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1 I NTRODUCTI ON

1. Ani mal movement s

The field of movement ecology aims to und
foll owing certain patterns and theepoalsi bl
2017). Ani mal movement patterns inherentl.\

i nteract synergistically, tehtuysaRiOMdpact iTrhge re

the study of these movement p atttiteor mpo raall o
di stribution of the species analysed, as
patterns between diffetrealRO0Or2yViroOement € (
i mportance of ani mal movement osltougdyi,e sd uien
considerable interest in this topic over
emphasi se ani mal movements in a quantitat
et,akR015) .

Both marine and terrestiri acdhamdé¢enml cf moOw
reproductive success, ultimately | eading
(WhoreskakRo017) . Furthermore, ani mal MO V € me
reducing competition wthbhidiacepecyesf and:
resour ceest ,(BDWo=). Consequentl vy, ri sk scer
the probability of findieng, an2@W2 Omat eASddant
understanding movement hpdttatss camnae dnii mg
motivations behind the cheoti,cel2®G8)a skoerci if

sever al papers have found that in richer a
sl ower movements agdbmebaei ouequeherteasni i r
val ue, they turn |l ess andetsha@0IaetEmry palc
2008; efemnnfllto 87 ) . This change in movement

availabilitytiatl behaes ouheoesp@aBB2hi mal @
regard, It has been demonstrated that spa

t he r esulkhto noofg etnhreeoursodi stri bution of vital
wat er raensdo wradgalnse f or agi ngt aaae 7e(t DaApRposOelg t.
Furthermore, movements are also influence

annual periods when essenti al resources at



abotic factors, such as rainfall and tempc¢
resour ceet ,(8B2O0k2)tt As evidence, the | att el
mountain ceaetibBBOOLAppas wel l arse sf o(rdeelt aKrngeeg
al . 2007) .

Ani mal movements play a cruci al rol e i
i ncluding also seed and eat aRa8ll 3f eaGu,idria.s ak
2008) . I n turn, such ecoscsyywsteenmpheoaletsis ean
( Gr eevtglaR016) , as wel|l as etnhath®2 h)y. bbDedgdpiv
movements also carry a significant energy

Fahrig (2007) f oumdt vae e&rerftadtn, alsismedratmamwme

of risky habitats. This has been to some
found an increase in stepping speeds in |
(Karetuysl2017; e®ht,ial2GY7 ed Wan2g0 17 )-0c cHupriaend
| andscapes influence ani mal movements, as
areas, they are stil!] avoided by wildlife
(Vogel ak020) .

Movemesntat the core of i ndi vi dual bi ol o
in the movements that are performed, with
|l evel se{({ Bakbaa). At the individual l evel,

i ndividuals directly det er misnuef ftihceiiern cfyi,t nse
and mating dependabhl FShme@vE a89p4sd0). At the

l evel, t he movement trends of rompeoppbpul a
modi fying possible feat awaRe 1i7né eMroabkfll leGhs AS)
ecosystem | evel, t he movement choices of
mobilisation of dispersed nuatiegtshendedp
i mpact of the individual within the ecosys
of the above, the conservation not only of

of which it is a parrts,t ainsdihnigg halnyd d eepaer nnd enngt
mov e, t he motivations behi nd t he choices
consequences of estucahR Oc2hlo)i.c eTsh e( Boeeirrvnaes i ve r
role of the identi di datei ovnhnarafatswowaoh thatyt er
support egerbfyorhmagnhce tr ackientg, abkekhinet Bigih ket
2012) . Such GPS devices have addadlwedami nge
movement s eta,talk qQ KmgycecCiag@R010; ) , fostering

2



i ncreastogltg, upccurate and precise stati:s
analysing this type of data (Hooten et al

1. 5t at imotdiedaddi mpvement dat a

A significant number of papers on statist
concerned wbabethaetiempghto distinguish Dbe
in different behaviour al s tsawtietsc ht mmyo ungohd e
(Micrel @a2023). The main explanation for tt

patterns are a reflection of ani mal behavi
reaction to physiological iemp, ual PsOels7 )a n dT htehre
the identification of these hidden driver s

necessary to further the knowledge of how
areas ( Whorabskledy) . As ewviOderece,s,i ditftHerlea:
classified displacement routes into disti./
among these papers, the followtn@a00s4)t he
di stinguished encampedl|l knnidn ceigwit ddwaaltserd (a p b |
Pomerétea(@20.11) classifiBdl doomwd e)my mmtwihahems
patterns as transiee n(ta2l0atndd) rdeessicdreinbte; d Ftrharnek
namely bedding, feedi ngaanRamgil(foecra t ti aargadn d |
Bagni eevis Ka20.13) determined three -@gusatinct
AmericaNemvh&9dn VMhsomgh the analysis of s
possible to comprehendwihtolwi mntimal sedwd nd ti esm
2008; Eor, aft0edr7) and, to a greater extent,

(Moreat ea2010). The identification of these
speci es, can bédeaserucceael of conbkesms valhhm @a - |
al . 2012; etomzR0Otay Lusseau, 2003) . Mor eov
ani mal popul ati ons, it is critical to det
and the f aecttohresm,t hvahte nd rtihve obj ecti ve is th
( Scheitc,kak 00 8; Bergeet , @aR004) ThArbaok of kn
dynamics can pose a risk to animal safety

humanll idf e c¢ onfelti,atksd 0(9Hd rBraik) 6 B ) .



Refinements in | ocation devices have e
and tempor al scapreesci sTihouns , d astuac hc ahn gilhe c o
variabl es, f orntianls taanndc et,o peongvriarpohninteal covar

i nformati on on how extrinsic factersahbhffe

2014, Patt t 22808 ; etMoalaD 64) . As a resul t, n
determinedal eenmbtvnédehaviour of | arge mammz:
( Fr yexte,ldR0O0O8)AIl crmeosd sa€l Dceensar ¢ hi 2@®Q3)a,k0oddani b

and Africhoxedephhan@WitetamBeOrO8; eCuabhmab) .
Many of -tbabe MmMbmement studies define dif
seasons and consider multiple time scales
anal yse seasonal patterns usi ng met eor ol
temperatarpi aati pne

Statistical model |l ing for partitioning
states has generally been develSppaecde aModd eald
( SSMs ) ¢gtJ,oanks0eln3 ; ePaa P08 Sak0D @Rents,eark 005)
or Hi dden Markov Modet s aRiANIEs )eR@ltal2eg & dmk
Hol znmeatn,naR 006 ;etMoaad @4%) , usually assuming
time structure (Blackwell, 2003 )y. mdMMsne hi
patterns of a variety of animal s, etncdludir
2009) and whi tee , aR®drLI6y , ( Do wndesr, i n particu
et ,ak015) , i nsect s, withmhea, aR0d®@%) on anhduimia
including catibB084jFrankepaent a€045)van de



1. adfrican El ephahnt c@ha)xodont a

1. 3Talxonomy, distribution, and bic

Bel ongi ng Meoomadhredc®rasdsosct eael ephant i s ¢
the fmBRImedhyantafdewhi ch only two genus have
L o x o daonrietl @& p(hSahso s h a n i and Tassy, 2004). The
speci es of t h&l Ap haaxsi mm imewhhiacnit i(n turn co
subspeci et , @809OHAaAnNni Two spechiesodhehnthaegsft oc
savanna Lelxeopdhoanntta (Bf a memamach, 1797) and t he
(Loxodont,a Matcd ohGrey & til,9a000 0 Q) . From this pc
study exclusively pertains to the African
African el ephant or simply as O6el ephanto.

Once charactegdaslead Mbymoag elneerogues fpr €saernc
continent, the African el ephant i's curren
di scontinuous eltam®DddPpe (Delspfifteer t hi s, it i
i n -Sailbaran Africa, with awtenal5500@®WIl0atainan
individualts adn&®f)f.erAccording to the | atesi

sout hern Africa has the | argest number of
second pl ace, foll oweslt bAf rCiema.,r awi tAH r i b a
i ndividual s pert rnedilén .( Dueultes i gh habit
el ephant 6s current range is 3.3 million Kk
(Campopeei z and Bleatk,ea R 020071)1.; Bl anc

The African el ephant i s one of-Sdteaer arost
African countries. It is the | argest extan

wei ght of about six tonnes @andomadest (£ ama:
Bekoff, 1978). Afdiovaend alne pgnmadrst, s wan € hl crag
However, the average |l ongevity in their na
for males and females, phaspsecexwebyt ( 8ds$9®

bet ween the sexes: females grow until t he
sl owdown in growth rate (Hanks, 1972), whi
45 (Rogla€011) . Fur t herrenaodrye ,s ef xeunaall leys naarteu rae
years ol d, recording an average age of suc



( Mos s, 2001) . I n contrast, although mal es
not manage to compnatl e swiithh trhene matt wmrea l e
20s, thus becoming truly repebodaBblttep S8Sbot
et,akR000) .

1. 3Ec20l ogi cal role and i mpact on t

African el ephants are kewygitmaer sspefci AEr iac
ecosystems (Haynes, 2012; Western, 1989)
ecosystem structure andaPl @2te¢t ReOpLHS);de itkKeosh i ( (
al . 20112;t ,EasktOelsl) . Addipli aypyaadal gruel abhranaot s
seeds across the differentAricaehbizt aatnsd wBiltahkie
Dudl ey (2000) estimated a dispersal rate c
Camphrscei z and Blekean 2i0mgnovementt in the

seeds dispersed by elephants. They are al
means they have a significant i mpact on o
Hei nsohn, 2023) . Trhaegiirn gmoavcetmevnitt i #sd ffost e
environmental and dtajualkhld22 ptvERA&Df{ )h.o mps oenv
|l oh@grm studies in savanna ecosystems have
reshaping |l andscapes through damage to ce

Coveredgla2 01 &t , k®RkMDI11) .
As one oifnftlhee mtoisa | species eh, ARDO0O6an

its i mpact on vegetation radicadtl ya@d0d011ers
Baxter and Get z, 2008; Baxter and Get z,

EckhetdalR0OhdPwever, i f not properly bal an
detri ment al to the recovery and survival

200 2; Leat mbaalrOodd 1) . Not withstanding, the i mp
habi matdebated topi c, as the |literatt ualk. r e
2020). Several studies have highlighted hc
damage to trees and riparian habitats, w

i mpdi ng natur al regeneratien, @2@ddiB; arGdl | de



and Van Aar de, Ppwesmi tbhu,bl 1 98 8:;20Mw8a! yosi , 1
this phenomenon is exacerbated when the n
carryaaogtgapf the edogapdtlém eC@Hhaawldess, € Landr
and Kerley, 2014RP0OWB)temMpave (10,163t swgme st
the heterogeneousness of savanna ecosyst

el epbBédni mpact, which thus becomes a contr
state of the savanna. Similarly, the effe
Gul demon(d@dl0.17) stated that the distambanc:
generate new niches that can be popul ated
i ncrease in Dbiodiversity. Conversely, I n

( bus hTorugke | ap hairsd slcea sTgdang £kl uadpuh Ju s h & Wndaerd ébd & p p
precisely because of the damage ectauasRdd® Oby

Cummietg,sall 997) . Li kewise, within the same
Giraffa ¢ ameg eolpeanradkarl a rsj u a n dvaFbahpbipoourpu r Isa \ne

di mini shed in total-iaducedndhabdtattochahgp
Neverthel ess, a study c onbdruocwtseedr ,i ni n2cO luld irn
showed a preference to feed in ear,@la2sO 1hli)g h
whil st eNag¢a26di) determined an increase |
herpetofauna in habitats with a high degr
of studies on elephant i mpactscgnicfudaedt t
on vegetation, bubtnwetheob ewvidbetokhecks
coexi st (eGu ladkeOMmornd

1. 3Ha3bi tat selection, home range,
El ephants are capable of |living in a wide
to | arge differences in altitude, whi ch &
mountain altitudes (c. a. 1200 mettroe g ealsa s

mul tiple habitat types, dtroak @2Gerltaws, tI9
wi dely documented that el ephant herds ex|
summer compared to the wint etrhesnesaesl ovne,s d uor

with high proximity to water sources (Li



NoriGomffiths 1975, Jarmanetl 9a2.00BYt Hoave
Shanetoif&l006) pointed out thatyiduanngntvhe

season, the el ephant herd's habitat sel ec
season, thus widening their home range to
When food resources are inuabuogdancbaabel arpg

(Wil ét aamR 018 ;etMalRi0l1I29g . Gi ven the high avai
they mix multiple food types to obtain a w
i ntake e(tCad®rioln2) . tlen o hra@maonpipap sa peri ed of

they specifically select a habitat with a
gualityet{( Tal0MOkt YakkOg 9a) . Chui (2021) st
sel ect habitaeadasomalcoedohggitmals changes an
However, habitat selection also depends o]
traits such as memory, personality and soc
et, ak02Wer Waibd Vander &V] ak@038;,PphBAMmM&Rye
Wi tteamyealR007) . Therefore, i ndi vidual het e
role in habitat selection and use (Chui, 2

Due to their el evatueid, a20 2re)n,t aerlye pthoa netrse

mi xed feeders, which means they can alte
depending on which type oét faRPd21x. mdsdora
recent studies, they seem to mainly browse
seasoert (K&9€12). Consequently, depending or

of their diet cors$i atROWebmangfaesdesg( Anchie
t he
defence strategies such as high presence
Li k

gain per ptaakOeBbdopwedebarking the | arger b
ones (TeomaRohaz2t,K6K afedllid3et|l bB®AGGR; Boundja ar
2010) .

y generally choose species with high nu

ewi se, they temd et @« amlopo £s time eoy dwirt t o



1. 3SdAci al adanermeghgducti ve behavio

The soci al hierarchy of African el ephants
species. Genetic studies have shown that
which means that their dmocihalp drogqarsi sbaettiwo
el ephantest ,(aA20chG ke) . |l ndeed, femal es repr es
mai ntaining ties with other female indivic
2021; SdhuwtktOlletr; Fi 20I118ck Wand elmeyee,r and Get
Pool e, 1983) . I n the organisation within
domi nant role over the younger ones, estal
fissusenon types Sof veaoainedt Wi (demyer, 2012;
Archt ealR006b; eWi,ak®mper Each herd has its

her role until her death. However, when co
to the efepama@atofont hem from the original he
who wi |l assume the role of matri @atchlfor
2005) . Despite this, the matriarchs stil]l
foni ng -metdvobond g@gtoaRO0O0AbcleiVe BROB &«

Contrastingly, males move away from t he
et,ak011), commencing to migrate between s
nomathalrds of females, aldtera@® kdty, {Edlul), .
Mal e and female individuals are normally
season, when females are in oestrusveand m
period when the aggressiveness | evel Il ncr
Ras mustseaal 996; Poo¢t, all984) . Pool e

However, whil e musth happens on a regt
among mal es, hemalses uar ¢ oonlay ciou p5l ey eoafr swe
(Br own, 2014; Moss andabkR€€9)20FLyt Reemman
period is approximately 22 months (Chui,
physiologicaéeninwerfvadt iblee wper i ods, result
2021). Adult mal es i n musth could represe
move, in fact, between different female he
to sepamataefr parental groups. The possi
skills from makesaklhesShRO®W)ymay repre



the main factors in the dispersal ofe younc
di spl aced, the young mal es'’ associations
behaviour al knowl edge, a cruciaktsa@€p20n t
Leet , alR011; Evans and Harri s, 2008 prebDesp
l i kely to bond with other elephants of the
i n order to assess their strength to be re
(CheypakR011l; Evans and Harris, 2008).

Therefough fhehsocial structure of f ema
organisation is <cruci al for their-sdditaless
knowl edge across generations, the soci al
s evearcalorfs, such as age, ki nship, reproduc

are the main drivers ofett, hae2i0rl 4seacQaald P a@blo n d
O' CoARmedlweetl ,laR011) .

1. 3Mobvement patterns and environme

Af riedeemphants are physiologically ptedailspo
2012). Their movement patterns are extreme
influenced bytsad®dddmse;t( ,Waokutn@O b; deaBaer, ar
2008; Legget tet ,b2a0R0060;5 ;-BlaDsolhubgdl geasR 0 05) ; t her ef
are highly variable dependiakd 18 miOlwe,ns 28D &
Sereftt, al98&):alfei movement patterns may 1 nvoa
prolonged periods on | arger scales may 1in
i nterannual mo v e nee n, ta Pp0alt8e & rJaedinF@F ) y x &Mhlen e
poptuil@ans fl ouri sh, it is essenti al to knoy
the habitat in the | ong term inedr,da&r00t99 .p
External factor s, such as the prasms dilmove a@fn

i mpact on el ephant populations' egra®0B9)at

Addi tionally, a diversif-hethogeenwaawsnnmaht oa
resources, including habit atts ,aPRfO0r&tg,iadg sar
2001) . However, each resource is availa
ti meframe, which may depend on the season:

10



ot her

environmendta,l a®kd)uarnc edsmv(adBiinrakceetctos y s

availability is linked to seasonal vari ati

modi fying their displacement epatl@dfs Fhya
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mographic variables are affected. TI

I to answefi hgwt eeepghbasti bereds adan

has been pointed out that the movem
pe of vdeegnestiattyi oanr,e aass, hei.ggh. |, clusters
erensofbeclmaeshi gher | evels of fibre ar
a greas ayY 2(0Votg,ed®WiOB) . However, despl
of some areas, the energetic costs
the habitat mayetr ecedBOR0O)tsLdeairabo
ents may in fact represent additi one
our of eelte pahbanlt &; (6rladnbmld 8 my &t t & |

hamPldonl 0; etShanoa) . Furthermore, wh
their route, thelknawr atordoodvd doru sp aftohr
orset( Sakghér stVven , @érOhtairpdwedtia|j al2.0 1 3 ;

i,sal2.012; W&keh,ar 01 1) . Lastl vy, wat e
nment al drivers influencing the move
space (de Beer and vamdAadrudeT,0i20Q0 8
nts are reliant on water as they ha

and respiratory evaporation when en

Van Aarde, 2017) . Mor epwva&cti ecdepdand i

er

e

use, such as mud bathing, swimming,
et al et ,a2@04a3)Duidkius, it is becomin

availability of food aind evlagamphantarmmokeme rdt

habitat use,; therefore, knowl edge of how

behaviour is criticeal, afPdrld4ganservation ( Bc

11



1. 3Cheanges in spati al behaviour wi

At the present ti me, 84% of African el eph
(Gross and Hei nsohn, 2023) . Particularly
devel opment of fenced reserves ai mectat pr
al . 2008et ,GrkaOn0t8 ; eHasg W@ 0 d) . El ephants wer e

the South AfricaneltagmadlsOo®y . 130MWe@&n( Weythe r o
commenced to become successful, | arge nur
pri vate reserves, i . e. closed systems whe
mi gr ati oent ,(a&S@ QA )w. One of the main reasons

the conservation of the speciesrnahsdanger

(Slotow, 2012). Despite this, PAs have oft
i1l egal killing within the reservet  adch
2016; Weodrmnd®kfoflel) . Nevert hedlees so,f anenicrecdr erae
experiencing an overpopulation ofeelaphan
2018) , which greatly affects the mainten
Hei nsohn, 2023) . PAs often bobet tbehercosth

i mbal ance created by el ephant surplus may
speci eet ,(aWNa013) . However, in unfenced area
similarly |l eading to exyoteom, catmpysgdmicnies g
and environmental dynamics (Gross and Heir
Spatial confinement of el ephants within
on habitaet(aBogsoBaxter and Get z,Th2005;
presence of fences can |l ead to a decreas
concentration of foraging iIimpacts in sele
Lombatr daRP001; & umliondg7s) . Therefor e,i hiomdf en
for elephants to repeatedly wuse the same

di sper sal possibilities across thetl addsc
2022; eHo,weeks0 20 ;e td ea PB)0le5r;e tMaackkDeOy6 et Sla@DOW ) .

Furthermore, the fence | inet M@PODB) sehdDwpds
it sometimes induced elephants to group a

al so affected by prbesmshpywingfancescr was
di stance from the fenceg akRdr2ees d/ab@akdp. e.

12



1. Hypot heses, Aims and Objectives

Through the use of hourly GPS fixes, this
of two matriarchs within a meme¢deédpreso®dvelU
Hi dden Markov Models (HMMs), the study's o

mu tsttiat e model for the two matri amowvlesnenThi
patterns and variations in behavioural sta
period of seven months. Afterward, the st

di stinct extrinsic factors:t treorarda/ipna trho,u gdhil

the nearest water source, and NDVI . Thi s
factors played a pivotal role in shaping
to what degree. Al f ourd grmadckipcetnadre ntdryi a ol
direct influence on el ephant movements. By
and collective scal e, the aim of the stud
patterns depend on sudblkttevawminatest apdowng
choices and preferences that drove their

-~

esearch aimed to provide information of

effective managemeanns oduedrtel ys,p etch e se ratnidr, e

13



2 METHOD

2. $t uldoycat i on

Sel atii Game Reserve (SGR) is located in S
north of the OI-2f4iat6d SRi wénod PHBBBFHHER e SGR
was founded in 1993 when several private |

the aim of safeguarding and supporting wi
2023; Peel and Martindal e, 2020) GRBéisn@ns |

encl osed reserve, covering a total area o
northwest of the reserve |ies the Gravel ot
town of Gravelotte, while neagethdaraktpu
Reserve 1is based. Thi s l atter reserve se
Namakgal e rur al area, as wel | as bet ween

(Comley, 2019; Peel and Martindadcet,ed 0l2a0nd
to the south, -Ppdwaf aodl Kar MagwkaReserves
community |livestock farms. ThRhalnabhaorewa elsa

Municipality, which is part o6 PRopanmnc®i

and Martindale, 2020). At t hei nppacste ndc atiane
(Siegel, 2023)-i mpdcthubborisgegd Wbwch partie
the economic | evel (Peel and Martindal e, =

The SGRaracterised by -thood!l & uwnmetresr sa.n dT h
experiences about 500 mm of precipitatio
Martindal e, 2020) . Evapotranspiration rat ¢
a strongpliamptasc t( Roene | and Martindale, 2020)
bet ween October and March, reaching the m
December and January (Fig.) (Comley, 2019)

The scarcity and inconsi <t dreay uvafrisd aif n
savanna ecosystems. I n this context, only
of the ymoart:h & ofti vaend weMa rsceha)s camn d( Mo vceonhbde ra
bet ween May and Septembetrramwsithi dAprpéraads
seasons (Peel and Martindale, 2020). Durin
and 45AC, whereas in the winter, they r al

14



mont hly temperature tywhiclaé¢!l yhe ebhotvest ame
temperature hovers around OAC (Peel and Me

Location map of Selati Game Reserve

Legend

] Boundaries of SGR

— Ruvers

Coordinate System:

EPSG: 3857
WGS84 /
Pseudo-Mercator
N
(0] 150 300 450 km A
Figdrecation map of Sel ati Game Resc¢

Romano
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The SGR is at an elevation averaging 530
i n the southernmost pMashbéht mal eedaHie IRMs/,erl
flows through the reserve from west to no
flows as a tributary into the Olifants Riv
(Peel and Martindale, 2020).

Within the SGRIkRowadari epsj ningl arp prese

throughout the reserve (Fig.). These incl
7 reservoirs and at | east 10 borehol es, o]
pans are ha&timgaedwastoenr runoff fl ows into t

can come from surrounding boreholes as we
within the reserve, six dams were built [
(Comkeyg9; Siegel, 2023) .

The SGR is entirely within the South Afr]|
bi oregions within etsaBoFG@jai es (Rutherfc

i) The PhaTiamlba wat i Mopaneveld bioregion
reseulviey dominate the central areas ol
wide variation in elevation, ranging

red busiCwimblrewurh )api sul @léeauatferl (aisrt aelri a
serjcaad MCopaoapdhmgmemopaRetctey 8@006) ,
across mopane f olruesshtvsi,l Inmo w efdo rneosptasn ea n ¢
bushwAthowhosepts (Peel and Martindal
termite mounds scattered throughout t
of the area (Mucina and Rutherford, 2

i'i) The Granite Lowveld bioregion represe

mainly distributed in the northern an
range of el evati ons, particularly bef
maj or changes in soil composition th

granites andi sMak hwhisowh rgenper esent t he
sandy soils at higher el evati ens aand

2006). The bioregion is represented b

forests in the sandpearessdomiheaeedhr
clubeafsfrluanead KEKosmbwek umwagey hreed bush
(Mucina and Rutherford, 2006) . Il n con

knob $Skeoegali a) ,nigirebilcetmss it a9 hyasndci n
16



br andyGrbeunsiha )(bidooli mat e (Mucina and Ru
bushwill ow vel d, -mairx@acH e(reac &ruywde whdil, rl r@aem
sil verl ecalfusvtedrd are found within this
2006) .

i1 Yhe GrevRdoky Bushveld bioregion cons
zones, scattered at west and east of
It |lies between 450 and 950 m a.sl . a
seqieci duous woodlearsdsanan irsmdky ead hi l
wedevel oped plains (Mucina and Ruthe
di fferentiate this bioregion from th

outcrops and sl opes all ar outnypitchael woof

t his bi oregion Pareeodédrpoepn attgpaken(si
(Senegalia btashvel dEupahoddli abraodperrad
bushwill ow (Comley, 2019).

r

Legend

[ Selati Game Reserve
Selati River

Selati Vegetation
[ Granite Lowveld /
[ Gravelotte Rocky Bushveld N 0 25 5 75 10 km

I rhalaborwa-Timbavati Mopaneveld - - @

FigwrRi stribution of the threeMuwdiffaerand
Rut herfprd, 2006
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2. BPS Cbht arcoll ecti on

I n 2022, two mat (Aippreajls weklezaohhar &edamwith
(LoRa) coll ar devRezsr ven itrhel Bred .atTh e&saanet vy
GPS positions to be acquired on an hourly
each matriarch, and t hufsi xaelss owetrheo sues eodf ftrho
col |l ar -weas cfhiltiddfe dJluene f or!®EI zlau,n eaufrdd ®t'h)es dth
December 2022, the end date for both the m
gateways were installed in order to have
(Seager., T0e23LoRa <coll ars are a type of tr
Range Wi de Area Networ k) technol ogy to m

movements éMeaBAR&8hi The coll ar coll ects ¢
sensors inssdeal lied This data includes the
patterns, speed, and environment al condi t |
transmit the collected dpoweowmemiad enreg wor
(Meenaekshi022). Subsequentl vy, gateways | o
transmitted data from the coll ar. Finally
Service Stack (AWS Stack) and then to ArcC

The LwmlRlaarcs involved in this study have
tempor al error between 0 and 2 minut-es ev
62 minutes (Seager, 2023) . GPS reception

Thesei wmpoueed using a customised R functi o
greater than 6fmomt hupesi odnabnbhkysed iin t
recorded 2.18% and 1.67% missing data fr
reasonalbéd tee(rdeadndp e 1)

18



TablLleMi ssing detections of GPS fixes for
Additionally, the tot al number of GPS poir

GPS fi xes

El za Jean

Mi ssin Tot al Mi ssir Tot al

det ect recsorqd detect recsorc
June 6 711 6 542
Jul vy 5 742 2 743
Augu: 71 742 6 3 740
Septe 14 720 4 719
Oct ot 7 743 5 743
Novem 4 718 3 719
Decem 5 742 3 742

2. Bata prepawvatrii@an efsorand Remote Sen:

The model built to analyse each matriarch
terrain roughness, di stance to nearest r
NDVI

Sel ati Ga me Reserve shared essenti al

particularly concerning the distri fwtei on

Appenyi xanldl t he | ocation of al | water sour
arti(deei App.enldhex wadt er points nvelr ear ch epne rde n
so that during the dry season only the ac
GPS fix to the nearest water source and 7
Terrain roughness and el evaltabedobsitmge e&mn

19



el evatrd packagest , akBD 2 cetiodell Oy3 3 )& j Brvaenns

revious research pointed out t hat el evat
aving an effect onethe 201 keer, BAeRo0v282r; e 4O hei sb e
| . 2021 et Ng&md 9et TaBOR1; elalalkkdar) , t he e

ariable was excluded because the best p

< &9 T T O

Il nst ead, terrain roaglonesasi avtass dincdar ded

s

pproxi mating model

The Normalized Difference Vegetation 1| n
not her covariate in order to assess hab
al cul at e twhee eNDWlwnviaclaudeed from Pl anet (ht

pati al resolution is 3 metres per pixel

vu »n o 9

date close to the middle of t hat mont h

mage wasreseatasivepof the enf(deeaimosnt af
satellite til Appearsdéd.i xalrhed gND/Meln cianl cul ati on
separately for each month -BHer Q&Gd Snbeskh @)p
t he rastrert ocoall.c u@dmlfyo atrbeed nNeNarR) and red ( RE
as input for the <calculation, fol |Tohm ng t
NDVI value obtained from the satellite in
applied twi tehvienr t hdaésye 8 a Aplp.emn d it k

2. Hidden Mar kov Model ( HMM)

El ephant movement patterns were statisticeé

(HMM) . HMM-sipaca 9mioalteéd s that outline ani ma
delineated by both movement par ameters a
(JoredermPRP0O05; BtChRPOROFrk In detail, it con:

a set of observations Z1; ; ZT3a.nd a

The | atter take on values  rkeotvwdamrsffamne.t e.
Mar kov chaient ,(all2athlg2)o.c kTher ef or e, a®iany t
assumed to have been extracted from one of
by the value of tthedystthaet eu naotb steirnvea btl.e Isnt atttl

the different behatv)@oaRI0Bh6) st ates (Michel ot

20



The HMM was adapted to this study usi.
applies HMMs and associated tool s efaolr. mod
2023). The packagpr wassempheyaeadt a of pr eanal
data and to diagnoee¢e,aRO28d . model s ( Mi chel

f'/ \\\ / ] ﬂ\ /‘— -\1
Observations I\ Zi I L2y l Zip J:
NN N

Hidden state - -——-—-—- s Sy_q — S — Sip1 F----- >

FigB8Séeructure of dependen®iychet.sld 1d2doeln6 Ma r |

2. Pata processing and fitting HMM

The HMM procedure for modelling ani mal mo
wi th afe, whidrse the step leegnhdi stancethet
subsequentohGBR 8 df hix e,s #wids the turning angl ¢
in direction 1I,nt ]t hend nftte,r vtal+4 1T})) o(fP athtee rasn
et,akR017). Theallfeorteq ffiotr &rei kMM usi ng mov
|l engths (meters) and turning angles (rad

function from the GPS fixes.

(T19,Yiy2)

(12, Uei2)

(Ter1:ve1)Y 7

f \ s D
(Tep1.Yer1) 21
N

(21, 1—1) (Te_1. Y1)

dGeaphic ovdrewnigend safursntienpg dMigcl heesti .ocad | ¢ u
3
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Step |l engths were nipdlied tl reidb uniitchn,a dGapnen

initial parametepsd the step meainNb@mdi devi
angles were modwEIslasdl (i s hr iab wtoino n, depend
parametersneanheandnglhe concentration of tF
(kappa k). At a given ti me, these par ame
corresponding ted ,talROt23f i x ( Mi chel ot

The number of states (i.e., behavioural
state transition probabilities. Li kewi se,
dependent distributi onest, (éus6) blee se¢ aad kdli c &
are fundamental as the starting values i n;
the maximum | ikelihood estimation (MLE).
out puts of the HMM, since a a&irfsf elreeretnde s toi
number of states chosen, thus a change i
estimatietnsad®B23)X.i Therefore, I f the star!H
states are inadequatelytbel delMed, this aff

To overcome these possible biases, sev.

the most suitabl e number of b ehayvisotuart ael S

mod el a nsdt aat et hnmmoedee | wer e adaptedtasta Bnda
analysis through the Akai ke I nformation Cr
state model for the specific case of this
of Tay(&©020), who festiad et madedt hawatsht &de bes
el ephant movements. Once the number of bel
created to generate random initial paramet

(mu and sigma) nagnde Memmgnl ea nmdo dkealp p(ad . These
within specified ranges, foll oevti (g210.21IBg . me
Specifically, the initial p-abgomguamns i wese
movement values &bttaixreesd fsnomet hd sGRahe@sen
this interval of quainnhi ¢éevdl ssasosel foOriaaéc
U(ql10%, q40%), U(gqd40%, q70%) ,eU(agRO0%%3) q9TF
function wasasebnsnf @a0O0Owhteh the HMM were
parameter values for each state. Subseque
l' i kel i hood wasf icthtoessd ret thegseHtMiVe moeasetl , t hus i
used forriaddchs$ie mat

22



Once the starting parameters were set

coefficients for the transition probabili:H

probability of transition fr om tohnee psrteadtiec t
variableet(MRORS8)ot Addi ti onally, the stat.i

performed by the modetle.r nT hperyo bcaobmplriitsi eeds tohfe

state at different vealty2zad2.2)f. the covari at e

w e
un
of
t h
t h

re

Mi

Pseucdsi dalass called gwenei lagppt eeddual s

orrectness and accuracy of the chosen fi

orrect! yr,esihdkuplseumwst have an apprekobomat

deviati on from a standard nor mal di str

@ ® ©®©4 O O

nw v o o

Cc
b

e
t

teel, @tk 023 ; eMi aROIL6). The sequence of b
served Markov chain was al soswietcohierg
ess, using the Viterhbi algorithm. The
es that gener atedt t AaR.02 B s e gahie2d0olt6() M
efore, the Viterbi functei od wasnea pmpleind
e. Additionally, the state probabilit:i
he model for each GPS time point, gi
tion already present am HMM wiotvle HNMMs p
es of GPS fixes recorded foll owing a :¢
rates a matrix T x N, where in each ro
in each of thev N dJtMetthsal @ 2Bhe fTihme sof
test |l ikelihood found with the | atter
| i kely sequence calcul ated by the Vi:
of execthéi owobketuweetinons, which can b
6gl obal decodi negtd,,abPr0e2s3p)e.ct i vely ( Mi che
he modelling was created to analyse t|
uence of f oursccalvea.r ilant easd doint iao rmo nmahtl ryi
also evaluated by combining al/|l mo n
rstanding. The maxi mum period andl ysec
urfeft ®ed8émbéar X, vef memitdhs (June to Oct
"dry season’ and the | ast two (Novemb.
weat her conditions of that vyear, comb
rve managé&ld . eBadedtoont héhe best HMN

i nct states in all i ndi vi dual s. These
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behaviour : state 1, represented by the sh
movements wifthouti mae stpiecn; state 3, repre
fastest state with a specific direction tr
medi um steps, had characteristics inter me
cadeneed o moveme«direwctlkedband WHonected di

During the analysis of Jean's movement
were notably absent. This absence stemmed
preventiancgt itohne ocefx tany meani ngf ul results f
mont hs. Neverthel ess, both July and Noven
mont hs combined, contributing to the over e

For maps of monthl|l Apmpewnwdmantl patterns, seece
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3 RESULTS

A total of 10,066 GPS fixes (n) were anal
matriarchs, Elza (n = 5,118) and Jean (n =

June and December 202 2.

3. EI za
The step |l ength means foscebdehastbatysi 61 us
mi ni mum of 55 metres c¢c.a. (in June) and a

2 ranged from a minimum of 157 metetses. a.
c. a. (in December); state 3 exhibited a m
maxi mum of 1129 metres c .-nont(h npebreicoednb etrh)e
means were 61.5, 272, and 994Fmeteuvati bas
al so recorded for the standard deviati on

and concentration of the turning angl e ( sce

25



TabR&tep I ength parameters showing the m
deviation (SD) for each month and for all
mean corresponds to the average distance ¢

Step bangmkters

Me an SD

State St ateStateStateStateState

June [([0.0550.3101.0770.0550.2210.543

July |0.066 0. 2700.9530.0640.1600. 533

Augus|0.0740.2220.8570.0710.1040.579

Septel0.063 0.1820.7540.0630.1270.511

Octob(0. 102 0.2571.002140.1250.1310.710

NovemO. 066 0. 3050.9830.0610.1820.404

Decem0O0O. 079 0.3691.1290.0770.2010.430

Jumne
0.0610.2720.99490.0580.1660.55¢6
Decem
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Tab3®Bhe turning angle parameters, showing
month and for all the months combined (I as
the average angle performed in a single st
Tur ni ng aamgried er s

Me an Concentration

State StateStateStateStateState
June ([0.3000.012-0.1410.5411.1652.279
July |-0.0290.070-0.03(0.6271.6191.551
Augus|0.2050.0270.0520.7211.8721.737
Septe[f0O.501 0.02¢0.0440.2672.2121.867
Octob(-2.6920.0950.0540.8891.4162.101
Novem-0. 030-0.0270.0760.2391.1232.051
DecemO. 414 -0.097°-0.0240.6631.2312.157
June

0.1780.021-0.0140.4841.4071.824
Decem
A cldedrf erence was found in the time spent
we 't seasons, with an average for alll dry
wal king | ong distances, in contrast to on
paticul ar, in November, the first mont h
percentage of time spent in state 1 (short

27



Tab4 ercentage of ti me spehntt feorVietaecrhbi s tas
included in the Viterhbi function of the mc
sequence of states that generated the obse

Percentage of tim

St at e State State

June ©0.319 0.462 0.217

July 0.364 0.426 0.215

Augus 0.318 0.384 0.402

Septe 0.267 0.361 0.390

Octob 0.131 0.588 0.289

NovemO. 413 0.476 0.116

DecemO.312 0.508 0.185

Jumne
0. 319 0.462 0.217
Decem

I n June (98 bl evh®e,n RiIlId. covariates are set
transitioning fi1¥Mm wasateO0l710 Wnaere 2hdg i
vari abl e, this3p0®pabindi cat begamtbat am i

predictor vari able was associated with a

Conversely, the baseline prob¥piandyfodmme
2 to BYhtexhibhited consi-i®0alkbnel 5n e gaetsipveec tv
I n contrast, when the influence oflW3 stan
probability suggested a positive relatior
(+1.26) . This indicatedet habumse thi¥e8rdd asge
switching probability increased as well

NDVI, the pRN¥dbamisliittiyondafng was positively
This implied that i neagtreere nperro baabeialsi,t yt heefr et
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1. %8ad.so showed the probability of persi st
covariate: for example, the rougher the te
1 (Fi,gjusobwaes the roughness value, the hic¢
stateb3 (fRuirgg.her mor e, the higher the NDVI
persistence i mB) states 2 and 3 (Fig.

Tab% Regressi onf croetfie ct eansi ti on probabildi

June. The table shows the probability of
and 3 (1Y3), state 2 and 1 (2Y1), state 2
and 2 (3YR)rowWwhentficates the Dbaseline pro
covariates are set to zero From the secor
influence on the transition probabilities

Regression coefhnesi enbas pooda

1VY2 1VY3 2Y1 2Y3 3Y1 3Y2

Il nterc 0.71-15.5 5.1t -0.7C-12.0 -2.6¢C

Terr a
-0.371.15 0.24 0.37 0.41 0.82

roughn

Mi.moad/
_ 0.07 -1.31 0.16 0.14 0.90 0.55

di st al

Mi.nvat e
0.18 1.26 0.00 0.21 0.02 -0.11

sour ce
NDVI -3.0¢ 8.2¢2 6.49 -2.21 5.6063.70
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Terrain roughness

Jun

e

1

a

]

0 2 4 6 8 0 4 4 6 8 0 2 4 6 8
0 2 4 6 8 O 2 4 6 8 0 2 4 6 8
- /’,.- il o [ -\\\\ Il
0 2 4 6 8 0 2 4 6 8 0 2 4 6 S
gbiGeaph showing transition probabilitie:
~a covariate in June, between state 1
Y1), state 2 and 3 (2Y3), state 3 oand
OwsS persistence probabilities in state
Distance to nearest road/path June
1 0 1 2 3 4 0 IL 2 IS 4 1 D 1 2 .3 I4
1 0 1 2 3; O IL 2 IE 4 1 0 1 2 3 4
Iltl) ‘1 2 3; O 1 ‘2 IE 4 1 0 1 '2 !3 I4
g6.Geaph showing transition probabilit]i
ad/ path as a coverflataeadi 8@ (OUN2),6 bet wee
d 1 (2Y1), state 2 and 3 (2Y3), state
so shows persistence probabilities in
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Distance to nearest water source June

T3 i) I LI

1 0 1 2 1 0 1 2 1 0 1 2
[ T
oy -

1 0 1 2 1 0 1 2 1 0 1 2
[z L o Al il
il I

1 0 1 2 1 0 1 2 1 0 1 2

FiguGeaph showing transition probabilities
water source as a covariate i n June, betw
state 2 and 1 (2Y1), statle ,2 aardd s3 at2Y 3) ,a
The graph al so shows persistence probabildi
3 (3Y3)
NDVI June

'T;; I T o <1 s ¥j—h%7

02 03 04 05 06 07 08 02 03 04 05 06 07 08 02 03 04 05 06 07 08
E_: i : il '*—‘_,i_h_\ r:,

02 03 04 05 06 07 08 02 03 04 05 06 07 08 02 03 04 05 06 O 08
1% 1 et | 3 i

02 03 04 05 06 07 08 02 03 04 05 06 07 08 02 03 04 05 06 07 08

FigwBrGraph showing transition probabiliti
covar iumtee ibretlween state 1 and 2 (1Y2), st
state 2 and 3 (2Y3), state 3 and 1 (3Y1),
persistence probabilities in state 1 (1Y1)
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I'n July (%lal, eEl6za Fprgesented a tendency to
was r o3uYgthe+0.(93), i nto state 2 as the di st
B3Y2 +0.80), and into state 1% 3as+0t.h2e¥ 3faunrdt h
+0.29). Under the2iYafrlamesn ad onf sthhoeveND\al ,

val-0e8@); however, a substantiaYkwipohinhi\
probability (+9.68), whipch modaandt tthhea tt raa nlse
probability of persistence in state 3 was
(Fi1d.
Tab6.Regression coefficients for the transi
July. The table shows the probability of tr
3 (1Y3), state 2 and 1 (2Y1), state 2 and
(3Y2). The first row indicatesaltlhéd hbea sceolvian
are set to zero. From the second to the fi
on the transition probabilities are shown.
Regression coefficients f ordutl
1Y2 1Y3 2Y1 2Y3 3Y1 3Y2
Il nterc 0.2129-12.1 0.92 -0.5¢2-13.7 -0.51
Terra
-0.41 -1.21 -0.0: -0.0€ 0.93 0.99
roughn
Mi.m oad/
_ -0.1: 0.57 0.0¢Z -0.51 -1.97 0.80
di st al
Mi.nwwat e
-0.07 0.21 0.1¢ 0.29 -3.5¢ 0.08
source

NDVI 2.9¢4 5.5 0.8

[{a)
1
-

.90 9.68 0. 2°¢
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Terrain roughness

July

Cll 2 4 6 8 0 2 4 6 S 0 2 4 6 5
| o Lt 1]
H Cl 2 4 6 8 0 I:’, 4 6 8 0 2 4 6 S
E rr ."/." i
0 2 4 6 8 0 2 4 6 8 0 2 4 ] S
Fi g9.Geaph showing transition probabilitie:
as a covariate in July, between state 1 a
(2Y1), state 2 and 3 (2Y3), state 3 oand 1
shows persistence probabilities in state ]
Distance to nearest road/path July
Sk | i
r‘fll 2 3 4 1 0 1 2 3 4 1 0 1 2 3 4
v/ T
n-l 2 3 4 1 IO 1 2 3 4 1 0 1 2 3 4
"_'1 2 3 4 1 U 1 2 3 4 1 0 1 2 3 4
Fi gurm&r aph showing transition probabilit:i
nearest road/path as a covariate in July,
state 2 and 1 (2Y1), state 2 and 3 (2Y3),
The graph also shows persistence probabili
3 (3Y3).
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Distance to nearest water source July
3 | . j
-1 0 2 1 0 1 2 1 0 1 2
{ | DN | 1)
—Il 0 2 1 ID 1 I2 -1 0 .1 2
r[‘ en | T L
-1 0 2 1 0 1 2 —‘1 0 1 2
Fi gliGr aph showing transition probabilitie:
water source abeaweewastate dnaadl g, (1Y2),
2 and 1 (2Y1), state 2 and 3 (2Y3), state
graph also shows persistence probabilitie:
(3Y3)
NDVI July
[l i
CII.S C;.4 OI.S 0?6 OT 03 04 05 0.6 03 0.4 05 0.6 0.7
T 1 ] IS | 7 |
03 UI 4 UI 5 Olﬁ 0‘,7 OI,S Cll,4 CI.,S 0 6 03 04 05 Gl,ﬁ G,:?
3 il il
03 04 0.5 0.6 0.7 03 04 05 0.6 03 04 05 0.6 O..?
Figur26&r aph showing transition probabilit.i
covariate in July, between state 1 and 2 (
state 2 and 3 (2Y3), st&td¢3x2gnd The(FYhph
persistence probabilities in state 1 (1Y1)
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I n August (13@&®hl evh#e,n Rihgg. road predictive Vv

both positive and negatsievd ovalewes , |al tchoonu
same mont h, strongly positrilavre@ Y20l aesi twiea
probabilities (+11.94 and +20. 03, respect
Addi tionally, when it wessfair kérpmtoheer e
(Fidg; 1further mor e, it stayed in §t.atlendlerwl
the influence of the NDVI wvariabl e, El za

val ue6)(Fig. 1

TablTRegression coefficients for th transi
August. The table shows the pr bability of
and 3 (1Y3), state 2 andate(3YhAnd 4t 3&/12
and 2 (3Y2). The first row indicates the
covariates are set to zero. From the secor
i nfl uence on t he tarren sihtoiwmwmmn probabilitie

Regression coefficients f QAru gtt

1Y2 1VY3 2VY1 2Y3 3Y1 3Y2

Il nterc -0.6: 3.0<4 5.67 -0.3C -5.3¢ 9. 23

-~

Terr a
-0.2¢ -0.2C 0.2t 0.34 0.27 -0.014

roughn

Mi.moad/
_ -0.1¢ 0.1¢ -0.1¢<4 0.36 0.10 0.16

di st ati

Mi.wwat e
0.11 0.40 -0.2C 0.01 0.61 -1. 8¢
source

NDVI 2.9 3.07 11.9 4.6¢< 8.06 20.0
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Terrain roughness August
1 i
I ‘ —__._..__I il IS rrere
4 6 0 2 4 6 0 4 6
11 | i
4 6. 0 2 4I 6 0 4 6
rT| ll
4 él 0 2 4I 6 0 4 6
gaB&Eraph showing transition probabilitie
~a covariate in August, bet ween state 1
Y1), state 2 and 3 (2Y3), state 3l amd 1
OwsS persistence probabilities in state I
Distance to nearest road/path August
71 7
--1 1 2 4 1 1 4 1 1 4
i 1]
1 1 4 -.1 1 2 : 4 1 1 4
7 7|
1 1 4 -1 1 2 J 4 1 1 4
gurd&r aph showing transition probabilit]i
arest road/ path as staowearli atned i2n (AlUYQ2U)sS,
Y3), state 2 and 1 (2Y1), state 2 and 3
Y2). The graph also shows persistence pr
state 3 (3Y3).



Distance to nearest water source

August
1 D 1 2 1 0 1 2 3 -; 0 1 2 3
T i
1 [I) 1 2 1 0 1 2 3 -i 0 1 2 3
T i !
1 D 1 2 1 0 1 2 3 -i 0 1 2 3
Fi gurs&r aph showing transition probabiliti
nearest water source as a covariate in Au(
(1Y3), state 2 and 1 (2Y1l), state 32 and 3
(3Y2). The graph also shows persistence pr
in state 3 (3Y3).
NDVI August
- 3| g AL e | < .
02 03 04 0 02 0.3 04 035 02 DI.3 0.4 05
7 3 { IO i
DI.J 0:3 0._4 0 0_I2 0:3 0?4 0:_5 02 DI.3 0.4 05
7 3 i i |
[)r.l D-.3 04 0 0?2 0.3 0?4 0-._5 0-_2 [)I.3 04 0.-5
Fi gumé&r aph showing transition probabilit:i
covariate in August, between state 1 and 2
state 2 and 3 (2Y3), state 3 and 1 (3Y1l),
pesrn stence probabilities in state 1 (1Y1),
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September (TN&HH! shdDweRi g.xt3 2M&I1+B8 1hi5PH walde
i nfluence of the NDVI (Fig.16). Il n suppor
wen at the | owest NDVI values (Fig3Wwhk). R
transition was s6i.90n0i)f iacsa rtthley dii rshtialmicteed r(o m
(Table 8). As evidence, persi stesneet ont e 2
as possible (Fig.14). When set8Vhgamise tti en
was promoted as the roughness increased (

to occur near water sour ces.

Tab8Regression coefficients for the transi
September. The table shows the probability
1 and 3 (1Y3), state 2 and 1 (2VYdnd ssttattee
and 2 (3Y2). The first row indicates the
covariates are set to zero From the secor
i nfluence on the transition probabilities

Regression coefficients fSerptte

1Y2 1Y3 2Y1 2Y3 3Y1 3Y2

Il nterc 17.7 2.45 -11.4 -2.9¢-24.4 -4.6¢

Terr a -
0.2t 0.05 0.07 0.13 1.73 0. 21
roughn
Mi.moad/
_ -2.2¢ 0.12 -0.4¢ 0.05 6.0C -0.11
di st ati

Mi.wwat e

sour ce

NDVI 63.5 9.9

[{a]

31.5 2.55 6.2t 10.1
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Terrain roughness

September

[

1—2

1—3

i 3 ISRy | &

IE 0 1 I33 rSI 2 I[I)l 23 4 6 2 -1 0 1 2 3 4 6
i : ; ‘

3 0 1 3I3;16I 2 1[;1 33—1-6 -31[) 1 3'346
Fi g@avGr aph showing transition probabilitie
as a covariate in September, between state
1 (2Y1), state 2 and 3 (2Y3), stateh3 and
al so shows persistence probabilities in st

Distance to nearest road/path September

1 1 2 3 4 5 1(;‘ 2 345 1 12I34
T i T

Il 1 2 3 4 5 1 0 2 3:15 -1 12I34-
i i i

Il o 1 2 3 __:-1 -------- \ h -.-1 0 1 2 3 4 5 1 0 1 2 3 4
Fi gur8&r aph showing transition probabilit:i
nearest road/path a®taeeoavatiaateli mn8ep@t ¢
(1Y3), state 2 and 1 (2Y1), state 2 and 3
(3Y2). The graph also shows persistence pr
in state 3 (3Y3).
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Distance to nearest water source September
P A | i i i
1 0 1 2 3 1 0 1 2 0 1 2 3
T IO e | 3 i
1 D 1 2 3 1 0 1 2 0 1 2 3
T3 1] i
1 D 1 2 3 1 0 1 2 -1 0 1 2 3
i gumPe Graph showing transition probabil i
earest water source as a covariate in
(1Y3), state 2 and 1 (2Y1), asitdatse a2 ea rBd
3Y2). The graph also shows persistence
n state 3 (3Y3).
NDVI September
02 03 0.4 05 0.6 02 03 04 0.5 0.6 0.2 03 0.4 0.5 06
T 1 i
02 OI.3 0.4 O.‘S 0.6 02 0:3 04 0.5 Ol.é 0.2 D.!3 0.I4 I.S 0.!6
> -
02 OI.3 04 05 0.6 02 03 04 0.5 OI.6 02 0:3 0.I4 0.5 0..6
i g@Rmw6&r aph showing transition probabiliti
ovariate in September, bet ween state 1
2Y1l), state 2 and 3 (2Y3), state 3 and
howesr si stence probabilities in state 1



I n October 2(abl ehd®n NDVYIL or di stance fr«

covari atgeds, (Flimga was more | ikely to be ir
i ncreased and the | atter at a minimum valu
trend in transition probabilities when t e
high probability of persistirmsg (iTeab®BatOe F

Regarding the predictor variabl ¥23afi taihd tnan

probability was more probdpable to occur nese

Tab9 Regression coefficients for the transi
October. The table shows the probability
1 and 3 (lY ), state 2 and 1 (2Y1)tatse¢ a3 e
and 2 (3Y2). The first row indicates the
covariates are set to zero. From the secor
infl uence on the transition probabilities

Regr essxifdn ca ents for the @ctam

1Y2 1VY3 2VY1 2Y3 3Y1 3Y2

Il nterc 0.19 12.6 3.9z -3.71-12.9 -9.02

Terr a
3.45 -1.7% 0.35 0.3t 0.28 -0.15

roughn

Mi.moad/
_ 0.6 2.49 1.5 -0.3¢ -0.0f -0.31

di st al

Mi.wwat e

sour ce

NDVI -13.5-45.9 0.53 4.23 33.5 23.3
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Terrain roughness October
T 7 L
0 2 4 6 O 2 4 6 O 2 4 6
T 1 i
0 2 4 6 0 2 -1 6 0 2 4 6
. Im |
0 2 4 6 0 2 4 6 0 2 4 6
i g@dGr aph showing transition probabilitie
s a covariate in October, bet ween state 1
2Y1l), state 2 and 3 (2Y3), state 3Aalasmd 1
hows persistence probabilities in state 1
Distance to nearest road/path October
i i
1 0 1 2 3 4 1 0 1 2 3 4 —.1 ] 1 2 3 4
1l i
1 0 i 2 3 4‘ 1 0 1 2 3 4 —Il (‘} 1 2 _;; 4
rI|_ s IHE
1 0 1 2 3 4 1 0 1 2 3 4 -1 0 1 2 3 4
i gr2&raph showing transition probabilit]i
earest road/ path as ea cdwdrei dt eanidn 20c¢(tloYhz
1vy3), state 2 and 1 (2Y1), state 2 and 3
3Y2). The graph also shows persistence pr
n state 3 (3Y3).
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Distance to nearest water source October
L0 1 T 0 1 2 Do 1 2
' i i
-1 0 1 2 —i D 1 2 -1 0 1 2
r]| Il u
-1 0 1 2 —i D 1 2 —‘1 0 1 2
i g r36&r aph showing transition probabilit:i
earest water source as a covariate in Oct
1Y3), state 2 and 1 (2Y1)(3¥lt)at earmrd amntda t3e
3Y2). The graph also shows persistence pr
n state 3 (3Y3).
NDVI October
] ) i
;,1 0;2 03 0,I4 0,‘5 0. 6 0.,1 0;2 OI,S 0.4 0‘,5 Gl,ﬁ Ull 0.,2 OI 3 DI 4 05 Ol,ﬁ
=3 7 | <
C:.l O.I_'l 03 Cl.l4 O.‘S 0.6 01 0.I2 OI.3 04 0. Ol.ﬁ 0?1 02 0.3 Cll.4 0. C;.ﬁ
| e | |
Ol.l O.I,'l 03 0.;1 0.; 0.6 01 CI.I2 OI.3 04 0 Cl.lé O.Il 02 0?3 Cll.4 035 CII.G
i g@krd6&r aph showing transition probabiliti
ovariate in October, bet ween state 1 and
2Y1l), state 2 and 3 (2Y3), state 3 and 1
howssipet ence probabilities in state 1 (1Y
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Bet ween November and December, the only t\

results of the transition probabilit-ies foc
11, B8B8R:2a high probability of remai Bing ir
26) ; an elevated | ikelihood of persisting i
3 when the distan@é& D;r oan hiitg lyenrc fr peradsheagh ifldrii ti
3 at a | ower NDVI val ue, moving to state =2
(FB#2) ; and a discrete I|ikelihood of rema
( Fi7g8) 2

Tabl@egression coefficients for the trans
November. The table shows the probability
1 and 3 (1Y3), state 2 and 1 (2Y1)s,t adteat3e
and 2 (3Y2). The first row indicates the

covariates are set to zer
Pt

From the secor
influence on the trans i

0
on probab I ties

Regressebhicients for t heNotvrean

1Y2 1Y3 2VY1 2Y3 3Y1 3Y2

[{a}

Il nterc -1.72-37.5 -8.0¢t -2.7¢-27.1 -4. 84

Terr a
0.17 -1.7¢ 0.11 -1.51-10.6 -0.11

roughn

Mi.moad/
_ 0.12 3.61 0.12 0.20 0.62 0.33

di st al

Mi.nvat e
-0.0¢ 0.6 -0.0¢ 0.39 -7.3¢2 -0.6¢

sour ce
NDVI 0.56-20.9 11.2 0.90 -9.9¢ 8.509
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Tabllegres

December.
1 and 3

and 2
covariates

(1

(3V2

nfl uence

sion coefficients for the trans
The table shows the probability
Y3), state 2 and 1 (2Y1)s,t agteat3e
) . The first row indicates the
are set to zero. From the secor
on the transition probabilities

Regresséebhicients

for theDdaan

|l nter c

Terr a

roughn

Mi.m oad/
di st ai

Mi.nvat e

sour ce

NDVI

1Y2
2. 38
0. 37
0. 1¢
0.01
5. 1°¢

1Y3

14. 8

-1 97 .

-122.

241 .

2211

2VY1
-1. 8¢
0.07
-0. 0¢
0. 14
0.85

2

Y 3 3Y1

. 4(0-481.

.31 -40.

.03 10.

. 75 -40.

5

6

6

. 57-291.

3

2.

Y2

. 08

. 30

.00

11

01
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Terrain roughness

T 3 ’_. I

4 |
1 0 1 2 3 4 1 ( 1 2 3 4
1 0 1 2 3 4 5 1 0 1 2 3 4

Figab& aph showing transi
as a covariate in November,
1 (2Y1), state 2 and 3
al so shows persistence
Terrain roughness

T3

n:; 2 4 6 0 2 4

ol 2 4 6 0 2 4
73 1

0 2 4 6 0 2 4

Fi g@6G@r aph showing transi
as a covariate in Decem
1 (2Y1), state 2 and 3
al so shows persistence

November

2 3 4 5

203 45

2 4 5
probabilitie
bet ween state
state 3 and
ities in st

December

Iz 4 6

.2 4 6

; 4 6
probabilitie
bet ween state
) . state 3 and
abilities in st
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Distance to nearest road/path November

73 | s | 1

1 0 1 2 3 4 1 0 1 2 3 4 1 0 1 2 3 4
73 | 3

1 0 1 2 3 4 1 0 1 2 3 4 1 0 1 2 3 4
T ] g 31 Ll

1 0 1 2 3 4 1 0 1 2 3 4 1 0 1 2 3 4
Fi g®@r76éraph showing transition probabiliti
nearest road/ path as an csotvaarei alt ea nidn 2N o(vleYn2l
(1Y3), state 2 and 1 (2Y1), state 2 and 3
(3Y2). The graph also shows persistence pr
in state 3 (3Y3)

Distance to nearest road/path December

+ + | ] 7 i

1 0 1 2 3 4 5 1 0 1 4 3 4 5 1 0 1 2 3 4 5
T_' i en

1 0 1 2 3 4 5 1 0 1 2 3 4 5 1 0 1 2 3 4 5
T3 l i

1 0 1 2 3 4 5 1 0 1 2 3 4 5 1 0 1 2 3 4 5
Fi g®2B&r aph showing transition probabilit:i
nearest road/path as a covariate in Deceml
(1Y3), state 2 and 1 (2Y1l), stataeg e2 3amchd3
(3Y2). The graph also shows persistence pr
in state 3 (3Y3).
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il 1]

1 0 1 2 3 1 0 2 3 -1 0 2 3
T: £ R

1 0 1 2 3 1 0 2 3 -1 0 2 3
&3 < e Sl A1

1 O 1 2 3 1 D 2 3 1 0 2 3
Fi g®mM9&r aph showing transition probabilit:i
near est waat ecrovsaoruiractee asn November, between
3 (1vy3), state 2 and 1 (2Y1), state 2 and
(3Y2). The graph also shows persistence pr
in stave) 3

Distance to nearest water source December

T

1 0 1 2 3 1 0 2 3 -1 0 2 3
7l G R

1 0 1 2 3 1 D 2 3 1 0 2 3
T 71 R

1 0 1 2 3 1 D 2 3 -1 0 2 3
Fi gBO&r aph showing transition probabilit:i
nearest water source as a covariate in Dec
3 (1Y3), state 2 and 1 (2Y1), state 2 and
B3Y2) The graph also shows persistence pr ¢
i n state 3 (3Y3).

Distance to nearest water source

November
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NDVI November

T3 1
02 03 04 05 0.6 0.7 02 03 0.4 05 0.6 0.7 02 0.3 0.4 0.5 0.6 0.7
T 3 il -.'"“*-“_\'\.‘: -
02 0.3 04 05 0.6 0.7 02 03 0.4 05 0.6 0.7 02 0.3 04 0.5 0.6 0.7
\ I )
02 03 04 05 0.6 0.7 02 03 0.4 05 0.6 0.7 02 0.3 04 0.5 0.6 0.7
Fi g®Brl&r aph showing transition probabiliti
covariate in Novamler2, (Hert2yeemstxattet €L land
(2Y1), state 2 and 3 (2Y3), state 3 and 1
shows persistence probabi ities in state 1
NDVI December
02 03 04 05 06 07 08 02 03 04 05 06 07 08 02 03 04 05 06 07 08
i: | 1
02 03 04 05 06 07 02 02 03 04 05 06 07 08 02 03 04 05 06 07 08
73 mi 3 g
02 UI,S 04 Uii Ol,ﬁ 0.7 OI,8 I.’JIQ 03 04 05 06 07 08 OI,Z Olj (;,4 05 I.’JI,6 I.’JI,T 08
Fi gBr26raph showing transition probabilit:i
covariate in December, bet ween state 1 an
(2Y1), state 2 and 3 (2Y3), state 3 and 1
shows persistence probabilities in state 1

49



The transition probabilities of all 7 mon
month by mont®36 Tallloe EXampilege, thedtehreai
switching probabilities DWW p#O.mo2)i ngnch & rpa
in that state as tBB; roughomess dencngasdedt
water source, as the distance increased, t
and the p2v%®alinsityomfincidheased (+0.40) (|

Tabl2Regression coefficients for the transi
June to December combined as a whol e, The
bet ween state 1 and 2 (1Y2), state 1 and
(3), state 3 and 1 (3Y1), and state 3 and
probability of transition when all the cov
row, 4 different covariates ahdtiksi arienslt
Regression coefficients fonmnedatehceen
1Y2 1Y3 2Y1 2Y3 3Y1 3Y2
Il nterc -1.32 -0.3¢ -1.61 2.4t 5.5¢ -1. 3¢
Terr a
0.1t 0.212¢ 0.12 -0.0¢ -2.6<¢ 0.15
roughn
Mi.m oad/
_ 0.02 0.123 0.142 -0.0¢ 0.49 0. 1c¢
di st at

Mi.wwat e

sour ce

NDVI 0.24 5.7« 0.47 1.33 0.45 0.81
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Terrain roughness

June-to-December

2 4 6 8
) N —] .
0 -Il 6 8 0 :; 6 8 2 4 6 8
i 7 [
o 2 4 6 8 o 2 4 & s : 4 6 s
Fi g8B&r aph showing transition probabilitie
as a covarmoantteh fpoerr itohdke (7June to December),
state 1 and 3 (1Y3), state 2 and 1 (2Y1),
state 3 and 2 (3Y2). The graph also shows
2 (2Y2) and in state 3 (3Y3).
Distance to nearest road/path June-to-December
S A
1 0 1 2 4 6 1 12 ?-I1 6 lll aall) 6
A —
1 0 1 2 4 6 1 12I’€ 4 6 1 1 g-ll:v 6
r]| e T TR
1 0 1 _I 4 6 1 1 2 3 4 6 1 1 3 4 5 6
Fi gwBrd&r aph showing transition probabilit:i
near est sroaadcopvaatrhmeahehf pertbd {June to Dec
1 and 2 (1Y2), state 1 and 3 (1Y3), state
1 (3Y1), and state 3 and 2 (3Y2). The graj
1 (n)y, state 2 (2Y2) and in state 3 (3Y3).
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Distance to nearest water source

June-to-December

n l 1 2 3 4 1 0 1 2 3 4 L 0 1 2 _3:_“4
S
n l 1 2 3 4 1 0 1 2 3 4 L 0 1 2 3 4
% ri] : ez s
n 1 1 2 3 4 1 0 1 2 3 4 -1 ] 1 2 3 4
gwBB&raph showing transition probabilit:i
arest water sour<amenas pecovdri(dueef oo O
ate 1 and 2 (1Y2), state 1 and 3 (1Y3),
& n (3Y1), and state 3 and 2 (3Y2). The
ate 1 (1Y1), state 2 (2Y2) and in state
NDVI June-to-December

: | g
n O.I?. O.:-1 0.6 O.IB 0:.3 6.4 (.‘:.6 OI.B Oj2 DI.4 ; O-.S

02 0..-1 0.6 0;8 02 0.4 Ol.é 0.8 02 OI.4 0.6 08
n 02 0..-1 0.6 0.8 02 0.4 0.6 0.8 02 0.4 0.6 0.8
gB6&r aph showing transition probabiliti
ovaatrei fonontfihe p2riod (June to December), b
and 3 (1Y3), state 2 and 1 (2Y1), state
d 2 (3Y2). The graph also shows p2ersist
Y2) and in state 3 (3Y3).
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The results regarding the stationary state
( Fi7gld) 3
Considering the terrain roughness as ¢cc

was a <cl| earocpcruervraelnecnec ei nofstate 1 783 . hilgh |

September, the probability of being in sta
while both state 1 and 2 had a | ow probal
(F&#pl.n October, there was a marked pr edomi
roughnelds NoBive.mber and December, i nstead,
occurrence for the for mer, and hig#Agr odd
Anal ysi-magnttthepeéeri od as a whole, however, s

when the terraidn. was rougher (Fig. 4

When the distance to the nearest road/ g
was a tendency toesesmaifntihe dtiastanZer ¢gart
a greater | ikelihood of pers?7)stingJuhysta
probability of being in states 2 and 1 wa:
was more |lokeeéygt adi8shahsbeAfdugt 3and Septem
prevalence of state 3 among t19é4Ddi Wwhereas
October showed a predominance of state 1

state 2l as ocfthet e covéa}li aNevemibgeenaed DE&EC @

similar patterns, with a preponderance of
val ues2ABFi Qverall , state 2 was the favour.i
with state 1 slightly4more | ikely near the

Under the influence of di stance from
variabl e, state 2 prevailed i n June and .
(F8B®8.8. I n Augusatnd ®eptodbmbber ,i nst ead, stat e
near the water source (with a substanti a
exponentially as distan3®@)lfraAamsi mel avatere
bet ween Novembewi tahn ds tCaetcee nib efrol | owi ng t he
hi gher occurrence near the water point, bu

3 once away f d@np.t hTeh ewastaemme (tFriegnnds as t he
7-mont h g rrFadgy $4i s

With slightly different degrees of pro
each month indicated a high persistence i
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a high probability of remai ni nagr iian est awie h
hi ghest probability of being i7#) state 2 at

Stationary State Probabilities June

Terrain roughness Distance to nearest road/path

00 02 04 06 08 10
00 02 04 06 08 1.0

0.0 02 04 06 08 1.0
00 02 04 06 08 1.0

-1 0 1 2 02 03 04 0.5 06 07 0.8

Distance to nearest water source NDVI

FigB8r&raph showing stationary state probab

Stationary State Probabilities July

Terrain roughness Distance to nearest road/path

00 02 04 06 08 10
00 02 04 06 08 10

00 02 04 06 08 10
00 02 04 06 08 1.0

-1 0 1 2 03 0.4 0.5 0.6 0.7

Distance to nearest water source NDVI

FigB8B& aph showing stationary state probab
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Stationary State Probabilities August
Terrain roughness Distance to nearest road/path
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Stationary State Probabilities September
Terrain roughness Distance to nearest road/path
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Stationary State Probabilities October
Terrain roughness Distance to nearest road/path
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Stationary State Probabilities November
Terrain roughness Distance to nearest road/path
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Stationary State Probabilities

December

Terrain roughness Distance to nearest road/path
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Stationary State Probabilities June-to-December
Terrain roughness Distance to nearest road/path
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3. dean

The step |l ength medamoantbt yeaovker st aee 7v anoin
13) . State 1 recorded mi ni mum of 638
December ; state 2, presented a mini

664 metres (i n Dece&amhbearn)g,e dr doed eaveeteinv 6814y2; met
as a minimum, and 1769 metres (in
the step |l ength mean is 50, 223, and
results foll owiedntpat tsamres fdauct hat mean.
model, the turning angle parameters,
calcul ats#d (Table 1
Tabl8Step |l ength parameters showing t
deviation (SD) for each month and for
mean corresponds to the average distance

Step bangmbkters
Me an SD
St at Stat Stat| Stat Stat Stat

Juneg 0.06 0.37 1.47 0.07 0.26 0.70
Jul y - - - - -

Augu 0.08 0.33 1.28 0.08 0.18 0.67
Septel 0.09 0.34 1.22 0.09 0.21 0.55
Octoll 0.20 O0.56 1.76 0.120 0.37 0.69
Novem - - - - -
Decen 0.12 0.66 0.84 0.14 0.48 0.63
June

0.05 0.22 0.88 0.05 0.14 0.58

Decem
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Tabldhe turning angle parameters, showing
mont h and for all the months combined (1| as
the average angle performed in a single st

Turning angl e parameters

Me an Concentrat.i

St at St at St at St at St at St at

Juneg 0.04 -0.10 0.03f 0.57 1.46 1.50

July - - - - - -

Augu 0.04 0.06 0.02 0.96 1.66 1.43

Septef 0.10 0.13 0.0 0.80 1.41 2.41

Octoll -0.07 0.04 -0.177 0.74 1.67 5.45

Novem - - - - - -

Decen 0.32 -0.01 -0.04 0.37 1.21 7.03

June

-0.24 0.04 0.0 0.26 1.58 1.50
Decem
Bet ween June and October, the percentage
reaching 51% occurrence in October, whi ch
s penstt aitre 3 (6 %) . I n an analysis on a mont
state 2, with percentages ranging from 3¢

characterised by elevated values of ti me
the months from June to December, Jean sp¢
and 20% in St.ate 1 (Table 1
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Tabl®Percentage of ti me
uded iunnctthieonviafertbhe fmoveHMM package.

i ncl
sequence of states that

I n
Wh e
neg
I nd
pro
Und
rec
v al
v al
Con

wa s

J
n
a
i

b

e

orde@Y&oransie2dn,3YwWhwiltsehi ng

u

u

S

spent for eac

generated the

Percent age

State Stat

June 0. 27 0.61

Jul vy - -

Augu: 0.38: 0.50

Septe 0.46: 0.39

Oct ol 0. 51( 0. 42

Novem - -

Decem 0. 35: 0.50

Jumne
0. 20: 0. 42
Decem

of t i m
¢ Stat e
0.12
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The regression 1cY®Berfdngiiteinas Wemre thet take
analysis of thishmoetwas movementespoasiehc:

TableBRegression coefficients for the trans
June. The table shows the probability of
and 3 (1Y3), state 2 and 1 (2Y1), seta3dte 2
and 2 (3Y2). The first row indicates the
covariates are set to zero From the secor
infl uence on the transition probabilities

Regr essfiiomi emtes f or t he tr alnusr

1Y2 1VY3 2VY1 2Y3 3Y1 3Y2

Il nterc 1.23-577. -4.7¢ 0.42-10.1 -2.01

Terr a
-0.2282.0 0.22 0.28 2.4¢ 1.52

roughn

Mi.moad/
. 0.14143. 0.44 0.0 -0.9% 0. 1¢

di st at

Mi.nvat e
0.14-462. -0.5¢ -0.1C 2.48 -1.7c¢

sour ce
NDVI -3.62-399. 5.06 5.2¢10.6 1.35
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Terrain roughness

June

: i
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; i i
0 2I 4 6 t; 2 4 6 OI 2 4I 6
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Figdb& aph showing transition probabilitie
as a covariate in June, between state 1 a
(2Y1), state 2 and 3 (2Y3), state 3 oand 1
shows persistence probabilities in state 1
Distance to nearest road/path June
I | L i | 3
Lo 1 2 3 4 o 1 2 3 4 a4 o0 1 2 3 4
i i
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i 7| [0
HI-OI 1 2 3 4 0 1 2 3 4 1 0 1 2 3 4
Fi gur&r aph showing transition probabiliti
nearest road/path as a covariate in June,
state 2 and 1 (2Y1), state 2 and 3 (2Y3),
The graph also shows persistence probabili
3 (3Y3).
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Distance to nearest water source June
I B RN | "
—!1 0 1‘ 2 1 (; 1 2 1 él 1 I2
f i
-1 0 1 2 1 0 1 2 1 0 1 2
T: 1 1
n —.1 0 1 2 1 0 1 2 1 Cl 1 2
Figuwr7&raph showing transition probabilit:i
nearest water source as a covariate in Ju
(1Y3), state 2 and 1 (2Y1), state 2 and 3
(3Y.2)The graph also shows persistence prob
in state 3 (3Y3).
NDVI June
i il _1' I 7
O.IS 04 Ol.i OI.6 07 CI.IS O.I3 014 0..5 Ol.ﬁ 0£ 0.3 0.4 OI.S 0:6 0 OI.S
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ﬁ 03 04 0.5 0.6 07 0.8 03 04 0.5 0.6 0.7 0.2 03 04 05 0.6 0 0.8
FigwuB&raph showing transition probabiliti
covariate in Jurme,( lbvet)we esrt astteatle alndar8d (1Y
state 2 and 3 (2Y3), state 3 and 1 (3Y1l),
persistence probabilities in state 1 (1Y1)
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Il n Augus/t FH5geb #UNtDAMd had a great influence
with a tendency to promote occurr@iN&e in s
+10.98). I n support of this, as the NDVI v
remar kabl ysi svthen ee pien sthadt.e Th ei rdd rsd asneaeck
road/ path did not notably influence the t
val uzYlahaY3Iransition values as the distar
respectoinwgelwi)t,h aal persi stence probability
to the roadsDdi.ncTreerarsaeidn (rFoiugghness in this n
2Y1lswitching when the terrain was roughei
persestaenstate 2 when the .roughness was gr

Tabl®&®egression coefficients for the trans
August. The table shows the probability of
and 3 (1Y3), state 2 and 1 (2Y1), astteat2 2
and 2 (3Y2). The first row indicates the
covariates are set to zero From the secor
influence on the transition probabilities

Regresasfi bincicents for t he tAuagn

1Y2 1Y3 2VY1 2Y3 3Y1 3Y2

Il nterc 0.46-332. -4.7: -5.8¢-821. -2.1¢

Terr a
-0.2:-32.8 0.55 0.15 68.8 0.08s8

roughn

Mi.moad/
_ 0.11 38.5 0.12 0.35-477. 0. 1¢:

di st al

Mi.nvat e
0.0 6.27 -0.3C -0.0¢€¢-124. 0. 04

sour ce
NDVI -4, 3¢-103. 10.9 13.0 463. 4. 15
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Terrain roughness August
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FigdB& aph showing transit.i probabilitie
as a covariate in August, bet ween state 1
(2Y1), state 2 and 3 (2Y3) state 3l amd 1
shows persistence probabil ies in state
Distance to nearest road/path August
N VITIRTIAT I TR T bttt S 1! | I E
1 0 2 3 4 0 1 2 3 4 -1 2 3 4
1 (IJ 2 3 4 0 1 ;l 3 4 L 2 3 -1I
is 3 7
nl 0 2 3 4 0 1 2 3 4 -1 2 3 4
Fi gbrO&raph showing transition probabiliti
nearest road/ path as a&staowearli atned i2n (ALUYG2U)Ss,
(1Y3), state 2 and 1 (2Y1), state 2 and 3
(3Y2). The graph also shows persistence pr
in state 3 (3Y3).
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Distance to nearest water source August
750 T T
1 0 1 2 3 4 1 0 1 2 3 0 1 2 3 4
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i A ]| ;| HiEEER ]
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Fi g®brl&r aph showing transition probabilit]i
nearest water source as a covariate in Auc
(1Y3), state 2 and 1 (2Y1), state 2 and 23
(3Y2). The graph al so shows persistence pr
in state 3 (3Y3).
NDVI August
= 2 L 710 7
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Fi gbr26raph showing transition probabilitdi
covariate in August, between state 1 and 2
state 2 and 3 (2Y3), state 3 and 1 (3Y1),
pesrn stence probabilities in state 1 (1Y1),
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I n SeptemBerbibgi.abwédeh the distance to the
persistence in state 3 was(high®as) We2!|f as!

probability of occurrence was higHierllhpear
Therefore, the increase in distance from t
state 3 to state 2. Regarding tbhercefl ube
probability of persisting (iFn gs t5ét)iel ¥ twhaes
increased with distance (+0.59). Consider |
persisting in state 3 waki gFudtdh ea8nYolalme hi g
2YIlprobabilities were promoted as the NDV

respectivel y).

Tabl&8egression coefficients for the trans
September. The table shows the probability
1 and 3 (1Y3), state 2 and 1 (2Y1)s,t adteat3e
and 2 (3Y2). The first row indicates the

covariates are set to zer
Pt

From the secor
influence on the trans i

0
on probab I ties

Regresséebhicients for theSdptaeg

1Y2 1Y3 2Y1 2Y3 3Y1 3Y2

Il nterc -1.4¢-1452 -2.0% 1.07 -26.9 -3.0¢

Terr a
0. 0:2-6914. 0.27 0.15 0.23 0. 417

roughn

Mi.moad/
_ -0. 3t 282. -0.2¢ 0.15 -1.3¢ -1.11

di st al

Mi.nvat e
0.08 437. 0.59 0.52 1.39 -0.0¢

sour ce
NDVI 0.38-1047 3.08 -7.7166.2 8.16
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Terrain roughness September
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FigeBxr aph showing transition probabilitie
as a covariate in September, between state
1 (2Y1), state 2 and 3 (2Y3), stateh3 and
al so shows persistence probabilities in st
Distance to nearest road/path September
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-i 0 1 23:13% 101.23436 1 0 1 23-:1:1 6
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Fi gbrd&r aph showing transition probabilit:i
nearest road/path a®taeeovatiadate li mn8e Rt €1
(1Y3), state 2 and 1 (2Y1), state 2 and 3
(3Y2). The graph also shows persistence pr
in state 3 (3Y3).
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Distance to nearest water source

September
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I gbrh&raph showing transition probabiliti
earest water source as a covariate in Ser
(1Y3), state 2 and 1 (2Y1l), asidatse a2 earBd .
3Y2). The graph also shows persistence pr
n state 3 (3Y3).

NDVI September

: j
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i gbre&r aph showing transition probabiliti
ovariate in September, between state 1 a
2Y1l), state 2 and 3 (2Y3), state 3 and 1
homwesr si stence probabilities in state 1 (1
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I n Oct obler HABGR.DSwben setting the distance

covariate, a persistence i n sthetcomi nwa Pr Pl
to zero as movi fdgiawdy)fsruopnp otrhte orfoatdhi s, wl
t heY2probability was pr2wbtreadns(+0 .039)prama
i nhi BOi.t2e2d) .( When consi deri ngt hteh ewa tnefrl useonucrec
was a tendency tbY3rap¥8t0DoB6)roasthhe B8i ¢

water increased, which was also confirmed
was higher the f ur(tFhiegr. 339wWdher ftrloan it hfel wan ecea
probabilities to move from state 3YZo st afl

+65a08Y% +1F.Fi@) PE)sistence in tsdrartai n wee
rougher. (Fig.57)

Tabl3Regression coefficients for the trans
October. The table shows the probability ¢
1 and 3 (1Y3), state 2 and 1 ((32Y¥11)),, asntda tset
and 2 (3Y2). The first row indicates the
covariates are set to zero. From the secor
influence on the transition probabilities

Regression coefficients f®OctobD

1Y2 1VY3 2VY1 2Y3 3Y1 3Y2

Il nterc 0.13 9.97 6.4 1.18 -0.21-19.6

Terr a

roughn

Mi.m oad/

di st al

Mi.wwat e

sour ce

NDVI 4.7 3.2315.7 -11.9 -3.5¢4265.0
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Terrain roughness

October

—
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i g67&@ aph showing transition probabilitie
s a covariate in October, bet ween state 1
2Y1l), state 2 and 3 (2Y3), state 3Alasmd 1
hows persistence probabilities in state ]
Distance to nearest road/path October
Ti . A AL 1' E
o 1 2 3 4 4 0 1 2 35 4 5 4 o 1 2 3 4 3
i i
l 0 1 2 3-:1 161;:34; L 0 1 2 3 4IS
i: 1] et Ll | 3 TR
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i gbr8B&r aph showing transition probabiliti
earest road/path as a covariate in Octob
1vy3), state 2 and 1 (2Y1), state 2 and 3
3Y2)The graph also shows persistence prob
n state 3 (3Y3).



Distance to nearest water source October
L 0 1 2 1 0 1 2 1 0 1 2
; i | 71
L 0 1 2 1 0 1 2 1 0 1 2
1: 1 1 I I
) -1 0 1 2 1 0 1 2 1 0 1 2
i gwbrO&raph showing transition
earest water sourodberags batowewar isdtad ei
1Y3), state 2 and 1 (2Y1l), state
3Y2). The graph also shows persistence
n state 3 (3Y3).
NDVI October
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i gwre&r aph showing nsition
ovariate in October, bet ween state
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DecemberO ( Pddgl. er 2cor ded a high probability
vicinity of t1®8,watherd es asr d e e(FMidprt aamsciet iioni

probability also increased (+1.23). Under
increasingly higher probability of switchi
was h2Ybe+28.04) WEeg. 6onsidering distance
persisting in state 3 was more el evated wh

at the greatbegst Pckirstissneenc(eFiign. state 1 was

terrain.

Tab2@egression coefficients for the trans
December. The table shows the probability
1 and 3 (1Y3), state 2 ,andgtdtd23¥13d9nd st atRY
and 2 (3Y2). The first row indicates the

covariates are set to zero. From the secor
i nfl uence on tha etsr ami tsihomrwnpr obabi |l i

Regression coefficients fDercetn

1Y2 1Y3 2VY1 2Y3 3Y1 3Y2

I nterc -3.4¢-29.7 -22.7 0.47 1.21 -41.1

Terr a
0.4 3.50 2.1 0.34 0.0¢ -0.14C¢c

roughn

Mi.moad/
_ -0.0¢ 4.78 -0.3¢ 4.1-2 0.9 -8. 7c¢

di st al

Mi.nvat e
0.27 0.83 0.06 1.23 0.10 2.14

sour ce
NDVI 3.44-16.2 28.0 6.5 -2.3¢ 54.8
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Terrain roughness December
o [— ; :
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T i i
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Fig6dG aph showing transit.i probabilitie
as a covariate in December, between state
1 (2Y1), state 2 and 3 (2Y3 state 3 and
al so shows persistence prob Ilities in st
Distance to nearest road/path December
3 | P : j
1 0 2 3 4 1 0 1 2 3 -Il 1 2 3 4
7 3 i q
I_D 2 3 -'II 1 0 Il 2 3 -II 1 2 3 4
i T
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Figwr26raph showing transition probabiliti
nearest road/ path asweaerovtaatieat® amd D2c(
(1Y3), state 2 and 1 (2Y1), state 2 and 3
(3Y2). The graph also shows persistence pr
in state 3 (3Y3).
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Distance to nearest water source December
AT | 1 -
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gwr3&raph showing transition probabilit:i
arest water source as a covariate in Dec
(1Y3), state 2 and 1 (2MM1),3Yslt)gat eandd asrnd
Y2). The graph also shows persistence pr
state 3 (3Y3).
NDVI December
gy | i
0..3 04 05 06 07 08 03 04 05 06 07 08 03 04 05 0.7 08
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gwrd&r aph showing transition probabiliti
variate in December, bet ween state 1 an
Y1), state 2 and 3 (2Y3), state 3 and 1
oOows spstence probabilities in state 1 (1
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The overall analysis of transition probabi
trends that mirrored the ahalBbB6g.s6 dberr@aairn
roughness as a covariate influenced the tr
to state 1 the r®¥gheo02Yde+0.erBYa2i-@4n2a0a)s (
(Fibgp; 6considering the distance vtaoi abéenet
transition probabilities were in favour of
(1Y2+0. 1DY&+h@. 24) and persisting in such st
road 6 Fi ghen distance frometbd, wat @er esal
occurrence in stajep Whwast hecNDUYedwé&i geb
was the most probable @%t hd. BBDWVI&RMdED )i e

(Figy. 6

TabadlRegr essi otns cfooerf ftihca etnr ansi ti on probabi
June to December combined as a whol e. The
bet ween state 1 and 2 (1Y2), state 1 and
(2Y3), statle ,3 ammdd skt at3xY 3 and 2 (3Y2). Th
probability of transition when all the cov
row 4 different covariates and their infl

Rergession coefficients fodut éde ctem

1Y2 1VY3 2VY1 2Y3 3Y1 3Y2

Il nterc 0.25 -2. 4

[N
1
=
(o]
~1
1
N

.5€¢ 5.1 -1.6C¢C

Terr a
-0.02z -0.57 0.18 0.03 -1.0¢ 0.10

roughn

Mi.moad/
_ 0.10 0.03 0.07 0.24 0.2 -0.1¢

di st al

Mi.wwat e
-0.1C -0.07 0.05 0.26 0.36 -0.0c¢

source
NDVI 2.2 1.53 1.47 1.91 2.69 0.32
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Terrain roughness

June-to-December

_ A LU 1 j
0 2 6 8 0 2 4 6 8 0 N 2 “:"—6 8
T : R | 31 et i
.0 2 6 8 0 2 4 6 8 0 2 4 6 S_
i 3111 S A 1
) _”(; ----- 2 6 8 0 2 4 6 8 0 2 4 6 8
Fig6b& aph showing transition probabilitie

as a covarmoantteh fpoerr itohde (7June to December),
state 1 and 3 (1Y3), state 2 and 1 (2Y1),
state 3 and 2 (3Y2). The graph also shows
2 (2Y2) and in state 3 (3Y3).
Distance to nearest road/path June-to-December
B g ALKl ll . LA E
1 0 1 2 3 4 6 1 0 1 2 3 4 6 1 0 1 2 3 4 6
1 D 1 2 3 4 é 1 0 1 2 3 4 6 1 0 1 2 3 4 6
1
. 1 D 1 2 3 4 é 1 0 1 2 3 4 6 1 0 1 2 3 4 6
Fi gwe&r aph showing transition probabilit:i
nearest road/ pat hmoanst ha pceorviaord a(tJeu nfeo rt ot hDee c
1 and 2 (1Y2), state 1 and 3 (1Y3), state
1(3Y1), and state 3 and 2 (3Y2). The graph
1 (1Yy1), state 2 (2Y2) and in state 3 (3Y3:

77



~Q® O T

—1
00 02 04 06 0810

Distance to nearest water source

June-to-December
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I gwr7/7&raph showing transition probabiliti
eardsetr waurce as -mortolvapeéenrnited fiJundetd D
tate 1 and 2 (1Y2), state 1 and 3 (1Y3),
and 1 (3Y1), and state 3 and 2 (3Y2). Th
tate 1 (1Y1), state 2 (2Y2) and in state
i gwB8&r aph showing transition probabiliti
ovari at-morftor pgeéirei &/d (June to December), b
na 3 (1Y3), state 2 and 1 (2Y1), state 2
nd 2 (3Y2). The graph also shows persist
2Y2) and in state 3 (3Y3).
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