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Abstract
1. Home ranging is a near-ubiquitous phenomenon in the animal kingdom. 

Understanding the behavioural mechanisms that give rise to observed home 

range patterns is thus an important generaѴ questionķ and mechanistic home range 
anaѴysis ŐMHRAő provides the tooѴs to address itĺ Howeverķ such anaѴysis has hith-

erto been principaѴѴy restricted to scentŊmarking territoriaѴ animaѴsķ so its potentiaѴ 
breadth of application has not been tested.

Ƒĺ Hereķ we appѴy MHRA to a popuѴation of ѴongŊtaiѴed tits Aegithalos caudatusķ a 
nonŊterritoriaѴ passerineķ in the nonŊbreeding season where there is no cѴear ļcen-

tral place’ near which birds need to remain. The aim is to uncover the principal 

movement mechanisms underlying observed home range formation.

3. Our foundational models consist of memory-mediated conspecific avoidance be-

tween fѴocksķ combined with attraction to woodѴandĺ These are then modified to 
incorporate the effects of fѴock size and reѴatedness Őiĺeĺ kinshipőķ to uncover the 
effect of these on the mechanisms of home range formation.

Ɠĺ We found that a simpѴe modeѴ of spatiaѴ avoidanceķ together with attraction to the 
centraѴ parts of woodѴand areasķ accurateѴy captures ѴongŊtaiѴed tit home range 
patternsĺ Refining these modeѴs furtherķ we show that the magnitude of spatiaѴ 
avoidance by a flock is negatively correlated to both the relative size of the flock 

Őcompared to its neighbourő and the reѴatedness of the fѴock with its neighbourĺ
Ɣĺ Our study appѴies MHRA beyond the confines of scentŊmarkingķ territoriaѴ ani-

maѴsķ so paves the way for much broader taxonomic appѴicationĺ These couѴd 
potentially help uncover general properties underlying the emergence of animal 

space use patternsĺ This is aѴso the first study to appѴy MHRA to questions of re-

Ѵatedness and fѴock sizeķ thus broadening the potentiaѴ possibѴe appѴications of this 
suite of analytic techniques.
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ƐՊ |ՊINTRODUC TION

Understanding the spatial distributions of animals is a core concern 

for ecoѴogicaѴ researchķ being at the interface of popuѴation dy-

namicsķ behaviouraѴ ecoѴogy and conservation concerns ŐFrankѴin ş 
MiѴѴerķ ƑƏƐƏőĺ Howeverķ whiѴe emergent patterns of space use may be 
observed broadѴy across time and spaceķ they are uѴtimateѴy caused 
by movement decisions of individuaѴ animaѴs ŐNathan et aѴĺķ ƑƏƏѶőĺ 
These movements can affect the structure of entire ecosystems by 

aѴtering popuѴations ŐMoraѴes et aѴĺķ ƑƏƐƏőķ infѴuencing environments 
ŐRiotteŊLambert ş MatthiopouѴosķ ƑƏƐƖő and modifying popuѴation 
dynamics such as predatorŋprey ŐLewis ş Murrayķ ƐƖƖƒő and com-

petitive ŐPotts ş Petrovskiiķ ƑƏƐƕő interactionsĺ
Home range formation provides a particuѴar exampѴe of ani-

maѴ space use that is prevaѴent across a wide range of taxa ŐBक़rgerķ 
DaѴzieѴķ ş FryxeѴѴķ ƑƏƏѶĸ Jetzķ Carboneķ FuѴfordķ ş Brownķ ƑƏƏƓőĺ It 
occurs whenever animals restrict their movement to an area of the 

landscape far smaller than they could cover given their locomotive 

capabiѴities ŐBurtķ ƐƖƓƒőĺ Many reasons have been put forward for 
the formation of home rangesķ incѴuding optimizing foraging benefits 
ŐMitcheѴѴ ş PoweѴѴķ ƑƏƐƑĸ Moorter et aѴĺķ ƑƏƏƖőķ avoiding costѴy con-

fѴicts with conspecifics Őiĺeĺ territoriaѴityķ Jetz et aѴĺķ ƑƏƏƓĸ Moorcroft 
ş Lewisķ ƑƏƏѵő or avoiding predators ŐBastiѴѴeŊRousseau et aѴĺķ ƑƏƐƔĸ 
CoѴeman ş HiѴѴķ ƑƏƐƓőĺ This has Ѵed to the hypothesis that there may 
be general mechanisms underlying home range formation that oper-

ate across many species ŐBक़rger et aѴĺķ ƑƏƏѶőķ aѴthough the mecha-

nisms involved have proved rather elusive.

Indeedķ many home range modeѴs do not seek to understand 
the movement mechanisms Őaĺkĺaĺ processeső behind home range 
formationķ but simpѴy aim to describe the space use distribution 
corresponding to a home range Őaĺkĺaĺ patternsőĺ These incѴude the 
Minimum Convex PoѴygon ŐHarris et aѴĺķ ƐƖƖƏĸ Mohrķ ƐƖƓƕőķ which 
describes the extent of the home rangeķ and kerneѴ density estima-

tors ŐWortonķ ƐƖѶƖő and their extensions Őeĺgĺ FѴeming et aѴĺķ ƑƏƐƔőķ 
which estimate the utilization distribution of an animal or group. 

Such descriptiveķ statisticaѴ modeѴs of the home range are sufficient 
for understanding various ecoѴogicaѴ questionsĺ For exampѴeķ sta-

tisticaѴ methods have been used to ascertain the extent to which 
animaѴs use different habitat types ŐMokrossķ Pottsķ Ruttķ ş Stoufferķ 
ƑƏƐѶőķ the reѴatedness of neighbouring groups ŐGompperķ GittѴemanķ 
ş Wayneķ ƐƖƖѶĸ McѴoughѴinķ Fergusonķ ş Messierķ ƑƏƏƏő and hier-
archies of size and sociaѴ dominance ŐHक़jesjक़ķ ØkѴandķ Sundstrक़mķ 
Petterssonķ ş Johnssonķ ƑƏƏƕĸ Woodward et aѴĺķ ƑƏƏƔőĺ

Howeverķ there are many behaviouraѴ questions which cannot be 
easiѴy answered by traditionaѴķ statisticaѴ estimators of home rangeĺ 
PrincipaѴѴyķ those which seek to unveiѴ the movement and interaction 
processes that give rise to home range pattern formation require a 

mechanistic modeѴѴing approachĺ In such an approachķ the proxi-
mate behaviouraѴ decisions of an animaѴ Őiĺeĺ processeső are modeѴѴed 
expѴicitѴy and the home range Őiĺeĺ patternő arises as an emergent 
property of this model. This mechanistic modelling approach has 

enabѴed researchers to understand various ecoѴogicaѴ phenomenaķ 
such as the processes underlying the emergence of prey corridors 

between predator home ranges ŐHameѴin ş Lewisķ ƑƏƐƏĸ Lewis ş 
Murrayķ ƐƖƖƒőķ the effect of disease spread on movement decisions 
ŐPottsķ Harrisķ ş GiuggioѴiķ ƑƏƐƒőķ coyote Canis latrans territory rear-

rangement foѴѴowing the death of an aѴpha maѴe ŐMoorcroftķ Lewisķ ş 
Crabtreeķ ƑƏƏѵőķ and fission processes in meerkat Suricata suricatta 

territories ŐBatemanķ Lewisķ GaѴѴķ Manserķ ş CѴuttonŊBrockķ ƑƏƐƔőĺ AѴѴ 
of these exampѴes make use of expѴicitķ mathematicaѴ Ѵinks between 
movement and interaction mechanisms and the emergent home 

range patternsķ to make important bioѴogicaѴ inferencesĺ
Despite the insights gained from mechanistic home range anal-

ysis ŐMHRAő in the context of partiaѴ differentiaѴ equations ŐPDEsőķ 
these anaѴytic techniques have hitherto been used aѴmost excѴu-

siveѴy on scentŊmarking animaѴs Őbut see Pottsķ Mokrossķ ş Lewisķ 
ƑƏƐƓőķ with the exception of the earѴiest and simpѴest modeѴsķ 
where home ranging arose purely from an attraction to a central 

pѴace ŐHoѴgateķ ƐƖƕƐőĺ Howeverķ many animaѴs advertise their ter-
ritory through cues other than scentķ such as dominance dispѴaysķ 
vocaѴizations and fighting ŐcoѴѴectiveѴy known as ļrituaѴized aggres-

sionĽőĺ Furthermoreķ not aѴѴ animaѴs have a cѴear ļcentraѴ pointĽ Ősuch 
as a den or nest siteő which pins their home range in a particuѴar 
pѴaceĺ The modeѴ of Potts and Lewis ŐƑƏƐѵő was designed to extend 
MHRA for use with such animaѴs in the context of PDEsĺ WhiѴe home 
range formation with neither a central place nor scent-mark avoid-

ance had previously been modelled using simulations of individu-

aѴŊbased modeѴs ŐMoorter et aѴĺķ ƑƏƏƖĸ RiotteŊLambertķ Benhamouķ 
ş ChamaiѴѴ࣐ŊJammesķ ƑƏƐƔĸ Siniff ş Jessenķ ƐƖѵƖőķ the extension 
to the PDE framework offered by Potts and Lewis ŐƑƏƐѵő enabѴed 
rigorous mathematical analysis of the conditions under which home 

ranges can formĺ Thereķ the authors showed mathematicaѴѴy that 
home ranges can form purely from a mechanism of ritualized ag-

gressionķ coupѴed with memory of those aggression eventsĺ
In this studyķ we advance the appѴicabiѴity of PDEŊbased MHRA 

further stiѴѴķ by showing that MHRA can be used in situations where 
there is no expѴicit territoriaѴ behaviourķ and aѴso no ļcentraѴ pointĽ 
around which animals localize their movement. This is the case for 

our study speciesķ the ѴongŊtaiѴed tit Aegithalos caudatusķ outside 
the breeding seasonĺ At these times of yearķ they Ѵive in fѴocksķ 
each of which has a distinct home range that only overlaps slightly 

with those of neighbouring fѴocks ŐGastonķ ƐƖƕƒĸ HatchweѴѴķ ƑƏƐѵĸ 
HatchweѴѴķ Andersonķ Rossķ FowѴieķ ş BѴackweѴѴķ ƑƏƏƐőĺ They do not 
maintain a fixed roosting siteķ so have no cѴear ѴocaѴization centreķ 
and have rarely been observed to engage in territorial interactions 

ŐNapperķ Sharpķ McGowanķ Simeoniķ ş HatchweѴѴķ ƑƏƐƒőĺ
NonetheѴessķ it may be that ѴongŊtaiѴed tits avoid areas where 

they have seen neighbouring flocks foraging. This could be to avoid 

social interaction with other flocks or to strengthen relationships 

within fѴocksĺ We hypothesize that this behaviour acts as a proxy 
for territoriaѴityķ causing distinct home ranges to form without re-

quiring directѴy observabѴeķ aggressiveķ territoriaѴ behaviourĺ To test 
this hypothesisķ we formuѴate a mechanistic modeѴķ incorporating 
such non-aggressive avoidance mechanisms and observe whether 

this can expѴain the various home range patterns observed in a ѴongŊ
tailed tit population across a number of seasons.
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Since there is a clear and well-documented effect of habitat type 

on the space use of ѴongŊtaiѴed titsķ arising from the structure and 
composition of woodѴand ŐGastonķ ƐƖƕƒőķ we aѴso incorporate into 
our study a set of models that are each linked to a distinct hypothesis 

on the effect of woodѴand on bird movementĺ WoodѴand structure 
is very compѴex in our study systemķ incorporating dozens of genera 
of trees and shrubs of varying sizesķ so we use a simpѴified approach 
by viewing woodland as a binary variable: either present or absent. 

Then our hypotheses all relate to how flocks move with respect to 

the presence or absence of treesĺ We use the resuѴting modeѴ to 
show that the home range patterns of long-tailed tits can be pre-

dominantѴy expѴained by a combination of conspecific avoidance and 
attraction towards woodland areas.

From this starting pointķ we extend our modeѴ to test various hy-

potheses about more subtѴe drivers of home range patternsĺ Firstķ 
we examine how the reѴative size of a fѴock Őiĺeĺ number of individ-

uaѴső affects the extent to which it avoids neighbouring fѴocksĺ We 
hypothesize that smaller flocks will tend to have a stronger avoid-

ance mechanism than larger flocks because if there is competition 

over space useķ smaѴѴer fѴocks are ѴikeѴy to be Ѵess competitive than 
Ѵarge fѴocks and so are predicted to avoid potentiaѴ confѴict ŐAdams ş 
PѴowesķ ƑƏƐƖĸ DybѴeķ HousѴayķ Manserķ ş CѴuttonŊBrockķ ƑƏƐƖĸ Portķ 
KappeѴerķ ş Johnstoneķ ƑƏƐƐőĺ Secondķ given that there is an appar-
ent correѴation between spatiaѴ proximity and reѴatedness ŐNapper 
ş HatchweѴѴķ ƑƏƐѵőķ we hypothesize that the reѴatedness of neigh-

bouring flocks will be inversely related to the strength of avoidance 

mechanismĺ We show that these subtѴe effects of fѴock size and reѴat-
edness cannot be observed using kerneѴ density estimatorsķ a popuѴar 
statisticaѴ modeѴ describing a fѴockŝs home rangeķ but do emerge from 
a MHRA approachĺ This demonstrates the usefuѴness of mechanistic 
models of home range for uncovering features of movement that can-

not easiѴy be detected using descriptiveķ statisticaѴ modeѴsĺ
OveraѴѴķ our study makes theoreticaѴ advances by demonstrating 

Őaő that MHRA is appѴicabѴe in a much wider range of situations than 
previousѴy used and Őbő that MHRA can uncover behaviouraѴ drivers of 
movement and space use that are not simpѴe to find using traditionaѴķ 
statisticaѴ measures of home rangeĺ Furthermoreķ our study makes im-

portant advances in avian behaviouraѴ ecoѴogy by demonstrating Őcő 
that relatedness and flock size can affect between-flock movement 

responses and Ődő that avoidance mechanisms may exist in species that 
do not dispѴay obvious territoriaѴ behaviourķ expѴaining the existence 
of home range segregation in such species.

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊStudy system

The data come from a study on ѴongŊtaiѴed titsķ a smaѴѴ nonŊterritoriaѴ 
bird found across Europe and Asiaĺ LongŊtaiѴed tits weigh onѴy ѵŋѶ g 
ŐGѴen ş Perrinsķ ƐƖѶѶő and their main ѴifeŊhistory goaѴ whiѴe not focus-

ing on breeding is to forage for food ŐGastonķ ƐƖƕƒĸ HatchweѴѴķ ƑƏƐѵőĺ 
We studied the behaviour of these birds in the nonŊbreeding season 

when they live in home ranging flocks of around 5–25 individuals 

ŐNapper ş HatchweѴѴķ ƑƏƐѵőĺ One or more fѴedged broods and their 
parents and heѴpers are usuaѴѴy the nucѴeus of a winter fѴockķ which 
are then joined by failed breeders who may or may not be related to 

the broodŐső ŐNapper ş HatchweѴѴķ ƑƏƐѵőĺ Thusķ the majority of fѴock 
members ŐѵƏѷŋƕƏѷő are typicaѴѴy reѴated Őr ƾ ƏĺƑƔķ where r is the co-

efficient of reѴatednessķ Wrightķ ƐƖƑƑő to at Ѵeast one other member 
of the same fѴockķ aѴthough those reѴatives may be drawn from two 
or more famiѴies ŐHatchweѴѴ et aѴĺķ ƑƏƏƐőĺ In additionķ members of one 
flock often have relatives in other flocks as a result of dispersal during 

the nonŊbreeding season ŐNapper ş HatchweѴѴķ ƑƏƐѵőĺ Members of a 
flock forage together in the day and then sleep together in a commu-

naѴ roostķ which often changes Ѵocation between nightsĺ
The study site is contained within the RiveѴin VaѴѴeyķ SheffieѴdķ UK 

ŐƔƒŦƑƒனNķ ƐŦƒƓனWőķ covering approximateѴy ƒ km2. The population 

of long-tailed tits that inhabits this site has been studied since 1994. 

Here we use data from ƑƏƐƏ to ƑƏƐƒķ which were first reported in 
Napper and HatchweѴѴ ŐƑƏƐѵőķ together with data from ƑƏƐѶ to ƑƏƐƖ 
which has not been previously studied in published work. Data were 

coѴѴected in the Fox Hagg woodѴand of the RiveѴin VaѴѴey for the ƑƏƐƐŋ
ƑƏƐƑ seasonķ in the BѴack Brook woodѴand for the ƑƏƐƏŋƑƏƐƐ and 
ƑƏƐƑŋƑƏƐƒ seasonsķ and for the ƑƏƐѶŋƑƏƐƖ dataset we studied both 
the Fox Hagg and BѴack Brook woodѴandsĺ The approximate home 
range size for a single flock is 0.15 ± 0.03 km2 (mean ± 95% CI; using 

a ƐƏƏѷ minimum convex poѴygonőĺ As fѴocks of ѴongŊtaiѴed tits move 
through their environmentķ they usuaѴѴy stay in each tree for Ѵess than 
a minute before moving on ŐBĺ Jĺ HatchweѴѴķ persĺ obsĺőĺ ConsequentѴyķ 
tracking data of the birds consists of GPS Ѵocationsķ recorded at time 
intervaѴs of Ɛ minĺ Locations were recorded on a Garmin Geko ƑƏƐ 
GPS with a standard error of ƐƏ mĺ Observations were made by find-

ing a flock in the study site by recognizing their calls and then identi-

fying ringed individuaѴsĺ At Ѵeast ƖƔѷ of the popuѴation are typicaѴѴy 
ringed by the end of the breeding season ŐNapper ş HatchweѴѴķ ƑƏƐѵőĺ 
An observation period began when a fѴock was first encountered and 
the first location was recorded. The observation period ended when 

sight of the fѴock was Ѵostĺ We recorded one Ѵocation every minute 
to give a trajectory for each observation period. There were 19 ± 2 

(mean ± ƖƔѷ CIő Ѵocations per observation periodĺ
For this studyķ we used Ѵocation data from six of eight fѴocks that 

were foѴѴowed in the nonŊbreeding season of ƑƏƐƐŋƑƏƐƑ in the Fox 
Hagg woodѴandĺ We removed from our anaѴysis two fѴocks which con-

tained onѴy four and seven Ѵocationsķ coѴѴected over one observation 
periodķ as we concѴuded this was not enough data to estimate home 
rangesĺ Datasets for the six remaining fѴocks consisted of ƐƔƔķ ƒƓƐķ ƐƓƏķ 
ƐƐƏķ ƐƔƑ and Ѷƒ Ѵocationsķ recorded over a range of ƔŋƑƐ observation 
periods between May ƑƏƐƐ and February ƑƏƐƑĺ In addition to the ƑƏƐƐŋ
ƑƏƐƑ dataķ we vaѴidated our resuѴts using data from the nonŊbreeding 
seasons of ƑƏƐƏŋƑƏƐƐķ ƑƏƐƑŋƑƏƐƒ and ƑƏƐѶŋƑƏƐƖ coѴѴected in various 
parts of the RiveѴin VaѴѴey study siteĺ We foѴѴowed a simiѴar procedure 
to remove from our analysis any flocks that had data collected over only 

one observation periodĺ In each caseķ there were at most ƐѶ Ѵocations 
per flock in the removed datasets. The flocks that we ended up using 

each had >40 recorded locations taken over >1 observation periods.
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ƑĺƑՊ|ՊMathematicaѴ modeѴs

The trajectories from each observation period are too short to esti-

mate covariates of stepwise movement decisions dependent upon 

the presence of other fѴocksķ and therefore fit a stepwise movement 
kerneѴ to the data as inķ for exampѴeķ Avgar et aѴĺ ŐƑƏƐƔő and Avgarķ 
Pottsķ Lewisķ and Boyce ŐƑƏƐѵőĺ AdditionaѴѴyķ it wouѴd be difficuѴt to 
infer any inter-flock interaction behaviour since the trajectories of 

different fѴocks are not recorded at the same timeĺ Insteadķ we infer 
the movement processes of a flock by fitting a mechanistic model of 

space use to locations collected over the entire non-breeding season 

ŐMayŋFebruaryőĺ This method is known as MHRA ŐMoorcroft ş 
Lewisķ ƑƏƏѵőĺ We use a system of advectionŋdiffusion equationsķ 
each of which modeѴs a fѴockŝs utiѴization distributionķ ui(x, t)ķ which 
is the probability density function for the location of flock iķ where 
i∈{1, …, N} indexes the N fѴocksĺ Each equation has the formĺ

where D
i
 is the diffusion constant and c

i
 is the magnitude of advection 

in the direction of vector field Ai(x, t) for flock i. This vector field can 

take various forms depending on the question at handķ and is used to 
test hypotheses about the drivers of space useĸ some specific exampѴes 
are described Ѵaterĺ In Equation Ɛķ x = (x, y)ķ where x and y are Cartesian 

coordinates and ∇ =

(

�

�x
,

�

�y

)

ķ as is standardĺ The diffusion term modeѴs 
any behavioural drivers behind movement that are unknown or that are 

not expѴicitѴy testedķ for exampѴe foragingĺ To avoid using an unreason-

abѴy Ѵarge number of parameters in our inferenceķ we initiaѴѴy assume 
that diffusion is constant and the magnitude of advection is the same 

for all flocks so that D
i
 = D and c

i
 = cķ for aѴѴ i∈{1, . . . , N}.

To soѴve ŐƐő numericaѴѴyķ we must pick a domainķ Ωķ and enforce 
boundary conditions on the boundary ǃΩĺ A bioѴogicaѴѴy reasonabѴe 
condition is to assume zero fѴux across the boundaryķ meaning that the 
number of birds exiting the domain at a boundary point isķ on averageķ 
the same as the number entering at that pointĺ In Equation Ɛķ the fѴux is 
−D∇ui + cuiAiķ so a zero fѴux boundary condition means that

where nx is a vector normal to the boundary at xĺ Because ui(x, t) is a 

probability density function defined on Ωķ we must aѴso impose the 
following condition

Having set up the generaѴ modeѴѴing framework in Equations Ɛŋƒķ we 
now describe specific choices of the vector field Ai(x, t)ķ that corre-

spond to different hypotheses about the movement and interaction 

mechanisms behind observed home range patternsĺ Firstķ note that 

each flock tends to reside in a slightly different part of space with 

onѴy minimaѴ overѴap ŐFigure Ƒaőķ suggesting that fѴocks may be deѴib-

erately avoiding areas that they know to be used by other flocks. In 

the decades that this popuѴation has been studiedķ interactions be-

tween fѴocks occur reguѴarѴyķ but aggression is very rareѴy invoѴved 
in these encounters ŐNapper ş HatchweѴѴķ ƑƏƐѵőķ meaning that this 
avoidance mechanism is highly unlikely to be a result of aggressive 

defenceĺ Another hypothesized reason for spatiaѴ segregation of an-

imaѴ popuѴations was given by RiotteŊLambert et aѴĺ ŐƑƏƐƔőķ and in-

voѴves depѴetion and renewaѴ of resourcesĺ Howeverķ for ѴongŊtaiѴed 
titsķ resources are abundant and depѴete onѴy minimaѴѴy as the birds 
forage ŐBĺ Jĺ HatchweѴѴķ persĺ obsĺőĺ

Thereforeķ instead of these previousѴy used mechanismsķ we 
use a memoryŊbased approachķ assuming that a fѴock has some 
knowѴedge of other fѴocksŝ space useķ due to previous meetings 
which they remember. This knowledge causes a flock to avoid 

areas where they believe other flocks may reside. The precise 

details of interactions between adjacent flocks are not import-

ant for the modeѴķ but couѴd incѴude one fѴock seeing anotherķ or 
hearing their caѴѴsĺ As Ѵong as some interaction has occurred be-

tween flocks and there is some avoidance mechanism (of places 

where past interactions have happenedő in pѴaceķ then our modeѴ 
is appropriate.

To modeѴ the avoidance mechanismķ we introduce the concept of 
an interaction zone ŐIZő for each fѴockĺ The IZ of a fѴock modeѴs a 
cognitive map of places where the flock remembers having previ-

ousѴy interacted with other fѴocksĺ We assume that individuaѴs within 
a fѴock share informationķ and so have a common IZĺ The probabiѴity 
that a Ѵocationķ xķ is in the IZ for fѴock i at time t is denoted by ki(x, t). 

The probability ki increases in places where other flocks have a high 

probability of using that space and decreases as other flocks become 

Ѵess ѴikeѴy to use the spaceĺ Thusķ the dynamics of ki(x, t) are de-

scribed by the following equation:

where ρ
i
 is the rate at which the IZ is reinforced when two flocks of 

long-tailed tits are at the same location and β
i
 is the rate of decay of 

the IZ due to revisiting parts of space without encountering other 

fѴocksĺ MathematicaѴѴyķ the IZ is equivaѴent to the concept of a ļconfѴict 
zoneĽ introduced by Potts and Lewis ŐƑƏƐѵőĺ For simpѴicityķ and to avoid 
an unreasonabѴy Ѵarge number of parametersķ we start by assuming 
that �i = � and � i = � for all i so that they are the same for all flocks. 

Howeverķ in Section ƑĺƓķ we reѴax this assumptionĺ
When making movement decisionsķ it is not reaѴistic to assume 

a fѴock wiѴѴ examine the infinitesimaѴѴy precise Ѵocation where it cur-
rentѴy happens to beĺ Ratherķ it is better to assume the fѴock wiѴѴ ex-

amine a smaѴѴ area around that Ѵocationĺ We modeѴ this area as a disc 
with radius δ. This can be thought of as the flock's perceptual radius 

for which it makes its movement decisionsĺ This idea correspondsķ 
mathematicaѴѴyķ to averaging the vaѴue of ki(x, t) over this disc.  

ŐƐő

]

ŐƑő|||
nx ⋅

[
D∇ui − cuiAi

]|||x∈�Ω
= 0,

Őƒő∫
Ω

ui dx = 1.

ŐƓő
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We thus define ki(x, t|�) to be a spatial average over all ki(x, t) within 

a radius δ of xķ so thats

where B
�
(x) is a disc of radius δķ centred at xĺ A simiѴar ѴocaѴ averaging 

was aѴso used by Potts and Lewis ŐƑƏƐѵő to modeѴ territories formed 
by rituaѴized aggressionķ where they showed that it is necessary to use 
ki instead of kiķ to ensure the system is mathematicaѴѴy weѴѴŊbehavedĺ

LongŊtaiѴed tits are known to forage predominantѴy in woodѴand 
habitats ŐGastonķ ƐƖƕƒĸ HatchweѴѴķ ƑƏƐѵő and our Ѵocation data suggest 
that the fѴocks are aѴmost aѴways inside woodѴandĺ We therefore incor-
porate into our modelling framework a tendency for flocks to move in 

areas with tree coverageķ aѴongside the tendency to move away from 
the IZ. This leads to the following definition of A 

i
 from Equation Ɛĺ

Hereķ c1 and c2 describe the relative magnitude of advection away from 

the IZ and towards woodѴandķ respectiveѴyķ and M indexes different 
modeѴs of attraction to woodѴandķ which we now describeĺ We first 
discretise the landscape and define any cell with more than half tree 

coverage to be in a woodѴand areaĺ Each woodѴand area is defined vi-
suaѴѴy using a procedure detaiѴed in Appendix SƓĺ We define six modeѴs 
as follows:

� (M = Əő no attraction to woodѴand Őc2 = Əőķ
� (M = Ɛő advection acts soѴeѴy on the woodѴand edgesķ to draw 

fѴocks in ŐFigure Ɛbőķ
� (M = Ƒő advection acts both on the edges and within the woodѴand 

to draw fѴocks towards the centre of a woodѴand area ŐFigure Ɛcőķ
� (M = ƒő advection acts on the woodѴand edges and aѴѴ space out-

side of the woodland areas to draw the flocks towards the wood-

Ѵand ŐFigure Ɛdőķ

� (M = Ɠő inside the woodѴand the fѴocks are drawn towards the 
centre of the woodland area and outside they are drawn in  

ŐFigure Ɛeőĺ
� (M = Ɣő no advection away from the IZ Őc2 = Əő and v 

M
 corresponds 

to the best-fitting model from Models 0–4.

The vector fieѴdsķ vM(x|�M)ķ for the Fox Hagg and BѴack Brook 
woodѴands Ősee Figure Ɛaő are shown in Figure Ɛbŋe and defined pre-

ciseѴy in Appendix SƐĺ Each vM depends upon a parameter �Mķ which 
controls how much the birds are attracted to woodland.

For our anaѴysisķ we use a square domainķ Ω = [0, L] × [0, L]ķ to 
represent the Ѵandscapes shown in Figure Ɛaĺ We nonŊdimensionaѴ-
ize the system in Equations Ɛŋѵ as foѴѴows

ImmediateѴy dropping the tiѴdes for notationaѴ convenienceķ we arrive 
at the foѴѴowing dimensionѴess version of Equations ƐŋѵĹ

We summarize aѴѴ the notation used in TabѴe Ɛĺ

ŐƔőki(x, t|�) =
1

��
2 ∫

B
�
(x)

ki(x, t)dx,

ŐѵőAi,M = −c1∇ki + c2vM.
Őƕő

x̃ =
x

L
, ỹ =

y

L
, �̃ =

�

L
, ũi = Lui, k̃i = ki, ṽM = LvM, t̃ =

��

L2
,

a =
D

�
, b =

�L

�
, � = c

c1

D
, � = c

c2

D
, Ω̃ =

Ω

L2
.

ŐѶő�ui

�t
= ∇

2
ui + ∇ ⋅ [�ui∇ki − �uivM],

ŐƖőa
�ki

�t
= uiΣi≠juj

(

1 − ki
)

− bkiui,

ŐƐƏő|||
nx ⋅ [∇ui + �ui∇ki − �uivM]

|||�Ω
= 0,

ŐƐƐő∫
Ω

ui dx = 1.

F I G U R E  Ɛ Պ PaneѴ Őaő shows the reaѴ Ѵandscape taken from sateѴѴite images for the Fox Hagg Őtopő and BѴack Brook Őbottomő woodѴandsķ 
which are the study sites for the datasets ƑƏƐƐŋƑƏƐƑ and ƑƏƐƑŋƑƏƐƒķ respectiveѴyĺ PaneѴs Őbŋeő show the vector fieѴds v 

M
 for the Models 

ƐŋƓķ respectiveѴyķ corresponding to the woodѴand images Őaő on their respective rowĺ Each of these modeѴs represents an attraction into a 
woodѴand areaķ foѴѴowing the vector fieѴds
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ƑĺƒՊ|ՊModeѴ fitting and comparison

We soѴve Equations ѶŋƐƐ for u
i
 and k

i
 numerically using a finite-

difference approximation ŐSmithķ ƐƖѶѵőķ detaiѴed in Appendix Sƒĺ To 
fit the steadyŊstate of Equations ѶŋƐƐ to a datasetķ we find the set 
of parameters b, � , �, � and �M which maximize the foѴѴowing ѴikeѴi-
hood function 

where xi,n is the nth location of flock iķ X = {xi,n}i,n is the set of all loca-

tionsķ u∗
i
 is the numerical steady-state solution of u

i
ķ N is the number 

of flocks and N
i
 is the number of locations in the dataset for flock i. 

Equation ƐƑ assumes the Ѵocations are independentķ which we jus-

tify in Appendix SƑ using a method by Benhamouķ VaѴeixķ ChamaiѴѴ࣐Ŋ
Jammesķ MacdonaѴdķ and Loveridge ŐƑƏƐƓőĺ To maximize Equation ƐƑķ 
we use the NeѴderŋMead maximization aѴgorithm ŐNeѴder ş Meadķ 
ƐƖѵƔő and seѴect the best modeѴ based on their Bayesian information 
criterion ŐBICő scores ŐSchwarzķ ƐƖƕѶőĺ

ƑĺƓՊ|ՊTesting for other behaviouraѴ 
effects of movement

As weѴѴ as testing hypotheses regarding interŊfѴock interactions and ef-
fects of woodѴandķ we aѴso use our modeѴѴing approach to test effects 

on movement of Őaő fѴock size and Őbő interŊfѴock reѴatednessĺ For the data 
coѴѴected in ƑƏƐѶŋƑƏƐƖķ we have a record of the individuaѴ birds seen in 
each fѴockķ so we can estimate the size of the fѴocksĺ AdditionaѴѴyķ from 
sociaѴ pedigreesķ we know the identity of cѴose kin Őparentsķ offspring 
and sibѴingső for ƐƏѶ of the ƐƖƑ birdsĺ TabѴe Ƒ shows the size of each 
flock and the number of kin-connections between them.

For this part of the investigationķ our nuѴѴ modeѴ is the bestŊfit 
modeѴ out of ModeѴs ƏŋƔĺ We then modify this modeѴ by assuming 
that the IZ of each flock develops at a different rate for interactions 

with each of the other fѴocksķ dependent on either its kinŊconnections 
or reѴative sizeĺ More preciseѴyķ we change Equation Ɩ to

where the various ��� take different values depending on the kin-con-

nections between two flocks or their relative flock size (in Section 2.2–

Ƒĺƒķ ��� = 1 for all flocks i and jőĺ A Ѵarger ��� means that flock i is less 

likely to visit places that it has previously interacted with flock j than if 

it were to have a smaller ���ĺ We then set ��� to be a function of either 

the relative size of flock j compared to flock i and/or the number of 

kin-connections between i and jķ denoted ���ĺ For thisķ we use three 
functional forms

where s
i
 (resp. s

j
ő is the size of fѴock i (resp. jőĺ

Equation ƐƓ gives a higher vaѴue for �(1)

��
 when sj> si than when 

sj< siķ meaning the probabiѴity that a Ѵocation wiѴѴ be considered to 
be in the IZ of flock i will be higher if flock j is larger. This tests the 

hypothesis that a flock is less likely to consider a location safe if they 

have observed it being used by a larger flock than if the same loca-

tion were observed being used by a smaѴѴer fѴockĺ Equation ƐƔ gives 

ŐƐƑőL(b, � , �, � , �M|X) =
N∏

i=1

Ni∏

n=1

u
∗

i
(xi, n),

ŐƐƒőa
�ki

�t
= uiΣi≠j���uj

(

1 − ki
)

− bkiui,

ŐƐƓő�
(1)

��
= 1 + �1

sj

si
,

ŐƐƔő�
(2)

��
=

�2

�
�3
��

,

ŐƐѵő�
(3)

��
= �

(1)

��
�
(2)

��
,

TA B L E  Ɛ Պ Glossary of variables and constants

SymboѴ Interpretation

IZ The interaction zoneķ which is a cognitive map of the 
places a flock has had interactions with another flock

x and t Space and timeķ respectiveѴy

ui(x, t) The probability density function of flock i at time t

ki(x, t) The probability of location x being in the IZ of flock i at 

time t

vM(x) A vector fieѴd of unit vectors directing towards 
woodѴandķ different for each modeѴ Mķ visuaѴized in 
Figure Ɛ

ki(x, t|�) An average of ki(x, t) over the circular area within a 

radiusķ δ and centre x

ρ The rate at which an interaction happens when two 

flocks meet

β The rate of decay of the IZ due to i visiting without 

encountering other flocks

c1 The magnitude of advective tendency away from the IZ

c2 The magnitude of advective tendency towards woodland

ω
M

A parameter reѴated to the rate of attraction towards 
Ѵarger woodѴand areas Ősee Appendix SƐő

δ The perceptual radius of a flock

Ω The domain to be soѴved overķ where Ω = ŒƏķ Lœ × ŒƏķ Lœ

ǃΩ The boundary of the domain to be solved over

TA B L E  Ƒ Պ The number of kin-connections between flocks and 

the size of fѴocks for the second dataset in ƑƏƐѶŋƑƏƐƖ shown in 
Figure ƒdĺ There is a kinŊconnection if two birds are reѴated by 
either being sibѴingsķ parents or offspringĺ The size of the fѴocks is 
the number of birds in a fѴockķ if a bird has been seen in different 
flocks it is given a value of 0.5 in both (no birds here were seen in 

more than two of the fѴockső

KinŊconnections A B C D E

A — 11 ƕ 0 1

B 11 — 6 0 1

C ƕ 6 — 2 4

D 0 0 2 — 1

E 1 1 4 1 —

Size of flock 29.5 39.5 12 9.5 ѶĺƔ
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a smaller value for �
(2)

��
 if there are more kin-connections between 

flock i and j. This means a flock would be less likely to consider a loca-

tion part of its IZ if it had observed a highly related flock there than if 

it had observed a Ѵess reѴated fѴock in the same Ѵocationĺ Equation Ɛѵ 
combines the two hypothesesĺ We fit the parameters σ1ķ σ2 and σ3 

using the functions ƐƓŋƐѵĺ We use BIC both to seѴect between the 
three modeѴsķ and examine whether they are an improvement on the 
null model (��� = 1 for all iķ jőĺ

ƑĺƔՊ|ՊThe effect of the Ѵandscape on kinesis

We have so far considered the effects of woodѴand and the IZ on 
advectionĺ Howeverķ it is aѴso possibѴe for such Ѵandscape features to 
have an effect on kinesis Őiĺeĺ the diffusion coefficient in Equation Ɛő 
as weѴѴĺ To test thisķ we change Equation Ѷ to

where Φi(x, t) is a function of spaceķ and depends upon the presence 
of woodѴand andņor the IZĺ We choose vM to be the function from the 

bestŊfit modeѴ out of ModeѴs ƏŋƔķ and perform modeѴ seѴection Ővia 
BIC as in Section Ƒĺƒő using the foѴѴowing three functionaѴ forms for Φi

where w(x) is the density vaѴue of the woodѴandķ defined as foѴѴowsĺ 
When extending ModeѴ Ɛ or ƒ to incorporate Equations ƐѶŋƑƏķ we use 
w(x) = 1 for x in woodland and w(x) = 0 for x outside woodѴandĺ When 
extending ModeѴ Ƒ or Ɠķ we use w(x) = D(x)�M for x in woodѴandķ where 
D(x) is the distance from x to the woodѴand edgeķ and w(x)=0 outside 

woodѴandĺ Hereķ Equation ƐѶ modeѴs a situation where the presence 
of woodѴand aѴone has an effect on kinesisĺ In Equation ƐƖķ onѴy the 
IZ has an effect on kinesisĺ Equation ƑƏ incorporates both effectsĺ We 
investigate this effect on kinesis both with and without the taxis term 
in Equation Ɛƕĺ

ƒՊ |ՊRESULTS

For home range observations from the nonŊbreeding season of ƑƏƐƐŋ
ƑƏƐƑ ŐFigure Ƒaőķ we found that ModeѴ Ɠķ which contains movement 
away from areas of past interaction with other flocks and move-

ment towards woodѴandķ captured the home ranges best ŐFigure Ƒbőĺ 

ŐƐƕő�ui

�t
= ∇

2[Φiui] + ∇ ⋅ [�ui∇ki − �uivM],

ŐƐѶőΦ
(1)

i
(x) = exp(�w(x)),

ŐƐƖőΦ
(2)

i
(x, t) = exp(�ki(x, t)),

ŐƑƏőΦ
(3)

i
(x, t) = exp(�w(x) + �ki(x, t)),

F I G U R E  Ƒ Պ Utilization distributions 

informed by fitting the steady-state 

of Equations ѶŋƐƐ to data from the 
non-breeding season of 2011–2012. 

FѴock Ѵocations are shown on top of a 
photograph of the landscape in panel 

Őaő where each coѴor represents a 
different fѴockĺ PaneѴs Őbŋdő show the 
steadyŊstate soѴution of Equations ѶŋƐƐ 
together with observed Ѵocations Ődotsőķ 
here darker contour lines mean a higher 

probabiѴity densityĺ PaneѴ Őbő shows the 
corresponding utilization distribution for 

the best-fit model (M = Ɠőĺ PaneѴ Őcő shows 
the utiѴization distribution for ModeѴ Əķ 
where there is no attraction to woodland. 

PaneѴ Ődő shows the utiѴization distribution 
for ModeѴ Ɣķ where there is no directed 
movement away from other flocks. Here 

the contour lines coincide since there 

are no interactionsĺ We see that both 
movement in response to the environment 

and in response to other flocks are 

necessary to create home range patterns 

which represent the data
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This contrasts with the relatively poor fit of the base models that 

incѴuded interŊfѴock interactions onѴy ŐModeѴ Əĸ Figure Ƒcő or with at-
traction to woodѴand onѴy ŐModeѴ Ɣĸ Figure Ƒdőķ which can be consid-

ered as null models for the purpose of illustrating the value of Model 

4 in capturing the home range patterns. These results indicate that 

two aspects of movementķ responses to habitat and conspecificsķ 
combine to give the key ingredients in the formation of long-tailed 

tit home ranges.

Similar findings hold across four other non-breeding seasons 

from ƑƏƐƏ to ƑƏƐѶ and different parts of the study site ŐFigure ƒőĺ By 
comparing BIC vaѴuesķ we see that for three of the other datasetsķ 
the bestŊfitting modeѴ is confirmed to be ModeѴ Ɠķ and for one it is 

ModeѴ Ƒ ŐTabѴe ƒőĺ This gives further indication that the birds pre-

fer to move away from the woodѴand edgeķ as these modeѴs are the 
onѴy two which describe this movement ŐFigure Ɛőĺ The datasets and 
their corresponding utiѴization distributions are shown in Figure ƒ 
and Appendix Sѵĺ

Using data coѴѴected in ƑƏƐѶŋƑƏƐƖķ we extended the modeѴ se-

lection procedure to test for an effect of flock size and relatedness 

between flocks on home range utilization. In the absence of this 

additionaѴ mechanismķ ModeѴ Ɠ was the bestŊfitting modeѴ ŐTabѴe ƒĸ 
Figure Ɠaőķ and ModeѴ Ƒ was the next bestŊfitķ both indicating avoid-

ance of other flocks and movement towards the centre of wood-

Ѵandĺ When ModeѴ Ɠ was extended to incorporate fѴock size and 

F I G U R E  ƒ Պ ResuѴts for the bestŊfit modeѴ for Equations ѶŋƐƐĺ The data for the nonŊbreeding season of ƑƏƐƏŋƑƏƐƐ are shown in Őaő and 
the nonŊbreeding season of ƑƏƐƑŋƑƏƐƒ is shown in Őbő with the corresponding utiѴization distributions for the bestŊfitting modeѴs shown 
underneathĺ PaneѴs Őcő and Ődő show the utiѴization distributions for the bestŊfit modeѴs for the data coѴѴected in the nonŊbreeding season of 
ƑƏƐѶŋƑƏƐƖķ in different spatiaѴ areas with their corresponding datasets shown aboveĺ AѴѴ datasets apart from Őbő give ModeѴ Ɠ as the bestŊ
fitting modeѴķ where Őbő gives ModeѴ Ƒĺ These two bestŊfitting modeѴs are the onѴy modeѴs that direct movement into woodѴand and away 
from the woodland edges

TA B L E  ƒ Պ BestŊfitting modeѴsķ their parameter vaѴues and their Bayesian information criterion ŐBICő scores for aѴѴ of the datasetsĺ The BIC 
values from each dataset can be compared with the other models which were tested using the last column in the table. The subscripts on 

the ƑƏƐѶŋƑƏƐƖ datasets refer to the two datasets coѴѴected that seasonĺ We do not report a as its value does not affect the steady-state 

distribution u∗
i
(x)

Dataset

BestŊfit 
ModeѴ

Number  
of fѴocks b γ δ ζ ω BIC

Difference in  
BIC from next 
bestŊfitting modeѴ

2010–2011 4 4 1.14 ѶĺƏ 0.054 12.9 2.1 ƒķƓƐƐ ƑƑƕ

2011–2012 4 6 13.3 9.6 ƏĺƏƕƑ ƐѶĺƐ 0.51 ƐƐķƏѶƖ 29

2012–2013 2 4 2.9 10.0 ƏĺƏƕƓ 19.9 ƏĺƕƓ ѵķƒƖƖ ƑƔѶ

ƑƏƐѶŋƑƏƐƖ1 4 6 9.2 Ɩĺƕ 0.096 23.5 0.64 ƐƏķƖƏƔ 151

ƑƏƐѶŋƑƏƐƖ2 4 5 ƐƐĺƕ ƕĺƕ ƏĺƏƓƕ 25.9 1.1 ƐƓķƑƖƕ ƑѶƒ
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reѴatednessķ aѴthough visuaѴѴy there was not a dramatic improvement 
in the fit between predicted and observed ranges ŐFigure Ɠbŋdőķ 
the extended modeѴ resuѴted in a reasonabѴe improvement in BIC 
vaѴues ŐTabѴe Ɠőĺ More specificaѴѴyķ the resuѴts showed that smaѴѴer 
flocks avoided large flocks and large flocks were less likely to avoid 

small flocks while avoidance decreased as inter-flock relatedness in-

creased ŐTabѴe Ɠőĺ It shouѴd aѴso be noted that these effects of kin-

ship and flock size on avoidance behaviour were not found when 

home ranges were anaѴysed using KDEķ a reѴativeѴy simpѴe statisticaѴ 
modeѴ ŐWortonķ ƐƖѶƖĸ Appendix Sƕőĺ

FinaѴѴyķ when considering the effect of a ѴandscapeŊvarying kine-

sis mechanism on the space use of the fѴocksķ we find no improve-

ment in the modeѴ fitĹ indeedķ the BIC vaѴues are Ѵarger when we 
include the effect of landscape on kinesis into the best-fit models 

from the study without such a kinesis effect ŐTabѴe Ɣĸ Appendix SѶőĺ 
Furthermoreķ when fitting modeѴs where Ѵandscape onѴy affects ki-
nesis and not advectionķ the fit is very poor compared with modeѴs 
with ѴandscapeŊdriven advection ŐAppendix SѶőĺ

ƓՊ |ՊDISCUSSION

We have used MHRA ŐMoorcroft ş Lewisķ ƑƏƏѵő to show that mem-

ory of past conspecific interactions and movement towards wood-

land combine to model home range patterns of long-tailed tits with 

good accuracy ŐFigure Ƒőĺ This study has extended the appѴication of 
MHRA to nonŊbreedingķ nonŊterritoriaѴ passerinesķ thereby showing 
that an understanding of space use patterns can be gained from this 

approach in the absence of either territorial scent-marking or advec-

tion towards a centraѴ pѴace ŐPotts ş Lewisķ ƑƏƐƓőĺ
Past research on the foraging behaviours of ѴongŊtaiѴed tits sug-

gests that they are attracted to woodѴand ŐGastonķ ƐƖƕƒőĺ This idea 
agrees visuaѴѴy with the Ѵocation data shown in Figures Ƒa and ƒĺ 
Our bestŊfit modeѴķ ModeѴ Ɠķ aѴso suggests that the fѴocks have a 
tendency to move from the edges of woodland towards the central 

parts of the woodland area. There are various possible reasons for 

this. One hypothesis is that core areas of woodland are better than 

edge habitats for avoidance of predatorsķ as reported in severaѴ 

F I G U R E  Ɠ Պ PaneѴ Őaő shows the bestŊfitting modeѴ ŐModeѴ Ɠő for the second ƑƏƐѶŋƑƏƐƖ dataset ŐFigure ƒdőĺ PaneѴs Őbŋdő show ModeѴ 
4 with α

ij
 defined in Equations ƐƓŋƐѵķ respectiveѴyĺ AѴthough we see ѴittѴe change visuaѴѴy from the previous bestŊfitting modeѴ where 

α
ij
 = Ɛ ŐPaneѴ Œaœő there is a reasonabѴe improvement in the Bayesian information criterion vaѴues ŐTabѴe Ɠő

TA B L E  Ɠ Պ The extended version of ModeѴ Ɠķ using Equations ƐƓŋƐѵķ with the second ƑƏƐѶŋƑƏƐƖ datasetķ their parameter vaѴues and 
their Bayesian information criterion ŐBICő scores corresponding to Figure Ɠĺ The BIC vaѴues can be compared with the previous ModeѴ Ɠ 
ŐBIC Ʒ ƐƓķƑƖƕő using the Ѵast coѴumn in the tabѴe

ModeѴ b γ δ ζ ω
M

σƐ σ2 σƒ BIC
Difference in BIC 
from ModeѴ Ɠ

�1
��

14.4 ƕĺѶ 0.050 ƑƔĺѶ 1.9 ƏĺƏѵѶ — — ƐƓķƑƒƒ 64

�2
��

ƐƐĺѶ ƕĺѶ ƏĺƏƓѶ 25.9 1.2 — ƏĺƏѶѶ 1 ƐƓķƑƓѶ ƓѶ

�3
��

11.6 ѶĺƖ ƏĺƏƓƕ 25.9 1.2 ƏĺƏѶƕ 0.99 ƏĺƏƔѶ ƐƓķƑƒƏ ѵƕ

TA B L E  Ɣ Պ The version of ModeѴ Ɠ with kinesisķ using Equations ƐѶŋƑƏķ with the ƑƏƐƐŋƑƏƐƑ datasetķ their parameter vaѴues and their 
Bayesian information criterion ŐBICőĺ The BIC vaѴues can be compared with the previous ModeѴ Ɠ ŐBIC Ʒ ƐƐķƏѶƖő using the Ѵast coѴumn in the 
table

ModeѴ b γ δ ζ ω
M

µ ψ BIC
Difference in BIC 
from ModeѴ Ɠ

Φ
(1)

i
13.2 9.6 ƏĺƏƕƑ ƐѶĺƑ 0.51 ƴƏĺƏƏƏƐƐ — ƐƐķƏƖѵ ƕ

Φ
(2)

i
13.2 9.6 ƏĺƏƕƐ ƐѶĺƓ 0.50 — ƏĺƏƑƕ ƐƐķƏƖƔ 6

Φ
(3)

i
13.3 9.6 ƏĺƏƕƐ ƐѶĺƑ 0.51 ƴƏĺƏƏƏƏƏƓ 0.025 ƐƐķƐƏƒ 14



ƐƏՊ |Պ ՊՍJournal of Animal Ecology ELLISON ET AL.

taxa Őeĺgĺ Angkaewķ Sankamethaweeķ Pierceķ Saviniķ ş GaѴeķ ƑƏƐƖĸ 
Hansenķ Satoķ MichaeѴķ Lindenmayerķ ş DriscoѴѴķ ƑƏƐƖĸ VaѴentineķ 
ApoѴķ ş Proppeķ ƑƏƐƖőĺ ConverseѴyķ other studies have reported 
the reverse patternķ with Ѵower predation risk in edge habitats reѴ-
ative to core sites Őeĺgĺ Newmark ş StanѴeyķ ƑƏƐƐĸ ࢙ࡈѴekķ Kreisingerķ 
SedѴ࢙ࣂekķ ş AѴbrechtķ ƑƏƐƏő and a metaŊanaѴysis suggests ѴittѴe 
consistency across habitat types and Ѵandscapes ŐVetterķ Rুckerķ ş 
Storchķ ƑƏƐƒőĺ We are currentѴy investigating the effects of habitat 
types on nest predation rateķ aѴthough their impact on survivaѴ of ju-

veniles and adults is much harder to quantify because of long-tailed 

titsĽ extensive ranges that typicaѴѴy encompass both core and edge 
habitatsĺ AѴternativeѴyķ core areas of woodѴand may differ from pe-

ripheraѴ areas in their food avaiѴabiѴity Őeĺgĺ RosѴiķ Zakariaķ ş Rajparķ 
ƑƏƐѶĸ Terraube et aѴĺķ ƑƏƐѵőķ thereby infѴuencing forager movementsĺ 
This possibility is also hard to test in long-tailed tits because of the 

difficulty of sampling food availability for a canopy-feeding general-

ist insectivore. Teasing apart these hypotheses would require new 

fieѴd studiesķ particuѴarѴy taiѴored to this questionĺ Thusķ our resuѴts 
demonstrate the role of mechanistic modelling in determining po-

tentially fruitful ideas for future empirical research.

Our model also suggests that flocks avoid places they remem-

ber interacting with other flocks in the past. These interactions 

couѴd be visuaѴ or vocaѴķ and therefore may take pѴace at a distance 
Őincorporated in the averaging kerneѴķ Equation Ɣőĺ The memory 
capacity of small passerines is hard to test biologically as little is 

known about the cognitive abiѴities of smaѴѴ birds in generaѴķ regard-

Ѵess of species ŐEmeryķ ƑƏƏѵőĺ Howeverķ the avoidance behaviour 
observed here wouѴd be very hard to expѴain without assuming 
some capacity for memory: to have an understanding of the spatial 

extent of the home range of a neighbouring fѴock Őor even just the 
dividing boundaryőķ birds wouѴd need to remember observations of 
past positions where they have detected the neighbouring fѴockķ 
either through sight or soundĺ Without memoryķ birds wouѴd onѴy 
be abѴe to respond to the current Ѵocation of a neighbouring fѴockķ 
which is insufficient for expѴaining the observed spatiaѴ segrega-

tionĺ Mechanistic modeѴѴingķ as exempѴified in this workķ can give a 
way of indirectѴy inferring the extent to which animaѴs use memoryķ 
and such indirect inference is not without precedent ŐAvgar et aѴĺķ 
ƑƏƐƔĸ Fagan et aѴĺķ ƑƏƐƒĸ MerkѴeķ Fortinķ ş MoraѴesķ ƑƏƐƓĸ MerkѴeķ 
Pottsķ ş Fortinķ ƑƏƐƕőĺ

AѴthough woodѴand and memory of past interactions affected 
advective movementķ we found no measurabѴe effect on diffusive 
movement Őiĺeĺ kinesisőĺ This is in contrast with MHRA studies on 
coyote home ranges ŐMoorcroft ş Lewisķ ƑƏƏѵő where the diffusive 
aspect of movement was found to be highly dependent on prey 

density.

AѴthough the centraѴ aim of our study was to seѴect between 
modeѴsķ it is aѴso worth commenting briefѴy on the parameter vaѴ-
ues of the bestŊfit modeѴsķ as they can give some additionaѴ insightĺ 
Looking at TabѴe ƒķ the first thing to notice is thatķ of the four data-

sets where ModeѴ Ɠ is the bestŊfit modeѴķ there is not a great amount 
of variation between seasons in γ ŐƕĺƕŋƐƏő which controѴs the advec-

tion away from the IZķ ζ ŐƐƑĺƖŋƑƔĺƖő which controѴs the advection 

towards centraѴ woodѴandķ or δ ŐƏĺƏƓƕŋƏĺƏƖѵő which is the birds per-
ceptuaѴ radiusĺ Howeverķ there is a Ѵarge variation in b ŐƐĺƐƓŋƐƒĺƒőķ 
the parameter controѴѴing the decrease in the IZ due to safe visitsķ 
across seasons. The outlier is the 2010–2011 season (b = 1.14őĺ 
Hereķ there were fewer fѴocks than in other seasonsķ so we hypoth-

esize this might have affected the best-fit value of b. The reason for 

this is that the first term on the rightŊhand side of Equation Ɩ is a 
sum that increases with the number of fѴocksĺ Thusķ one wouѴd ex-

pect the best-fit value of b to increase with the number of flocks in 

the studyĺ WhiѴe this is unѴikeѴy to account for aѴѴ of the variationķ it 
perhaps gives a partiaѴ expѴanation for this anomaѴyĺ It is aѴso inter-
esting to note that the mean value of δķ when converted into metres 
is ѶƐ mĺ This means that our modeѴs suggest birds areķ on averageķ 
considering an area with a radius of ѶƐ m around their present Ѵoca-

tion when making movement decisionsĺ Hereķ for simpѴicityķ we have 
assumed that perception is a binary quantity: perceived within the 

δŊdisc and not perceived outside this discĺ Howeverķ it wouѴd aѴso be 
possibѴe to consider other nonŊѴocaѴ formaѴismsķ such as exponentiaѴ 
decay ŐAvgar et aѴĺķ ƑƏƐƔőĺ

Aside from avoidance of other fѴocks and attraction to wood-

Ѵandķ we have aѴso shown that movement decisions in response to 
adjacent flocks depend on the relatedness between the two flocks. 

We saw a negative reѴationship between avoidance mechanisms and 
fѴocks with more kinŊconnectionsĺ Other things being equaѴķ one 
wouѴd expect this to cause a positive reѴationship between home 
range overѴap and kinshipķ a phenomenon observed in ѴongŊtaiѴed 
tits ŐHatchweѴѴ et aѴĺķ ƑƏƏƐőķ as weѴѴ as in severaѴ other taxaķ incѴuding 
mammaѴs ŐSera ş Gainesķ ƐƖƖƓĸ Støen et aѴĺķ ƑƏƏƔĸ WaѴkerķ TayѴorķ 
ş Sunnucksķ ƑƏƏѶőķ Ѵizards ŐWhiѴeķ UѴѴerķ ş Wapstraķ ƑƏƏƖő and fish 
ŐGriffiths ş Armstrongķ ƑƏƏƑőĺ Our study thus reveaѴs pѴausibѴe 
mechanisms behind such observations.

Our results also suggest that the relative size of each flock has 

an effect on their movement away from other fѴocksĺ SpecificaѴѴyķ 
smaller flocks were less likely to move to places where they had in-

teracted with larger flocks in the past and larger flocks were less 

ѴikeѴy to avoid pѴaces where they had encountered smaѴѴer fѴocksķ 
suggesting greater avoidance of larger flocks. This effect of group 

size on the use or avoidance of overlapping ranges of adjacent so-

cial groups appears to be very unusual among social vertebrates and 

we are not aware of any equivaѴent findingsķ presumabѴy because 
sociaѴ species typicaѴѴy defend excѴusive territoriesĺ Howeverķ this 
situation is captured in the theoreticaѴ modeѴs of ļbattѴe dynamicsĽ 
between sociaѴ insect coѴoniesķ where the outcome of confѴicts over 
space may be determined by reѴative coѴony size ŐAdams ş PѴowesķ 
ƑƏƐƖĸ AdѴerķ Quinonezķ PѴowesķ ş Adamsķ ƑƏƐѶőĺ Testing avoidance 
of larger flocks directly would require analysis of synchronous ob-

servations of many fѴocksķ which is a difficuѴt task for fieѴd workĺ 
MHRA provides a way of making such inferences with much Ѵess 
dataķ providing there is sufficient data to capture the home rangeĺ

The question of why flocks may benefit from avoiding one an-

other remains open. One possibility is that it is related to avoid-

ance of antagonistic sociaѴ interactions ŐSharpķ McGowanķ Woodķ ş 
HatchweѴѴķ ƑƏƏƔőĺ AѴthough ѴongŊtaiѴed tits do not defend territories 
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and escaѴated confѴicts are observed very rareѴyķ simuѴated intru-

sions of individuaѴs into fѴocks using pѴayback experiments resuѴt 
in brief bouts of aggression that could deter interactions (Napper 

ş HatchweѴѴķ ƑƏƐѵőĺ This wouѴd be consistent with the extended 
version of ModeѴ Ɠķ which found that smaѴѴ fѴocks were more ѴikeѴy 
to avoid large flocks and large flocks were less likely to avoid small 

fѴocksĺ A second hypothesis is that separation into fѴocks with segre-

gated space use is an antiŊpredator tacticķ with fѴocks avoiding each 
other to prevent totaѴ fѴock size exceeding some optimum at which 
the benefits of groupŊѴiving are maximized ŐPuѴѴiam ş Caracoķ ƐƖѶƓőĺ 
A finaѴ expѴanation concerns the sociaѴ benefit of fѴocking with a con-

sistent set of conspecificsĺ LongŊtaiѴed tits are cooperative breed-

ers in which heѴping behaviour is kinŊseѴected ŐHatchweѴѴķ GuѴѴettķ ş 
Adamsķ ƑƏƐƓőķ with heѴpers exhibiting a strong kin preference in their 
heѴping behaviour ŐLeedaѴeķ Sharpķ Simeoniķ Robinsonķ ş HatchweѴѴķ 
ƑƏƐѶĸ RusseѴѴ ş HatchweѴѴķ ƑƏƏƐőĺ Kin recognition is achieved 
through association using Ѵearned vocaѴ cues ŐSharp et aѴĺķ ƑƏƏƔő 
and helping decisions are also influenced by association during the 

nonŊbreeding season ŐNapper ş HatchweѴѴķ ƑƏƐѵőĺ Thereforeķ there 
are substantial fitness benefits to be gained by maintaining contacts 

with reѴatives during the winterķ and perhaps aѴso by avoiding diѴu-

tion of those associations by frequent interaction with non-kin in 

other flocks. The effect of inter-flock relatedness on movement de-

cisions reveaѴed by the extension of ModeѴ Ɠ using ƑƏƐѶŋƑƏƐƖ data 
is consistent with this expѴanationĺ

Further ecoѴogicaѴ factors which Ѵimit the popuѴation densities of 
ѴongŊtaiѴed tits are yet to be concѴusiveѴy understoodĺ Weather ef-
fects are known to infѴuence the survivaѴ of the birds ŐGuѴѴettķ Evansķ 
Robinsonķ ş HatchweѴѴķ ƑƏƐƓőķ with a stronger effect in the breeding 
season where wetter and coѴder weather reduces annuaѴ survivaѴķ in-

dicating that the birds benefit from the warming cѴimateĺ Moreoverķ 
a demographic study on severaѴ passerinesķ incѴuding this popuѴa-

tion of ѴongŊtaiѴed titsķ indicates that at popuѴation densities cѴose to 
the carrying capacity there is density dependence in mortality and 

that at lower densities the population equilibrium is more influenced 

by stochastic environmental variation driving recruitment (Sæther 

et aѴĺķ ƑƏƐѵőĺ
A key advantage of MHRA for studying home range patterns is 

that it allows users to reveal the behavioural decisions that can lead 

to the observed space use patterns. This is in contrast with statistical 

modeѴsķ such as MCP or KDEķ that onѴy give descriptors of the home 
range. More recent efforts have sought to incorporate some aspects 

of movement into home range anaѴysisĺ For exampѴeķ the Brownian 
bridge ŐHorneķ Gartonķ Kroneķ ş Lewisķ ƑƏƏƕőķ which interpoѴates be-

tween successive Ѵocations by assuming Brownian movementĺ This 
has been extended in various waysķ such as the biased Brownian 
bridge ŐBenhamouķ ƑƏƐƐőķ which incorporates advective movement 
into the Brownian motionĺ Since the MHRA modeѴs studied here 
are based on an advectionŋdiffusion equationķ which describes the 
probabiѴity distribution of a biased Brownian motionķ it wouѴd be nat-
uraѴ to incorporate mechanistic modeѴѴing into the biased Brownian 
bridge formalism. This would enable researchers to incorporate be-

haviourally informed interpolations of space use between successive 

Ѵocation fixes into biased Brownian bridgesķ Ѵeading to more accurate 
estimations of space use.

Hereķ we have demonstrated how MHRA can reveaѴ specific 
behaviours that affect movement decisions and space use pat-

terns in ѴongŊtaiѴed titsĺ Howeverķ the method is quite fѴexibѴeķ and 
various hypotheses on the drivers of space use can be testedķ in 
principѴeķ by aѴtering the advection term in the modeѴ ŐEquation Ɛőĺ 
For exampѴeķ if individuaѴs do not use space excѴusiveѴyķ such as 
in polar bears Ursus maritimus ŐFergusonķ TayѴorķ Bornķ RosingŊ
Asvidķ ş Messierķ ƐƖƖƖő and vuѴtures ŐCoѴeman ş Fraserķ ƐƖѶƖőķ 
one would alter the advection term to include movement drivers 

which do not describe avoidance of other individuals of the same 

speciesķ instead incorporating advection towards prey or desirabѴe 
environment. Vultures use a central place which depends upon age 

so this would mean the advection term would include an attrac-

tion towards the centraѴ pѴaceķ with the attraction parameter de-

pendent on ageĺ That saidķ some species have a simiѴar correѴation 
between reѴatedness and home range structure to ѴongŊtaiѴed titsķ 
despite being of rather different taxonomiesķ for exampѴeķ bottѴe-

nose dolphins Tursiops truncatus ŐFr࣏re et aѴĺķ ƑƏƐƏő and giraffes 
Giraffa camelopardalis ŐCarterķ Seddonķ Fr࣏reķ Carterķ ş GoѴdizenķ 
ƑƏƐƒőĺ Thereforeķ the modeѴs one might use in those cases may be 
very similar to the ones used here.

In summaryķ our finding that kinship infѴuences space use is con-

sistent with previous statistical home range analysis of our long-

taiѴed tit popuѴation ŐHatchweѴѴ et aѴĺķ ƑƏƏƐĸ Napper ş HatchweѴѴķ 
ƑƏƐѵőķ but here we have provided new insight into the avoidance 
mechanism from which these space use patterns emerge. Our study 

has aѴso uncovered further drivers of space useķ showing that Őaő the 
distance from the woodѴand edge infѴuences movementķ Őbő there 
is a memoryŊbased avoidance mechanism between fѴocks and Őcő 
fѴock size infѴuences interŊfѴock movement decisionsĺ More broadѴyķ 
MHRA has potentiaѴ to provide a weaѴth of understanding of driv-

ers of movement and home range use of animal species. This study 

extends the usage of MHRA beyond scentŊmarkingķ centraѴŊpѴace 
foragers and paves the way to understand the behaviours of a whole 

new range of taxaĺ
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