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Abstract 

Achieving sustainable use of natural resources is the greatest challenge facing 

humanity today. Rangelands, which cover one-third to one-half of the earthôs ice-free 

surface, are frequently mismanaged, vulnerable to climate change, and in a degraded 

state, and their inhabitants are some of the poorest and most marginalized communities 

on earth. Despite over a century of scientific attention, we still lack an adequate 

understanding of how rangeland socio-ecological systems operate and how rangeland 

vegetation responds to abiotic and biotic variables.  

The Dhofar Mountains represent a rather unique rangeland case study, with atypical 

social, cultural, political, economic and ecological situations, which could provide 

valuable insights for rangeland science. Moreover, the Dhofar mountain region is 

understudied, globally unique, 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, this interdisciplinary research which utilises contemporary methods from 

the social, ecological and rangeland sciences, aims to firstly understand the social 

processes driving overstocking in rural Dhofar and secondly, assess the impacts of 

overstocking on vegetation communities. Data collection methods included 

interviews, questionnaires, participatory mapping exercises, vegetation sampling and 

remote sensing. Analytical procedures included qualitative coding, the application of 

a socio-ecological systems framework, multivariate analysis of vegetation 

communities and GIS spatial analysis.  

The results provide the first detailed analysis of the socio-ecological system 

surrounding pastoralism in Dhofar. We find that livestock ownership is principally 

motivated by strong pastoral values 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 livestock. Few livestock 

are sold and the expense means some better-educated or wealthier individuals are 

losing interest. By applying a socio-ecological system framework we identify 

variables inhibiting self-organization, which can be summarised as too many resource 

users in an unproductive system with undervalued resources.  
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Feedstuff provision is found to be a critical variable which deems many rangeland 

concepts inapplicable and maintains livestock populations beyond the carrying 

capacity of the environment. Subsequently, the rangelands, which receive reliable 

precipitation, exhibit equilibrium properties. Several decades of overbrowsing has 

increased the frequency of unpalatable species, decreased plant density, reduced 

advanced growth, altered population age structures, and altered plant 

phytomorphology through the damaging effects of management practises, bark 

stripping and browsing. 

We identify six new variants and a pre-described seventh variant of the Anogeissus 

forest. Our results suggest that two variants are the result of historical agricultural 

practises and deforestation, and long-term stocking rates are the primary driver of 

vegetation change across all variants. Finally, using a novel method, we calculate that 

seventeen percent of continuous-canopy forest has been lost in the study area and 

provide further evidence that unforested areas are the result of anthropogenic 

deforestation.  

Our findings contribute valuable insights for rangeland science and demonstrate the 

need for new case studies, and synthesis of concepts and theories, specific to 

pastoralism in the Middle East. Our findings highlight a requirement for an 

intervention to reduce livestock pressure on the rangelands in Dhofar. We propose a 

shift away from the status quo of unmanaged and unproductive overstocking to an 

economically and environmentally sustainable rural livestock production system 

through certification, sustainable intensification and 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 population by 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 billion (Robinson et al., 2011). Global 

livestock production has already responded to this increasing demand, primarily 

through a shift from extensive, small-scale, livestock production systems to more 

intensive, large-scale, specialized production units. Further intensification leads to 

higher levels of mechanization at which point production becomes óindustrialô 

(Robinson et al., 2011).  

It is estimated that livestock contribute to food security and poverty reduction amongst 

70 percent of the worldôs 1.4 billion extreme poor (Herrero et al., 2013), but livestock 

sector growth can threaten this role of livestock, as smallholders are squeezed out of 

market participation (Robinson et al., 2011). Livestock sector growth also increases 

greenhouse gas emissions, currently estimated at 14.5% of global emissions (Gerber 

et al., 2013) and crop production for livestock feedstuffs is inefficient both in terms of 

the land required (one third of global cereal production) and because the conversion 

efficiency of plant-based feedstuffs into animal matter is 10% (Godfray et al., 2010; 

Herrero et al., 2013; Mottet et al., 2017). Therefore, extensive livestock production 

systems, where feedstuff consumption is minimal, may be considered more 

sustainable, albeit less efficient, than industrialised livestock production (Godfray et 

al., 2010; Herrero et al., 2013). 

Increasing global livestock production through sustainable means will be a global 

challenge (Robinson et al., 2011; Nabarro & Wannous, 2014). Godfray et al. (2014) 

state the requirement for a radical overhaul in the 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 sustainable. Interdisciplinary research at the local scale 

is therefore valuable to inform sustainable intensification of agricultural production 

systems (Petersen & Snapp, 2015).  
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1.2 Rangelands 

Extensive livestock production systems predominantly occur in rangelands. They are 

areas that are too dry, too unreliable, too infertile or too remote to warrant intensive 

management (Stafford Smith, 1996). Rangelands encompass grasslands, savannahs, 

tundra, steppe, prairies, shrublands, deserts, woodlands and forests (Holechek, Pieper 

& Herbel, 2001) and cover one third to one half of the earthôs ice-free terrestrial 

surface (Sayre, 2017). Livestock production is the dominant use, indeed the absence 

of other uses is intrinsic to the definition of rangelands (Reynolds et al., 2007; Sayre 

et al., 2013; Sayre, 2017). Rangelands offer provisioning services such as freshwater 

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 tourism (Briske, 2017). 

Although productivity is low at a global scale, rangeland pastoral systems support the 

nutritional security and incomes of 1-2 billion people (Sayre et al., 2013), of which 

250 million are estimated to be affected by rangeland degradation (Reynolds et al., 

2007).  

1.3 Rangeland degradation 

Estimates of global rangeland degradation vary between 10 and 80 percent 

(Millennium Ecosystem Assessment, 2005; Sayre et al., 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) defined land degradation as óa reduction or loss of biological or economic 

productivity and complexityô. Rangeland degradation in arid, semi-arid and dry sub-

humid areas is popularly termed as desertification. The causes of rangeland 

degradation can be natural factors primarily associated with a variable climate or 

human-induced factors including overcultivation, deforestation, poor irrigation 

practises or overgrazing (Burns, 1995).  

Overgrazing was defined by Wilson and MacLeod (1991) as óa concomitant 

vegetation change and loss of animal productivity arising from herbivore grazing 

activityô, which importantly considers both ecological (óvegetation changeô) and 

economic (óproductivityô) effects. However, the term is often used interchangeably by 

different stakeholders (Perevolotsky & Seligman, 1998; Mysterud, 2006). For 
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example, conservationists may more readily assume overgrazing is taking place whilst 

livestock owners, landowners or governments with economic interests may not 

(Homewood and Rodgers, 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 

ecosystems. Woody plant encroachment coincided with a global intensification of 

livestock grazing which reduced herbaceous communities and thus the frequency and 

intensity of fires, facilitating woody plant encroachment (Briske, 2017). Three further 

shifts in vegetation community composition are frequently reported as a result of 

overgrazing. These are, shifts from palatable to unpalatable vegetation (Wardle, 2002), 

shifts in dominant grass species, and shifts between grass and forb dominance 

(Fernandez-Gimenez & Allen-Diaz, 1999).  

Grazing also impacts the ecohydrology of rangelands, although research shows that 

only under heavy grazing is soil infiltrability significantly reduced (Wood & 

Blackburn, 1981; Hiernaux et al., 1999; Savadogo, Sawadogo & Tiveau, 2007). 

Biological soil crusts are important, but often overlooked components of 

biogeochemical processes in rangelands, which are vulnerable to trampling from 

livestock (Belnap & Lange, 2003). In addition, the physical and chemical properties 

of soils can be altered due to changes in soil-plant relationships (Briske, 2017) and due 

to urination, defecation or compaction by livestock (Hiernaux et al., 1999; Drewry, 

Cameron & Buchan, 2008), the latter of which can result in decreased soil stability 

and increased vulnerability to erosion (Eldridge, 1998).  

In contrast to woody plant encroachment, browsing livestock such as goats and 

camels, or wild browsers such as deer, moose and elk, can reduce woody cover. The 

consumption of seedlings and saplings (by browsers and grazers) (Ripple et al., 2001; 

Côté et al., 2004; Staver et al., 2009) and the removal of reproductive components 

from adults (Augustine & Decalesta, 2003) are considered the main processes by 

which browsers maintain open ecosystems. In addition, a range of human activities 

can facilitate loss of woody cover and inhibit woody plant regeneration. A loss of 

shrubs and trees can negatively impact pastoralists through a loss of high-quality 

browse, shade for animals and people, protein source from seedpods and through a 

loss of productive and nutrient-dense herbs from the tree understory (Robin & Ellis, 



4 

 

1995). It has been suggested loss of woody cover can also affect local climate through 

a sustained decrease in rainfall (Schlesinger et al., 1990).  

Much of the literature focuses on livestock overgrazing in grassland ecosystems, 

whereas much less focuses on overbrowsing in wooded environments. At the time of 

writing, an online literature search returned 514 articles with óovergrazingô in the title 

and just 22 with óoverbrowsingô in the title. This may be due to the term overgrazing 

being used interchangeably, which is problematic due to the vastly different impacts 

that browsers and grazers can 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 overbrowsing is reduced woody plant 

cover (Asner et al., 2004). Studies on overbrowsing tend to focus on wild browsers, 

whilst few studies have addressed large browsing livestock such as camels, despite 

80% of their diet comprising of woody plants (Dereje & Uden, 2005).  

1.4 Advancements in rangeland science 

Rangeland science is one of the oldest fields in conservation yet despite over a century 

of scientific attention, rangeland degradation still persists (Herrick et al., 2010). This 

is in part due to the hampered progression of rangeland science itself, which for 

decades was founded upon two flawed theories (Sayre, 2017).  

The first was Clementsian or successional theory (Clements, 1916, 1920), whereby 

plant communities are at equilibrium with abiotic factors unless disturbed by 

exogenous (usually anthropogenic) drivers (Behnke, 2000; Vetter, 2005; Sayre et al., 

2012). Terms such as ócarrying capacityô, óstocking ratesô, órange conditionô and 

órangeland degradationô were typical of this thinking, and overgrazing was famously 

linked to rangelands in the USA (Herbel, 1979), Australia (Curry & Hacker, 1990) 

and Africa (Lamprey, 1983). However, this theory was found ill-suited to explain 

trends in many arid rangelands, and was replaced in the 1980s by the theory of 

equilibrium and non-equilibrium rangelands based on state and transition models of 

vegetation dynamics (Wiens, 1984; Ellis & Swift, 1988; Sayre, 2017). Non-

equilibrium models were found more applicable to arid rangelands, where climatic 

variability, rather than overstocking, was the principle driver of vegetation change 

(Scoones, 1995). Contemporary evidence now infers that many rangeland systems 
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may encompass elements of both equilibrium and non-equilibrium models (Stafford 

Smith, 1996; Oba, Stenseth & Lusigi, 2000; Vetter, 2005).  

The second was the theory of the tragedy of the commons (Hardin, 1968) which 

assumed that overstocking was inevitable in communally grazed systems (Herskovits, 

1926; Lamprey, 1983) This has since been challenged by numerous case studies where 

pastoralist mobility, self-organisation and adaptive management have sustainably 

governed the use of open access lands (Ellis & Swift, 1988; Westoby, Walker & Noy-

Meir, 1989; Ostrom, 1990; Scoones, 1995). This is thought to enable pastoralists to 

adapt to the spatio-temporal heterogeneity of forage resources which results from 

climatic variability in non-equilibrium rangelands (Scoones, 1995).  

Despite these advancements and our improved capacity to identify patterns at greater 

spatial and temporal scales (Reichman, Jones & Schildhauer, 2011), we still lack an 

adequate understanding of rangeland functioning due to ecological variability between 

and within rangelands (Lynam & Stafford Smith, 2004). Furthermore, the recognition 

that rangelands are complex socio-ecological systems, although valuable, does not 

provide a robust framework to inform conservation practise (Sayre et al., 2012). In 

addition, rangeland conservation has suffered from a research-implementation-

research gap (Knight et al., 2008) where practitioners have routinely failed to 

implement informed recommendations (Boyd & Svejcar, 2009) and both have failed 

to implement monitoring methodologies over time (Briske et al., 2011).  

As a result, rangeland conservation has yet to be effective (Lynam & Stafford Smith, 

2004; Sayre et al., 2012) but despite these shortfalls we now realise the importance of 

addressing rangelands on a case-by-case basis (Costanza et al., 1998; Grice & 

Hodgkinson, 2002; Reynolds et al., 2007). Furthermore, a substantial body of 

literature on rangeland and natural resource science has been synthesised by modern 

scholars into some promising theoretical frameworks enabling improved 

understanding and analysis of the sustainability of rangeland systems (e.g. Westoby, 

Walker & Noy-Meir, 1989; Ostrom, 1990, 2007; Scheffer et al., 2001; Gunderson, 

2002; Norberg & Cumming, 2008; Waltner-Toews, Kay & Lister, 2008).  
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1.5 Rangeland systems of the Arabian Peninsula 

Pastoralism in the Arabian Peninsula is thought to have established amongst hunting 

communities in the southern mountain areas in the late seventh millennium BC with 

the introduction of herd animals from Africa (Petraglia & Rose, 2010). These 

traditional mobile pastoral systems, like those of the whole Middle East and North 

Africa (MENA) region, remained stable throughout most of their history (Galaty & 

Bonte, 1991), responding to short term variation in climate and forage availability 

(Schwartz, 2005). Today the MENA region is home to over 600 million people; about 

one third of the worldôs dryland population (Winslow & Thomas, 2007). Since the 

early twentieth century livestock numbers have increased alongside modernization, 

population growth and widespread national land reforms. Traditional land 

preservation systems such as the harim (preservation of natural environments) and 

hema (protection of resources for use) have broken down and open grazing systems 

have ensued (Blench, 1995; Gallacher & Hill, 2008; Louhaichi & Tastad, 2010). The 

increased use of four-wheel drive vehicles and supplementary feedstuffs has placed 

greater pressure on rangelands (Sidahmed, 1992; Blench, 1995; Thomson et al., 2000; 

Louhaichi & Tastad, 2010).  

It has been estimated that 85% of rangelands in the MENA region are degraded (Lal, 

2002) and that over 90% of the total land area of the Arabian Peninsula suffers some 

form of desertification, and 44% is severely degraded (Peacock et al., 2003; 

Breulmann et 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, unsustainable supplementary feed 

production, and reluctance amongst livestock owners to sell surplus unproductive 

animals (Peacock et al., 2003). In many MENA countries, camels which are no longer 

required for transport, have been replaced by more profitable livestock like goats and 

sheep (Sidahmed, 1992; Blench, 1995). However in the Arabian Peninsula, 

particularly in the UAE, Saudi Arabia and Oman, camel ownership has increased as a 

secondary income or a hobby, and predominantly due to social and cultural reasons 

(Gallacher, 2010). To provide an idea of the popularity of camels in these Arab 

nations, we call attention to the 57 million USD of prize money won at the 2018 King 

Abdulaziz Camel Festival in Saudi Arabia. We have a poor understanding of the 

motivations for livestock ownership (which will vary between countries, regions and 
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families) and of the socio-ecological systems surrounding modern pastoralism, 

including its ecological impacts, in the Arabian Peninsula.  

1.6 Pastoralism in the Dhofar Mountains 

In the Sultanate of Oman, the Al Hajar Mountains (near Muscat) in the north and the 

Dhofar Mountains (near Salalah) in 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 the Al Mahra Governorate in Yemen and the Dhofar 

governorate in Oman (Figure 1.1).  

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 & Fisher, 1998). Most of the precipitation is received during the southwest 

monsoon, known locally as the Khareef. Between June and September, south-western 

winds cause an upwelling of cold deep sea water off the coast, lowering the sea 

temperature to c. 18 degrees. 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 the desert (Whitehead et al., 1988).  

The Khareef fog supports the Hybantho durae-Anogeissetum dhofaricae (Kürschner 

et al., 2004), a drought-deciduous forest community endemic to Al Mahra and Dhofar 

(Kürschner et al., 2004; Hildebrandt & Eltahir, 2006, 2007, 2008; Friesen et al., 2018), 

which we refer to herein as the Anogeissus forest. It has been labelled a ócloud forestô 

as the estimated quantity of water captured through horizontal precipitation by the 

endemic and dominant Anogeissus dhofarica tree (250% more than rainfall) is 

amongst the highest recorded for any tree species (Friesen et al., 2018). The density 

of the Khareef fog is much higher a few meters above than close to the ground (Price, 

Al-Harthy and Whitcombe, 1988; 34-35 l/m2 per day at 4.2 m, 13 l/m2 at 0.9 m height) 

and thus trees capture substantially more water than grasses. Hildebrandt 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 south-east Arabian Peninsula showing the 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 part of the Horn of Africa biodiversity hotspot (Mittermeier 

et al., 2004). At least 817 vascular plant species have been described from the Dhofar 

region, of which 145 are endemic, near endemic or regionally endemic (Patzelt, 2015). 

The critically endangered Arabian leopard Panthera pardus nimr has a global 

stronghold in Dhofar (Spalton et al., 2006; Breitenmoser et 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 threatened Arabian subspecies 
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of wolf Canis lupus arabs, hyena Hyaena hyaena sultana and caracal Caracal caracal 

schmitzi, and other smaller mammals, as well as globally important bird (Ball, Al 

Fazari & Borrell, 2015) and endemic reptile (Ball & Borrell, 2016) populations also 

persist.  

This ecological richness, supported by the annual Khareef fog, has enabled 

pastoralism in the region for millennia. Prior to the 1960s, the pastoral communities 

of Dhofar lived traditional semi-nomadic lifestyles. They relied on their small herds 

of livestock for nutrition and survival. Dhofar at this time was an independent province 

from the Sultanate of Muscat and Oman and exploited under the rule of Sultan Said 

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

the following years, the rebellion grew stronger, supported by South Yemen and 

China, and by 1970 rebels controlled the entire Dhofar Mountains. 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 January 1976 (DeVore, 2012). One 

pivotal factor that ceased the rebellion was the offer of amnesty to the rebels and the 

promise of a job in the Sultanôs óFirqatô military forces. The Firqat centres remain 

operational and offer employment to many livestock keepers in rural areas today. This 

relatively recent political turbidity is practically undetectable in the fabric of todayôs 

society but the almost instantaneous nationwide development that occurred thereafter, 

driven by oil revenue, shaped modern Oman and had pertinent effects on the trajectory 

of pastoralism in the Dhofar region.  

Since the 1970s livestock 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, cattle, and to a lesser extent goats, by rural 

pastoralists (Lamprey, 1976; Lawton, 1978; Oman Office of the Government Adviser 

for Conservation of the Environment, 1980; Wilson & MacLeod, 1991; Ghazanfar, 

1998; Peacock et al., 2003; Hedges & Lawson, 2006; Tardelli & Raffaelli, 2006; 

Directorate-General of Nature Conservation, 2010; El-Mahi, 2011b). There are 

concerns current stocking rates are reducing biological productivity (Peacock et al., 

2003) and the efficiency of ecosystem services (Kürschner et al., 2004; Galletti, 2015), 

and undermining biodiversity conservation efforts (Spalton & Al Hikmani, 2014; Al 

Hikmani et al., 2015; Ball, Al Fazari & Borrell, 2015). It has also been reported that 
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the rangelands are becoming dominated by unpalatable species, as palatable species 

fail to regenerate (Ghazanfar, 1998; Peacock et al., 2003; Ministry of Regional 

Municipalities Environment and Water Resources & UNEP & UNCCD, 2005; Patzelt, 

2012). Hildebrandt & Eltahir (2008) state that camel and cattle browsing has led to 

loss of woody cover, and facilitated forest-grassland transitions. This is particularly 

concerning given the importance of horizontal precipitation capture to the mountain 

ecohydrology and the local water economy (Kürschner et al., 2004; Hildebrandt & 

Eltahir, 2006, 2008).  

Data for the whole of Oman shows an increasing trend in cattle and camel populations 

(Figure 1.2), but there is no accurate long-term data on livestock numbers in Dhofar 

due to insufficient sampling and unreliable data collection. However, the increase in 

livestock populations in Dhofar since the 1970s has been described as dramatic and 

exponential (A Spalton 2014, personal communication, 10 August).  

 

Figure 1.2. Available long-term and short-term livestock numbers datasets for Oman. FAOStat: 

(FAO, 2013), NCSI: (Oman National Centre for Statistics and Information, 2017b), FAO 

profile: (Al -Mashaki & Koll, 2007). FAOStat data for the 1970-80s is mostly FAO estimates. 

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

reports and action plans that included objectives to address overstocking in Dhofar. 

Notable projects include HTSL (1978), GRM International (1982), Janzen (1990), 

JICA (1990), Mott MacDonald International Ltd. (1991), Al-Kuthairi (1992), 
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ESCWA, UNEP & FAO (1993) and Ministry of Regional Municipalities Environment 

and Water Resources & UNEP & UNCCD (2005). In the period 1984-1993, the 

óPlanning Committee for Development and Environment in the Southern Region 

(PCDESR)ô, made up of international planning, socio-economic and ecological 

specialists produced a number of valuable reports and technical working papers. Most 

notable of these are the Regional Development Plan (WS Atkins International, 1989) 

and Sub-Regional Land Use Plans (WS Atkins International, 1990) designed to 

support and coordinate sustainable development, including objectives to tackle 

overstocking (Whitcombe, 1998). In 1993 the PCDESR was subsumed within a 

national planning agency and the momentum towards sustainable livestock 

management was lost. Despite their value these reports were underutilised by the 

government.  

The government of Oman has made some efforts to tackle overstocking. Destocking 

programs were conducted in 1983-1989 and 2000-2003, the latter in coincidence with 

the National Symposium on Desertification in Dhofar (Ministry of Regional 

Municipalities Environment and Water Resources & UNEP & UNCCD, 2005). The 

government bought 90% of each camel herd, but the majority of livestock owners gave 

false herd size information 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 Oman (GRM International, 

1989) to conduct a study to compare the biomass of forage within and outside the 

exclosures. They found the exclosures yielded 81% more forage. Unfortunately, these 

results did not motivate management actions and the exclosures have since fallen into 

disrepair. Overall, these projects and interventions have had a negligible impact on 

inhibiting livestock population growth in Dhofar.  

1.7 The study area ï Jabal Qamar  

Three separate mountain ranges constitute the Dhofar Mountains (Figure 1.3 inset 

map). These are, from West to East, Jabal Qamar (highest altitude 1393 m), Jabal Qara 

(1277 m) and Jabal Samhan (1765 m). This research is focused on Jabal Qamar, where 

the first author has conducted research for the last seven years.  

Jabal Qamar receives more precipitation than the other mountain ranges and boasts 

the highest botanical diversity (515 vascular species) of any area in Oman (Patzelt, 



12 

 

2015). Variants of the drought-deciduous Anogeissus forest (Kürschner et al., 2004) 

are dominant on the south-facing escarpments, with sparse A. dhofarica woodland and 

grasslands (dominated by Arthraxon spp., Apluda mutica and Themeda quadrivalvis) 

in flatter areas. Grasslands in the monsoon-influenced zones of the Dhofar Mountains 

have been considered a result of historical forest clearance in favour of pastures for 

cattle (Kürschner et al., 2004). At elevations over 1000 m a.s.l. the Euphorbia 

balsamifera cushion 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 bottom to top, the Umm Er Radhuma (UER), the 

Rus (RUS) and the Dammam (DAM) formations (Friesen et al., 2018). 

Jabal Qamar comprises two administrative districts, the Wilayah of Dhalkut (west) 

and the Wilayah of Rakhyut (east). The 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 Sayq (Ball, 2014; Ball, Al Fazari & Borrell, 2015; Ball & 

Borrell, 2016). Our study focused on the mountaintop plateau and southern mountain 

slopes (the monsoon-influenced area south of the main Highway 47) between Sarfait 

at the Oman-Yemen border in the West, to the village of Shaôat at the eastern end of 

the mountain range. We did not study the northern desert slopes (Nejd) as few people 

and livestock reside there.  

There are seventy-five permanently and ten seasonally (Khareef) inhabited villages in 

Jabal Qamar (Figure 1.3) with a total human population of 7,799 (Oman National 

Centre for Statistics and Information, 2017a). Livestock-owning 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, 2017b). Based on 

these statistics livestock outnumber people 7 to 1. Camels are moved in a 

transhumance system to the mountain plateau during the Khareef to avoid soft mud 

and biting flies (El-Mahi, 2011a).  
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Figure 1.3. Map of Jabal Qamar showing locations of settlements, watering points, seasonal camps, roads and vehicular trails, 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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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 poorly-educated males work at Firqat centres which have persisted 

since the Dhofar rebellion, or in other government-paid positions such as school bus 

drivers. Better educated males are generally in higher-earning employment such as 

high-ranking government positions, teachers in higher education, or owners of private 

businesses (H Al Hikmani 2018, personal communication, 10 September). 

Unemployment levels are high among young adults and jobs in public-facing roles in 

public sector services such as restaurants and garages are filled by expatriate workers. 

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 atypical social, 

cultural, political, economic and ecological situations, which could provide valuable 

insights for rangeland science. The rangelands provide valuable ecosystem services to 

the local population, yet the threat of overstocking, despite being well-recognised, has 

received little scientific attention. In addition, the Anogeissus forests are understudied, 

unique on a global scale and support a wealth of endemic and/or threatened 

biodiversity. Therefore, this thesis which utilises contemporary methods from the 

social, ecological and rangeland sciences, aims to (1) understand the social processes 

driving overstocking in rural Dhofar and (2) assess the impacts of overstocking on 

vegetation communities.  

This study is interdisciplinary, combining a mixed-methods approach from the social 

sciences (Chapter 2) with multivariate analysis of vegetation communities (Chapter 3 

and 4), and remote sensing and plant species distribution modelling (Chapter 5). It 

represents the first detailed analysis of overstocking in the region and therefore aims 

to provide evidence to inform local decision making and to provide a foundation upon 

which to build future research for regional development and conservation.  

Chapter 2 uses a mixed-methods approach from the social sciences, and a socio-

ecological systems framework, to identify variables driving overstocking in Dhofar. It 

also serves to provide a detailed description 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 mixed-effects models, with a focus on the effects of stocking rates on 

species composition and structure of the woody plant layer.  

Chapter 4 identifies and describes six new habitat variants of the Anogeissus forest 

using cluster and indicator species analysis and reviews associated topoclimatic 

conditions, vegetation characteristics and disturbance factors.  

Chapter 5 employs a novel method to quantify long-term deforestation in the study 

area. Species distribution models are stacked to provide a historical baseline range of 

the Anogeissus forest 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 discussion (Chapter 6) we summarise our key findings, discuss our 

contributions to rangeland science and examine the implications of our research for 

local conservation. We highlight avenues for future research and propose a concept 

for sustainable intensification of livestock production in Jabal Qamar.  
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2.1 Abstract 

Livestock numbers in the Dhofar Mountains 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 a mixed-methods 

data collection approach with livestock keepers and applied a socio-ecological systems 

framework to understand the social processes motivating livestock ownership and the 

endogenous and exogenous forces leading to overstocking. Thirty-four framework 

variables were found to be relevant. Our results reveal how 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 rangelands, leaving little incentive for self-

organization, collective action or sustainable use. We 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 the wealthy or better educated 

population. Some of these processes have been recognised in previous studies, whilst 

some are unique, but their amalgamation in Dhofar results in a novel, and ultimately 

destructive pastoral system ï a situation which requires urgent attention 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 the Government Adviser for 

Conservation of the Environment, 1980; Wilson & MacLeod, 1991; Ghazanfar, 1998; 

Peacock et al., 2003; Kürschner et al., 2004; Tardelli & Raffaelli, 2006; Hedges & 

Lawson, 2006; Directorate-General of Nature Conservation, 2010; El-Mahi, 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 forests (Kürschner et al., 2004; Hildebrandt & Eltahir, 2006, 2007, 2008; 

Friesen et al., 2018) and that overstocking is undermining biodiversity conservation 

efforts (Al Hikmani et al., 2015), especially concerning the critically endangered 

Arabian leopard Panthera pardus nimr (Spalton & Al Hikmani, 2014).  
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Numerous reports 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., 1991; Al-Kuthairi, 

1992; ESCWA, UNEP & FAO, 1993; Ministry of Regional Municipalities 

Environment and Water Resources & UNEP & UNCCD, 2005), yet recommendations 

on topics such as commodification, zonation and reforestation have not translated into 

national policy (Whitcombe, 1998). A requirement now exists for an updated evidence 

base to inform policy decisions which utilises modern developments in community-

based and socio-ecological system (SES) research approaches. 

In the past, scholars might have been quick to blame overstocking in Dhofar on a 

ótragedy of the commonsô scenario. However, in recent decades this theory has been 

challenged and replaced by an appreciation of distinct processes operating at multiple 

levels which govern the sustainability of rangeland use. For example, mobility and 

freedom of movement in open access rangelands can be critical to sustainable use 

(Fernández-Giménez, 2002; Moritz, Scholte, et al., 2013) and local self-organization 

and collective action often successfully governs use of common-pool resources 

(McCabe, 1990; Ostrom, 1990; McPeak, 2005). Processes such as these, derived from 

the common components of decades of resource system studies, informed Ostromôs 

socio-ecological system (SES) framework (Ostrom, 2007; McGinnis & Ostrom, 

2014).  

The SES framework provides a general list of concepts that can be used to analyse a 

range of socio-ecological systems (SESs). It was designed to build a common 

vocabulary and structure for policymakers and scholars in varying disciplines to 

develop a coherent mode of analysis of complex SESs (Ostrom, 2007; Ostrom & Cox, 

2010; Hinkel, Bots & Schlüter, 2014; McGinnis & Ostrom, 2014). One of the 

attractions of this framework is its flexibility when being applied to different systems 

where new processes, pathways, sub-categories 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 ecological systems (ECO) and 

social-political-economic settings (S) (Figure 2.1). At the centre of the framework are 

the focal action situations where inputs are transformed by the actions of multiple 

actors through interactions (I) 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 relevance of which depend on the 

study system and research question (McGinnis & Ostrom, 2014).  

In this article we have applied Ostromôs SES framework to analyse the pastoral system 

in Jabal Qamar in western Dhofar which has been the primary focus of the first 

authorôs research over the last seven years. Our research question was: which social 

processes have led to overstocking and subsequent environmental degradation in 

Dhofar?  

 

Figure 2.1. The first-tier categories of Ostrom (2007) socio-ecological systems framework 

including refinements made by McGinnis 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 southern coast of 

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 

(Whitehead et al., 1988; Ghazanfar & Fisher, 1998), providing moisture for a globally 

unique south Arabian forest community with high levels of biological diversity and 

endemism (Ghazanfar, 1998; Kürschner et al., 2004; Hildebrandt & Eltahir, 2006; 

Mosti, Raffaelli & Tardelli, 2012; Ball & Borrell, 2016), which has provided forage 

resources for pastoralism for millennia (Petraglia & Rose, 2010; El-Mahi, 2011b).  
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This study was conducted in Jabal Qamar, the western-most mountain range in Dhofar 

(Figure 2.2), which comprises two administrative districts, the Wilayah of Dhalkut 

(west) and the Wilayah of Rakhyut (east). There are seventy-five 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, 2017a). Livestock-

owning 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 in Jabal Qamar (Oman National Centre for Statistics and 

Information, 2017b). Based on these statistics livestock outnumber people 7 to 1.  

 

Figure 2.2. Map of Jabal Qamar showing locations of settlements, watering points, seasonal 

camps, roads and vehicular trails, overlaid on a vegetation 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 poorly-educated males work at Firqat centres, formerly known as the 

óSultanôs Firqat Military Forcesô, which have persisted since the Dhofar rebellion 

(1962-1976) (DeVore, 2012), or in other government-paid positions such as school 

bus drivers. Better educated males are generally in higher-earning employment such 

as high-ranking government positions, teachers in higher education, or owners of 
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private businesses (H Al Hikmani 2018, personal communication, 10 September). 

Unemployment levels are high among young adults and jobs in public-facing roles in 

public sector services such as restaurants and garages are filled by expatriate workers. 

Regarding livestock husbandry, men usually tend to the camels and cattle and women 

usually tend to the goats.  

2.4 Methods 

We employed a mixed-methods approach involving semi-structured interviews, 

participatory mapping exercises and socio-economic and Likert questionnaires with 

livestock keepers in Jabal Qamar between April 2016 and September 2016. Three 

government officials and a feedstuff company manager were also interviewed and 

multiple in-depth interviews took place with an additional government official who 

worked in conservation and was formerly a 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 SES (Shaffer, 2013). Topics such as socio-

demographics, livestock ownership, and household economics suited quantitative data 

collection methods, whilst qualitative methods acquired detailed accounts of the socio-

cultural processes and wider political and economic forces influencing livestock 

keeper attitudes and behaviours. In addition, the mixed-methods approach suited the 

unpredictability of the work timetable and logistics which arose from using a 

translator/facilitator, and enabled us to carry out within-subject, between-subject and 

cross method triangulation to ensure our findings were trustworthy (David & 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 and spoke the local dialect of Jabali, and provided real-time 

translation. During 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 guests and shown hospitality, with their needs met to ensure their happiness 

and wellbeing. Previous research by the author has found this can raise issues when 

working with a new translator or facilitator, wherein there is a risk that information 

could be changed in translation in order to minimise offence to the visiting researcher. 

Thus, for this study the researchers did not divulge their environmentalist views on the 
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issue of overstocking in order to minimise the risk of biased translation. In addition, 

the translator was quickly incorporated into the research team and briefed on the 

purpose and objectives of the research to curtail the host-guest relationship. It 

transpired that the translator eventually comprehended the personal pro-conservation 

views of the researchers. However, by this stage researcher-translator rapport had been 

built and the reliability of the translator was no longer under question. Helpfully, the 

translator was familiar with principles of scientific rigour having studied as 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 and in all cases the 

translation was triangulated and found reliable.  

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 responses would be confidential and anonymous. Ethical considerations 

followed the guidelines of the American Anthropological Association (AAA). 

Interviews with young people (ages 14ï17) followed the guidelines of the World 

Association of Opinion and Marketing Research Professionals (ESOMAR). No 

children under the age of 14 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 currently kept 

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 socio-economic 

questionnaires and interviews. Efforts were made to sample a greater number of 

households in large villages, known as probability proportional to size (Newing, 

2011). Seven of the 84 interviews were referrals (snowball sampling) where an 

informant encouraged the research team to speak with friends or family and twenty-

six were opportunistic when livestock keepers were encountered away from 

households; for example, when carrying out livestock husbandry. Most informants 

were males due to the cultural barriers of speaking with females but fortunately males 

are predominantly involved 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 analysis methods 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
Age2, gender0 Years, m/f 0Descriptive statistics

Village of residence1 Village of residence

Residential status0 Since village was 

founded/since 

birth/visiting family/new 

resident

1Mann-Whitney test of 

herd size vs. rurality 

(Wilayah of residence) 

(N=198)

Household size3 Small (<4 residents), 

medium (4-8 residents), 

large (> 8 residents)

2Spearmanôs rho of age 

vs. herd size (N=198)

Herd sizes01234 Head of livestock 3Kruskal-Wallis test of 

household size vs. herd 

size (N=198)

Production and use of livestock 

products
0

Livestock, 

meat/milk/ghee/hide, for 

sale/use at home

4Spearmanôs rho of 

livestock sales vs. herd 

size (N=72)

Livestock sales04 and prices Animals sold per year, 

average sale price in 

OMR

Profit/loss from livestock 

keeping

OMR per year Unreliable - omitted from 

analysis

Do your children help now?0 Yes/No

Will your children help in the 

future?0

Yes/No

Likert questionnaires Age2, gender0 Years, m/f 5Chi-squared test of 

household size vs. 

household income 

(N=126)

Village of residence1 Village of residence 6Kruskal-Wallis test of 

herd size vs. household 

income (N=126)

Household size35 Small (<4 residents), 

medium (4-8 residents), 

large (> 8 residents)

Herd sizes01236 Head of livestock

Household income0156 High/medium/low

Test agreement with Likert 

items (Appendix 1) to elucidate 

prevalence of attitudes and 

behaviours.

Classification and 

regression tree (CART) 

analysis. New tree 

produced with each 

statement and 

demographic data field 

appointed as response 

variable. 

Semi-structured 

interviews

Qualitative notes Coding and production of 

a dynamic conceptual 

framework (DCF). 

84 households in 37 

villages (45% of villages); 

82 male; 2 female; aged 

14-80 years. 

Participatory mapping 

exercises

GIS feature layers with 

attributes 

Cartographic 

representation in GIS.

8 mapping exercises in 7 

villages

Spatial and temporal 

arrangement of livestock activity 

and changes in regimes.

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). 

126 households in 18 

villages (22% of villages); 

73% male, 27% female; 

aged 16-70 years 

(median = 35, 

interquartile range = 18-

45, mean = 33.4 ± SE 

1.28).

Rank reasons why keep 

livestock; rank problems 

associated with livestock 

keeping; why and how people 

keep livestock and overstocking 

within the contexts of 

governance, economics, culture 

and husbandry.
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Figure 2.3. The number of households in each settlement (shown in plot area) and the number 

of households sampled in each of the four survey methods.  
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The data collection methods, sample sizes, types of data acquired and analysis 

methods are summarised in Error ! Reference source not found.. Error! Reference 

source not found. illustrates the proportion of households sampled in each village and 

Figure 2.4 shows the spatial distribution of each data collection method. In Table 2.2 

we provide generalised descriptions of the knowledge and behaviour of different age 

classes when interacting with the research team.  

Socio-economic questionnaires were administered during face-to-face meetings with 

livestock keepers and prior to any interviews. The first section of the questionnaire 

collected basic socio-demographic information and the second and third sections 

sought information related to husbandry, economics and livelihoods (Error! 

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 interviewee. The interviews followed a 

loose framework to allow freedom to informant narratives to identify unexpected 

social processes and peculiarities (Newing, 2011). The basic structure of the interview 

involved ranking of motivations for livestock keeping and the problems faced (Error! 

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 policy, economics, culture and husbandry. The research assistant 

transcribed qualitative responses from the interviews real-time, whilst the interviewer 

took targeted notes.  
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Figure 2.4. A map showing pie charts of the spatial distribution and relative number of 

participants involved in semi-structured interviews, socio-economic 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 16ï35) 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 35ï50) 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 participatory mapping exercises, which sought to understand the spatial and 

temporal arrangement of grazing regimes (Error! Reference source not found.) were 

conducted with individuals or groups of participants. Contrary to conventional 

principles of participatory research, participants were not fully aware of the research 

aims and views of the researchers, in order to ensure reliable spatial data was provided. 

Participants made annotations on A0-size laminated 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 resolution of < 1 m 

provided sufficient detail on the basemap to enable 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 generation were more comfortable with the 

process, being accustomed to using touch-screen devices. Having the informant map 

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

paper maps where accuracy of spatial information can be lost (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 household across all schools in the study 

area. The questionnaires instructed the adult member of the household most involved 

in livestock keeping to complete the questionnaire. Of 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 informed by the findings of the qualitative research and used to test the extent to 

which pastoralists agreed or disagreed with specific statements. This enabled us to 

elucidate the prevalence of particular attitudes and behaviours across a larger sample 

size. A response option of óneutralô was not included to force respondents to commit 

to an agreement position. Socio-demographic data was also collected (Error! 

Reference source not found.). Socio-demographic and herd size data was pooled 

from both questionnaires and analysed in R Studio (R Core team, 2013) using the 

methods summarised in Error! Reference source not found..  

Classification and regression tree (CART) analysis was conducted on the Likert 

questionnaire data (Appendix 1) in R Studio (R Core team, 2013) using the órpartô 

package (Therneau, Atkinson & Ripley, 2017) 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 robustness of the relatively 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 parameters. Several 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, the analysis for óWilayahô (local 

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 research questions or data collection or to 

organize or analyse findings or any combination of these (Ostrom, 2009). We applied 

the SES framework predominantly to discuss our findings in relation to existing 

resource-use concepts and to understand the complex and multi-level aspects of our 
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study SES (Hinkel, Bots & Schlüter, 2014). Given the importance of avoiding a one-

size-fits-all approach to SES research (particularly pertinent for studies on 

pastoralism) and to avoid manifestation of the framework variables in our inductive 

data collection approach, we applied the SES framework post hoc. Additionally, we 

believe this enables better testing of the applicability of the SES framework to new 

systems.  

Consequently our analytical procedure was as follows. The qualitative data 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 constructed to 

map the themes and their interrelatedness (Appendix 2). Themes of interest, with 

conflicting responses or with unexplained phenomena were revisited with 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 framework variable 

codes were assigned to our themes or new codes were created for unclassifiable 

themes.  

All framework variables were considered potentially applicable before specific 

variables were selected based on themes in the DCF. Thirty -four second-tier 

framework variables were identified to be important properties in our SES related to 

overstocking and environmental degradation ( 

 

 

 

 

 

 

 

 

Table 2.3). Twenty-three variables were either absent from or not pertinent to the study 

SES or not relevant to the research question. Three third-tier variables were developed 

for ECO3 to classify provisioning, regulating and cultural ecosystem services which 

represent flows into and out of the focal SES. Two third-tier variables were developed 

for A2 to differentiate wealth and education as socioeconomic attributes of the 

resource users. An additional second-tier interaction variable termed óreinforcement 

activitiesô was created to account for the cultural reinforcement effects of camel 

competitions. Here, we present and discuss our results under three central umbrella 
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themes which were core components of the DCF: governance, culture and economics. 

The framework variable codes are cited in-text, as in Nagendra & Ostrom (2014).  

 

 

 

 

 

 

 

 

 

Table 2.3. Description of the 57 variables in the social-ecological system (SES) framework and 

justification for the inclusion (34) or exclusion (23) of the variables in our study. Boldface font 

indicates variables included in our analysis. 

Category   
  

Variable Code Variable Name 
 

Social, Economic, and Political Settings (S) Used  Reason for inclusion/exclusion 

S1 Economic development Yes Rapid economic development has 
transformed pastoralism.  

S2 Demographic trends Yes Attitudes and actions vary within 
the population. 

S3 Political stability No No notable political instability affects 
pastoralism.  

S4 Other governance systems No Other governance systems not 
relevant.  

S5 Markets 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.  

S6 Media organizations No Media not interested in livestock 
activities.  

S7 Technology Yes Feedstuff manufacturing and 
distribution. Four-wheel drive 
vehicles have affected livestock 
management techniques. 

Related Ecosystems (ECO)  
  

ECO1  Climate patterns  Yes Climate affects growth rate and 
spatial and temporal distribution of 
RU (RU2 and RU7).    

ECO2  Pollution patterns No Pollution not pertinent to overstocking.  

ECO3  Flows into and out of focal 
SES 

Yes Ecosystem services. 

ECO3a Provisioning services Yes Water, fire wood, frankincense, non-
timber forest products (e.g. honey, 
mushrooms, fruits and seeds) and 
livestock forage resources.  

ECO3b Regulatory services 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, 
pasture, fish) 

No A rangeland system.  

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 
facilities 

Yes Livestock management features 
(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 
dynamics 

No System dynamics such as climate are 
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 
units 

No Interaction may exist between 
herbaceous (grazing) and woody 
(browsing) forage resources, but not 
pertinent to this discussion.  

RU4 Economic Value Yes Forage resources have a low 
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 
distribution 

Yes The spatial and temporal 
distribution of RU is highly variable.  

Actors (A) 
   

A1 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 keeperôs attitudes and 
actions.  

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

A5 Leadership/ 
entrepreneurship 

Yes Some are giving up pastoralism. 
Few make an income from livestock 
keeping.  

A6 Norms (trust-reciprocity)/ 
social capital 

Yes Social norms are fundamental 
drivers of livestock ownership.  

A7 Knowledge of SES/mental 
models 

Yes Knowledge varies with age and 
affects attitudes and actions.  

A8 Importance of resource 
(dependence) 

Yes Dependence on resource has 
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 
organizations 

Yes Feedstuff production companies 
(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 
rules 

Yes National laws sanctioning damage 
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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Resources & UNEP & UNCCD, 2005) 
when livestock owners gave false 
hard size information to minimise 
livestock loss. 

Interactions (I) 
   

I1 Harvesting Yes Spatio-temporal variation in 
browsing and/or grazing activity. 

I2 Information sharing No Not a significant variable in our study.  

I3 Deliberation processes No Not a significant variable in our study.  

I4 Conflicts No Conflicts occurred in the past, some 
enduring tribal values persist but no 
conflicts occur.  

I5 Investment activities No No investment activities at current. 
Plans exist for future investment in 
dairy produce.  

I6 Lobbying activities No Livestock keepers would like the price 
of feedstuffs to be reduced but no 
lobbying occurs.  

I7 Self-organizing activities No No adaptive livestock management 
strategies or other self-organizing 
activities occur.  

I8 Networking activities No No regular networking activities. In 
2016 government sent message to 
livestock keepers via instant 
messaging to delay movement of 
livestock.  

I9 Monitoring activities No No monitoring activities occur.  

I10 Evaluative activities No No evaluative activities occur.  

I11 Reinforcement activities Yes Camel competitions.  

Outcomes (O) 
   

O1 Social performance 
measures (e.g., efficiency, 
equity, accountability, 
sustainability) 

Yes Household income/loss from 
livestock production.  
Loss of ecosystem services. 
Preservation of pastoral culture.   

O2 Ecological performance 
measures (e.g., 
overharvested, resilience, 
biodiversity, sustainability) 

Yes Loss of ecosystem services. See 
ECO3.  

O3 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 respondents are summarised 

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

were either a resident since the founding of the village (34%), a resident in their village 



42 

 

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 livestock-owning 

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 = 15-40, mean = 31.7 ± SE 2.29), cattle herd sizes ranged from 3 

to 250 (median = 35, interquartile range = 20-50, mean = 41.1 ± SE 2.5) and goat herd 

sizes ranged from 1 to 300 (median = 25, interquartile range = 15-41.5, mean = 38.85 

± SE 5.9). Herd sizes did not significantly differ with household size for individual 

livestock types (camel: (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 households (H(2) = 14.3, p = < 0.001). There 

was no significant correlation between age (rs = -0.11, p = 0.133) or rurality (W = 

4690.5, p = 0.795) and herd sizes. Some questionnaire 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 involved in livestock-related activities to varying degrees, and 

spent varying amounts of time at their family home. Motivations for keeping livestock, 

in order of importance, were: (1) inherited from parents; (2) financial security; and (3) 

produce for the household. Problems associated with livestock keeping ranked by 

livestock keepers, in order of importance, were: (1) bark stripping behaviour; (2) lack 

of grazing resources; (3) expensive feedstuffs; (4) weakening Khareef; (5) the 

construction of buildings and roads; and (6) vehicle damage caused by off-road 

driving.  

2.5.2 Governance 

Prior to Omanôs renaissance in 1970, pastoralist families in Dhofar were subsistent 

goat or cattle herders that lived in primitive stone and wood huts or caves. No piped 

water or veterinary care and high disease prevalence prevented them from keeping 

significant numbers of livestock (Janzen, 1983). They practised a semi-nomadic 

transhumance system based on seasonal variation in climatic and habitat conditions 

(ECO1, RU7) (Al-Mashaki & Koll, 2007). Traditional tribal land tenure institutions 

regulated the use of water and forage resources (Al-Mashaki & Koll, 2007).  
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Following the Dhofar Rebellion (1962-1975) (DeVore, 2012) the region rapidly 

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 

feedstuffs (S7). This led to a reduction in pastoralist mobility as familyôs sedentarized 

in villages close to the new amenities. Similar reduced mobility has been common in 

North Africa and the Middle East (Blench, 1995; Masri, 2001; Nedjraoui, 2001; 

Louhaichi & Tastad, 2010). The traditional tribal land tenure institutions broke down 

and were replaced by an open access system in the state owned rangelands (GS4) 

(Rouchiche et al., 2003; Spalton et al., 2006; Al-Mashaki & Koll, 2007; El-Mahi, 

2011b). The increasing use of four-wheel drive vehicles promoted a more 

opportunistic stocking strategy in previously inaccessible areas (S7) (Ministry of 

Regional Municipalities Environment and Water Resources & 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 livestock (Blench, 

1995; Masri, 2001).  

State control of previously participant controlled resources tends to be less effective 

(Blench, 1995; Ostrom, 1999; Louhaichi & Tastad, 2010), although open access does 

not necessarily result in overexploitation (Ostrom, 1990, 1999; Moritz, Scholte, et al., 

2013; Moritz, 2016). Contrary to Hardinôs theory of the tragedy of the commons 

(Hardin, 1968), local rules (GS5, GS6), information sharing (I2), deliberation 

processes (I3), and self-organising (I7), monitoring (I9) and evaluative (I10) activities 

have since been reported to govern sustainable use of rangeland resources in open 

access systems (Oba & Lusigi, 1987; Kohler-Rollefson, 1992; Moritz, Catherine, et 

al., 2013; Moritz, Scholte, et al., 2013; Harris et al., 2016). However, there is little 

evidence of such activities (I)  taking place in Dhofar over the last five decades (GS4), 

which we attribute to three key properties.  

Firstly, a steadfast and upward trend in livestock ownership (A1) which rapidly 

exceeded a naturally low baseline carrying capacity (RU2, RU5, ECO1, RS6), 

deemed self-organising activities inscrutable and ineffectual. Indeed, Ostrom (2009) 

identified the ónumber of usersô (U1) and óproductivity of the systemô (RS5) as two 

key variables influencing self-organization. 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 the future (RS5) 

(Ostrom, 2009). Secondly, unlike pastoral SESs in developing nations (Moritz, 

Scholte, et al., 2013), where livelihoods and wellbeing depend on rangeland-based 

livestock production, livestock keepers in Dhofar have not been compelled to manage 

for the future (A8). Finally, daily provisioning of feedstuff for the majority of the year 

substantially reduced the dependence of livestock and livestock keepers on forage 

resources (RU4, S7, A8), and masked a requirement for mutual agreement on resource 

use  and self-organising activities (Ostrom, 1990). This has been described among the 

Bedu of Jordan (Blench, 1995) and 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. Accordingly, Ostrom (2009) identified the óimportance 

of the resourceô (U8) as another key variable influencing self-organization. 

Livestock keepers in Dhofar today still follow a transhumance regime (Figure 2.5) to 

avoid the adverse conditions within the monsoon-influenced zone during the Khareef 

(El-Mahi, 2011a; Patzelt, 2015), which are uncomfortable for people and considered 

fatal for camels. Interviewees stated that the period of abundant forage availability 

following the Khareef has shortened considerably in recent decades (RU2) and 

explained that feedstuff provision in the morning and evening has led to low livestock 

dispersal and localised overstocking and habitat degradation close to villages, 

farmsteads and seasonal camps (A4). In these areas livestock frequently strip the bark 

from trees (Appendix 3), and livestock keepers bend, break and cut tree branches for 

their livestock (Appendix 4), 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 keepers (A2a, A2b) 

do not want to herd livestock deep into the rangelands (S2, S7), preferring to rely on 

vehicular access to grazing locations. One informant explained:  

ñPeople should take the camels and cows down for many months to spread the grazing 

pressure. Instead they hang around the area close to the house. People are lazy, not 

taking the livestock far enough.ò 
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This information is suggestive of a ógrazing piosphereô, which is a zone of ecological 

impact around a watering point (Andrew, 1988). In Dhofar, the definition extends to 

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

 

 

Figure 2.5. A three dimensional map of Jabal Qamar showing the three locations of the 

transhumance management regime. Khareef location (July-September): The abundant 

moisture stimulates high rates of vegetative growth, mould invades property, soils become 

saturated and hematophagous flies are abundant so keepers move with their herds to the drier 

mountaintop plateau (c. 1000 m a.s.l.) where livestock are sustained on feedstuff. Winter 

location (October-January): livestock are moved down into the monsoon-influenced zone to 

utilise the abundant vegetation. Dry season location (February-June): 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 camels (GS5). The government has attempted to decree a later date, to 

allow vegetation to set seed to aid vegetation recovery, but few livestock keepers have 

adhered to this (GS8). In 2015, another government effort to manage overstocking in 

Jabal Qamar saw the erection of roadside bollards to reduce damage from off road 

driving, although some have since been removed by local people to 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 policy, and an 

avoidance to formulate and enforce new policy that leads to conflicts of interest (GS3). 

2.5.3 Culture  

The culture surrounding pastoralism in Dhofar has transformed over the last five 

decades as the relationship between pastoralists and their livestock has transitioned 

from essential to extraneous. Prior to the 1970s, camels were highly valued for 

transport and their rich yield of milk and meat, but camel ownership was expensive 

and a luxury that few families could afford. As Oman developed, non-livestock 

employment fostered wealth amongst pastoralists in Dhofar (A2a), a scenario also 

recognised amongst the Jordanian Bedouin (Abu-Rabia, 2000). Camel ownership 

became a possibility for many more families (A3) who were quick to start trading 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 face of modernisation, a 

ócamel cultureô evolved through cultural transmission and social reproduction, which 

is now deeply embedded in the identity of Dhofarôs rural pastoral societies. Over 

seventy percent of Likert questionnaire respondents agreed or strongly agreed that 

they would like to keep more livestock (Figure 2.6). At the individual level this culture 

portrays itself as an overwhelming fondness for livestock keeping, which we refer to 

herein as ópastoral valuesô (A3, A6). These pastoral values were clearly apparent in 

the narratives of many livestock keepers (S2): 

ñI spend 70% of my time with my animals and the other 30% of my time thinking about 

my animals. From sunrise to sunset, 12 hours, I am with my animals.ò 

 And: 

ñI want my camels more than a massive company. I have forgotten about women and 

children, camels are my family.ò 

All informants stated that the primary reason for keeping livestock was due to the 

inheritance of livestock from parents. Only 2-5% are said to sell inherited livestock 

following their parents decease. Many livestock keepers have internalized their 

parentsô values and are extremely passionate and actively engaged in livestock 

husbandry. These individuals are likely to be represented in our CART analysis 



47 

 

(Figure 2.6) by the 53% of respondents who would like to own more livestock, do not 

think they own too 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 wellbeing (A8) before 

the 1970s (Miller, Morris & Stuart-Smith, 1988). Interestingly, a number of younger 

informants stated 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 today (A3). One informant explained: 

ñBefore 40 years the animals were useful. This idea is still in people's minds, despite 

modernisation of the country.ò 

 

Figure 2.6. CART analysis of Likert data showing groupings of respondents based on their 

agreement or disagreement with the statement óI would like to have more livestockô. They are 

grouped based on their responses to the other Likert scale items including socio-demographic 

data. Each node shows the predicted class (agree or disagree), the predicted probability of the 

class and the percentage of observations in the node.  

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 vary based on an individualôs 

demography and socio-economic status. Most children are very passionate about 
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livestock keeping, particularly boys who have helped their elders with livestock 

husbandry at home (S2). 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 future (S2). Interviewees explained 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 husbandry (A2b). 

It was said they tend to keep inherited livestock primarily out of respect for their 

familyôs values. These individuals may represent the twelve percent of Likert 

questionnaire respondents who stated they did not want more livestock and may stop 

keeping livestock in the future (Figure 2.6).  

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 their familyôs pastoral values (A6). Our translatorôs family had 

recently sold all their livestock, and he admitted that although people do talk, the 

financial and time benefits outweigh the óloss of faceô (A5). It appears this is the first 

time such a ópeer pressureô culture has been described from a pastoral society and it 

was acutely clear in informantôs narratives:  

ñEvery year it is getting more and more expensive. [é] People lose more money than 

they are making. Only thing that is good is milk. People keep them just to respect 

parents and grandparents.ò 

And: 

ñYoung people hate animals, they donôt want to have them. But if they sell them, then 

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

buy back for double the price. Some people donôt care about people talking but others 

do. Some sell up and move to Salalah.ò 

And: 

ñIn the last 10 years the old people have been dying in Eirkab and with the old people 

gone, people have been selling their livestock.ò  
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A loss of interest in pastoral activities among the younger generation has been 

described from Borana pastoralists in Ethiopia (Gemedo-Dalle, Isselstein & Maass, 

2006) and generational losses of traditional ecological knowledge (TEK) commonly 

occur (Aswani, Lemahieu & Sauer, 2018). In Dhofar, traditional knowledge has not 

been passed on to the younger generation, and a lack of environmental 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 

natural environment (GS3). One young informant explained; ñI am not bothered by 

desertification as I have roads, houses, cars and the internetò. This viewpoint is 

understandable given the successful development of many arid regions in the Arabian 

Peninsula, such as Dubai and Abu Dhabi.  

The final demographic that we identified were wealthy livestock keepers for whom 

pastoralism could be considered a hobby (Gallacher, 2010). The extent to which they 

possess pastoral values is questionable as for many, owning large herds (> 100), or 

high-quality competition camels, is for social status (A2a). They have available 

income for feedstuff provision and expatriate worker salaries (A2a), and are often less 

involved in livestock husbandry. Accordingly, 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 they already own more than they need (Figure 2.6). In 

2012, local people with help from the private sector established a camel milking 

competition in Jabal Qamar, which was said to be the main driver of increasing camel 

numbers over the last five years (I11). Camel competitions are known to facilitate 

preservation or evolution of rangeland culture in Gulf countries (Khalaf, 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 rangelands (A3) in statements such as:  

ñBefore 40 years it was like a jungle, you had to climb a tree to see from here to over 

there.ò 

And: 
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Xfot (Blepharispermum hirtum) used to be everywhere here. Now itôs very sparse. 

Before you could not pass through this area, it was like a fence. Further West there is 

more but it is still very damaged.  

 

Figure 2.7. CART analysis of Likert data showing groupings of respondents based on their age. 

They are grouped based on their responses 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.  

CART analysis of the Likert questionnaire data with age as the response variable 

(Figure 2.7) showed that older respondents tended to possess pro-conservation views 

and would be willing to change their livestock management practises for the benefit 

of the environment, while younger respondents had opposite views (S2). However, 

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 pro-conservation responses in anticipation of 

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

ócorrectô attitude towards environmental conservation, when in reality they would 
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prefer óbusiness as usualô. This may help to explain why 86.5% of respondents agreed 

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 should be protected for wildlife rather than their childrenôs future 

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 explained:  

ñWe care about the environment and realise the solution is to keep less animals. But 

we want to keep animals.ò 

Furthermore, we cannot ignore the narratives of many older interviewees who 

frequently stated that the current situation needs to change and that they 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 drivers have often stimulated transitions to unsustainable 

livestock production systems (Chang, 1994; Chatty & Colchester, 2002; Steinfeld, 

2010; Robinson et al., 2011). However, no substantial market exists for rural livestock 

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

the grasslands of the Americas, Australia and Africa; termed the ñthe child of the 

industrial revolutionò (Lessa, 1965). However, Oman bypassed the industrial 

revolution when primary sectors developed, and instead modernised during a time of 

globalisation and modern transport logistics (S1). 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 to compete 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 in live cattle imports to Oman between 2008 and 2013 (FAO, 2013). 

One informant explained:  
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ñSomalia to Salalah is easy, two days. People like cheap meat, some like Australian, 

local people like Dhofari, in Muscat they like cheap meat. Restaurants buy cheap meat 

to get more profit, and customers want a cheap price, they do not ask if it is local.ò 

In Dhofar, only a small-scale 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 households prefer the taste, texture and nutritional value of local 

meat. In Jabal Qamar, this market accounts for an off-take of approximately two head 

of livestock per day. Each morning in Dhalkut a Pakistani butcher slaughters an animal 

and arranges the meat in to piles to be sold for 20 OMR (52 USD) for 5 kg 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 restaurants and at the meat market in Salalah.  

The socio-economic 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 fewer stating they sell milk (Figure 2.8). The 

production and consumption within the household, of meat and milk from all livestock 

types was the third and final reason given for keeping livestock. Accordingly, our 

questionnaire data shows household consumption of meat and milk as the most 

popular use of livestock products (Figure 2.8). All camel-owning households in our 

questionnaire 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 quality of milk 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: 

ñIf you go to hospital and have to have an anaesthetic, it is harder to get the needle 

into someone who has drunk camel milk every day because the muscle is firmer.ò 
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Figure 2.8. Percentages of households in the questionnaire survey that produce livestock 

products for household consumption and sale.  

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 in livestock production in rural Dhofar (I5). Moreover, 

entrepreneurship or collective action by livestock keepers to increase market 

participation has not occurred (A5). For poor livestock producers around the world, 

market access influences risk management, income, food security and poverty 

reduction (Markelova & Mwangi, 2010) but the absence or low severity of these risks 

in Dhofar means market access and participation has been a low priority for livestock 

keepers. Nonetheless, sixty-six percent of Likert questionnaire respondents agreed or 

strongly agreed they would enjoy breeding and selling livestock as a business 

(Appendix 1).  

In general, livestock keepers in Dhofar show a reluctance to sell surplus animals, as 

reported for Arabia as a whole (Peacock et al., 2003). Our questionnaire results 

showed that annual camel sales ranged between 0-35 (mean = 5) animals and annual 
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cattle sales ranged between 0-45 (mean = 8) animals. Informants ranked financial 

security as the second most important reason for keeping livestock. When asked for 

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 salary (S3). 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 Dhofar, livestock keepers 

accumulate animals at a cost. Ninety-seven percent (n = 57 households) of 

questionnaire respondents stated making a net financial loss from owning livestock 

(O1), 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. Some livestock keepers spend all, or in excess of, their salary on livestock 

husbandry. If a family memberôs salary does not cover livestock expenses then higher-

earning family members will contribute (A2a). The culture of sharing wealth is strong 

in Oman and routed in Sunni Islamic culture (A6). A young geologist from Dhalkut 

explained:  

ñI give my Father money to cover the costs. My father has to spend 800 OMR on 

livestock each month, but his income is only 400 OMR, so I help to cover the 

difference. He is spending more than his salary on a hobby. His salary is small, unlike 

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

cannot.ò 

The greatest cost comes from purchasing feedstuff for 11 months of the year (4.3 OMR 

(11.16 USD) per 40 kg pellet feed, 2.9 OMR (7.53 USD) per 30 kg powder feed), and 

other costs include vehicle fuel, water tanks, feed troughs, veterinary care and 

expatriate worker salaries. Blench (1998) and Thomson (1997) identified 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 (X2 (4, N = 73) = 15.536, p = 0.004) and herd size and number of livestock 

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

0.65, p < 0.001). However, no significant relationship was found between household 

income and herd sizes which makes sense given that ownership is expensive. But this 

also suggests that less wealthy households do not have smaller herds to lessen 

husbandry costs, perhaps because they accumulate livestock as a financial reserve 

(A2a). Furthermore, households have varying amounts of non-livestock 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 wealthier keepers want more livestock whilst others want fewer (Figure 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 environments (Sandford, 1983; 

McPeak, 2005) nor to the common property nature of tenure arrangements (Hardin, 

1968; Jarvis, 1980). It is accumulation primarily due to cultural norms (Herskovits, 

1926; Abu-Rabia, 1994) but rather uniquely this does not occur in parallel with income 

generation (Doran, Low & Kemp, 1979). Simultaneously, livestock offer insurance 

against unpredictable socio-economic events and the household benefits from meat 

and dairy produce.  

2.6 Conclusion 

We have presented a detailed account of modern pastoralism in Dhofar and applied 

Ostromôs socio-ecological systems framework (Ostrom, 2007) to understand the 

multiple historical and current socio-ecological variables driving overstocking. Our 

evidence shows that forces linked to the recent development of Oman have influenced 

a normative structure of deeply-embedded pastoral values which has motivated 

livestock accumulation despite significant household expenditure and poor market 

access. Our study represents a rare example of a pastoral system which has expanded 

primarily due to cultural traditions in the face of economic losses for pastoralists.  
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Although interesting for scholars, this unique systemic evolutionary path has resulted 

in an ecologically damaging resource use system, with few interactions (I) due to a 

lack of decision making at the individual and collective level. We have linked this lack 

of decision making to three variables identified by Ostrom (2009) as important for 

self-organization, which can be summarised for Dhofar as too many resource users 

(U1) in an unproductive system (RS5) with undervalued resources (U8).  

A detailed analysis of social and ecological performance measures (O1, O2) were 

outside the scope of this research. However, evidence shows that overstocking affects 

provisioning (ECO3a), regulating (ECO3b) and cultural services (ECO3c) which 

influence a wide-range of stakeholders. For example, each year over half a million 

Arab tourists visit Dhofar during the Khareef to escape high summer temperatures 

elsewhere in the Arabian Peninsula (O1) and horizontal precipitation capture by 

woody vegetation has been found critical to support the cloud forest and the water 

economy of the region (O2) (Kürschner et al., 2004; Hildebrandt & Eltahir, 2006; 

Friesen et al., 2018).  

We faced some minor issues when applying the framework 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 RS variables and 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 in rangeland 

systems. Despite these minor drawbacks, our research demonstrates the effectiveness 

of applying the SES framework to an atypical resource use system. It provided a 

concise way to present our findings and identify key variables driving degradation 

based on a wide range of empirically-derived concepts (Ostrom, 2007; McGinnis & 

Ostrom, 2014) ï a marked improvement from conventional analysis approaches where 

variables driving degradation are identified from a limited literature review or 

conventional wisdom.    

Our results illustrate the need for a transition away from unmanaged, unproductive, 

uneconomical and environmentally damaging pastoral practises and towards 

sustainable intensification (Tilman et al., 2011). Efforts should be made to óeven the 
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playing fieldô amongst livestock keepers and monopolise on the opportunity to allow 

those who no longer want to keep livestock to sell their livestock without óloss of faceô. 

Conversely, those who hold strong pastoral values should be allowed to participate in 

a livestock production system which is financially rewarding. They should be 

recognised as licensed sustainable producers who are incentivised to conform to a 

number of responsible production techniques. Sustainable intensification of livestock 

production in Dhofar could boost the rural economy and contribute to the national and 

export food markets (Al-Mashaki & Koll, 2007; El-Mahi, 2011b).  

When Elinor Ostrom first proposed her SES framework (Ostrom, 2007) she called 

attention to the ñperverse and extensive uses of policy panaceas in misguided efforts 

to make socio-ecological systems sustainable over timeò. She echoed the warnings of 

Korten (1980) to the danger of ñblueprint approaches to the governance of tough 

social-ecological problems and urged that policy makers adopt a learning process 

rather than imposing final solutionsò. As a visiting international researcher with no 

local linguistic abilities, the lead author is aware of the inherent limitations to the depth 

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

a well-organised collaboration between local stakeholders. Thus, for policy-makers to 

adopt an effective learning process, greater efforts must be made to establish a strong 

collaboration with livestock keepers to exchange information to inform decisions 

which address not only the issue of overstocking but target regional sustainable 

development objectives with substantial consideration for the present and future value 

of the biological diversity in Dhofar.  
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3.1 Abstract 

The Dhofar Mountains in southern Oman represent a unique drought-deciduous cloud 

forest rangeland system. It is suspected that overstocking of camels, cattle and goats 

has lead to rangeland degradation and a loss of woody cover, with negative effects on 

the ecosystemôs ability to capture fog moisture through horizontal precipitation. Here 

we perform the first detailed analysis of the impacts of livestock browsing on the 

composition and structure of the woody vegetation of the Anogeissus forest. We 

analyse the effects of browsing relative to other abiotic and biotic factors using 

multivariate statistical analysis. Local spatial variability in the monsoon fog is found 

to be the primary driver of woody species composition whilst long-term stocking rates 

have increased the frequency of unpalatable species, decreased plant density, reduced 

advanced growth, and led to stunting, altered population age structures and plant 

damage through management practises, bark stripping and browsing. With livestock 

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

towards equilibrium.  

3.2 Introduction  

Rangelands are the most extensive anthropogenic biome, covering between one-third 

to one-half of the earthôs ice-free terrestrial surface (Sayre, 2017). They are considered 

too arid and remote to warrant intensive management, and thus livestock production 

is the dominant use (Stafford Smith, 1996; Grice & Hodgkinson, 2002). Three hundred 

and twenty million people inhabit rangelands of which 250 million in the developing 

world are estimated to be directly affected by rangeland degradation (Reynolds et al., 

2007; Ellis & Ramankutty, 2008).  

Rangeland degradation is synonymous with desertification and can be caused by both 

natural factors associated with a variable climate, or human-induced factors including 

poor irrigation practises, deforestation, overcultivation and overgrazing (Burns, 1995). 

Overgrazing has long been considered the primary anthropogenic driver of rangeland 

degradation (Sayre et al., 2012), particularly in arid and semi-arid rangelands, and has 

been most famously linked to rangeland degradation in Australia (Curry & Hacker, 

1990), Africa (Lamprey, 1983) and the USA (Herbel, 1979). Yet our understanding of 

rangeland ecology remains relatively poor, as there is no unifying set of general 

principles in rangeland ecology due to high variability between rangeland 
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environments. We also lack a proficient understanding of how other drivers of 

degradation interact with grazing activity (Grice & Hodgkinson, 2002; Sayre et al., 

2012), which has in some instances resulted in pastoralists being incorrectly blamed 

for degradation, as 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, savannahs, tundra, steppe, prairies, shrublands, 

deserts, woodlands and forests at any latitude (Holechek, Pieper & Herbel, 2001; 

Sayre, 2017). Much of the literature addresses the issue of livestock overgrazing in 

grassland ecosystems, whereas much fewer address the issue of overbrowsing in 

wooded environments. At the time of writing, an online literature search returned 514 

articles with óovergrazingô in the title and just 22 with óoverbrowsingô in the title. 

Often the term overgrazing is used interchangeably, despite the vastly different 

impacts that browsers and grazers can have on the ecosystem. For example, the most 

commonly reported effect of overgrazing on rangeland vegetation is woody plant 

encroachment, however, the most commonly reported effect of overbrowsing is 

decreased woody plant cover (Asner et al., 2004). Subsequently, these processes can 

affect soil properties and hydrology (Briske, 2017). Studies on overbrowsing tend to 

focus on wild browsers, with the exception of goats, and few studies have addressed 

large livestock such as camels, despite 80% of their diet comprising of woody plants 

(Dereje & Uden, 2005).  

Since Omanôs renaissance in 1970, populations of camels and cattle have increased 

dramatically in the southern region of Dhofar. It has been repeatedly reported that the 

local mountain ecosystems are becoming degraded due to overstocking by rural 

pastoralists (Lamprey, 1976; Lawton, 1978; Oman Office of the Government Adviser 

for Conservation of the Environment, 1980; Wilson & MacLeod, 1991; Ghazanfar, 

1998; Peacock et al., 2003; Hedges & Lawson, 2006; Tardelli & Raffaelli, 2006; 

Directorate-General of Nature Conservation, 2010; El-Mahi, 2011b). There are 

concerns current stocking rates are reducing biological productivity (Peacock et al., 

2003), suppressing palatable plant growth and encouraging unpalatable species 

(Ghazanfar, 1998; Peacock et al., 2003; Ministry of Regional Municipalities 

Environment and Water Resources & UNEP & UNCCD, 2005; Patzelt, 2012), 

reducing the efficiency of ecosystem services (Kürschner et al., 2004; Galletti, 2015) 
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and undermining biodiversity conservation efforts (Spalton & Al Hikmani, 2014; Al 

Hikmani et al., 2015). The critically endangered Arabian leopard Panthera pardus 

nimr has a global stronghold in Dhofar and has been the focus of substantial research 

effort (Spalton et al., 2006; Breitenmoser et al., 2010; Spalton & Al Hikmani, 2014).  

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

Arabian Peninsula, in the Al Mahra region of Yemen and the Dhofar region of Oman. 

The mountains receive a mean annual precipitation of 250 mm whilst neighbouring 

areas receive 100 mm. Most of this precipitation is received during the summer 

monsoon (known locally as the Khareef) between mid-June and mid-September, when 

thick fog inundates the southern mountain escarpments (Whitehead et al., 1988; 

Ghazanfar & Fisher, 1998). Outside the Khareef season the climate is hot and dry, yet 

managed or wild fires rarely occur.  

The Khareef fog supports the Hybantho durae-Anogeissetum dhofaricae (Kürschner 

et al., 2004), a drought deciduous cloud forest community (262 floral species) which 

is the dominant habitat of the southern mountain escarpments and endemic to the 

region. The forest captures fog moisture through horizontal precipitation. The 

estimated quantity of water captured by Anogeissus dhofarica trees in Dhofar (250% 

more than rainfall) is amongst the highest recorded for any tree species (Friesen et al., 

2018). Furthermore, fog density is much higher a few meters above than close to the 

ground (Price, Al-Harthy and Whitcombe, 1988; 34-35 litres/m2 per day at 4.2 m, 13 

litres/m2 per day at 0.9 m) and thus trees capture more water than grasses. For most 

of the year the Dhofar Mountains represent a moisture-limited environment with 

temperatures in excess of 30 °C and thus horizontal precipitation during the Khareef 

is considered critical to the survival of the Anogeissus forests (Kürschner et al., 2004; 

Hildebrandt & Eltahir, 2006, 2007, 2008; Friesen et al., 2018).  

Consequently, deforestation over past millennia for grazing pastures for cattle (Oman 

Office of the Government Adviser for Conservation of the Environment, 1980; 

Kürschner et al., 2004; Patzelt, 2011), and a loss of woody cover due to livestock 

browsing (Ghazanfar, 1998; Hildebrandt & Eltahir, 2008) are considered to 

significantly reduce the quantity of moisture that enters the ecosystem through 

horizontal precipitation during the Khareef, with subsequent effects on the mountain 
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ecohydrology and the local water economy (Kürschner et al., 2004; Hildebrandt & 

Eltahir, 2006, 2008). 

Given the threat posed by overstocking on vegetation in Dhofar, and that numerous 

reports and action plans have included objectives to tackle overstocking (see Hunting 

Technical Services Limited (HTSL), 1978; G.R.M. Pty Ltd., 1982; Janzen, 1990; 

Japan International Co-operation Agency (JICA), 1990; Mott MacDonald 

International Ltd., 1991; Al-Kuthairi, 1992; ESCWA, UNEP and FAO, 1993; UNEP, 

2005) but few studies have attempted to quantify its ecological impacts, the aim of this 

research was to quantify the impacts of overbrowsing by camels, cattle and goats on 

woody plants in Dhofar by addressing three objectives. Firstly, identify the biotic and 

abiotic variables that influence woody vegetation. Secondly, understand the effects of 

browsing on woody vegetation species composition. Finally, understand the effects of 

browsing on the structure of the woody plant layer, specifically plant density, age 

structure, and phytomorphology.  

3.3 Materials and Methods 

3.3.1 Study area 

Our study was conducted in Jabal Qamar, the westernmost of the three mountain 

ranges in Dhofar (Figure 3.1). Jabal Qamar experiences a higher precipitation than the 

other two mountain ranges and boasts the highest botanical diversity (515 vascular 

species) of any area in Oman (Patzelt, 2015). Variants of the drought-deciduous 

Anogeissus forest (Kürschner et al., 2004) are dominant on the south-facing 

escarpments, with sparse A. dhofarica woodland and grasslands (dominated by 

Arthraxon sp., Apluda mutica and Themeda quadrivalvis) in flatter areas. At elevations 

> 1000 m a.s.l. the Euphorbia balsamifera cushion 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 bottom to top, the 

Umm Er Radhuma (UER), the Rus (RUS) and the Dammam (DAM) formations 

(Friesen et al., 2018).  
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Figure 3.1. Map of Jabal Qamar showing locations of the sampling sites, settlements, roads 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 seventy-five permanently inhabited and ten seasonally (Khareef) inhabited 

villages in Jabal Qamar with a total human population of 7,799 (Oman National Centre 

for Statistics and Information, 2017a). 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). Based on these statistics livestock outnumber people 7 to 1. 

Livestock-owning households are present in all villages. Livestock are moved in a 

transhumance regime. During the Khareef (July-Sep) 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 which can be fatal for camels if they slip. Following the Khareef (Oct-

Jan), livestock are moved down into the monsoon-influenced zone to utilise the 

abundant vegetation. During the dry season (Feb-June) livestock are kept close to 

villages or camps. Livestock receive feedstuffs for ten to eleven months of the year. 

3.3.2 Data collection 

Stratified sampling was used to select sites for analysis. The landscape was firstly 

stratified into two altitudinal ranges (300ï500 m and 700ï900 m a.s.l.). These ranges 

encompassed representative proportions of the 100ï1000 m a.s.l. altitudinal range of 

the Anogeissus forest (Kürschner et al., 2004) ï the study area ï and incorporated 

many flat rangeland areas suitable for surveying. Within these ranges, land with a 

slope gradient greater than 30 degrees was omitted so sites were safely accessible to 

the research team and comparable in terms of vegetation communities, the 

composition of which can change substantially on steep slopes and cliffs (Patzelt, 

2015). Thirty sites with varying stocking histories were then identified by livestock 

keepers during interviews and participatory mapping exercises. More precise 

estimates of long-term stocking rates were determined by a different method which is 

described later in the methods section. Sites covered the breadth of Jabal Qamar and 

were visited on four occasions every two months between September 2016 and March 

2017.  

The point-centered quarter (PCQ) method (Cottam and Curtis, 1956) was used to 

sample the composition, 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 plotless method making it more efficient than standard plot-based techniques. It 
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has been shown to give more accurate density estimates per unit of sampling effort 

than other plotless methods (Cottam & Curtis, 1956; Beasom & Haucke, 1975). 

Although the PCQ method was initially designed for forestry studies it has been widely 

applied to natural systems too (Dickhoefer et al., 2010; Dias et al., 2017; Pereira et 

al., 2018). We incorporated some recommendations by Dahdouh-Guebas and Koedam 

(2006) to address ambiguous field situations associated with multiple-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 site. Consecutively rotating site visits controlled for intra-seasonal vegetation 

change such as senescence and livestock browsing to improve comparability between 

sites, and allowed for minor adjustments to be made to the methodology between each 

round of visits. PCQ point locations were generated in ArcGIS and randomly 

dispersed over an area of approximately 1 km2 at each site as camels are highly mobile, 

do not eat for long periods from a single plant and spread out during browsing (Dereje 

& Uden, 2005). Conversely, cattle browsing can be patchy. Thus, small sampling sites 

may not have provided a representative average of the effects of browsing and may 

have overemphasised vegetation responses (Briske, Fuhlendorf & Smeins, 2003). At 

each sample point, the distances to the closest adult and the closest juvenile woody 

plant were recorded in each of four quarters, resulting in a total of 120 adult and 120 

juvenile records per site. Measurements were taken from the point to the centre of the 

individual, rather than the closest plant component (Dahdouh-Guebas & Koedam, 

2006).  

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

at breast height at 130 cm above the ground (DBH130) were measured using a diameter 

tape or callipers. For multi-stemmed plants all stems were measured, however thin 

suckers growing 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 stems at DBH130 but additional live stems were present it was recorded as 

alive and stem statuses recorded accordingly. DBH130 was not recorded for juveniles. 

An adult individual was recorded as dead when more than 80 percent of the plant was 

dead and a DBH130 was present. Individuals with only dead stems below DBH130 were 

classed as stumps and were ignored. Sprouting stumps were recorded as juveniles to 
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recognise woody regrowth and because they couldnôt be classified as alive or dead 

adults. In retrospect, they should have been classed as stumps and ignored to avoid 

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 are shown in Appendix 5. Existing methods to differentiate between 

adult and juvenile plants, that utilise diameter and height measurements, were deemed 

inappropriate as many plants exhibited 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 then the trunk length was measured.  

For all individuals, browsing intensity was estimated by five classes according to the 

percentage of browsed branches below the browse line (~3 m). For adults, the 

proportion of broken branches was estimated on a five class scale according to the 

percentage of broken branches. To assess the prevalence of tree management practises, 

the proportion of bent or cut branches was estimated on a five class scale. The classes 

were defined as: (1) ~0%, (2) 1% ï 33.3%, (3) 33.3% ï 66.6%, (4) 66.6% ï 99%, (5) 

~100%. Therefore, the scale recognised undamaged (1) and entirely damaged (5) 

plants which are vital indicators of stocking rates and impacts, whilst intermediate 

classes could be quickly approximated as low, medium and high. Areas of stripped 

bark were also measured and additional relevant information was recorded. At each 

PCQ point a 1.2 m quadrat was deployed to sample the relative cover of herbs, grasses, 

rock and bare ground, and it also served to guide the PCQ quarters. Canopy cover was 

also recorded.  

The dependent variables (vegetation responses) and independent variables 

(environmental variables) used in the analysis are shown in Table 3.2, along with 

results of univariate tests between them (see Appendix 7 for an exhaustive list of 

variables for each site). Independent variables related to core drivers of vegetation 

dynamics in rangelands, such as climate, topography, soils, geomorphology, herbivory 

and anthropogenic disturbance (Scholes & Archer, 1997).  
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A precise ranking of sites based on long-term stocking rates could not be quantified 

through discussions with livestock keepers. Instead, we used evidence of plant damage 

and a GIS-based adaptation of the piosphere model (Andrew, 1988) as a proxy for 

long-term stocking rates. This was expressed using a discrete scale with sites taking a 

value between 1 (lowest stocking rate) and 30 (highest stocking rate). This scale was 

calculated by ranking the sites for each of five measured variables (Table 3.1) and then 

summing the rankings and ordering these values. This ranking method was favoured 

over an ordination approach (such as principal component analysis) due to 

heterogeneity in the variablesô units of measurements and probability distributions. 

Moreover, our intention was not to understand variance of the original variables or 

their relative contributions as in ordination, but to collapse the variables into usable 

numerical values for analysis. Factor analysis, in which a large number of variables 

are collapsed into a few interpretable underlying factors, could also have been used 

(Crawley, 2007).  

Browsing intensity provides information about recent stocking rates whilst proportion 

of bent A. dhofarica branches and proportion of broken branches of all adults provide 

longer-term evidence (up to several decades) of stocking rates. It is reasonable to 

assume no issues with circularity in our analyses of density and basal area as these are 

unrelated to the damage indicators used to define stocking rates. Furthermore, by 

limiting average browsing intensity to seven key forage species and the proportion of 

bent branches to A. dhofarica we minimise circularity associated with damage varying 

by species and maximise comparability between sites.  
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Table 3.1. Site ranks for each of the five variables used to quantify long-term stocking rates with the sum of ranks for each site in the final column. Site 22, with the 

third lowest long-term stocking rate, is highlighted as an example.  

Site 
Average browsing 
intensity of seven 
key forage species 

Rank Site 
Average proportion 
of bent A. dhofarica 
branches 

Rank Site 
Average 
proportion of 
broken branches 

Rank Site 
Path 
distance to 
house 

Rank Site 
Path distance 
to road or 
track 

Rank Site 
Sum of 
ranks 

Long-term 
stocking rate 
(low/1 ï 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 2.433 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 2.505 12 20 3.031 12 30 1.126 12 16 60 12 

28 4.533 13 5 2.000 11 12 2.512 13 12 2.932 13 23 1.058 13 12 62 13 

20 4.576 14 21 2.000 11 29 2.525 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 2.318 16 15 0.791 16 28 81 16 

12 4.681 17 7 2.167 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 2.675 18 30 1.796 18 1 0.613 18 18 92 18 

24 4.771 19 6 2.327 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 2.913 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 2.952 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 0.434 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 4.925 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 4.954 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 piosphere model 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 systems (Lange, 1983; Andrew, 1988; Wilson & MacLeod, 1991; Turner 

& Hiernaux, 2002). It is applicable to Dhofar as livestock receive twice-daily 

provisioning of feedstuffs and water, usually returning to the house of their own accord 

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 mobility. First, 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 Ò 10 degrees, access routes were considered no less costly than other areas, 

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 > 50 degree 

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 long-term 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 meter 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 preferred. Twenty camels were followed and 

the time between defecation events was measured. Most camels were followed until 

three between-defecation periods had been timed. The resultant mean defecation rate 

was 40.36 events per day (min 26.5, max 71.88, median 35.11, SD 13.58, SE 3.04). 

Livestock densities were estimated for each site using the following equation: Dung 

piles per km2 / accumulation period * 40 (defecation rate). See Appendix 7 for the 

results.  
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Topographic-related variables were calculated for each PCQ point from TanDEM-X 

12 m global digital elevation model (DEM), in ArcGIS Desktop 10.5 (ESRI, 2016). 

Because horizontal precipitation is crucial to sustaining woody vegetation in Dhofar 

(Hildebrandt & Eltahir, 2008) the spatial variability in Khareef fog density was derived 

from the near-infrared (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 during Khareef seasons between 1990 and 2017 (Appendix 8). Through 

visual inspection a minimum threshold reflectance value was defined for each image 

to distinguish only the highly reflective fog layer, and the background values set to 

NULL. The images were then rescaled to a 0-1 range, stacked, and the mean 

calculated. Areas with higher reflectance values were interpreted as denser and more 

moisture-laden fog as the fogs upper altitude (cloud top) is limited to the altitude of 

the plateau due to warmer northerly winds from the desert (Kürschner et al., 2004). 

As a measure of exposure to Khareef fog, we calculated slope aspect (Stage, 1976) 

which has lowest values on steep north-facing slopes and highest values on steep 

south-facing slopes.  

Information on the geology of the sites was georeferenced from scanned 1:100,000 

geological maps (Ministry of Petroleum and Minerals, 1986) of the research area and 

soil 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 

electrode. Underlying geology is known to affect soil properties including acidity 

(Miller, Singer & Nielsen, 1988; Barnes et al., 1997), with subsequent effects on 

vegetation composition, however a one-way ANOVA found soil pH did not differ 

significantly by bedrock type (F(4,25) = 0.846, p = 0.509). This is most likely because 

the bedrock is just variants of limestone (Ministry of Petroleum and Minerals, 1986; 

Friesen et 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 interpretation, geology was removed (Dubuis et al., 2011).  

3.3.3 Data analysis 

Each of the vegetation responses and independent variables 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 data (Table 3.2). Collinearity between independent 

variables was also tested using Pearsonôs correlation and box plots. 

To quantify the effect of long-term stocking rates on the species composition of woody 

plants, constrained correspondence analysis (CCA) was carried out on the count data 

of adult and juvenile woody species separately. Ordination was conducted using the 

Vegan package (Oksanen et 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 

understanding. Canopy cover was not considered as a constraining variable for adult 

woody species as it is a product of species composition. Variance Inflation Factor 

(VIF) values were calculated after each model as a diagnostic tool to identify collinear 

constraints (VIF > 3). Permutation tests for the joint and separate effects of 

constraining variables, as well as for marginal (Type III) effects, were performed to 

test the significance of each constraint.  

Partial constrained correspondence analysis (pCCA) was used to examine the 

independent and dependent contributions of each variable to the explained inertia 

(Borcard, Legendre & Drapeau, 1992; Volis et al., 2011; Paliy & Shankar, 2016). The 

independently explained inertia is the variation explained by each variable alone, 

whereas the dependently explained inertia is the variation explained by each variable 

after accounting for the effects of the other variables.  

In addition to the ordination, we analysed the effects of the independent variables on 

a number of univariate vegetation measures using linear and ordinal mixed-effects 

models, with the lme4 package (Bates et al., 2015) in R Studio (R Core team, 2013). 

Whereas in the ordination we were looking at site-level trends, in these models we 

were analysing point-level and individual-level trends and by including sites or points 

as random effects we could control for the spatial autocorrelation nested within our 

data. Firstly, we analysed limb damage of A. dhofarica trees as a function of distance 

from settlements, vehicle trails and waterpoints using ordinal mixed effects regression. 

Secondly, we analysed the effects of the independent variables on both adult and 

juvenile palatable woody plant densities, using 2591 and 2531 point-plant distances 

for adults and juveniles, respectively. The unpalatable species removed from the 

analysis (and from other analyses of palatable species only) were Acridocarpus 
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orientalis, Jatropha dhofarica, Dodonaea angustifolia, Solanum incanum, Adenium 

obesum, Cadia purpurea, Calotropis procera and Gomphocarpus fruticosus. Site 

eight was excluded as it was a grassland site with low woody plant density. The point-

plant distances were log-transformed which improved the normality of the residuals. 

Finally, we analysed the effects of the independent variables on the DRC 

measurements of 534 adult A. dhofarica trees.  

To investigate stunting, we plotted tree height against DRC measurements for 

Commiphora habessinica, Commiphora gileadensis, A. dhofarica, E. smithii and Z. 

dhofarense in R studio (R Core team, 2013), and fitted a linearised version of Curtisôs 

height-diameter function (Curtis, 1967) in the ólmforô package, which has been found 

as a satisfactory fit for most datasets (Mehtätalo, de-Miguel & Gregoire, 2015).  

3.4 Results 

Forty-two adult and forty-three juvenile woody plant species (total 47) were recorded 

(Appendix 9, Appendix 10). Commiphora habessinica, Jatropha dhofarica, and A. 

dhofarica were the most abundant species accounting for 12.2%, 10.2% and 9.2% of 

the 7,200 measured woody individuals, respectively. For adults alone, the order 

changed to A. dhofarica (14.8%), C. habessinica (13.2%) and then J. dhofarica 

(10.3%). Adults of 57% of the species and juveniles of 70% of the species were 

recorded at both altitudinal ranges. Of the most abundant species in the survey (> 10% 

frequency at a site) only Adenium obesum juveniles and Flueggea virosa adults were 

restricted to high and low altitudinal ranges, respectively. For a number of 

characteristic tree species, few juveniles were recorded, indicating low advanced 

growth. Advanced growth is the ratio of juveniles to adults, expressed here as a 

percentage (Appendix 9). Low advanced growth can indicate poor forest regeneration. 

Species with advanced growth < 20% were Delonix elata (15%), Ficus vasta (16%) 

and Olea europaea subsp. cuspidata (7%). A number of species have relatively small 

populations which should be monitored. Delonix elata, Boscia arabica, Acridocarpus 

orientalis, Azima tetracantha, Grewia villosa, Rhamnus staddo, Hildebrandtia 

africana, Cordia perrottetii, Lawsonia inermis, Caesalpinia erianthera, Calotropis 

procera, Searsia pyroides, Ficus sycomorus and Ehretia obtusifolia occurred 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 in the univariate tests (Table 3.2). Those that did not were elevation range, 

rock cover, soil pH and current cattle stocking rates. Long-term stocking rate showed 

signifi cant correlations with thirteen vegetation responses indicating its importance. 

Notably, species diversity and plant density were significantly lower, and tree limb 

damage (bent, broken and browsed) and bark stripping prevalence significantly higher, 

in areas under higher stocking rates. Adult woody species diversity and canopy cover 

positively correlated with fog density.  

Tests between dependent variables found plant density did not significantly correlate 

with species diversity (adult: F(1, 28) = 3.613, p = 0.068; juvenile: F(1, 28) = 2.906, 

p = 0.099). Trees had on average more bent (rs = - 0.73, p < 0.001), broken (rs = - 

0.63, p < 0.001) and browsed (rs = - 0.72, p < 0.001) branches at sites with lower tree 

densities. Tests between independent variables found fog density did not 

significantly correlate with slope (F(1, 28) = 2.112, p = 0.157), but did significantly 

positively correlate with slope aspect (F(1, 28) = 6.001, p = 0.021). ANOVA tests 

found percentage rock cover was significantly greater at high elevations (F(1,28) = 

15.32, p < 0.001), soil pH was significantly lower at high elevations (F(1,28) = 

18.75, p < 0.001) and solar radiation was significantly higher at high elevations 

(F(1,28) = 20.71, p < 0.001).  
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Table 3.2. Table of statistical results for each independent variable tested against each dependent variable. Significant (< 0.05) results are highlighted in bold. 

Abbreviations in brackets indicate the statistical test used. (LR) = Linear Regression: values are the unstandardized beta coefficient (B) and p-value. (ANOVA) = 

One-way analysis of variance: values are the F statistic (F) and p-value. (SR) = Spearmanôs rho: values are the correlation coefficient (rs) and p-value. (K-W) = 

Kruskal -Wallis H test: values are the Chi-square value (H) and p-value. (MEOR) = Mixed effects ordinal regression: utilised to test individual-level dependent 

variables nested within sites and points, and values are the coefficient (or likelihood ratio (LR) when > 2 independent variable factor levels) and p-value based on 

the Wald statistic. Only palatable species were considered for tests on proportion of browsed branches. The total number of significant t ests is included in the last 

row.  

   Site-level independent variables N = 30 Point-level independent variables (averaged for each site) N = 30 

  

Adult 
or 

Juvenil

e (A/J) 

Elevation 
range 
(high, 

low) 

Rock 
cover (%) 

Geology 
(bedrock 

type) 

Soil pH 

Long-term 
stocking 

rate 

(ranked 1-
30) 

Current 
camel 

stocking rate 

(animals/hect
are) 

Current 
cattle 

stocking rate 

(animals/hect
are) 

Fog 
density 

(arb. 0-1) 

Slope (°) 
Slope 
aspect 

(0-180) 

Compoun
d 

Topograp

hic Index 

Solar 
radiation 

(3ãkWH/m

2) 

Distance 
to 

vehicular 

access 
(km) 

Distance 
to house 

(km) 

Distance 
to 

waterpoi

nt (km) 

Site-

level 
depend

ent 
variable

s 
N = 30 

Diversity 
(Shannon) 

A 

(ANOVA) 

F1,28=0.56
2, 

p=0.460 

(LR) ï

B1,28=0.01
0, 

p=0.333 

(ANOVA) 

F4,25=1.825, 
p=0.155 

(LR) - 

B1,28=0.00
9, 

p=0.984 

(LR) - 

B1,28=0.02
6, 

p=0.001 

(SR) rs1,28=-

0.120, 
p=0.526 

(SR) 

rs1,28=0.063, 
p=0.739 

(LR) 

B1,28=2.36
7, p=0.022 

(LR) 
B1,28=0.0

56, 
p=<0.00

1 

(LR) 

B1,28=0.0
11, 

p=0.001 

(LR) 

B1,28=-
0.452, 

p=<0.001 

(LR) 

B1,28=-
0.080, 

p=0.017 

(LR) 

B1,28=0.13
6, 

p=0.113 

(LR) 

B1,28=0.08
6, 

p=0.020 

(LR) 

B1,28=0.2
27, 

p=0.032 

J 

(ANOVA) 
F1,28=3.05

1, 

p=0.092 

(LR) - 
B1,28=0.00

5, 

p=0.447 

(ANOVA) 
F4,25=4.515, 

p=0.007 

(LR) 
B1,28=0.35

9, 

p=0.221 

(LR) - 
B1,28=0.02

0, 

p=<0.001 

(SR) rs1,28=-
0.025, 

p=0.895 

(SR) rs1,28=-
0.012, 

p=0.950 

(LR) 
B1,28=1.19
1, p=0.101 

(LR) 

B1,28=0.0
38, 

p=<0.00

1 

(LR) 
B1,28=0.0

07, 

p=0.002 

(LR) 
B1,28=-
0.293, 

p=0.002 

(LR) 
B1,28=-
0.059, 

p=0.010 

(LR) 
B1,28=0.15

6, 

p=0.006 

(SR) 
rs1,28=0.70

0, 

p=<0.001 

(LR) 
B1,28=0.1

48, 

p=0.044 

Density 
(plants/hect

are) 

A 

(K-W) 
H1,28=0.11

5, 

p=0.735 

(SR) 
rs1,28=-
0.025, 

p=0.895 

(K-W) 
H4,25=5.518, 

p=0.238 

(SR) 
rs1,28=0.28

0, 

p=0.135 

(SR) 
rs1,28=-
0.760, 

p=<0.001 

(SR) rs1,28=-
0.390, 

p=0.034 

(SR) rs1,28=-
0.367, 

p=0.046 

(SR) 
rs1,28=-
0.058, 

p=0.760 

(SR) 
rs1,28=0.6

23, 

p=<0.00
1 

(SR) 
rs1,28=0.3

31, 

p=0.075 

(SR) 
rs1,28=-
0.573, 

p=0.001 

(SR) 
rs1,28=-
0.360, 

p=0.051 

(SR) 
rs1,28=0.59

6, 

p=<0.001 

(SR) 
rs1,28=0.56

2, 

p=0.001 

(SR) 
rs1,28=0.4

59, 

p=0.012 

J 

(K-W) 
H1,28=0.06

5, 
p=0.800 

(SR) 
rs1,28=-

0.003, 
p=0.989 

(K-W) 
H4,25=2.829, 

p=0.587 

(SR) 
rs1,28=0.21

7, 
p=0.249 

(SR) 
rs1,28=-

0.722, 
p=<0.001 

(SR) rs1,28=-
0.428, 

p=0.019 

(SR) rs1,28=-
0.448, 

p=0.013 

(SR) 
rs1,28=-

0.225, 
p=0.230 

(SR) 
rs1,28=0.5

72, 
p=0.001 

(SR) 
rs1,28=0.1

74, 
p=0.356 

(SR) 
rs1,28=-

0.530, 
p=0.003 

(SR) 
rs1,28=-

0.345, 
p=0.063 

(SR) 
rs1,28=0.62

7, 
p=<0.001 

(SR) 
rs1,28=0.39

5, 
p=0.032 

(SR) 
rs1,28=0.4

92, 
p=0.006 

Canopy 

cover (%) 
- 

(ANOVA) 
F1,28=1.51

7, 
p=0.228 

(LR) 
B1,28=-

0.983, 
p=0.052 

(ANOVA) 

F4,25=1.707, 
p=0.180 

(LR) 
B1,28=22.3

40, 
p=0.304 

(LR) 
B1,28=-

1.485, 
p=<0.001 

(LR) B1,28=-

0.007, 
p=0.900 

(SR) rs1,28=-

0.150, 
p=0.430 

(LR) 
B1,28=127.

200, 
p=0.015 

(SR) 
rs1,28=2.5

04, 
p=<0.00

1 

(LR) 
B1,28=0.5

47, 
p=0.001 

(LR) 
B1,28=-

25.788, 
p=<0.001 

(LR) 
B1,28=-

4.273, 
p=0.012 

(LR) 
B1,28=12.9

61, 
p=0.002 

(LR) 
B1,28=5.16

7, 
p=0.005 

(LR) 
B1,28=4.2

95, 
p=0.008 

Proportion 

of dead 
individuals 

(%) 

A 

(ANOVA) 

F1,28=0.13
9, 

p=0.712 

(LR) 

B1,28=0.00
1, 

p=0.504 

(ANOVA) 

F4,25=4.309, 
p=0.009 

(LR) 

B1,28=-
0.063, 

p=0.201 

(LR) 

B1,28=0.00
2, 

p=0.117 

(LR) 

B1,28=0.020, 
p=0.024 

(LR) B1,28=-

0.000003, 
p=0.848 

(LR) 

B1,28=0.06
2, p=0.624 

(LR) 

B1,28=-
0.002, 

p=0.123 

(LR) 

B1,28=-
0.0001, 
p=0.804 

(LR) 

B1,28=0.01
8, 

p=0.294 

(LR) 

B1,28=0.00
6, 

p=0.137 

(LR) 

B1,28=-
0.006, 

p=0.483 

(LR) 

B1,28=-
0.004, 

p=0.413 

(LR) 

B1,28=0.0
04, 

p=0.348 
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Proportion 
of bark-

stripped 
individuals 

(%) 

A 

(K-W) 
H1,28=0.02

2, 
p=0.882 

(SR) 
rs1,28=0.07

1, 
p=0.708 

(K-W) 

H4,25=3.795, 
p=0.435 

(SR) 
rs1,28=-

0.077, 
p=0.687 

(SR) 
rs1,28=0.60

3, 
p=<0.001 

(SR) 

rs1,28=0.339, 
p=0.067 

(SR) rs1,28=-

0.010, 
p=0.960 

(SR) 
rs1,28=-

0.165, 
p=0.384 

(SR) 
rs1,28=-

0.678, 
p=<0.00

1 

(SR) 
rs1,28=-

0.220, 
p=0.243 

(SR) 
rs1,28=0.45

8, 
p=0.011 

(SR) 
rs1,28=0.42

9, 
p=0.018 

(SR) 
rs1,28=-

0.266, 
p=0.155 

(SR) 
rs1,28=-

0.382, 
p=0.037 

(SR) 
rs1,28=-

0.250, 
p=0.183 

Total basal 
area (cm2) 

A 

(ANOVA) 

F1,28=1.99
8, 

p=0.169 

(LR) 

B1,28=-
0.031, 

p=0.053 

(ANOVA) 

F4,25=2.857, 
p=0.045 

(LR) 

B1,28=-
0.097, 

p=0.889 

(SR) 

rs1,28=0.39
0, 

p=0.034 

(LR) 

B1,28=0.004, 
p=0.034 

(LR) 

B1,28=0.003, 
p=0.329 

(LR) 

B1,28=3.17
0, p=0.058 

(LR) 

B1,28=-
0.002, 

p=0.908 

(LR) 

B1,28=0.0
05, 

p=0.394 

(LR) 

B1,28=-
0.062, 

p=0.791 

(LR) 

B1,28=-
0.015, 

p=0.796 

(LR) 

B1,28=-
0.088, 

p=0.429 

(LR) 

B1,28=-
0.030, 

p=0.624 

(LR) 

B1,28=0.0
19, 

p=0.723 

J 

(ANOVA) 

F1,28=1.02
8, 

p=0.319 

(LR) 

B1,28=5.00
0, 

p=0.280 

(ANOVA) 
F4,25=1.284, 

p=0.303 

(LR) 

B1,28=-
176.9, 

p=0.363 

(SR) 

rs1,28=0.66
2, 

p=<0.001 

(LR) 
B1,28=1.027, 

p=0.029 

(SR) 
rs1,28=0.286, 

p=0.125 

(LR) 

B1,28=-
605.8, 

p=0.211 

(LR) 

B1,28=-
23.742, 
p=<0.00

1 

(LR) 

B1,28=-
4.779, 

p=0.002 

(LR) 

B1,28=222.
39, 

p=<0.001 

(LR) 

B1,28=37.9
20, 

p=0.013 

(LR) 

B1,28=-
56.16, 

p=0.069 

(LR) 

B1,28=-
34.73, 

p=0.041 

(LR) 

B1,28=-
33.37, 

p=0.024 

Average 
height (cm) 

A 

(K-W) 
H1,28=0.94

8, 

p=0.330 

(SR) 
rs1,28=-
0.178, 

p=0.345 

(K-W) 
H4,25=3.780, 

p=0.437 

(SR) 
rs1,28=0.15

3, 

p=0.419 

(SR) 
rs1,28=-
0.252, 

p=0.179 

(SR) 
rs1,28=0.209, 

p=0.267 

(SR) rs1,28=-
0.152, 

p=0.423 

(SR) 
rs1,28=0.17
6, p=0.351 

(SR) 
rs1,28=0.3

25, 

p=0.080 

(SR) 
rs1,28=0.2

57, 

p=0.169 

(SR) 
rs1,28=-
0.463, 

p=0.011 

(SR) 
rs1,28=-
0.292, 

p=0.117 

(SR) 
rs1,28=0.34

6, 

p=0.061 

(SR) 
rs1,28=0.24

7, 

p=0.188 

(SR) 
rs1,28=0.5

10, 

p=0.004 

J 

(K-W) 
H1,28=0.14

5, 

p=0.703 

(SR) 
rs1,28=-
0.200, 

p=0.289 

(K-W) 
H4,25=3.017, 

p=0.555 

(SR) 
rs1,28=0.14

6, 

p=0.441 

(SR) 
rs1,28=-
0.364, 

p=0.049 

(SR) rs1,28=-
0.428, 

p=0.019 

(SR) rs1,28=-
0.448, 

p=0.013 

(SR) 
rs1,28=0.32
9, p=0.076 

(SR) 
rs1,28=0.2

29, 

p=0.223 

(SR) 
rs1,28=0.1

88, 

p=0.317 

(SR) 
rs1,28=-
0.289, 

p=0.121 

(SR) 
rs1,28=-
0.236, 

p=0.208 

(SR) 
rs1,28=0.21

1, 

p=0.263 

(SR) 
rs1,28=0.50

4, 

p=0.005 

(SR) 
rs1,28=0.0

77, 

p=0.686 

Individu
al-level 

depend
ent 

variable

s 

Proportion 
of broken 
branches 

(1-5 scale) 
N = 3600 

A 

(MEOR) 
B4,2764=0.0

93, 

p=0.728 

(MEOR) 
B4,2764=0.0

10, 

p=0.569 

(MEOR) 
LR8,2760=17.

456, 

p=0.015 

(MEOR) 
B4,2764=-
0.125, 

p=0.866 

(MEOR) 
B4,2764=0.0

31, 

p=<0.001 

(MEOR) 
B4,2764=0.005, 

p=0.002 

(MEOR) 
B4,2764=-
0.001, 

p=0.797 

(MEOR) 
B4,2764=-
0.330, 

p=0.822 

(MEOR) 
B4,2764=-
0.027, 

p=0.006 

(MEOR) 
B4,2764=-
0.009, 

p=<0.00
1 

(MEOR) 
B4,2764=0.0

04, 

p=0.910 

(MEOR) 
B4,2764=-
0.031, 

p=0.300 

(MEOR) 
B4,2764=0.0

39, 

p=0.663 

(MEOR) 
B4,2764=0.0

11, 

p=0.859 

(MEOR) 
B4,2764=-
0.006, 

p=0.901 

Proportion 
of bent 

branches 
(1-5 scale) 
N = 3600 

A 

(MEOR) 
B4,3247=-

0.079, 
p=0.864 

(MEOR) 
B4,3247=-

0.007, 
p=0.828 

(MEOR) 
LR8,3243=18.

567, 
p=0.010 

(MEOR) 
B4,3247=-

1.791, 
p=0.163 

(MEOR) 
B4,3247=0.0

42, 
p=<0.001 

(MEOR) 

B4,3247=0.008, 
p=0.002 

(MEOR) 

B4,3247=0.004, 
p=0.481 

(MEOR) 
B4,3247=1.9

04, 
p=0.402 

(MEOR) 
B4,3247=-

0.009, 
p=0.547 

(MEOR) 
B4,3247=-

<0.0001, 
p=0.998 

(MEOR) 
B4,3247=-

0.008, 
p=0.872 

(MEOR) 
B4,3247=0.0

22, 
p=0.653 

(MEOR) 
B4,3247=-

0.249, 
p=0.077 

(MEOR) 
B4,3247=-

0.144, 
p=0.119 

(MEOR) 
B4,3247=-

0.030, 
p=0.721 

Proportion 
of browsed 
branches 

(1-5 scale) 

A 
N = 

2681 

(MEOR) 

B4,2520=-
0.557, 

p=0.415 

(MEOR) 

B4,2520=0.0
49, 

p=0.266 

(MEOR) 

LR8,2515=21.
349, 

p=0.003 

(MEOR) 

B4,2520=-
2.220, 

p=0.254 

(MEOR) 

B4,2520=0.0
86, 

p=<0.001 

(MEOR) 
B4,2520=0.011, 

p=0.008 

(MEOR) 
B4,2520=0.005, 

p=0.536 

(MEOR) 

B4,2520=-
6.553, 

p=0.015 

(MEOR) 

B4,2520=-
0.070, 

p=<0.00

1 

(MEOR) 

B4,2520=-
0.011, 

p=<0.00

1 

(MEOR) 

B4,2520=0.0
35, 

p=0.475 

(MEOR) 

B4,2520=0.1
20, 

p=<0.001 

(MEOR) 

B4,2520=-
0.568, 

p=<0.001 

(MEOR) 

B4,2520=-
0.420, 

p=<0.001 

(MEOR) 

B4,2520=-
0.287, 

p=0.004 

J 
N = 

2608 

(MEOR) 
B4,2604=-
0.154, 

p=0.687 

(MEOR) 
B4,2604=0.0

15, 

p=0.561 

(MEOR) 
LR8,2600=20.

196, 

p=0.005 

(MEOR) 
B4,2604=-
0.416, 

p=0.690 

(MEOR) 
B4,2604=0.0

50, 

p=<0.001 

(MEOR) 
B4,2604=0.008, 

p=<0.001 

(MEOR) 
B4,2604=0.003, 

p=0.547 

(MEOR) 
B4,2604=-
2.970, 

p=0.122 

(MEOR) 
B4,2604=-
0.051, 

p=<0.00
1 

(MEOR) 
B4,2604=-
0.009, 

p=<0.00
1 

(MEOR) 
B4,2604=-
0.016, 

p=0.703 

(MEOR) 
B4,2604=0.1

21, 

p=<0.001 

(MEOR) 
B4,2604=-
0.413, 

p=<0.001 

(MEOR) 
B4,2604=-
0.242, 

p=<0.001 

(MEOR) 
B4,2604=-
0.187, 

p=0.004 

Number of significant tests 0 0 7 0 13 10 0 3 10 7 8 7 6 10 9 
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Long-term stocking rate (1-30 scale) decreased significantly by 0.711 for each one 

degree increase in slope incline (Figure 3.2). Long-term 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 correlation with slope gradient 

(cattle: r(28) = 0.052, p = 0.784; camels: r(28) = 0.225, p = 0.231) or with any other 

environmental variables, apart from fog density which significantly correlated with 

cattle density (r(28) = 0.366, p = 0.047). No significant correlation was observed 

between current and long-term stocking rates. 

 

 

Figure 3.2. Scatter plot of correlation between long-term stocking rate and slope with linear 

regression line and 95% confidence interval.  

The CCA analysis identified fog density, long-term stocking rate, and 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 explained approximately 28% of the inertia in woody 

vegetation species composition. The pCCA (Table 3.3) showed that, after accounting 

for the effects of the other variables (dependently explained inertia), long-term 

stocking rate was the third most important factor affecting adult woody species 

composition, after fog density and elevation, and the second most important factor 

affecting juvenile woody species composition, after fog density.  
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In our CCA model building procedure, long-term stocking rate was found to be more 

powerful and significant than slope. When added to the model, slope was not 

significant but resulted in a 4.2% increase in absolute explained inertia, suggesting 

slope may have a slight independent effect on species composition. However, 

collinearity (VIF = 3) between slope and long-term stocking rate (Figure 3.2) 

confounded interpretation of the model, thus slope was removed from the model and 

degrees of freedom were preserved.  

Table 3.3. Dependently and independently explained inertia for each constraining variable and 

absolute explained inertia, for both adult and juvenile woody species communities. 

Constrained Correspondence Analysis (CCA) 

Vegetation 
abundance 
measure 

Constraining variable (inertia explained) 
Absolute 
inertia 
explained   Fog Density 

Long-term  
stocking rate 

Elevation range 

Adult 
woody 
species 
composition 

Dependently 12.3% 7.5% 7.7% 

28.1% 
Independently 12.2% 8.4% 8.3% 

Juvenile 
woody 
species 
composition 

Dependently 9.8% 9.7% 8.5% 

28.4% 
Independently 9.7% 10.1% 8.9% 

The CCA biplots of species scores enable interpretation of the effects of the 

constraining variables on adult and juvenile woody species composition (Figure 3.3). 

In both biplots we see a higher diversity of species, particularly uncommon species, 

associated with lower stocking rates and higher fog densities. All unpalatable or 

unfavoured species have their optimum in areas with above-average stocking rates. 

Adenium obesum (unpalatable) and J. dhofarica (unfavoured) are very strongly 

associated with high stocking rates in drier areas with lower fog densities. Dodonaea 

viscosa subsp. angustifolia (unpalatable) and Cadia purpurea (unpalatable) are 

associated with high stocking rates in areas with higher fog densities. Solanum 

incanum (unfavoured) is a more generalist species, associated with average fog 

densities but higher stocking rates. Juveniles of A. dhofarica appear to prefer areas 

with higher fog densities, whilst adults are more abundant under lower fog densities 

and higher stocking rates. Juveniles of the palatable species, Zygocarpum dhofarensis, 

Maytenus dhofarensis and Allophylus rubifolius, are more abundant under higher 

stocking rates than adults of these species.  
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Figure 3.3. Constrained correspondence analysis (CCA) biplots of adult and juvenile woody 

species composition. Common species (overall frequency > 10) are labelled using Cornell 

Ecology Programs (CEP) names and represented by a + symbol, and other species are 

represented by a point. Fog density and long-term stocking rate are continuous variables shown 

as arrows and elevation range is a categorical 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 

defines the 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 shrubs (Table 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 livestock. Dodonaea viscosa subsp. angustifolia, C. gileadensis and 

Olea europaea subsp. cuspidata were 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%) of A. dhofarica trees had been subject to branch 

management practises, and other managed species included Ficus vasta, Tamarindus 

indica, Croton confertus, A. rubifolius and O. europaea subsp. cuspidata. The most 
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frequently bark-stripped species were A. dhofarica, Blepharispermum hirtum, J. 

dhofarica, F. vasta and Ficus sycomorus, and O. europaea subsp. schimperi had on 

average the largest areas of stripped bark.  

Table 3.4. Proportions of individuals of adult trees and large shrubs (n=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 (cm2) 

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% 7% 2930 

60 Euclea racemosa subsp. schimperi 7% 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 in Table 3.2 show that across all palatable species the proportion of 

browsed branches of adults and juveniles decreased significantly with increasing 

distance from houses, vehicular access routes and water points, indicative of the 

piosphere model. The same scenario was observed for the proportion of broken and 

bent branches of A. dhofarica adults in relation to houses, but not for adults of all 

palatable species. For A. dhofarica, an increase in distance (km) from houses was 

associated with a decrease in the odds of a tree having more broken branches, with an 

odds ratio of - 0.325 (SE: 0.092), Wald p-value < 0.001. Likewise, an increase in 

distance (km) was associated with a decrease in the odds of a tree having more bent 

branches, with an odds ratio of - 0.300 (SE: 0.143), Wald p-value < 0.036.  

Figure 3.4 shows the results of the linear mixed-effects regression analysis of palatable 

woody plant density. The results show that very high long-term stocking rates 
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significantly reduce adult palatable woody 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 cover result 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.  

 

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 mixed-effects 

regression model with sites, points 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 variables. A 

grassland site with very low woody plant density has been excluded from the analysis.  

Figure 3.5 shows the results of the linear mixed-effects regression analysis of 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 basal area. Rock 

cover had a slight but significant negative effect on basal area.  
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Figure 3.5. Coefficient estimates, confidence intervals (lines) and significance of log adult 

Anogeissus dhofarica basal areas for each variable in a linear mixed-effects 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 and low elevation 

range are the reference classes for categorical variables. 

We plotted the DRC-height relationships of five widespread and abundant woody 

species (Figure 3.6). Commiphora habessinica showed 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 rates a similarly broad range of sizes of C. gileadensis were recorded but as 

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

trees with few medium-sized trees between 2-4m in height and 10-15 cm in diameter. 

The frequency of large mature A. dhofarica trees increased under higher stocking 

rates. Euphorbia smithii and Z. dhofarense showed a trend towards shorter individuals 

under high stocking rates. Young adults, with smaller DRCôs, for all five species 

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

equivalent DRC measurements as stocking rates increased.  
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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 fitted a linearised version of Curtisôs height-diameter 

function indicated by the red line.  

3.5 Discussion 

3.5.1 Biotic and abiotic variables that influence woody vegetation  

Our research corroborates existing evidence that the Khareef fog is critical to 

supporting woody vegetation in Dhofar (Kürschner et al., 2004; Hildebrandt & Eltahir, 

2006, 2007; Friesen et al., 2018). Moreover, our research identifies for the first time, 

that small-scale spatial variability in fog density is the primary factor influencing 

woody vegetation species composition. Spatial variability in fog density is closely 

linked to topography (Appendix 8). For example, fog density is highest in areas where 

steep topography limits its movement inland (such as at the top of tributaries and 

below cliffs). In these areas we see higher species diversity (Table 3.2, Figure 3.3) and 

larger trees (Figure 3.5). We also see greater canopy cover (Table 3.2) which conforms 

to findings from African savannahs, where in areas receiving a mean annual 

precipitation of less than 650 mm, woody canopy cover is constrained by and increases 

with precipitation (Sankaran et al., 2005). Despite this, adult woody plant density did 

not differ significantly with fog density (Figure 3.4). We attribute this primarily to the 

presence of larger trees at lower densities (Scholes & Archer, 1997) but also large 

rocks and boulders in high-moisture areas (e.g. at the base of cliffs) may limit woody 
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plant density. Interestingly, in Dhofar, evidence suggests that a complex tree canopy 

structure, with varying canopy heights and gaps, is likely to capture greater quantities 

of fog than a continuous smooth canopy (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 balance (Hildebrandt 

& Eltahir, 2008). For example, fog has been found to correlate with distributions of 

Dracaena cinnabari on the island of Socotra, where quantities of horizontal 

precipitation are comparable with Dhofar (Scholte & De Geest, 2010). In addition, fog 

and aspect differentially influenced vegetation in the Negev desert (Kidron, 2005) and 

areas of fog accumulation affected vegetation in the arid mountains of Mexico 

(Martorell & Ezcurra, 2002).  

Aspect, being closely linked to temperature and light availability, is often an important 

constraint affecting plant communities (Stage, 1976), however linear aspect showed 

no significant relationship with vegetation measures in our study because most sites 

were south-facing, thus it was excluded from analysis. Our aspect-derived variables 

such as slope aspect and solar radiation were significant, but were acting as proxies 

for fog exposure (although fog density was a more powerful variable), rather than 

representing incoming solar radiation as both are southerly-oriented processes which 

vary with slope gradient. Indeed, Holland and Steyn (1975) suggested that the role of 

aspect at lower latitudes is less related to sunlight and temperature, and more 

explicable by reference to the directions of the principal rain-bearing winds.  

Elevation range showed no significant relationship with our univariate vegetation 

measures such as plant density, species diversity and tree heights (Table 3.2) but was 

the third and second most important factor affecting juvenile and adult woody plant 

species composition, respectively. Elevation can be a key driver of vegetation patterns 

in topographically varied landscapes in arid regions (Shreve, 1922), depending on the 

elevation range in question. In this study, the effects of elevation were limited because 

our sampling was restricted to the 300ï500m and 700ï900m a.s.l. zones of the 100ï

1000m a.s.l. altitudinal range of the Anogeissus forest (Kürschner et al., 2004). 

Consequently, we suggest future descriptive or classification studies of the Anogeissus 

forest should account for local variability in fog, and strictly stocking rates too, in 

addition to altitude.  
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Palatable woody plant density was found to be greater at the high elevation range 

despite no significant altitudinal variation in long-term stocking rates. However, 

ground cover of small rocks was greater at high elevations and plant density increases 

with rock cover (Figure 3.4). High densities of Commiphora shrubs occurred at rocky 

sites at high elevations near Shaôat and Aghethob whilst several flat lowland sites had 

sparse understories. It is likely high rock cover reduces accessibility to livestock and 

protects saplings (Appendix 11) in a similar way that Carson et al. (2005) found 

boulders protected woody species from deer browsing in Pennsylvania. In addition, 

low herbaceous cover in rocky areas may allow woody plants to quickly achieve 

vertical dominance (Scholes & Archer, 1997).  

In Jabal Qamar, akin to other rangeland systems, as slope gradient increases, stocking 

rate (and browsing intensity) decreases (Figure 3.2), as livestock prefer to feed on flat 

ground (Mueggler, 1965; Mwendera, Mohamed Saleem & Dibabe, 1997). 

Furthermore, in Dhofar browsing intensity is higher near settlements (Table 3.2) 

where livestock are watered and receive feedstuffs, leading to localised vegetation 

degradation. The addition of slope to the CCA models revealed a slight independent 

effect on species composition, possibly due to slope-vegetation relationships 

pertaining to radiant energy income, hydrology and soils (Holland & Steyn, 1975; 

Nearing, 1997). Current stocking rates (prevailing at our sites during the fieldwork 

period) did not vary by slope or distance from settlements. This suggests that although 

slope gradient has influenced stocking rates in the past, at present, livestock may be 

occupying steeper and less accessible areas. Indeed, cattle were observed navigating 

rocky slopes approaching 45 degree inclines to access grazing areas; a behaviour seen 

in small cattle breeds (Howery, Bailey & Laca, 1999).  

3.5.2 Effect of browsing on woody vegetation species composition  

Long-term stocking rate was the third most influential variable affecting adult woody 

vegetation species composition. This indicates that the prevailing species composition 

of the mature woody layer has been influenced by browsing activity. For juveniles, it 

was the second most influential variable. Seedlings and saplings are more susceptible 

than adults due to their smaller size (Scholes & Archer, 1997; Ripple et al., 2001; Côté 

et al., 2004; Smit et al., 2007; Staver et al., 2009) and the composition of juveniles 

can be affected by removal of adult reproductive components (Augustine & Decalesta, 

2003). Thus, we can expect to see greater shifts in species composition as the forest 
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regenerates under current conditions. Camel browsing has been found to affect plant 

species composition in deserts in the UAE where exclusion of camels resulted in 

increased plant density and species richness (El-Keblawy, Ksiksi & El Alqamy, 2009).  

Decreased botanical diversity and increased frequencies of unpalatable species are 

well-known symptoms of overstocked rangelands (Thalen, 1979; Tzanopoulos, 

Mitchley & Pantis, 2005; Seymour et al., 2010; Briske, 2017), which have been 

previously described from Dhofar (Ghazanfar, 1998; Peacock et al., 2003; Ministry of 

Regional Municipalities Environment and Water Resources & UNEP & UNCCD, 

2005; Patzelt, 2012). Here we provide further evidence to support these claims. In 

particular, we find all unpalatable or unfavoured woody species have their optimums 

at above-average stocking rates, although the succulents, A. obesum and J. dhofarica, 

naturally prefer the more xeric conditions of the plateau, where coincidently stocking 

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

From model simulations, Hildebrandt and Eltahir (2008) concluded that degraded 

forests in Dhofar may not recover due to reduced horizontal precipitation following 

degradation. Promisingly, we found juveniles of Maytenus dhofarensis, Allophylus 

rubifolius and Zygocarpum dhofarensis were more abundant under higher stocking 

rates than adults, with the latter also favouring drier conditions which prevail in sparse 

woodlands and grasslands (Miller, Morris & Stuart-Smith, 1988). These may represent 

important species for restoration of degraded areas. The reasons for their survivability 

are unclear, as all three species are important browsing fodder species (although M. 

dhofarensis is unfavoured by cattle) (Miller, Morris & Stuart-Smith, 1988). They may 

be encroaching due to low herbaceous biomass and the absence of fires (Scholes & 

Archer, 1997), exhibiting higher seed production under stress (Huntley & Walker, 

1982), hold a competitive phenological advantage due to early bud burst (Scholes & 

Archer, 1997), or are protected by an unpalatable herbaceous layer (Scholes & Archer, 

1997; Smit et al., 2007). It is also plausible that the strength and hardness of the wood 

of these species, which was traditionally favoured for construction and to make 

weapons such as fishing spears (Miller, Morris & Stuart-Smith, 1988) makes them too 

indigestible to be consumed in their entirety by livestock.  
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3.5.3 Effect of browsing on the structure of the woody plant layer 

We found palatable woody species density decreases significantly, and quite 

substantially, under very high and high stocking rates, respectively 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 capture. Once tree density is low and horizontal precipitation 

is reduced, less moisture penetrates deep into the soil (exacerbated further by 

compaction from trampling), giving grasses a competitive advantage (Casper & 

Jackson, 1997). The restoration of woody cover may well require significant 

intervention (Vetter, 2005).  

In a global study using data from 236 locations, Milchunas and Lauenroth (1993) 

found above-ground net primary productivity decreased with grazing and Al-Rowaily 

et al. (2015) reported decreased woody species density with increased stocking rates 

in Saudi Arabia. Akin to our results for species composition, our results for density, 

suggest juveniles are more susceptible to browsing than adults. The susceptibility of 

seedlings and saplings, prevents their maturation into adults, which is generally 

considered the main process by which browsers maintain open ecosystems (Ripple et 

al., 2001; Côté et al., 2004; Staver et al., 2009), in addition to the removal of 

reproductive components from adults (Augustine & Decalesta, 2003). Camels select 

the freshest, most nutritious plant parts (Iqbal & Khan, 2001), and reduced seedling 

recruitment under high camel stocking rates has been reported from the United Arab 

Emirates (Gallacher & Hill, 2006a, 2006b). Cattle have also been reported to reduce 

seedling frequencies in Iran (Pour et al., 2012). In Dhofar, it is likely seedlings and 

saplings are targeted by cattle once the grass and herb layer has senesced or been 

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

We observed altered age structure in the populations of woody species due to stocking 

rates. For example, we found that A. dhofarica trees are older (Figure 3.5) and total 

basal area of juveniles of all species is greater (Table 3.2) in areas under higher long-

term stocking rates, most probably because larger plants are more resilient to browsing 

(Smit et al., 2007). Furthermore, several species exhibited shorter heights at equivalent 

DRC measurements under higher stocking rates (Figure 3.6). Such stunted plant forms 

occur naturally in Dhofar and are usually associated with low moisture availability 

(Patzelt, 2015), such as the stunted J. dhofarica and C. habessinica  communities on 
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the plateau. However stunting due to severe browsing pressure was clearly observable 

in the field (Appendix 12) affected numerous species and occurred in areas with high 

fog densities. It has also been reported before in Dhofar (Oman Office of the 

Government Adviser for Conservation of the Environment, 1980; Miller, Morris & 

Stuart-Smith, 1988; Al-Mashaki & Koll, 2007) and elsewhere (Pour et al., 2012; 

Hoppe-Speer & Adams, 2015; Box et al., 2016).  

Anogeissus dhofarica is the most abundant tree, and from an ecological and ethno-

botanical perspective, the most important woody species in Dhofar. It was traditionally 

used as a building material and has a long history of use as a fuel wood and fodder 

plant (Miller, Morris & Stuart-Smith, 1988). This long history of use was apparent in 

our data. Ninety-seven percent of adult A. dhofarica trees in the study (n=534) had 

broken limbs and 57 percent had been subject to branch bending management 

practises. Branches are bent to bring the tree foliage in reach of livestock but its impact 

on tree survivability remains unknown and should be a priority for future research.   

Adult A. dhofarica trees were over four times as abundant as juveniles indicating low 

advanced growth and subsequently poor forest regeneration. Only nine percent of A. 

dhofarica trees were dead indicating their resilience to heavy browsing pressure and 

the amount of standing dead adults of all species was surprisingly low compared to 

other studies (Angelstam, 1997: 30% - 40% of individuals compared to 10% in our 

study; Tritton and Siccama, 2014: 3% - 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 harvested for firewood and livestock bomas.  

Bark stripping by livestock is commonly ranked by pastoralists as one of the greatest 

threats to the rangelands and the teeth of camels are often removed, yet we found only 

10 percent of trees and large shrubs had an average 800 cm2 area of stripped bark 

(Table 3.4). The cause of this behaviour in camels and cattle in Dhofar is unknown. 

Based on a review by Nicodemo and Porfírio-da-Silva (2018), it is most likely 

associated with diet and pasture quality, although behaviour and parasite control 

factors could be relevant. Camels have been found to selectively browse species and 

plant parts to balance the chemical composition of their diet (Amin, Abdoun & 

Abdelatif, 2007; Desalegn & Mohammed, 2012) or to obtain pharmaceutically active 

compounds (Villalba et al., 2014). Hence, bark which contains polysaccharides, pectic 
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substances, phenolic polymers and cross-linked polyesters (Feng et al., 2013; 

Nicodemo & Porfírio-da-Silva, 2018), could potentially contribute beneficial nutrients 

and medicines to their diet. An assessment of the chemical composition of the most 

bark-stripped tree species in Dhofar (Table 3.4) and a review of the nutrient 

composition of livestock feedstuffs should be a 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 the principle driver of woody plant community 

composition, however livestock browsing has affected the compositional and 

structural characteristics of these communities. Thus, Dhofar exhibits the widely cited 

properties of an equilibrium system because livestock browsing is the principal driver 

of woody vegetation change. Unlike in non-equilibrium rangelands, livestock 

populations are not density-dependent due to widespread feedstuff provisioning and 

the predictable annual monsoon supports vegetation communities in a  relatively stable 

state (Ellis & Swift, 1988; Behnke, Scoones & Kerven, 1993; Sullivan & Rohde, 2002; 

Vetter, 2005). Moreover, past accounts suggest that livestock have been the principle 

driver of vegetation change for several decades (Lamprey, 1976; Lawton, 1978; Oman 

Office of the Government Adviser for Conservation of the Environment, 1980; Wilson 

& MacLeod, 1991; Ghazanfar, 1998).  

3.6 Conclusion 

We performed the first detailed analysis of the impact of camel, cattle and goat 

browsing on woody species of the drought-deciduous Anogeissus forests in Dhofar. 

Few studies have addressed the impacts of camel browsing on vegetation, particularly 

in an arid cloud forest rangeland at equilibrium. Thus we are contributing a novel study 

to the rangeland sciences. We 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 growth, and led to 

stunting, altered population age structures and plant damage through management 

practises, bark stripping and browsing. Three key limitations of this study include the 

absence of data on the physical and chemical properties of soils, the differential 

impacts of cattle, camel and goat browsing, and forest-grassland interactions.  
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The functional integrity of vegetation communities is usually a good indicator of the 

health of wider biodiversity (Noss, 1990; Ferris & Humphrey, 1999), particularly in 

arid environments where botanical biomass is limited by constraining climatic 

conditions (Ludwig et al., 2004). In Dhofar, woody plants play an even more vital role 

in supporting wider biodiversity, much of which is range-restricted, endemic and 

threatened, by irrigating the ecosystem through horizontal precipitation during the 

Khareef season (Kürschner et al., 2004; Hildebrandt & Eltahir, 2006). We have 

provided empirical evidence of vegetation degradation due to overstocking in Dhofar 

and conclude that an intervention is urgently required to reduce browsing pressure and 

increase conservation efforts in the Dhofar Mountains.  
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4.1 Abstract 

A phytosociological study of the Anogeissus forest in Jabal Qamar, Dhofar is carried 

out. Six new habitat variants are identified and described using hierarchical cluster 

analysis and indicator species analysis. These are the Dodonaea viscosa subsp. 

angustifolia shrubland variant, Cadia purpurea-Olea europaea forest variant, Euclea 

racemosa-Jasminum grandiflorum shrubland variant, Maytenus dhofarensis-Ficus 

sycomorus woodland variant, Jatropha dhofarica-Zygocarpum dhofarense sparse 

woodland variant and the Premna resinosa-Hybanthus durus forest variant. A seventh, 

the broad-leaved Blepharispermum hirtum variant, was previously described by 

Kürschner et al. (2004). Associated topoclimatic factors, vegetation characteristics 

and disturbance factors are discussed. The interplay between the complex topography 

and the monsoon fog as well as stocking rates are identified as key variables affecting 

vegetation community composition. A review of the literature suggests that the 

Dodonaea viscosa subs. angustifolia shrubland variant persists as a result of historical 

agricultural practises whilst the Maytenus dhofarensis-Ficus sycomorus sparse 

woodland persists as a result of historical deforestation.  

4.2 Introduction  

The Hybantho durae-Anogeissetum dhofaricae (Kürschner et al., 2004), a drought 

deciduous cloud forest community, is endemic to the south-facing escarpments of a 

limestone mountain chain on the central south coast of the Arabian Peninsula, in the 

governorate of Al-Mahra in Yemen and the governorate of Dhofar in Oman. It is the 

remnants of a once continuous tropical flora which spanned Africa and Arabia, the 

remainder of which disappeared with Arabiaôs increasing aridity in the late Tertiary 

(Kürschner et al., 2004; Meister et al., 2005).  

The Anogeissus forest is supported by a mean annual precipitation of 250mm, whilst 

the surrounding semi-deserts and deserts receive less than 100mm. Most of the 

precipitation is received in the monsoon season, known locally as the Khareef. From 

mid-June to mid-September south-western winds cause an upwelling of cold deep sea 

water off the coast, lowering the sea temperature to c. 18 degrees. 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 (Whitehead et al., 1988; 

Ghazanfar & Fisher, 1998). The Khareef fog, which is denser a few meters above than 
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close to the ground (Price, Al-Harthy and Whitcombe, 1988; 34-35 l/m2 per day at 4.2 

m, 13 l/m2 at 0.9 m height), is captured by tree canopies, through a process known as 

horizontal precipitation (Kürschner et al., 2004; Hildebrandt & Eltahir, 2006, 2007, 

2008; Friesen et al., 2018). Net precipitation which reaches the ground is estimated to 

be three times as high as rainfall (Hildebrandt & Eltahir, 2006).  

An altitudinal gradient of vegetation communities has long been recognised in Dhofar 

(Radcliffe-Smith, 1980; Raffaelli & Tardelli, 2006), and these communities have been 

the subject of botanical inventories for several decades (Radcliffe-Smith, 1980; Miller, 

Morris & Stuart-Smith, 1988; Miller & Cope, 1996; Ghazanfar & Fisher, 1998; Mosti, 

Raffaelli & Tardelli, 2012). Many of these communities have been described 

qualitatively (Al-Zidjali, 1995; Kilian, Hein & Hubaishan, 2002; Raffaelli & Tardelli, 

2006; Knees et al., 2007; Patzelt, 2015) whilst others, such as the coastal vegetation 

(Ghazanfar, 1996, 1999) and a mid-altitude plateau grassland (Patzelt, 2011), have 

been subject to quantitative phytosociological sampling.  

Inventorial research has recorded 262 vascular plant species (19% of the total flora of 

Oman) from the Anogeissus forest (Patzelt, 2015). Miller et al. (1988) generated a 

valuable reference material and ethnobotanical knowledge for many woody species, 

yet a detailed phytosociological study was not completed until more recently by 

Kürschner et al. (2004). This description of the association used data from 38 releves 

in the Hawf and Fartak mountains in Yemen  (Kürschner et al., 2004), with 

supplementary data from two research trips to Dhofar in October 1998 by P. Hein & 

N. Kilian and in December 2002 by N. Kilian, and the results of Radcliffe-Smith 

(1980).  

This paper aims to compliment those results through a phytosociological study of the 

Anogeissus forest in Jabal Qamar in Dhofar. We discuss associated topoclimatic 

factors, vegetation characteristics and disturbance factors, with a focus on livestock 

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; Kürschner et al., 2004; Tardelli & Raffaelli, 2006; El-Mahi, 2011b).  
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4.3 Methods 

4.3.1 Study area 

Jabal Qamar is the westernmost of the three mountain ranges in Dhofar (Figure 4.1). 

It experiences a higher precipitation than the other two mountain ranges and boasts 

the highest botanical diversity (515 vascular species) of any area in Oman (Patzelt, 

2015). The drought-deciduous Anogeissus forest (Kürschner et al., 2004) is dominant 

on the south-facing escarpments, with sparse woodland 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 Dammam (DAM) formations (Friesen et al., 

2018).  

There are seventy-five permanently inhabited and ten seasonally (Khareef) inhabited 

villages in Jabal Qamar with a total human population of 7,799 (Oman National Centre 

for Statistics and Information, 2017a). Livestock-owning 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) method (Cottam and Curtis, 1956) was used to sample the 

composition, density and structure of woody vegetation at thirty sites (Figure 4.1). 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 standard plot-based 

techniques (Cottam & Curtis, 1956; Beasom & Haucke, 1975). Although the PCQ 

method was initially designed for forestry studies it has been widely applied to more 

natural systems (Dickhoefer et al., 2010; Dias et al., 2017; Pereira et al., 2018). 

Dahdouh-Guebas and Koedam (2006) addressed several ambiguous field situations 

which we 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 site markers 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 site. Consecutively rotating site visits controlled 

for intra-seasonal vegetation change such as senescence and livestock grazing and 

browsing to improve comparability between sites, and allowed for minor adjustments 

to be made to the methodology between each round of visits. Points were randomly 

dispersed over an area of approximately 1 km2 as camel browsing can be dispersed 

while cattle grazing can be patchy (Dereje & 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 responses (Briske, Fuhlendorf 

& Smeins, 2003). At each sample point, the distances to the closest adult and the 

closest juvenile woody plant were recorded in each of four quarters. At each PCQ 

point a 1.2 m x 1.2 m quadrat was deployed to sample the ground vegetation which 

also served to guide the PCQ quarters. Grass and herb species richness and the 

percentage cover of grasses, herbs, rock and bare 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 120 adult 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 Bray-Curtis dissimilarly indices and 

average linkage clustering was carried out on the woody (combined juvenile and 

mature) species count data in R studio (R Core team, 2013). Unlike in non-nested 

clustering algorithms such as K-means clustering, the number of clusters of interest is 

not pre-specified in HCA. Rather, a single nested hierarchy of clusters is produced and 

visualised in a 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 significance of clustering. In this study, no such issues were faced as the 

hierarchy of clusters was partitioned at seven groups (K = 7) on the basis that the 

seventh group conformed to the pre-described Blepharispermum hirtum variant of the 

Anogeissus forest (Kürschner et al., 2004). TWINSPAN (Hill, 1979) is another widely 

used classification technique, although it has received much criticism (Belbin & 
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McDonald, 1993; McCune, Urban & Grace, 2002; Dufrene & Legendre, 2013). We 

discounted this method as it assumes a single strong gradient dominating the data 

structure, while we suspected multiple gradients in Dhofar (e.g. fog and stocking 

rates).  

The Bray-Curtis dissimilarity measure was used as it is appropriate for raw count data 

including zeros (Legendre & Legendre, 1998; Greenacre & Primicerio, 2013) and is 

particularly suited to uniform sample sizes which resulted from our PCQ sampling 

method (Chao et al., 2006). Average linkage clustering was used as it is a natural 

compromise between single and complete linkage clustering and provides a more 

accurate reflection of the distance between clusters as it incorporates information 

about variance (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 rapid senescence of the herbaceous layer it 

does not ócharacteriseô habitats per se (Appendix 13).  

The clusters were visualised in a CCA biplot of woody species composition (combined 

juvenile and mature) to observe the relationship between the proposed variants and 

three important environmental constraints. The CCA models were conducted in R 

studio (R Core team, 2013) using the Vegan package (Oksanen et 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. 

Permutation tests for the joint and separate effects of constraining variables, as well 

as for marginal (Type III) effects, were performed to test the significance of each 

constraint. One-way ANOVA tests and Tukey HSD post-hoc tests were used to 

compare topoclimatic parameters, vegetation characteristics and disturbance factors 

between variants.  

4.3.4 Indicator species analysis 

Diagnostic species of the proposed variants were determined by calculating group-

equalized individual-based correlation indices (r.ind.g) for each species within each 

cluster (De Cáceres & Legendre, 2009). This index was preferred over others by the 

same authors for two reasons. Firstly, it is suited to our sampling design where an 

equal number of individuals were sampled at each site (De Cáceres & 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 sizes (Tichý & Milan, 2006; De 

Cáceres & Legendre, 2009). This 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 dividing each abundance value by the sum of the 

abundances at each site (De Cáceres & Legendre, 2009). The transgressive 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 scheme by  Ellenberg and 

Mueller Dombois (1967).  

The significance of species-variant memberships for diagnostic species was tested 

using permutation tests under the null hypothesis 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 significant p-value after Sidakôs correction for multiple testing. The 

analysis was conducted on woody plants and herbs separately, under the same site 

groupings, using the indicspecies package (De Cáceres & Jansen, 2016) in R studio 

(R Core team, 2013).  

4.4 Results 

We recorded 47 woody species (42 adult and 43 juvenile) (Appendix 9, Appendix 10) 

and 110 herbaceous species across the thirty sites (Appendix 14, Appendix 15). The 

colours of the clusters in the hierarchical cluster analysis (HCA) dendrogram (Figure 

4.2) and the CCA biplot of clusters (Figure 4.3) match the coloured site map markers 

in Figure 4.1. Based on our field observations, the resultant clusters appear to 

accurately distinguish between the key habitats in the monsoon-influenced zone of 

Jabal Qamar.  

The CCA found fog density, long-term 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 effects of the other variables. 

In the biplot of clusters (Figure 4.3) one can observe three entirely distinct ómeta-

clustersô of sites spread around the ordination space. Firstly, the high altitude plateau 

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 (bottom-left of the ordination space) at low 

altitudes, with average fog densities and low stocking rates. And finally, clusters A, 

B, C and D (right side of the ordination space) at higher altitudes, associated with 

above-average fog densities but varying stocking rates. Within this last ómeta-clusterô 

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 the ordination 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 shown in Table 4.1. In the following section we 

describe the variants using the synoptic table (Table 4.2) and include data on other 

variables from Table 4.1. 

 

Figure 4.2. Dendrogram of seven clusters of thirty sites using Bray-Curtis dissimilarity indices 

and average linkage clustering. 
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Figure 4.3. Constrained correspondence analysis (CCA) biplot of site scores with clusters shown 

as spider plots, where colours match with those in the dendrogram (Figure 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 as centroids of low and 

high elevation ranges (300ï500 m a.s.l. and 700ï900 m 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 correlation 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 parameters. Several topclimatic parameters were measured from 200 

points per site to increase site-level precision. Other parameters were measured at the individual (e.g. adult height), point (e.g. adult density) or a different level 

(e.g. soil pH) based on the sampling procedure. Differences between variants were tested with one-way ANOVAôs. Letters signify the results of Tukey HSD post-hoc 

tests and indicate pairwise non-significant results.  The last column shows overall significance: < 0.001 ó***ô; < 0.01 ó**ô; < 0.05 ó*ô. 

Parameters A: Dodonaea viscosa subsp. 
angustifolia shrubland variant 

B: Cadia purpurea-Olea 
europaea forest variant 

C: Euclea racemosa-
Jasminum grandiflorum 
shrubland variant 

D: Maytenus dhofarensis-
Ficus sycomorus woodland 
variant 

E: Jatropha dhofarica-
Zygocarpum dhofarense 
sparse woodland variant 

F: Broad-leaved 
Blepharispermum hirtum 
variant (Kürschner et al., 
2004) 

G: Premna resinosa-
Hybanthus durus forest 
variant 

P 

Topoclimatic 
factors 

N Mean SD No 
signf. 

N Mean SD No 
signf. 

N Mean SD No 
signf. 

N Mean SD No 
signf. 

N Mean SD No 
signf. 

N Mean SD No 
signf. 

N Mean SD No 
signf. 

  

Elevation (m) 
(n/site = 200) 

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   *** 

Aspect (°) 
(n/site = 200) 

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   *** 

Slope (°) 
(n/site = 200) 

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   *** 

Fog density (arb. 0-1) 
(n/site = 200) 

600 0.55 0.03   600 0.57 0.05 DC 573 0.57 0.06 DB 600 0.57 0.06 CB 1600 0.42 0.05   400 0.52 0.04   1465 0.49 0.04   *** 

Solar radiation 
(kWH/m2)  
(n/site = 30) 

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   *** 

Heat Load Index 
(McCune and Keon) 
(n/site = 200) 

600 1.07 0.02 DF 600 1.08 0.03   573 1.10 0.04   600 1.07 0.03 AEF 1600 1.07 0.02 D 400 1.07 0.03 AD 1465 1.09 0.04   *** 

Terrain Roughness 
(n/site = 200) 

600 20.03 14.16 EF 600 43.79 47.39 D 573 129.11 123.51   600 35.52 40.84 BF 1600 18.32 26.87 A 400 28.97 22.71 AD 1465 88.04 55.16   *** 

Soil pH  
(n/site = 4) 

12 8.06 0.10 BCDE 12 7.99 0.08 ACDE 12 7.90 0.20 ABE 12 8.12 0.09 ABEF
G 

32 8.00 0.17 ABCD 8 8.35 0.09 DG 32 8.25 0.09 DF *** 

Rock cover (%) 
(n/site = 30) 

90 7.5 15.0 BDFG 90 13.6 17.8 ACF 90 17.1 20.1 BE 90 5.0 12.7 AFG 240 20.2 19.5 C 58 6.4 15.7 ABDG 240 6.4 11.6 ADF *** 

Vegetation 
characteristics 

  
  

    
  

    
  

    
  

    
  

    
  

    
  

  
 

Proportion of dead 
adults (%) 
(n/site = 1) 

3 12.50 3.82   3 16.94 1.27   3 9.16 5.77   3 10.28 3.36   8 10.21 3.69   2 5.42 4.12   8 8.33 5.23   . 

Adult density 
(plants/hectare) 
(n/site = 30) 

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 *** 

Juvenile density 
(plants/hectare) 
(n/site = 30) 

90 2059 2282 BCDE
F 

90 5527 6975 ACDE
F 

90 5610 6173 ABDE
F 

90 1271 1897 ABCE
F 

240 4968 6981 ABCD
F 

60 2510 2345 ABCD
E 

240 11231 19983   *** 

Adult basal area 
(cm2) 
(n/site = 120) 

360 105.9 380.6 CEG 360 370.4 838.1 CDFG 360 197.9 444.9 ABEF
G 

360 560.1 1724.2 BF 960 178.4 338.0 ACG 240 224.9 427.1 BCDG 960 169.5 317.0 ABCE
F 

*** 

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

360 235.7 126.8   360 464.9 294.9   360 374.3 214.3 DFG 360 354.8 300.1 CF 960 304.7 228.2   240 359.3 215.4 CD 960 414.1 220.0 C *** 

Juvenile basal area 
(cm2) 

360 5.6 9.6 E 360 3.6 6.8 DF 360 2.1 4.1 G 360 3.2 5.1 BF 960 4.7 9.1 A 240 4.9 8.4 BD 960 2.4 5.2 C *** 
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(n/site = 120) 

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

360 85.4 60.4 BCF 360 77.4 75.9 ACFG 360 73.5 82.4 ABFG 360 46.1 42.8 E 960 57.0 43.0 D 240 80.3 74.6 ABCG 960 70.4 76.1 BCF *** 

Disturbance or 
livestock factors 

  
  

    
  

    
  

    
  

    
  

    
  

    
  

  
 

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

3 19.33 7.09 BCDE
F 

3 19.33 5.03 ACDE
F 

3 8.00 2.65 ABFG 3 25.00 7.81 ABEF 8 21.63 4.53 ABDF 2 12.00 15.56 ABCD
EG 

8 6.63 3.62 CF *** 

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

90 1.86 1.33   90 2.03 0.42 CG 90 2.88 1.04 B 90 1.07 0.61   240 0.73 0.46   60 4.47 1.80   240 2.40 1.41 B *** 

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

90 0.32 0.30 D 90 1.55 0.88 CFG 90 1.13 0.65 BFG 90 0.53 0.55 A 240 0.68 0.47   60 3.03 2.53 BCG 240 1.67 0.98 BCF *** 

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

90 2.30 1.28 D 90 2.13 1.09 D 90 3.38 1.25   90 1.51 0.72 AB 240 1.09 0.63   60 5.14 1.24   240 6.04 3.77   *** 

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

90 1.34 1.12 CDE 90 1.82 0.88 CFG 90 1.54 0.66 ABFG 90 1.20 0.73 AE 240 0.86 0.45 AD 60 3.40 2.96 BCG 240 2.15 1.58 BCF *** 

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

90 1.04 0.75   90 4.51 0.82 G 90 3.15 0.83 D 90 3.16 1.07 C 240 2.78 1.64   60 1.89 1.07   240 5.50 2.79 B *** 

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

360 2.43 1.21   360 2.83 1.21   360 2.13 1.06   360 2.89 1.33   960 2.97 1.36   240 2.83 1.20   960 2.36 1.05   - 

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

360 1.06 0.39   360 1.33 0.90   360 1.10 0.47   360 1.53 1.10   960 1.25 0.72   240 1.19 0.66   960 1.12 0.48   - 

Bark stripping (cm2) 
(n/site = no. of bark-
stripped individuals) 

22 228.86 448.68 CDFG 21 985.33 1336.4
4 

CDEF
G 

3 147.33 121.99 ABDE
FG 

22 867.09 1211.5
0 

ABCE
FG 

121 1216.3
9 

2209.7
6 

BCDF
G 

17 1415.5
9 

4795.8
5 

ABCD
EG 

16 478.00 967.71 ABCD
EF 

* 

Juvenile browsing 
intensity (avg. 1-5 
classes) 
(n/site = no. of 
palatable individuals) 

144 3.83 1.54   257 3.49 1.69   300 3.43 1.69   279 4.19 1.43   610 3.78 1.60   202 3.78 1.55   890 3.76 1.69   - 

Adult browsing 
intensity (avg. 1-5 
classes) 
(n/site = no. of 
palatable individuals) 

138 4.73 0.55   237 4.50 0.97   288 3.45 1.35   273 4.81 0.54   562 4.76 0.59   196 3.71 1.49   831 3.80 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 between species and variants. Significance of 

correlation indices was tested using 999 permutations and all species with p = < 0.1 following 

Sidakôs correction are included under their associated variant. The most significant species-

variant association is highlighted 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   C   D   E   F   G       

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 
 

2.47 
 

2.26 
 

2.37 
 

2.87 
   

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 43.2 51.8 - -12.3 6.5 -2.6 7.5 -1.1 0.1 -12.2 - -12.3 0.6 -11.3 0.007 ** 

Rhus somalensis 2.1 9.3 - -2.9 1.3 4.4 - -2.9 0.1 -2.6 - -2.9 0.1 -2.6 0.088 
 

Cluster B: Cadia purpurea-Olea europaea forest variant 
             

Woody plants 
                

Cadia purpurea 0.6 -8.4 28.6 43.7 1.7 -6.4 0.3 -8.9 0.1 -9.4 3.3 -3.3 1.1 -7.4 0.007 ** 

Olea europaea subsp. cuspidata 0.7 -3.0 7.8 20.1 1.4 -0.7 0.4 -3.9 0.8 -2.7 - -5.2 0.2 -4.7 0.007 ** 

Croton confertus - -6.3 9.6 19.8 0.8 -4.0 1.7 -1.7 0.4 -5.3 2.5 0.5 1.1 -3.1 0.007 ** 

Herbs 
                

Oplismenus burmanni 0.4 -10.1 19.5 28.8 6.8 4.3 3.2 0.4 - -10.9 - -10.9 2.7 -1.7 0.028 * 

Cluster C: Euclea racemosa-Jasminum grandiflorum shrubland variant 
         

Woody plants 
                

Euclea racemosa subsp. schimperi 2.4 0.9 1.3 -2.3 10.1 23.3 0.3 -5.1 - -5.9 - -5.9 0.3 -5.0 0.007 ** 

Jasminum grandiflorum 3.5 5.2 2.6 2.7 5.4 11.2 0.6 -3.8 0.2 -4.8 - -5.5 0.2 -5.0 0.048 * 

Pavetta longiflora - -2.5 0.7 2.0 1.9 10.3 - -2.5 0.1 -2.2 - -2.5 - -2.5 0.007 ** 

Gomphocarpus fruticosus subsp. setosus 0.4 1.5 - -2.0 1.3 8.5 - -2.0 - -2.0 - -2.0 - -2.0 0.061 
 

Ficus vasta - -2.5 0.6 1.1 1.5 7.5 0.4 0.2 0.2 -1.5 - -2.5 0.1 -2.2 0.055 
 

Woodfordia uniflora 0.6 1.0 - -2.6 1.5 7.3 0.3 -0.8 - -2.6 0.4 0.1 - -2.6 0.061 
 

Azima tetracantha - -0.8 - -0.8 0.3 4.9 - -0.8 - -0.8 - -0.8 - -0.8 0.055 
 

Herbs 
                

Dichanthium annulatum 2.4 4.6 - -4.3 3.7 14.4 0.3 -2.6 0.1 -3.6 - -4.3 - -4.3 0.055 
 

Arundinella pumila 1.1 -7.2 5.1 3.4 8.8 13.0 1.1 -4.6 1.5 -5.6 0.7 -4.7 5.4 5.7 0.061 
 

Enteropogon dolichostachyus - -2.3 0.7 4.5 1.0 6.9 - -2.3 - -2.3 - -2.3 - -2.3 0.094 
 

Cluster D: Maytenus dhofarensis-Ficus sycomorus woodland variant 
        

Woody plants 
                

Maytenus dhofarensis 3.1 -5.2 6.4 0.5 5.1 -1.6 21.8 26.9 3.2 -5.0 1.3 -8.3 1.8 -7.4 0.014 * 

Ficus sycomorus - -1.3 - -1.3 - -1.3 0.7 7.7 - -1.3 - -1.3 - -1.3 0.048 * 

Calotropis procera - -1.0 - -1.0 - -1.0 0.4 6.0 - -1.0 - -1.0 - -1.0 0.021 * 

Herbs 
                

Brachiaria eruciformis - -2.2 - -2.2 - -2.2 0.9 10.1 0.3 -0.1 - -2.2 0.1 -1.2 0.041 * 

Blumea lacera - -0.8 - -0.8 - -0.8 0.2 4.7 - -0.8 - -0.8 - -0.8 0.048 * 

Blumea axillaris 1.1 3.2 0.2 -2.0 0.1 -2.8 2.1 11.7 - -3.4 - -3.4 - -3.4 0.081 
 

Cluster E: Jatropha dhofarica-Zygocarpum dhofarense sparse woodland variant 
     

Woody plants 
                

Jatropha dhofarica 3.8 -5.6 1.7 -8.8 1.0 -9.9 3.2 -6.4 27.9 32.3 9.2 2.9 4.5 -4.4 0.007 ** 

Zygocarpum dhofarense 2.5 -6.3 6.8 1.0 7.4 1.9 1.4 -8.2 15.2 15.1 1.0 -8.8 9.3 5.2 0.007 ** 

Adenium obesum - -2.7 - -2.7 0.4 -0.1 - -2.7 2.6 13.5 - -2.7 - -2.7 0.007 ** 
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Herbs 
                

Arthraxon junnarensis 52.2 13.5 26.6 -2.0 17.8 -11.1 38.4 15.0 51.1 14.6 7.2 -16.8 16.3 -13.1 0.007 ** 

Setaria sp. 2.6 4.3 - -5.0 - -5.0 1.8 1.6 5.2 12.2 0.0 -4.6 0.4 -3.6 0.048 * 

Dactyloctenium aegyptium - -1.2 - -1.2 - -1.2 - -1.2 0.6 7.2 - -1.2 - -1.2 0.041 * 

Orobanche dhofarensis 0.0 -0.4 - -0.6 - -0.6 - -0.6 0.1 3.2 - -0.6 - -0.6 0.021 * 

Dyschoriste dalyi - -1.0 - -1.0 - -1.0 - -1.0 0.3 5.9 - -1.0 - -1.0 0.088 
 

Cluster F: Broad-leaved Blepharispermum hirtum variant (Kürschner et al., 2004) 
      

Woody plants 
                

Blepharispermum hirtum 0.4 -9.9 - -10.6 0.1 -10.3 0.6 -9.6 0.2 -10.3 34.6 47.7 8.0 3.0 0.014 * 

Herbs 
                

Apluda mutica 29.9 2.5 6.6 -13.4 15.1 -2.2 6.6 -10.3 26.7 3.3 35.8 20.3 18.9 -0.3 0.075 
 

Cluster G: Premna resinosa-Hybanthus durus forest variant 
          

Woody plants 
                

Premna resinosa 0.1 -2.9 - -3.5 0.6 -0.9 0.3 -2.2 0.3 -2.0 0.4 -1.5 3.5 13.1 0.007 ** 

Hybanthus durus - -7.8 5.6 4.4 3.6 0.1 - -7.8 3.6 0.1 3.1 -0.9 9.0 11.9 0.021 * 

Euphorbia smithii 5.8 3.4 4.7 1.2 5.4 2.6 1.3 -5.9 1.6 -5.2 2.3 -3.8 7.9 7.7 0.021 * 

Acacia senegal 0.6 -7.0 3.8 -0.3 4.3 0.9 3.1 -1.7 0.5 -7.1 8.1 9.0 6.8 6.2 0.048 * 

Delonix elata - -1.6 - -1.6 - -1.6 - -1.6 - -1.6 0.4 2.7 0.7 5.4 0.081 
 

Herbs 
                

Launaea crassifolia 0.1 -3.5 0.2 -2.7 0.1 -3.5 - -3.9 - -3.9 0.4 -0.9 4.4 18.3 0.007 ** 

Rungia pectinata 4.3 -3.8 11.9 13.6 5.6 1.4 1.0 -8.0 0.6 -9.8 0.9 -5.7 11.3 12.3 0.021 * 

Lepidagathis calycina - -2.3 - -2.3 - -2.3 - -2.3 - -2.3 0.1 -0.7 1.4 12.0 0.028 * 

Megalochlamys violacea - -2.2 0.2 -0.6 - -2.2 - -2.2 - -2.2 - -2.2 1.2 11.6 0.007 ** 

Barleria hochstetteri - -1.1 - -1.1 - -1.1 - -1.1 - -1.1 - -1.1 0.4 6.9 0.007 ** 

Ruttya fruticosa - -1.6 0.2 1.3 0.1 -0.3 - -1.6 0.0 -1.3 - -1.6 0.4 5.2 0.048 * 

Ruellia grandiflora - -3.0 0.2 -1.8 - -3.0 - -3.0 - -3.0 0.1 -2.6 2.2 16.2 0.061 
 

Companion woody plants                                 

Acacia gerrardii - -2.9 - -2.9 - -2.9 - -2.9 1.0 3.1 1.5 5.6 1.0 2.8 0.738 
 

Acridocarpus orientalis - -0.4 - -0.4 - -0.4 - -0.4 - -0.4 - -0.4 0.1 2.1 0.903 
 

Allophylus rubifolius 1.1 -6.3 3.6 -1.1 2.5 -3.4 8.6 9.1 2.2 -3.9 4.4 0.4 6.8 5.3 0.126 
 

Anogeissus dhofarica 2.5 -8.6 4.4 -5.8 4.0 -6.4 16.5 12.1 12.9 6.7 9.2 1.2 8.9 0.8 0.204 
 

Blepharis dhofarensis - -4.7 0.8 -1.6 5.4 15.0 - -4.7 - -4.7 - -4.7 2.8 5.3 0.463 
 

Boscia arabica - -2.1 - -2.1 - -2.1 - -2.1 - -2.1 1.3 8.1 0.5 2.2 0.463 
 

Caesalpinia erianthera - -0.6 - -0.6 - -0.6 - -0.6 - -0.6 - -0.6 0.2 3.7 0.871 
 

Carissa spinarum 0.6 1.7 - -2.3 0.8 3.7 0.1 -1.3 0.6 1.8 - -2.3 0.2 -1.2 0.690 
 

Commiphora gileadensis 3.5 -1.6 1.4 -5.8 6.5 4.6 5.7 2.9 3.9 -0.7 1.9 -4.8 6.9 5.4 0.276 
 

Commiphora habessinica 13.9 3.8 3.5 -9.8 11.0 0.0 10.0 -1.3 16.0 6.6 9.8 -1.6 12.8 2.4 0.446 
 

Cordia ovalis - -1.3 - -1.3 0.1 0.4 0.3 2.2 0.1 0.0 - -1.3 0.2 1.3 0.823 
 

Cordia perrottetii - -0.5 - -0.5 - -0.5 - -0.5 0.1 1.2 - -0.5 0.1 1.2 0.987 
 

Ehretia obtusifolia - -0.8 - -0.8 - -0.8 - -0.8 - -0.8 - -0.8 0.3 4.7 0.897 
 

Flueggea virosa 0.1 -2.6 0.4 -1.2 0.1 -2.6 2.8 10.9 0.1 -3.0 - -3.3 1.0 1.8 0.132 
 

Grewia bicolor 0.3 1.0 - -1.7 0.4 2.4 - -1.7 0.3 0.9 - -1.7 0.3 0.9 0.826 
 

Grewia villosa - -0.6 - -0.6 0.1 3.5 - -0.6 - -0.6 - -0.6 - -0.6 0.536 
 

Hildebrandtia africana - -0.5 - -0.5 - -0.5 - -0.5 0.1 1.2 - -0.5 0.1 1.2 0.983 
 

Lawsonia inermis - -0.9 0.1 1.7 0.1 1.7 - -0.9 0.1 0.1 - -0.9 - -0.9 0.908 
 

Rhamnus staddo - -0.6 - -0.6 0.1 3.5 - -0.6 - -0.6 - -0.6 - -0.6 0.568 
 

Searsia pyroides - -0.8 - -0.8 0.1 1.9 - -0.8 0.1 0.2 - -0.8 0.1 1.2 0.925 
 

Solanum incanum 8.5 3.3 5.7 -1.3 5.8 -1.1 11.8 8.8 6.0 -0.8 4.8 -2.8 2.8 -6.1 0.132 
 

Tamarindus indica - -2.1 - -2.1 1.0 5.5 0.1 -1.0 - -2.1 0.6 2.8 0.2 -0.9 0.571   
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4.4.1 Cluster A: Dodonaea viscosa subsp. angustifolia shrubland variant  

Diagnostic species: Dodonaea viscosa subsp. angustifolia 

Transgressive character species: Apluda mutica, Arthraxon junnarensis, Impatiens 

balsamina, Themeda quadrivalvis, Solanum incanum, Commiphora habessinica, 

Euphorbia smithii 

 

Figure 4.4. Dodonaea viscosa subsp. angustifolia shrubland 

Dodonaea viscosa subsp. angustifolia can form an almost continuous shrub layer, or 

a shrubland-grassland 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 habitat variant. The absence of forest 

cover is indicated by a low species diversity (H = 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 of the CCA 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 

monsoon-influenced zone between 400 and 800 m above sea level. The sites 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. Almost all Anogeissus dhofarica 

trees had been subject to branch bending management practises, perhaps due to the 

close proximity to vehicular access routes.  

4.4.2 Cluster B: Cadia purpurea-Olea europaea forest variant 

Diagnostic species: Cadia purpurea, Olea europaea subsp. cuspidata, Croton 

confertus, Oplismenus burmanni 

Transgressive character species: Rungia pectinata, Arthaxon junnarensis, Apluda 

mutica, Arundinella pumila, Maytenus dhofarensis, Zygocarpum dhofarense, 

Hybanthus durus, Solanum incanum 

 

Figure 4.5. Cadia purpurea-Olea europaea forest variant 

This tall mixed forest community attains an average height of 4.6 m and particularly 

tall individuals of Euphorbia smithii, Croton confertus and 

Olea europaea subsp. cuspidata are present, the latter growing to heights of 15 m. 

Sapling O. europaea subsp. cuspidata were rarely seen or recorded and Cadia 

purpurea is 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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medium-gradient 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 m in height. It is the dominant habitat at the base of the plateau cliff in western 

Jabal Qamar, from the Oman-Yemen 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 on A. dhofarica and 

O. europaea subsp. cuspidata. Cattle were more abundant than camels due to their 

ability to navigate the rugged terrain.  

4.4.3 Cluster C: Euclea racemosa-Jasminum grandiflorum shrubland variant  

Diagnostic species: Euclea racemosa subsp. schimperi, Jasminum grandiflorum, 

Pavetta longiflora 

Transgressive character species: Dodonaea viscosa subsp. angustifolia, Maytenus 

dhofarensis, Zygocarpum dhofarense, Euphorbia smithii, Blepharis dhofarensis, 

Commiphora habessinica, Commiphora gileadensis, Solanum incanum, Apluda 

mutica, Arthraxon junnarensis, Arundinella pumila, Heteropogon contortus, 

Oplismenus burmanni, Rungia pectinata 
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Figure 4.6. Euclea racemosa-Jasminum grandiflorum shrubland variant. 

Species richness (31 of 42 recorded adult woody species) and diversity (H = 3.10) was 

highest in this variant which exclusively harboured large individuals of uncommon 

species such as Pavetta longiflora and Rhus somalensis, and large individuals of 

usually stunted species such as Hybanthus durus and Zygocarpum dhofarense. The 

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 grassland-shrubland mosaic. The density of adult plants was high 

(mean of 1485 plants/hectare) and in some flatter areas D. viscosa subsp. angustifolia 

was dominant. This species-rich shrubland occupied rugged, rocky and steep slopes 

(mean of 22°) between 600 and 900 m a.s.l. in areas which receive high levels 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 of Mathoop and 

Shershetty and beneath the cliffs to the south of Shaôat, Agdorot and Hasal. At 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 recent construction of 
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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 dhofarensis-Ficus sycomorus sparse woodland 

variant  

Diagnostic species: Maytenus dhofarensis, Ficus sycomorus, Calotropis procera, 

Brachiaria eruciformis, Blumea lacera 

Transgressive character species: Dodonaea viscosa subsp. angustifolia, Allophylus 

rubifolius, Anogeissus dhofarica, Commiphora gileadensis, Commiphora 

habessinica, Solanum incanum, Apluda mutica, Arthraxon junnarensis, Themeda 

quadrivalvis 

 

Figure 4.7. Maytenus dhofarensis-Ficus sycomorus sparse woodland variant. 

Woody plant density can vary substantially but is lower than all other woodland and 

forest variants (mean of 322 adult plants per hectare). A common feature is the 

existence of isolated mature individuals of A. dhofarica, Ficus vasta, Ficus sycomorus 

and Maytenus dhofarensis, which results in the highest mean adult basal area of all 

variants. The unpalatable species Calotropis procera and Blumea lacera are 

diagnostic. This variant occurs at elevations between 200 and 800 m a.s.l. in gently 
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sloping areas with high fog moisture levels which can be easily accessed from nearby 

settlements, such as the areas surrounding Hakab Eirgaz, Bur-aôteeq and north of 

Dhalkut. Stocking rates and the browsing intensity of woody plants was the highest of 

all variants. Most saplings were growing under 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 dhofarica-Zygocarpum dhofarense sparse woodland 

variant  

Diagnostic species: Jatropha dhofarica, Zygocarpum dhofarense, Adenium obesum, 

Arthraxon junnarensis, Setaria sp., Dactyloctenium aegyptium, Orobanche 

dhofarensis 

Transgressive character species: Anogeissus dhofarica, Commiphora habessinica, 

Solanum incanum, Apluda mutica 

 

Figure 4.8. Jatropha dhofarica-Zygocarpum dhofarense sparse woodland variant. 

The succulent Jatropha dhofarica and the legume Z. dhofarense are 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 variant. Adenium obesum was almost 

exclusive to this variant and A. dhofarica was the dominant large 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. throughout Rakhyut and eastern 

Dhalkut, covering an area of approximately 17,000 hectares. Extremely rocky areas, 

such as the hills around Shaôat and Aghethob, have higher tree densities and a more 

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. Stocking rates 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 distance to house = 

1.1 km).  

4.4.6 Cluster F: Broad-leaved Blepharispermum hirtum variant (Kürschner et 

al., 2004) 

Diagnostic species: Blepharispermum hirtum 

Transgressive character species: Jatropha dhofarica, Acacia senegal, Anogeissus 

dhofarica, Commiphora habessinica, Apluda mutica, Arthraxon junnarensis, Mitreola 

petiolata 
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Figure 4.9. Broad-leaved Blepharispermum hirtum variant .  

In gentle-medium gradient lowland areas (300ï500 m a.s.l.) with below-average fog 

moisture levels, Blepharispermum hirtum can 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 of this habitat occur in the foothills below Sarfait and on the northern slopes of 

Wadi Sayq. 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 stocking rates. This variant has been previously identified and described by 

Kürschner et al. (2004).  

4.4.7 Cluster G: Premna resinosa-Hybanthus durus forest variant  

Diagnostic species: Premna resinosa, Hybanthus durus, Euphorbia smithii, Acacia 

senegal, Launaea crassifolia, Rungia pectinata, Lepidagathis calycina, 

Megalochlamys violacea, Barleria hochstetteri, Ruttya fruticosa 

Transgressive character species: Zygocarpum dhofarense, Blepharispermum hirtum, 

Allophylus rubifolius, Anogeissus dhofarica, Commiphora gileadensis, Commiphora 



129 

 

habessinica, Apluda mutica, Arthraxon junnarensis, Arundinella pumila, Rungia 

pectinata 

 

Figure 4.10. Premna resinosa-Hybanthus durus forest variant.  

This forest variant had the second highest species diversity (H = 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 with relatively steep slopes (mean of 20°) in dry areas at elevations between 

300 and 800 m a.s.l. and is widespread in Jabal Qamar. Herbs tend to outnumber 

grasses and steeper areas are characterised by scattered herbs, bare red soils and a 

shallow leaf litter. Large and reasonably intact examples 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 alkaline (pH of 8.25) and terrain roughness can be 

high, although the terrain is not rocky and rugged, rather 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 the Broad-leaved Blepharispermum hirtum variant, 

reflecting the similar environmental characteristics and the close syntaxonomical 

relation between both communities.  
























































































































































































