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Abstract

Achieving sustainable use of natural resourseshe greatest hallenge facing

humanity todayRangelandsyhich cover onghirdtoonehal f of t-free ear t
surface, are frequentipismanagedyulnerable tcclimate changeand in a degraded

state and their inhabitants are some of the poorest and most magthebmmunities

on earth.Despite over a century of scientific attentiome still lack anadequate
understanding of howangelandsocio-ecological systemsperate anthow rangeland

vegetation responds to abiotic and biotic variables

The Dhofar Mountais represent a rather unique rangeland case studyatypical

social, cultural, political, economic and ecological situations, which could provide
valuable insights for rangeland sciendéoreover, he Dhofar mountain region is
understudied, globally ugue, supports a wealth of biodiversity and provides valuable
ecosystem services to the local population, yet the threat of overstocking, despite being

well-recognised, has received little scientific attention.

Therefore, thisnterdisciplinary researctvhich utilisescontemporarymethodsfrom
the social, eglogical and rangeland sciencesmsto firstly understand the social
processes drivop overstocking in rural Dhofar argkcondly,assess the impacts of
overstocking on vegetation communitiePata colection methods included
interviews, questionnaires, participatory mappaxgrcisesvegetation sampling and
remote sensingAnalytical procedures included qualitative coding, aipplication of
a socieecological systems framework, multivariate analysi§ \@getation

communitiesand GlSspatial analysis.

The results providethe first detailed analysis of the so@&oological system
surrounding pastoralism in DhofaWe find thatlivestock ownership igrincipally
motivatedby strong pastoralalues rooted in cultural norms. But livestock ownership
is expensive due to the requirement for daily feedstuff provisioning, which in turn
makes local livestock prices uncompetitive against imported liveskmsk livestock

are sold and the expense meansne betteeducated or wealthier individuals are
losing interest.By applying a socigecological system framework we identify
variablesinhibiting selforganizationwhich can be summarised as too many resource

users in an unproductive system with undired resources.



Feedstuff provision is found to be a critical variable which deems mangeland
concepts inapplicable antdhaintains livestock populations beyond the carrying
capacity of the environmengubsequently, the rangelands, which receive rigiab
precipitation,exhibit equilibrium properties. Severdecades of overbrowsing has
increased the frequency of unpalatable species, decreased plant density, reduced
advanced growth, altered population age structures, and altered plant
phytomorphology tlough the damaging effects of management practises, bark

stripping and browsing.

We identify six new variantand a predescribed seventh variaat the Anogeissus
forest. Our results suggeshat two variants are the resudtf historical agricultural
pracisesand deforestationand long-term stocking rates are the primary driver of
vegetation changacross all variant$-inally, using a novel method, we calculate that
seventeen percent gbntinuouscanopyforest has been lost in the study area and
provide further evidence that unforested areas are the result of anthropogenic

deforestation.

Our findings contributeraluableinsights for rangeland science and demonesttiad

need for new case studieand symhesis of concepts and theories, specific to
pastgalism in the Middle EastOur findings highlight a requirement for an
intervention to reduce livestock pressure on the rangelands in Dhofar. We paopose
shift awayfrom the status quo of unmanaged and unproductiestockingto an
economically and environmentally sustainable rural livestock production system

through certificationsustainable intensificaticeind marketization
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1 Introduction

1.1 Global livestock production

Global calorie production will need to increase by 43% to meet the needs of the global
human populatiorby 2050 (Meyfroidt, 2018) Global annual demand for meat is
estimated to increase by between 6 and 23 kg per person and global cattle numbers are
estimated to increase from 1.5 billion to 2.6 billigRobinsonet al., 2011) Globd

livestock production has already responded to this increasing demand, primarily
through a shii from extensive, smalscale, livestock production systems to more
intensive, largescale specialized production units. Further intensification $etad

highe |l evel s o f mechanization at which p
(Robinsoret al, 2011)

It is estimated that livestodontributeto food security and poverty reductiamongst

70 percentof he wor |l dés 1. 4(Hererdetal, 20D3) mitditestoekne p o o
sector growtlcanthreaten this role of livestock, as smallholders are squeezed out of
market participatiorfRobinsonet al, 2011) Livestock sector growth also increases
greenhouse gas emissipgsirrentlyestimated al4.5%of global emissiongGerber

et al, 2013)andcrop produdbn for livestock feedstuffss inefficient both in terms of

the land required (one third of global cereal production) and because the conversion
efficiency of plantbased feedstuffs into animal matter is 10S@dfrayet al, 2010;
Herreroet al, 2013; Mottetet al, 2017) Therefore,extensive livestock production
systems, where feedstuff consumption is minimal, may be considered more
sustainable, albeit less efficient, than industrialised livestock produ&iodfrayet

al., 2010; Herrereet al, 2013)

Increasing global livestock production through sustainable means will be a global
challenge(Robinsonet al, 2011; Nabarro & Wannous, 2014Qodfray et al. (2014)

state the requirement for a radical overhsuthe way food is produced, stored,
processed, distributed and accessed to match the changing demand of a larger and
more affluent population, to abolish undernutrition, and to ensure food production is
environmentally and socially sustainabieterdisaplinary research at the local scale

is therefore valuabléo inform sustainable intensificatioof agricultural production

systemgqPetersen & Snapp, 2015)



1.2 Rangelands

Extensivelivestock production systems predominantly occur in rangelaritsy are

areas that are too dry, too unreliable, too infertile or too remote to warrant intensive
managemen(Stafford Smith, 1996)Rangelands encompass grasslanagarmas,

tundra, geppe, prairies, shrublands, desenspdlands and fores{slolechek, Pieper

& Herbel, 2001)and cover one third to onea | f of t dree tegestrial h 6 s i
surface(Sayre, 2017)Livestock production is the dominant use, indeed the absence

of other uses is intrinsic to the definition of rangelafi@synoldset al, 2007; Sayre

et al, 2013; Sayre, 2017Rangelandsffer provisioning services such asshwater

and forage, regulating services such as carbon sequestration, supporting services such
as nutrient cycling, soil conservation and biodiversity, and cultural services such as
spiritual and religious value, traditional knowledge and tour{8riske, 2017)
Although productivityis low at a global scale, rangeland pasteyatems support the
nutritional security and incomes of2Lbillion people(Sayreet al, 2013) of which

250 million are estimated to be affected by rangeland degrad&eymoldset al,

2007)

1.3 Rangeland degradation

Estimates of global rangeland degradation vary between 10 and 8Ontperce
(Millennium Ecosystem Assessment, 2005; Sayral, 2013) Bias, inconsistencies,

mapping limitations and a lack of precise definitions hinders accurate estimations
(Gibbs & Salmon, 2015)The United Nations Convention to Combat Desertification
(UNCCD) ddinedl and degradation as 6éa reduction
producti vity Rangelandocdegragatioa amid, tseyné@rid and dry sub

humid areasis popularly termed as desertificationThe causes of rangeland
degradation can be na#iirfactors primarily associated with a variable climate or
humaninduced factors including overcultivation, deforestation, poor irrigation

practises or overgrazir@urns, 1995)

Overgrazing was definedybWilson and MaclLeod (1991a s 6a concomi
vegetation change and loss of animal productivity arising from herbivore grazing
activityo, which i mportantly considers I
economic (O6product ietermiydtgnused iftezchangeably bl/o we v ¢
different stakeholdergPerevolotsky & Seligman, 1998; Mysterud, 2Q0&)or



example, conservationists may more readily assume overgrazing is taking place whilst
livestock owners, landowners or governments with economic interests may not
(Homewood and Ragers, 1987).

The most commonly reported ecological impact of grazing in rangelands is woody
plant encroachment which is a threat to the maintenance of savannah and grassland
ecosystemsWoody plant encroachmenbincided with a global intensification of
livestock grazng which reduced herbaceous communities and thus the frequency and
intensity of fires, facilitating woody plant encroachm@atiske, 2017) Three further

shifts in vegetation community composition arequently reported as a result of
overgrazing. These are, shifts from palatable to unpalatable veg¢Yatodie, 2002)

shifts in dominant grass species, and shifts between grass and forb dominance
(FernandezGimenez & AllenDiaz, 1999)

Grazing also impacts the ecohydrology of rangelands, although research shows that
only under heavy grazing is soil infiltrability significantly reducéd/ood &
Blackburn, 1981; Hiernauwet al, 1999; Savadogo, Sawadogo & Tiveau, 2007)
Biological soil crusts areimportant, but often overlookecdcomponents of
biogeotemical processes iramgelands, whictare vulnerable to trampling from
livestock (Belnap & Lange, 2003)n addition, the physical and chemical properties

of soils can be altereglie to changes in seplant relationshipéBriske, 2017)anddue

to urination, defecation ocompaction by livestockHiernauxet al, 1999; Drewry,
Cameron & Buchan, 2008the latter of whictcan result in decreased soil stability

and increased vulnerability to erosi(ildridge, 1998)

In contrast to woody plant encroachmehtowsing livestock such as goats and
camels, omwild browserssuch as deer, moose and &&n reduce woody cover. The
consumption of seedlings and sapliflgg browsers and grazern&ippleet al, 2001;
Cétéet al, 2004; Staveet al, 2009)andthe removal of reproductive components
from adults(Augustine & Decalesta, 2003re considered the main processdy
which browsers maintain open ecosystemsaddition, a range of human activities
can facilitateloss of woody cover anthhibit woody plant regeneration. A loss of
shrubs ad trees can negatively impact pastoralists through a loss ofgbajhy
browse, shade for animals and people, protein sofuoen seedpods and through a

loss of productive and nutriediense herbs from the tree underst@gbin & Ellis,



1995) It has been suggesteamst of woody coveranalsoaffect local climate through
a sustained decrease in rainf@thlesingeet al, 1990)

Much of theliterature focuses onlivestock overgrazing in grassland ecosystems,
whereas much legecuses omverbrowsing in wooded environments. At the time of

writing, an online literatureser ch r et urned 514 articles wi
and just 22 with 0Thigmaybeadoensthernegmdovergrazintgh e t
being used interchangeably, which is problematic due to the vastly different impacts

that browsers and grazeran have on an ecosystem. For example, the most commonly
reported effect of overgrazing on rangeland vegetation is woody plant encroachment,
however, the most commonly reported effect of overbrowsinggdiscedvoody plant
cover(Asneret al, 2004) Studies onoverbrowsing tend to focus on wild browsers,

whilst few studies have addressed lalyewsinglivestock such as camels, despite

80% of their diet comprisingf woody plantgDereje & Uden, 2005)

1.4 Advancements in rangeland sciete

Rangeland science is one of the oldest field®imservation yet despitver a century
of scientificattention, rangelandegradation still persis{$ierrick et al, 2010) This
is in part dueto the hamperedprogressionof rangeland science itsglvhich for
decades was founded upon two flawed thedBagre, 2017)

The first was Clementsian or successional the@Blements, 1916, 1920\herdoy

plant commuities are atequilibrium with abiotic factors unless disturbed by
exogenous (usually anthropogenic) driveBehnke, 2000; Vetter, 2005; Satal,
2012) Ter ms such apacoictayrér,yi gt occki ng r at esod
0r angel an dwededypicalfdhas thinking &hd wergrazingwasfamously
linked to rangelands in the US@lerbel, 1979) Australia(Curry & Hacker, 1990)

and Africa(Lamprey, 1983)However, his theorywas found iltsuited to explain
trends in many arid rangelands, and was replaced in the 188€we theory of
equilibrium and norequilibrium rangelands based on state and transition models of
vegetation dynamic§Wiens, 1984; Ellis & Swift, 1988; Sayre, 2017)on
equilibrium models were found more applicablearid rangelandsywhereclimatic
variability, rather tharoverstocking was the principle driver of vegetation change

(Scoones, 1995)Contemporaryevidencenow infers that manyrangeland systems



may encompass elements of both equilibrium andewprlibrium modelqStafford
Smith, 1996; Oba, Stenseth & Lusigi, 2000; Vetter, 2005)

The second w@s the theory of thetragedy of the common@ardin 1968) which

assumedhat overstockingvasinevitable in communally grazed syste(hkerskovits

1926; Lamprey, 1983Jhis hassince been challenged hymerousase studieghere
pastoralistmobility, selforganisationand adaptive managemehéave sustainably
governed the use open access landEllis & Swift, 1988; Westoby, Walker & Noy
Meir, 1989; Ostrom, 1990; Scoones, 199H)is isthought to enablpastoralists to
adapt to thespatictemporal heterogeneity of forage resouredsch results from
climatic variability in nonequilibrium rangelandéScoones, 1995)

Despite these advancements andimprovedcapacity to identify patterns at greater
spatial and temporal scal@eichman, Jones & Schildhauer, 2014 still lack an
adequate understanding of rangeland functiodingtoecological variability between
and within rangelandd.ynam & Stafford Smith, 2004 Furthermorethe recognition
that rangelands are complex seeilogical systemslthough valuabledoes not
provide a robust framework to inform conservation pradi®sgyreet al, 2012) In
addition rangeland conservation has suffered from a reseamglementation
research gagKnight et al, 2008) where practitioners have routinely failed to
implement informed recommendatio(®oyd & Svejcar, 2009and both have failed

to implement maitoring methodologies over tim@riskeet al, 2011)

As a resultrangeland conservatidras yet to b effective(Lynam & Stafford Smith,

2004; Sayreet al,, 2012)but despite these shortfall&e now realise the importance of
addressing rangelands on a chgease basigCostanzaet al, 1998; Grice &
Hodgkinson, 2002; Reynoldst al, 2007) Furthermore,a substantial body of
literature on rangeland and natural resource science has been synthesised by modern
sclolars into some promising theoretical frameworks enabling improved
understanding and analysis of the sustainabilityaafjelandsystemge.g. Westoby,

Walker & NoyMeir, 1989; Ostrom, 1990, 2007; Scheftdral, 2001; Gunderson,

2002; Norberg & Cumming, 2008; WaltA&ébews, Kay & Lister, 2008



1.5 Rangeland systems afhe Arabian Peninsula

Pastoralism inthe Arabian Peninsulis thought to have established amongst hunting
communities in the southern mountain arethe late seventh millennium B®ith

the introduction of herd animals fromfrica (Petraglia & Rose, 2010)These
traditional mobile pastoral systems, like those of the whdlddle East and North
Africa (MENA) region,remained stable throigut most of their histor{Galaty &
Bonte, 1991) responding to short term variation atimate and forage availability
(Schwartz, 2005)Today theMENA regionis home to over 600 million people; about
one third of the w@inslodv@&srhooas,y2D0%)8imte theo pul a't
early twentieth century livestock numbers have increaseogsidemodernization,
population growth andwidespread national land reformsTraditional land
preservation systems such as kagim (preservation of natural environmenes)d
hema(protection ofresources for ugéave broken down and open grazing systems
have ensue(Blench, 1995; Gallacher & Hill, 2008; Louhaichi & Tastad, 2010)e
increased use of fotwheel drive vehicles and supplementary feedstuffs has placed
greater pressure oangeland¢Sidahmed, 1992; Blench, 1995; Thomsbml., 2000;
Louhaichi & Tastad, 201).

It has beerestimatedhat85% of rangelands in the MENA region are degraded
2002)and that over 90% of the total land arédahe Arabian Peninsula suffers some
form of desertification, and 44% is severely degradPdacock et al, 2003;
Breulmannet al, 2007) Current pastoral systems in Arabia may be considered less
sustainable to those of continental Africa due to longer drought periods, higher levels
of water and soil salinity, smaller rangeland areas, unsastaisupplementary feed
production, and reluctance amongst livestock owners to sell surplus unproductive
animals(Peacoclet al, 2003) In manyMENA countries,camels which arealonger
required for transporhave beemeplaced by more profitablevestock likegoas and
sheep (Sidahmed, 1992; Blench, 99). However in the Arabian Peninsula
particularlyin the UAE, Saudi Arabia and Omaramel ownership has increased as a
secondary income or a hohgndpredominantly due to sl and cultural reasons
(Gallacher, 2010)To provide an idea ofhe popularity of camels in these Arab
nations we call attentiorto the57 million USD of prize money won at the 20X8ng
Abdulaziz Camel Festivah Saudi ArabiaWe have a poor understanding of the

motivations for livestock onership (which will varybetween countries, regions and
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familieg and of the socieecological systems surrounding modern pastoralism,
including its ecological impact#) the Arabian Peninsula.

1.6 Pastoralism in the Dhofar Mountains

In the Sultanate of Omathe Al Hajar Mountaingnear Muscat)n the north and the
Dhofar Mountaingnear Salalahin the south comprise the two main rangeland areas,
with the rest of the country dominated by gravel plains or desert dune systems. The
Dhofar Mountains, on which this research is focused, are part of a mountain belt that
lies on the southern coast of tAé Mahra Governoratean Yemen and the Dhofar
governoraten Oman(Figurel.1).

Much of the south coast of the Arabian Peninsula receives a mean annual precipitation
of 100 mm but 250 mm is received in mountainous areas in Al Mahra and Dhofar
(Ghazanfar & Fishe],998) Most of the precipitation is received during the southwest
monsoon, known locally as tikhareef Between June and September, sautistern

winds cause an upwelling of cold deep sea water off the coast, lowering the sea
temperature to c. 18 deg® The warmer moist winds blowing over it are
subsequently cooled to dew point and a bank of dense fog forms against the south
facing mountain escarpments. It is prevented from moving northwards over the

mountains due to a flow of warm dry air from theselee(Whiteheadet al, 1988)

The Khareef fog supports thi¢ybantho duraeAnogeissetum dhofaricg&urschner

et al., 2004)a droughtdeciduous forest ecomunity endemic to Al Mahra and Dhofar
(Kdrschnert al, 2004; Hildebrandt & Eltahir, 2006, 2007, 2008; Frieseal., 2018)

which we refer to hein as theAnogeissu$ or e st . It has been | ab
as the estimated quantity of water captured through horizontal precipitation by the
endemic and dominanAnogeissus dhofaricaree (250% more than rainfall) is
amongst the highest recodéor any tree specigériesenet al, 2018) The density

of the Khareef fog is much higher a few meters above than close to the gruiged (
Al-Harthy and Whitcombe, 19884-35 I/m2 per day at 4.2 m, 13 I/m2 at 0.9 m height)
and thus trees capture substantially more water than graskisbrandt and Eltahir
(2006)estimated net precipitation which reached the ground to be three times as high

as rainfall.
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Figure 1.1. Map of the southreast Arabian Peninsulashowingthe mountain regions of Oman.
The Dhofar Mountains are part of a mountain belt that lies on the southern coast of the Al
Mahra Governorate in Yemen and the Dhofar governorate in Oman

The Dhofar Mountains are partthe Horn of Africa biodiversity hotsp@ittermeier

et al, 2004) At least 817 vascular plant species have been described from the Dhofar
region,of which145 are endemic, near endemic or regionally endépaitzelt, 2015)

The critically endangered Arabian leopaRéanthera pardus nimitas a global
stronghold in DhofafSpaltonet al, 2006; Breitenmosest al, 2010) It is a flagship

and umbrella species in Oman and has been the focus of substantial research effort

(Spalton & Al Hikmani, 2014)In addition, regionally threatenedabian subspecies



of wolf Canis lupus arahshyenaHyaena hyaena sultarend caracaCaracal caracal
schmitzj and other smaller mammalas well as globally important birdBall, Al
Fazari & Borrell, 2015andendemicreptile (Ball & Borrell, 2016)populations also

persist

This ecological richness, supported by the annkibbreef fog, has enabled
pastoralism in the regiofor millennia. Prior to lhe 19®s, the pastoral communities

of Dhofar lived traditional sermmomadic lifestyles. They relied on their small herds

of livestock for nutrition and survivaDhofar at this time was an independent province

from the Sultanate of Muscat and Oman and @igd under the rule of Sultan Said

bin Taimur.In 1962 a rebellion began, led by thkofar Liberation Front (DLF). Over

the following years, the rebellion grew stronger, supported by South Yemen and
China, and by 197€ebelscontrolled the entire Dhofaviountains. On 23 July 1970

Said bin Taimur was deposed, and went in to exile in London. His son, Sultan Qaboos

bin Said replaced him, and continues to rule today. With the help of the British Special

Air Services (SAS) the rebellion was defeated in Janliig (DeVore, 2012)One

pivotal factor that ceased the rebellion was the offemmfesty to the rebels and the
promise of a j6dFbrigmat ©heni BERkirjah @emréssremait e s . i
operational and offer employmetiotmany livestock keepens rural areas today.his

relatively recent political turbidity is practicallydret ect abl e i n t he f a
society but the almost instantaneous nationwide development that occurred thereatfter,
driven by oil revenue, shaped modern Oman and had pertinent effects on the trajectory

of pastoralism in the Dhofar region.

Since the 1970s iVestock numbers have increased dramatically and it has been
repeatedly reported that the Dhofar mountain ecosystems are becoming degraded due
to unsustainable stocking rates of camels, cattleiaadesser extent goatsy rural
pastoralist (Lamprey, 1976; Lawton, 1978; Oman Office of the Government Adviser
for Conservation of the Environmg 1980; Wilson & MacLeod, 1991; Ghazanfar,
1998; Peacoclet al, 2003; Hedges & Lawson, 2006; Tardelli & Raffaelli, 2006;
DirectorateGeneral of Nature Conservation, 2010-Nihi, 2011b) There are
concerns current stocking rates are reducing bictédgiroductivity(Peacocket al,
2003)and the efficiency of ecosystem servig€grschneret al, 2004; Galletti, 2015)

and undermining biodiversity conservation effgi$palton & Al Hikmani, 2014; Al
Hikmaniet al, 2015; Ball, Al Fazari &orrell, 2015) It has also been reported that
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the rangelands are becoming dominated by unpalatable species, as palatable species
fail to regeneratGhazanfar, 1998; Peacoak al, 2003; Ministry of Rempnal
Municipalities Environment and Water Resources & UNEP & UNCCD, 2005; Patzelt,
2012) Hildebrandt & Eltahir (2008}¥tate that camel and ¢at browsing haded to

loss of woody cover, and facilitated foregassland transition3:his is particularly
concerning given the importance of horizontal precipitation capture to the mountain
ecohydrology and the local water econofiyirschneret al, 2004; Hildebrandt &

Eltahir, 2006, 2008)

Data forthe whole ofOmanshows an increasing trend in cattle and cgropllations
(Figure1.2), but there is no accurate lorigrm dateon livestock numbers in Dhofar

due to insufficient samplingnd unreliable data collectionlowever,the increase in
livestock populations in Dhofar since the 1970s has been described as dramatic and

exponentialA Spalton 2014, personal communication, 10 August).
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Figure 1.2. Available long-term and short-term livestock numbers datasets for Oman. FAOStat:
(FAO, 2013) NCSI: (Oman National Centre for Statistics and Informaion, 2017b) FAO
profile: (Al-Mashaki & Koll, 2007). FAOStat data for the 197080s is mostly FAO estimates.

Over the past decades, a number of studies, projects and wgrkings developed

reports and action plans that included objectives to address overstocking in Dhofar.
Notable projects includéiTSL (1978), GRM International (1982), Janzet990,
JICA (1990), Mott MacDonald International Ltd. (1991), Aduthairi (1992,
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ESCWA, UNEP & FAO (1993) anillinistry of Regional Municipalities Environment

and Water Resources & UNEP & UNCCI2@05) In the period 19841993, the

0Pl anning Committee for Devel opment and
(PCDESR) 0, made up of Feoonhoenic rardt ecodogicall pl a
specialists produced a number of valuable reports and technical working papers. Most
notable of these are the Regional Development @& Atkins International, 1989)

and SubRegional Land Use Pis (WS Atkins International, 19903lesigned to

support and coordinate sustainable development, including olgecty tackle
overstocking (Whitcombe, 1998) In 1993 the PCDESR was subsumed within a
national planning agency and the momentum towards sustainable livestock
managemet was lost. Despite their valubesereportswere underutilised bythe

government.

The government of Oman has made some efforts to tackle overstobkistpcking
progranswere conductedh 19831989and2000-2003 the latter in coincidence with

the National Symposium on Desertification in Dhof@Ministry of Regional
Municipalities Environment and Water Resources & UNEP & UNCCD, 200
governmenbought 90% of each camel herd, but the majoritivettock owners gave

false herd sizeinformation in order to minimise livestock loss. In the period 1986
1989 eighteen fenced exclosures were established in the Dhofar Mountains by the
Rangeland Regeneration Project in the Southern Region of (BRAvi International,
1989)to conduct a study to compare the biomass of forage within and outside the
exclosures. They found the exclosures yielded 81% more fdvadertunately, these
results did nototivatemanagement actions and the exctesthavesincefallen into
disrepair.Overall, theseprojects and interventionsave had a negligible impact on

inhibiting livestock population growtim Dhofar.

1.7 The study areai Jabal Qamar

Three separate mountain ranges constitute the Dhofar MourfEause 1.3 inset
map) These are, from West to East, Jabal Qamar (highest altitude 1393 m), Jabal Qara
(1277 m) and Jabal Samhan (1765 Tijis research is focused dabal Qamanyvhere

the first author hasonductedesearch for thastseven years.

Jabal Qamareceivesmore precipitation than the other mountain ranges and boasts

the highest botanical diversity (515 vascular species) of any area in (Patzelt,
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2015) Variants of the drougkdeciduousAnogeissudorest(Kurschneret al, 2004)

are dominant on the soutaaicing escarpments, with spassalhofaricawoodland and
grasslands (dominated Bythraxon spp, Apluda muticaeand Themeda quadrivalvjs

in flatter areasGrasslands in the monscarfluenced zones of the Dhofar Mountains
have been considered a result of historical forest clearanceaarfaf pastures for

cattle (Kirschneret al, 2004) At elevatiors over 1000 m a.s.l. theEuphorbia
balsamiferacushion shrub community dominat@atzelt, 2015)The main geologic
formation in Jabal Qamar is limestone of tertiary origin. Layérthe Hadramout
group are present. These are, from bottom to top, the Umm Er Radhuma (UER), the
Rus (RUS) and the Dammam (DAM) formatidfsiesenet al,, 2018)

Jabal Qamar compriseé®o administrative districts, ehWilayah of Dhalkut (west)

and the Wilayah of Rakhyut (easThe coastal towns of Dhalkut and Rakhyut are
located to the west and east, respectively, of a large biodiverse wadi (seasonal river
valley) known as Wadi Say(Ball, 2014; Ball, Al Fazari & Borrell, 2015; Ball &
Borrell, 2016) Our studyfocused orthe mountaintop plateau and southern mountain
slopes(the monsoonrinfluencedarea south of the main Highway 48tween Sarfait
attheOmaty e men border in the West, to the
the mountain rangéVe did not sudy the northern desert slopéée{d as few people

and livestock reside there.

There are seventfive permanently and ten seasonally (Khareef) inhabited villages
Jabal Qama(Figure 1.3) with a total human population of 7,79®@man National
Centre br Statistics and Information, 2017d)ivestockowning households are
present in all villages. The 2015 national livestock census recorded 15,164 camels in
802 holdings, 27,522 head of cattle in 1,060 holdings, and 14,217 goats in 439
holdings (Oman National Centre for Statistics and Information, 201Based on
these statistics livests outnumber people 7 to ICamelsare moved in a
transhumance system to the mtain plateau during the Khareef to avoid soft mud
and biting flies(El-Mahi, 2011a)
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Household sizes are often large with over ten members spanning several generations.
Most women do not work but rather look after the children and take care of the
household. Most poorgducated males work at Firqatntes which have persisted
since the Dhofar rebellion, or in other governmpaid positions such as school bus
drivers. Better educated males are generally in highaming employment such as
high-ranking government positions, teachers in higher educairowners of private
businesses (H Al Hikmani 2018, personal communication, 10 September).
Unemployment levels are high among young adults and jobs in gabing roles in

public sector services such as restaurants and garages are filled by expatkiats.
Regarding livestock husbandry, men usually tend to the camels and cattle and women

usually tend to the goats and occasionally also cattle.

1.8 Thesis outline and objectives

The Dhofar Mountains represent a unique rangeland case study, with asguicd|
cultural, political, economic and ecological situations, which could provide valuable
insights for rangeland sciencEhe rangelandgrovide valuable ecosystem services to
the local population, yet the threat of overstocking, despite beingewmltjnised, has
received little scientific attention. In additiothe Anogeissugorestsareunderstudied,
unique on a global scaleand support a wedth of endemic and/or threatened
biodiversity Therefore, this thesigvhich utilises contemporary methods rficthe
social, ecological and rangeland scien@s to(1) understand the social processes
driving overstocking in rural Dhofar an{@) assess the impacts of ostckingon

vegetation communities

This study is interdisciplinary, combiningnaixed-methods approach from the social
sciencesChapter2) with multivariate analysis ofegetation communities (Chapter
and4), and remote sensing and plant specisidution modelling (Chapteb). It
represents the first detailed analysis of overstocking in the region and therefore aims
to provide evidence to inform local decision makargl to provide a foundation upon

which to build fuure research for regiondévelopment and conservation.

Chapter2 uses a mixeanethods approach from the social scien@nd a soio-
ecological systems framewortk, identify variables driving overstocking in Dhofar. It
also serves to provide a detailedscigption of the pastoral system and local attitudes

and behaviours.
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Chapter 3 quantifies vegetation responses to biotic and abiotic variables using
ordination and mixeeffects models, with a focus on the effects of stocking rates on

species composition and structure of the woody plant layer.

Chapter4 identifies and describes six new habitat variants ofAthegeissugorest
using cluster and indicator species analysis endews associated topoclimatic
conditions vegetation characteriss and disturbance factors.

Chapter5 employs a novel method to quantify leteym deforestation in the study
area. Species distribution models are stackedawiqe a historical baseline range of
the Anogeissudorest which is then analysed in relation to unforested areas. The
cartographic outputs provide a means to visualise the probability of anthropogenic

deforestation.

In the final discussior{Chapter6) we summarise our key findingsliscuss our
contributions to rangeland science and examine the implications of our research for
local conservation. We highlight aversufr future research and propose a concept

for sustainabléntensification oflivestock productiorin Jabal Qamar.
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2 Application of a socicecological systems framework to
understand overstocking bymodern livestock keepers in

the Dhofar Mountains of Oman

25



2.1 Abstract

Livestock numbers in the Dhofélountains of Oman have increased substantially
since the 1970s and there are concerns widespread overstocking is degrading the
unique cloud forest ecosystem and the services it provides. We used anmetkexts

data collection approach with livestock keep@nd applied a socecological systems
framework to understand the social processes motivating livestock ownership and the
endogenous and exogenous forces leading to overstocking. -fidurtyramework
variables were found to be relevant. Our resulteakhow factors associated with the
recent and rapid development of Oman have transformed the relationships between
pastoralists, their livestock and the rangelands. Feedstuff provision for most of the
year has decreased dependence on the rangelandsg létile incentive for sel
organization, collective action @ustainable uséVe find livestock accumulation is
primarily motivated by cultural values, despite the financial costs from feedstuff
provision and poor market access. However, we find evidence of changing values and
a disengagement with livestock keeping amongst thdthyear better educated
population.Someof these processes have been recognised in previous stullilss

some are uniqudgut their amalgamation in Dhofar results in a novel, and ultimately
destructive pastoral systeima situation which requires urgeattention from policy

makers.

2.2 Introduction

It is widely accepted that overstocking of camels, cattle, and to a lesser extent goats
since the 1970s is degrading the natural environment of the Dhofar Mountains in
Oman(Lamprey, 1976; Lawton, 1978; Oman Office of thevernment Adviser for
Conservation of the Environment, 1980; Wilson & MacLeod, 1991; Ghazanfar, 1998;
Peacocket al, 2003; Kirschneet al, 2004; Tardelli & Raffaelli, 2006; Hedges &
Lawson, 2006; Directorat€eneral of Nature Conservation, 2010;NEhi, 2011b;
Galletti, Turner & Myint, 2016) There are concerns a reduction in woody cover due
to overbrowsing inhibits horizontal precipitation, a process critical to the survival of
the cloud forestgKirschneret al, 2004; Hildebrandt & Eltahir, 2006, 2007, 2008;
Friesenet al, 2018)and that overstocking is undermining biodiversity conservation
efforts (Al Hikmani et al, 2015) especially concerning the critically endangered
Arabian leopardPanthera pardus nim{Spalton & Al Hikmani, 2014)
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Numerous reprts and action plans have included objectives to tackle overstocking
(e.g.HTSL, 1978; GRM International, 1982; WS Atkins International, 1989, 1990;
Janzen, 1990; JICA, 1990; Mott MacDonald International Ltd., 1991Kw#hairi,
1992; ESCWA, UNEP & FAO, 1993; Ministry of Regional Municipalities
Environment and Water Resources & UNEP & UNCCD, 209&) recommendations

on topics such as commodificatioczonation and reforestation have not translated into
national policWhitcombe, 1998)A requirement now exists for an updated evidence
base to inform policy decisions which utilises modern developmemsnmunity
based and sociecological system (SES) research approaches.

In the past, scholars might have been quick to blame overstocking in Dhofar on a
0tragedy of the commonsd scenari o. Howev
challenged and replaced by an appreciation of distinct processes operating at multiple
levels which govern the sustainability cdngeland useFor example, mobility and

freedom of moement in open access rangelawds be critical to sustainable use
(Fernandezsiménez, 2002; Moritz, Scholtet al, 2013)andlocal selforganization

and colletive action often successfully governs use of comimool resources
(McCabe, 1990; Ostrom, 1990; McPeak, 2065bcesses such as these, derived from

the common components of decades of reso
socioecological system (SES) framewo(strom, 2007; McGinnis & Ostrom,

2014)

The SES framework provides a general list of concepts that can be used to analyse a
range of socieecological systems (SESs). It was designed to build a common
vocabulary and structure for policymakeasd scholars in varying disciplines to
develop a coherent mode of analysis of complex §B8Ssom, 2007; Ostrom & Cox,

2010; Hinkel, Bots & Schliter, 2014; McGinnis & Ostrom, 201@ne of tle
attractions of this framework is its flexibilityhen being applied to different systems
where new processes, pathways, -sategories and concepts can be appended
(McGinnis & Ostrom, 2014)It encompasses the actors (A) who use resource units
(RU) from a resource system (RS) according to rules and procedures determined by a
governance system (GU), within the context of related ecologistd g (ECO) and
sociatpolitical-economic settings (SFigure2.1). At the centre of the framework are

the focal action situations where inputs are transformed éathions of multiple

actors through interactions (1) which produce outcomes (O). There is often feedback
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between action situations and the seven top tier categories, each of which contain
multiple variables at the second and third tiers, the relevanetiofi depend on the
study system and research ques{idiGinnis & Ostrom, 2014)

I n this articl e we framawokktoanalysé theesthral®ysteént o mo s
in Jabal Qamar in westemhofar which has been the primary focus of the first

aut hordéds research over the | ast seven ye
processes have led to overstocking and subsequembemental degradation in

Dhofar?

Social, Economic and Political Settings (S)

Resource Systems (RS) |- --- [Governance Systems (GS)J
set conditions for set conditions for
Focal Action Situations define and
Interactions (I) = Outcomes (O) set rules for
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Figure 2.1. The first-tier categories ofOstrom (2007)socicecological systems framework
including refinements made byMcGinnis and Ostrom (2014) Solid arrows represent direct
links and dashed arrows represent feedback links.

2.3 Study system

The Dhofar Mountains are part of a mountain belt that lies on the soutreshaf

Oman and eastern Yemen. A localised subtropical climate results from the annual
influence of the Indian monsoon between June and September, known locally as the
Khareef During these months, thick fog inundates the southern mountain escarpments
(Whiteheackt al, 1988; Ghazanfar & Fisher, 199®yoviding moisture for a globally
unique south Arabian forest community with high levels of biological diversity and
endemism(Ghazanfar, 1998; Kurschnet al, 2004; Hildebrandt & Eltahir, @D6;

Mosti, Raffaelli & Tardelli, 2012; Ball & Borrell, 2016which has provided forage
resources for pastoralism for millenrfRetraglia & Rose, 2010; #llahi, 2011b)
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This study wasonducted in Jabal Qamar, the westenwst mountain range in Dhofar
(Figure 2.2), which comprises twadministrative districts, the Wilayah of Dhalkut
(west) and the layah of Rakhyut (east].here are seventfive permanently and ten
seasonally (Khareef) inhabited villages in Jabal Qamar with a total human population
of 7,799(Oman National Centre for Statistics and Information, 201Z&pstock
owning households are present in all villages. The 2015 national livestock census
recorded 15,164 camels 802 holdings, 27,522 head of cattle in 1,060 holdings, and
14,217 goats in 439 holdings in Jabal Qa(@man National Centre for Statistics and
Information, 2017h)Based on these statistics livestock outnumber people 7 to 1.

O Settlement NDVI
e Seasonal Settlement | Highly vegetated
Jabal Qara  japa) Samhan « Livestock Watering Point S
' = Seasonal Camp
— Main road N
— Unsurfaced main road
— Minor road A

-----Vehicle track

16°45'0"N 16°50'0"N

16°40'0"N

53°100"E 53°200"E 53°300"E

Figure 2.2. Map of Jabal Qamar showing locations of settlementsyatering points, seasonal
camps, roads andvehicular trails, overlaid on avegetation greenness (NDVI) base map. Two
inset maps show the whole Dhofar Mountains and their location in Oman.

Household sizes are often large with over ten members spanning several generations.
Most women do not work but rather look after the children and take care of the
household. Most poorgducated males work at Firgat centres, formerly known as the
O0Sul Fangat Military Forcesb©®, which have
(19621976) (DeVore, 2012)or in other governmesgaid positions such as school

bus drivers. Better educated males are generally in hggr@ing employment such

as highranking government positions, teachers in higher education, or owners of
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private businesse@d Al Hikmani 2018, personal communication, 10 September)
Unemployment levels are high among young adults and jobs in gabing roles in

public sector services such as restaurants and garages are filled by expatriate workers.
Regarding livestock husbandry, men ugutdnd to the camels and cattle and women

usually tend to the goats.

2.4 Methods

We employed a mixedethods approach involving sestructured interviews,
participatory mapping exercises and seeamnomic and Likert questionnaires with
livestock keepers idabal Qamar between April 2016 and September 2016. Three
government officials and a feedstuff company manager were also interviewed and
multiple indepth interviews took place with an additional government official who

worked in conservation and was fomhyea livestock keeper.

A mixed-methods approach was chosen to ensure we had a range of tools to obtain a
representative and holistic account of the $&Raffer, 2013)Topics such as socio
demographics, livestock ownership, and household economics suitedajiverdata
collection methodsyhilst qualitative methods acquired detailed acis of the socio

cultural processes and wider political and economic forces influersiegtock

keeper attitudes and behavioulrs addition, the mixesnethod approach suited the
unpredictability of the work timetable and logistics which arose fronmgusi
translator/facilitator, and enabled us to carry out withibject, betweesubject and

cross method triangulation to ensure our findings were trustw{iyid & Sutton,

2011; Newing, 2011)

A British male primary investigator (lead author), a British female research assistant,
and an Omani translator (and facilitator) conducted the data collection. The translator
was from Jabal Qamar amgioke the local dialect of Jabadnd provided realime
translationDuring the early stages of the fieldwork the relationship with the translator
had to be carefully managed, as Omani culture dictates that visitors are treated as
important guestandshown hospitality, with their needs met to enstirer happiness

and wellbeingPrevious research by the author has founsl ¢an raise issues when
working with a new translator or facilitator, wherehere is a risk thanhformation

could bechanged inranslation in order to minimise offence to the visiting researcher.

Thus,for this study theesearcherdid not divulge theienvironmentalisviews on the
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iIssue of overstocking in order toimmmise the risk obiasedtranslation In addition,

the translator was quickly incorporated into the research team and briefed on the
purpose and objectives of the reseatohcurtail the hosguest relationshiplt
transpired that the translator eventually comprehended the persortansevation

views of the researchersowever, by this stage researclwmnslator rapport had been
built and the reliability of the translator was no longer under quedtieipfully, the
translator was familiar with principles of scientific rigour having &dds a medical
technician.On occasions when an informant could speak comprehendible or fluent
English, they were asked about topics that the research team had flagged as potentially
unreliably translated. This was not a formal structured analysis aaltl aases the
translation wasriangulated and founceliable.

Upon meeting with informants and following greetings and introductions, the aims of
the study were explained, and informed consent was sought. Participants were assured
that their responsesawld be confidential and anonymous. Ethical considerations
followed the guidelines of the American Anthropological Association (AAA).
Interviews with young peoplea¢es 14i 17) followed the guidelines of th&Vorld
Association of Opinion and Marketing ResdarProfessional{ESOMAR). No

children undethe age ofl4 were involved in the research.

In order to obtain a diversity of information, we defined livestock keepers (our study
population) as any individuals from a household that had previously or dykept
livestock. We used cluster sampling, a probability sampling method, in which villages
were randomly selected within each settlement area. Simple random sampling was
then used to select households within the villages to conduct-scai@mic
guestonnaires and interviews. Efforts were made to sample a greater number of
households in large villages, known as probability proportional to (diesving,

2011) Seven of the 84 interviews were referrals (snowball sampling) where an
informant encouraged thiesearch team to speakth friends or family and twenty

six were opportunistic when livestock keepers wereneountered away from
householdsfor example, when carrying out livestock husbandry. Most informants
were males due to the cultural barriers of speaking with femaldsrbutately males

are predominantlynvolved in livestock keeping.
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Table 2.1. A table outlining the types of data acquired by each survey method with details on
units of measurement and the analysimethods used. The variables used in each analysis are
indicated by superscript digits.

Method and sample size Description of the data acquired Unit

Analysis method

Socio-economic
questionnaires

72 households in 21
villages (25% of villages);
92% male, 8% female;
aged 23-80 years
(median = 40,
interquartile range = 30-
50, mean =37.1+ SE
2.08).

Age?, gender®

Village of residence’
Residential status®
Household size®

Herd sizes®2%

Production and use of livestock

products®

Livestock sales®® and prices

Profit/loss from livestock
keeping

Years, m/f

Village of residence

Since village was
founded/since
birth/visiting family/new
resident

Small (<4 residents),
medium (4-8 residents),
large (> 8 residents)
Head of livestock

Livestock,
meat/milk/ghee/hide, for
sale/use at home
Animals sold per year,
average sale price in
OMR

OMR per year

®Descriptive statistics

"Mann-W hitney test of
herd size vs. rurality
(Wilayah of residence)
(N=198)

’Spear mands
vs. herd size (N=198)

3Kruskal-Wallis test of
household size vs. herd
size (N=198)
‘Spear manoés
livestock sales vs. herd
size (N=72)

Unreliable - omitted from
analysis

Do your children help now?° Yes/No
Will your children help in the Yes/No
future?°
Likert questionnaires Age?, gender® Years, m/f SChi-squared test of

126 households in 18
villages (22% of villages);
73% male, 27% female;
aged 16-70 years
(median = 35,
interquartile range = 18-
45, mean =334+ SE
1.28).

Village of residence’

Household size®®

Herd sizes??3¢

Household income?*®®

Test agreement with Likert

items (Appendix 1) to elucidate

prevalence of attitudes and
behaviours.

Village of residence

Small (<4 residents),
medium (4-8 residents),
large (> 8 residents)
Head of livestock

High/medium/low

household size vs.
household income
(N=126)
®Kruskal-Wallis test of
herd size vs. household
income (N=126)

Classification and
regression tree (CART)
analysis. New tree
produced with each
statement and
demographic data field
appointed as response
variable.

Semi-structured

Rank reasons why keep

Qualitative notes

Coding and production of

interviews livestock; rank problems a dynamic conceptual
associated with livestock framework (DCF).

84 households in 37 keeping; why and how people

villages (45% of villages); keep livestock and overstocking

82 male; 2 female; aged within the contexts of

14-80 years. governance, economics, culture
and husbandry.

Participatory mapping Spatial and temporal GIS feature layers with Cartographic

exercises
8 mapping exercises in 7
villages

arrangement of livestock activity attributes
and changes in regimes.

representation in GIS.
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The data collection methods, sample sizes, types of data acquired and analysis
methods are summarisedtnror ! Reference source not found.Error! Reference

source not found.illustrates the proportion of households sampled in each village and
Figure2.4 shows the spatial distribution of each data collection methoBathre 2.2

we provide gaeralised descriptions of the knowledge and behaviour of different age
classes when interacting with the research team.

Socioc-economic questionnaires were administered duringtiaface meetings with
livestock keepers and prior to any interviews. Thst fsection of the questionnaire
collected basic socidemographic information and the second and third sections
sought information related to husbandry, economics and liveliho&asor(
Reference source not found. The questionnaires were deemed to have little or no

influence on interview responses.

Approximately ten percent of the interviews were conducted with groups of up to ten
people whilst the remainder involved a single intervieWd®. interviews followed a
loose framework to allow freedom to informant narratives to identify unexpected
social processes and peculiaritjsiewing, 2011) The basic structure of the interview
involved ranking of motivations for livestock keeping and the problems f&oeak)(
Reference source not found. This template was sufficient to stimulate rich
discussion on why and how people keep livestock and the issue of overstocking within
the contexts of policyeconomics, culture and husbandry. The research assistant
transcribed qualitative responses from the interviewsti@al, whilst the interviewer

took targeted notes.




Figure 2.4. A map showing pie chartsof the spatial distribution and relative number of
participants involved in semkstructured interviews, socieeconomic questionnaires, Likert
questionnaires and participatory mapping exercises.

Table 2.2. Informant age classes with generalized descriptions of their knowledge and
behaviour when interacting with the research team. Reliability was judged based on
triangulation of data with key informants.

Age bracket Knowledge and behaviour

Young people (age <16) Reliable information; Enthusiastic about livestock as help elders
with husbandry; Less involved in teenage years; Readily provide
information but possess limited historical or wider knowledge.

Young adult (age 16i 35) Less reliable information; Less time spent with livestock; Other
interests or in college or employment (in Salalah); Good knowledge
of social politics; Aim to please with lots of (often irrelevant)
information; Difficult to get straight answers.

Adult (age 351 50) Mostly reliable information; More time spent with livestock than
young adults; Good understanding of livestock management; Good
understanding of plant species; Knowledge varies greatly
depending on employment and wealth class; More suspicious of
research project; Provide information in anticipation of it being
heard by government.

Older generation (> 50) Very reliable information; Best knowledge of plant species; Best
knowledge of traditional livestock management practises;
Sometimes provide information in the context of traditional
management; Shy, but willing to trust after some discussion;
Realise the seriousness of overgrazing as they have observed
degradation; Sometimes glorify the truth to exaggerate culture.

Eight participatoy mapping exercises, which sought to understand the spatial and
temporal arrangement of grazing regirfiesor! Reference source not found) were
conducted with individuals or groups of paipants. Contrary toconventional
principles of participatory research, participants were not ahgre of the research
aims andriews of the researchers, in order to enseliablespatial data was provided.
Participants made annotations on-#i@e laninated satellite imagery maps or plotted
features in ArcGIS Collector Application on an Apple iPad Air 2, depending on the
preference of the participant. DigitalGlobe satellite imagery at a resolutiorl of <
providedsufficientdetail on the basemap taable participants to identify landscape
features to orientate themselves and apply their information. Assistance was provided
to older or less educated individuals to ensure the participants were correctly
orientated with the map but the younger genenatiere more comfortable with the
process, being accustomed to using tesmieen deviceddaving the informant map

their spatial information directly into GIS software cuts out the process of digitising

paper maps where accuracy of spatial informationbealost(Hall & Close, 2007)
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Likert questionnaires were designed towards the latter stage of the research period and
distributed by teachers to one child from each housetwtiss alschools in the study

area. The questionnairgsstructedthe adult member of the household most involved

in livestock keepingo complete the questionnai®f the 1400 distributed, 199 were
returned and 73 were omitted from analysis as they were incomplete, poorly completed
or completed by an individual under the age of 16. The topics in the questionnaire
were irformed by the findings of the qualitative research and used to test the extent to
which pastoralists agreed or disaed with specific statementBhis enabled us to
elucidate the prevalence of particular attitudes and behaviours across a larger sample
sizze A response option of O6éneutrald was not
to an agreement positio Sociodemographic data was also collectégrror!
Reference source not found. Socicdemographic and herd size data was pooled
from both questionnaires and analysed irstRdio (R Core team, 2013)sing the

methods summarised Error! Reference source not found.

Classification and regression tree (CART) analysis was conducted on the Likert
guestionnaire dataAppendix1) in R Studio(R Core team, 201y si ng t he Or
packaggTherneau, Atkinson & Ripley2017)to determine significant groupings of
respondents based on their level of agreement with the Likert scale items. Prior to
CART analysis the level of agreement scale was grouped into two responses of agree

or disagree to increase the robustndsherelatively small sample size and facilitate
interpretation of the CART results. Each statement in the Likert scale and the
demographic data components were appointed as the response variable and the
analysis repeated for each using the default paemeseveral trees failed and others

provided no sensible results. For the latter instances, the explanatory variables
obscuring logical interpretation of the trees were removed until sensible results were
achieved or the tree failed. For example, thelapass i s for OWi | ay a
administrative zone) as the response variable, found age and gender as the most
significant predictor variables as a result of our sampling strategy through-single

gender schools.

The SES framework can be used to inform resequestions or data collection or to
organize or analyse findings or any combination of tii@strom, 2009)We applied
the SES framework predominantly to discuss our findings in relation to existing

resourceuse concepts and to understand the complex and-lewdti aspects of our
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study SESHinkel, Bots & Schluter, 2014¥siven the importance of avoiding a ene
sizefits-all approach to SES research (particulapgrtinent for studies on
pastoralism) and to avoid manifestation of the framework variablesrimnductive

data collection approach, we ajgpl the SES framework post hdedditionally, we
believe this enables better testing of the applicability of the SES framework to new

systems.

Consequently our analytical procedure was as follows. The afisditdata from
interviews was routinely digitised and top level, secondary and tertiary codes were
developed and assigned to the themes as the research period progressed (Newing et
al., 2011). Concurrently, a dynamic conceptual framework (DCF) was cotestrio

map the themes and theirterrelatednes$Appendix 2). Themes of interest, with
conflicting responses or with unexplained phenomena wereiteslvisith future
informants until saturation was reached and the DCF proved robust. Upon completion
of the fieldwork, the coding system was reviewed and revised and the DCF augmented
with the results of the questionnaire analysis. Finally, the SES frarkewaoiable

codes were assigned to our themes or new codes weartecr®r unclassifiable

themes.

All framework variables were considered potentially applicable before specific
variables were selectethased on themes in the DCF hirty -four secondtier
framework variables were identified to be important properties in our SES related to
overstocking andenvironmental degradation (

Table2.3). Twentythree variables were either absent from or not pertinent to the study

SES or not relevant to the reseagelestion. Three thirtier variables were developed

for ECO3 to classify provisioning, regulating and cultural ecosystem services which
represent flows into and out of the focal SES. Two thigdvariables were developed

for A2 to differentiate wealth @heducation as socioeconomic attributes of the
resource users. An additional secdnd e r Il nteraction variable
activitiesd was <created to account for

competitions.Here, we present and discsi®ur results under threentralumbrella
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themes which wereorecomponents of the DCF: governance, culture and economics.

The framework ariable codes are cited-iext, as ilNagendra & Ostrom2014)

Table 2.3. Description of the 57 variables in the sociaécological system (SES) framework and
justification for the inclusion (34) or exclusion (23) of the variables in our study. Boldface font

indicates variablesincluded in our analysis.

Category
Variable Code Variable Name

Social, Economic, and Political Settings (S)

Used Reason for inclusion/exclusion

Si1 Economic development
S2 Demographic trends

S3 Political stability

S4 Other governance systems
S5 Markets

S6 Media organizations

S7 Technology

Related Ecosystems (ECO)

Yes Rapid economic development has
transformed pastoralism.

Yes Attitudes and actions vary within
the population.

No No notable political instability affects
pastoralism.

No Other governance systems not
relevant.

Yes Cheaper imported livestock
outcompetes local livestock in
national food market. Consumer
demand for cheap produce. Local
taste for local meat drives small
market system.

No Media not interested in livestock
activities.

Yes Feedstuff manufacturing and
distribution. Four-wheel drive
vehicles have affected livestock
management techniques.

ECO1 Climate patterns

ECO2 Pollution patterns

ECO3 Flows into and out of focal
SES

ECO3a Provisioning services

ECO3b Regulatory services

Yes Climate affects growth rate and
spatial and temporal distribution of
RU (RU2 and RU7).

No Pollution not pertinent to overstocking.

Yes Ecosystem services.

Yes Water, fire wood, frankincense, non-
timber forest products (e.g. honey,
mushrooms, fruits and seeds) and
livestock forage resources.

Yes Capture and storage of water,
erosion and flood control, carbon
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sequestration, decomposition and
pest control.

ECO3c Cultural services Yes Maintenance of traditional
pastoralist culture, scientific
research, tourism and recreation.

Resource Systems (RS)

RS1 Sector (e.g., water, forests, No A rangeland system.

pasture, fish)

RS2 Clarity of system boundaries No System boundaries are relatively clear,
although could be interpreted
differently by different analysts.

RS3 Size of resource system Yes Resource system size varies by
location and topography.

RS4 Human-constructed Yes Livestock management features

facilities (e.g. water troughs, camps) have
affected management practises and
distribution of livestock.

RS5 Productivity of the system Yes Productivity of the resource system
is low.

RS6 Equilibrium properties Yes Equilibrium rangeland system
where livestock, sustained on
feedstuffs, are primary drivers of
vegetation change.

RS7 Predictability of system No System dynamics such as climate are

dynamics predictable, an attribute of equilibrium
rangelands.

RS8 Storage characteristics No Resources are not stored.

RS9 Location No Jabal Qamar, Dhofar, Oman.

Resource Units (RU)

RU1 Resource unit mobility No Forage resources not mobile.

RU2 Growth or replacement rate Yes Long term growth and replacement
rate is low or negative.

RU3 Interaction between resource No  Interaction may exist between

units herbaceous (grazing) and woody
(browsing) forage resources, but not
pertinent to this discussion.

RU4 Economic Value Yes Forageresources have alow
economic value.

RU5 Number of Units Yes Number of units is insufficient for
current stocking rates.

RU6 Distinctive characteristics Yes RU can be made available through
tree branch management practises.

RU7 Spatial or temporal Yes The spatial and temporal

distribution distribution of RU is highly variable.

Actors (A)

Al Number of relevant actors Yes The number of resource users and
the diversity of stakeholders are
highly relevant.

A2 Socioeconomic attributes Yes Socioeconomic attributes of the

resource users affects their
attitudes and actions.
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A2a Wealth Yes Individual or household wealth
affects attitudes and actions.

A2b Education Yes Levels of education affect attitudes
and actions.

A3 History or past experiences Yes Recent history has shaped aspects
of livestock keepe
actions.

A4 Location Yes The location of the resource user
and livestock (e.g. house or camp)
influences overstocking.

A5 Leadership/ Yes Some are giving up pastoralism.

entrepreneurship Few make an income from livestock
keeping.

A6 Norms (trust-reciprocity)) Yes Social norms are fundamental

social capital drivers of livestock ownership.

A7 Knowledge of SES/mental Yes Knowledge varies with age and

models affects attitudes and actions.

A8 Importance of resource Yes Dependence on resource has

(dependence) changed following increased
livestock populations and feedstuff
provision.

A9 Technologies available No Included under S7.

Governance Systems (GS)

GS1 Government organizations Yes Ministry of Environment and Climate
Affairs, Ministry of Agriculture and
Fisheries, Office for Conservation of
the Environment, Ministry of
Heritage and Culture.

GS2 Nongovernmental Yes Feedstuff production companies

organizations (e.g. Dhofar Cattle Feed Co.) and
other livestock-related companies.
A number of consultancies have
produced action plans to tackle
overstocking.

GS3 Network structure Yes Unrecognised responsibilities and
ineffective state governance
system.

GS4 Property-rights systems Yes State ownership. Transformation
from informal tribal territories to
unrestricted access.

GS5 Operational-choice rules No Several gates limit movement of
livestock to southern escarpments
following the Khareef.

GS6 Collective-choice rules No No formal rules determining collective-
choice outcomes.

GS7 Constitutional-choice rules No No formal rules determining
constitutional-choice outcomes.

GS8 Monitoring and sanctioning Yes National laws sanctioning damage

rules to biodiversity are not enforced.

Two unsuccessful destocking
programs occurred in 1983-1989
and 2000-2003 (Ministry of Regional
Municipalities Environment and Water
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Interactions (1)

Resources & UNEP & UNCCD, 2005)
when livestock owners gave false
hard size information to minimise
livestock loss.

11 Harvesting Yes Spatio-temporal variation in
browsing and/or grazing activity.

12 Information sharing No Not a significant variable in our study.

13 Deliberation processes No Not a significant variable in our study.

14 Conflicts No Conflicts occurred in the past, some
enduring tribal values persist but no
conflicts occur.

15 Investment activities No No investment activities at current.
Plans exist for future investment in
dairy produce.

16 Lobbying activities No Livestock keepers would like the price
of feedstuffs to be reduced but no
lobbying occurs.

17 Self-organizing activities No No adaptive livestock management
strategies or other self-organizing
activities occur.

18 Networking activities No No regular networking activities. In
2016 government sent message to
livestock keepers via instant
messaging to delay movement of
livestock.

19 Monitoring activities No No monitoring activities occur.

110 Evaluative activities No No evaluative activities occur.

111 Reinforcement activities Yes Camel competitions.

Outcomes (O)

o1 Social performance Yes Household income/loss from

measures (e.g., efficiency, livestock production.
equity, accountability, Loss of ecosystem services.
sustainability) Preservation of pastoral culture.

02 Ecological performance Yes Loss of ecosystem services. See

measures (e.g., ECOs3.
overharvested, resilience,
biodiversity, sustainability)
03 Externalities to other SESs Yes Water economy and feedstuff

production.

2.5 Results and discussion

2.5.1 Descriptive results

The gender and ages of interviewees and questionnaire respeie summarised

in Error! Ref erence source not found.Socic-economic questionnaire respondents

were either a resident since the founding of the village (34%), a resident in their village
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from birth (52%), living away from home and visiting their family (8%) or had moved
into a village (6%). Pooling the data from both questionnaires, out of livestecing
households in 28 villages (34% of villages), 81% owned camels, 91% owned cattle
and 36% owned goats. Camel herd sizes ranged from 1 to 200 (median = 27,
interquartile range = 180, mean = 31.7 + SE 2.29), cattle herd sizes ranged from 3
to 250 (median = 35, interquartile range =3 mean = 41.1 + SE 2.5) and goat herd
sizes ranged @&m 1 to 300 (median = 25, interquartile range 41%, mean = 38.85

+ SE 5.9).Herd sizedid not significantly differ with household siZer individual
livestock typegcamel: H(2) =4.8 p=0.089) ; cattle:(H(2) =5.2 p=0.073); goats:

(H(2) =4.3 p=0.114, however for total livestock, small households had significantly
less livestock then medium and large househdit{2)(= 14.3,p = < 0.001). There

was no significant correlation between gge= -0.11,p = 0.133)or rurality (W =
46905, p = 0.795)and herd sizesSome gestionnaire data on profit or loss from
livestock keeping was found to be exaggerated in anticipation of greater financial

support from the government and thus was excluded from further analysis.

Interviewees were in‘eed in livestockrelated activities to varying degrees, and
spent varying amounts of time at their family home. Motivations for keeping livestock,
in order of importance, &re: (1) inherited from parents; (2) financial secusatyd (3)
produce for the hasehold. Problems associated with livestock keeping ranked by
livestock keepers, in order of importance, &dfl) bark stripping behaviou2) lack

of grazing resources; (3) expensive feedstuifd) weakeningKhareef; (5) the
congruction of buildings ad roads;and (6) vehicle damage caused by-rofhid

driving.

2.5.2 Governance

Prior to Omanos pasomlstifasndies m Okofanemre subsestérd
goator cattlehercers that lived in primitive stone and wood huts or cadespiped

water or veterinary care and high disease prevalence prevented them from keeping
significant numbers of livestocklanzen,1983) They practised a semmomadic
transhumance system based on seasonal variation in climatic and habitat conditions
(ECO1, RU7)(Al-Mashaki & Koll, 2007) Traditional triballand tenuranstitutions
regulated the use @faterand brageresourcegAl-Mashaki & Koll, 2007)
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Following the Dhofar Rebellion (1962975) (DeVore, 2012)the region apidly
developed. The government installed a water supply network, improved road
infrastructure, constructed high capacity livestock watering troughs, built dams at
springs(RS4) and established a system of manufacturing and distributing subsidised
feedstdfs(S7). This | ed to a reduction in pastor
in villages close to the new ameniti€&milar reduced mobility has been common in
North Africa and the Middle EadBlench, 1995; Masri, 2001; Nedjraoui, 200
Louhaichi & Tastad, 2010)he traditional tribaland tenuranstitutionsbroke down

and werereplaced by an open access system in the state owned rang&&#)s
(Rouchicheet al, 2003; Spaltoret al, 2006; AtMashaki & Koll, 2007; EIMahi,
2011b) The increasing use of fowheel drive vehicles prooted a more
opportunistic stocking strategy in previously inaccessible af®@y (Ministry of
Regional Municipalities Environment and Water Resear& UNEP & UNCCD,
2005; Victor, 2012) Such a scenario has also been reported from Jordan where the
Bedu replaced their traditional land tenure institutions in favour of a more
opportunistic system using trucks to transport feedstuff, water and livg&lecich,

1995; Masri, 2001)

State control of previously participant controlled resources tends to be less effective
(Blench, 1995; Ostrom, 1999; Louhaichi & Tastad, 20&4@hough open access does

not necessarily result in overexploitatif@strom, 1990, 1999; Moritz, Scholtt, al,

2013; Moritz, 2016)Cont rary to Hardindés theory of
(Hardin, 1968) local rules (GS5, GS6) information sharing(l2), deliberation
processefl3), and seHorganising17), monitoring(19) and evaluativgl10) activities

have since been reported to govern sustainable use of rangeland resoopes in
access systen{®ba & Lusigi, 1987; KohleRollefson, 1992; Moritz, Catherinet

al., 2013; Moritz, Scholteet al, 2013; Harriset al, 2016) However, there is little
evidence of such activiti€$) taking place in Dofar over the last five decad@sS4),

which we attribute to three key properties.

Firstly, a steadfast and upward trend in livestock owneréhi) which rapidly
exceeded a naturally low baseline carrying capa@y2, RU5, ECO1, RS6)
deemed selbrganising activities inscrutable and ineffectusdeed,Ostrom 2009)
identified the dhumber of use®(U1) and groductivity of the systed(RS5) astwo

key variablesinfluencing selforganization. The system shifted suddenly from high
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resource abundance to low resource abundance, with only a short window during
which livestock keepers could have perceived a need to manage for thg RE5&)e
(Ostrom, 2009) Secondly, unlike pastoral SESs in developing natifMsritz,
Scholte,et al, 2013) where livelihoods and wellbeing depend on rangelzeskd
livestock production, livestock keepers in Dhofar have not been compelled to manage
for the futurg(A8). Finally, daily provisioning of feedstuff for the majority of the year
substantially redced the dependence of livestock and livestock keepers on forage
resource$RU4, S7, A8) and masked a requirement for mutual agreement on resource
use and sefbrganising activitie$Ostrom, 199Q)This has been described among the
Bedu of JordariBlench, 1995pand can be pinpointed as a key factor in the status quo
of overstocking in Dhofar. A low dependence leaves little or no motivation for
conservation of the resource. AccordingbBstrom @009)identified the Gmportance

of the resoura® U8) asanotherkey variableinfluencingselforganization.

Livestock keepers in Dhofar today still follow a transhumance redtigeie2.5) to

avoid the adverse conditions within the monsadluenced zone during thehareef
(El-Mahi, 2011a; Pa#dt, 2015) which are uncomfortable for people and considered
fatal for camels. Interviewees stated that the periodbohdant forage availability
following the Khareef hashortened considerably in recent deca(l®b2) and
explained that feedstuff pvsion in the morning and evening has led to low livestock
dispersal and localised overstocking and habitat degradation close to villages,
farmsteads and seasonal carff4). In these areas livestock frequently strip the bark
from trees(Appendix3), and livestock keepers bend, break and cut tree branches for
their livestock(Appendix4), rather than herding their animals deeper into areas with
accessible forage. Furthermore, the enthusiastic older generation are becoming less
mobile and expatriate workers and wealthy and educated livestock k€&peré2b)

do not want to herd livestoakeep into the rangelan@S2, S7) preferring to rely on

vehicular access to grazing locations. One informant explained:

fiPeople should take the camels and cows down for many months to spread the grazing
pressure. Instead they hang around the area dosbe house. People are lazy, not

taking the |ivestock far enough. 0
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This information is suggestive of a 06gr a:
impact around a watering poi(Andrew, 1988) In Dhofar, the definition extends to

villages, farmsteads and camps, and implies that remote areas may be less degraded.

& Settlement L
Seasonal settlement
A Camp
Main road
""" Vehicle track
Khareef location
Dry season location
Winter location

o o 1 2 4 Kilometers
N »> T N TN T N TN T T |
\< > - 4

Esri, HERE, Garmin, © OpenStreetMap contributors, and the GIS user community

Figure 2.5. A three dimensional map of Jabal Qamar showing the three locations of the
transhumance management regime. Khareef location (Jul$eptember): The abundant

moisture stimulates high rates of vegetative growth, mould invades property, soils bexe
saturated and hematophagous flies are abundant so keepers move with their herds to the drier
mountaintop plateau (c 1000m a.s.l.) where livestock are sustained on feedstuff. Winter
location (October-January): livestock are moved down into the monsoacinfluenced zone to
utilise the abundant vegetation. Dry season location (Februaryune): livestock are kept close to
villages or camps and sustained on feedstuff.

In 2003 several gates were built by local people to stop livestock and people accessing
the lower escarpments before the 25th September when the ground becomes dry
enough for camel§GS5). The government has attempted to decrdater dateto

allow vegetation to set seedaml vegetation recoverputfew livestock keepers have
adhered to thi§GS8). In 2015, another government effortit@nage overstocking in
Jabal Qamasaw the erection of roadside bollatdsreduce damage from off road
driving, althoughsomehave since been removed bygdb peopleto regain vehicular
access. State governance of pastoral activities is further hindered by confusion

amongst existing environmental departments over responsibility, ineffective
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networking chains to procure the evidence required to formulate new policghand
avoidance to formulate and enforce new policy that leads to conflicts of ite&3}

2.5.3 Culture

The culture surrounding pastoralism in Dhofar has transformed over the last five
decades as the relationship between pastoralists and their livestockrisitgoned

from essential to extraneous. Prior to the 1970s, camels were highly valued for
transport and #ir rich yield of milk and meatyut camel ownership was expensive

and a luxury that few families could afford. As Oman developed;limestock
empdoyment fostered wealth amosigpastoralists in Dhofa(A2a), a scenario also
recognised amorsg the Jordanian Bedoui(Abu-Rabia, 2000) Camel ownership

became a possibility for many more famil{@s8) who were quick to statrading their

goats for camels, and camel numbers rapidly increased. A cheap expatriate workforce

to carry out livestock husbandry made livestock ownership a relatively easy venture
and cattle numbers also increased. Rather than fading in the facel@fnmsation, a
6camel cultured evolved through cultural
is now deeply embedded inhe i dent ity astbral Bocietiésa®@vérs r ur
seventy percent of Likert questionnaire respondents agreed or strongdd dagat

they would like to keep more livestodkigure2.6). At the individual level this culture

portrays itself as an overwhelming fondness for livestock keepinghwve refer to
herein as 0@®3 48).dmeselpastoral valuesswére clearly apparent in

the narratives of many livestock keep€).

Al spend 70% of my time with my ani mal s a
my animals. Fromsungs t o sunset, 12 hour s, I am wi
And:

Al want my camels more than a massive col
children, camels are my family. o

All informants stated that the primary reason for keeping livestock was due to the
inheritance ofivestock from parents. Only-2% are said tcsell inherited livestock

following their parents deceas&lany livestock keepers have internalized their
parentsd values and are extremely passi

husbandry.These individuals are likely to be represented in our CART analysis
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(Figure2.6) by the 53% of respondents who would like to own more livestock, do not

think they owntoo many, and actively seek forage resources. Most of the older

generation fall into this category and many possess a detailed botanical knowledge

(A3, A7), which would have been fundamental to survival and wellb@idy before

the 1970gMiller, Morris & StuartSmith, 1988) Interestingly, a number of younger

informants sated that there is a misconception amongst the older generation, who in
the past relied on camels for mobility and sustenance, that livestock still have an

important use todafA3). One informant explained:

iMiBef or e

moder ni

sation of the country.o

| would like to have more livestock.

Agree 0.72
100%

| search for good places to graze my livestock.
7

Agree Disagree

Agree 0.81 Disagree 0.57
77% 23%

| have more livestock No matter what, | will

than | need. always keep livestock.
, /
Disagree Agree Agree Disagree

53%

[Agree 0.92} [Agree 0.57} [Agree 0.69] [Disagree 0.80

24% 11% 12%

Goats >= 18
P
Yes No

Agree 1.00 Disagree 0.59
7% 18%

Wilayah = Rakhyut
N
Yes No

Agree 0.60 Disagree 1.00
12% 6%

Figure 2.6. CART analysis of Likert data showing groupings of respondents based on their
or di sagr edmevotul Wi tlh kteh & os thatvemeamotr ed | i
grouped based on their responses to the other Likert scale items including sodiemographic
data. Each node shows the predicted class (agree or disagree), the predicted probability of the
class and the percetage of observations in the node.

agreement

Despite the current widespread popularity in livestock keeping, we identified that
pastoral values are not homogenous within the population and levels of interest in,
knowledge of and engagement with livestock keeping varb a s e d

demography and socieconomic status. Most children are very passionate about

on

a7

an

40 year s t h edeaasnsiillingpdogle'smadsedespite e f u |
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livestock keeping, particularly boys who have helped their elders with livestock
husbandry at homéS2). Accordingly, 87% (n= 53 households) of questionnaire
respondents stated their children help with livestock husbandry. However, only 68%
(n = 56 households) of questionnaire respondents believed their children would
continue to keep livestock in the futUi®2). Interviewees explaed that some young
adults who spend time away from home to attend college or university in Salalah, or
well-educated adults in busy job roles are less interested in livestock husi@siztary

It was said they tend to keep inherited livestock primarily @urespect for their
familyds values. These individuals ma y
guestionnaire respondents who stated they did not want more livestock and may stop
keeping livestock in the futuré&igure2.6).

Several interviewees admitted they would prefer not to keep livestock at all, but are
reluctant to sell their livestock out of fear of being perceived by others as weak and
disrespectful of ti r familyods (Ag.aOutro rtarlanwd lad g 6 s
recently sold all their livestock, and he admitted that although people do talk, the
financial and ti me ben@b5).ilttapgpeacthistiswhe firggh t he
time supheassapedr culture has been descr.i

was acutely clear in informantds narrat.ii)

AEvery year it is getting more and more ¢
they are making. Only thing that is good is milk. Peogepkthem just to respect

parents and grandparents. 0
And:

AYoung people hate animals, they donod6t w:

people will talk. For example, sell 10 camels for 10,000 OMR, people then talking, so

buy back fordoublether i ce. Some people dondt care a
do. Some sell up and move to Salalah. o
And:

Aln the |l ast 10 years the old peopl e have
gone, people have been selling their | 1ivi
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A loss of inerest in pastoral activities among the younger generation has been
described from Borana pastoralists in Ethiofiz@medeDalle, Isselstein & Maass,

2006)and generational losses of traditional ecological knowledge (TEK) commonly
occur(Aswani, Lemahieu & Sauer, 2018h Dhofar, traditional knowledge has not
beenpassed on to the younger generatimmda lack of enronmental education in
schools,and a lack of environmental policy that instils notions of the intrinsic value

of biodiversity to human wellbeing, means the younger generation care little for the
natul environmen{GS3) One young informant explain
desertification as | have roads, houses
understandable given the successful development of many arid regions in the Arabian
Peninsula, sutas Dubai and Abu Dhabi.

The final demographic that we identified were wealthy livestock keepers for whom
pastoralism could be considered a hofBwgllacher, 2010)The extent to which they
possespastoral values is gaBonableas for many, owning large herds {80), or
high-quality competition camelsis for social statugA2a). They have available
income for feedstuff provision and expatriate worker sal§A@s), and are often less
involved in livestock husbandriccordingly, we found that respondents who agreed
that they spend less time with their livestock than their fathers, owned more camels.
They may partly comprise the 24% of respondents that stated that they want more
livestock despite agreeing that theyealdy own more than they nededure2.6). In

2012, local people with help from the private sector established a camel milking
competition in Jabal Qamar, which wasdsto be the main driver of increasing camel
numbers over the last five yeald1). Camel competitions are known to facilitate
preservationor evolution of rangeland culture in Gulf countrig&halaf, 1999;
Gallacher, 2010)

Almost all interviewees were aware of recent declines in vegetation abundance. The
older generation remember the difference between the past and current vegetation

structure of the rangelan@a3) in statenents such as:

ABefore 40 years it was I|like a jungle, vy

t here. o

And:
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Xfot (Blepharispermum hirtum) used to be
Before you could not pass through this area, it was lilkenad. Further West there is

more but it is still very damaged.

Age

mean = 33
n =122, 100%

There should be a policy to limit how
many livestock people can own.

-~ N
Disagree Agree
mean = 29 mean = 36
n=47,39% n=75,61%

The government should | would be happy to keep
implement new laws to  less livestock to protect
protect the environment  the trees and grass.

from livestock grazing. Agréa o D‘\
isagree

/ \
Disagree Agree
mean =38 |[ mean =29

mean = 22 || mean =32 n=62,51%|{n=13, 11%
n=15,12% n =32, 26%

| would sell all
I have noticed the of my livestock
amount of wildlife  if | could get
has decreased 3 good price.
in my lifetime. N
4 1 Disagree  Agree
Disagree ~ Agree
mean = 24 mean = 36
n=10, 8% | (n=22,18%

|
mean = 34 mean = 42
n =32, 26% n =30, 25%

| would like | spend less time
to have more with my animals
livestock. compared to
my father.
/ Agree o \
Disagree Agree Disagree Disagree Agree

mean = 40 mean = 36 mean = 46

\ n =15, 12% \ n=24,20%) [ | n=14,11%
mean = 27 mean = 26 mean = 38
n=7,6% n=8,7% n=16, 13%

Figure 2.7. CART analysis of Likert data showing groupings of respondents based on their age.
They are grouped based on theiresponses to the other Likert scale items including socio

demographic data. Each node shows the mean predicted age and the number and percentage of
observations in the node.

| would enjoy

breeding and
selling livestock
as a business.

CART analysis of the Likert questionnaire data with age as the response variable
(Figure2.7) showed that older respondents tended to possespservation views

and would be willing to change their livestock management practises for the benefit
of the environment, while younger respondents had opposite y&&sHowever,
triangulation of these results with key informants revealed a different interpretation.
They suggested that younger informants had given more reliable information, whilst
older informants had given less reliable gronservation responses in anticipation of

the results being seen by the government. They want to be perceived as having the

6correcto6 attitude towards environment al
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pr efuesri ntebss as wusual 6. This may help to e
that more roads should be built for livestock access, despite the obvious impacts this
would have on the environment, and why more livestock keepers agreed that the
environment shel d be protected for wildlife ra
livestock. This is not to say there is a complete absence of consideration for the
environment, rather environmental conservation comes second to livestock keeping,

as one informant explaide

fnWe care about the environment and real.

we want to keep animals. 0

Furthermore, we cannot ignore the narratives of many older interviewees who
frequently stated that the current situation needs to changianithey are awaiting
an intervention from the government. Several added that they do not have a lot of faith

in the government finding a solution.

2.5.4 Economics

Economic and market driversave oftenstimulatel transitions to unsustainable
livestock productin systemgChang, 1994; Chatty & Colchester, 2002; Steinfeld,
2010; Robinsoet al,, 2011) However, no substantial market exists for rural livestock

in Dhofar.During the nineteenth century there was a rapid expansion dfingnio

the grasslands of the Americas, Australia and Africe r med t he @At he cl
i ndustr i al(Lessa& 1965) tHawevern@man bypassed the industrial
revolution when primary sectors developed, and instead modernised during a time of
globalisation and modern transport logist{&l). As Oman began to modernise,
Dhofari livestock keepers increased their herd sizes and forage resources quickly
depleted. A cycle of decline developed, whereby decreasing forage resources forced
owners to purchase feedstuff, which in turn increased the price of livestock beyond a
viable limit tocompete in the food market against imported livestock from Africa and
Oceania(S5). Furthermore, due to a growing expatriate population, the demand for
cheap meat from supermarkets and restaurants has increased. For example, there was
a 1775% increase iive cattle imports to Oman between 2008 and 2623, 2013)

One informant explained:
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ASomalia to Salalah iIs easy, t wo days. P
local people like Dhofari, in Muscat they like cheap meat. Restaurants buy cheap meat
to get more profit,and sut omer s want a cheap price, th

In Dhofar, only a smaldscale rural market system has developed due to a local taste
for local meat. Three quarters (74%) of Likert questionnaire respondents agreed or
strongly agreed that houssts prefer the taste, texture and nutritional value of local
meat. In Jabal Qamar, this market accounts for ata&# of approximately two head

of livestock per day. Each morning in Dhalkut a Pakistani butcher slaughters an animal
and arranges the maatto piles to be sold for 20 OMR (52 USD) fok&or 4.5 OMR

(12 USD) for 1 kg, and in Rakhyut local livestock owners sell meat out of the back of
their vehicles in the town of Shab Esaaeb. Local meat is also sold in a number of
traditional Omani restaants and at the meat market in Salalah.

The socieeconomic questionnaire results provide an estimate of the number of
households involved in this local market, with approximately one third of respondents
stating they sell camel or cattle meat, and fewaing) they sell milkFigure2.8). The
production and consumption within the household, of meat and milk from all livestock
types was the third and final reason givien keeping livestock. Accordingly, our
guestionnaire data shows household consumption of meat and milk as the most
popular use of livestock produdisigure 2.8). All camelowning households in our
guestionnaire sample produced milk from their camels for consumption in the
household. Interestingly, purchasing meat and milk is in fact much cheaper than
owning livestock, however, key informants explained the qualityiti varies and
people prefer to consume milk from their own livestock. Indeed, many stressed the
health benefits of camel milk afforded to their family and growing children. One

particular individual explained:

Alf you go t o hos pahaesthetic, & is dardér éo\get thd needlk a v e

i nto someone who has drunk c¢camel mi |l k evi
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The average sale price of a Dhofari camel in the year 2000 was 300 OMR (779 USD)
and today (2017) it is 1000 OMR (2596 USD). Due to the high price of livestock there
has been no investment livestock production in rural Dhofafl5). Moreover,
entrepreneurship or collective action by livestock keepers to increase market
participation has not occurré@d5). For poor livestock producers around the world,
market access influences risk managemamtome, food security and poverty
reduction(Markelova & Mwangi, 2010pbut the absence or low severity of these risks

in Dhofar means market access and participation has been a low priority for livestock
keepers. Nonetheless, sidix percent of Likert questionnaire respondents agreed or
strongly agreed they would enjoy breeding and selling livestock as a business
(Appendix1).

In general, livestock keepers in Dhofar show a reluctance to sell surplus animals, as
reported for Arabia as a whol@eacocket al, 2003) Our queBonnaire results

showed that annual camel sales ranged betw&¥n(hean= 5) animals and annual
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cattle sales ranged betweesl® (mean= 8) animals. Informants ranked financial
security as the second most important reason for keeping livestock. Wieehfask
further details two themes emerged. The first was associated with financial security
should there be an unpredictable event, of which the most commonly stated was loss
of government employment and sald§3). This was exacerbated, at the time of
writing, by the economic crisis in Oman associated with the drop in oil prices. The
second was associated with the sale of multiple animals in one transaction for a sudden
cash injection, if for example, a family member requires expensive healthcare or when

purchasing or building a house.

These reasons are symptomatic of livestock accumulation strategies commonly seen
in pastoral systems where livestock are accumulated as insurance against
unpredictable events. Rather uniquely however in Dhofdivestock kepers
accumulate animals at a cost. Ninegven percent (= 57 households) of
guestionnaire respondents stated making a net financial loss from owning livestock
(0O1), and some livestock keepers are in debt to feedstuff retailers, often repaying the
debt in livestock. Our data on annual profit or loss was unreliable however key
informants explained annual losses of up to 5,000 OMR (12,988 USD) are not
uncommon. SomeMestock keepers spend all, or in excess of, their salary on livestock
husbandry. | f a family memberds salary doa
earning family members will contribu@2a). The culture of sharing wealth is strong

in Oman and rowed in Sunni Islamic cultur@A6). A young geologist from Dhalkut

explained:

A | give my Father money to cover the co0:¢
livestock each month, but his income is only 400 OMR, so | help to cover the
difference. He is speim) more than his salary on a hobby. His salary is small, unlike

mine as a geologist, which is three times his. | can go to the bank, a livestock owner

cannot . o

The greatest cost comes from purchasing feedstuff for 11 months of the year (4.3 OMR
(11.16USD) per 40 kg pellet feed, 2.9 OMR (7.53 USD) pekg@owder feed), and
other costs include vehicle fuel, water tanks, feed troughs, veterinary care and

expatriate worker salarieBlench (1998 andThomson (199yidentified feedstuff as
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the single biggest expenditure in livestock households in Jordan and Egypt, but unlike
in Dhofar, a growing market sustained economic viability.

A significant positive relationship was found between household size and household
income (% (4, N = 73) = 15.536p = 0.004) ancherd size and number of livestock

sold per year (camels:sR 0.61,p < 0.001, cattle: B= 0.35,p = 0.004, goats: &=

0.65,p < 0.001).However, o significant relationship was found betweerusehold

income and het sizes which makes sense given that ownership is expensiviiBut

also suggeststhat less wealthy households do not have smaller herds to lessen
husbandry costs, perhapscausehey accumulate livestock asfiaancial reserve

(A2a). Furthermore, households have varying amounts ofimestock income which

may have little correlation with herd sizes due to other factors such as individual or
household attitudes towards livestock keeping. Indeed, we have already discussed that

some wethier keepers want more livestock whilst others want feiwegyure 2.6).

Unlike in Africa, it appears that herd accumulation in Dhofar is not a response to the
highly variable nature of keeping livestock in arid environmeg®andford, 1983;
McPeak, 2005)or to the common property nature of tenure arrangeneliaslin,

1968; Jarvis, 1980)t is accumulation primarily due to cultural norifi¢erskovits,

1926; AbuRabia, 1994putrather uniquelyhis does not occur in parallel with income
generation(Doran, Low & Kemp, 1979)Simultaneously, livestock offer insurance
against unpredictable soegronomic events and the household benefits from meat

and dairy produce.

2.6 Conclusion

We have presented a detailed account of modern pastoralism in Dhofar &ed app
Ost r o méexological csystems frameworfOstrom, 2007)to understand the
multiple hstorical and current sociecological variables driving overstocking. Our
evidence shows that forces linked to the recent development of Oman have influenced
a normative structure of deepgmbedded pastoral values which has motivated
livestock accumulabin despite significant household expenditure and poor market
access. Our study represents a rare examplpastarakystem which hasxpanded

primarily due to cultural traditions in the face of economic lossepdstoralists
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Although interesting foscholars, this unique systemic evolutionary path has resulted
in an ecologically damaging resource use system, with few intera¢tjodae to a
lack of decision making at the individual and collective level. We have linked this lack
of decision makingd three variables identified b§strom (2009)as important for
selforganization which can be summarised for Dhofar as too many resource users

(U1) in an unproductive syste(®S5)with undervalued resourcé€s8).

A detailed analysis of social and ecological performance meafDigsO2) were
outside the scope of this research. Hosveevidence shows that overstocking affects
provisioning (ECO3a), regulating(ECO3b) and cultural serviceECO3c) which
influence a wideange of stakeholders. For example, each year over half a million
Arab tourists visit Dhofar during thikhareefto exape high summer temperatures
elsewhere in the Arabian Peninsyl@l) and horizontal precipitation capture by
woody vegetation has been fouadtical to supportthe cloud forest and the water
economy of the regiof02) (Kurschneret al, 2004; Hildebrandt & Eltahir, 2006;
Frieseret al, 2018)

We faced some minor issues when applying fthenework to our study system.
Firstly, we found the inclusion of some variables superfluous. For example the
requirement for both technology (S7) and technologies available (A9) is unclear.
Furthermore, we felt there was excessive overlap between R®lgariand RU
variables (such as location (RS9), size (RS3), productivity (RS5), distribution (RU7),
number of units (RU5) and growth/replacement rate (RU2)), although this is probably
due to the difficulties of defining spatial and temporal boundaries ngetand
systems. Despite these minor drawbacks, our research demonstrates the effectiveness
of applying the SES framework to an atypical resource use system. itlquoa
concise way to presewtur findings and identify key variables driving degradation
based on a wide range of empiricadlgrived concept§Ostrom, 2007; McGinnis &
Ostrom, 2014) a marked improvement from conventional analysis approaches where
variables driving degradation are identified from a limited literature revoew

conventional wisdom.

Our results illustrate the need fartransition away from unmanaged, unproductive,
uneconomical and environmentally damaging pastoral practises and towards

sustainable intensificatiofTilman et al, 2011) Efforts should be m
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playing fieldd amongst | ivestock keepers
t hose who no |l onger want to keep |ivestoc
Conversely, those who hold strong pastoral values should be allowed to participate in

a livestock production systemwhich is financially rewarding. They should be
recognised as licensed sustainable producers who are incentivisedféom to a

number ofresponsible production techniqué&istainable intensification of livestock
production in Dhofacouldboostthe rural economy and contributethe national and

export food marketgAl-Mashaki & Koll, 2007; EIMahi, 2011b)

When Elinor Ostrom first proposed her SES framew@ktrom, 2007she called
attention to the fAperverse and extensive
tomakesocie col ogi cal syst ems eedneedtheiwarnimpsof o v er
Korten (1980t o t he danger of fine goweenpnce af tougha p pr o
socialecological problems and wd that policy makers adopt a learning process
rather than imposing final solutionso. A
local linguistic abilities, the lead author is aware of the inherent limitations to the depth

and breadth of information iis paper, in comparison to what could be achieved via

a wellorganised collaboration between local stakeholders. Thus, for poé&ers to

adopt an effective learning process, greater efforts must be made to establish a strong
collaboration with livesick keepers to exchange information to inform decisions

which address nobnly the issue of overstockingut target regional sustainable
development objectives with substantial consideration for the present and future value

of the biological diversity in Bofar.
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3 Quantifying the impacts of livestockbrowsing on a
drought deciduouscloud forest community in the

Dhofar Mountains of Oman
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3.1 Abstract

The Dhofar Mountains in southern Oman represent a udigueghtdeciduousloud
forestrangeland system. It is suspected thatrstocking otamelscattleandgoats

has lead tosangeland degradion and a loss of woody cover, with negative effects on
the ecosystemdés ability to captumMerefog mt
we performthe first detailed analysis of the impsadif livestock wowsing on the
composition and structure dlie woody vegetation of thAnogeissudorest. We
analyse the effects of browsimglative to other abiotic and biotic factors using
multivariate statistical analysikocal spatial variability in the monsodog is found

to bethe primary driver of woodgpecies compositiowhilst long-term stocking rates
haveincreased the frequency of unpalatable species, decreased plant density, reduced
advanced growth, and led to stunting, altered population age structures and plant
damage through management practi®ask stripping and browsingVith livestock

as the principle driver of vegetation change we conclude that the rangelands tend

towards equilibrium.

3.2 Introduction

Rangelands aréhe most extensive anthropogenic biome, covebigtgveen onghird
toonehalfo f t h ecefemtertestridlsurfac€Sayre, 2017)They are considered

too arid and remote to warrant intensive management, and thus livestock production
is the dominant ugétafford Smith, 1996; Grice & Hodgkinson, 200Phree hundred

and twenty million people inhabit rangelands of which 250 million in the developing
world are estimated to be directly affected by rangeland degradRiymoldset al.,

2007; Ellis & Ramankutty, 2008)

Rangeland degradation is synonymous with desertification and can be caused by bot
natural factors associated with a variable climatédhumarinduced factors including

poor irrigation practisesleforestationovercultivation andvergrazingBurns, 1995)
Overgrazinghas long beenansidered the primary anthropogenic driver of rangeland
degradatior{Sayreet al, 2012) particularly in arid andemtarid rangelands, and has
been most famously linked to rangeland degradatiofustralia (Curry & Hacker,

1990) Africa (Lamprey, 1983and theUSA (Herbel, 1979)Yet our understanding of
rangeland ecologyemains relatively por, asthere is no unifying set of general

principles in rangeland ecology due to high variabilbgtween rangeland
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environments We also lack a proficient understanding of how other drivers of
degradation interact with grazing activig§rice & Hodgkinson, Q02; Sayreet al,

2012) which has in some instances resulted in pastoralists being incorrectly blamed
for degradationas conventional wisdom equates pastoralist regimes with overgrazing
(Anderson& Grove, 1989; Moritz, 2017)Thus, there is a requirement to improve our
understanding of the effects of overgrazing relative to other factors.

Rangelands encompass grasslands, satlapmandra steppe, prairies, shrublands,
deserts woodlands anddrestsat any latitude(Holechek, Pieper & Herbel, 2001;
Sayre, 2017)Much of the literature addresses the issue of livestock overgrazing in
grassland ecosystems, whereasch fewer address the issue of overbrowsing in
wooded enwvonments. At the time of writing, an online literature search returned 514
articles with o6édovergrazingd in the title
Often the term overgrazings used interchangeably, despite the vastly different
impacts that browsers and grazeamhave on the ecosystefor example,lte most
commonly reporteceffect of overgrazing on rangeland vegetatisrwoody plant
encroachmenthowever, the most commonlgported effect of overbrowsing is
decreased woody plant co@sneret al, 2004) Subsequently, these processes can
affect soil properties and hydrolo@Briske, 2017) Studies on overbrowsing tend to
focus on wild browses, with the exception of goats, and few studies have addressed
large livestock such as camels, despid@o oftheir diet comprisingf woody plans
(Dereje & Uden, 2005)

Since Omands renai ssanc eand qattlelhvé ibgreaspdo p u |l a
dramatically in the southern region of Dhofar. It has been repeatedly refiatede

local mountain ecosystems are becoming degraded dwevdostockingby rural
pastoralist§Lamprey, 1976; Lawton, 1978; Oman Office of the Government Adviser
for Conservation of the Environment, 1980; Wilson & MacLeod, 1991; Ghazanfar,
1998; Pacocket al, 2003; Hedges & Lawson, 2006; Tardelli & Raffaelli, 2006;
DirectorateGeneral of Nature Conservation, 2010-Nihi, 2011b) There are
concerns current stocking rates are reducing biological productirégicocket al,
2003) suppredsg palatable plant growth and encouraging unpalatable species
(Ghazanfar, 1998; Peacoost al, 2003; Ministry of Regional Municipalities
Environment and Water Resources & UNEP & UNCCD, 2005; Patzelt, 2012)
reducingthe efficiency of ecosystem servicggirschneret al, 2004; Galletti, 2015)
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andundermining biodiversity conservation effo(8palton & Al Hikmani, 2014; Al
Hikmani et al, 2015) The critically endangered Arabian leopdPdnthera pardus
nimr has a global stronghold in Dfsaw and has been the focus of substantial research
effort (Spaltonet al, 2006; Breitenmosest al, 2010; Spalton & Al Hikmani, 2014)

The Dhofar Mountains are part of a mountain tiedt lieson the southern coast thie
Arabian Peninsula, in the Al Mahra region of Yemen and the Dhofar region of Oman.
The mountains receive mean annual precipitation of 2%0m whilst neighbouring
areas receive 106hm. Most of this precipitation is received dougi the summer
monsoon (known locally as tiéareej between midlune and mibeptember, when
thick fog inundates the southern mountain escarpm@htsteheadet al., 1988;
Ghazanfar & Fisher, 1998putside th&hareefseason the clirate is hot and dryet

managed or wild fires rarely occur.

The Khareef fog supportse Hybantho duraeAnogeissetum dhofaricg&urschner

et al, 2004) a drought deciduoudoudforest community262 floral speciéswhich

is the dominant habitat of the shatn mountain earpments anéndemic to the
region. The forest captures fog moisture through horizontal precipitafidre
estimated quantity of water capturedAayogeissuslhofaricatrees in Dhofar (250%

more than rainfall) is amongst the highest recorded for any tree s(fewgseret al,

2018) Furthermore, fog density is much higher a few meters above than close to the
ground Price, AFHarthy and Whitcombe, 19884-35 litres/m2 per day at 4.2 m, 13
litres/m2 perday at 0.9 m) and thus trees capture more water than grasses. For most
of the year the Dhofar Mountains represent a moidtomieed environment with
temperatures in excess of 30 °C and thus horizontal precipitation during the Khareef
is considered crital to the survival of th&nogeissu$orests(Kurschneret al, 2004;
Hildebrandt & Eltahir, 2006, 2007, 2008; Friessral, 2018)

Consequentlygdeforestation over past millennia for grazing pastures for ¢@itiean
Office of the Government Adviser for Conservation of the Environment, 1980;
Kirschneret al, 2004; Patzelt, 2011and a los®f woody coverdue to livestock
browsing (Ghazanfar, 1998; Hildebrandt & Eltahir, 2008ye considered to
significantly reducethe quantity of moisture that enters the ecosystem through

horizontal precipitation during the Khare&fith subsequent effects on thuntain
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ecohydrology and the local water econofiyirschneret al, 2004; Hildebrandt &
Eltahir, 2006, 2008)

Given the threat posed by overstocking on vegetation in Dharfar that numerous
reports and action plans hawmeluded objectives to tackle overstockifsge Hunting
Technical Services Limited (HTSL), 1978; G.R.M. Pty Ltd., 1982; Janzen, 1990;
Japan International Goperation Agency (JICA), 1990; Mott MacDonald
International Ltd., 1991; AKuthairi, 1992; ESCWA, UNEP and FAO, 1993; UNEP,
2005)but few studies have attempteddoantify its ecological impactdhé aim of this
researclwas to qantify the impacts of overbrowsing by camels, cattle and goats on
woody plants in Dhofar by addressing three objectikestly, identify thebiotic and
abiotic variableshat influencevoodyvegetationSecondlyunderstand the effects of
browsing onwoody vegetation species compositieimally, understand the effects of
browsing on thestructure of the woody plant layespecifically plant density, age

structure, and phytomorphology.
3.3 Materials and Methods

3.3.1 Study area

Our study was conducted in Jali@amar, the westernmost of the three mountain
ranges in DhofarKigure3.1). Jabal Qamar experiences a higher precipitation than the
other two mountain ranges and b@aste highest botanical diversity (515 vascular
species) of any area in OmdRatzelt, 2015) Variants of the drougkdeciduous
Anogeissusforest (Kurschner et al, 2004) are dominant on the soufacing
escapments, with sparsé\. dhofarica woodland and grasslands dominated by
Arthraxonsp, Apluda muticandThemeda quadrivalvisn flatter areasAt elevations

> 1000 m a.s.l. theEuphorbia balsamiferacushion shrub community dominates
(Patzelt, 2015)The main geologic formation in Jabal Qamar is limestone of tertiary
origin. Layers of the Hadramout group are present. These are, from bottomttetop,
Umm Er Radhuma (UER), the RYRUS) and the Dammam (DAM) formations
(Frieseret al, 2018)
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Figure 3.1. Map of Jabal Qamar showing locations of the sampling sites, settlementsads and vehicular tracks, overlaid on a vegetation greenness (NDVI) base
map. Two inset maps show the whole Dhofar Mountains and their location in Oman.
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There are severtijve permanently inhabited and ten seasonally (Kharee§hitéd
villages in Jabal Qamar with a total human population of 7,@®3an National Cene

for Statistics and Information, 2017a)he 2015 national livestock census recorded
15,164 dromedary camels in 802 holdings, 27,522 head of cattle in 1,060 holdings,
and 14,217 goats in 439 holdind®man National Centre for Statistics and
Information, 2017h) Based on these statistics livestock outnumber people 7 to 1.
Livestockowning households are present in all villages. Livestock are moved in a
transhumance regime. During the Khareef (Jodyp) camels are moved to the plateau
(c. 1000 m a.s.l.) to avoid the biting flies and soft mud on the southern escarpments,
the latter of whib can be fatal for camels if they slip. Following the Khareef {Oct
Jan), livestock are moved down into the monsodinenced zone to utilise the
abundant vegetation. During the dry season {hele) livestock are kept close to
villages or camps. Livestocieceive feedstuffs for ten to eleven months of the year.

3.3.2 Data collection

Stratified sampling was used to select sfsanalysis.The landscape was firstly
stratified intotwo altitudinal ranges (3000m and 700900m a.s.l.) These ranges
encompasserkepresentative proportions of th€0i 1000m a.s.l.altitudinal range of
the Anogeissudorest (Kurschneret al, 2004)i1 the study ared and incorporated
many flat rangeland areas suitalfike surveying.Within these ranges, land witn
slope gradiengreater than 30 degreemsomitted so sites wergafelyaccessible to
the research team and comparable in termsvegetation communities, the
composition of which can change substantiallysbeep slopes and clififatzelt,
2015) Thirty sites with varying stocking histories were then identified by livestock
keepers duringinterviews and participatory mapping exercisédore precise
estimates olong-term stocking ratewere determined by a differemethod which is
described lar in the methods sectio8ites covered the breadth of Jabal Qamar and
were visited on four occasions every two months between September 2016 and March
2017.

The pointcentered quarter (PCQ) method (Cottam and Curtis, 1956) was used to
sample the compdsin, density and structure of woody vegetation at each site. In this
method, density estimates are derived from distance measures between points and the
closest plants, which are subsequently studied to estimate composition and structure.

It is a plotlessnethod making it more efficient than standard {lased technique#
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hasbeen shown to give more accurate density estimatesniteof sampling effort
than other plotless method€ottam & Curtis, 1956; Beasom & Haucke, 1975)
Although the PCQ method was initially designed for forestngiest has been widely
applied to natural systems t¢Dickhoeferet al, 2010; Diaset al, 2017; Pereirat
al., 2018) We incorporated some recommendation®bjidouhGuebas and Koedam

(2006)to address ambiguous field situations associatedmutbiple-stemmed trees

Ten points were carried out during the first visit, ten during the second visit, five
during the third visit and five during the fourth visit, resulting in a total of 30 points at
each siteConsecutively rotating site visits controlled for inf@asonalegetation
changesuch asenescencend livestock browsingp improve comparability between
sites, and allowed for minor adjustments to be made to the methodology between each
round of visits. PCQ point locationsvere generated in ArcGIS and randomly
dispersedover an area afpproximatelyl km? at each sitascamelsarehighly mobile,

do not eat for long periods from a single plant and spread out during brdbsirgje

& Uden, 2005) Conversely, cattle browsing can be patchy. Thusllssampling sites

may not have provided a representativerage of the effects of browsing and may
have overemphasised vegetation respo(Beske, Fuhlendorf & Smeins, 2003t

each sample point, the distasde the closest adult and the closest juvewtdy
plantwere recorded in each of four quarters, resulting in a total of 120 adult and 120
juvenile records per sitdleasurements were taken from the point to the centre of the
individual, rather than the closest plant compon@ahdouhGuebas & Koedam,
2006)

For each intvidual the diameter at route collar (DRC), and where applicable, diameter

at breast height at 130n above the ground (DBkb) were measured using a diameter

tape or callipers. For mustemmed plants all stems were measured, howéier
suckerggrowing from large trees and shrubs were ignored. Stem status was recorded
as alive, dead, broken or missing and stems that had been cut by a machete or chainsaw
were noted. Very old or deteriorated cut or missing stems were ignored. If a plant only
had dead stesnat DBH 3o but additional live stems were present it was recorded as
alive and stem statuses recorded accordingly. RBMas not recorded for juveniles.

An adult individual was rewrded as dead when more than 80 percttite plant was

dead and a DBHowas present. Individuals with only dead stems below RBiere

classed as stumps and were ignof&aouting stumps were recorded as juverites
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recognise woody regrowtiind because they coul dnot be
adults. In retrospect, thieshould have been classed as stumps and ignoradoid
overrepresentation of juvenile abundance, although few were encountered and thus

their effect on the results is negligible.

Due to the diversity of woody plant species and their varying phytomorphology,
preliminary work was carried out to determine parameters for the DRC measurements
to distinguish adult individuals from juveniles for each species. A table of
measurements aréd@wvn in Appendix5. Existing methods to differentiate between
adult and juvenilglants that utilise diameter and height measurements, were deemed
inappropriate as any plantsexhibited altered morphology due to browsing activity.
Adult and juvenile height was measured from the ground to the top of the plant unless
the plant had fallen horizontally théime trunk length was measured.

For all individuals, browsing iensily was estimated by five classascording to the
percentage of browsed branches below the browse line (~3an)adults,the
proportion of broken branchegas estimated on a five class scateording to the
percentage dirokenbranchesTo assesthe prevalence dfee management practises,
the proportionof bent or cut branchegasestimated on a five class scaléhe classes
were defined as: (1) ~0%,)(2% i 33.3%, (3) 33.3% 66.6%, (4)66.6%i 99%, (5)
~100%. Therefore, the scaleecognisedundamaged (1) and entirely damaged (5)
plants which arevital indicators of stocking ratesnd impactswhilst intermediate
classesould be quickly approximated as low, medium and higyleas of stripped
bark were also measured and additional relevant irgtiom was recorded. At each
PCQ point a 1.2n quadrat was deployed to sample the relative cover of herbs, grasses,
rock and bare groundnd italso served to guide tlRCQquarters. Canopy cover was

also recorded.

The dependent variables (vegetation oeses) andindependent variables
(environmentalvariable$ used in the analysis are shownTiable 3.2, along with
results of univariate tests between thggae Appendix 7 for an exhaustive list of
variabkes for each site)ndependent variables related to core drivers of vegetation
dynamicdn rangelandssuch aglimate, tgpogaphy, soils, geomorphologyerbivory

and anthropogenic disturban@&choles & Archer, 1997)
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A precise ranking of sites based on ldgegm stocking rates coulcbhbequantified
through discussions with livestock keepénstead, we used evidence of plant damage
anda GlSbased adaptatioof the piosphere modéAndrew, 1988)as a proxy for
long-term stocking rateS hiswas expressed using a discrete scale with sites taking a
value between 1 (lowestocking ratgand 30 (highesttocking rate). Thiscale was
calculated byanking the sites for each of five measured varia{dlable3.1) and then
summing the nakings and ordering these valu@$is ranking method was favoured
over an ordination approacfsuch as principal component analysdue ©
heterogeneity in the vabbal e s uni t s and probebibtysdistricaitoesn t s
Moreover,our intentionwas not to understand variance of the original variabtes
their relative contributionas in ordination, but to collapse the variables uable
numerical valuesor andysis. Factor analysis, in which large number of variables
are collapsednto a few interpretable underlying factocguld also have been used
(Crawley, 2007)

Browsing intensityprovidesinformation about recent stocking rates whpsoportion

of bentA. dhofari@ branches angroportion of broken branched all adults provide
longerterm evidencgup to several decadesf stocking rateslt is reasonable to
assume no issues with circularity in our analyses of density and basal Hreseaare
unrelated to the damage indicators used to define stocking Fatekermore, ¥
limiting average browsing intensity to seven key forage species and the proportion of
bent branches tA. dhofaricawe minimise circularity associated wilamage varying

by species anthaximise comparability between sites
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Table 3.1. Site ranks for each of the five variables used to quantify lonterm stocking rates with the sum of ranks foreach site in the final column. Site 22, with the
third lowest long-term stocking rate, is highlighted as an example.

~ Average browsing ~ Average proporti_on ~ Average _ P_ath _ Path distance _ Sum of Long-term
Site intensity of seven Rank Site of bent A. dhofarica Rank Site proportion of Rank Site distanceto Rank Site to road or Rank Site ranks stocklr]g rate
key forage species branches broken branches house track (low/1 7 high/30)

22 2.404 1 23 1.000 1 22 1.683 1 17 8.192 1 26 5.486 1 26 17 1
26 2.659 2 26 1.000 1 21 2.011 2 26 6.312 2 22 2.642 2 25 19 2
25 2.869 3 17 1.071 2 27 2.125 3 29 5.745 3 25 2.533 3 22 23 3
27 3.000 4 25 1.182 3 24 2.247 4 25 5.386 4 29 2.330 4 23 30 4
23 3.539 5 11 1.286 4 23 2.256 5 16 5.112 5 17 2.262 5 17 39 5
21 3.633 6 22 1.375 5 25 2.270 6 23 4.651 6 20 2.188 6 27 41 6
29 3.912 7 16 1.459 6 18 2.356 7 15 4.559 7 19 2.011 7 21 48 7
30 4.088 8 12 1.500 7 15 2.371 8 27 4.275 8 24 1.718 8 29 49 8
10 4.407 9 24 1.500 7 30 2.392 9 21 4.136 9 2 1.234 9 15 56 9
11 4.437 10 1 1.650 8 9 2433 10 14 3.960 10 28 1.225 10 30 56 10
17 4.493 11 30 1.786 9 26 2.453 11 18 3.384 11 27 1.140 11 24 57 11
15 4.500 12 4 1.857 10 2 2505 12 20 3.031 12 30 1.126 12 16 60 12
28 4.533 13 5 2.000 11 12 2512 13 12 2.932 13 23 1.058 13 12 62 13
20 4.576 14 21 2.000 11 29 2525 14 22 2.753 14 6 1.016 14 20 72 14
16 4.634 15 3 2.036 12 28 2.602 15 19 2.654 15 7 0.909 15 11 81 15
6 4.646 16 15 2.071 13 20 2.659 16 1 2318 16 15 0.791 16 28 81 16
12 4.681 17 7 2167 14 16 2.667 17 28 2.152 17 16 0.642 17 2 86 17
7 4.750 18 27 2.250 15 3 2675 18 30 1.796 18 1 0.613 18 18 92 18
24 4771 19 6 2327 16 11 2.694 19 24 1.723 19 14 0.574 19 1 93 19
14 4.793 20 9 2.333 17 17 2.824 20 8 1.612 20 21 0.534 20 19 95 20
8 4.806 21 10 2.333 18 19 2913 21 2 1.219 21 12 0.516 21 7 96 21
5 4.810 22 2 2.368 19 10 2.951 22 6 1.134 22 4 0.479 22 6 97 22
18 4.811 23 14 2.474 20 1 2952 23 11 0.958 23 10 0.442 23 14 97 23
4 4.845 24 29 2.615 21 8 2.989 24 7 0.902 24 3 0434 24 10 100 24
2 4.865 25 8 3.000 22 7 3.024 25 5 0.863 25 11 0.428 25 3 107 25
3 4925 26 18 3.000 22 5 3.110 26 13 0.777 26 5 0.330 26 5 110 26
19 4.938 27 13 3.526 23 13 3.156 27 3 0.750 27 9 0.283 27 9 112 27
1 4954 28 20 3.889 24 14 3.202 28 10 0.708 28 13 0.194 28 4 116 28
9 5.000 29 19 3.900 25 6 3.271 29 9 0.577 29 18 0.168 29 8 117 29
13 5.000 29 28 3.947 26 4 3.614 30 4 0.559 30 8 0.158 30 13 118 30
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The piospherenodel is an estimate of stocking rate based on the Euclidian distance

of a given rangeland area to the closest waterpoint and is frequently used in studies of
arid grazing systemé.ange, 1983; Andrew, 1988; Wilson & MacLeod, 1991; Turner

& Hiernaux, 2002) It is applicable to Dhofar as livestock receive twazaly
provisioning of feedstuffs and water, usually returning to the house obtheiaccord

each evening. Thus, stocking rates tend to be higher closer to houses, camps, roads
and vehicle tracks. We calculated a path distance layer to these features, rather than
Euclidian distance, to account for topographic effects on livestock ityoliirst, a

cost surface was created which accounted for the relationship between slope and
access routes such as roads, vehicle tracks and livestock trails. Where slopes had an
incline of O 10 degrees, acces sherareag,t es Ww
but on slopes > 10 degrees, access routes were considered less costly. Distances were
calculated using symmetric inverse linear vertical factor, which results in
exponentially increasing resistance with slope steepness. All slopes with >rg@ deg
inclines and no access routes were considered inaccessible to livestock. The thirty least
and most costly points were confirmed to be accurate by the lead author, who
conducted the point sampling. The path distances were averaged across the points to

give a value for each site.

In addition to longterm stocking rate, current stocking rates of camels and cattle were
estimated using dung transects and the Faecal Accumulation Rate (FAR) method
(Putman, 1984)Two transects were deployed during the first visit, two during the
second, and one during the third. Transects were checked and cleared during each site
visit, resulting in a total of eleven transect accumulation periods per site. Transects
were one meer wide by fifty meters in length and the average accumulation period
was 54 days. Due to the slow decomposition rate of dung as a result of the hot and dry
climate, a long accumulation period was preferfiedenty camels were followed and

the timebetwea defecation eventwas measuredMost camels were followed until

three betweenefecation periodead beerimed. The resultant mean defecation rate
was 4036 events per daymin 26.5, max 71.88, median 35.11, SD 13.58, SE)3.04
Livestock densities werestimated for each site using the following equation: Dung
piles per kni/ accumulation period * 40 (defecation ratS8ge Appendix 7 for the

results.
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Topographierelated variables were calculated for each PCQ point from TarREM

12 m global digital eleation model (DEM), in ArcGIS Desktop 10(ESRI, 2016)
Because horizontal precipitation is crucial to sustaining woody vegetation in Dhofar
(Hildebrandt & Eltahir, 2008he spatial variability in Khareef fog density was derived
from the neaiinfrared (NIR) bands of thirteen Landsat 5 and four Landsat 7 products
(Welch & Wielicki, 1986) and the ultra blue bands of twenty Landsat 8 products,
acquired dung Khareef seasons between 1990 and 2@pp&ndix 8). Through
visual inspection a minimum threshold reflectance value was defined for each image
to distinguish onlythe highly reflective fog layer, and the background values set to
NULL. The images were then rescaled to -4 @ange, stacked, and the mean
calculated. Areas with higher reflectance values were interpreted as denser and more
moistureladen fog as the foggpper altitude (cloud top) is limited to the altitude of
the plateau due to warmer northerly winds from the d€ggémschneret al, 2004)

As a measure of exposure to Khareef fog, we calculated slope &Steege, 1976)
which has lowest values on steep nddting slopes and highest values on steep

southfacingslopes.

Information on the geology of the sites was georeferenced from scanned 1:100,000
geological mapéMinistry of Petroleum and Minerals, 1986fthe research area and

sal pH levels were tested from four composite soil samples collected from each site.
The samples were crushed, passed through a 2mm sieve, mixed with distilled water
(10cc of soil to 30ml of distilled water), and tested using a calibrated pH meter
electroe. Underlying geology is known to affect soil properties including acidity
(Miller, Singer & Nielsen, 1988; Barnest al, 1997) with subsequent effects on
vegetation composition, however a emay ANOVA found soil pH did not differ
significantly by bedrock typeH(4,25) = 0.846p = 0.509). This is most likely because

the bedrock is just variants of limestofinistry of Petroleum and Minerals, 1986;
Friesenet al, 2018) It was also apparent that geology was serving as a proxy for
topographic factors in the models, and thus to preserve degrees of freedom in the

models and facilitate interpagion, geology was removéBubuiset al,, 2011)

3.3.3 Data analysis
Each of the vegetation responses and independeiatbles were tested against one

another using the appropriate univariate statistical test depending on the type of
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variable and the distribution of the dafable3.2). Collinearity between independent

variablesvas al so tested using Pearsond6s coOrr e

To quantify the effect of longerm stocking rates on tispecies composition of woody
plants constrained correspondence analysis (CCA) was carried out on the count data
of adult and juvenile woody specissparatelyOrdination was conductagsing the
Vegan packagéOksanenret al, 2018)in R studio(R Core team, 2013)The CCA
models were built following a manual stepwise procedure, where the variables were
gradually added based on their suspected influence, founded on our ecological
understanihg. Canopy cover was not considered as a constraining variable for adult
woody species as it is a product of species compositanance Inflation Factor

(VIF) valueswere calculated after each model as a diagnostic tool to igeatiinear
constrains (VIF > 3). Permutation tests for the joint and separate effects of
constraining variables, as well as for marginal (Type lll) effects, were performed to

test the significance of each constraint.

Partial constrained correspondence analysis (pCCA) wad teseexamine the
independent and dependent contributions of each variable to the explained inertia
(Borcard, Legendre & Drapeau, 1992; Vaisal, 2011; Paliy & Shankar, 2016)he
independently explained inertia is the variation explained by each variable alone,
whereas the dependently explained inertia is the variation explaineachyariable

after accounting for the effects of the other variables

In addition to the ordination, we analysed the effectthefindependent variables

a number of univariate vegetation measures using liaedrordinalmixed-effects
models with the Ime4 packagéBateset al, 2015)in R Studio(R Core team, 2013)
Whereas in the ordination we were looking at-fetesl trerds, in these models we
were analysing poidevel and individualevel trends and by including sites or points
as random effects weould contrd for the spatial autocorrelationestedwithin our
data. Firstlywe analysed limb damage Af dhofaricatreesas a function of distance
from settlements, vehicle trails and waterpoints using ordinal mixed effects regression.
Secondly,we analysed the effects tiie independent variables both adult and
juvenile palatable woody plant densities, using 2591 aid Pwintplant distances
for adults and juveniles, respectivelhe unpalatable species removed from the

analysis (and from other analyses of palatable species wagg Acridocarpus

78



orientalis Jatropha dhofaricaDodonaea angustifoliaSolanumincanum Adenium
obesum Cadia purpurea Calotropis proceraand Gomphocarpus fruticosusSite

eight was excluded as it was a grassland site with low woody plant density. The point
plant distances were laeigansformed which improved the normality of theideals.
Finally, we analysed the effects dhe independent variableesn the DRC
measurements of 534 adAltdhofaricatrees.

To investigate stunting, we plotted tree height against DRC measurements for
Commiphora habessinica, Commiphai#eadensis, Adhofarica, E. smithiand Z.
dhofarensen R studio(R Coreteam, 2013) and fitted a | inearis
heightdiameter functiorfCurtis, 1967y n t he o6l mf or 6 package,
as a satisfactory fit for n# datasetéMehtatalo, deMiguel & Gregoire, 2015)

3.4 Results

Forty-two adult and fortythreejuvenile woody planhspecies (total 47) were recorded
(Appendix 9, Appendix 10). Commiphora habessini¢caatropha dhofaricaandA.
dhofaricawere the most abundant sjess accounting for 12.2%, 10.2% and 9.2% of
the 7,200 measured woody individuals, respectively. For adults alone, the order
changed toA. dhofarica(14.8%), C. habessinica13.2%) and then). dhofarica
(10.3%). Adults of 57% of the species and juvenilé¥@% of the species were
recorded at both altitudinal ranges. Of the most abundant species in the surbey (>
frequency at a site) onkkdenium obesunuiveniles and-lueggea virosadults were
restricted to high and low t@ludinal ranges, respectivelyi-or a number of
characteristic treespecies, few juveniles were recorded, indicating low advanced
growth. Advanced growth is the ratio of juveniles to adults, expressed here as a
percentag€Appendix9). Low advanced growth can indicate poor forest regeneration.
Species with advanced growth < 20% wBedonix elata(15%), Ficus vasta(16%)
andOleaeuropaeasubsp cuspidata(7%). A number of species ka relatively small
populations which should be monitoré&klonix elata, Boscia arabica, Acridocarpus
orientalis, Azima tetracantha, Grewia villosa, Rhamnus staddo, Hildebrandtia
africana, Cordia perrottetii, Lawsonia inermis, Caesalpimaanthera, Calotropis
procera, Searsia pyroides, Ficus sycomoarg Ehretia obtusifoliaoccurred at a

frequency of less than 0.1% across the whole study area.
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Eleven of the fifteen independent variables had significant effects on vegetation
responses ithe univariate testrable3.2). Those that did not were elevation range,
rock cover, soil pH and current cattle stocking ratesig-term stocking rate showed
significant correlations with thirteen vegetation responses indicating its importance.
Notably, species diversity and plant densitgre significantly lowerand tree limb
damage (bent, broken and browsed) and bark stripping prevalence significantly higher,
in areas under higher stocking ratAslult woody species diversity and canopy cover

positively correlated witliog density.

Tests between dependent variables found plant density did not significaméiator
with species diversity ¢hult: F(1, 28) = 3.638, p = 0.068; uvenile:F(1, 28) = 2.906,
p = 0.099). Trees had on average more bent {0.73,p < 0.001), brokenr§ = -
0.63,p < 0.001) and browseds(=- 0.72,p < 0.001) branches at sites with lower tree
densities. Tests between independent tagegfound fog density did not
significantly correlate with slopd=(1, 28) = 2.112p = 0.157), but did significantly
positively correlate with slope aspe&i({, 28) = 6.001p = 0.021). ANOVA tests
found percentage rock cover wagnificantly greater at high elevatiors({,28) =
15.32,p < 0.00)), soil pH was significantly lower at high elevatiol§X,28) =
18.75,p < 0.00) and solar radiation was significantly higher at high elevations
(F(1,28) = 20.71p < 0.001).
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Table 3.2. Table of statistical results for each independent variable tested against each dependent variable. Significan®.35) results are highlighted in bold.
Abbreviations in bracketsindicate the statistical test used. (LR) = Linear Regression: values are thestandardized betacoefficient(B) and p-value. (ANOVA) =
One-way analysis of variance: values are the statistic (F) andp-v al ue .
Kruskal -Wallis H test: values are the Chisquare value(H) and p-value. (MEOR) = Mixed effects ordinal regression: utilised to test individualevel dependent
variables nested within sites and points, andalues are the coefficient (or likelihood ratio (LR) when >2 independent variable factor levels) ang-value based on
the Wald statistic. Only palatable species were considered for tests on proportion of browsed branches. The total numberigrificant tests is included in the last
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Long-term stocking rate ¢BO scale) decreased significantly by 0.711 for each one
degree increase in slope incliféqure3.2). Longterm stocking rate did not differ
significantly by elevation range. Current stocking rates (dung transects) of camels
and cattle at the thirty sites, showed no significant correlatitmslope gradient
(cattle:r(28) = 0.052p = 0.784; camels:(28) = 0.225p = 0.231) or with any other
environmental variables, apart from fog density which significantly correlated with
cattle densityr(28) = 0.366p = 0.047). No significant correian was observed
between current and losigrm stocking rates.

low —————————— Stocking rate ——————————> high

10 15 20 25
Slope (°)

Figure 3.2. Scatter plot of correlation betweenong-term stocking rate and slope with linear
regression lineand 95% confidence interval

The CCA analysigentifiedfog density, longtermstocking rateand elevation range

as the most powerful constraining variables for both adult and juvenile woody species
community composition, based on the proportion of explained inertia and permutation
tests. The CCA models explainepproximately 28%of the inertia in woody
vegetatiorspeciesomposition The pCCA(Table 3.3) showed thatafter accounting

for the effects of the other variables (dependently explained inehbiadsterm
stocking ra¢ was thethird most important factor affecting adult woody species
composition,after fog densityand elevationand thesecondmost important factor

affecting juvenile woody species compositiafter fog density
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In our CCA model buildingrocedure, longerm stocking rate was found te more
powerful and significanthan slope When added to the modedjope was not
significant but resulted in a 4% increase in absolute explained inertia, suggesting
slope may have a slight independenteef on species compositioftHowever,
collinearity (VIF = 3) between slope andrigterm stocking rate Higure 3.2)
confounded interpretation of the model, thus slaas removed from the model and
degrees ofreedom were preserved.

Table 3.3. Dependently and independently explained inertia for each constraining variable and
absolute explained inertia, for both adult andjuvenile woody species communities.

Constrained Correspondence Analysis (CCA)

Vegetation Constraining variable (inertia explained) Absolute
abundance . Long-term . inertia
measure Fog Density stocking rate Elevation range explained
Adult Dependently  12.3% 7.5% 7.7%

woody 28.1%
species Independently 12.2% 8.4% 8.3%

composition

Juvenile Dependently  9.8% 9.7% 8.5%

woody 28.4%
Species Independently 9.7% 10.1% 8.9%

composition

The CCA bplots of species scores enabigerpretation of the effects of the
constraining variables on adult and juvenile woody species compo@tigure 3.3).

In both biplots we see a higher diversitfyspeciesparticularly utommon species,
assoated with lower stocking rates and higher fog densities. All unpalatable or
unfavoured specielsave their optimum in areagith aboveaveragestocking rates
Adenium obesunfunpalatable) and. dhofarica (unfavoured) are very strongly
associated with high stocking rates in drier areas with lower fog denBitdsnaea
viscosa subsp. angustifolia (unpalatable) andCadia pupurea (unpalatable) are
associated with high stocking rates in areas with higher fog densftiéanum
incanum (unfavoured) is a more generalist species, associated with average fog
densities but higher stocking rates. Juvenileé.oflhofaricaappear to prefeareas

with higher fog densities, whilst adults are more abundant under lower fog densities
and higher stocking rates. Juvenitdshe palatable speciedygocarpum dhofarensis
Maytenus dhofarensiand Allophylus rubifolius, are more abundant unddrigher

stocking rateshan adults of these species.
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Adult woody species composition
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Juvenile woody species composition
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Figure 3.3. Constrained correspondence analysis (CCA) biplots of adult and juvenile woody
species composition. Common species (overall frequencyl®) arelabelled using Cornell

Ecology Programs (CEP) names and represented by a + symbol, and other species are
represented by a point. Fog density antbng-term stocking rate are continuous variables shown
as arrows and elevation range is aategorical variable shown as centroids of low and high
elevation ranges. The length of the arrow indicates the strength of the variable and the ellipse
shows the standard error (0.95) of the weighted average of scores and the weighted correlation
definesthe direction of the principal axis of the ellipse.

Ten percent of adult woody plants (4% total adult basal area) were dead. Of the adult
trees and large shrub$agble 3.4), 85% had broken limbs, 13% had been subject to
branch bending management practises, and ten percent had exposed cambium due to
bark stripping by livestockDodonaea viscossubsp angustifola, C. gileadensisand

Olea europaeasubsp.cuspidatawere the most frequently dead species and the
majority of adults of all species had broken branches to some extent, either naturally
or due to disturbance. Over half (57%)Pofdhofaricatrees had beesubject to branch
management practises, and other managed species in€lieded/astaTamarindus

indica, Croton confertusA. rubifolius and O. europaeasubsp.cuspidata The most
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frequently barkstripped speciesvere A. dhofaricg Blepharispermumhirtum, J.
dhofaricg F. vastaandFicus sycomorusandO. europaeasubsp.schimperihad on

average the largest areas of stripped bark.

Table 3.4. Proportions of individuals of adult trees and large shrubgn=2949)that were dead,
had broken or bent limbs, or were bark stripped.

n= Species % Dead % Broken limbs % Bent limbs % Bark stripped Avg. area
of stripped
bark (cm?)

534 Anogeissus dhofarica 9% 97% 57% 19% 1490
474 Commiphora habessinica 5% 81% 0% 5% 245
371 Jatropha dhofarica 12% 76% 1% 11% 322
274 Dodonaea viscosa subsp. angustifolia  25% 79% 1% 5% 188
223 Euphorbia smithii 4% 87% 2% 1% 61
214 Blepharispermum hirtum 11% 89% 5% 38% 336
194 Commiphora gileadensis 13% 74% 2% 9% 997
155 Allophylus rubifolius 12% 89% 18% 8% 266
153 Maytenus dhofarensis 5% 80% 5% 0% 0

89 Croton confertus 3% 86% 19% 5% 69

86 Olea europaea subsp. cuspidata 13% 98% 16% % 2930
60 Euclea racemosa subsp. schimperi % 76% 0% 0% 0

44  Acacia senegal 11% 80% 2% 2% 20

19 Ficus vasta 0% 80% 24% 16% 1897
18 Acacia gerrardii 0% 80% 0% 0% 0

13 Delonix elata 8% 100% 0% 0% 0

11 Tamarindus indica 0% 88% 20% 0% 0

10 Rhus somalensis 10% 86% 11% 0% 0

5 Ficus sycomorus 0% 100% 0% 40% 1378

2 Boscia arabica 0% 100% 0% 0% 0
2949 Grand total 10% 85% 13% 10% 802.43

Our results inTable 3.2 show that aross all palatable species theoportion of
browsed branches of adults ajuveniles decreased significantly with increasing
distance fromhouses, vehicular access routes andewabints, indicative of the
piosphere modelThe same scenario was observed for the proportion of broken and
bent branches oA. dhofaricaadultsin relation to houseshut not for adults of all
palatable species. F@. dhofarica an increase in distandgm) from housesvas
associated with a decrease in the odds of a tree having more broken branches, with an
odds ratio of- 0.325 (SE: 0.092), Walg-value <0.001. Likewise, an increase in
distance (km) was associated with a decrease in the odds oftetieg more bent
branches, with an odds ratio-d®.300 (SE: 0.143), Walg-value <0.036.

Figure3.4 shows the results of the linear mixeflects regression analysis of palatable

woody plant density. The results show that very high @mgh stocking rates
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significantly reduce adult palatiebwoody plant densities and high or very high long
term stocking rates significantly reduce juvenile palatable woody plant densities.
Palatable woody plant densities are significantly lower at lower elevations, and
increases in slope gradient and rock erovesult in significantly higher palatable
woody plant densities. Only adult density significantly increased with increasing
distance from settlements. Fog density did not significantly influence palatable woody
plant densities.

Log point—adult Log point—juvenile
distances distances
Very high stocking rate - 0'—427—* Very high stocking rate - (ﬂz—ﬂ
High stocking rate - Oin High stocking rate - 0£108—**
Low stocking rate - OJJ—S Medium stocking rate - 0—207i
Medium stocking rate - 0—0071 Low stocking rate - 0—2063
Slope aspect - 0-0.01 Compound topogri%lii i 0-0.23
Compound topogrﬁ]%rgi ) 0-0.01 Slope aspect - 0-00.4 [
Rock cover - _0'094 - Rock cover - _0'097 i
Slope - _0'013 | Distance from house - _0'91 0
Distance from house - —0.0‘62 _ Slope - _0'019 |
High elevation range - _04300—1 ’ Fog density - _0';1 0
Soil pH - ;O& Soil pH - _—0§55_
Fog density - —_OZM— High elevation range - —(3_.3‘5_8 ]
2 15 1 05 0 05 1 15 -1 05 0 05 1 15
Estimates Estimates

Figure 3.4. Coefficient estimates, confidence intervals (lines) and significance of log adult and
juvenile point-plant distances (palatable species only) for each variable in a linear mixexdfects
regression model with sites, poits and species as random group effects. A positive coefficient
indicates lower plant densities and a negative coefficient indicates higher plant densities. Very
low stocking rate and low elevation range are the reference classes for categorical variabkes.
grassland site with very low woody plant density has been excluded from the analysis.

Figure 3.5 shows the results of the linear mixetfects regression analysi§ A.
dhofarica basal area. The model showed fog density had the greatest significant
positive effect on basal area. Low, high and very high long term stocking rates (relative
to very low stocking rates) also had a significant positive effect on basaRarela.

cover had a slight but significant negative effect on basal area.

88



Log A.
Fog density -
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High stocking rate -
Medium stocking rate =
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Figure 3.5. Coefficient estimates, confidence intervals (linegnd significance of log adult
Anogeissusihofaricabasal areas for each variable in a linear mixeffects regression model
with sites and points as random group effects. A positive coefficient indicates larger basal area
and a negative coefficient indicates smaller basal area. Very low stocking rate alov elevation
range are the reference classes for categorical variables.

We plotted the DRéheight relationships of five widespread and abundant woody

species Figure 3.6). Commiphora habessinicehowed the most pronounced trend

towards shorter and thinner individuals under high stocking rates, whilst under low

stocking rates a much broader range of tree sizes were recorded. Under very low

stocking rate a similarly broad range of sizes@f gileadensisvere recorded but as

stocking rates increased the data appears to split into two groups of small and large

trees with few mediursized trees between4in in height and Q5 cm in diameter.

The frequencyof large matureA. dhofaricatrees increased under higher stocking

rates Euphorbia smithiandZ. dhofarensshowed a trend towards shorter individuals

under high

stocki rates.

ng

Young

adul

tended towards stuedl forms under high stocking rates, showing shorter heights for

equivalent DRC measurements as stocking rates increased.
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Commiphora habessinica | Commiphora gileadensis Anogeissus dhofarica Euphorbia smithii Zygocarpum dhofarense
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Figure 3.6. Adult diameter at root collar (DRC) and height relationships of five widespread and
abundant woody species. We have fidlameted a | i near.
function indicated by the red line.

3.5 Discussion

3.5.1 Biotic and abiotic variablesthat influence woodyvegetation

Our researchcorroboratesexisting evidence that the Khareef fog is critical to
supporting woody vegetation in Dhof@turschneret al, 2004; Hildebrandt & Eltah
2006, 2007; Frieseet al, 2018) Moreover, our research identifies for the first time,
that smalscale spatial variability ifog density is thgrimary factor influencing
woody vegetation species compositi@patial variability in fog densitysiclosely
linked to topographyAppendix8). For examplefog density is highesh areas where
steep topography limits its movement inlarsdigh as at the top of litaries and
below cliffs). In these areas we see higher species divéiistyle3.2, Figure3.3) and
larger treesKigure3.5). We also see greater canopy cdeble3.2) which conforms

to findings from African savanhg, whee in areasreceiving a mean annual
precipitation of less than 650 mm, woarinopycover is constrained by and incsea
with precipitation(Sankararet al., 2005) Despite thisadultwoody plantdensitydid
notdiffer significantlywith fog density(Figure3.4). We attribute this primarily tdie
presence ofdrger trees at lower densiti€Scholes & Archer, 1997ut alsolarge

rocksandbouldersin high-moisture areag.g.at the base of cliffsinaylimit woody
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plantdensity.Interestingly,in Dhofar, evidence suggests that a complex tree canopy
structure, with varying canopy heights and gagplkely to capture greater quantities

of fog than acontinuous smootltanopy(Hildebrandt & Eltahir, 2008)The fog
vegetation relationship is important in other arid cloud forests where rainfall is limited
and horizontal precipitation provides for a large part of the water baleiiidebrandt

& Eltahir, 2008) For example, fog has been found to correlate with distributions of
Dracaena cinnabarion the island of Socotra, where quantities of horizontal
precipitation are comparable with Dho{&cholte & De Geest, 2010y addition,fog

and aspect differentially influenceegetatiorin the Negev dese(Kidron, 2005)and
areas of fog accumulation affected vegetationthe arid mountains of Mexico
(Martorell & Ezcurra, 2002)

Aspect, being closely linked to temperature and light availability, is often an important
constraint affecting plantoenmunities(Stage, 1976)however inear aspecshowed

no significant relationshigvith vegetation measures in our study becausest sites
were soutkfacing, thus it was excluded from analy<tur aspeciderived variables
such as slopaspectand solar radiatiomere significant butwere acting as proxies

for fog exposure dlthoughfog density was anore powerful variable rathe than
representing incoming solar radiation aghoare southeripriented processes which
vary with slope gradientndeed Holland and Steyn (1975) suggested that the role of
aspect at lower latitudes less related to sunlight and temperature, andemor

explicable by reference to the directions of the principaltba&ring winds.

Elevation rangeshowed no significant relationship withur univariate vegetation
measures such as plant density, species divensitytree heightsT@able 3.2) but was

the thirdand secondnost important factor affectingivenile and adult woodglant
species compositionespectivelyElevation can be a key driver of vegetation patterns

in topograhically varied landscapes in arid regiqB8éireve, 1922)depending on the
elevation range in question. In this study, the effects of elevation were limited because
our sampling was restricted to the 30600m and 700900m as.l. zones of the 100
1000m a.s.laltitudinal range of theAnogeissudorest (Kurschneret al, 2004)
Consequently, we suggest future descriptive or classification studiesArfageissus
forest shouldaccount for local variability ifog, and strictly stocking rates toay i

addition to altitude.
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Palatablewoody plant density was found to be greater at the high elevation range
despite no significant altitudinal variation ionigterm stocking ratesHowever,
ground cover of small rocksas greater at high elevations and plant density increases
with rock cover Figure3.4). High densities o€ommiphorashrubs occurred at rocky
sites ahigh elevationss e ar S h a 0 a t whistrselvera fipthloeviard siteisad
sparse understoriek is likely high rock cover reduces accessibility to livestock and
protects saplinggAppendix 11) in a similar way thatCarsonet al. (2005 found
boulders protected woody species frdeer browsing in Pesglvania.ln addition,

low herbaceous cover in rocky areas may allow woody plants to quickly achieve
vertical dominace(Scholes & Archer, 1997)

In Jabal Qamaigkin to other rangelarglystemsas slope gradient increasegcking
rate(and browsing intensityjecreasef@rigure3.2), as livestock prefer to éel on flat
ground (Mueggler, 1965; Mwendera, Mohamed Saleem & Dibabe, 1997)
Furthermore, in Dhofabrowsing intensityis higher nea settlements Table 3.2)
where livestock are watered and receive feedstuffs, leading to localised vegetation
degradationThe addition of slope to theCA modek revealeda slight independent
effect on species compositiorpossibly due to slopevegetation relationships
pertaining to radiant energy income, hydrology and g#lislland & Steyn, 1975;
Nearing, 1997)Current stocking rates (prevailireg our sites during the fieldwork
period did not vary by slope or distance from settlements. This suggessdthwatgh
slope gradient has influenced stockirates in the past, at presdivestockmay be
occupying teeper and less accessible areas. Indeed, watée observedavigating
rocky slopes approaching 45 degree inclines to accessg@aasa behaviour seen

in small cattle breeddHowery, Bailey & Laca, 1999)

3.5.2 Effect of browsing on woody vegetation species composition

Long-term stocking ratavas the thirdnostinfluential variable affecting adult woody
vegetatiorspecies compositiofM his indicates that tharevailingspecies composition
of the mature woody layer has baefiuencedby browsing activity. For juveniles, it
was the seond most influential variable.e8dlings and saplingge more susceptible
than adultglue to theismaller siz€Scholes & Archer, 1997; Rippkt al, 2001; Cété
et al, 2004; Smitet al., 2007; Staveet al, 2009)and the composition of juveniles
can be affected by removal of adult reproductive comporj@atpustine & Decalesta,

2003) Thus, we can expect to see greater shifts in species comp@sitibe forest
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regenerates under current conditio@amel browsing has been found to affect plant
species composition ideserts inthe UAE where exclusion of camels resulted in
increased plant density and species rich(eskKeblawy, Ksiksi & EI Algamy, 2009)

Decreased botanical diversity and increased frequencies of unpalatable species are
well-known symptoms of overstocked rangelan@$alen, 1979; Tzanopoulos,
Mitchley & Pantis, 2005; Seymouet al, 2010; Briske, 2017)which have been
previously described from DhoféGhazanfar, 1998; Peacoekal., 2003;Ministry of
Regional Municipalities Environment and Water Resources & UNEP & UNCCD,
2005; Patzelt, 2012Here we provide further evidence to support these claims. In
particular, we find bhunpalatable or unfavouredoodyspecieshave their optimums
ataboveaverage stocking rates, although the succul@nishesunandJ. dhofarica
naturallypreferthe more xericconditionsof the plateauywhere coincidently stocking

rates are amongst the highest due to the close proximity to settlements.

From model simulationsHildebrandt and Eltair (2008) concludedthat degraded
forestsin Dhofar may not recoverdue toreducecdhorizontal precipitatiorfollowing
degradationPromisingly, we found juveniles dflaytenus dhofarensi\llophylus
rubifolius and Zygocarpum dhofarensisere more abundnt under highestocking
rates than adults, with the latter alawouringdrier conditions which prevail in sparse
woodlands and grasslan@diller, Morris & StuartSmith, 1988) These may represent
important species for restoration of degraded afdasreasons for their survivability
are unclear, aall three species are important browsing fodder species (altidugh
dhofarensiss unfavoured by cattléMiller, Morris & StuartSmith, 1988) They may

be encroaching duéo low herbaceous biomaasid the absence of firdScholes &
Archer, 1997) exhibiting higher seed production under strébkintley & Walker,
1982) hold a competitive phenological advantage due to early bud (Bickibles &
Archer, 1997)or are protected n unpalatable herbaceous laf@choles & Archer,
1997; Smitet al,, 2007) It isalsoplausible that the strength and hardness of the wood
of these species, which was traditionally favoured for construction and to make
weapons such as fishing spe@ller, Morris & StuartSmith, 1988)makes them too

indigestibleto be consumed in thregntirety by livestock.
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3.5.3 Effect of browsing on thestructure of the woody plant layer

We found p&atable woody specieslensity decreases significantly, and quite
substantially, undevery high and highstocking ratesrespectively for adults and
juveniles. These results, particularly for adults, may be indicative of an ecological
threshold(Friedel, 1991)where forest recovery is inhibited by a reduced capacity for
horizontal precipitation captur@nce tree density is low and horizontal precipitation
is reduced, lessnoisture penetrates deep into the soil (exacerbated further by
compaction from trampling), giving grasses a competitive advani@geper &
Jackson, 1997)The restoration of woody cover may well require significant
intervention(Vetter, 2005)

In a global study usinglata from 236 locationsyliichunas and Lauenrot(il993)

found aboveground net primary productivity decreased with grazingArRowaily

et al. (2015)reported decreased woody species density with increased stocking rates
in Saudi ArabiaAkin to our results for species composition, our redoltdensity,
suggesiuveniles are more susceptibletimwsing than adultsThe susceptibility of
seedlings and saplings, prevents their maturation into adults, which is generally
considered the main process by which browsers maintain open ecosf{Rigphset

al., 2001; Coétéet al, 2004; Staveret al, 2009) in addition to the removal of
reproductive components from adulsugustine & Decalesta, 2003Famels select

the freshest, most nutritious plant pgitghal & Khan, 2001,) and reduced seedling
recruitment under high camel stocking etes been reported from the United Arab
Emirates(Gallacher & Hill, 2006a, 2006b{attle have also been reported to reduce
seedling frequencies in IrgPouret al, 2012) In Dhofar, it is likely seedlings and
saplings are targeted by cattle once the grass and herb laysernessedr been

consumed, particularly as the foliage of adult woody plants is out of reach.

We observed altered age structure in the populations of woody sgeeits stocking
rates For examplewe found thatA. dhofaricatreesare older Figure 3.5) and total
basal area of juveniles of all species is gredtable3.2) in areas uner higher long
term stocking rates, most probablgcauséarger plants are more resilient to browsing
(Smitet al, 2007) Furthermore, severgpecies exhibited shorter heights at eglant
DRC measurements under higher stocking r@tggire3.6). Such sunted plant forms
occur naturally in Dhofar and are usually associated withrfwisture availability

(Patzelt, 2015)such as the stuntelddhofaricaandC. habessinicacommunities on
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the plateau. However stunting due to severe browsing pressure wasaiisarlyable

in the field(Appendix12) affected numerous species and ocaliineareas with high
fog densities It has also been reported before in Dhof@man Office of the
Government Adviser for Conservation of the Environment, 1980; Miller, Morris &
StuartSmith, 1988; AlMashaki & Koll, 2007)and elsewheréPour et al, 2012;
HoppeSpeer & Adams, 2015; Baet al, 2016)

Anogeissus dhofarices the most abundantee and from an ecological and ethno
botanical perspective, the most importanbdyspecies in Dhair. It was traditionally

used as a building material and has a long history of use as a fuel wood and fodder
plant(Miller, Morris & StuartSmith, 1988) This long history of use was apparent in

our data.Ninety-seven percent of adul. dhofaricatrees in the study (n=534) had
broken limbs and 57 percent had been subjecbrnch bending management
practises. Branches are bent to bring the tree foliage in reach of livestock but its impact

on tree survivability remains unknovemd should be a priority for future research

Adult A. dhofaricatrees were over four times asuandant as juveniles indicatimgw
advanced growtland subsequently poor forgsigenerationOnly nine percent of.
dhofaricatrees were dead indicating their resilience to heavy browsing pressure and
the amount of standing dead adults of all species suaprisingly low compared to
other studiegAngelstam, 1997: 30% 40% of individuals compared to 10% in our
study; Tritton and Siccama, 2014: 39%43% of basal area compared to 4% in our
study) It is possible the number of standing dead trees is low because weak, dying and

dead biomass is rapidly harvestedfioewood and livestock bomas.

Bark stripping by livesick is commonly ranked by pastoralists as one of the greatest
threatdo the rangelandsnd the teeth of camels are often removetywe found only

10 percent of trees and large shrubs had an average 8Q0eaof stripped bark
(Table3.4). The cause of this behaviour in camaiw cattlein Dhofaris unknown.
Based on a review biicodemo andPorfirio-daSilva (2018) it is most likely
associated with diet and pasture quality, although behaviour and parasite control
factorscould be relevant. Camels have been found to selectively browse species and
plant parts to balance the chemical compmsiof their diet(Amin, Abdoun &
Abdelatif, 2007; Desalegn & Mohammed, 20b2)o obtainpharmaceutically active

compoundgVillalba et al, 2014) Hence, barkvhich contains polysaccharides, pectic
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substances, phenolic polymers and ciodsed polyesters(Feng et al, 2013,
Nicodemo & PorfiriedaSilva, 2018) could potentially contribute beneficial nutrients
and medicines tther diet. An assessment of the chemical composition of the most
bark-stripped tree species in Dhofdlrable 3.4) and a review of the nutrient
composition ofivestockfeedstuffs should ba priority for future research.

In summary, our results demonstrate that livestock in Dhofar have had substantial
impacts on woody vegetation. As one would expect for an arid rangeland, moisture
availability from the Khareef is theripciple driver of woody plant community
composition, however livestock browsing has affected the compositional and
structural characteristics of these communities. Thasfar exhibits the widely cited
properties of an equilibrium system because livdsbwowsing is the principal drer

of woody vegetation change. Unlike in nrequilibrium rangelandsivestock
populationsare not densitglependentiue to widespreateedstuffprovisioningand

the predictable annual monsosupports vegetation communitiesa relatively stable
state(Ellis & Swift, 1988; Behnke, Scoones & Kerven, 1993; Sullivan & Rohde, 2002;
Vetter, 2005) Moreover, past accounts suggest tivastock have been the principle
driver of vegetation chander several decadésamprey, 1976; Lawton, 1978; Oman
Office of the Government Adviser for Conseifgatof the Environment, 1980; Wilson

& MacLeod, 1991; Ghazanfar, 1998)

3.6 Conclusion

We performed the first detailed analysis of the impafctamel, cattle and goat
browsing on woody species of the drougetiduousAnogeissugorests in Dhofar.

Few studies have addressed the impacts of camel browsing on vegetaticolarly

in anarid cloud brest rangeland at equilibrium. Thus we are contributing a novel study
to the rangeland scienced/e found the Khareef fog strongly influences woody
species composition and that browsing pressure has increased the frequency of
unpalatable species, decreased plant density, reduced advanced gruimvi to
stunting, alterecpopulation age structures and plant damage through management
practises, bark stripping and browsifdiree key limitations of this studgclude the
absence of data othe physical and chemical prepies of soils,the differential

impacts of cattlegameé and goabrowsing, andorestgrasslandnteractions.
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The functional integrity of vegetation communities is usually a good indicator of the
health of wider biodiversityNoss, 1990; Ferris & Humphrey, 199®articularly in

arid environments where botanical biomass is limited by constraining climatic
conditions(Ludwig et al, 2004) In Dhofar, woody plantglay an even more vital role

in supporting wider biodiversity, mucbf which is rangeestricted, endemic and
threatened, by irrigating the ecosystem through horizontal precipitation during the
Khareef seasorfKirschneret al, 2004; Hildebrandt & Eltahir, 2006)We have
provided empirical evidence of vegetation degradation due to overstaockMgpfar

and conclude that antervention is urgently required to reduce browsing pressure and
increase conservation effortstime Dhofar Mountains
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4 Six new variants of theHybantho duraeAnogeissetum

dhofaricaeass. in Jabal Qamayr Dhofar, Oman
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4.1 Abstract

A phytosociological study of th&nogeissugorest in Jabal Qamar, Dhofar is carried
out. Six new habitat variants aidentified anddescribedusing herarchical cluster
analysis and indicator species analydibeseare theDodonaea viscosaubsp.
angustifoliashrubland variantCadia purpureaOlea europaedorest variantEuclea
racemosalasminum grandiflorunshrubland variantMaytenus dhofarensiSicus
sycomoruswoodland variant,Jatropha dhofaricazygocarpum dhofarenssparse
woodland vaiant and thé’remna resinos&lybanthus duruforest variant. A seventh,
the broadeaved Blepharispermum hirtunvariant, was previously described by
Kurschneret al. (2004) Associated topoclimatic factors, vegetation characteristics
and disturbance factors are discus3dwinterplay between the complex topography
and the monsoon fog as well as stocking rates are identified as key variables affecting
vegetation community compositiod review of the literature suggestbat the
Dodonaea viscossubs.angustifoliashrubland varianpersists as a result bistorical
agricultural practises whilst thélaytenus dhofarensiBicus sycomorussparse

woodlandpersists as a result bistorical deforestation.

4.2 Introduction

The Hybantho dura-Anogeissetum dhofarica&urschneret al, 2004) a drought
deciduouscloud forest communityis endemic tothe soutkfacing escarpments of a
limestone mountain chain on the central south coast of the Arabian Peninsula, in the
governorate of AMahra in Yemen and the governorate of Dhofar in Oman. It is the
remnants of a once continuous tropical flerhich spanned Africa and Arabia, the
remainder of which disappeared with Arahb
(Kurschneret al, 2004; Meisteet al, 2005)

The Anogeissugorest is supported by a mean annual precipitation of 250minifst

the surrounding sendeserts and dedes receive lesgshan 100mm. Mst of the
precipitation is received in the monsoon season, known locally &htreef From
mid-June to midSeptember souttvestern winds cause an upwelling of cold deep sea
water off the coast, lowering the sea temperature to c. 18 degreesvarmer moist
winds blowing over it are subsequently cooled to dew point and a bank of dense fog
forms against the souflacing mountain escarpmen(®Vhiteheadet al, 1988;

Ghazanfar & Fisher, 1998y heKhareeffog, which is denser a few metexisove than
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close to the groundPfice, AtHarthy and Whitcombe, 19884-35 I/m2 per day at 4.2

m, 13 I/m2 at 0.9 m heightis captured by tree canopies, through a process known as
horizontal precipitatior{fKiirschneret al, 2004; Hildebrandt & Eltahir, 2006, 2007,
2008; Friesert al., 2018) Net preciptation which reachethe grounds estimated to
bethree times as high as rainf@ildebrandt & Eltahir, 2006)

An altitudinal gradient of vegetation communities has long been recognifétfar
(Radcliffe-Smith, 1980; Raffaelli & TardellR006) and these communities have been
the subject of botanical inventories for several decé®ladcliffee Smith, 1980; Miller,
Morris & StuartSmith, 1988; Miller & Cope, 1996; Ghazanfar & Fisher, 1998; Mosti,
Raffaelli & Tardelli, 2012) Many of these communities have been described
gualitatively(Al-Zidjali, 1995; Kilian, Hein & Hubaishan, 2002; Raffaelli & Tardelli,
2006; Kneet al, 2007; Patzelt, 2015)hilst others, such as the coastal vegetation
(Ghazanfar, 1996, 199@nd a midaltitude plateau @ssland(Patzelt, 2011)have
been subject to quantitative phytosociological sampling.

Inventorial researchas recorde@62 vascular plant species ¢29f the total flora of
Oman) from theAnogeissudorest (Patzelt, 2015)Miller et al. (1988) generated a
valuable reference material and ethnobotanical knowledge for many woody species,
yet a detailed phytegiological study was not completed until more recently by
Kirschneret al. (2004) This description of the association used data from 38 releves
in the Hawf and Fartak mountains in Yeme(Kurschneret al, 2004) with
supplementary data from two research trips to Dhofar in October 1998 by P. Hein &
N. Kilian andin December 2002 by N. Kdn and the results dRadcliffe Smith
(1980)

This paper aims to compliment those results through a phytosociological study of the
Anogeissudorest in Jabal Qamar in Dhofar. We discussoaiated topoclimatic
factors, vegetation characigics and disturbance factors, with a focuslieestock
activity, which has posed a threat to the vegetation of Dhofar for several decades
(Lamprey, 1976; Lawton, 1978; Wilson & MacLeod, 1991; Ghazanfar, 1998; Peacock
et al, 2003; Kirschneet al, 2004; Tardelli & Raffaelli, 2006; B\lahi, 2011b)
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4.3 Methods

4.3.1 Study area

Jabal Qamar is the westernmost of the three mountain ranges in CHigtaed.1).

It experiences a higher precipitation than the othernwaintain ranges and boasts
the highest botanical diversity (515 vascular species) of any area in (Pakzelt,

2015) The droughtdeciduousAnogeissusorest(Kiurschneret al, 2004)is dominant

on the soutHacing esarpments, wh sparsevoodland and grasslands in flatter areas.
The main geologic formation in Jabal Qamar is limestone of tertiary origin. Layers of
the Hadramout group are present. These are, from bottom to top, the Umm Er
Radhuma (UER), the Rus (RUS) and the DamnlaAiM) formations(Frieseret al,

2018)

There are severdive permanently inhabited and ten seasonally (Khareef) inhabited
villages in Jabal Qamar with a total human population of 7(@@3an National Centre

for Statistics and Information, 201 74&)jvestockowning households are present in all
villages. The 2015 national livestock census recorded 15,164 dromedary camels in
802 holdings, 27,522 head of cattle in 1,060 holdings, and 14,217 goats in 439

holdings(Oman National Centre for Statistics and Information, 2017b)

4.3.2 Field sampling

Data collection took place between September 2016 and May 2017. The point
centered quarter (PCQ)etiod (Cottam and Curtis, 1956) was used to sample the
composition, density and structure of woody vegetation at thirty itgare4.1). In

this method, density estimates are derived from distance measures between points and
the closest plants, which are subsequently studied to estimate composition and
structure. It is a plotless method making it more efficient than standardgdetl
techniqueqCottam & Curtis, 1956; Beasom & Haucke&756). Although the PCQ
method was initially designed for forestry studies it has been widely applied to more
natural systemgDickhoeferet al, 2010; Diaset al, 2017; Pereiraet al, 2018)
DahdouhGuebas and Koedam (200&jildressed several ambiguous field situations

whichwe incorporated in our study.
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Figure 4.1. Map showing the location of Jabal Qamar in the Dhofar Mountains and the locations of thirty sampling sites. The coloured siterkers represent the

seven habitat variants identified using hierarchical cluster analysis
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Sites were visited on four occasions. Ten points were carried out during the first visit,
ten during the second visit, five during the third visit and five during the fourth visit,
resulting in a total of 30 points at each sZenscutively rotating site visits controlled

for intraseasonal vegetation change such as senescence and ligrstziog and
browsing to improve comparability between sites, and allowed for minor adjustments
to be made to the methodology between each rofimkits. Points wereandomly
dispersed over an area of approximately # ks1camel browsing can be dispersed
while cattle grazing can be patcfereje & Uden, 2005)and thus small sampling
sites may not have provided a representative average of the effects of livestock
disturbance and may have overemphasised vegetation resfBrisks, Fuhlendorf

& Smeins, 2003) At each sample point, the distances to the closest adult and the
closest juvenile woody planwere recorded in each of four quarteds each PCQ
point a 1.2m x 1.2 mquadrat was deployed to sample the ground vegetation which
also served to guide theCQ quarters. Grass and herb species richness and the
percentage cover of grasses, herbs, rodkoamne ground were recorded. Additionally,

the percentage cover of the three most abundant species was estimated.

To summarise, we sampled 30 sites, each with 30 points, with four adults and four
juveniles measured per point, resulting in a total of M a@and 120 juvenile records

per site, resulting in a total of 3600 adult and 3600 juvenile woody plant records.

4.3.3 Classification

Hierarchical cluster analysis (HCA) using B+@urtis dissimilarly indices and
average linkage clustering was carried out am wWoody (combineduvenile and
mature) species count data in R stuff Core team, 2013)Unlike in nonnested
clustering algorithmsuch as Kmeans clustering, the number of clusters of interest is
not prespecified in HCA. Rather, a single nested hierarchy of clusters is produced and
visualised ina dendrogram enabling comparison among clusters. Selection of clusters
representing biologically important subpopulations is left to the researcher which in
some studies can be problematic, although various approaches exist for assessing the
statistical ggnificance of clustering. Inhis study, no such issues wdaeed as the
hierarchy of clusters was partitioned at seven grops {7) on the basis that the
seventh group conformed to the olescribedlepharispermum hirtunaariant of the
Anogeissuforest(Kurschneret al, 2004) TWINSPAN (Hill, 1979)is another widely

used classification technique, although it has received much criti@efbin &
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McDonald, 1993; McCune, Urban & Grace, 2002; Dufrene & Legendre, 208)
discounted this method as it assumes a single strong gradient dominatidgtah
structure, while we suspected multiple gradients in Dhofar (e.g. fog and stocking

rates).

The BrayCurtis dissimilarity measure was used as it is appropriate for raw count data
including zerogLegendre & Legendre, 1998; Greenacre & Primicerio, 2@h8l)is
particulaty suited to uniform sample sizes which resulted from our PCQ sampling
method(Chaoet al, 2006) Average linkage clustering was used as it is a natural
compromise between single and complete linkage clustering and providesea
accurate reflection of the distance between clusters as it incorporates information
about varianc€Yim & Ramdeen, 2015)Data on the herbaceous species was not
included in the cluster analysis as we recorded only the three most abundant species
and due to the short growing season and rapigscenceof the herbaceous layer it
does not O6échar adApeendixE3e 6 habitats per se

The clusters were visualised in a CCA biplot of woody species composiiomined
juvenile and matufeto observe the relationship between the proposed variants and
threeimportantenvironmental constraints. The CCA models were conducted in R
studio(R Core team, 2013)sing the Vegan packag®ksaneret al., 2018)and built
following a manual stepwise procedure, where the variables were gradually added
based on their suspected influence, founded on our ecological understanding.
Permuation tests for the joint and separate effects of constraining variables, as well
as for marginal (Type Ill) effects, were performed to test the significance of each
constraint. Oneway ANOVA tests and Tukey HSD pelbc tests were used to
compare topoathatic parameters, vegetation charastes and disturbance factors

betweervariants.

4.3.4 Indicator species analysis

Diagnostic species of the proposed variants were determined by calculating group
equalized individuabased correlation indices.ifhd.g) for each species within each
cluster(De Caceres & Legendre, 2009his index was preferred over others by the
same authors for two reasons. Firstlyisitsuited to our sampling design where an
equal number of individuals were sampled at each(BieeCéaceres & Legendre,

2009) Secondly, it equalizes the relative sizes of all clusters allowing for comparisons
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between values corresponding to clusters of different §lzeky & Milan, 2006; De
Céceres & Legendre, 2009)his method reduces the candidacy of rare species. The
same method was used for herbaceous species, however due to unequal cover totals
we transformed the data set by dividiegch abundance value by the sum of the
abundances at each dffee Caceres & Legendre, 2009hetransgressive character
species included in the variant descriptions were selected based on a simple average
abundance threshold of 5% within variants. Classification of the variants as
shrubland, woodland or forests follows the classification schem&lm®nberg and

Mueller Dombois (1967)

The significance of specie@riant memberships for diagnostic species was tested

using permutation tests under the myibothesis that the abundance of a given species

in sites belonging to the variant was not higher than its abundance in sites not in the
variant (Bakker, 2008). Diagnostic species were assigned to the variant for which they

had the lowest significamt-val ue aft er Sidakoés correcti ot
analysis was conducted on woody plants and herbs separately, under the same site
groupings, using the indicspecies packége Céaceres & Jansen, 2016)R studio

(R Core team, 2013)

4.4 Results

We recorded 47 woody species (42 adult and 43 juveigendix9, Appendix10)

and 110 herbaceous species across the thirty(sipggendix 14, Appendix15). The
colours of the clusters in the hierarchical cluster analysis (HCA) dendrogrgome

4.2) and the CCA biplot of cluster&igure4.3) match the coloured siteap markers

in Figure 4.1. Based on our field observations, the resultant clusters appear to
accurately distinguish between the key habitats in the morsfloancedzone of

Jabal Qamar.

The CCA found fog density, loragerm stocking rate and elevation range explained

12%, 9% and 8.3% of the inertia in woody species composition, respectively. This is

the dependently explained inertia after accounting for the effetite other variables.

In the biplot of clustersHigure4.3) one can observe t-hree e
clustersd of sites spr e dydheaighalitudd plateaue o r d
woodlands of cluster E (top left of the ordination space), under high stocking rates

(most likely due to proximity to settlements) and on the edge of the monsoon
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influenced zone. Second, clusters F and G (betedtof the odination space) at low

altitudes, with gerage fog densitiesnd low stocking rates. And finally, clusters A,

B, C and D (right side of the ordination space) at higher altitudes, associated with
aboveaverage fog densitidsit varying stocking rates. Withi t hi s -d lassst ermie t
we can distinguish clusters B and C as being more closely associated with high fog
densities, and cluster A more closely linked to high stocking rates.

Beyond this level we assume that the distribution of the clusters in tinatiod space

is attributable to other variables not included in the CCA. All the measured
environmental parameters, along with the results of ANOVA tests for statistical
differences between variants, are showTable 4.1. In the following section we
describe the variants using the synoptic talbleb(e 4.2) and include data on other
variables fronirable4.1.
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Figure 4.2. Dendrogram of seven clusters of thirty sites using Bragurtis dissimilarity indices
and average linkage clustering.
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Woody species composition with sites and clusters
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Figure 4.3. Constrained correspondence analysis (CCA)iplot of site scores with clusters shown
as spider plots, where colours match with those in the dendrogrankigure 4.2) and the map
(Figure 4.1). Fog density and stocking rate are continuous constraining variables shown as
arrows, and elevation range is a categorical constraining variable shown aentroids of lowand
high elevation ranges (300500m a.s.l and 700 900m a.s.l.). The length of the arrow indicates
the strength of the variable and the ellipse shows the standard error (0.999) of the weighted
average of scores and the weighted correlain defines the direction of the principal axis of the
ellipse.
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Table 4.1. Mean values (Mean) and standard deviation (SD) for measured environmental parametefSeveral topclimatic parameters were measured fim 200
points per site to increase sitéevel precision. Other parameters were measured at the individual (e.g. adult height), point (e.g. adult density) or a diffat level

(e.g. soil pH) based on the sampling procedur®ifferences between variants wer¢ested withoneway ANOVAOG s . Letters signifhgc the re
tests and indicate pairwisenors i gni fi cant resul ts. The | ast colU.mhl shotws; Gy &.r al | significanc:é
Parameters A: Dodonaea viscosasubsp. B: Cadia purpurea-Olea C: Euclearacemosa- D: Maytenus dhofarensis- E: Jatrophadhofarica- F: Broad-leaved G: Premnaresinosa- P
angustifolia shrubland variant europaea forest variant Jasminum grandiflorum Ficus sycomorus woodland Zygocarpum dhofarense Blepharispermum hirtum Hybanthus durus forest
shrubland variant variant sparse woodland variant variant (Kirschner et al., variant
2004)
Topoclimatic N Mean SD No N Mean SD No N Mean SD No N Mean SD No N Mean SD No N Mean SD No N Mean SD No
factors signf. signf. signf. signf. signf. signf. signf.
Elevation (m) 600 636 137 600 750 57 C 573 764 47 B 600 367 59 1600 790 52 F 400 357 41 D 1465 423 152 Hoxk
(n/site = 200)
Aspect (°) 600 196 86 C 600 144 41 DF 573 187 67 A 600 143 72 BF 1600 170 85 400 149 56 BD 1465 227 93 bl
(n/site = 200)
Slope (°) 600 10.06 3.78 E 600 13.27 7.74 DF 573 22.16 9.56 600 12.37 7.04 BF 1600 9.20 4.47 A 400 12.18 5.27 BD 1465 20.34 6.88 bl
(n/site = 200)
Fog density (arb. 0-1) 600 0.55 0.03 600 0.57 0.05 DC 573 0.57 0.06 DB 600 057 006 CB 1600 0.42 0.05 400 0.52  0.04 1465 049 0.04 ok
(n/site = 200)
Solar radiation 90 1776 40 BC 90 1790 35 AE 90 1750 77 ADF 90 1717 53 CF 240 1795 54 B 60 1732 35 CD 240 1633 135 ok
(KWH/m2)
(n/site = 30)
Heat Load Index 600 1.07 0.02 DF 600 1.08 0.03 573 1.10 0.04 600 1.07 003 AEF 1600 1.07 0.02 D 400 1.07 003 AD 1465 1.09 0.04 ok

(McCune and Keon)
(n/site = 200)

Terrain Roughness 600 20.03 14.16 EF 600 4379 4739 D 573 129.11 12351 600 35.52 40.84 BF 1600 1832 26.87 A 400 28.97 2271 AD 1465 88.04 55.16 ok
(n/site = 200)

Soil pH 12 806 0.10 BCDE 12 799 0.08 ACDE 12 790 020 ABE 12 8.12 0.09 ABEF 32 8.00 0.17 ABCD 8 835 0.09 DG 32 825 0.09 DF ok
(n/site = 4) G

Rock cover (%) 90 75 150 BDFG 90 136 178 ACF 90 171 201 BE 90 5.0 127  AFG 240 202 195 C 58 6.4 157 ABDG 240 6.4 11.6 ADF  ***
(n/site = 30)

Vegetation
characteristics

Proportion of dead 3 1250 3.82 3 16.94 1.27 3 9.16 5.77 3 10.28 3.36 8 10.21 3.69 2 542 412 8 833 523
adults (%)
(n/site = 1)

Adult density 90 1214 995 BCEF 90 1107 617 ACEF 90 1485 1032 ABG 90 322 440 240 956 941 ABF 60 1002 883 ABE 240 1706 1213 C ok
(plants/hectare)
(n/site = 30)

Juvenile density 90 2059 2282 BCDE 90 5527 6975 ACDE 90 5610 6173 ABDE 90 1271 1897 ABCE 240 4968 6981 ABCD 60 2510 2345 ABCD 240 11231 19983 ok
(plants/hectare) F F F E F E
(n/site = 30)

Adult basal area 360 105.9 380.6 CEG 360 370.4 838.1 CDFG 360 197.9 4449 ABEF 360 560.1 1724.2 BF 960 178.4 338.0 ACG 240 2249 4271 BCDG 960 169.5 317.0 ABCE ***
(cm2) G F
(n/site = 120)

Adult height (cm) 360 2357 126.8 360 464.9 294.9 360 3743 2143 DFG 360 354.8 300.1 CF 960 304.7 2282 240 359.3 2154 CD 960 414.1 2200 C il
(n/site = 120)

Juvenile basal area 360 5.6 9.6 E 360 3.6 6.8 DF 360 21 4.1 G 360 3.2 5.1 BF 960 4.7 9.1 A 240 49 8.4 BD 960 2.4 52 C ok
(cm2)




(n/site = 120)

Juvenile height (cm)
(n/site = 120)

Disturbance or
livestock factors

360

85.4

60.4 BCF

360

77.4

75.9

ACFG

360

735

82.4  ABFG

360

46.1 428 E

960

57.0

43.0 D

240

80.3

74.6

ABCG

960

70.4

76.1 BCF ™

Long-term stocking
rate (arb. scale 1-30)
(n/site = 1)

Distance to road (km)
(n/site = 30)

Distance to vehicular
access (km)
(n/site = 30)

Distance to house
(km)
(n/site = 30)

Distance to camp
(km)
(n/site = 30)

Distance to
waterpoint (km)
(n/site = 30)

Adult broken (avg. 1-
5 classes)
(n/site = 120)

Adult bent (avg. 1-5
classes)
(n/site = 120)

Bark stripping (cm?)
(n/site = no. of bark-
stripped individuals)

Juvenile browsing
intensity (avg. 1-5
classes)

(n/site = no. of
palatable individuals)

Adult browsing
intensity (avg. 1-5
classes)

(n/site = no. of
palatable individuals)

90

90

90

90

90

360

360

144

138

19.33

1.86

0.32

2.30

1.34

1.04

243

1.06

228.86

3.83

4.73

7.09 BCDE

133

030 D

1.28 D

1.12 CDE

0.75

121

0.39

448.68 CDFG

154

0.55

90

90

90

90

90

360

360

257

237

19.33

2.03

2.13

1.82

4.51

2.83

1.33

985.33

3.49

4.50

5.03

0.42

0.88

1.09

0.88

0.82

121

0.90

ACDE

CG

CFG

CFG

1336.4 CDEF

1.69

0.97

90

90

90

90

90

360

360

3

300

288

8.00

2.88

113

3.38

1.54

3.15

213

1.10

147.33

3.43

3.45

2.65 ABFG

1.04 B

0.65 BFG

1.25

0.66 ABFG

083 D

1.06

0.47

121.99 ABDE

1.69

1.35

90

90

90

90

90

360

360

22

279

273

25.00 7.81 ABEF

1.07 061

053 055 A

151 072 AB

120 073 AE

316 107 C

289 133

153 110

867.09 1211.5 ABCE

FG

419 143

481 054

240

240

240

240

240

960

960

121

610

562

21.63

0.73

0.68
1.09
0.86
2.78
2.97
1.25
1216.3
9

3.78

4.76

453  ABDF

0.46

0.47

0.63

045 AD

1.64

1.36

0.72

2209.7 BCDF

1.60

0.59

60

60

60

60

60

240

240

17

202

196

12.00

4.47

3.03

5.14

3.40

1.89

2.83

1.19

15.56

1.80

1.24

2.96

1.07

1.20

0.66

ABCD
EG

BCG

BCG

14155 4795.8 ABCD
9

3.78

3.71

1.55

1.49

EG

240

240

240

240

240

960

960

16

890

831

6.63

2.40

1.67

6.04

2.15

5.50

2.36

112

478.00

3.76

3.80

3.62 CF

1.41 B

0.98 BCF  ***

3.77

158 BCF =

279 B

1.05

0.48

967.71 ABCD *

EF

1.69

1.34
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Table 4.2. Synoptic table of the proposed habitat variants. Numbers represent percentage

frequencies and modified correlation indices multiplied by 100 (superscript). The correlation

indices refer to the strength of association betweespecies and variants. Significance of

correlation indices was tested using 999 permutations and all species with p = < 0.1 following
Sidakds correction are included under t-heir asso
variant association is highlghted in grey. Diagnostic species are indicated by significance

asterisks and were selected based on the significance of the association (p = < 0.05). Herbaceous

species with p = > 0.1 are not included.

Variant (cluster) A B

Number of sites 3 3 3 3 8 2 8

Mean woody species richness 15 18 25 19 16 17 20

Mean herbaceous species richness 14 16 20 18 17 14 18

Shannon Diversity Index 2.15 2.56 3.10 247 226 237 287

Number of diagnostic species 1 4 3 5 7 1 10 p-value

Cluster A: Dodonaea viscosa subsp. angustifolia shrubland variant

Woody plants

Dodonaea viscosa subsp. angustifolia 43,2518 . 123g5 26 75 ‘119 122.  -123g9g ‘1130007 **
Rhus somalensis 21 %% . 2913 44 . 29071 26. 29071 26 0,088
Cluster B: Cadia purpurea-Olea europaea forest variant

Woody plants

Cadia purpurea 0.6 4 286717 403 8901 °433 3311 740.007 *
Olea europaea subsp. cuspidata 07 3078 20114 %704 3°08 27- 5202 470,007 **
Croton confertus - %3 9p 808 #4017 1704 5325 05 11 310,007 *
Herbs

Oplismenus burmanni 0.4 Wl195288gg 43 32 04 . 09 10937 170028 *

Cluster C: Euclea racemosa-Jasminum grandiflorum shrubland variant
Woody plants

Euclea racemosa subsp. schimperi 24 %% 13 231012803 1. S9. 593 500007 **
Jasminum grandiflorum 35 %2 26 27 54 1206 3802 #8. 5502 500048 *
Pavetta longiflora - 2507 2019 W03. 250971 22. 25_  25(QQ7 **
Gomphocarpus fruticosus subsp. setosus 0.4 5 - 2013 8 _ 20_  20_ 20 20 901
Ficus vasta - 2506 157504 %02 - 2501 220,055
Woodfordia uniflora 06 ¥ . 26715 733 8. 2604 01 _ 260061
Azima tetracantha - %8 083z 4s . 08 08 08 08055
Herbs

Dichanthium annulatum 24 46 . 4337 43 2671 6. 43 430055
Arundinella pumila 11 72571 3488 18011 4615 5607 4754 57 0,061
Enteropogon dolichostachyus - 2807 451068 - 28. 23 23 230004

Cluster D: Maytenus dhofarensis-Ficus sycomorus woodland variant
Woody plants

Maytenus dhofarensis 3.1 5264 0551 1621826932 5013 8318 740,014 *
Ficus sycomorus - s s A8z . 18 18 180048 *
Calotropis procera - . . 104 80 . 20 10 100021 *
Herbs

Brachiaria eruciformis - 22 22 229 1013 01 227 120041 *
Blumea lacera - %8 08 08 47 . 08 08 080048 *
Blumea axillaris 1.1 32 02 2001 2821 7. B4 B4 340081

Cluster E: Jatropha dhofarica-Zygocarpum dhofarense sparse woodland variant
Woody plants

Jatropha dhofarica 3.8 56 17 8810 9932 64279%392 29 45 440,007 *
Zygocarpum dhofarense 25 %368 1074 19 14 821521110 8893 52 0,007 *
Adenium obesum _ 2.7 _ -2.7 0.4 -0.1 _ -2.7 26 135 _ -2.7 _ -2.7 0.007 **
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Herbs

Arthraxon junnarensis 52.2 135 26.6 20 17.811138.415051,1146 7.2 -16816,3-1310,007 **
Setaria sp. 26 4% - 50 5018 16 52 22090 “° 0.4 360.048 *
Dactyloctenium aegyptium -tz o2 12 2 72 . 2. 1209041 *
Orobanche dhofarensis 00 4. 06_ 06_ 067 32 .  06_ 060021 *
Dyschoriste dalyi - . 0. 20 103 50 . 0. 1009088
Cluster F: Broad-leaved Blepharispermum hirtum variant (Kirschner et al., 2004)

Woody plants

Blepharispermum hirtum 0.4 99 . W6gq 0396 9602 10334647780 %0 0.014 *
Herbs

Apluda mutica 29.92% 6.6 13415122 6.6 10%26.7%% 35.82°%18.9°03 0.075
Cluster G: Premnaresinosa-Hybanthus durus forest variant

Woody plants

Premna resinosa 01 2° - 3506 °903 2203 2°04 535 1B10.,007 *
Hybanthus durus - 785 4 36 %1 . 7836 01 31 0990 1190021 *
Euphorbia smithii 58 34 47 1254 26 13 5916 %223 3879 77 0021 *
Acacia senegal 06 7038 0343 0% 31 1705 7181 °° 6.8 %2 0.048 *
Delonix elata - e 6. 16 16 16094 27 0,7 54 0.081
Herbs

Launaea crassifolia 0.1 3502 2701 3. 88._. 3904 0944 1830007 **
Rungia pectinata 43 38 1191¢56 4 1.0 8006 9809 57 11.3'2%0.021 *
Lepidagathis calycina _ 23 23 _ 23 _ 2.3 _ 23 01 07 14 1200028 *
Megalochlamys violacea - 22092 06 22_  22_ 22_ 2219 160007 **
Barleria hochstetteri - a1l g4 69 0,007+
Ruttya fruticosa - 692 1301 03. 16gp 3. 1604 52 0048 *
Ruellia grandiflora - B®0g2 8. 80 80 _ 807 2622 1620061
Companion woody plants

Acacia gerrardii - 28 2828 2990 31 15 56 10 28 0,738
Acridocarpus orientalis - 40404 04 0407 21 0,003
Allophylus rubifolius 1.1 5336 1125 3486 %1 22 3944 % 68 53 0.126
Anogeissus dhofarica 25 86 44 5840 64165121129%7 92 12 89 08 0,204
Blepharis dhofarensis - 4708 1654 0. AT_ 4T _ 4728 53 0,463
Boscia arabica -2 22l 21 2l 13 81 05 22 0463
Caesalpinia erianthera - 06 06_ 06_ 06_ 06_ 0602 37 0871
Carissa spinarum 06 ¥ - 2308 3 01 %06 - 2302 120,690
Commiphora gileadensis 35 1614 5865 46 57 29 39 0719 48G9 54 0,276
Commiphora habessinica 13.93%% 35 °811,0°° 10.0° 16.0%¢ 9.8 16 12,824 0.446
Cordia ovalis - 8. 13071 0403 22071 0% . 1302 130823
Cordia perrottetii - 005050597 22 . 0507 12 0087
Ehretia obtusifolia - 08 08 08 08 08 083 47 0897
Flueggea virosa 0.1 2604 1201 2628 10901 30. 33710 1% 0,132
Grewia bicolor 03 . 174 24 . 1730 . 1703 % 0826
Grewia villosa - 96 . 06pq 85 . 06 06 06 060536
Hildebrandtia africana - 05 05 05 051 22 . 95071 120,083
Lawsonia inermis - %01 Q1 . 0871 0r. 05_ 090908
Rhamnus staddo - 96 . 06pq 85 . 06 06 06 060568
Searsia pyroides - %8 . 0871 19 . 08qgq 02. 087 1200925
Solanum incanum 85 3% 57 1358 1111858 60 0848 2828 410132
Tamarindus indica - 2. 2110 %5 01 0. 2106 28 0.2 000571
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4.4.1 Cluster A: Dodonaea viscosaubsp.angustifoliashrubland variant
Diagnostic speciefodonaea viscossubspangustifolia

Transgressive character speci@gluda mutica Arthraxonjunnarensis Impatiens
balsamina, Themeda quadrivalvis, Solanum incanum, Commiphora habessinica,

Euphorbia smithii

Figure 4.4. Dodonaea viscosaubsp.angustifolia shrubland

Dodonaeaviscosasubspangustifoliacan fam an almost continuous shrub layer, or

a shrublanegrassland mosaic, with few accompanying shrub and tree species, and
thus we propose shrublands dominated by this species such as those around Hafof,
Hakab Eirgaz and south of Hasal, as a distinct halmtaant. The absence of forest
cover is indicated by a low species diversity« 2.15) and the mean adult tree height
(236 cm), which was the lowest of all habitat variants. No diagnostic herbaceous
species were present in this variant. The results dE@w and the ANOVA indicate

this shrubland occupies areas with gentle gradients (mean of 10°), low terrain
roughness, and above average fog moisture levels. Accordingly, it occurs within the
monsoonrinfluenced zone between 400 and 800 m above sea lewekifHs of this
variant that we surveyed were heavily stocked with cattle soon after the Khareef,
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leading to soil compaction and desiccation cracks. Almogkradigeissusihofarica
trees had been subject to branch bending management practises, perhapthelue

close proximity to vehicular access routes.

4.4.2 Cluster B: Cadia purpureaOlea europaedorest variant
Diagnostic speciesCadia purpureg Olea europaeasubsp cuspidata Croton

confertus Oplismenu$urmanni

Transgressive character speci@aingia pectinata, Arthaxon junnarensis, Apluda
mutica, Arundinella pumila, Maytenus dhofarensis, Zygocarpum dhofarense,

Hybanthus durus, Solanum incanum

Figure 4.5. Cadia pupurea-Olea europaedorest variant

This tall mixed forest community attains an average height afda®d particularly

tall individuals  of Euphorbia  smithii, Croton confertus and
Oleaeuropaeasubsp.cuspidataare present, the latter growing to heightsls m.

Sapling O. europaeasubsp.cuspidata were rarely seen or recorded adhdia
purpureais highly abundant. The proportion of standing dead adult woody plants is
significantly higher than the other variants and mosses and lichens are abundant. This
forest occupies rugged, rocky terrain with a naturally terraced topography, on
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mediumgradient slopes (mean of 13°) between 600 and 900 m a.s.l. in areas of high
fog density. The forest grows on and around huge fallen boulders, some of which are
over 20 mirheight. It is the dominant habitat at the base of the plateau cliff in western
Jabal Qamar, from the Omafemen border in the west, to Shuzuff in the east (approx.
1000 hectares). Here, the cliff acts as a barrier to the incoming fog during the Khareef,
depositing considerable levels of moisture on this forest below. Elsewhere in Jabal
Qamar similar species assemblages occur in isolated fragments along gullies and
drainage channels at equivalent altitudes. Stocking rates were high across much of this
habitat due to its close proximity to the large villages of Sarfait and Godraphey.
Browsing damage was clearly visible on many species and branch management
practises had been carried out extensively ok dhofarica and

O. europaeasubsp cuspidata Cattle weremore abundant than camels due to their
ability to navigate the rugged terrain.

4.4.3 Cluster C: Euclea racemosalasminum grandiflorumshrubland variant
Diagnostic speciesEuclea racemosaubsp.schimperi, Jasminum grandiflorum,

Pavetta longiflora

Transgressive character speci@mdonaea viscosaubsp.angustifolia Maytenus
dhofarensis Zygocarpum dhofarenseeuphorbia smithii Blepharis dhofarensjs
Commiphora habessinicaCommiphora gileadensisSolanum incanum, Apluda
mutica, Arthraxon junnaresis, Arundinella pumila, Heteropogon contortus,

Oplismenus burmanni, Rungia pectinata
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Figure 4.6. Euclea racemosalasminum grandiflorumshrubland variant.

Species richness (31 of 42 recorded adult woodgispeand diversityH = 3.10) was
highest in this variant which exclusively harboured large individuals of uncommon
species such aBavetta longifloraand Rhus somalensisand large individuals of
usually stunted species suchtgbanthus durusand Zygocarpum dhofarensé@ he

large adult shrubs and trees were often clustered amongst boulders which neighboured
small grassland patches, which together repeated over terraced slopes, forming a
rugged, terraced grasslastrubland mosaic. The density of #dolants was high

(mean of 1485 plants/hectare) and in some flatter &eaiscosasubspangustifolia

was dominant. This speciegh shrubland occupied rugged, rocky and steep slopes
(mean of 22°) between 600 and 900 m a.s.l. in areas which recgivietels of fog
moisture during the Khareef season. Such areas include at the heads of wadis and
tributaries and at the base of cliffs, where fog accumulates. Examples of this variant
can be found in the large tributaries of Wadi Sayq such as south bbdfaand
Shershetty and beneath the cliffs to the
latter sites (21 and 27) stocking rates were low due to inaccessibility and only cattle
were taken here late in the season (January), however, with the receéntatiomsof
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a vehicular access route below the cliff more livestock have been brought here in
recent years.

4.4.4 Cluster D: Maytenus dhofarensid-icus sycomorusparse woodland
variant
Diagnostic speciesMaytenus dhofarensis, Ficus sycomorus, Calotropis gregc

Brachiaria eruciformis, Blumea lacera

Transgressive character speci@odonaeaviscosasubspangustifolia, Allophylus
rubifolius, Anogeissus dhofarica, Commiphora gileadensis, Commiphora
habessinica, Solanum incanum, Apluda mutica, Arthraxon junsere Themeda

guadrivalvis

Figure 4.7. Maytenus dhofarensig-icus sycomorussparse woodland variant

Woody plant density can vary substantially but is lower than all other woodland and
forest varants (mean of 322 adult plants pleectare).A common feature is the
existence of isolated mature individualsfofihofarica Ficus vasta, Ficus sycomorus
and Maytenus dhofarensisvhich results in the highest mean adult basal area of all
variants. The unpalatable specie€alotropis proceraand Blumea laceraare
diagnostic. This variamccurs at elevations between 200 and 808.s.l. in gently
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sloping areas with high fog moistuesels which can be easily accessed from nearby
settlements, such as the areas surrounding Hakab Eirgaa 8ireeq and nor
Dhalkut. Stocking rates and the browsing intensity of woody plants was the highest of

all variants.Most saplings were growingnder the protection of rocks, soils were

heavily compacted with desiccation cracks and there were numerous, often corrugated,
livestock trails. Palatable ground vegetation cover was mostly absent at six months
after the Khareef.

4.4.5 Cluster E: Jatropha dhdarica-Zygocarpum dhofarenseparse woodland
variant

Diagnostic specieslatropha dhofarica, Zygocarpum dhofarense, Adenium obesum,

Arthraxonjunnarensis, Setaria sp, Dactyloctenium aegyptium, Orobanche

dhofarensis

Transgressive character speciésiogeisus dhofarica, Commiphora habessinica,
Solanum incanum, Apluda mutica

Figure 4.8. Jatropha dhofaricaZygocarpum dhofarenssparse woodland variant

The succulentlatropha dhofaricaand the legumeZ. dhofarenseare widespread
species in Jabal Qamar and were recorded from all habitat variants. Nonetheless, they
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were markedly abundant and diagnostic for this var@aténium obesunvas almost
exclusive to this variant and. dhofaricawas the dominant tge tree species. This
sparse woodland habitat with high rock cover (mean of 20%) occupies the gentle
gradient plateau hills between 700 and 900 m a.s.l. thratdghkakhyut and eastern
Dhalkut, coveringan area of approximately 17,000 hectares. Extrenualigyr areas,
such as the hills around Shadat and Aghe
diverse herbaceous layer. Fog density is the lowest of all variants as the intensity of
the Khareef diminishes on the plateau and solar radiation is high.irgioakes were

the second highest of all variants and the majority of woody individuals showed
damage from browsing activity. Stocking rates are high because the plateau is easily
accessed by livestock from the numerous villages nearby (mean distanaesé¢o=ho

1.1 km).

4.4.6 Cluster F: Broad-leavedBlepharispermum hirtumvariant (Kirschner et
al., 2004)

Diagnostic specieBlepharispermum hirtum

Transgressive character specidatropha dhofarica, Acacia senegal, Anogeissus
dhofarica, Commiphora habessinica,|Aga mutica, Arthraxon junnarensis, Mitreola

petiolata
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Figure 4.9. Broad-leavedBlepharispermum hirtumvariant.

In gentlemediumgradient lowland areas (30800 m a.s.l.) with belowaverage fog
moisture leels, Blepharispermum hirturoan form an almost continuous shrub layer.
Soils are markedly alkaline (pH of 8.4) and rock cover is low (6%). The proportion of
standing dead adults (5.42%) is the lowest of all variants. In Jabal Qamar, substantial
areas ofhis habitat occur in the foothills below Sarfait and on the northern slopes of
Wadi Sayg. The former is severely degraded due to exceptionally high stocking rates
during the winter months whilst the latter is far from human settlements and subject
to low gocking rates. This variant has been previously identified and described by
Kirschneret al.(2004)

4.4.7 Cluster G: Premna resinoseHybanthus durusforest variant
Diagnostic speciePremna resinosa, Hybanthus durus, Euphorbia smithii, Acacia
senegal, Launaea crassifolia, Rungia pectinata, Lepidagathis calycina,

Megalochlamysiolacea, Barleriahochstetteri, Ruttya fruticosa

Transgressive character speciéggocarpum dhofarense, Blepharispermum hirtum,
Allophylus rubifolius, Anogeissus dhofarica, Commiphotaagiensis, Commiphora
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habessinica, Apluda mutica, Arthraxon junnarensis, Arundinella pumila, Rungia

pectinata

Figure 4.10. Premna resinosegHybanthus durusforest variant.

This forest variant had the secamighest species diversitd(= 2.87) of all variants

and can be easily identified from its high woody plant density (1706 adult
plants/hectare) and diversity of diagnostic herbaceous and subshrub species. It is
associated withelatively steep slopes (meaf 20°) in dry areas at elevations between

300 and 800 m a.s.l. and is widespread in Jabal Qdfieshstend tooutnumber
grasses and steeper areas are characterised by scattered herbs, bare red soils and a
shallow leaf litter.Large and reasonably intaexamples can be found in the mid
altitude escarpments of Rakhyut, and on the northern slopes of Wadi Sayq. Rock cover
is low (6%), soils are markedly alkalinpH of 8.25) and terrain roughness can be
high, although the terrain is not rocky and ruggedher steeply undulating with
numerous small wadis. Stocking rates are low as this habitat generally occurs a
substantial distance from human settlements (mean distance to house = 6.04 km). Six
species are transgressive with tBeadleaved Blepharispernmu hirtum variant
reflecting the similar environmental characteristics and the close syntaxonomical

relation between both communities.
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