), requiring adult birds to correctly predict,
approximately 30 daysinadvance, whenthe peakin prey availability will occur. Once birds have
begun laying eggs an opportunity remains to advance ordelay hatching through a number of
mechanisms. This may be required if theirinitial timing was sub-optimal or the environment
changes afterthe onset of egglaying. Egg pauses, where an eggis notlaid for one or more days
afterthe firstor subsequenteggs have beenlaid, can be used to delay breeding. Delaying or
pausing duringincubation, after clutch completion, is another mechanism to delay hatching. In
contrast, birds can advance hatching by reducingtheir clutch size or by varying attentiveness

duringincubation.

Adult blue tits have been shown to use a number of cuesto initiate breeding, and to attempt to
predict whenthe peakinvertebrate availability will occur (Visser and Lambrechts, 1999). The
proximal cue forthe onset of breedingisthoughtto be the change in day length which triggers
slow andthen rapid gonadal growth (Visserand Lambrechts, 1999). The rate of rapid gonadal
growth increases with increased ambient airtemperature during the onset of spring, the latter
alsoacts as a predictorforthe emergence of Lepidopteran larvae (Salisetal., 2016). There are a
number of environmental cues thatadult birds could use to fine tune breeding phenology,
followingthe initial physiological response. Such cues mightincludelocal tree phenology and food
availability at the time of laying. The strength of these cues, and the speciesthey use asa cue,
varies by population and location. Forexample, the phenology of great tits (Parus major)in
Norway is closely correlated with bud-burstin birch trees (Betuala spp.; Slagsvold, 1976) where as
in England and Holland breeding phenology is closely correlated with oak bud-burst or leafing
(Burgessetal., 2018; Cole etal., 2015; Visserand Lambrechts, 1999). In the UK, oak forms 18% of
1.3 million hectares of broadleaved woodland (Forestry Commission, 2013) and is therefore likely
to be vital to woodland birds. However, birch also covers asimilarareato oak, with much of the
woodlandinthe UK beingamix of broadleaved species (Forestry Commission, 2013). Assessing
the importance of these speciesin providingfood, and therefore cues, to breeding birds can help

to inform future woodland management.
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The tri-trophicdeciduous tree-herbivorous caterpillar-insectivorous bird system, whereblue tits
are secondary consumers, has become amodel ecological system forinvestigating the impacts of
changing climate and phenology. In general, most long-term phenological studies of blue tits (and
great tits, a sympatricspecies, with similarecology), have demonstrated advancementsin first
egg date (FED) inrelation to warming spring temperatures (Dolenec, 2007; Matthysenetal.,
2011; Perrins, 1991; Potti, 2009; Sanz, 2002; Thorleyand Lord, 2015). With this advancement
comesthe risk of trophic mismatch, where one trophiclevel advances and lower level/s eitherdo
not change, or change at a differentrate, resultinginan uncoupling of aonce synchronous
relationship (Durantetal., 2007). If the lowertwo trophiclevels, in this tri-trophicsystem, do not
advance, or advance at a differentrate, blue tits may nolonger be able to exploitthe bestfood
resource fortheir chicks (Buse etal., 1999; Wilkinetal., 2009). This could resultin prey switching
to a sub-optimal preyitem and could resultin lower productivity (Buse etal., 1999; Wilkin et al.,
2009). With elevated spring temperatures, caterpillar development will also occur more rapidly
(Buse etal., 1999), as well asadvancingthe phenology of oak trees (Tansey etal., 2017). To date,
different populations have exhibited differing evidence of mismatch, even within the same
country, between trophiclevels. Some populationsinthe UK (Charmantieretal., 2008; Cresswell
and Mccleery, 2003) and Belgium (Matthysen etal., 2011) are maintaining synchrony with the
peakin caterpillarabundance. However, inthe Netherlands, and in a nationwide studyinthe UK,
some populations are not maintaining synchrony across the trophiclevels (Both et al., 2009;

Burgessetal., 2018; Visseretal., 1998, 2006).

To minimize the potential for mismatch with local resources, it would be expected that birds
wouldfine tune theirbreeding phenology to match local tree and caterpillar phenology. As the
winter mothis polyphagous (Wint, 1983), blue tits could feasibly use anumber of deciduous tree
speciesas cuesto time theirbreeding. Those few studies that have considered habitat cues
mainly focused upon differences between deciduous versus coniferous woodlands, finding mixed
evidence that birds are usinglocal habitat cues (Amininasab et al., 2016; Blondel etal., 1993).
Experimentally, the presentation of leafing branches earlier, torepresentadvancementin spring

phenology, had noimpact on FED in great tits (Schaperetal., 2011).

The advancementsin FED that populations have been exhibitingin response to warmersprings
have occurredtoo rapidly to have been brought about by evolution, or natural selection alone
(Charmantieretal., 2008). The relationship between phenologyand temperature isthe same at
populationandindividuallevels, further suggestingadvancementsin phenology are likely to be as
aresult of phenotypicplasticity (Charmantier et al., 2008). Phenotypic plasticityis where an
organism changesits phenotype, in this case timing of egglaying, inresponse to changesin their

environment without it being genetically fixed, allowing populations to rapidly respond to
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environmental change (West-Eberhard, 1989). Although phenotypic changes themselves are not
genetically fixed, plasticity itself is aselectable trait and can become fixed within populations

(Nussey etal., 2005).

The aim of this chapter isto investigate the impact of tree species, temperature and latitude on
blue tit breeding phenologyacross the UK. To my knowledge, thisis the first time fine-scale tuning
of phenology, inregard to habitat, has beeninvestigated across such an extensive range and
across multiple populations. | hypothesise that as different tree species exhibit different leafing
phenology (Roberts etal., 2015), blue tits breedingin areas with high proportions of late -leafing
species such as ash (Fraxinus excelsior) and/oroak will lay later, and therefore hatch later, than
blue titsin areas with higher proportions of early leafing species, such as sycamore (Acer

pseudoplatanus)and/orbirch.
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4.3 Methods
4.3.1 Nest recording

Nestrecords generated annuallyby volunteer nestrecorders, across the UK, working as part of
the British Trust for Ornithology’s (BTO) Nest Record Scheme (NRS) were used. Each record
included the following data: species, year, grid reference, altitude, and for each visit: the date,
number of eggs/young and stage of development of nest/eggs. Finally the outcome of the nesting
attempt (if known), was recorded. If precise records of first egg date (FED) are not recorded (due
to visiting afterthe firstegg has been laid), these dates are back calculated, assuming one eggis
laid perday. Similarly, if hatching date was missed, it was back calculated based on the
developmental stage of chicks when first observed. Forthe period 1962 — 2015 73,612 digitised

blue tit nestrecords were available inthe NRS database.
4.3.2 Site and nest record selection

The NRS blue tit database was cleaned to remove records
containing submission and/orinputtingerrors (70,743
records remained). Nest recorders submit the location of
nests usinga minimum accuracy of a four-figure grid
reference (1kmx 1 km). Initially, all grid references were
converted tofour-figure grid references to highlight grid
references where multiple records had been submitted

over multiple years, aiding the identification of individual

L siteswith longterm datasets. Any four-figure grid

e . references where the same observer had submitted
et J recordsfor a minimum of 10 years, and was active in 2015,
o't .

were selected. These records were then used to identify
focal sites, and the recorder contacted to confirm each
such site was likely to be a single population. Thirty four

sites, with records from 1979 — 2015, were identified and
Figure 4.1: Black circles represent
the locations of sites with long
running blue tit nest box schemes,
selected from BTO NRS database,
and that were included in this study.

usedinsubsequentanalyses (Figure 4.1).

As citizen scientists collected these data, there was
variationinthe frequency of visits, leading to uncertainty in
some of the FED and/or hatching date estimates, resulting in minimum and maximum estimates
of date variablesto be created. Consequently, afurther clean-up step was undertaken. For
recordsto be usedinthe FED analysis, records were removed if the difference between the upper

and lower estimates of FED/hatching were greaterthan 10 days, leaving 10,406 FED records for
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the selected sites and time period aforementioned, and 5,944 hatching date records spanning

1980-2015.

4.3.3 Habitat

. Total tree density and species specificdensities were estimated at each

- site using modified Point Centered Quarter Method (PCQM) (Khan etal.,

2016). PCQM has been shown to give similar species density estimates

to otherdistance sampling approaches and quadrat sampling (Cottam
. and Curtis, 1956). This sampling approach was chosen as a way of

. samplingthe current available habitat, which is unlikely to have changed

Figure 4.2: X represents ~ dramatically overthe period of the bird observations as all sites were
the sampling point and
the dashed lines the

quarters to be used for  selected at each site, stratified using the location of nest boxes to
sampling. In each quarter . . . .
the distance (black solid ~ €nsure the sampled habitat was likely to be used by nesting pairs. Each

mature woodlands. Twenty five stratified random sampling points were

line) to the nearest tree
(green filled circle), was
measured. species of, the nearesttree recorded (using a digital laserrangefinder

pointwassplitintofourequal quadrants and the distance to, and

(Bosch PLR 25), Figure 4.2). Trees were only everrecorded in one point, to ensure each individual
sampling pointwas independent. Saplings (any single stemmed tree with adiameter at breast
height (DBH) of lessthan 5 cm) were not sampled and the next nearest tree with a DBH greater
than 5 cm included. Sapling density is likely to change more rapidly than more mature tree

density overthe sampling period.

Total tree density was estimated using the following equation (Khan et al., 2016):

N 4
p=4GN-1D/n E E R%);
i=14-j=1

Where:
p isoverall tree density;
R;; is the distancefrom it" random point to the closesttree inthe j* quadrant;

N is the number of random points (always 25 in this study).

Individual species were grouped into species categories following categorisation used in Forestry
Commission (2012), and groupings used are outlined in Table 4.1.The density of asingle species

(pr) at each site was calculated in the following way (Mitchell, 2010):

Number of quadrants with species k
Pr = 4N

X p
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Where:
k is asinglespecies category recorded at the site;
p is the calculated total tree density of the site;

N is the number of random points (always 25).

Species densities were then converted to proportions of the total tree density at each site ( Figure

4.3).
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Table 4.1: Description of the species which comprise each general tree category, as referred to throughout
this chapter

Category Species

Ash European ash Fraxinus excelsior

Beech Common beech Fagus sylvatica

Birch Downy birch Betula pubescens; Silver birch Betula pendula; Common hornbeam
Carpinus betulus

Oak English oak Quercus robur; Sessile oak Quercus petraea; Red oak Quercus rubra

Sycamore Sycamore Acer pseudoplatanus

Willow Bay willow Salix pentandra; Crack willow Salix fragilis; Goat willow Salix caprea

Grey willow Salix cinerea oleifolia

Other Alder spp. Alnus spp.
Apple spp. Malus spp.
Aspen Populus tremula
Bird cherry Prunus padus; Blackthorn Prunus spinose; Wild cherry Prunus avium
Purging buckthorn Rhamnus cathartica
Caucasianfir Abies nordmanniana
Cedar Cedrus libani; Japanese red cedar Cryptomeria japonica
Corsican pine Pinus nigra laricio; Scots pine Pinus sylvestris
Douglas fir Pseudotsuga menziesii
Elder Sambucus nigra
English elm Umus minor’Atinia’; Wych elm Ulmus glabra
European larch Larix decidua
Common hawthorn Crataegus monogyna
Common hazel Corylus avellana
Common holly llex aquifolium
Horse chestnut Aeculus hippocastanum
Leylandii Cupressocyparis leylandii
Lime spp. Tilia spp.
Field maple Acer campestre; Norway mapleAcer platanoides
Norway spruce Picea abies; Sitka spruce Picea sitchensis; Spruce spp. Picea spp.
Poplar spp. Populus spp.
Coastredwood Sequoia sempervirens
Common rowan Sorbus aucuparia
Spindle Euonymus europaeus
Sweet chestnut Castanea sativa
Tulip tree Liriodendron tulipifera
WalnutJuglans regia
Western hemlock Tsuga heterophylla
Yew Taxus baccata

4.3.3.1 Testing tree density estimates

To ensure 25 sampling points persite was sufficient to estimate tree density accurately, the
methodology was tested atthree sites that were also used in the final analyses. The three sites
used to testthe methodology variedin area covered, 124 Ha (Highnam Woods, S07819), 172 Ha
(Minsmere, TM4667) and 510 Ha (Nagshead, SO6008). Each nestbox withinthe site wasused as a
potential sampling point that resulted in 67, 89 and 407 points for Highnam, Minsmere and
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Nagshead, respectively. The methodology was tested using 25, 30 or 35 random points at each
site. Sampling points wererandomly selected from the total points available at each site, and
total tree density and individual species densities calculated, with 500 bootstraps of randomly
selected points for each site-point combination. There was no significant difference in the mean
total tree density calculated at each site with anincrease inthe number of sampling points (one
way ANOVA: Highnam: DF = 2, SS = 26785, MS = 13392, F = 2.06, p =0.13; Minsmere:DF=2,SS=
679, MS = 340, F =0.37, p =0.70; Nagshead: DF =2, SS=400, MS = 200, F=0.07, p =0.93).
However, variance declined as the number of points sampledincreased ( supplementary material

4.6.1, TableS.1).
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Figure 4.3: Proportion of each tree genus present at each of the 34 sites included in the study, ordered from
south to north.

4.3.4 Climate

Interpolated daily mean temperature, from across the UK, for the period spanningthe bird data,
at a resolution of 5x 5 km (Perryetal., 2009; Perry and Hollis, 2005;
https://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/) was used to relate
bird nestingtraits to climate. Each nest record was associated with the climate data of the
encompassing 5x 5 km grid square. The mean daily temperature between day 75 and 128 (16%
March to 8™ May) was calculated foreach nestrecord, as this period has previously been shown
to best predict spatial and temporal variationin FED (Phillimoreetal., 2016). In addition, the
mean first egg date was 27" April (min: 29" March, max: 14™ June), falling within the chosen time
period fortemperature, and mean hatching date 19" May (min: 22" April, max: 215t June). Itis
likely thistime period (day 75-128) influenced hatching phenology, asfemales would have been
incubating, ordeciding when to commence incubation, during this period. A within subject mean

centring approach was taken to allow the spatial and temporal slopes to be explored, with a mean
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yearly temperature forthe aforementioned time period foreach site derived, and also the

deviation fromthisforeach nestrecord at that site (van de Pol and Wright, 2009).

4.3.5 Statistical Analysis

In all models, phenology (either FED or hatching date) was used as the response variable with
temperature and latitude as fixed effects along with the following cross-classified random effects:
year, site and habitat (as randomintercepts), and the within site temperature slope was also
allowedtovary. All models were implemented as Bayesian mixed effects models, using
‘MCMCglmm’ (Hadfield, 2010), in ‘R’ v.3.5.1 (R Core Team, 2017). All response variables were
interval censored Gaussian responses, specifying that the response variablefell between a
minimum and maximum value (either minimum or maximum FED or hatching date, for the
respective models), and were assumed to follow a normal distribution. All continuous fixed
effectswere scaled and mean centred. Priors were defined as the defaultinverse-Wishart
distribution forthe residualterm and flat, parameter expanded priors for the variance termsin all
models. The burnin period was setto 20,000 in all models, with total number of iterations varying
dependent on the model. Full modelstructures are describedin Table 4.2, and models did not

undergo any simplification.

In all analyses habitat variables were included as a multiple membership random effect. Hence, a
presence/absence matrix was created foreach tree species categories with 1 denotingitwas
presentata site and 0 absent. The presence/absence matrix was then weighted by the proportion
of each species presentateach site and used cumulatively in the model. Weighting by proportion,
rather than usingraw species density data, was required in this modelling approach due to the
assumption of summingto unity. Including habitat as a multiple membership random effect
allowed the effect of each individual tree species, as well as the total habitat effect to be
explored, as one species may contribute to the habitat effect more than another. To ensure the
conversion from densities to proportions did not mask any habitat effects the same models were
constructed, but the multiple-membership habitat variable removed, and replaced with oak
density (as a fixed effect). Oak was chosen a priori for this test as | expected oak to exertthe
greatest effecton phenology, based on previous research (Wilkin etal., 2007) and results from
Chapter 2. The oak model suggested no masking of habitat effects; hence | only presentresults
usingthe multi-membership habitat variablein the main text. The results of the oak model, and
furtherinformation onrationale, are presented in the supplementary materials (supplementary

material 4.6.2: Table S.2 and Table S.3).
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Table 4.2: Summary of response, fixed and random effect variables and model structures used in the

Bayesian general linear mixed models implemented in this study. All models were implemented using the ‘R

package ‘MCMCglmm’ and after full models were created, no model simplification was undertaken.
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Model convergence was assessed visually from trace and posterior density plots. The number of
iterations and the thinninginterval used (stated foreach model in Table 4.2) were defined to
maintain an effective sample sizeabove 1000, whilst ensuring autocorrelation between

successively stored iterations did not exceed 0.1 (Hadfield, 2017).

7

There was evidence forresidual spatial autocorrelation in the first egg date model, butnotinthe

hatching date model, with full methods and results presented in the supplementary material

(supplementary material 4.6.3).
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4.4 Results
4.4.1 First egg date

Acrossthe 34 study sites, blue tits showed asignificant temporal advancementin first egg date
(FED) of 0.27 days per year, i.e. 2.7 days advance in FED per decade, which equatestoan
advancementof 9.7 days during the study period (1979-2015; Table 4.3).

Blue tit FED was negatively related to mean springtemperature ata site level (Figure 4.4, Table
4.4), and positively related to latitude (Figure 4.5, Table 4.4). For every degree Celsius increase in
mean spring temperature, FED was on average 3.4 days earlier. After controlling fortemperature,
for eachdegreeincreaseinlatitude (heading northin the UK) blue tit FED was, on average, 1.6

days later. Within site temperature did not predict FED (Table 4.4).

No single tree speciesaloneinduced a significantadvance ordelayin FEDin this study (Figure 4.6,
Table 4.5). If a site was composed of a single species the advance ordelayto FED is unlikely to be
greaterthan 15.2 days, interpreted from the uppervariance limit from the habitat effect (Table

4.5).

Table 4.3: Model estimates for the fixed and random effects, from Bayesian general linear mixed models,
where either first egg date (FED) or hatching date was the response variable being investigated. Rows in
bold denote significant effects.

. . 95% credible Effective sample
Fixed effects Posterior mean . . pMCMC
interval size
FED Hatch FED Hatch FED Hatch FED Hatch
date date date date
655.9 345.0- 1000 <0.001
972.0
Intercept 567.3 236.7- 1000 0.002
931.5
-0.27 -0.42 - 1000 0.006
-0.11
Year
-0.21 -0.39- 1000 0.012
-0.04
Random Posterior mean 95% credible Effective sample
effects variance interval size
FED Hatch FED Hatch FED Hatch
date date date
20.2 8.6- 643
Year 314
18.6 9.2- 299
294
20.8 17.7- 1000
. 243
Year:Site 22.8 19.1- 1072
26.5
36.5 35.4- 1000
. 37.5
Residual 257 24.8- 1000
26.7
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Figure 4.4: Model prediction for change in blue tit first egg date (FED) with mean spring temperature (day
75 —128). Points represent single nest records from the BTO NRS data from the same sites in different years.
The size and colour of the underlying point represents the number of data points at that position. The
prediction line (red) is generated from the general linear mixed model, at the mean latitude and year, with
the 95% credible interval shown surrounding the line.
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Figure 4.5: Model predictions for blue tit first egg date (FED) in relation to latitude. Points represent single
nest records, from the same sites in different years, with the size and colour of the point being indicative of
the number of data points at that position. The prediction line (red) is generated from the general linear

mixed model holding temperature and year at their mean value. The shaded area surrounding the line

represents the 95% credible intervals.
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Figure 4.6: Best Linear Unbiased Predictors (BLUPs) for each tree species, calculated using their posterior
distributions, with the median BLUP from all stored iterations and 95% credible intervals (Cl). BLUPs
represent the effect of habitat on the response variable (either first egg date, or hatching date), on top of
temperature and latitudinal effects. Credible intervals that cross zero do not depart from the main effect.
For example, on average, first egg date when ash is present at a site is 1.8 days earlier than predicted given
the temperature and latitude effects. However, as the 95% Cls cross zero, there is no significant effect of ash
on first egg date.

4.4.2 Hatching Date

Hatching date and FED were highly correlated (Pearson’s correlation coefficient=0.9). Hatching
date exhibited asignificant temporal trend during the period of study, with an advancement of
0.2 days per year, which equatestoa 7 day advancement overthe period of this study (1980 —

2015; Table 4.3). The advancementin hatching date is less than the advancement observedin

FED.

Blue tithatching date was negatively related to temperature (Figure 4.7, Table 4.4) with blue tits
hatching 4.1 days earlierforeach degree Celsius increase in mean spring temperature at asite
leveli.e.comparing between sites. Temperature within asite did not predict hatching date (Table
4.4). Hatching date was positively related to latitude, consistent with the relationship between
latitude and FED (Figure 4.8, Table 4.4), and was delayed by 1.8 days foreach degree increase in
latitude.

89



There was no effect of anyindividual tree species on blue tit hatching date (Figure 4.6). However,
if a site was to comprise of a single species the advance or delay to hatching date is unlikely to be

greaterthan 13.7 days, interpreted from the uppervariance limit of habitat (Table 4.5).
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Figure 4.7: Model prediction for the change in blue tit hatching date with mean spring temperature (day 75
— 128, red line) between sites in across 35 years. Underlying point size and colour represent the number of
bird records at that temperature and hatch date. The prediction line (red) is from the general linear mixed
model, with all other variables held at their mean value, with the 95% credible intervals shown by the
shaded grey area.
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Figure 4.8: Model predictions for change in blue tit hatching in relation to latitude (red line). Points
represent single nest records, with colour and size indicating how many records are at this position. The
prediction line (red) is generated from the general linear mixed model holding all other variables at their

mean values. Ninety five percent credible intervals are denoted by the shaded area.
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Table 4.4: Model estimates for the fixed effects, from the Bayesian general linear mixed models, where
either first egg date (FED) or hatching date was the response variable being investigated. Rows in bold

denote significant effects.

Posterior mean

95% credible interval

Effective sample

. pMCMC
size
Hatch Hatch Hatch
FED Hatch date FED FED FED
date date date
113.63 109.66- 1260 <0.001
117.11
Intercept
137.91 134.05- 1260 <0.001
140.90
Betweensite -3.44 -4.35- 1260 <0.001
mean -2.32
temperature -4.09 -5.06- 1260 <0.001
(°C) -3.21
Withinsite -0.31 -4.19-2.28 1260 0.62
temperature
(°C) -0.25 -1.73-1.50 1260 0.57
X 1.58 0.63-2.50 1376 <0.001
Latitude
1.78 0.83-2.71 1260 <0.001
-1.19 -2.32- 1260 0.03
Year -0.13
-0.33 -0.93-0.22 1260 0.25
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Table 4.5: Model estimates for the random effects from the Bayesian general linear mixed models, where

either first egg date (FED) or hatching date was the response variable being investigated. Rows in bold

denote significant effects.

Posterior mean o
95% credible interval

Effective sample

variance size
Group Type
Hatch Hatch Hatch
FED FED FED
date date date
. 5.51 4.27-6.75 1260
Year:Site Intercept
4.79 3.49-6.01 1533
10.58 5.36-18 1091
Year Intercept
6.85 3.29- 1260
11.59
7.32 3.12-11.74 1160
Intercept
6.49 3.14 - 1260
10.63
Site
17.77 1.4 x 10°- 1260
48.43
Slope
4.64 3.7x10° 1260
-11.71
13.46 1.4x10°5- 999
. 60.5
Habitat Intercept
12.73 2.2x107° 1066
-49.1
36.5 35.55- 1365
37.61
Residual
25.89 24.81- 1260
26.85
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4.5 Discussion

The aim of this study was to investigate the effect of habitat, in addition to temperature and
latitude, on breeding phenology of blue titsinthe UK. To my knowledge, thisis the first study to
investigatethe effect of tree species composition on phenology atsuch a wide scale. Previous
research has investigated the impact on blue tit phenology of singletree species, within single

populations, or has contrasted phenology between two habitattypes (e.g. Blondel etal., 1993).

Overall, there was no evidencefor differences in blue tit phenology, eitherin terms of FED or
hatchingdate, in relation to the proportion of any single tree species present (Figure 4.6, Table
4.5), after controlling fortemperature and latitude. However, it should be noted thatinformation
about laying gaps and any variationin length of incubation, which ultimately delays oradvances
hatching dates, were notincludedinthese analyses due to not beingavailable inthe dataset. FED
and hatching date were also highly, but not perfectly, correlated (Pearson’s corre lation coeffident
= 0.9). Thissuggeststhat both the phenology analyses are similarin this dataset, anditis not
surprisingthatvariables thatinfluenced FED also influenced hatching date. However, it is still
importantto consider both FED and hatching date when investigating changesin phenology, as an
opportunity to adjust phenology still remains afteregglaying (Tomas, 2015), so these two

measures of phenology may not always be highly correlated in every dataset.

| hypothesised phenology would be earlier when large proportions of early leafing species, such as
sycamore or birch were present, and later when large proportions of later leafing species were
present, such as ash and/or oak. This was expected as it has been shown that caterpillars emerge
around the time of bud-burst, as youngerleaves are more nutritious and contain less tannin than
more mature leaves (Feeny, 1970). Therefore, peak food availability for blue tits is likely to be just
afterbud burst, and birds will need to time peak nestlingdemand to coincide with peak food
availability. Winter moth, blue tits preferred prey item, are polyphagous and, therefore, any of
the tree species consideredin this study could actas a cue for birds to time reproduction to, as
well as these species hostinganumber of otherinvertebrate species (Kennedy and Southwood,

1984).

There are a number of possible reasons as to why no relationship between habitatand blue tit
phenology was found. The firstis that blue tits do not use local habitat as an additional cue tofine
tune theirbreeding. An experimental study, in which leafing branches were presented to great
tits earlierthan usual, found that the presentation of early leafing branches did not advance
breeding phenology (Schaperetal., 2011). Nor do birds consume buds or leaf scales regularly, or
in high enough quantities, to obtain chemical signals fromthe trees (Bourgault et al., 2006). It

may be that the birds are constrained by their physiology, and are unable to process orinterpret
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habitat cues. My findings, which are the first extensive examination of the potential role of
habitatin modifying phenology, substantiate the experimental work that suggested habitat plays
an insignificantrole in breeding phenology of great tits (Schaperetal., 2011). Day length has been
shown to be the proximal cue used toinitiate breeding, starting gonadal growth, and temperature
alters the rate of gonadal growth (Visserand Lambrechts, 1999). My results highlight that with
warming springtemperatures bluetits are breeding earlier (Figure 4.4, Figure 4.7, Table 4.4).
However, even afteraccounting fortemperature, FED and hatching date are laterin the north (at
a higherlatitude; Figure 4.8, Table 4.4) thanin the south of the UK. If physiology is constraining
FED phenology preventing birds from processing habitat cues, adifference in the response of
hatching date to habitat would be expected. Hatching date is less constrained by physiology as
birds can be flexible inincubation strategies to advance, ordelay, hatchingto ensure peak
nestling demand coincided with peak prey availability (Vedder, 2012). However, hatching date

was not foundto vary with habitat (Table 4.5).

A second potential explanation, forthe lack of effect of individual tree species on phenology,
could be due to habitat composition being relatively homogeneous across the 34 sites (Figure
4.3), resultingin small individual species effects that are difficult to detect. Although | tried to
maximise the variation across the study sites, it is possible nest recorders preferentially chose to
place nest boxesin particular habitats. As many of these sites were established to monitor pied
flycatcher, which preferentially nestin oak dominated woodland (Lundberg and Alatalo, 2010),
this could have inadvertently reduced habitat variation between sites. Forexample,atransectin
Scotland, established to monitor blue tit phenology, randomly selected 40 woodland sites from
the available woodland habitat, and these sites exhibited greater between site habitat variation
than those inthis study (Shuttetal., 2018). This suggests nestrecorderbiasin nestbox locations
could be an issue wheninvestigating the effects of habitat with this dataset. Many of the study
sites have a diverse tree community, which could resultin cues fromsingle tree species being
diluted and not strong enough to tease apart from the overall effect of habitat. The spatial scale
that habitat was recorded (at a site level) may also have been too broad to detectfine scale
effects, with finescale studies reporting that environmental variables sampled at between 25-75

m of the nestshowed the strongest associations with FED (Wilkin etal., 2007).

Finally, in mixed deciduous, non-oak dominated, habitats; there may not be substantial enough
caterpillarbiomass orno differencein peak timing, asinferred from frass fall (Chapter 2), to
warrant close cueing of individual tree species. However, resource peaks have been observed on
non-oak tree species (Shutt, 2017), suggestingitis still possible thatindividualtree species could
be likely cues. Although, caterpillars are more likely to be present, and in higher numbers, on oak

trees (Kennedy and Southwood, 1984; Shutt, 2017). Blue tits have a varied diet (Cowie and
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Hinsley, 1988; Garcia-Navas and Sanz, 2011; Serrano-Davies and Sanz, 2017), and although
nestlings fed a higher proportion of caterpillars are in better condition at fledging (Wilkinetal.,
2009), this fitness benefit may come ata cost to the parentinincreased energy expenditure
duringforaging when oakis not abundant. In non-oak dominated woodlands it may be more
beneficial to feed nestlings on alarger quantity of easy to find sub-optimal prey, such as spiders
and aphids, which may be in higherabundance but not subjectto such strong peaks in availability
as caterpillars. Therefore, there may be no reliable cue which the birds can use to predict future

availability of sub-optimalinvertebrate prey.

There being no detectable effect of individual tree species on blue tit breeding phenology
suggests blue tits are not fine tuning their breeding phenologyinrelation to cues fromtheir
surrounding habitat. The implications of this could be great, if resource peaks also differin
phenology between habitats. Mismatch between trophiclevels can occur when trophiclevels
respond to climate change at different rates (Cushing,1990; Durant et al., 2007). Generally, blue
tits are advancing their FED more slowly than caterpillars (Burgess et al., 2018; Buse etal., 1999).
The lack of association between breeding phenology and habitat composition, demonstrated
here, suggests mismatch could become more of a problem inthe future, as blue tits are
responding totemperature but not cueinginto habitat to maintain synchrony with theirfood
resources. There is evidence blue tit populationsinthe UK are showing signs of mismatch, more
so inwarm springs (early years) thanin cold springs (Burgess et al., 2018). This again reinforces

my findings here thattemperature is the proximate cue blue tits use to time their breeding.

Here | have demonstrated the effects of temperature and habitat on both FED and hatching date.
Both FED and hatching date are subjecttosimilar cues, such that temperature and latitude, but
not individual tree species, influenced breeding phenology. Both measures of phenology have
been presented here as blue tits may be able to make more decisions about fine tuning hatching
date rather than FED, with FED potentially being more constrained by physiology and nutrient
availability (e.g. Smith and Smith, 2013). Therefore, when looking at the effects of habitaton
phenology, hatching date may be more informative (Tomas, 2015), as this could be more finely
tunedto synchronise with local prey availability through egg pauses and changes toincubation

strategies.

Previousresearch hasinvestigated whetherresponses of blue tit FED to temperature,andina
sympatricspeciesthe greattit, isa plasticresponse. In general, the conclusion has been that such
responses can be attributed to plasticity (Charmantieretal., 2008; Cresswelland Mccleery, 2003;
Nussey etal., 2005; Porlieretal., 2012) as the response is unlikely to have been able to become
genetically fixed in such ashort period of time (Charmantieretal., 2008). Therefore, the earlier

breedingdue towarmerspringtemperatures observedin this studyisalso likely resultfrom
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phenotypicplasticity, despite within sitetemperature not predicting phenology ( Table 4.4). This
lack of associationis likelyto be due to the scale that temperature datawere available (5x 5 km
resolution), and the spatial accuracy of nestrecords. Nest recorders often used the same four-
figure grid references forthe majority of theirsite, forease during data entry, despite inreality
the site covering multiple grid references. Both of the factors combined, resulted in little across
site variationintemperature, whichis notlikely to be representative of reality. Although, there is
still variation in both FED and hatching date between sites, even after controlling fortemperature
and latitude thatis not explained by habitat (Table 4.5). This could be due to other characteristics
of these sites, which haven’t been accounted forinthese models. One such characteristiccould
be the underlying geology of the site, which may influence, for example, calcium and other
nutrient availability (Briggs and Mainwaring, 2017), constraining the female’s ability to commence

egglayingor to sustain herthrough incubation.

In conclusion, the results show that both temperatureand latitude are predictors of blue tit
breeding phenology across the UK, and temperature is likely to be the proximal cue forblue tit
breeding phenology. However, | found no evidence to support the hypothesis that blue tit
breeding phenology differs inrelation to tree species composition, suggesting blue tits are not
using habitat cuesto fine tune their breeding phenology, leavingthem atincreased risk of trophic

mismatch inlight of warming springs.
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4.6 Supplementary Material

4.6.1 Validating habitat sampling method

Table S.1 Variance in total tree density estimates from each methodology at each site

25 random points; 500 30 random points; 500 35 random points; 500

Site iterations (trees/ha) iterations iterations
(trees/ha) (trees/ha)
Highnam 89354 6426.1 4189.5
Minsmere 1137.9 887.4 726.9
Nagshead 3143.8 2659.6 2306.1

4.6.2 Alternative model structures

Here, | presentresults from alternative model structures (Table S.2and Table S.3) than those
presented inthe mainresults section (Table 4.4). These alternative modelstructures were usedto
ensure converting habitat variables to proportions did not mask any habitat effects. Converting to
proportions did not take into account that overall tree density varied between sites ( Figure S.1;
min: 6.7, mean 462.03, max: 1075.3 trees perhectare), which mayimpact how birds use the
available resources. Forexample, if two sites have different oak densities (e.g. 1vs. 10 trees per
hectare) this could become masked when converting to proportions as both sites may have 25%
oak, dependingonoverall tree density. A site with ahighertree density of a particularspecies
may provide astronger cue to the bird, hence whyitis necessarytoensure the results are
consistent wheninvestigated with oak density instead. It was decided a priori to onlyinclude oak
density asthisspeciesis believed to provide bluetits with most of their food resources during the
breedingseason (Gibb and Betts, 1963; Peck, 1989) and theiroptimal habitat (Perrins, 1979).In
additionto this, oakis one of the mostabundantspeciesin UK woodlands (Forestry Commission,

2013), therefore beingaspecies bluetits are likely to use as a cue.

The results do not differ from the models presented in the main text, with between sites mean
springtemperature, latitude and year being significant predictors of blue tit breeding phenology
(Table S.2).Blue tit breeding phenology (either FED or hatching date) is not predicted by within
site temperature oroak density. Asthe results do not differ from those presented in the main text
(Table 4.4 and Table 4.5) it suggests that, even though some informationis lost when species
densityis converted into a proportion of all trees present, this does notimpact the results and

interpretation.

98



Tree Species
[l sycamore
Ash
Oak

W Other
B Beech
M Birch

W willow

&

—_
2
&
S
S

&
& 5
§E'J
RS

&
&

l| "I N,
£
&
&
K

1200

900
600
300
0
o
&
-‘;A
@
&

(a1ey0ay Jad saauy) Ajsuaq

99

Site
in this study. The total height of each bar represents the overall tree density at each site.

Figure S.1: Densities of each tree species category used in the main analyses at each of the 34 sites included



Table S.2: Model estimates, from the Bayesian general linear mixed models, for the fixed effects from
models including Quercus density instead of proportions of the seven most important genera for both first

egg date (FED) and hatching date. Rows in bold denote significant effects.

Posterior mean

Effecti |
95% credible interval ective sample

size pMCMC
Hatch Hatch Hatch
FED Hatch date FED date FED date FED date
114.06 112.36- 970 <0.001
115.69
Intercept
138.26 136.68- 1261.7 <0.001
139.84
Betweensite -3:48 -4.62- 970 <0.001
mean -2.40
temperature -4.07 -5.12- 1000 <0.001
(°c) -3.14
-0.31 -3.38-1.92 970 0.62
Withinsite
temperature
(°C) -0.17 -12.26- 1097 0.61
1.00
1.50 0.51-2.44 859 0.008
Latitude
1.74 0.84-2.72 899 0.002
0.17 -0.61-0.93 970 0.65
Oakdensity
0.34 -0.59-1.17 1000 0.43
-1.09 -2.09- 1110 0.03
Year 0.1
-0.34 -0.94- 1000 0.25
-0.25
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Table S.3: Model estimates for the random effects from both first egg date (FED) and hatching models, using
the alternative structure where Quercus density is included as a fixed effect. Rows in bold denote significant

effects.
Effective
Posterior mean 95% credible interval .
sample size
Group
Hatch Hatch Hatch
FED FED FED
date date date
. 5.53 4.40-6.79 970
Year:Site Intercept
4.76 3.60-6.10 1000
10.39 5.42- 849
Year Intercept 16.69
6.93 3.30-11.28 778
7.84 4.09- 825
Intercept 12.93
6.70 3.20-10.93 833
Site 14.17 43 x 10 970
7-40.62
Slope
4.85 1.62 x107- 739
13.72
36.49 35.46- 1177
37.57
Residual
2591 24.93- 1000
26.98

4.6.3 Checking for spatial autocorrelation

Models were checked for spatial autocorrelation by computing Moran’s | on the residuals (using
‘Moran.l’ from ‘ape’ R package (Paradis et al., 2004)) from a model with the same structure
(minusthe multiple membership random effects term) implemented using the R package ‘Ime4’
(Batesetal., 2015), due to beingunable to extract residuals from models fitted using
MCMCglmm. There was evidence of spatial autocorrelationin the residuals of the first egg date
model (Firstegg date: Observed =0.005, Expected =-9.61 x 105, p =0.02), suggesting, that
despite the random effect structure implemented, there is stillremaining s patial patterning that |
have not accounted for. There was no evidence residual spatial autocorrelation in the hatching

date model (Moran’s I: Hatching date; Observed =0.008, Expected=-0.00017, p = 0.06).
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Chapter 5: The impact of habitat and climate on blue tit productivityin the
United Kingdom

5.1 Abstract

Understandingthe drivers of reproductive success is vital to further our knowledge of population
processes, especially in light of climate and habitat change and observed population declinesin
many avian species. Inthe UK, increasing spring temperatures have led to changesin blue tit
(Cyanistes caeruleus) breeding phenology. Such changesin breeding phenology canlead to
phenological mismatch between resources and users, and therefore impact upon productivity.
However, to date, the influences of habitat in non-oak dominated woodlands on productivity is
poorly understood. Understanding the drivers of reproductive successisimportant when

predicting the possible impacts of environmental change.

Here, | quantify the effect of habitat (canopy tree species), spring temperature and latitude on
blue tit clutch size and the risk of nest failure, using breeding dataspanning 1979-2015 from
across the UK. Increasing spring temperature and later clutch initiation both reduced blue tit
clutchsize, supporting studies on otherspecies. Clutch size was positively related to oak density,
but no other tree speciesinvestigated. Increases in temperature reduced the risk of failure, at
both egg and young stage, but clutchesinitiated laterinthe breeding season experienced higher
failureriskthanthose initiated earlier. There was a latitudinal effect on nest success, with more
northerly nests beingless likelytofail thantheirsouthern counterparts. Despite increased clutch
sizes at high oak densities, surprisingly, no effect of habitat composition onthe risk of nest failure
could be detected, suggesting failure may not be limited by food availability, butinstead driven by
climaticconditions and nesting phenology. When envisaging the effect of climate change on this
system, the effects of mismatch also need to be considered, which may not be uniform across
habitat. More information on resource usage is required to establish the full impact of mismatch
in this system. The impacts of these results upon population size will depend on whether

recruitmentremains stable under climate change, and should be a priority for future research.
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5.2 Introduction

Understanding the drivers of reproductive success is crucial to track population levelresponses to
environmental change, as well as to gain a better understanding of whatinfluences population
processes (McLeanetal., 2016). Reproductive successis reliant upon resource availability
throughout the reproductive cycle, as wellas being proximally limited by environmental factors
such as climaticconditions, habitat and predation. The importance of each of these factorsis
likely to differduring each reproductive stage, and as such each nesting stage needsto be

consideredindependently before looking for overarching drivers of reproductive succe ss.

The model system of deciduous tree-herbivorous caterpillar-insectivorous bird, is commonly used
when investigating phenological change in temperatewoodlands (Both et al., 2009; Burgessetal.,
2018), with most studiesinvestigating the effects of climate on blue and great tits ( Cyanistes
caeruleus and Parus major, respectively) phenology. Most research into the effects of climate
change are conducted at single sites, which are typically oak dominated (Both et al., 2009;
Charmantieretal., 2008; Hinks etal., 2015), makingresults difficult to extrapolateto populations
innon-oak dominated woodlands. Thisis despite tits being habitat generalists and found across a

variety of habitat and woodland types (Robinson, 2018; Stenning, 2018).

The effect of habitat on tit productivity has previously focussed on comparisons between broad
habitattypes, such as deciduousvs. evergreen woodland (Atiénzaretal., 2010; Van Balen, 2002;
Blondel etal., 1993; Gibb and Betts, 1963; Lambrechtset al., 1997), or urban vs woodland
(Gladalski etal., 2017). Typically, birds nesting in deciduous areas have higher productivity (clutch
size and number of fledglings) than birds nestingin evergreen orurban areas (Van Balen, 2002;
Blondel etal., 1993; Gladalskietal., 2017). Smallerscale variation in habitat, such as at a territory
scale, has been shown toinfluence productivity both within singlesites (Amininasab et al., 2016;
Perrins, 1979; Wilkin etal., 2009) and between sites (Marciniak and Nadolski, 2007; Tremblay et
al., 2003). It is widely accepted that oak (Quercus spp.) is the optimal breeding habitat for nesting
blue and great tits (Perrins, 1979), and rarely are the effects of othertree species considered
(exceptShuttetal., 2018). Shuttet al. (2018) demonstrated non-oak tree species, such as birch
(Betula spp.), oak and sycamore (Acer pseudoplatanus) positively correlated with fledging success,
but did notinfluence clutch size. Blueand great tits tend to forage mostlyin oak trees (Gibb,
1954; Peck, 1989). However, blue tits also forage in arange of otherspecies, only showing
avoidance of beech (Fagus sylvatica), spruce (Norway and sitka spruce, Picea abies and Picea
sitchensis, respectively)and western hemlock (Tsuga heterophylla), but these results are
confounded by oak beingthe mostabundant tree species atthese study sites (Gibb, 1954; Peck,
1989). In the UK, oaks support a greaterrichness of Lepidoptera, and otherinvertebrate species,
than any othernative tree species (Kennedy and Southwood, 1984). This may explain birds’
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foraging preferenceforoak, whenavailable, and the focus on oak ininsectivorous bird studies.
Woodland maturity also influences productivity with higher fledging success (Arriero etal., 2010),

but lower hatching success (Atiénzaretal., 2010), in mature woodland territories.

Climaticconditions alsoinfluence productivity, with warmertemperatures during May reducing
the numberof blue tit fledglings, in asingle site study (Potti, 2009), but not affecting clutch size
(Dolenec, 2007; Potti, 2009). If nestlings are exposed to extreme warm temperature, heat stress
can leadto areductioninappetite and aconsequentreductionin growth rate and muscle mass,
as showninotherspecies (Beldaetal., 1995; Geraertet al., 1996). These findings are
corroborated in blue tits, tested at a single UK site, with warmertemperatures leading to lower
mass gainin nestlings than coolertemperatures (Mainwaring and Hartley, 2016). In recent
decades, warmingsprings have led to anadvancementin breeding phenologyof many UK bird
species (Crick etal., 1997) and concerns of nestlingdemand mismatching with peak resource
availability (Burgess et al., 2018). With increased mismatch between demand and resources, both
nestling condition and adult survival decreases due to additional foraging costs (Thomasetal.,
2001). Decreased adult survival canresultin a reduction inthe number of chicks successfully
fledging, and can even ultimately cause complete brood failure, with recent findings at one site
attributing nearly all complete brood failures to the predation of one parent (Santemaand

Kempenaers, 2018).

Precipitation reduces the adults’ ability to find sufficient food to sustain chicks. Long periods of
intense rainfall have been shown to reduce the quality of nestlings through reduced growth rates
(Kelleriand Van Noordwijk, 1994). However, one study from the UK found that increased
precipitation actually increased the mass gain of nestlings, (Mainwaring and Hartley, 2016) and
hypothesised this could be due to caterpillarsincreasing in weight due to being porous and having

a higherwatercontentduring periods of rainfall (Speight, 1979).

In addition to climate and environmental effects, female age and breeding phenology influences
clutchsize with clutch size peakingaround afemale’s third year, and older females producing
smallerclutches (Amininasab etal., 2017). The timing of nestinitiation during the breeding season
alsoimpacts clutch size, with birds initiating nests laterin the breeding season typically laying
smallerclutchesthan earlierlaying conspecifics (Crick etal., 1993). This is believed to be inan
effortto correctly time breeding with seasonal resource peaks in prey availability, with later laying
birdstryingto speed up theirreproductive cycle to ensure resource peaks are not missed,

maximising their chances of successfully fledging young (Perrins and McCleery, 1989).

104



In thisstudy | aimto use a long-term dataset of nesting attempts made by blue tits, across a
network of 34 sitesin the UK, to investigatewhether environmentalfactors, such as temperature

and precipitation, and/or habitat (a proxy for food availability)impact upon blue tit productivity.

Here, | define productivity as the following:

1. Clutchsize: The numberof eggs producedina breedingattemptandtherefore the
potential maximum number of offspring that could be producedin a given nesting
attempt.

2. Riskof failure:the risk of the nest failing during two distinct nesting stages: (1) egg stage:
from the date of the firstegg beinglaid to that when the first chick hatches; and (2) young
stage: from first hatching until fledging (when chicks leave the nest). | also considerthe
risk of failure overthe entire nesting period. Here, failureis defined as either no eggs

hatchingor chicks fledging, dependent on the nesting stage beinginvestigated.

Firstly, | hypothesise that blue tits nestingin areas with more oak trees will have larger clutch
sizes, but clutch size will have a negative relationship with temperature. Secondly, | hypothesise
that the risk of failure during egg and young stage is likely to be higherin non-oak dominated

woodlands than oak dominated woodlands, and in coolerand/orwettersprings.
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5.3 Methods
5.3.1 Nest Recording

All blue titbreeding datawere collected by volunteer nestrecorders and are collated annually by
the British Trust for Ornithology (BTO) Nest Record Scheme (NRS). Each nestrecordincluded the
following data: species, year, grid reference, altitude, and for each visit: the date, number of
eggs/young and stage of development of nest/eggs, and finally the outcome of the nesting
attempt (if known). Clutch size is taken as the maximum number of eggs recorded duringa
nestingattemptandfirst egg date (FED)/hatchingdate is the midpoint between minimum and
maximum date estimates. Minimum and maximum FED is estimated where precise records of FED
are notavailable (due to visiting afterfirstegg has beenlaid) and FED is back calculated on the
assumption of one egg beinglaid perday. Hatching date estimates (minimum and maximum
hatching date) are back calculated based on the developmental stage of chicks when first
observed. Intotal, 73,612 digitised bluetit nest records, forthe period 1979 — 2015, were

availableinthe NRS database.

5.3.2 Site selection

Identical site selection criteriawere used as in Chapter 4. Sites were selected on the basis of
havinglongterm datasets available and fora full description of the criteriaforinclusionin the
study see Chapter4. Thisresultedinthe same 34 sites, fromacross the UK, beingincludedinthe

study (Figure 5.1).
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Figure 5.1: Locations of all sites included in this study, denoted by filled black circles, with names of sites, as
labels. These names are used in reference to specific sites, when discussed in the results and discussion.
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5.3.3 Habitat

Habitat was recorded at all sitesin the same way as described in Chapter4. In short, a distance
sampling technique was used to estimate individual tree species densities at each site. Species
were categorised based upon groupings usedin the National Forestry Inventory (Forestry
Commission, 2013), where closely related species are combined as an aggregate taxa (Table 4.1).
These aggregations were used as one of the species within the grouping often replaced each

otherat sites, and the speciesin each grouping can hosta similarinvertebrate community.

Species densities were converted to the percentage of total species density atagivensite for

analysesthatrequired habitat datato sum to unity.

5.3.4 Climatic data

Interpolated daily mean temperature and daily total precipitation datafrom across the UK, at a
resolution of 5x 5 km (Perry etal., 2009; Perryand Hollis, 2005;
https://www.metoffice.gov.uk/climatechange/science/monitoring/ukc), for the period spanning
the bird data were used to relate clutch size and risk of nestfailure to climate. When investigating
clutch size mean daily temperature was calculated for each record over March and April (mean
March/April temperature). This period was used to relate clutch size and climate as the mean first
egg date forthis dataset was 28" April (min: 29™ March, max: 14" June), therefore this time
periodis likely toinfluence the female’s condition and therefore inform clutch size. A within
subject centringapproach was undertaken (following van de Pol and Wright, 2009), with a mean
site temperature foreach yearanda deviation fromthe site mean foreach record being used as
temperature variables, allowing within and between site effects to be investigated. For egg stage
analysesabespoke time period was used foreach record, with total temperature and
precipitation sums calculated for each record from the mid first egg date estimate, until the end
of the egg stage (calculated as mid first egg date + clutch size + meanincubationtime (14 days,
(Robinson, 2018))). Inanalysesinvestigating young stage the time period used was from hatching
until fledging (hatching date (mid-point of minimum and maximum hatching date until 20days
afterthis (meantime tofledging (Robinson, 2018)). In whole nesting stage analyses, both of the
time periods previously described were summed and used (first egg date until 20 days after

hatching date).

5.3.5 Quality control of datasets

Due to nesting data being collected by citizen scientists, with no strict recording protocol

regardingvisitfrequency, this canlead to uncertainty in some FED and hatching estimates,
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resultingin minimum and maximum estimates being created based on information provided.

Therefore, further quality control was undertaken. Described belowfor each dataset used.

5.3.5.1 Clutch size

Records were removed when maximum clutch size was less than 2, or greaterthan 16, and if the
difference between minimum and maximum FED was greater than 10 days. Records where the
maximum nest contents recorded by the observer was greater than the recorde d maximum clutch
size were alsoremoved, as this suggested the clutch was incomplete at the time of the maximum
eggcount. Due to beingunable to ascertain whether small clutches were full clutches or
potentiallyincomplete clutches, all clutches of two or above were usedin analyses. There were

8,290 records for the selected sites spanning 1979-2015.

5.3.5.2 Risk of failure

The BTO NRS uses an approach described by Mayfield (1961) to calculate the number of exposure
daysduringeach nesting stage (egg stage, nestling stage and both combined to give overall
number of exposure days forthe entire nesting period). An exposure day is defin ed as aday
where the nest was observed to be active (i.e. egglaying has commenced for egg stage, chicks
have hatched/are hatching for nestling stage) and therefore at risk of failure. Exposure day one
referstothe first day a nest was observed duringthe corresponding nesting period, and does not
necessarily indicate the first day an egg was laid, forexample, as the nest may have been found
part way through egglaying. This needs to be takeninto account wheninterpreting the results,
especially of the egg stage analyses, as many nests will have been found during egglaying and are

likely to have an artificially short number of exposure days for this period.

Records were removed if the maximum exposure days recorded during the nesting period under
investigation (egg, young or whole nest stage) was 0 (indicating the nest had not been monitored
duringthis stage), and/orthe range of exposure days (calculated as the difference between the
minimum and maximum exposure days) was greaterthan 10. The midpoint of the minimum and

maximum exposure days was usedin all analyses as the number of exposure days.

A binary coding system was used to denote nest success (0) and nestfailure (1), withanestbeing
classifiedasasuccessifit reached the end of the stage being monitored, evenifitthen
subsequently failed during alater stage. These datasets spanned the time period 1980 — 2015.
Records where the outcome of the nest was unknown were removed. These quality control steps
left 5,887 recordsin the egg failure dataset (262 that are egg failures), 4,723 records in the young
failure dataset (644 that are nestlingfailures) and 3,538 in the overall nest failure dataset (781

that are nestfailures).
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5.3.6 Statistical Analyses
5.3.6.1 Clutch size

Clutchssize inrelation to climatic, phenologicaland environmental variables was analysed through
constructing a Gaussian Bayesian mixed effects model, in ‘MCMCglmm’ (Hadfield, 2010) using

‘R’ v.3.5.1 (R Core Team, 2017), with clutch size asthe response variable. The fullmodel structure
included temperature, FED and latitude as fixed effects with year, site and habitat as cross-
classified random (intercept) effects, and the temperature slope was allowed to vary between
sites. The full model structure, described in Table 5.1, was created a priori based upon biological
reasoning, and no further model selection was undertaken. Flat, parameter expanded priors were
used forall variance termsinthe model, and the defaultinverse-Wishart distribution was used for
the residual term (Hadfield, 2010). Habitat variables were included as a multiple membership
random effect. Fora full description of how the habitat multiple membership random effect was
setup, see Chapter4. In brief, a presence/absence matrix was created and weighted by the
proportion of the total tree density each species represented. The species categories included
were ash, beech, birch, oak, sycamore and willow, and were included due to being present across
many sites, and also likely to be key foraging resources for blue tits during the breeding season as
they are hostto manyinvertebrate species (Kennedy and Southwood, 1984). An ‘other’ species
categorywas alsoincluded, which represented every species present at the site notincludedin
any of the aforementioned categories, due to the multiple membership weightings being required
to sumto unity. To ensure converting habitat variables to percentage of each species did not
mask any habitat effects, this model was re-run with oak density as a fixed effect instead of
including the multiple membership habitat variable, as a priori oak was thought to be blue tits
optimal habitat (Perrins, 1979). The model structures are described in Table 5.1. In all analyses,
fixed effects were mean centred (meanis subtracted from each value) and scaled (after centring
each valueisdivided by the standard deviation), priortoinclusioninthe model. Model
convergence was assessed visually through trace and posterior density plots and autocorrelation
between successiveiterations was not allowed to exceed 0.1, whilst keeping effective sample
sizes above ~1000 (Hadfield, 2017). These criteriadetermined the number of iterations and

thinningintervalneeded (Table5.1).

Model residuals were checked for spatial autocorrelation, using the model with oak density, fitted
using ‘lme4’ due to being unable to extract residuals from ‘MCMCglmm’ (Bates et al., 2015;
Hadfield, 2017). There was no evidenceforresidual spatial autocorrelation (Moran’s |: observed =
0.0005, expected=-0.0001, sd =0.003, p =0.83), suggesting spatial dependencies have been

adequately accounted forinthe model structure.
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Table 5.1: Model structure with the response, fixed and random effect variables used in the Bayesian mixed
effect models investigating differences in blue tit clutch size.
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5.3.6.2 Risk of failure

The risk of failure (at each stage: egg, nestling and overall) was investigated using mixed effects

cox regression (survival) models, implemented through the ‘coxme’ package inR3.5.1 (R Core

Team, 2017; Therneau, 2018). The response variableis a survival matrix, with the number of

exposure days (i.e. time monitored until failure) along with a binomial code for whetheran event

(failure) was observed. If the nest survived to the next nesting stage, orsurvived all of th e stages,

these records were denoted by a0 and representright-censored failure. The modelstructures

used in each stage specificrisk of failure modelare described in Table 5.2. Cox’s regression uses

cox proportional hazard function, and was selected on the basis thatthere is no assumptionasto

the distribution of survivaltimes. One drawback of this approachis the assumption that the

effects of the covariatesare constant with time. However, as exposure days (number of days the

nest has been monitored duringthe defined stage)is the only time metricavailable, itis

reasonable to assume that the effect of these covariates are constant for each day monitored, as

this does not necessarily equate to nest/chick age.
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Table 5.2: Descriptions of model structures used to investigate the effects of environmental covariates on
the risk of nest failure at three stages during blue tit breeding attempts. In all models the response variable

was a survival matrix, with survival as a binomial outcome (1, failure, 0, success) and the number of

exposure days (days the nest was monitored) for each record.

Fixed effects

Random effects
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5.4 Results
5.4.1 Clutch size

The median clutch size, overthe 36 year period investigated (1979 — 2015), was 9 eggs (SD: + 2.2

eggs).

There was a negative relationship between clutch size and site level temperature, and forevery
degree Celsiusincreasein site level mean March/Apriltemperature clutch size decreased by 0.65
eggs (95% credible interval (Cl): -0.83to -0.50; Table 5.3, Figure 5.2). Temperature within asite
did not, however, affect clutch size (Table 5.3). After controlling for temperature, clutch size
decreased when breeding commenced laterin the year, with a decrease of 0.14 eggs (95% Cl: -
0.14 to -0.13) foreach increase in calendarday (Table 5.3, Figure 5.3), between 29" March and

14* June. However, there was no latitudinal effect on clutch size (Table 5.3).

Clutch size did not vary significantly with habitat (effect of ash, beech, birch, oak, sycamore,
willow and other combined), afteraccounting for the fixed effects (temperature, latitude and first
egg date; Table 5.4), as the credible interval effectively crossed zero, despite having the largest
posteriormean. Noindividual species alone exerted significant effects, although oak was the only
speciesto have a median bestlinear unbiased predictor which departed from zero, howeverthe
effect was notsignificantasthe credible intervals crossed zero ( Figure 5.4). Clutch size varied
significantly with yearandsite, with mean clutch sizes between 8and 10 in 95% of yearsand in

95% of sites (Table 5.4).

Table 5.3: Model estimates, for the fixed effects, from the Gaussian Bayesian general linear mixed effects
model, investigating the effects of climate, habitat and phenology on clutch size. Rows in bold denote
significant predictors of blue tit clutch size. All continuous predictors were scaled, with their scaling factors

denoted below the table, which needs to be considered when interpreting parameter estimates.

S - -
Posterior mean 95% Credible Effectuv:::* Sample pMCMC
Interval Size
Intercept 8.90 8.01-9.65 1050 <0.001
Mean site Mar/Apr
-0.71 -0.91 --0.55 1050 <0.001
temperature (°C)*
Temperature
deviations from site 0.005 -0.46 - 0.33 1050 0.83
mean (°C) V
Latitude © 0.04 -0.46 - 0.20 1050 0.66
First egg date * -1.35 -1.40--1.29 1050 <0.001

Scalingfactors:*=1.09,V=0.04,%=0.88, * =9.88
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Table 5.4: Parameter estimates for the random effects, from the Gaussian Bayesian linear mixed model,
with clutch size as the response variable and ‘habitat’ referring to the percentage occurrence of ash, beech,
birch, oak, willow and other within each site. Significant effects are marked in bold, and were considered

significant if the credible interval did not cross zero.

Effective
Group Posterior Mean 95% Credible Interval
Sample Size
Year:Site Intercept 0.17 0.11-0.24 1050
Year Intercept 0.29 0.11-0.52 1050
Site Intercept 0.23 0.1-0.40 1050
|
Slope 0.21 1.88 x105-0.53 1050
Habitat Intercept 0.81 6.82x10%-2.75 1050
Residual 2.98 2.89-3.07 1244
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Figure 5.2: The relationship between site level mean March/April temperature and blue tit clutch size across
the UK. The black line represents the fitted line from a Bayesian mixed effects model, controlling for the
effects of latitude and first egg date, with the lighter shaded areas showing the 95% credible intervals. The
points show the raw underlying data from which the model was fitted, with size and colour representative of

the number of points at that position.
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Figure 5.3: The relationship between clutch size and first egg date, after controlling for temperature and
latitude. The solid black line depicts the fitted values from a Bayesian mixed effects model, with the shaded
area representing the 95% credible interval. The underlying data are shown by the points, with the size and

colour depicting how many records are at that position.
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Figure 5.4: The median best linear unbiased predictors from the multiple membership random effect from
the Bayesian mixed effects model for each species category, depicted by a solid black circle. The error bars
show the 95% credible intervals. This represents the change in clutch size, once the fixed effects have been
accounted for, based on the presence of each species. Due to all the credible intervals crossing zero, none of
the species categories included have any significant effect on clutch size.
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Oak density, as opposed to percentage of total tree density that comprised oak, predicted clutch
size with larger clutch sizes at higher oak densities (Table5.5). All other effects remained, with

similareffectsizestowhen oak percentage was used (Table 5.3, Table 5.4 and Table 5.5)

Table 5.5: Model estimates, for the fixed effects, from a Gaussian Bayesian general linear mixed effects
model, with clutch size as the response variable and including oak density. Rows in bold denote significant
predictors of blue tit clutch size. All continuous predictors were scaled, with their scaling factors denoted

below the table, which needs to be considered when interpreting parameter estimates.

o - -
Posterior mean 95% Credible Effect|v¢.e Sample pMCMC
Interval Size
Intercept 8.96 8.67 -9.26 1000 <0.001
Mean site Mar/Apr
-0.75 -0.92 --0.59 1000 <0.001
temperature (°C)*
Temperature
deviations from site 0.01 -0.41-0.42 1000 0.96
mean (°C) Y
Latitude © 0.04 -0.13-0.21 1000 0.64
First egg date * -1.43 -1.50--1.38 1140 <0.001
Oak density * 0.15 0.02 -0.29 1000 0.03

Scalingfactors:® =1.09,V=0.04,%=0.88, * =9.88, * =61.76

Table 5.6: Estimates for the random effects, from the Gaussian Bayesian linear mixed model, with clutch size
as the response variable and including oak density as a fixed effect. Significant effects are marked in bold,
and were considered significant if the credible interval did not cross zero.

95% Credible Effective
Group Posterior Mean
Interval Sample Size
Year:Site Intercept 0.17 0.11-0.24 1130
Year Intercept 0.26 0.11-0.44 1192
it Intercept 0.53 0.12-0.45 901
ite

Slope 0.12 1.35x10%-0.50 885

Residual 3.32 3.23-341 1000

5.4.2 Risk of failure

5.4.2.1 Egg stage

The risk of the nest failure during the egg stage (from first egg date until the end of incubation)
decreased when temperature sums increased, and all other parameters were held constant ( Table
5.7). For each 1°Cincrease in temperature sum the risk of a nest failingwas 0.82 times lower,
between 116 and 464°C. Forexample anestlaid where the temperature sumwas 126°C, was 8.2
timesless likely to fail duringthe egg stage than a nest where the temperature sumwas 116°C.
The risk of failure increased when breeding commenced laterin the breeding season (Table 5.7).

For each calendarday increase infirst egg date the risk of failure during the egg stage was
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1.89 times higher, between 29™ March and 14" June, equatingto an 18.9 times higherrisk of egg
failure fora nestlaid onthe 7" April comparedtoa nestlaid on 29" March. Neitherthe total
amount of precipitation, northe density of oak within the nestingareainfluenced the risk of the
nestfailingduringthe eggstage (Table 5.7). There was also a large amount of variationin the risk
of failure between years and sites, with between sites showing the greatest variationin risk ( Table
5.7; year, Figure 5.5; site, Figure 5.6). Treswell Wood was predicted to have the greatest risk of
failure (3.53times higherthan the average site) and Warburtons and Wells Woods the lowest risk

(0.6timeslower), duringthe egg stage, of all the sitesincluded in this study ( Figure 5.6).

Table 5.7: Egg stage survival coefficients describing the risk of failure with covariates investigated in the
mixed effects cox proportional hazard regression. The hazard ratio represents the risk of egg failure due to
the covariate under investigation and all others held constant. A hazard ratio of 1 represents no effect of the
covariate, > 1 an increased risk of failure and < 1 a decreased risk of failure. Significant covariates are

denoted in bold.

Fixed effects
Variable Coefficient + SE Hazard ratio Z P value
Temperature sum -0.19 £ 0.08 0.82 -2.63 0.009
Precipitationsum -0.02 £0.08 0.98 -0.25 0.81
Oakdensity 0.19+0.12 1.21 1.68 0.09
First egg date 0.64 + 0.08 1.89 8.39 <0.001
Latitude -0.01+£0.13 0.99 -0.11 091
Random effects
Standard
Group L. Variance
deviation
Year 0.46 0.21
Site 0.56 0.31

117



2
2006
2011
15 2003
2007, 2008 1996
2009 1990 .
1997 1992 1984
2002 2004 . 1985
o | 1ogr 2014 2001 J9sg 1989 1991 .
L._?E 1999 /" oer .2_012312 1987 1994
5 1980 {4993
% | 1998 198 1995
= 1983 2000 .
Lo7 2005
(]
£
@ 2010
0.5
0.4
2013
0.3
0.0 0.1 0.2 0.3

Number of egg failures per record

Figure 5.5: The predicted risk of failure during the egg stage for each year against the number of egg failures per record submitted (to correct for years where there are a large number of
records). The horizontal solid black line represents the average risk of failure, therefore any point above the line has a higher than average risk of failure, and any below a lower than
average risk of failure. To interpret the risk, a risk of 2 is a 2 times higher risk of failure than the average site and a risk of 0.8 is a 0.8 times lower risk of failure than the average site. Note,

the y axis is plotted on a logarithmic scale to avoid over plotting.
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Figure 5.6: The predicted risk of failure during the egg stage for each site against the number of egg failures per record submitted (to correct for sites with higher number o f nest boxes, or
an increased submission rate and therefore alarge number of records). The horizontal solid black line represents the average risk of failure, therefore any point above the line has a higher
than average risk of failure, and any below a lower than average risk of failure. To interpret the risk, a risk of 2 is a 2 times higher risk of failure than the average site and a risk of 0.8 is a

0.8 times lower risk of failure than the average site. Note the logarithmic scale on the y-axis, to aid interpretation and avoid over plotting.
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5.4.2.2 Young stage

The risk of a nestfailingduringthe young stage decreased when the temperaturesumincreased
(Table 5.8), with the risk of nest failure 0.80 times lowerforeach 1 °Cincrease in temperature
sum duringthe chickrearing period, between 185 and 370°C. The risk of failure also decreased
when precipitation sumsincreased, as well as with latitude (i.e. higher latitude equals more
northerly, inthe UK). Risk of failure during nestling stage decreased by 0.88 times and 0.62 times
for each millimetre increases in precipitation sums (between 0.6and 147 mm) and degree of
latitude (between 50.7 and 54.5 degrees), respectively (Table 5.8). The risk of failure during the
nestling stage increased when chicks hatched later, with nests being 1.6times more likely to fail
for each calendarday increase between 24t April and 21°t June (Table 5.8). The density of oak
trees at the site did not affect the risk of youngfailure. Similarly to the risk of failure during the
egg stage, there was a large variation in the estimated risk of failure with yearand site. 2013 had
the lowestrisk of failure with nests being 0.26 times less likely to fail, and in 2007 nests were 3.92
times more likely, than average, to fail (Figure 5.7). Similarly to the site level risk of failure during
eggstage Treswell Wood had the greatest risk of failure, with nests 4.03 times more likely tofail
than average (Figure 5.8). Young were least likely to fail in Hackfall Wood, with nests being 0.41

times as likely tofail, than average (Figure 5.8).

Table 5.8: Young stage coefficients describing the risk of failure for covariates investigated in the mixed
effects cox proportional hazard regression, when each other covariate is held constant. The hazard ratio
represents the risk of young failure due to the covariate under investigation and all others held constant. A
hazard ratio of 1 represents no effect of the covariate, > 1 an increased risk of failure and < 1 a decreased
risk of failure. Significant covariates are denoted in bold.

Coefficient + SE Hazard ratio Z P value
Temperature sum during -0.22 £ 0.07 0.80 -2.98 <0.001
nestling period
Precipitation sum during -0.13 £ 0.05 0.88 -2.33 0.02
nestling period
Oakdensity -0.18 £0.11 0.84 -1.57 0.12
First hatching date 0.47% 0.07 1.60 6.62 <0.001
Latitude -0.47 £0.11 0.62 -4.27 <0.001

Random effects

Group Standard deviation Variance
Year 0.73 0.54
Site 0.54 0.29

120



Estimated risk of failure

0.4

0.2

2008
2014. 2003.

.1 992 .2012

2011
*2005 .1980

1985
2008 .1 995

2009

2007

19898?’1993
197/%1989
1987 1990
1986 <

1991

2000
[]

1996

2004 2015

1994 2001

2010

2013

0.1 0.2
Number of young failures per record

0.3

Figure 5.7: The risk of nest failure during young stage for each year versus the number of young failures per nest record submitted (to correct for years where there are a large number of
records). The horizontal solid black line represents the average risk of failure, with any point above the line representing a higher than average risk of failure, and any below a lower than
average risk of failure. To interpret the risk, 2 is a 2 times higher risk of failure than the average site and 0.8 is a 0.8 times lower risk of failure than the average site. Note the logarithmic

scale on the y axis for plotting, to aid interpretation and avoid over plotting.
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Figure 5.8: The predicted risk of nest failure during the young stage for each site, against the number of young failures per record submitted (to correct for sites with higher number of nest
boxes, or an increased submission rate and therefore a large number of records). The horizontal solid black line represents the average risk of failure, therefore any point above the line
has a higher than average risk of failure, and any below a lower than average risk of failure. To interpret the risk, 2 is a 2 times higher risk of failure than the average site and 0.8 is a 0.8

times lower risk of failure than the average site.
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5.4.2.3 Overall nest failure

In contrastto when each nesting stage was considered individually, when failure at any point

duringthe nesting stage was investigated, there was no effect of eithertemperature or

precipitation onthe overall risk of nest failure (Table 5.9). There was also no effect of oak tree

density onthe risk of nestfailure (Table 5.9). There was an increased risk of the nest failingwhen

eggswere laid laterduringthe breeding season, between 315t March and 28" May. For each

calendardayincrease, risk of nest failure increased 1.49 times (Table 5.9). However, there was a

decreasedrisk of nest failure withincreased latitude, with nests 0.79 times less likely to fail with

each increase inlatitude (between 50.7and 54.6 degrees). There was large variationin the

estimated risk of failure between years and sites (Table 5.9). The estimated risk of overall nest

failure varied interannually, with the risk of failure being lowestin 2013 (0.36 timesless likely to

fail thanthe average year) and highestin 2007 (2.31 times more likely to fail than the average

year; Table 5.9). Nestsin Treswell Wood had the highest risk of failure with the risk being 2.65

times higherthan the average site (Figure 5.8). Whittington had the lowest risk of failure, with the

risk being 0.45 times than that of the average site (Figure 5.8).

Table 5.9: Coefficients for the risk of nest failure at any point during the nesting p eriod with each covariate
investigated in the mixed effects cox proportional hazard regression, when each other covariate is held
constant. The hazard ratio represents the risk of nest failure due to the covariate under investigation and all
others held constant. A hazard ratio of 1 represents no effect of the covariate, > 1 an increased risk of failure

and < 1 a decreased risk of failure. Significant covariates are denoted in bold.

Coefficient + SE Hazard ratio 4 P value
Temperature sum during -0.07 £0.05 0.93 1165 0.10
nesting period
Precipitation sumduring 0.12 £0.07 1.12 1.77 0.08
nesting period
Oakdensity -0.10 £0.09 091 -1.17 0.24
First egg date 0.40 £ 0.05 1.49 8.36 <0.001
Latitude -0.24 £ 0.08 0.79 -2.97 0.003
Random Effects
Group Standard Deviation Variance
Year 0.50 0.25
Site 041 0.17
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Figure 5.9: The predicted risk of overall nest failure at any point during a nesting attempt for each year, versus the number of failures per record submitted (to correct for years where
there are a large number of records). The horizontal solid black line represents the average risk of failure, with points above the line representing a higher than average risk of failure, and
points below a lower than average risk of failure. To interpret the risk, 2 is a 2 times higher risk of failure than the average site and 0.8 is a 0.8 times lower risk of failure than the average

site. Note the logarithmic scale on the y-axis, to aid interpretation and avoid over plotting.
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correct foryears where there are alarge number of records). The horizontal solid black line represents the average risk of failure, with points above the line representing a higher than
average risk of failure, and points below a lower than average risk of failure. To interpret the risk, 2 is a 2 times higher risk of failure than the average site and 0.8 is a 0.8 times lower risk

of failure than the average site. Note the logarithmic scale on the y-axis, to aid interpretation and avoid over plotting.
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5.5 Discussion

High levels of productivity, and recruitment, are needed to maintain adequate population
numbers and for populations to be resilient to environmental change. Here, | show that nesting
habitat influences productivity but not survival, and that climaticvariables such as temperature
and precipitation exert complex effects. | discuss these findings in respect to the effect of climate,

habitatand phenology onblue tit clutch size and risk of nestfailure.

5.5.1 Clutch size

The average clutch size (calculated across all years and sites in this study) isin line with the
national average (9eggs, forboth SD: £ 2.2, £ 2.14, this study and nationally (Robinson, 2018),

respectively)suggestingthe sitesincluded here are representative of sites nationally.

Here, | have shown that clutch size decreases as springtemperaturesincrease(Figure5.2and
Table 5.3), even after controlling for first egg date. This relationship has not previously been
demonstratedinthisspecies, orata large scale. No relationship between temperature and clutch
size has been found previously inthe UK (Shutt, 2017) or Croatia (Dolenec, 2007). Ambient
temperature is likely to exert effects upon the female during egg laying through influencing
resource availability, asinvertebrate prey phenology has been shown to be closely related to
temperature (e.g. Buse and Good, 1996). Temperature could also act as a cue forwhen peak
invertebrate availability may occur, and therefore influence bird breeding parameters to allow
synchrony between nestling demand and resource availability. An example of such alterations
could be to the onset of incubation, eitherthrough laying fewer eggs orcommencingincubation
priorto layingthe final, or penultimate, egg which is most commonin blue tits (Perrins, 1979).
Alterations tothe onset of incubation have been shown to help synchronise nestlingdemand and
food resources (Simmonds etal., 2017). However, temperature within asite did not predict clutch
size (Table 5.3). Thisis likely due to the spatial resolution of the temperature data, and nesting
locations, being too course to accurately predict this relationship. Birds that commenced breeding
laterinthe breedingseason laid fewer eggs (Figure 5.3and Table 5.3), supporting previous
findingsinsinglebrooded species across the UK (Crick etal., 1993). Egg production, and therefore
clutchsize, islikely to be constrained by the female’s ability to gain the required resources (fat,
protein, calcium and water) to successfully produce eggs (Boyce and Perrins, 1987). In Chapter4, |
showed that birds are commencing breeding earlierin warmersprings. Females may be resource
limited earlierinthe year, ifample food is not available and consequently may be unable to
produce larger clutches (Boyce and Perrins, 1987), offering a potential explanation forthe
reductionin clutchsize observed with temperature. Female age has also beenshowntoinfluence

clutchsize, with olderfemales typically laying smaller clutches laterin the breeding season
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(Amininasab etal., 2017). Female age was unable to be included with this dataset and could be
contributing to the negative effect of temperatureon clutch size, and this should be noted when
interpreting these results. However, the negativerelationship between clutch size and
temperature remains even when controlling for first egg date, so this analysis should adequately

account fordifferencesin clutch size due to differencesin breeding phenology due to female age.

Clutchsize varied between both sites and years, even after controlling for temperature (Table
5.4). This again provides support for clutch size being dependent upon resource availability, as
resource availability will likely vary between sites and years. No differences in clutch size with
latitude were observed (Table 5.3). Studies investigating clutch size differences over large
geographical ranges (27 degrees of latitude, as opposed to approximately 4 degreesin this study)
have found a non-linearrelationship of clutch size and increasing latitude (Fargallo, 2004), with
largest clutch sizes predictedinthe central region of the latitudinal gradient. Fargallo (2004)
showed these differences could be explained by habitat, with evergreen habitats coinciding with
lowerlatitudes, forexample. However, when percentage occurrence of individual species at each
site were considered there were no significant effects of any of the tree species on clutch size
(Figure 5.4and Table 5.4). Oak’s median bestlinear unbiased predictor (BLUP) was positive and
was the only speciesthat departed from zero, however the confidenceinterval overlapped zero,
so the effect was non-significant. The inclusion of oak density, without any otherspeciesand not
as a percentage occurrence, did predict clutch size showing a positive relationship between the
twovariables (Table 5.5), providing some support for Fargallo (2004). This suggests that
convertingto percentages decreases the powerto detect relationships. However, as none of the
otherspecies median BLUPs departfrom zero, itis unlikely they would exert an effect on clutch
size, evenifincluded asindividual densities. The effect of oak density is still relatively weak, with
the lower confidence interval approaching zero (Table 5.6). The lack of strong habitat effect may
be due to birds being unable to predict nesting site quality during the initial nesting period (Shutt
et al., 2018).

The implications of reduced clutch sizes with warming spring temperature could be great, given
future climate projections forwarming (IPCC, 2014). However, how this translates into the effect
on population size will depend whether recruitment remains stable (Reed et al., 2001). The
reductionsin clutch size due to temperature, could be buffered slightly by birds nestingin oak
dominated woodland, due toincreased clutch size with increasing oak density. However, the
relationship with temperature is steeper than that of habitat, so habitataloneis unlikelyto be

able to counteract the negative effects of temperature.
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5.5.2 Risk of failure

Climaticfactors decreased the risk of nest failure when each nesting stage, eggand young, were
consideredindependently. Increasing temperature sums decreased the risk of failure during both
eggand youngstage, whereas increasesin precipitation sums only decreased the risk of failure

duringyoungstage (Table 5.7, Table 5.8).

Complete nestfailure, as opposed to brood reduction, has been shownto be linked to the
disappearance of one, orboth, parents due to predation (Santema and Kempenaers, 2018). In the
datasetused here brood reduction could not be deduced, nor were the number of fledglings
recorded, which prevented finer scale analyses of the effects of climate and habitat on
productivity. Therefore, the results presented here mostly relateto the effects on egg and chick
physiological requirements (e.g. thermal requirements for development) and the parents

predationrisk.

Decreased risk of nest failure during egg stage with increasing temperature sums ( Table 5.7)
corroborate experimental results, where blue tit eggs incubated at highertemperature had
increased hatching success (Nord and Nilsson, 2011). Warmertemperatures requirefemales to
expend less energy on thermoregulation, coupled with less energy expenditure required during
foraging (te Marvelde etal., 2011) and incubation, allowing greater energy investmentin egg
productionandincubation. Eggs will also chill less rapidly whilstthe femaleis absent from the
nestat warmertemperatures, decreasing the likelihood of failure. Similarly, during the young
stage decreased energeticdemands are placed upon both adults and nestlings at warmer
temperatures, with lower energy is requirements for thermoregulation, allowing nestlings to
expend more energy on growth (Nord and Nilsson, 2011) and adults less energy on broodingand
more on foraging. Experimentally, there is no evidence of differencesin survival between nests
when nesttemperature was artificially raised (Andreasson et al., 2018), however hatching success
didincrease (Nord and Nilsson, 2011). Increased precipitation decreased the risk of failure during
the youngstage, but had no effectduring egg stage (Table 5.7, Table 5.8). Increased rainfall has
beenshowntoincrease nestling mass (Mainwaring and Hartley, 2016) and therefore assumed
survival, due to heavier mass at fledging being indicative of higher quality chicks (Wilkin et al.,
2006). This isthe opposite to what has beenfoundin closely related great tits, where nestling
mass was reduced with increased rainfall (Kelleri and Van Noordwijk, 1994), showing the complex
effects climaticvariables can exert. These complex effects of climatic variables are highlighted in
this study, where neithertemperature nor precipitation had any detectable effects on the risk of
survival whenrisk was considered overthe entire nesting period (Table 5.9), despite their being

detectable effects when nesting stages were considered independently. The effects of
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precipitation are particularly hard to quantify, as a combination of intensity, duration and vol ume

of rainfall are likely to be important.

Contrary to the potential negativeimplications of warming temperatures on clutch size, the
implications forthe risk of failure are the opposite. With warmerand wettersprings, bluetits
could see a reducedrisk of nest failure, which should translate into more successful nests.
However, the effects of temperature may become detrimental, by increasing energeticdemand

due to heatstress, aftera certain pointand therefore increasethe risk of failure.

Delaysin breeding phenology, either FED or hatching date, resultedinincreased risk of nest
failure, atall nesting stages (Table 5.7, Table 5.8 and Table 5.9). Taking this result, and as clutch
size exhibits aseasonal decline, | have consistently showed that productivity and success
decreasesasthe breeding season progresses, whichis consistent with findingsinanumber of bird
species (Verhulstand Nilsson, 2008). During the egg stage this could be due to poorer quality
femalesonly beingable to allocate enough resources to egg production laterin the breeding
season, reduced resource availability laterin the season, ora combination of both. During the
young stage, increased nest failurefor nestsinitiated later could be indicative of mismatch, due to
nestling demand missing the peakinresource availability. If the peakin resource availability is
missed, nestlings will likely be fed on alternative, potentially sub-optimal, prey items and may be
less able to assimilate the resources needed for growth and survival (Arnold et al., 2010; Pollock

et al., 2017).

Latitudinal effects on the risk of nest failure were complex, with no detectable effect duringthe
eggstage (Table 5.7). There was, however, areductionin the risk of nest failure duringthe young
stage withincreased latitude (Table 5.8). Suggesting northern populations are ata lower risk of
failingthan southern counterparts. Regional population trends have not been explored for blue
tits, however have been documented in otherspecies, such asthe willow warbler ( Phylloscopus
trochilus), suggesting that spatially variabletrends are possibly due to local -scale drivers
(Morrison etal., 2010). The latitudinal differencesinthe risk of blue tit nest failure may be due to
longer photoperiod at higher latitudes during the breeding season, which may allow adultsin the
north tofeedtheirchicks forlongerthantheirsouthern counterparts, therefore redu cing the risk
of nestsfailing. The period of darkness, and therefore period of notfeedingisalsoshorterinthe
north, meaning chicks may not lose as much mass overnightgivingthem anincreased chance of

survival.

Oak density had no detectable effect on the risk of failure during any nesting stage (Table 5.7,
Table 5.8 and Table 5.9), suggesting food availability, due to oak, may not be a limiting factor of

nestsuccess, and that birds may not be reliant upon oak trees to find adequate food. This also
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suggeststhat habitatis notlikelyto be drivingthe observed latitudinal effect. Previously, at higher
latitudes than this study, an effect of habitat on fledging success was detected, with increased
success when more oak was present (Shuttetal., 2018). This may be due to fledging success
being defined differently to this study, and highlights brood reduction, ratherthan all out failure,
may be more commonin habitat that supports sub-optimal preyitems. Despite efforts to
maximise habitat variationin this study, there is notlarge betweensite variationin habitat,
possibly as an artefact of nest box schemes beingestablished to primarily monitor pied
flycatchers (Ficedula hypoleuca), which typically prefer oak-dominated woodlands. The limited
habitatvariation, in addition to the scale (site level) habitat was recorded at, should be noted

wheninterpretingthe results presented here.

Thereislarge variationin the risk of failure across years and sites in all stages of nesting, whether
consideredindividually orasa whole (Figure 5.5, Figure 5.6, Figure 5.7, Figure 5.8, Figure 5.9 and
Figure 5.10). Treswell Wood, asite in the east midland region of the UK (Figure 5.1), forexample
isconsistently the site with the highest risk of failure. However, the site with the lowest risk of
failure differs depending on which nesting stage is considered. Site differences could arise from
variablesthatare unable to be explored usingthese data, such as density dependent effects.
From personal observation, Treswell Woods had a higher density of nest boxes than, forexample,
Warburtons and Wells Wood, which had the lowest risk of failure during egg stage, despite both
sites beingatsimilarlatitude (Figure 5.1). Predation rates have been shown to be density
dependent (Dunn, 1977), so differences in predation rates may explain some of the variationin

failure risk between sites, that | have been unable to accountfor in this study.

5.5.3 Conclusions

In conclusion, the results presented here showthat climate and breeding phenology exert the
strongest effects on blue tit productivity. Both temperature and breeding phenology have
negative effects on clutch size. However, warmertemperatures during egg and young stage lead
to reductionsinthe risk of nestfailure. This may counteract the negative effects of temperature
on clutchsize if fewer nests ultimately fail. In addition, populations at higher latitudes have a
lowerrisk of failure than theirsouthern counterparts. Despiteincreased clutch size at high oak
densities, the risk of failure is uniform across oak densities. This suggests that with warming
springs, blue tits nestingin woodlands with higher densities of oak may have larger clutchsizes,
but failure risk remains constant, so may notlead to increased success. Investigation into the

effects of mismatch and recruitmentare needed to extend thesefindings into population effects.
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Chapter 6: General discussion

6.1 Overview

Since the mid-20™ century atmosphericwarming has been occurring at an unprecedented rate,
and temperatures are predicted to continue warming throughout the 21°t century (IPCC, 2014),
leadingto alterationsin many ecological processes (Parmesan, 2006; Waltheretal., 2002).
Changesin phenology are oftenregarded as an indicator of climate change (Edwards etal., 2004;
Thackeray, 2016; Waltheretal., 2002). Phenological change canimpacttrophicinteractions,
leadingto a cascade of effects through food chains, such trophic mismatch, which canin turn alter
population numbers and ecosystem functioning (Cushing, 1990; Durant et al., 2007). In temperate
woodlands the tri-trophicdeciduous tree-herbivorous caterpillar-insectivorous bird food chain
has been usedto explore the impacts of climate change (Burgess etal., 2018; Charmantieretal.,

2008; Hinksetal., 2015; Nussey etal., 2005; Visseretal., 1998, 2004).

The overarching aim of my thesis was to explore the effects of both climate and habitaton the
phenology and productivity of the deciduous tree-herbivorous caterpillar-insectivorous bird,
woodland system. Throughout | have shown that climate influences the phenology and
productivity of herbivorous caterpillars and blue tits more than the habitat with which they are
residingin. | demonstrated this through analysing frass fall,from underfour common UK
woodland tree species ata single site in north east England, to establish the effect of temperature
and hosttree species onthe phenology and productivity of herbivorous caterpillars. I also aimed
to extendthe tri-trophicfood chainintoa more complex food web, through utilising next-
generation sequencing (NGS). However, due to difficulties extracting DNA suitable for NGS | was
unable to elucidate the trophicinteractions within the time frame of my PhD, and instead offer
methods to overcome the difficulties | encountered. To explore bluetit phenology and
productivity, | combined nest records from the British Trust for Ornithology’s (BTO) Nest Record
Scheme (NRS) with habitat datafor 34 sites across the UK. Thisis the firsttime the effects of
habitat on either phenology or productivity in blue tits have been investigated across such an

extensive spatialand temporal scale.

Under two broad headings (variation in resource availability and resource usage, and predictors of
blue tit phenology and productivity), | will coverthe main findings of each chapterand the
possible widerimplications of these results. Then | will discuss how the utility of datasets
collected by citizen scientists could be extended, before finally suggesting how further questions

raised during thisresearch could be addressed.
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6.2 Variation in resource availability and resource usage

Phenological mismatchis believed to be one of the mostimportant causes, and potential future
cause, of species extinctions due to climate change (Cahill etal., 2013). To understand whether
mismatch between trophiclevels occurs, an understanding of how phenologyvaries across both

space and time, and what drives any variation, is crucial (Thackeray, 2016).

In the oak-caterpillar-bluetit tri-trophic system, caterpillars are the least researched trophiclevel;
studies that have considered caterpillar phenology have usually only doneso at a site level (Both
et al., 2009; Marciniak and Nadolski, 2007; Scholl etal., 2016; Smith etal., 2011; Visseretal.,
2006) or at an even largerspatial scale (Burgessetal., 2018). To date, the phenology of frass
peaks have most commonly been quantified under oak trees (Burgess etal., 2018; Smithet al.,
2011), a mixture of tree species (Glagdalski etal., 2017; Sisask et al., 2010; Wesotowskiand
Rowiniski, 2014) and rarely are multiple host species investigated (exceptsee Veen etal., 2009),
despite Lepidoptera using awide range of deciduous, and coniferous, tree species (Kennedy and
Southwood, 1984). In Chapter2, | addressed this knowledge gap by investigating frass fall under
fourcommon deciduoustree species, in the UK (beech ( Fagus sylvatica), silver birch (Betula
pendula), oak (Quercus robur) and sycamore (Acer pseudoplatanus)), across asingle site in North
East England. This allowed within year variation of frass fall to be explored, but did not have

sufficient powerforbetween yearvariation, due to only three years of sampling.

Lepidopterawere detected, through frass fall, underall four tree species sampled and the timing
and duration of peak frass fall was consistent between species and across the site. However, not
all species produced frass peaks underevery tree sampled, with only oaks producing frass peaks
underalltreessampled, inall three years. Frass peaks were only produced under 35% of beech
trees, 36% of sycamore trees and 54% silverbirch trees, across all three years. These caterpillar
detectionrates, between species, are similar to those from samples obtained through branch
beating, described by Shutt(2017). Surprisingly, frass fall phenology was not predicted by either
host bud-burst phenology ortemperature, either within the site or between years, despiteinter-
annual variationin frass fall phenology being detected. Previously, peak frass fall has been shown
to be negatively correlated with temperature both in the UK and the Netherlands (Smithetal.,
2011; Visseretal., 2006). A negative relationship between frass fall and temperature would have
been expected due to bud-burst, which also exhibits a negative relationship with temperature
(Tanseyetal., 2017), and caterpillars generally remaining synchronous (Both et al., 2009; Burgess
et al., 2018). The duration of frass fall also varied inter-annually, and similarly to peak frass fall
phenology, was not predicted by eitheryearly or within site temperature. Due to caterpillars
developingfasteratwarmertemperatures (Buse etal., 1999; Holliday, 1985) and previous
findings suggest narrower peaks occur at highertemperatures (Visseretal., 2006), my findings
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were notwhat | hypothesised. Although frass fall was detected underall fourtree species, only
oak reliably produced frass peaks and accounted for approximately 70% of the total frass fall
collected. When considering phenology of frass fall, there were no differencesin the timing of
peakfrassfall, or the duration of frass fall, between tree species. This suggests that caterpillar
phenology isrelatively synchronous across asite and between species, so site-level estimates of
frass fall phenology should be representative of a conditions experienced by consumers across a

site.

The disproportionately high frass fall detected under oak reinforces the importance of oak trees
as a host for Lepidopteran species (Kennedy and Southwood, 1984; Southwood et al., 2005). Due
to the greateroccurrence of Lepidopteran frassfall under oak, in comparisonto othertree
species, any management strategies that may disadvantage oak within UK woodlands could
impact many insectivorous woodland birds. If Lepidoptera numbers were affected, not only tits
(e.g. blue, greatand coal tits (Periparus ater)), but also flycatchers (pied and spotted flycatchers
(Ficedula hypoleuca and Muscicapa striata, respectively) and warblers (willow warbler and
chiffchaff (Phylloscopus trochilus and Phylloscopus collybita, respectively) would be
disadvantaged. The implications of the lack of variationin frass fall phenologybetween tree
species would also mean thatinsectivorous passerine birds could not exploit caterpillars on
different hosttree species if they mistimed reproduction with Lepidoptera peaks on oak, and
would heighten any subsequent effects on productivity of phenological mismatch. The lack of
variationin frass fall phenology may have implications for insectivorous birds’ productivity, and
drive selection towards breeding phenology thatis highly synchronous with oak, leadingtoa
habitat specialisation. If numerous species of insectivorous woodland birds, such tits, flycatchers
and warblers, were negatively affected by reduced food availability, there could also be a
devastating effect on bioticinteractions within woodland ecosystems, which are required to keep

the ecosystem functioning.

Despite Chapter2increasing ourunderstanding of Lepidopteran phenological variation, in both
space and time, the diets of many insectivorous woodland birds, including b lue tits, during the
breeding season remains relatively unknown. Nestling diet has been shown to affect nestling
qualityingreattits (Wilkin etal., 2009) and blue tits (Pollock etal., 2017), with Lepidoptera, when
available, making up a large proportion of nestling blue tit diets (Betts, 1955; Garcia-Navas etal.,
2013; Garcia-Navas and Sanz, 2011; Gibb and Betts, 1963; Grzedzicka, 2018). To be able to
elucidate the full impacts of climate change on blue tit productivity, and explorethe full
implications of potential phenological mismatch, there isaneedto move from a simple food chain
to a more realisticfood web and to understand the phenology of multipleresources (Thackeray,

2016). In Chapter 3, | make progress towards addressing this shortfall by developing techniques to
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permitthe application of next generation sequencingto blue tit nestling faecal sacs to more fully
understand diet. Next generation sequencing, or metabarcoding, provides anew opportunity to
define dietinanon-invasive way and at a higher resolution than more traditional methods
(Pompanonetal., 2012). The latterincludes the use of ligatures (Grzedzicka, 2018; Johnsonetal.,
1980), gizzard analysis (Bourgault et al., 2006), identification of prey from video footage (Garcia-
Navas and Sanz, 2011) or field observations (Betts, 1955; Gibb and Betts, 1963) and microscopic
analysis of indigestible prey items. All of these techniques have biases and limitations, some of
which are overcome by metabarcoding. An essential prerequisite of metabarcodingisthe
provision of high quality DNA, which has been successfully amplified through polymerase chain
reaction (PCR) (Kingetal., 2008). The extraction of high quality DNA from faecal samples has
sometimes proven problematic (Mclnnes etal., 2017; Oehmetal., 2011; Schraderetal., 2012). In
Chapter3, | showedthe issuesthat were faced whilst trying to extractand amplify DNA from
faecal sacs of nestling blue tits. Itislikely these issues arose from a combination of PCRinhibitors,
which are commoninfaecal samples (Monteiroetal., 1997; Schraderetal., 2012), and low DNA
concentration. DNA was successfully extracted using a modified version of an off-the-shelf DNA
extraction kit (MO-BIO PowerSoil) followed by a secondary extraction using solid-phasereversible

immobilization, with carboxylated paramagneticbeads.

In addition to problems with extractions, satisfactory DNA amplification success for sequencing
could not be obtained with the universal invertebrate PCR primers tested. Unfortunately, due to
these issues, sequencing was unable to be undertaken during the timeframe of my PhD, which
means | was unable to provide amore complex food web and discuss the ecological implications
of this. Once nestling diet has been able to be elucidated to a higherresolution, the next steps will
be to relate diet composition to habitat and nestling success. It could also inform the exploration
of otherresources phenology in more detail, to understand how climate change may disruptor
impactthe strength of currenttrophicinteractionsinthe future. Information about resource
usage within woodland systems could be used to inform management strategies to ensure that

key resourcesforinsectivorous birds are maximised.

6.3 Predictors of blue tit phenology and breeding success

To ensure ecological networks are resilient to climate change, adetailed understanding of
responsesto previous changes, and the drivers of any change, need to be fully understood.
Typically, phenological studies are limited to singlesites, only addressing responses to, and drivers
of change, in specificgeographiclocations (Thackeray, 2016). In the case of the deciduous tree-
herbivorous caterpillar-blue tit food chain, the majority of studies to date are limited to single
sitesand typically in oak dominated woodlands (Both et al., 2009; Hinks etal., 2015; Visserand
Holleman, 2001; Wilkin etal., 2009). Studies have extended to multiplesites, eitherata national
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level (Burgess etal., 2018; Phillimore etal., 2016) or across Europe (Samploniusetal., 2018; Sanz,
2002) butthe focus on oak dominated woodlands remains, despite blue tits being habitat
generalists (Perrins, 1979; Robinson, 2018; Stenning, 2018). Rarely have differencesin breeding
phenology, and productivity, been investigated with habitat, other than broad comparisons
betweentwo habitattypes (Atiénzaretal., 2010; Blondel et al., 1993; Gladalskietal., 2017;
Pollocketal., 2017).

Chapters4and 5 used a subset of the BTO NRS’ blue tit nesting records, in combination with
information on tree composition, across a UK-wide network of 34 sites, to understand the
relationships between blue tit phenology, productivity, climate and habitat. In Chapter4, |
showed breeding phenology, both first egg and hatching date, has advanced since 1979, and the
advancementis explained by increasing spring temperatures. These finding corroborate findings
in both small scale studies across Europe (Dolenec, 2007; Marrot etal., 2018; Potti, 2009) and
nationwide UK studies (Burgess etal., 2018; Phillimore et al., 2016). Site level tree composition
did not predict nesting phenology, contrary to expectations. Previous research has shown
correlations between bud burst of oak and nesting phenology in blue tits and great tits, (Bourgault
et al., 2010; Burgessetal., 2018; Hinkset al., 2015; Wilkin etal., 2007), and higherlevels of
synchronisation with local phenology when trees primarily used for foraging were at higher
densities (Coleetal., 2015). The lack of relationship between habitatand blue tit breeding
phenology may be due to the scale at which habitat was measured and that tree density, as
opposed toa measure of tree phenology, was used as the habitat variable. Due to the spatial and
temporal scale of this study, nestsite specifictree phenology was not available. Instead the
proportion, ordensity, of tree species at a site were used. The lack of relationship between
habitatand blue tit phenology could also indicate that previous findings of correlation between
tree phenology and nesting phenology do notimply direct causation, and occurs as a result of
both phenological measures being temperature driven. Birds may not be using tree phenology as
acue, and therefore, once temperature is also considered, tree phenology does not predict blue
tit breeding phenology (Shutt, 2017). Experimental work supports the theory that tree phenology
and bird breeding phenology are correlated ratherthan one cueingthe other, as a result of both
beingtemperature driven, as the presentation of early leafing branches did not advance breeding
ingreat tits (Schaperetal., 2011). The apparentlack of association between local habitatand
nesting phenology, shownin Chapter4, suggests that concerns about mismatch with continued
warming (Burgess etal., 2018) are substantiated, as blue tits do notappearto use local habitat as

acue to time theirbreeding.

In Chapter5, | explored the effects of climate and habitat on productivity, measured through

clutchsize and the risk of nest failure. Understanding demography is vital when considering the
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effects of potential stressors, such as climate change, on species, butis often aneglected area of
research (Selwood etal., 2015). | found that clutch size decreases as springtemperature
increases, which tothe best of my knowledgeis the first time this has been demonstrated in this
species. Previously, correlates of temperature, such as elevation, or North Atlantic Oscillation
index have shown no correlation with clutch size (Sanz, 2002; Shuttetal., 2018). Oak density and
clutch size demonstrated a positive relationship, with increased oak density predictingincreased
clutchsize, butonly significantly when considered as density as opposed to proportion of oak
trees presentata site. The positive relationship between oak density and clutch size strengthens
the importance of oak in woodlands, and also suggests that oaks do provide increased resources
for nestingbirds, suggestedin Chapter 2due to increased frass fall under oaks. Previously,
increased oak availability has notled toincreasesin clutch sizes, with only increased willow
availability predictinganincrease in clutch size in blue tits (Shutt et al., 2018). However, in
sympatricgreattits increased oak density has been showntoleadtoincreased clutch sizes (Sanz
et al., 2010). These contrasting results between sympatricspecies and geographiclocations
suggest the effects of habitat may be complex and differ geographically and between bird species.
This highlights that care should be taken when extrapolating results from single geographic
locations and/or single species to wider population effects, as they may not be representative.
How an increase in clutch size, with increased oak density, translates into population effects, such
as abundance, will depend whether the increasesin productivity continueinto survivaland

recruitment (MclLean etal., 2016).

In Chapter5, | showed that despite the positive relationship between oak density and clutch size,
the positive association with oak did not continue into reducing the risk of nest failure. Oak
density had no effect onthe risk of nestfailure, ateithereggoryoungstage, nor whenthe two
stages were combined. This suggests that food availability may not be limiting overall nest
success, i.e.complete brood failure. However, birds nesting in sub-optimal habitats, defined by
reduced food availability, may experience brood reduction (Slagsvold, 1985) as opposed to
complete failure. With climate change both optimal (oak dominated) and sub-optimal (non-oak
dominated) habitats may pose an equal risk of nest failure. This may be due to sub-optimal prey
resourcesin non-oak dominated woodlands and mismatch between nestlingdemand and
invertebrate availability in highly homogenous oak woodlands (Burgess etal., 2018). Therefore,
counteractingany beneficial or detrimental effects each respective habitat may have historically
provide. Despite oak woodlands being traditionally optimal habitat, recent phenological mismatch
could be making these habitats sub-optimal and could offer an explanation as to why habitat did

not modulate the risk of nest failure.
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Climaticfactors, however, decreased the risk of nest failure at both egg (FED until hatching) and
young stages (hatching until fledging), shown in Chapter 5. Increased temperature sums during
each respectivestage decreased the risk of failure, suggesting with continued spring warming nest
failure may decrease. During the egg stage of nesting, this reduced risk of failure may be due to
femalesbeingin better condition during periods of warmerweather, asinvertebrates are typically
more active (Abrametal., 2017) and birds can forage more efficiently (Avery and Krebs, 2008).
Under experimental conditions, artificially heating nests did not affect survival (Andreasson etal.,
2018). However, this may be due to the effects of temperature not acting directly upon the
nestlings butuponthe resources which they are reliant on, which were not manipulatedin
Andreasson et al. (2018). Precipitation reduced the risk of nest failure during the young stage,
which may be related toincreased nestling mass during periods of rainfall (Mainwaring and
Hartley, 2016) and heavier nestlings typically being indicative of high quality chicks (Wilkin et al.,
2006). The opposite effects have beenfound in great tits, with reduced nestling mass with
increased precipitation (Kelleri and Van Noordwijk, 1994). Future climate projections for northern
temperate regions are forincreased mean precipitation and likelihood of extreme precipitation
(IPCC, 2014), which giventhe results presented here could lead to increased productivity in blue
tits. The effects of precipitation are hard to quantify, asitis likely that the inte nsity and duration
of rainfallis likely to be more important than total rainfall. However, rainfall duration and
intensity is harderto quantify ona macro-scale, andis even difficult at a micro-scale, and as such

could not be investigated here.

Overall, | have demonstrated that climaticfactors are more important than habitat forblue tit
phenology and productivity. However, the effects of climate are likely to be complex in terms of
whetherthey are beneficial ordetrimental in light of predicted future climate change. Increased
temperatures will likely further advance breeding phenology, increasing the chance of mismatch,
with both higherand lowertrophiclevels, which could lead to alterationsin trophicinteractions.
Alterations to trophicinteractions may impact population sizes of both resources and consumers,
and inturn could alter ecosystem functioning. Decreased clutch sizes but reduced risk of nest
failure, were demonstrated with increased temperature, which may lead to an increased number
of nests producing fledglings. Increased bluetit productivity will have implications for woodland
trophiccascades. For example, by providingincreased food resources, in terms of increased
fledgling prey, for highertrophiclevels such as sparrowhawks (Accipiter nisus), whilst concurrently
reducing herbivorous caterpillar populations. A reduction in herbivorous caterpillarnumbers
could possibly even lead to woodlands acting asincreased carbon sinks, due to reducing herbivory
damage of youngleaves. Underincreased atmospheric CO, levels, itis predicted that herbivory

damage from caterpillars will increase (Couture etal., 2015), therefore insectivorous birds, such
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as blue tits, could be used as a form of biological control, to control herbivorousinsect

populations, allowing more carbon to be fixed by woodland ecosystems.

6.4 Improving the utility of citizen science datasets and considerations when designing
ecological studies

Citizen science, where volunteers collectand sometimes also analyse or process data, has
revolutionised scientificdata collection, and allowed datato be collected at geographical scales
not previously possible by individualresearch teams (Bonney et al., 2014; Silvertown, 2009).
Citizen science has contributed to the investigation of many of the recent big ecological questions,
such as the effects of climate change, tracking of invasive species, and the effectiveness of
ecological restoration, to name buta few (Silvertown, 2009). The BTO NRS was startedin 1939,
the oldest bird nest monitoring schemeglobally, and data collected through the scheme has
contributed to numerous scientific papers since its conception (Crick etal., 2003). NRS data has
contributed to advancementsin knowledge of basicbreeding biology (e.g. Crick etal., 1993),
population dynamics (e.g. Morrison et al., 2014; Siriwardenaetal., 2000), highlighted species at
risk due to poor breeding performance and the drivers of these trends and phenological changes

(e.g.Cricketal., 1997; Crick and Sparks, 1999).

In both Chapters4 and 5 | used citizen science datafromthe BTO NRSto explore the effect of
climate and habitat upon blue tit phenology and productivity. Without the dedication of the
numerous volunteers who collected these datal would not have been able to begintoanswer
these questions. However, there are anumber of limitations and biases associated with the

datasetthat could be addressed to extend the applications of these datasets.

Despite efforts to maximise habitat variation a prioriduring site selection, habitat variation was
limited between sites, which may have hindered my ability to detect the effects of specifictree
species. Comparing the habitat variation between sitesin Chapters4and 5 with a study where
sitesspanneda 220 kmtransectin Scotland (Shuttetal., 2018) showed the habitat variation
between my 34 sites was less pronounced, and woodlands dominated by willow and alderwere
lacking. The lack of variationis likely to be as a result of the majority of long-running nest box
schemes beinginitiated to monitor other cavity nesting species, such as pied flycatchers or
redstarts (Phoenicurus phoenicurus). Pied flycatchers, and redstarts, are often deemed more
interesting to monitor by nestrecorders due to theirrecentdeclines and red and amber
conservation status, respectively, within the UK (Eaton et al., 2015). Both pied flycatchers and
redstarts are cavity nesters, like the bluetit, and preferentially nestin mature deciduous
woodland (Buxton, 1950; Lundbergand Alatalo, 2010), with redstarts preferring slightly more
openwoodlandthan pied flycatchers (Droz et al., 2015). Due to pied flycatchers and redstarts
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being more habitat specialists than blue tits, and pied flycatchers optimal habitat being
considered as mature oak woodlands (Lundbergand Alatalo, 2010), this will likely have influenced
nestrecorders decisions about nest box placement, and woodlands to monitor, when settingup
theirstudies. Withinthe 34sitesincludedinthis study, only afew nestbox schemeswere
established solely with the intention of monitoring eitherbluetits orgreat tits. These inherent,
potentially unintentional, biases make it difficult to address questions relating to habitat with
these datasets. These biases could be addressed inanumber of ways, whilst stillensuring that
the guidelines are not too prescriptive on what can and cannot be included to ensure
participation levels remain high (Tweddle etal., 2012). One approach could be to further highlight
the importance of common species, as well as rare and declining species, ascommon species are
responsible formany ecosystem services, and the common status, isin fact relativelyrare
(Gaston, 2010). In addition to highlighting what can be deduced from common species, placing
emphasis upon sampling all habitats where species may occur, eventhoughit may not be their
optimal habitat, would extend the questions which these datasets could address and increase

theirutility when considering how to mitigate anthropogenic effects.

The spatial scale at which variables are collected at should also be considered when designing
ecological studies. In Chapter2all variables were collected at a scale that was likely comparable
to the scale at which the organism experienced it. However, when conducting macro-scale
studies, such as Chapters 4 and 5, itis often not possible to obtain data spanning both the spatial
and temporal extentrequired ata micro-scale. This can oftenlead toa need to decrease the
resolution toanswerlarge scale questions to depicttrends ata lowerresolution (Blackburn and
Gaston, 2002). Thisleadsto questions about the validity of results, due to different scales often
elucidating differentresults, and difficulty in selecting the right scale and the right results
(Blackburn and Gaston, 2002). Previous research has shown scale isimportant when considering
blue titphenology (Hinks etal., 2015; Wilkin etal., 2007), and often the best correlatesare at a
fine scale (25-75 m) (Wilkin et al., 2007). However, previous work has been limited to singlesite
studies, where data were availableat fine resolution, whichis notusually the case with citizen
science or macro-ecological datasets. This does not mean the patterns or processes deduced ata
largerscale are not informative or should be disregarded due to the scale variables were collected
at (Blackburn and Gaston, 2002), instead this should be borne in mind when interpreting the

resultsandinvestigatedinfurtherstudies.

6.5 Further questions and future work

I have highlighted that despite blue tits beingcommon and a well-studied species, there are still

considerable knowledge gaps. Due to theirabundance, and resilience to monitoring, bluetits
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offer many opportunities to answer ecological questions and expand research questionsto a

widerscale.

Chapter2 provided additional information on the most understudied trophiclevel of the tri-
trophicsystem, herbivorous caterpillars. However, it was still at a single site scale, only utilising
one sampling method, forasingle invertebrate order. Further work could be carried out with
concurrentsampling formany invertebrate species, through methods such as branch beating,
frass samplingand sticky traps, for example, on multiple host tree species, at multiple sites. This
would give amore complete picture of the phenology and resource availability for blue tits during
the breeding season, across different habitats. Invertebrate sampling could be extended into the
recruitment period as well, to understand the resources that recently fledged nestlings may have

access to, which may differ from whatis available during the nestling period.

For invertebrate sampling to be targeted most efficiently, an obvious area of future work would
be to continue the work presented in Chapter 3 by sequencing the DNA extracted from nestling
faecal sacs. This approach could then be extended outto a multi-sitescale, possibly through using
the network of 34 sites, which was used in Chapters 4 and 5, or through appealing to BTO nest
recorders and bird ringers to collect samples during routine nest monitoring and ringing activities.
This would have the benefit of sampling from awide variety of habitats, geographical locations
and if samples were collected over multiple years, could allow both spatial and temporal variation
in prey choices and breeding successto be explored. The addition of fae cal samples from other
sympatricwoodland species could alsoinform us about niche differentiation, or overlap, that may
be occurring, which could be influencing phenology or productivity through density or

competitive effects notimmediately apparent.

In additionto elucidating diet, DNA from nestling faecal sacs could be tested for the presence of
parasiticinfection, such as Coccidianinfection, as parasiticload has been shown to negatively
affect breeding success (Gustafsson etal., 1994; Marzal etal., 2005) and survival (Lachishetal.,
2011; Sol et al., 2003). Although, a positive association between breeding success and malarial
infectionin blue tits has been reported, in experimentally manipulated broods, in asingle Swedish
population (Podmoktaetal., 2014). In addition, starling (Sturnus vulgaris) nestlings heavily
infected with Coccidian parasites have been reported to be, on average, heavierthanless infected
counterparts (Mazgajski and Kedra, 1998). This suggests thatinfection maylead toincreased
appetite, which may affect reproductive success if parental feeding effort cannot match nestling
demand (Mazgajski and Kedra, 1998). The prevalence of parasiticinfection may also be linked to
climatic, or habitat, characteristics and with future climate change parasiticinfections are
predicted to become more prevalent (Garamszegi, 2011), which makes understanding the effects

of parasites on productivity and trophicinteractions important.
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In Chapter4 and 5 | showed that climate, but not habitat, wasimportantininfluencing blue tit
phenology and productivity. However, how these changes translate into influencing population
processesand numbersis still unknown, which makes assessing the impact of climate change
particularly difficult. Amajorgap in our understandingis how climate and habitat affects
recruitmentsuccess, as recruitment will definewhetherchangesin phenologyand nesting
productivity are detrimental or not (McLean et al., 2016), and whether populations are likely to be
resilientto climate change. This could be achieved by systematic monitoring post fledging,
through mark-recapture/re-sighting techniques that do notinfluence success. These additional
data could then be combined with NRS and other census data held by the BTO (such as ringing
recoveries), to undertake further analyses toinvestigate population trends and demographicrates
through Integral Projection Models (Metcalfetal., 2013), for example, which would allow the
effects of continuous demographicvariables e.g. first egg date, and any changesin these, tobe

exploredinrelationtotheireffects on population dynamics.

Although Chapter4 and 5 used a multi-siteapproach, the network of 34 sitesincluded in this
thesis could also be expanded. Sites which do not submit nesting records to the BTO NRS scheme
could be targeted, and may increase habitat diversity between sites. Increasingthe number of
sites, and therefore samplesize, would increase the powerto detect relationships between
breeding parameters and habitat, which appearto be relatively weak. Information about optimal
habitats, for blue tits, could be used to inform future woodland managements and identify areas
that could benefitfrom nest box provisioning, forexample. Optimal habitat for blue tits may not
be optimal habitat for all woodland bird species. Howeveranumber of otherinsectivorous
woodland bird species, where the dataare not available toinvestigate such habitat effects, may

also benefit.

Finally, ensuring effective science communication occurs between scientists using citizen science
data and the citizen scientists collecting the datais crucial to i) maintain high levels of
participation, due to tangible results being presented from theirdataandii) ensure that the
importance of monitoring common species, across all of their possible range, is re -iterated to

maximise the potential uses of these datasets.

6.6 Conclusion

Throughout this thesis | have demonstrated that climate is more important than habitatin
influencing phenology and productivity of herbivorous caterpillars and blue tits. Ata single site
scale, | have provided important results on how Lepidopteran resource availability varies
throughoutthe breeding season and across four common tree speciesin UK deciduous woodland.

These results highlightthe importance of oak as a host for Lepidopteran larvae, and could be used
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to informwoodland management to ensure that oakis not disadvantaged the future. If oak were
to be disadvantaged, this could impact upon numerous species of insectivorous woodland birds
and lead to alterationsin woodland food web dynamics. Despite being unableto sequence DNA
from nestling blue titfaecal sacs, to elucidate nestlings’ diet within this thesis, the information
gained on effective DNA extraction and amplification methods is useful ininforming future
studies. Expanding to a nationwide, 34site scale, | showed that climate influenced bluetit
phenology and productivity more than habitat, with increased springtemperatures leading to
earlierbreeding phenology, but mixed effects on productivity. These findings, combined, can be
used to inform future predictions of how the deciduous tree-herbivorous caterpillar-insectivorous
bird, tri-trophicfood chain, and woodland ecosystems more generally, are likelyto fare with
continued climate change. This thesis, therefore, provides important novel insights into the effect

of climate change on one of the most common bird speciesinthe UK.
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