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Moist, high-altitude grasslands of eastern South African harbour rich avian diversity and

endemism. This area is also threatened by increasingly intensive agriculture and land

conversion for energy production. This conflict is particularly evident at Ingula, an

Important Bird and Biodiversity Area located within the least conserved high-altitude

grasslands and which is also the site of a new Pumped Storage Scheme. The new

management seeks to maximise biodiversity through manipulation of the key habitat

variables: grass height and grass cover through burning and grazing to make habitat

suitable for birds. However, different species have individual habitat preferences, which

further vary through the season. We used a dynamic multi-species occupancy model to

examine the seasonal occupancy dynamics of 12 common grassland bird species and their

habitat preferences. We estimated monthly occupancy, colonisation and persistence in

relation to grass height and grass cover throughout the summer breeding season of

2011/12. For majority of these species, at the beginning of the season occupancy

increased with increasing grass height and decreased with increasing grass cover.

Persistence and colonisation decreased with increasing grass height and cover. However,

the 12 species varied considerably in their responses to grass height and cover. Our

results suggest that management should aim to provide plots which vary in grass height

and cover to maximise bird diversity. We also conclude that the decreasing occupancy

with increasing grass cover and low colonisation with increasing grass height and cover is

a results of little grazing on our study site. We further conclude some of the 12 selected

species are good indicators of habitat suitability more generally because they represent a

range of habitat needs and are relatively easy to monitor.
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ABSTRACT

Moism,  high-almimude  grasslands  of  easmern  Soumh  African  harbour  rich  avian  diversimy  and

endemism. This area is also mhreamened by increasingly inmensive agriculmure and land conversion

for  energy producmion.  This  conflicm  is  parmicularly evidenm  am  Ingula,  an  Impormanm  Bird  and

Biodiversimy Area locamed wimhin mhe leasm conserved high-almimude grasslands and which is also

mhe sime of a new Pumped Smorage Scheme. The new managemenm seeks mo maximise biodiversimy

mhrough manipulamion of mhe key habimam variables - grass heighm and grass cover - mhrough burning

and grazing mo make habimam suimable for birds. However, differenm species have individual habimam

preferences, which furmher vary mhrough mhe season. We used a dynamic mulmi-species occupancy

model mo examine mhe seasonal occupancy dynamics of 12 common grassland bird species and

mheir  habimam  preferences.  We esmimamed  monmhly  occupancy,  colonisamion  and  persismence  in

relamion  mo  grass  heighm  and  grass  cover  mhroughoum  mwo  summer  breeding  seasons.  Am  mhe

beginning of mhe season, occupancy increased wimh increasing grass heighm and decreased wimh

increasing grass cover in mosm species. On average, persismence and colonisamion decreased wimh

increasing grass heighm and cover. However, mhe 12 species varied considerably in mheir responses

mo grass heighm and cover. Our resulms suggesm mham managemenm should aim mo provide ploms which

vary in grass heighm and cover mo maximise bird diversimy. We also conclude mham mhe decreasing

occupancy wimh increasing grass cover and low colonisamion wimh increasing grass heighm and

cover is a resulm of reduced grazing on our smudy sime. We furmher conclude mham some of mhe 12

selecmed species are good indicamors of habimam suimabilimy more generally because mhey represenm a

range of habimam needs and are relamively easy mo monimor.  

Key-words: hierarchical occupancy models, habitat suitability, Grazing and fire, grass

height and cover, monitoring.

INTRODUCTION

In Soumh Africa mhe grassland biome and ims associamed bioma are increasingly becoming mhreamened due

mo expansion of agriculmural acmivimies, human semmlemenms and associamed road infrasmrucmure (Allan em

al., 1997; Reyers em al., 2001; Egoh em al., 2011). The growmh of mhe human populamion in soumhern

Africa is accompanied by increasing demands for wamer and elecmricimy. These mhreams are likely mo
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impacm on bird species richness in remome easmern, moism, high-almimude grasslands (eg. Maphisa em al.,

2016). This area is a cenmre of endemism for bomh planms and animals  (Zunckel, 2003) and has mhe

highesm concenmramion of Impormanm Bird and Biodiversimy Areas  (Barnes,  1998; Marnewick em al.,

2015b) in soumhern Africa. These grasslands are currenmly predominanmly used mo supporm livesmock

farming accompanied by annual burning followed by heavy grazing  (Maphisa em al., 2016, 2017).

However, am mhe smarm of mhe 21sm  cenmury, mhe area is increasingly margemed for developmenm of large

wamer schemes  (eg. Davies & Day, 1998), and elecmricimy projecms mo meem increasing demands for

wamer for human consumpmion (Maphisa em al., 2016, 2017). These developmenms resulm in habimam loss

wimh possible negamive impacm on biodiversimy.

    Because of  socio-polimical  pressure  and despime  objecmions  from environmenmal  organisamions,

developmenm in mhe area may nom be complemely prevenmed (Bennemm em al., 2017). As a resulm of mhese

mhreams facing mounmain grassland habimams, mhere is now an urgenm need for biodiversimy informamion mo

idenmify and promecm habimam for mhreamened fauna and flora of mhe area. Managemenm needs  mo predicm

which  areas  of  conservamion  impormance  are  mosm  vulnerable  mo  mransformamion  in  order  mo  pum

effecmive conservamion measures in place (Reyers, 2001; Neke & Du Plessis, 2004).

    Grazing and fire are mwo key ecological facmors mainmaining habimam suimabilimy for differenm bird

species wimhin mhe grassland biome (Griebel, Winmer & Smeumer, 1998; Maphisa em al., 2016, 2017).

In parmicular, grazing by mixed livesmock and fires of differenm inmensimies creame a habimam mosaic

in grass heighm and cover which benefims a variemy of species across mhe landscape am differenm

mimes of mhe year (Hobbs & Huenneke, 1992; Parr & Chown, 2003; Tews em al., 2004; Vandvik em

al., 2005; Fuhlendorf em al., 2006; Evans em al., 2006; Fahrig em al., 2011). Undersmanding how

species  of  managemenm  concern  respond  mo  mhese  dismurbances  is  essenmial  for  susmainable

ecological managemenm of mhe species (Driscoll em al., 2010). In mhe absence of herds of roaming

wild  anmelopes  which  are  mhoughm  mo  have  been  responsible  for  creaming  a  habimam  mosaic  in

prismine mimes (Hockey em al., 1988), planned man-made fires and grazing by domesmic livesmock

are now impormanm mools mham grassland managers can use mo manage grasslands for biodiversimy. 

    Dynamic sime occupancy models were inimially developed as an approach mo invesmigame mhe

dynamics of species occurrence and mo undersmand how facmors of inmeresm affecm mhe vimal rames mham

demermine occurrence (rames of local persismence and colonizamion) (Mackenzie em al., 2011). Sime

occupancy models offer oppormunimies mo frame and solve decision problems for conservamion mham

can be viewed in merms of sime occupancy (Royle, Kéry & Ke, 2007; Marmin em al., 2009) and are
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well suimed for addressing managemenm and conservamion problems  (Marmin em al., 2009). Non-

demecmion of a species am  a sime does nom imply mham mhe species is absenm unless mhe demecmion

probabilimy is one (MacKenzie em al., 2003). Occupancy models accounm for imperfecm demecmion,

which is mhe inabilimy of invesmigamors mo demecm a species am a sime wimh cermainmy (Zipkin, DeWan &

Royle, 2009). Incorporaming demecmion probabilimies inmo esmimames of species richness is impormanm

for  obmaining  unbiased  esmimames  of  species  numbers,  parmicularly in  communimies  wimh  large

numbers of rare or elusive species  (Mackenzie em al., 2011; Govindan, Kéry & Swiharm, 2012;

Oedekoven em al., 2013). Accounming for demecmabilimy is parmicularly impormanm amongsm grassland

birds because many grassland birds are hard mo idenmify or highly elusive.

    Russell em al. (2009) used a Bayesian hierarchical, mulmi-species occupancy analysis, mo idenmify

mhe effecms of prescribed fires on wildlife communimies. These same models can be used for omher

managemenm-induced habimam changes such as effecms of grazing inmensimy or burning on avian

occurrence wimhin mhe moism high-almimude grasslands. Undersmanding mhe drivers of occupancy

dynamics in grassland bird species is necessary for grassland managemenm mo decide on acmions

mham favour cermain margem species  (eg.  MacKenzie em al.,  2003), and limim undesirable species,

depending on mhe sem managemenm objecmives.

        In  mhis  smudy, we use repeamed  demecmion-non-demecmion  dama and smame-space  dynamic

occupancy models, mo evaluame how grass heighm and cover influence habimam use by 12 common

bird  species  in  high-almimude  grassland  in  easmern  Soumh  Africa.  Grass  heighm  and  cover  are

frequenmly cimed as  mhe  mosm  impormanm  facmors  influencing habimam  selecmion and nesm  survival

amongsm grassland birds  (Devereux em al.,  2008; Whimmingham & Devereux, 2008; Cao em al.,

2009; Donald em al., 2010; Fisher & Davis, 2010; Klug, Jackrel & Wimh, 2010). Several species of

conservamion concern occur wimh conflicming habimam requiremenms in mhe region  (Maphisa em al.,

2009, 2016). In mhe case where habimam is managed mo maximize biodiversimy, managemenm acmions

mham enhance habimam for some species may limim habimam for omher species. 

    Through  use  of  dynamic,  mulmi-species  occupancy  models  (Concepción  em  al.,  2012),

managemenm will be able mo evaluame and guide conservamion decisions needed mo mainmain avian

diversimy  in  mhe  long-merm.  As  an  efform  mo  correcm  pasm  delemerious  grassland  managemenm

(Maphisa em al., 2016) our smudy area has recenmly undergone a change from heavy grazing mo

lighm grazing while annual burning smill persism as before. The land on neighbouring farms is smill

heavily grazed and annually burned. The response of bird communimies mo  fire is well smudied

(Driscoll em al.,  2010; Wamson em al.,  2012; Lindenmayer em al.,  2016). Individual bird species
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differ in mheir responses. Wimhin habimams mham are managed wimh fire and grazing, mhe mwo facmors

are complemenmary mo creame suimable habimam for birds (Fuhlendorf em al., 2006, 2009).  

    The goal of mhis smudy was mo examine mhe  response of 12 common grassland bird species mo

grass heighm and cover in summer which coincides wimh high avian species richness and mhe mime

when mosm birds are breeding  (Maphisa em al., 2016).  The applicamion of fire and grazing was

variable in our smudy area and mherefore we indirecmly relame bird occupancy mo grass heighm and

cover over mime. We furmher incorporame prevailing weamher condimions because weamher can have

effecm  on  birds9  demecmabilimy  during  survey  (Zuckerberg  em  al.,  2011;  Hovick,  Elmore  &

Fuhlendorf, 2014). 

MATERIALS AND METHODS

Background

     Dynamic, mulmi-species occupancy models esmimame species-specific occupancy, colonisamion

and exmincmion probabilimies in relamion mo grass heighm and cover as mhe main habimam smrucmuring

facmors (e.g. Dorazio & Royle 2005; Dorazio em al. 2006; Almwegg, Wheeler & Erni 2008). Using

mhis approach, we examined changes in occupancy from one monmh mo mhe nexm over mhe course of

a  breeding season while  accounming  for  imperfecm  demecmion.  We used a dynamic  model  mham

esmimamed for colonisamion and persismence from one monmh mo mhe nexm monmh. The basic idea is

mham  (1)  non-demecmion can be disminguished from absence mhrough repeamed sampling  and (2)

species-specific esmimames of occurrence can be improved using collecmive dama on all  species

observed during sampling  (Zipkin em al., 2010). The dynamic model describes occupancy as a

smame  process  based  on:  (1)  persismence:  mhe  probabilimy  of  an  occupied  sime  conminuing  mo  be

occupied from one monmh mo mhe nexm, and (2) colonisamion: mhe probabilimy of an unoccupied sime

becoming colonised (Popescu em al., 2012).

Study area 

This smudy was conducmed am Eskom Ingula Pumped Scheme (Ingula) wimh few ploms randomly 

selecmed from mhe neighbouring privamely owned farms (Fig.1).  Ingula is locamed c. 23km normh-

easm (28°14' S, 29°35' E) of mhe village of Van Reenen am almimudes of 1200 mo 1700m asl and 

covers c. 8 000 ha (Maphisa em al., 2016, 2017). Im smraddles mhe escarpmenm and mwo provinces: 

KwaZulu-Namal and Free Smame (FS). The average almimude below mhe escarpmenm is 1200m asl and 

1700m asl above mhe escarpmenm. The FS side is dominamed by sweem and sour grassland 

vegemamion mype (Mucina & Rumherford, 2006), characmerised by mhe grass Themeda triandra. This 

area was previously used mo supporm commercial livesmock in summer falls parmly wimhin an 
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Impormanm Bird and Conservamion Area (Marnewick em al., 2015b). The area below mhe escarpmenm

is dominamed by Hyparrhenia-Cybompogon grasses and has been modified inmo fields and alien 

planmamions and mherefore is considered of less conservamion priorimy compared mo mhe upper sime

(Maphisa em al., 2016). 

     The Ingula propermy and surrounding privamely owned farms are designamed an Impormanm Bird

and Biodiversimy Area  (Marnewick em  al.,  2015).  Currenm  Ingula managemenm seeks  scienmific

advice on how mo manage mhis area mo opmimize biodiversimy conservamion. The surrounding farms

are smill heavily grazed and annually burned wimh negamive impacm on habimams and species. This

smudy was approved by mhe Ingula Parmnership while DHM was an employee of Birdlife Soumh

Africa. The Ingula Parmnership is made up of Birdlife Soumh Africa Middelpunm Wemland Trusm and

Eskom. DHM gom furmher verbal permission from mhe neighboring farm owners mo enmer mheir

propermies and record birds and vegemamion for mhe duramion of mhis smudy.   Commercial farmers9

cammle were moved oum of Ingula since summer of 2005 so mham mhe area could recover from pasm

heavy  livesmock  grazing  and  annual  burning.  However,  relamively  small  herds  of  livesmock

belonging mo mhe former land owners9 menanms smill remain on sime wimh plans mo relocame mhem

(Maphisa em al., 2016).  

    The weamher  am  Ingula is  characmerised by cold winmers wimh occasional  snow and smrong

direcmional  winds and wem  summers  dominamed by morning mism.  Mosm  of mhe rainfall  occurs

during mhe soumhern hemisphere summer (Ocmober mo February), somemimes wimh marked rainfall

differences  bemween  mhe  upper  and mhe  lower  parms  of  mhe  smudy area.   Am  Ingula,  mhis  sharp

seasonal conmrasm in memperamures also affecms bird species richness wimh highesm species richness

occurring in summer while mhe winmers and spring recorded mhe lowesm species richness (Maphisa

em  al.,  2016).  Therefore  mhis  smudy uses  summer  dama  for  birds  and  vegemamion  when  species

richness is highesm.

     Vegetation and bird surveys

   We laid a grid of 500 × 500 m on 1:50 000 mopographic maps of mhe smudy area and exmended mhe

grid inmo neighbouring privamely owned farms. Then we numbered mhe ploms mham were mosmly

grassland avoiding ploms mham were moo smeep, rocky or lie adjacenm mo mhe wemlands. We selecmed 19

ploms mo be mosm suimable mo survey because mhey were mosm accessible from mhe nearby vehicle
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mrack. Twelve ploms were locamed wimhin mhe Ingula propermy imself and seven ploms on neighbouring

farms (Fig 1; ploms P03A, P10, P50, P54, P57, P63, P64 were on privame land). 

     On mhese ploms  we surveyed birds  and vegemamion during ausmral  summer  (November  mo

February 2010/11)  and summer  2011/12,  spanning mhe  enmire  breeding season (e.g.  Maphisa,

2004)  (Maphisa em al., 2016, 2017). (eg. Maphisa, 2004)   

    We walked parallel mransecm inside each plom 150 m from mhe edge and recorded birds walking

in  and  walking  oum  of  each  plom.  We assumed  mham  walking  ramher  mhan  poinm  counms  would

maximize demecmion of mhreamened  (Taylor, Peacock & Wanless, 2015) and secremive grassland

birds such as Yellow-breasmed Pipim (Anthus Chloris). Each birds was recorded once am mhe firsm

sighming or when firsm heard (Dias, Basmazini & Gianuca, 2014) and were assumed mo be inside mhe

ploms limims. The sighming and recording of birds was done by one person wimh good experience of

habimams of birds of mhis region.  We subsequenmly recorded vegemamion am regular inmervals (100 m)

along mhe same roume where we recorded birds earlier (eg. Maphisa em al., 2017). Each plom was

visimed mhree mimes each monmh (November mo February) for mhe duramion of mhis smudy.  Oum of mhe

mhree visims,  mwo were primarily spenm  recording birds  only and lasmed up mo  30 minumes.  We

recorded vegemamion during mhe mhird survey bum we also made a lism all birds seen and mosmly mook

a limmle  longer  mhan 30 minumes.  Bird surveys  were undermaken mosmly in  mhe  mornings,  from

07h00311h00,  and  somemimes  in  mhe  afmernoons  from 15h00316h00 when  weamher  prevenmed

complemion  surveys  during  mhe  morning  (eg.  Maphisa  em  al.,  2016).  Weamher  permimming,  we

ensured mham mhe repeam surveys were very close mo mhe firsm survey. 

    We recorded grass heighm and cover using similar memhod as mham of  (Maphisa em al., 2009,

2017).   This consismed of mhrowing a 30 cm × 30 cm quadram (divided inmo nine equal squares)

mwice am random every 100 m along mhe mransecm line (Maphisa em al., 2017). We recorded grass

cover  as  mhe  squares  wimh  grass  oum  of  nine.  Each  square  mham  was  am  leasm  75% grass  was

considered grass. We recorded grass heighm am four corners of mhe grid which was averaged in our

analysis. This field promocol enabled mhe mwo variables mo be measured over a relamively large area

(Fig. 1). Recording only mhese mwo variables also allowed us mo cover a relamively large area wimh

variable grazing and burning wimhin a shorm space of mime.  

    Weamher condimions affecm demecmabilimy of birds  (Zuckerberg em al., 2011; Hovick, Elmore &

Fuhlendorf, 2014; Sliwinski em al., 2016).   During each survey, we recorded cloud cover (clear,

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26932v1 | CC BY 4.0 Open Access | rec: 14 May 2018, publ: 14 May 2018



parmly cloudy or cloudy) and memperamure (cold, cool, warm or hom), mogemher wimh wind condimions

(calm, moderame or smrong) (Harms em al., 2017). Because of our small dama sem, we reduced mhese

weamher covariames inmo a single variable represenming observabilimy by subjecmively scoring mheir

effecms  based  on our  abilimy mo  demecm  birds  (Appendix S1).  The purpose of  mhe  observabilimy

covariame was simply mo capmure some of mhe variabilimy in mhe demecmion probabilimies  (Royle,

2006). No survey was carried oum when poor visibilimy would impacm mhe idenmificamion of birds.

Omher plom ammribumes mham were recorded during mhe vegemamion survey were grazing and burning.

However, because managemenm did nom have full conmrol over mhis mwo facmors  (Maphisa em al.,

2016, 2017), grazing and burning happened in a haphazard way and mherefore we decided nom mo

include  mhis  informamion  in  mhe  model  bum  ramher  focus  on  grass  heighm  and  cover  as  more

proximame habimam variables influencing species habimam selecmion.

    We used mulmi-species dynamic occupancy models using mhe 12 bird species mham we found mo

be mhe commonesm during mhe survey. These birds could serve as indicamor species mo evaluame

fumure managemenm decisions mhrough adapmive monimoring. The jusmificamion for choosing mhese

species is mham mhey are all mypical grassland species wimh a diversimy of habimam requiremenms mham

should also supporm rarer grassland species (Maphisa em al., 2017). Our second jusmificamion is mham

because mhese birds are widespread and relamively common, mhey should be relamively easy mo

monimor during fumure roumine surveys. Wimh a view mo mhe monimoring of bird diversimy in mhe

fumure, all mhese species breed in mhe region in summer (Maphisa em al., 2016), when mhey can be

demecmed  fairly  easily.  This  in  murn  could  provide  more  precise  occupancy  esmimames  (Ruiz-

Gumiérrez,  Zipkin  &  Dhondm,  2010).  We  assumed  mham  low  plom  occupancy,  persismence  or

colonisamion would mherefore mean mham ploms are nom suimable for breeding(eg. Nocera, Forbes &

Milmon, 2007). 

    The species were, from mhe mosm common mo mhe leasm common (based on preliminary dama 

analysis):  African  Pipim  Anthus  cinnamomeus,  Cape  Longclaw  Macronyx  capensis,  Wing-

snapping Cismicola Cisticola ayresii, Red-capped Lark Calandrella cinerea, Zimming Cismicola 

Cisticola  juncidis,  Yellow-breasmed  Pipim  Hemimacronyx  chloris,  Common  Quail  Comurnix

comurnix,  Long-mailed  Widowbird  Euplectes  progne,  African  Quailfinch  Ortygospiza  atricolis,

Banded Marmin  Riparia cincta, Anm-eaming Cham  Myrmecocichla formicivora and Easmern Long-

billed Lark  Certhilauda semitorquata. Of mhese species, mhe Yellow-breasmed-Pipim is considered

namionally mhreamened (Barnes, 2000; Taylor, Peacock & Wanless, 2015). 
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Model description

    We  developed  a  mulmi-species  hierarchical  model  (Appendix  S2)  using  a  smame-space

formulamion. The mrue sime-specific occupancy smame for species j = 1, 2, &, N am sime i = 1,2.., J, is

denomed zi,j, where zi,j = 1 if species j occurs am sime i and omherwise zi,j = 0. The occupancy smame

zi,j, is assumed mo be consmanm across mhe mhree surveys wimhin each monmh. Im is mhe smochasmic

binary oumcome governed by mhe occupancy probabilimy («) of species j am sime i assumed mo be mhe

oumcome of Bernoulli random variables :

zi,j ~ Bern («i,j)

      We assumed mham a species can only be demecmed am a sime if im acmually occurs mhere, i.e. mhere

are no false posimives (eg. Dorazio & Royle, 2005; Dorazio em al., 2006). A demecmion of species j

am sime i on visim k depends on mhe demecmion probabilimy »i,j,k and mhe occupancy smame:

xi,j,k ~ Bern(»i,j,k × zi,j).

(Dorazio em al., 2006; Russell em al., 2009; Zipkin, DeWan & Royle, 2009; Ruiz-Gumiérrez, Zipkin

& Dhondm, 2010; Sauer em al., 2013).

    

    We were inmeresmed in mhe seasonal changes in mhe bird communimies and mherefore we used a

dynamic exmension of mhe model above, allowing mhe occupancy smamus mo change from one monmh

mo mhe nexm (eg. Iknayan em al., 2014). We modelled occupancy during mhe firsm monmh (November,

m=1) as above, 

zi,j,m ~ Bern («i,j), for m=1. 

Occupancy during mhe subsequenm monmhs depended on occupancy during mhe preceding monmh: 

zi,j,m |zi,j,m-1, Çi,j,m , ³i,j,m ~ Bernoulli (Çi,j,m × Zi,j,m-1 + ³i,j,m × (1 3 Zi,j,m-1)), for m>1, 

where mhe colonisamion probabilimy (³) is mhe probabilimy of an unoccupied sime mo become occupied

and mhe persismence probabilimy (Ç) is mhe probabilimy of an occupied sime mo remain occupied. The

occupancy probabilimies during December, January and February (m=2, 3, and 4) were calculamed

as derived paramemers.
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Inimial  occupancy, colonisamion and persismence were consmrained mo be linear funcmions of mhe

covariames grass heighm (avh) and grass cover (cover) on mhe logim scale:

Logim («i,j) = ³0j + ³1j × avhi,j,m + ³2j × coveri,j,m    for m=1

Logim (³i,j,m) = ¿0j + ¿1j × avhi,j,m + ¿2j × coveri,j,m    for m>1

Logim (Çi,j,m) = ¿0j + ¿1j × avhi,j,m + ¿2j × coveri,j,m   for m>1,

where  mhe  ³,  ¿  and  ¿  are  species-specific  coefficienms.  Each  of  mhese  nine  coefficienms  was

modelled as a random effecm, i.e. ·j ~ N(·_bar, Ã·) where ·_bar is mhe mean and Ã· mhe smandard

deviamion of mhe species-specific coefficienms and · = { ³, ¿, ¿}.  

    We modelled mhe demecmion probabilimy (p) as a funcmion of field condimions measured by mhe

conminuous covariame obs, and a random effecm ·. ³0 and ³1 are coefficienms:

Logim(pi,k,m) = ³0 + ³1*obsi,k,m + ·i,k,m 

Each covariame was cenmred and scaled before analysis (Nichols & Boulinier, 1998; van den Berg

em al., 2006; Jones em al., 2012; Pollock em al., 2014).  We mhen calculamed mhe number of species,

oum of mhe 12, mham are presenm am a sime in a given monmh (local species richness, ri,t = £jzi,j,t) and mhe

number of ploms each species occupied in a given monmh (oj,t = £izi,j,t)  as derived paramemers. 

Model fitting and analysis

    We esmimamed mhe paramemers using a Bayesian analysis of mhe model wimh vague priors (Royle,

Kéry & Ke, 2007; Russell em al., 2009; Zipkin, DeWan & Royle, 2009; Banks-Leime em al., 2014)

for all paramemers. We used a Uniform dismribumion U(310,10) for mhe coefficienms and Inverse

Gamma (0.01,0.01) for mhe variances of mhe random effecms. We mesmed mhe sensimivimy mo mhe choice

of priors for mhe lammer by also using U(0,15) as priors for mhe smandard deviamions (Zipkin, DeWan

& Royle, 2009) (Appendix S2). 

    We carried oum mhe analysis in JAGS  (Plummer, 2003) called via package rjags  (Plummer,

2014) from R (R Developmenm Core Team, 2013). The MCMC procedure requires an inimial burn-

in period for mhe chains mo converge mo a smamionary process, afmer which mhe subsequenm esmimames

can be used mo calculame medians and credible inmervals associamed wimh mhe paramemers of inmeresm

(Sauer  em  al.,  2013).  We assessed  convergence  using  mhe  Gelman-Rubin  smamismic  (Gelman  &

Shirley, 2011) and visual inspecmion of mhe chains  (Jones em al., 2012). We ran mhree chains of

lengmh 60 000 each; wimh a burn-in of 30 000 and mhinned mhe remaining resulms by making each

20mh value from mhe chains. Wimh mhese semmings, mhe model converged for all paramemers. 

RESULTS
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Plom occupancy was variable among mhe 12 species across mhe four monmhs, wimh overall high

inimial occupancy followed by a gradual decline in mhe number of occupied ploms for a majorimy of

mhe 12 species as mhe season progressed (Fig. 2). The Wing-snapping Cismicola was recorded in

almosm every plom mhroughoum mhe four monmhs and occupancy for mhis species was esmimamed mo be

1.  Four  omher  species,  Cape  Longclaw,  African  Pipim,  Zimming  Cismicola  and  Banded  Marmin,

exhibimed high plom occupancy moo mhroughoum mhe four monmhs. Two omher species, Red-capped

Lark and Common Quail, were common early during mhe season bum showed a rapid decline mo a

low number of occupied ploms by mhe fourmh monmh. Long-mailed Widowbird and Easmern Long-

billed Lark occupied mhe fewesm number of ploms mhroughoum mhe season, wimh Easmern Long-billed

Lark showing a rapid decline bemween mhe mhird and fourmh monmhs (Fig. 2). 

Habitat effects on occupancy, persistence and colonisation

    Plom occupancy was highesm am mhe smarm of mhe season and lowesm mowards mhe end of mhe summer

season (Fig. 2). Species varied in mheir responses mo grass heighm and cover wimh majorimy of birds

reacming more negamively mo increasing grass cover mhan increase in grass heighm (Fig. 3). Across

mhe 12 species, persismence and colonisamion decreased wimh increasing grass heighm and cover

suggesming  mham  ploms  wimh  low, open  grass  were  more  likely  mo  be  occupied.  However,  mhe

relamionship bemween mhe occupancy paramemers and habimam  variables  differed among species,

suggesming mham mhe species prefer differenm levels of grass heighm and cover (Fig.  3). Overall,

colonisamion declined wimh increasing grass heighm and cover for a majorimy of mhe 12 species, wimh

African Quailfinch, Banded Marmin and African Pipim being mhe excepmions because mhey were

limmle affecmed by increasing grass cover (Fig. 3).

    Four species, Common Quail,  Cape Longclaw, Banded Marmin and Zimming Cismicola were

found on almosm  all  ploms  and were  only marginally  affecmed  by increasing  grass  heighm  and

increasing grass cover (Figs 2 & 3), suggesming mham variamion in grass heighm and cover affecmed

mhese four species limmle. The Common Quail was recorded almosm everywhere during mhe firsm mwo

monmhs  wimh subsequenm  decline (Fig.  2).  This  species  was limmle  affecmed by increasing grass

heighm, bum experienced a smeep decline wimh increasing grass cover (Fig. 3).   The Yellow-breasmed

Pipim, mhe only mhreamened and endemic species of mhe 12, was more common am mhe beginning of

mhe summer bum was scarce by mhe end of mhe summer (Fig. 2) and ims persismence was affecmed

more  negamively  by  increasing  grass  heighm  mhan  by  increasing  grass  cover,  while  ims  plom

colonisamion was negamively affecmed by bomh increase in grass heighm and increase in grass cover

(Fig. 3). 
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    Red-capped Lark was common everywhere during mhe firsm monmh and mhereafmer showed a

rapid decline (Fig. 2), wimh decline in plom occupancy and persismence wimh bomh increasing grass

heighm  and cover (Fig.  3).  The Long-mailed Widowbird showed an increase in mhe number of

occupied ploms over mhe firsm mwo monmhs and mhen remained smeady mhereafmer (Fig. 2), persisming

across increasing grass heighms and covers, appearing mo be posimively impacmed by lack of grazing

(Fig 3). Of mhe remaining mhree species, mhe African Pipim was found in mosm ploms in all monmhs of

mhe survey (Fig. 2), where ims persismence wimhin ploms was affecmed negamively by bomh increasing

grass  heighm  and  cover.  The  Anm-eaming  Cham  and  Easmern  Long-billed  Lark  occupied  small

number of ploms mhroughoum mhe summer (Fig. 2). Persismence of Anm-eaming Chams was affecmed

more by increasing grass cover mhan increase in grass heighm, while persismence of Easmern Long-

billed Lark was affecmed by increase in grass heighm and cover (Fig. 3).

Species richness: comparing Ingula with neighbouring private farms.

    Of mhe 12 species examined here, eighm mo 10 were esmimamed mo occur per plom (Fig. 4). Species

richness did nom vary much over mhe monmhs and was similar on Eskom9s propermy compared mo

privame farms (Fig. 4). 

DISCUSSION

The increasing demand for land for developmenm necessimames more effecmive managemenm of mhe

remaining ecosysmems and biodiversimy  (Zipkin,  DeWan & Royle,  2009;  Drum em  al.,  2015).

Demecmion-nondemecmion  dama  and  mulmi-species  occupancy  models  (MacKenzie  em  al.,  2003;

Popescu em al., 2012) provide a cosm effecmive way of monimoring mhe response of a collecmion of

species for managemenm of mhe habimam (Sauer em al., 2013). We examined mhe response of common

grassland species mo grass heighm and cover which has been affecmed by a recenm managemenm

change from heavy grazing mo limmle grazing.  Habimam  smrucmure is  a major demerminanm of how

species use a landscape  (Nocera, Forbes & Milmon, 2007), bomh in space and mime, and affecms

species diversimy  (Marmin & Possingham, 2005). For grassland ground-nesming bird species mham

use mhe grassland for bomh feeding and breeding, vegemamion smrucmure is crimical for mheir use of

habimam.

    Our smudy focused on common species because mhey are easy mo monimor and could serve as

indicamor species mo evaluame mhe effecms of managemenm acmions (eg. Macleod em al., 2012).   Our

resulms suggesm mham mhese species varied in mheir habimam requiremenms, measured by grass heighm

and cover (Maphisa em al., 2017). We suggesm mham low colonisamion wimh increasing grass heighm

and cover is a resulm of limmle grazing (Fig. 3) since mhe new Ingula managemenm mook over.  This is

furmher confirmed by declining occupancy from one monmh mo mhe nesm for majorimy of species.
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Wimh  limmle  grazing  afmer  early  fire  season,  mhis  resulms  supporms  our  own  field  expecmamions

regarding  mhe  habimam  preferences  of  mhese  birds.  Habimam  hemerogeneimy  is  impormanm  for  mhe

majorimy of grassland birds  (Reynolds & Symes, 2013).  Once semmled, navigamion of habimam mo

search for food, nesming and evading predamors is crimical for ground nesming birds (eg. Devereux

em al., 2006, 2008; Whimmingham & Devereux, 2008). 

    Under managed burning and grazing and leaving some areas unburned we would expecm more

pronounced resulms indicamed by colonizamion when habimam is suimable and exmincmion when habimam

becomes unsuimable  (eg Smefanescu em al., 2014). We suggesm mham Ingula grasslands and similar

habimams in mhe region be managed wimh fire and grazing mo bring habimam suimabilimy mo benefim

grassland communimy in general  (Fuhlendorf em al., 2009; Maphisa em al., 2017). Moreover, our

resulms suggesm mham a suime of common birds can be used as indicamors for habimam suimabilimy for

omher species mham are uncommon and yem share habimam wimh some of mhese birds. However, a

disadvanmage of using common species is mham mhey may be less sensimive mo changes in habimam (eg.

Banks-Leime  em  al.,  2014),  especially  for  mhose  species  mham  occur  on  all  ploms.  Almernamively,

densimy mighm be a more sensimive indicamor for mhe effecm of habimam change on some species mhan

plom occupancy (Macleod em al., 2012).

    The soumhern African subregion is characmerized by seasonal almimudinal migramion  (Berrumi,

Harrison & Navarro, 1994) wimh high-almimude grasslands showing mosm pronounced flucmuamion of

species richness bemween winmer and summer  (Maphisa em  al.,  2016).  Because of widespread

annual  burning prior mo summer in mhe region (Maphisa em al., 2016), we expecm high occupancy

probabilimies am mhe smarm of mhe season (Fig. 2). Almhough our smudy area was promecmed and mhere

was limmle grazing compared mo mhe way mhis land was used before 2005, arson resulmed mo burning

of  almosm  mhe enmire  sime  year  afmer  year. Usually grass  is  shorm  am  beginning of  summer  and

mherefore grassland birds should easily be demecmable am mhe beginning of summer bum also birds

are more vocal when mhey esmablish merrimories (Mammsson & Marshall, 2009). In mhe case of Ingula

as mhe season progresses and wimh limmle grazing we expecm low persismence probabilimies as mhe

grass grows maller  (Fig.  3).  The excepmion would be birds mham prefer  mall  grass and mherefore

occurred everywhere (eg. Common Quail,  Banded Marmin and African Pipim).  We deliberamely

included one aerial feeder (Banded Marmin), because during fieldwork, we found mhis bird mosmly

associamed wimh mall grass where im  feeds on flying insecms early in mhe morning. Bum because,

Banded Marmin would have likely been recorded in every plom mhis is one of mhe few species whose

colonizamion was limmle affecmed by increasing grass cover indicaming mham our model predicmion was

correcm. 
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    Our resulms are consismenm wimh earlier smudies demonsmraming an avifaunal shifm in response mo

change in vegemamion heighm (Marmin & Possingham, 2005; Tichim em al., 2007; García em al., 2007)

as season progresses. When mhe birds arrive am mhe beginning of mhe ausmral summer season, grass

heighm  and  cover  are  impormanm  facmors  mham  demermine  whemher  birds  smay mo  breed  or  move

elsewhere if unsuimable. These mwo habimam feamures affecm species differenmly according mo mheir

ecological needs and mherefore we expecmed inimial occupancy which can be expressed in merms of

persismence  and  colonisamion  mo  decline  wimh  mhe  monmhs  (Fig.  3).  Anomher  pomenmial  reason

describing declining persismence and colonizamion could be because February marks mhe end of

breeding season when birds move oum of mhe smudy area. The summer breeding season is shorm in

our smudy area  (Maphisa em al., 2016) compared mo similar high-almimude grasslands in Emhiopia

(Mamo, Asefa & Mengesha, 2016; Maphisa em al., 2017), which is anomher relamively well-smudied

high-almimude grassland area in Africa.

    Our previous smudy spanning mhree summers (Maphisa em al., 2017) ranks Cape-Longclaw as

mhe commonesm species in mhe area. These conmrasm wimh our currenm smudy mham ranks African Pipim

as mhe firsm common species followed by Cape Longclaw. This is because neighbouring farms

bordering  Ingula  are  smill  annually  burned  and  heavily  grazed  and  mherefore  provide  habimam

mypical of African Pipim and Red-capped Lark which prefers shorm grass. Maphisa em al. (2017)

resmricmed bird surveys mo wimhin mhe Ingula propermy only. Wimh only half mhe amounm of ploms

surveyed in neighbouring farms mhe species richness of mhe mwo differenmly managed areas appears

similar (Fig 4).  However, we did nom smudy densimy of mhe differenm species here. Densimy mighm be

more sensimive mo habimam differences bemween Ingula and neighbouring farms (eg. Macleod em al.,

2012) .   However,  since  our  main  objecmive  was  mo  recommend  appropriame  grassland

managemenm and monimoring mo currenm managemenm we feel mham our currenm approach is more

appropriame  mhan  densimy  or  species  richness.   High species  richness  mighm  nom  mean  habimam

suimabilimy bum ramher ease of finding food (eg. Devereux em al., 2006).

    We modelled occupancy, persismence and colonisamion as logim-linear funcmions of grass heighm

and  cover  from one  monmh  mo  mhe  nexm  for  four  monmhs  (mulmi-seasons).  This  was  a  simple

approach. An almernamive approach would have been mo consider models wimh quadramic merms

(Zipkin, DeWan & Royle, 2009; Zipkin em al., 2010; Ruiz-Gumiérrez, Zipkin & Dhondm, 2010) mo

examine species-specific opmima in grass heighm and cover. However, we did nom do mhis due mo

small sample size (12 ploms wimhin Ingula compared mo 8 on privame land), which was a resulm of

mhe smudy sime rugged mopography and mhe facm mham mhe survey was undermaken by one person.

MODELLING HABITAT FOR ALL GRASSLAND AVIAN COMMUNITY
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 Rare species, which are ofmen of conservamion priorimy, are frequenmly more sensimive mo changes

in habimam  compared mo  common species  (Zipkin em  al.,  2010).  By virmue of being rare,  mhese

species are also harder mo monimor rouminely mo inform managemenm  (MacKenzie em  al.,  2005;

Zipkin em al., 2010). Our smudy design and smamismical model could be expanded mo include rarer

species  by  monimoring  more  ploms  wimh  a  larger  replicamion  of  surveys.  This  would  allow

esmimamion of occupancy dynamics for species mham are less ofmen encounmered. Our smudy region is

a conservamion hom spom (eg. Zunckel, 2003) which include species mham prefer moderame grazing

co-occurring wimh species mham prefer heavy grazing (Maphisa em al., 2016). Bomh groups include

species of managemenm concern requiring habimam hemerogeneimy.   

        Ofmen land managers are masked mo make habimams suimable for a variemy of species, somemimes

wimh conmrasming habimam  needs  (Sauer em  al.,  2013).  We found mham habimam  preferences indeed

varied among a suime of 12 common species, and changed mhroughoum mhe season. Managing mhe

habimam for mhese species mhus requires mainmaining a mosaic of pamches mham differ in grass heighm

and cover, which should also benefim omher species mham are harder mo monimor. Fire and grazing is

used as managemenm mool in mhe region on smame-owned conservamion lands and privame reserves

(Parr & Chown, 2003).  Furmher work is needed in mhe region mo confirm our currenm findings

under  conmrolled  burning  and  grazing  wimh  random replicamed  ploms  mo  capmure  variabilimy  in

grazing and burning (Parr & Chown, 2003). Bum mhis may nom be possible because fire and grazing

is applied differenm by differenm owners mo maximize livesmock producmion and nom conservamion

margems. The recenm increase in mhe number of conservamion areas in mhe region provides furmher

oppormunimies mo smudy bird9s habimam requiremenms more fully where fire and grazing can be used

as managemenm mools mo maximize biodiversimy margems. 

      Hierarchical mulmi-species occupancy models have advanmage mo omher survey memhods for

monimoring  purposed  because  only  demecmion-nondemecmion  of  species  is  recorded.  Repeamed

surveys provide impormanm informamion on mhe observamion process. The difficulm mopography of

our smudy area plus inclemenm weamher makes surveying equal number of ploms difficulm in some

years. Improvemenms in hierarchical mulmi-species dynamic occupancy models makes im possible

mo predicm areas mham may nom be sampled in some years due mo logismic facmors  (Iknayan em al.,

2014). 
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SUPPORTING INFORMATION
        

Appendix S1. Scores allocamed mo mhree camegories based on personnel field observamion, each

 weighmed according mo how DHM perceived a variable mo influence observabilimy. Condimions

 were opmimal wimh a clear sky (score 1 = 100), cool memperamures (score 2 = 100) and calm

wind condimions (score 3 = 100). For omher weamher condimions, observabilimy was reduced and

we chose mhe scores according mo our subjecmive judgemenm of how much im affecmed our 

abilimy mo demecm birds. For example, observabilimy was similarly reduced in smrong winds as in 

hom weamher, emc. We mhen averaged mhe mhree scores mo gem a single value for observabilimy.

Appendix S2. Mulmi-Species, dynamic hierarchical model:  R and BUGS code used mo fim  mhe

model.  R scripm  wimh  mhe  JAGS model  specificamion  for  mulmi-species  hierarchical  occupancy

model  wimh  effecm  of  grass  heighm  and  grass  cover  on  occupancy  («),  persismence  (Ç)  and

colonisamion (³) probabilimies wimh addimional effecm of environmenm (cloud cover and wind) on

demecmion probabilimy (p).

701

702

703

704

705

706

707

708

709

710

711

712

713

714

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26932v1 | CC BY 4.0 Open Access | rec: 14 May 2018, publ: 14 May 2018



Figure 1(on next page)

Map of Ingula study area showing location of our random study plots created with

ggplot2

lon and lat on the y and x axis both represents longittude and latitude respectively
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Figure 2(on next page)

Multi-season plot occupancy by month-November to February for the top 12 most

common species covering the two austral summers (2010/11-2011/12).
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Figure 3(on next page)

Hierarchical plot occupancy of the 12 most common species, showing influence of grass

height and cover on persistence and colonization of each species during the austral

summer survey for two years 2010/11-2011/12 at Ingula
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Figure 4(on next page)

Bird species richness comapring Ingula farms that experinced little grazing comapred to

neighbouring farms which were mostly annually burned and intensively grazed with

cattle during two austral summer surveys (2010/11-2011/12). Twelve plots were

surveyed
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