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ARTICLE INFO ABSTRACT

Keywords: Arid regions globally have suffered ecological damage as European colonists have displaced virtually all nomadic
Land degradation cultures over the past 300 years, exploiting grazing, fauna and water unsustainably in creating permanent set-
Overgrazing tlements. The Karoo is one such arid region that covers about one third of South Africa. In common with arid
ré}r:larll:gilitation regions globally, this sparsely-populated shrubland was historically used mainly for ranching, but is now
Sustainability becoming increasingly important for renewable energy generation (wind and sun), for adventure tourism, and

potentially for mining. Current and future land users in the Karoo face challenges posed by damage caused by
past land use, particularly overgrazing and impoundments. Land users of the future will probably experience
additional challenges caused by the combined impacts of damaging land use and climate change. This review
synthesizes the bodies of literature on the archaeology, ecology, land use history, environmental change and
development planning. In doing so, we address the effects of historical land use on biodiversity and ecosystem
goods and services in the region. We also identify avenues for future research, including mitigation and resto-
ration actions required to make continued human occupation of the Karoo sustainable. Insights on the sus-
tainability of the Karoo region are relevant when considering the socio-ecological futures of arid regions

elsewhere.

1. Introduction

Arid regions have limited and fluctuating productivity and grazing
capacity (Noy-Meir, 1973). For this reason, most arid regions supported
nomadic hunter-gatherers or herders prior to European colonialism
(Veth et al., 2005). Colonial expropriation and extermination of local
cultural practices in arid regions inevitably led to ecological disasters
(Holleman, 2018). The combination of human population growth and
use of such areas for settled pastoralism, mining or crop production
supported by aquifers or damming of seasonal rivers led to soil erosion,
salinization, extinctions of indigenous species, and invasions by intro-
duced pathogens, fauna and flora (Reynolds et al., 2007; Fernandez--
Cirelli et al., 2009; Milton and Dean, 2010; Stafford Smith and Cribb,
2009; Busso and Fernandez, 2018). As global climates become hotter
and in many cases more extreme, there is a growing awareness and
concern about environmental damage and losses of ecosystem services
to dry lands in Australia (Stafford Smith and Cribb, 2009), Brazil
(Ventura and Andrade, 2013), Peru (Caramanica et al., 2020), Argentina

and Patagonia (Torres et al., 2015; Busso and Fernandez, 2018), Chile
(Fernandez-Cirelli et al., 2009), China (Feng et al., 2015), the Middle
East (Nielsen and Adriansen, 2005) and the USA (Reynolds et al., 2007).
Arid areas are often under-valued, leading to failure to restore mining
and other damage, and deserts have been viewed as appropriate places
for military training (Gilewitch et al., 2014) and storage of nuclear waste
because human population densities are low (Westermann, 2020).
Currently, development impacts in these fragile and damaged regions
are rapidly increasing with the growing demand for low carbon energy
generated by sun and wind (Hernandez et al., 2014) and rare minerals
such as lithium for energy storage (Wagner, 2011). Given the low pro-
ductivity of arid areas, vegetation is very slow to recover from damage
or clearing, and restoration to enable sustainable use and retain biodi-
versity is a considerable challenge (Shackelford et al., 2021).

The Karoo region of southern Africa is an arid to semi-arid region
originally occupied by nomadic people, damaged and altered by colo-
nialism between the 18th and 20th C., and which is now increasingly the
focus of energy, mining and tourism developments. Although population
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density is low there are high levels of unemployment and poverty in the
region. The Karoo extends across one third of South Africa and the
southern part of Namibia, covering a total of 380,000 sq km. It com-
prises two biomes (Fig. 1), the biodiverse, succulent-dominated Succu-
lent Karoo (104,000 sq km) in the lowlands, and the less diverse, grassy
Nama Karoo (277,000 sq km) on the inland plateau (Mucina and
Rutherford, 2006). Rainfall ranges from around 100 mm/yr in the west
to 400 mm/yr in the east. Interannual rainfall variability is greater in the
summer-rainfall Nama Karoo than in the more westerly winter-rainfall
Succulent Karoo (Desmet and Cowling, 1999). The region is affected
by El Nin6/La Nina rainfall cycles (Tyson, 1987) as well as longer wet
and dry cycles lasting 20-50 years (Du Toit et al., 2018). The Succulent
Karoo, although arid, has a fairly reliable winter rainfall and seldom
experiences frost. It is thought that rainfall predictability associated
with cold fronts, together with moderate winters (Desmet and Cowling,
1999) explains the extraordinary diversity of leaf succulents endemic to
this biome (Cowling and Hilton-Taylor, 1999). The Nama Karoo, which
occurs at higher altitudes, has a greater range of annual and diurnal
temperatures as well as greater inter-annual rainfall variability and
non-seasonal to summer rainfall. This biome supports low shrublands
with a grass component that oscillates with rainfall quantity and sea-
sonality (O’Connor and Roux, 1995; Hoffman et al., 2019). The endemic
fauna of the Karoo is arid-adapted and rich in reptiles and arachnids
with few endemic mammals (Vernon, 1999). Large herbivores and their
predators were largely nomadic, moving into the nutrient-rich grazing
lands of Succulent and Nama Karoo after rain and returning to better
watered areas or adjacent biomes during times of drought (Skead,
2011). Most of the avifauna of the Karoo biomes occurs in at least one
other biome and only eight of the 160 South African endemic bird
species are confined to the Karoo (Vernon, 1999).

Hominids have inhabited the Karoo region for more than a million
years (Beaumont et al., 1995; Horwitz and Chazan, 2015). However, it
would appear that people had little impact on this environment until
around 250 years before present when European settlers arrived in the
Karoo (Penn, 1986). A combination of population growth, cultural and
technological change then drove massive changes in land cover, hy-
drology, sedimentology and biodiversity. The past decade has seen very
rapid changes in land use in the Karoo and other arid regions of the
world such as expansion of mining (Erickson et al., 2017; Pauw et al.,
2018), fossil fuel extraction (Busso and Perez, 2018), and the installation
of vast energy generation facilities (Komoto et al., 2009; Hernandez
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et al., 2014). These new developments are likely to exacerbate existing
environmental damage caused by ranching. Where arid lands occur in
poor countries with high population densities, failure to repair damage
will negatively affect local livelihoods (UN, 2019), particularly under a
scenario of climate change (Ripple et al., 2021).

This review synthesizes the literature on the cumulative effects of
agricultural and other development impacts on cultures, biota, ecolog-
ical processes and services, and the potential for restoration in dry lands,
not only in the Karoo. In doing so, we address the effects of human ac-
tivity on biodiversity and ecosystem functioning in the Karoo and the
cumulative and accumulating impacts affecting ecosystem services. We
also identify the priorities for research and capacity building in the field
of ecological restoration in order to sustain livelihoods in the long term.
Finally, we derive lessons from the Karoo for application to the resto-
ration and sustainable management of other arid and semi-arid regions.

2. Environmental impacts of human activity in Karoo

The actions and decisions of land-users and policy makers largely
determine the state of the environment through operations such as
ploughing, grazing, mining, development of roads and industries
(Wheeler et al., 2019), all of which affect production, regulating and
cultural services. In the Karoo, where approximately 95 % of the land is
privately owned (Walker et al., 2018), decisions by a single land user
over a few decades may have long-term consequences for thousands of
hectares of land. Particularly in arid systems, the effects of environ-
mental alteration by overgrazing (Beinart, 2003; Seymour et al.;, 2010;
Boardman et al., 2015), ploughing, dam building (Keay-Bright and
Boardman, 2006), removals and additions of species and pathogens
(Van Sittert, 1998, 2002a), erection of fences and other barriers (Dean
et al., 2018), and the pollution of soil or water (Dennis and Dennis,
2013), may persist over decades or even centuries (Wiegand et al., 1995;
Hoffman et al., 2007; Boardman et al., 2015). Depending on the resil-
ience of the socioecological system (Vetter, 2009), climate change may
exacerbate many of these other man-made environmental problems and
have massive ecological, social and economic costs and making life more
difficult for future generations.. The major impacts of the human ac-
tivities on the fauna, vegetation and geohydrology and ecosystem ser-
vices in the Karoo sensu lato are summarised in Table 1.
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Fig. 1. Distribution of the Succulent Karoo (green) and Nama Karoo (pink) biomes within southern Africa. Also shown are names of Karoo regions mentioned in the
text as well as the position of the Square Kilometre Array astronomy area (S.K.A. Core), and Karoo towns (yellow dots).
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Table 1

Anthropogenic drivers of ecological change in the Karoo. Drivers are grouped into three time periods, namely (1) precolonial, (2) colonial and (3) current. The 2nd
column lists human activities or drivers of change during that period. The 3rd column lists ecosystem goods and services affected by people, and the 4th column
indicates the direction of change in goods and services. Sources of information are cited in the last column.

Time period Anthropogenic drivers and ecological effects Ecosystem goods Trend Information sources
and services
affected
1 > PRECOLONIAL 1.01 Hunting of fauna, making of stone flake tools, small- ~ Fauna and flora va Beaumont et al., 1995; Horwitz and Chazan, 2015; De
300,000—3,000 YBP scale us of plant resources for food, shelter, fire and poison  local abundance Prada-Sampa, 2017
Nomadic hunter- Grazing resources
gatherers 1.02 Herders compete with hunters for grazing, scars of (ocal fcale) v
3000-400 YBP kraals and settlements, deepening of water holes. Small . i Smith, 1983; Deacon, 2014; Sampson, 1986
. . . . . Soil stability (<1 v
Local migrations scale soil erosion and deflation hollows.
. ha)
(arrival of herders)
2.01 Hunting and reduction of large predators and large
herbivores Grazing resources v
Subsistence crop production ploughing of river terraces Faunal diversity v Shaw, 1875; Acocks, 1953; Christopher, 1982; Guelke,
Introduction of small stock for meat and large stock for Soil stability v 1976; Guelke and Shell, 1992; Van Sittert, 2004
transport Flood control v
Introduction of human and ungulate diseases
2.02 Hunting for cheap meat and to reduce wildlife
competing with livestock for grazing. Most large wild Faunal diversi v Beinart, 1998; Skead, 2011; Dean and Roche, 2007
herbivores eliminated from the Karoo by the early 1900s, ty o B > ’
Quagga Equus quagga extinct.
lati .
2.03 Fencing terminated faunal migrations Regulating sefvwes M Beinart, 2003; Dean, 2000; Dean and Roche, 2007
Cultural services v
2.04 Predator control caused local extinctions of large Predators v
predators, and killed non-target species that control insects ~ Scavengers v
9> COLONIAL or generate germination microsites. Ecosystem v Beinart, 1998; Macdonald, 1992; Van Sittert, 2016;
1600-1994 Avian scavengers (vultures) locally exterminated or engineers v Nattrass et al., 2017; Louw et al., 2017; Dean and Milton,
European reduced Cultural services v 1991; Dean, 2000; Dean and Milton, 2004; Skead, 2007,
colo rf)ialism Elimination of large predators leads to an increase in Disease regulation v 2011; SANParks, 2019; Lloyd, 2007
smaller predators changing the breeding success in ground ~ Avifauna
1600—1800 AD . v
birds Pest control
1800 Biodiversit; v
—1930 YBP 2.05 Cultivation of wheat and lucerne on pans and alluvial Soil stability v Angeler et al., 2008; Dean and Milton, 1995; Duthie
Settled farming soils in the Succulent Karoo and Nama-Karoo . y et al., 1989; Hoffman et al., 2018
Fencing technology Vegetation cover v
Global markets 2.06 Deep drilling for water led to a change from nomadic ~ Surface water v
to settled livestock farming, which caused vegetation Ground water and Archer, 2000; Boardman et al., 2017
Ground water . . . v
change and soil erosion. springs
technology Soil stabilit
Wool boom 2.07 Overgrazing led to loss of vegetation cover, resulting Y v Damm and Hagedorn, 2009; Snyman, 2000; Keay-Bright
. . . . - Landscape
Ostrich feather in soil erosion, and siltation of dams. . v and Boardman, 2006
boom aesthetics
Civil war 2.08 Overgrazing led to persistent vegetation change, and Dean and Macdonald, 1994; Milton and Hoffman, 1994,
Wool boom a decrease in ratio of palatable to unpalatable forage Grazing resources v Milton et al., 1994, Hoffman and Ashwell, 2001;
plants. Seymour et al., 2010; Rutherford and Powrie, 2013
2.09 Ostrich feather industry in the Little Karoo developed ~ Grazing v
i E fashi kets. Ited i il stabili
n response to uropean fashion marl ets. Resu tec‘l in Soil stability v Herling et al., 2009; O'Farrell et al., 2008
trampling, overgrazing and soil erosion, degradation of Landscape v
region rich in endemic plants aesthetics
2.10 Bare ground increases soil temperature and reduces .
o . . Grazing resources v Snyman and Van Rensburg, 1986; Snyman, 2000
infiltration, exacerbating droughts
2.11 Import of horse feed during war brought weed species ~ Crop production v .
. . Van Sittert, 2000
further spread by road and rail development Wool production v
2.12 Alien forage plants introduced to (A)supplement
f;:tzeur]ii’ls(?: ddfsoti:(f:i?r;i; (li) :Ssiszurlc::t:fi:uﬂadt:;g Grazing resources Van Sittert, 2002a; Moran et al., 1993; Milton et al.,
. V, V, p' W . Ground water M 1999; Le Maitre et al., 2007; Milton and Dean, 2010;
courses and rangeland (A) Opuntia ficus-indica, Prosopis 1 v
. . .. . availability Shackleton et al., 2017
spp., Atriplex spp., (B)Tamarix ramossissima, Nerium
oleander, (C) Arundo donax, Populus spp.
2.13 Government funded public works programmes
including afforestation, irrigation schemes, soil erosion Surface water, v .
. . . . o Seekings, 2006
control and alien vegetation clearing to create rural Soil stability A
19301994 employment during economic depression
Recession, 2.14 Government funded fencing, predator control, locust . . Coaton, 1962; Henschel, 2015; Dean and Williams,
. X . . Regulating services v
Apartheid, spraying, no research on impacts on non-target species 2004; Brown, 1988
Econ'omm incentives 2.15 Government funded promotion of alien drought Biodiversity M Poynton, 1987; Milton et al., 1999; Moran et al., 1993;
Public Works Groundwater v
fodder crops X Shackleton et al., 2017
programmes Grazing v
Mlnlng . 2.16 Most mines remain unrehabilitated. Dust from Grazlng' M Desmet, 2013; Mhlongo et al., 2020; Van Rooyen et al.,
Livestock reduction - . R Aesthetics v ;
exposed tailings, and slimes dams contaminate water o ) 2018; Erdogan et al., 2018
Biodiversity v
2..17 Government subsidies and incentives to reduce Grflzmg .retsources A Du Toit and O’ Connor, 2014; Hoffman et al., 2019
livestock. Soil stability A
> NT LAND .01 Declini icultural job 1 t
3>CURRE 3.01 Declining agricu r.a economy, Jo osses., gr?n Aesthetics M Jones and Inggs, 2003; Walker et al., 2018; Kirsten and
USE dependency, demographic change, farm consolidation, Biodiversi v Schiffman. 2020
Agricultural land redistribution, stock theft increase, shift from ty v o

(continued on next page)
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around towns. Revenue from tourism for protected areas
may decrease.

Regulating services
Cultural services

Time period Anthropogenic drivers and ecological effects Ecosystem goods Trend Information sources
and services
affected
economy declines livestock to game, declining local food production, Grazing
Tourism decreasing municipal service capacity, dependence on Carbon
Game Farms rangelands for fuel. sequestration
National parks 3.02 Game farms, ecotourism roads, internet, life style Grazing resources vA Conradie, 2019; Conradie et al., 2019a,b
expansion farms, poor game management, electrified game fences, Soil stability vA
Globalisation electrocution of tortoises, genetic pollution of game. Biodiversity vaA
Mining and fracking  Potential for privately-funded restoration of vegetation
Renewable energy seldom realised.
Climate change 3.03 Increased land under formal protection. Potential for =~ Water resources v Ament et al., 2017; SANParks, 2019; Coldrey and Turpie,
Land restitution restoration. More tourism facilities, roads and water Vegetation cover A 2020; Toerien et al., 2016
2010 to future extraction. Outcome will depend on management, which Aesthetics A
Risks to ecological in turn depends on tourism revenue potentially reduced by ~ Biodiversity A
infrastructure global warming. Soil stability AV
Socio-economic 3.04 Big science: Square Kilometre Array radio telescope, Grazing resources A Milton et al., 2021
risks landscape protection from grazing and water extraction, Soil stability A
potential for restoration of vegetation through resting and  Biodiversity AV
alien clearing or bad management leading to overgrazing
by game and further invasion of alien plants.
3.05 Potential miningwith more roads, roadkill, water Water quality v Crookes et al., 2013; Lee et al., 2019; Scholes et al.,
extraction, water pollution vegetation damage, dust, Vegetation cover v 2016; Stroebel et al., 2019
overhead infrastructure. Aesthetics v
Biodiversity v
3.06 Renewable energy installations, bats and large birds Aesthetics v Doty and Martin, 2012; Ralston Paton et al., 2017
killed on powerlines and wind farms, more roads on steep ~ Biodiversity v
slopes, vegetation clearing, alien invasive plants. Potential ~ Soil stability v
for land protection and rehabilitation within installation
areas.
3.07 Increased atmospheric CO2, global warming, extreme  Grazing resources v Ripple et al., 2021; Duniway et al., 2019; Erasmus et al.,
drought, floods, heat waves, water shortages, vegetation Biodiversity v 2002; Kruger and Sekele, 2013; MacKellar et al., 2014;
change. Carbon v Stroebel et al., 2019; Van Wilgen and Herbst, 2017;
Loss of biological crusts and soil stability, dust storms. sequestration v Weber et al., 2018; Conradie et al., 2019a,b
Faunal species range contractions and extinctions. Air quality v
Cultural services
3.08 River flow reduction, reduced aquifer recharge, Soil stability v Shackleton et al., 2017
groundwater depletion, exacerbated by reduction in water =~ Water quantity and v
resources through invasion by Prosopis and other alien quality
plant species
3.09 Land redistribution to emerging and subsistence Grazing resources v Conradie et al., 2019a,b; Walker et al., 2018
farmers. In the absence of extension officers and stocking Biodiversity v
rate control there is a high risk of livestock management Carbon v
mistakes and a repeat of the overgrazing problems of the sequestration
19% and 20™ centuries. Reduced land suitability caused by
climate change.
3.10 A combination of ground water and natural resources ~ Water quality and v Bourne et al., 2015; Van Wilgen and Herbst, 2017;
dependence and high risk that climate change will reduce  quantity v Coldrey and Turpie, 2020
ground water and agricultural production, increased Agricultural v
economic risk particularly in densely populated areas production v

2.1. Pre-colonial land use

The effects of people on the Karoo landscape have changed and
accumulated over time. Early and Middle Stone Age occupation appears
to have been sparse, patchy and determined by the distribution of sur-
face water and mammalian fauna (Beaumont et al., 1995). Variation in
the abundance of archaeological artefacts that can be dated suggest that
hunter-gatherers used the Central Karoo only intermittently during the
mid-Holocene, but increased thereafter as temperatures cooled and
rainfall increased (Deacon, 2014). They lived in small nomadic family
groups without permanent settlements, moving within ’territories’,
repeatedly returning to waterholes, hunting lookouts and campsites
over many generations, maintaining the sites by clearing vegetation and
cleaning waterholes (De Prada-Sampa, 2017). This repeated use would
explain why such sites remain visible in the landscape some 250 years
after the San lifestyle ceased and their descendants became integrated
into settler and Baster populations (Deacon, 1986). Their ecological
footprint was small, and apart from some scars left at waterholes and
paintings on the walls of rock shelters and etchings on boulders, their

presence in the Karoo was hardly noticeable (Table 1,1.1). Indigenous
pastoralists (Khoikhoin or Khoekhoen) arrived in South Africa about
3000 years ago (Table 1,1.2) and had a semi-nomadic lifestyle, moving
livestock according to rainfall, and hunting and gathering natural re-
sources (Klein, 1986; Deacon, 2014). Their ecological footprint was
consequently larger, and the remains of settlement sites and kraals
(corrals) can be clearly seen today as patches of bare ground and
deflation hollows (Sampson, 1986). Transformation was not at land-
scape level and neither the San nor the Khoikhoin planted crops.

2.2. Colonial land use 18th C — mid 20th C

European settlers arrived in the Western Cape in the mid-1600s and
gradually moved into the interior Karoo region (Table 1, 2.1), bringing
with them Small Pox that decimated indigenous communities in the
early 1700s making it easier for colonial settlers to occupy land (Hoft-
man et al., 2007). By 1760 much of the Karoo had been colonised
(Guelke and Shell, 1992).These settlers displaced indigenous hunters
and herders from their traditional land and access to water (Penn, 1986;
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Hoffman and Rohde, 2007) eventually resulting in their incorporation as
servants into European production-orientated farming systems that
included subsistence crop production (Table 1, 2.1).

During the initial phases of colonial occupation of the Karoo, and
concomitant with increasing numbers of livestock (Table 1, 2.02), large
herbivores were shot for food, for *sport’ (MacKenzie, 1988), or because
they competed with livestock for grazing (Acocks, 1979). The develop-
ment of mining in the late 1800s and the civil war in 1899-1901, led to a
large market for meat and this encouraged harvesting of game (Talbot,
1961). Springbok were probably the most abundant herbivores in the
Karoo in precolonial times; the population fluctuated widely, probably
in response to drought cycles and veld condition, and in some years
thousands congregated and trekked across the region, and eventually
ceased as a result of increases in livestock, fencing and hunting (Roche,
2004). By 1860, as a result of hunting and persecution, both quagga and
lion had disappeared from the Cape Colony south of the Orange River
(Bryden, 1889). Large herbivores including eland, hartebeest, mountain
zebra and gemsbok had virtually been eliminated from the Karoo by the
early 1900s, and one species, the Quagga Equus quagga, a Karoo
endemic, had already gone extinct (Skead, 2007).

Accumulation of livestock by the settlers was rapid (Beinart, 1998).
By the late 1700s, there was concern that livestock were transforming
the environment, and by the late 1800s, the concerns that the natural
capital of the Karoo was being eroded had become more serious (Shaw,
1875; Acocks, 1953, 1979; Macdonald, 1989; Archer, 2000; Beinart,
2003). Early colonial pastoralists managed their flocks by herding and
enclosure of flocks in kraals at night. For several reasons, including the
difficulty of managing large numbers of sheep on open range, the
trampling in the kraals that caused soil erosion (Beinart, 2018), and the
spread of contagious diseases among penned sheep, fencing of farms
became a legal requirement (Van Sittert, 2002b). Fencing began in the
late 1800s, and soon was widespread in Karoo districts (Archer, 2000)
preventing any large scale nomadic movements of most of the remaining
large herbivores (Table 1, 2.03).

Predator control in Karoo areas (Table 1, 2.04) began with settled
livestock farming (Beinart, 1998); Van Sittert, 2016). In 1814, a bounty
system was introduced to encourage predator control and promote the
growth of the wool industry. This was phased out in the late 1950s, and
the government assisted by training farmers to control predators,
through the use of hunting dogs, baited traps and poisons that killed
many non-target species including vultures, bat-eared foxes and monitor
lizards (Nattrass et al., 2017). The present rarity and disappearance of
some of the avian scavengers from the Karoo was caused not only by the
loss of large predators that left the uneaten remains of prey for scav-
engers, but also by poisoning (Table 1, 2.04). Locusts, termites and
caterpillars were viewed as competitors for grazing in Karoo rangelands
and were controlled in the 1930s with arsenic baits (Mally, 1923; Price
and Brown, 1999), and from the 1940s to the 1980s with organochlo-
rines and organophosphates and later with pyrethroids (Brown, 1988),
sometimes in large quantities (Henschel, 2015), despite the mortality of
non-target invertebrates and their predators such as birds and concern
over the persistence of the poisons.

The early European settlers needed wheat, so most arable land
(Table 1, 2.05), which is largely confined to river terraces, was culti-
vated (Van Sittert, 2004) and rivers or runoff water diverted for irriga-
tion (Acocks, 1976; Denison and Wotshela, 2009). Threshing floors and
stone-built grain silos dating from the 19th C are still visible on Karoo
river terraces (Keay-Bright and Boardman, 2006; Boardman et al.,
2017). The introduction of deep drilling technology and pumps (Table 1,
2.06), that gave access to aquifers and other ground water sources
(Talbot, 1961; Archer, 2000; Van Sittert, 2004) led to further expansion
of cultivation until the mid 20th C when >120 000 ha were under
cultivation, and then declined until 2007 when <20 000 ha were
cultivated (Hoffman et al., 2018). Cultivation on alluvium and collu-
vium caused massive soil erosion, siltation of dams (Keay-Bright and
Boardman, 2006) and destruction of much of the alluvial habitat of the
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now Endangered Riverine Rabbit Bunolagus monticularis (Duthie et al.,
1989; Macdonald, 1989). Species-poor vegetation and disturbance
tolerant, generalist invertebrates dominated old lands for decades after
abandonment (Dean and Milton, 1995; Nchai, 2008). Ploughing of pans
in the Bushmanland area of the Northern Cape destroyed habitat for
ephemeral invertebrates such as the brachiopod crustaceans (Angeler
et al., 2008), a primary food source for nomadic water birds (De Necker
et al., 2016; Dube et al., 2020).

The management of livestock and the rangelands was not based on
prescribed grazing systems, and the numbers of livestock on the land
was always high (Talbot, 1961). About 1.5 million sheep, mainly
Merinos, but also fat-tailed sheep, were present in the Karoo in the early
1800s, rising over the next 100 years or so to 23 million sheep in 1930
(Beinart, 2018). Mules and oxen for transport of goods, and horses for
personal transport further depleted the available grazing (Table 1, 2.01,
2.07). This early overgrazing led to the near extinction of indigenous
ryegrass (Secale africanum) in the Roggeveld and Tanqua Karoo (Rai-
mondo et al., 2008), and to the decimation of a shrub (Cliffortia arborea)
preferred as firewood (Oliver and Fellingham, 1994). The potential for
exporting wool to Europe and the rising wool price from the 1830s to
1880 (Table 1, 2.07, 2.08), provided an incentive to livestock farmers in
the inland part of the Karoo to maintain large flocks (Beinart, 2003).
Another wool boom in the 1950s provided a new incentive for
over-stocking and by the 1950s there had been major shifts in the plant
species composition and a reduction in cover in Karoo shrublands
(Acocks, 1953).

The ostrich feather industry (Table 1, 2.09), largely confined to the
Little Karoo, developed in the 1800s in response to lucrative European
fashion markets (Herling et al., 2009; O’Farrell et al., 2008) and ostrich
numbers soared in the late 1900s and first decade of the 21st C in
response to the global demand for ostrich meat and leather. Stocking of
ostriches at unsustainable densities has resulted in vegetation change,
cover loss and accelerated soil erosion throughout the Little Karoo
(Wheeler et al., 2015), such that 24 % of the area is now considered as
severely degraded (Thompson et al., 2009). In the north-western Karoo
(Namaqualand), about half the population of 60,000 people live in 14,
000 sq. km. of communal reserves established in the early 19th C to
protect indigenous people from dispossession by colonial farmers
(Hoffman et al., 2007). Inhabitants keep some livestock as part of a
mixed livelihood strategy and as a result of overcrowding, communal
rangelands tend to be overgrazed (Todd and Hoffman, 2009).

Grazing value and animal production has declined in the Karoo since
early colonial times (Table 1, 2.08). Since overgrazing keeps palatable
plants small and reduces their seeding, but has little effect on the
competitive abilities or seed outputs of unpalatable or toxic plant species
(Milton and Dean, 1990; Todd and Hoffman, 2009), the less palatable
species are more likely to succeed in the rare event of a sequence of
favourable rainfall events (Wiegand et al., 1995). Summer grazing fa-
vours shrubs over grasses (Van der Walt, 1971; O’Connor and Roux,
1995; Du Toit et al., 2018), and in winter-rainfall Karoo, continuous
grazing favours annuals and geophytes over long-lived shrubs (Todd and
Hoffman, 2009). Grazing-induced changes in vegetation, often in com-
bination with drought or burning, may be fast or slow to manifest
themselves (Vetter, 2009; Fleury et al., 2020), but recovery of the
long-lived, palatable plants is generally slow (Milton et al., 1997; Van
der Merwe and Milton, 2019) and once established the unpalatable
shrub species may persist for many decades (Wiegand and Milton, 1996;
Van der Merwe and Milton, 2019). Reduction of vegetation cover in-
creases soil temperatures (Snyman, 2000) and accelerates rainwater
runoff (Snyman and Van Rensburg, 1986; Boardman et al., 2015),
causing aridification, soil erosion and gully formation, which may take
more than one farming generation to become obvious (Boardman et al.,
2010; Table 1, 2.10).

Vegetation change caused by over-grazing (Milton et al., 1994;
Milton and Hoffman, 1994) decreases diversity in invertebrate com-
munities (Seymour and Dean, 1999) including assemblages of cicadas
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(Homoptera: Cicadidae) (Milton and Dean, 1992), grasshoppers (Bekele,
2001), ants (Hymenoptera: Formicidae) (Milton and Dean, 1993) and
spiders (Henschel and Lubin, 2018). Reduction in vegetation cover
changes the species diversity and abundance of birds (Dean et al., 1995)
because there are less suitable nest sites, less food for the insectivorous
birds (Dean and Milton, 1995; Seymour and Dean, 1999) and more food
at times for granivorous birds (Dean, 2004) due to dominance of plant
communities by annual and ephemeral species that produce abundant
seed in some years (Dean and Milton, 2001).

Invasive alien plants that now pose a threat to grazing and water
resources in the Karoo were introduced in the 1800s and 1900s, either
accidentally (Table 1, 2.11) or with the intention of improving forage
resources in the depleted rangelands and during droughts (Table 1, 2.10,
2.15). Agronomic weeds introduced with animal feed include Xanthium
spinosum and Argemone mexicana which then spread onto disturbed land
(Van Sittert, 2000). Prickly pear (Opuntia ficus-indica) from the Amer-
icas, established as living fences, or drought feed for cattle, was
considered a threat to the farming economy by 1880 (Van Sittert, 2002a)
and by the 1930s had invaded 900,000 ha, reducing grazing value of the
land and precluding access by livestock. Chemical control (Mally, 1923;
Van der Merwe, 1930) had limited success, but biocontrol eventually
achieved 90 % control of this weed between 1932 and 1970 (Annecke
and Moran, 1978). American tree legumes (mainly Prosopis sp) were
introduced for fodder and firewood, then became invasive after
inter-specific hybridization some 60 years later (Moran et al., 1993),
spreading 3.5-18 % per annum (Wise et al., 2011). Although the trees
provide some benefits, the costs of the invasions, in terms of shading out
grazing and water use on shallow aquifers, exceed the benefits, partic-
ularly in floodplains (Wise et al., 2011). Additional agricultural escapees
are Australian forage plants in the genus Atriplex (Milton et al., 1999)
and North African fountain grass Pennisetum setaceum (Rahlao et al.,
2014).

The decline in condition of Karoo grazing land was exacerbated by
the droughts in the 1930s and 1960s, leading to the development of
government incentives to boost the economy with public works pro-
grammes that included erosion control, weed control and dam building
(Table 1, 2.13). The government subsidised locust spraying and predator
control (Table 1, 2.14) and sponsored widespread introductions of
drought fodder crops (Table 1, 2.15) that probably had negative rather
than positive effects on ecosystem services, as did the lack of rehabili-
tation requirements for mining for diamonds, asbestos and heavy metals
(Table 1, 2.16). Livestock numbers declined after the 1950s in response
to a combination of land degradation, government incentives and in-
terventions to improve management, such as a free agricultural advisory
service, and changes in demand (Dean and Macdonald, 1994; Hoffman
et al., 2018). Reduced stocking rates and rotational grazing systems (Du
Toit, 1923; Hoffman and Ashwell, 2001) initiated recovery in rangeland
productivity and reduced soil erosion (Table 1, 2.17).

2.3. Current land use late 20th C to early 21st C

The economy of South Africa declined towards the end of the
apartheid period (1980s) as a result of international sanctions and social
unrest (Jones and Inggs, 2003). Economic decline continued after
apartheid ended (1994) as a result of rapid population growth that
flooded the job market with people poorly educated under apartheid
education policies. Labour laws introduced by the new ANC government
reduced the profitability of farming and small businesses (Jones and
Inggs, 2003), and government support for agricultural research and
extension to commercial farmers was greatly reduced (Davis and Ter-
blanche, 2016). The result was loss of banks and agricultural service
industries in small Karoo towns, job losses, crime and a wide range of
other poverty-linked social problems including use of recreational drugs
and the spread of HIV-AIDS (Table 1, 3.01). Economic problems in
Karoo rural areas were exacerbated during the global recession that
started in 2008, and again during the pandemic of 2020—2021.
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The combination of economic, political (Brandt and Spierenburg,
2014; Snijders, 2015; Manyani, 2020) and climatic (B. Conradie et al.,
2019; S.R. Conradie et al., 2019) changes in the late 20th C resulted in
conversion of about 20 % of Karoo farms from stock farming to game
farming (Beinart, 2018). During the early 2000s more than half the
purchases of farms in the Central Karoo extensive farming area were for
lifestyle reasons (Table 1, 3.02) rather than for production of fibre or
meat (Reed and Kleynhans, 2009). Game farming may offer a better
economic return where landowners combine trophy hunting, game
lodges and ecotourism (Snijders, 2015; Van der Merwe and Saayman,
2003). Income from hunting is an incentive for the introduction of
extra-limital species, however, which landowners believe attract more
tourists and hunters (Smith and Wilson, 2002). Game farming is no more
or less sustainable than other forms of livestock ranching in the Karoo
(Manyani, 2020), but game is more difficult to manage than domestic
livestock (Carruthers, 2008; Snijders, 2015). Early concerns about
overgrazing on game farms (Jooste, 1983) seem justified almost 40 years
later, and many game farms are degraded by a combination of over-
stocking and lack of rotational grazing (Cowell and Ferreira, 2015).
Game farms blend seamlessly into lifestyle farms and private nature
reserves where tax benefits may accrue to landowners who protect
poorly conserved vegetation types, habitats and species (Paterson, 2005;
Van Wyk, 2010). The possibility of working remotely makes rural life
more appealing; and crime makes city life less comfortable, resulting in
movement of wealthy professionals to rural areas (Snijders, 2015) a
trend apparently increased by the Covid pandemic. A combination of
rising labour prices, declining veld productivity and increased predation
has reduced farm efficiency in the past decade (Conradie, 2019; B.
Conradie et al., 2019; S.R. Conradie et al., 2019) and increased the sale
of marginal commercial farms to those whose income is not dependent
on farming (Reed and Kleynhans, 2009; Conradie et al., 2019a,b). The
danger of lifestyle farming to the environment lies in the lack of man-
agement of herbivore densities and consequent overgrazing (Hyvarinen
et al., 2019).

National and Provincial protected areas have greatly expanded over
the past 20 years (Table 1, 3.03); to meet national biodiversity targets
and contribute to the state agenda for socio-economic transformation
that highlights job creation and rural development driven mainly by
tourism (SANParks, 2019). Many of the parks include privately-owned
contractual parks that may be overstocked or include extra-limital her-
bivores (Cowell and Ferreira, 2015) but some have made a substantial
contribution to biodiversity conservation by linking fragmented formal
conservation areas. Land reform could reverse recent gains in biodi-
versity conservation if these areas revert to commercial or subsistence
livestock farms (Seymour et al., 2020). The Meerkat National Park was
proclaimed in 2020 in the Northern Cape primarily as a buffer around
the international Square Kilometer Array (Table 1, 3.04), and will differ
from all other parks in that wildlife will not be reintroduced and no
tourists will be allowed. In addition to National Parks there are a number
of Provincial Nature Reserves that aim to protect habitats for endemic
flora and fauna. All of these protected areas were once livestock farms
(Van Wilgen and Herbst, 2017) and include areas of degraded vegeta-
tion. All are fenced and therefore require some form of herbivore
management including culling and predator reintroductions to prevent
overgrazing. They require revenue for management, so there are
trade-offs between maintaining fauna for tourist enjoyment and pro-
tection of habitats (Cowell and Ferreira, 2015).

Fencing that encloses game farms, lifestyle farms and protected areas
is usually high, often incorporating mesh or electrified strands (Beck,
2010; Macray, 2017) that restrict movement of most larger animals,
leading, in drought years, to local over-exploitation of food and subse-
quent damage to vegetation (Ben-Shahar, 1993; Archer, 2000; Wood-
roffe et al., 2014). Fences have fragmented the Karoo, preventing
nomadism, disrupting seed dispersal, increasing risk of local extinction,
causing mortality through collisions with fences, and decreasing habitat
quality through overgrazing (Ben-Shahar, 1993; Boone and Hobbs,
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2004; Hayward and Kerley, 2009; Seymour et al., 2020). Mesh fences
and electrified fences are lethal for small mammals and reptiles,
particularly chelonians, that can get lodged between the lowest strand
and the ground (Burger and Branch, 1994; Beck, 2010; Macray, 2017;
Dean et al., 2018; Holt et al., 2021).

Mining in the Karoo takes the form of extensive open cast excava-
tions for mineral sands, alluvial diamonds, gypsum and asbestos, and
below-ground mining for heavy metals and uranium (Table 1, 3.05).
Below-ground mining has a smaller footprint but destroys specialised
plant communities as well as leaving toxic tailings and slimes dams that
threaten local water supplies (Desmet, 2013). Shale gas extraction
(fracking) has potential to contaminate ground and surface water
(Scholes et al., 2016; Stroebel et al., 2019). The direct effects of mining
in arid areas generally includes local destruction of vegetation, loss of
fauna, alteration of soil structure, extraction and pollution of ground or
surface water, alteration of the view and sense of place, as well as
adverse effects of dust or fumes on crops and people in surrounding
areas (Scholes et al., 2016). Storage of polluted water has the potential
to be hazardous for wildlife such as arid zone birds dependent on surface
water for drinking (Lee et al., 2019).

Renewable energy infrastructure (Table 1, 3.06), namely of solar and
wind farms with new roads and powerlines, has expanded rapidly in the
Karoo over the past decade. Wind turbines are widely spaced and their
installation does not usually require total clearing of vegetation, access
roads on hill tops are needed for their erection and maintenance, and
turbine blades are hazardous to bats (Doty and Martin, 2012) and large
birds (Ralston Paton et al., 2017). With solar infrastructure, comprising
large photovoltaic panels, natural vegetation is sometimes cleared, but is
generally left relatively undisturbed. However, the panels alter the
distribution of sunlight and water, thereby changing the composition of
the vegetation and favouring the establishment of invasive alien plants
and agricultural weeds (Tanner et al., 2020). The effects of altered
microsites and vegetation management between panels may be partic-
ularly disadvantageous to succulents in arid areas (Grodsky and Her-
nandez, 2020).

The hottest years on record globally occurred between 2015 and
2020 and despite the global lockdown and reduction of travel caused by
the Covid pandemic in 2020, atmospheric concentrations of carbon di-
oxide (CO?) reached a record high in September 2020 (Ripple et al.,
2021). Global climate change (Table 1, 3.07) is apparently exacerbating
the effects of El Nino events during the austral summer in many regions
but most notably in the northern and central interior of South Africa.
The average maximum daily temperatures were respectively 1.1 °C and
0.73 °C, higher in 1979-2016 than they were in 1940-1978 (Lakhraj--
Govender and Grab, 2019).) Increases in high temperatures and de-
creases in cold spells are most marked in the central inland area of the
Karoo (Kruger and Sekele, 2013). Increases in daily temperature have
taken place over the past 20 years (MacKellar et al., 2014). Even without
a decline in rainfall, the increased evapotranspiration resulting from
higher temperatures is likely to increase the frequency and severity of
drought (Vicente-Serrano et al., 2010). Climate change damages bio-
logical crusts that stabilise soils, absorb water and fix nitrogen, partic-
ularly in the winter rainfall Succulent Karoo, and this will have
potentially adverse effects on soil stability and fertility (Weber et al.,
2018). Global warming is likely to have a major impact on the fauna
(Cunningham et al., 2021). Models of distribution ranges under a sce-
nario of a 2 °C temperature increase resulted in range contractions for 78
% of species, as well as range changes and extinctions (Erasmus et al.,
2002). Conradie et al. (2019a,b) predict that higher temperatures will
reduce the reproductive outputs of arid zone birds eventually leading to
species losses.

Surface water bodies have decreased in area throughout South Af-
rican over the past 20-30 years (Van Deventer, 2021) and surface flow
and the rate of recharge of aquifers in the Karoo are predicted to decline
under climate change (Stroebel et al., 2019) which will reduce water
supply for most Karoo towns and farms (Table 1, 3.08). Maintaining
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water supplies will become more costly because deeper boreholes will be
needed, causing salinity to increase. Increasing droughts and floods will
also accelerate soil erosion and have potential to pollute ground water
(Dennis and Dennis, 2013). Higher temperatures that exacerbate the
effects of drought on rangeland, are thought to be one of the major
drivers of the shift from commercial livestock farming to game and
lifestyle farming that is currently taking place in the Karoo (Conradie,
2019). Agriculturally unproductive farms, such as lifestyle farms in
marginal farming areas, will have a greater probability of being expro-
priated without compensation under new legislation designed to accel-
erate land reform (Conradie et al., 2019a,b). Although this would be a
cost effective way of meeting target numbers of land beneficiaries in the
short term (Table 1, 3.09), these emerging farmers might fail or become
permanently dependent on drought relief funds because of climate
change (Conradie et al., 2019a,b).

Effects of climate change on vegetation and water supplies in the
Karoo will also influence social security and the viability of villages and
protected areas (Table 1, 3.10). Depending on the degree of warming,
large parts of Nama Karoo could become desert (Van Wilgen and Herbst,
2017). Villages in marginal farming areas could face increasing poverty
and water shortages (Bourne et al., 2015). The discomfort and danger
caused by heat and flooding might make the region less attractive for
lifestyle farming and for tourism (Coldrey and Turpie, 2020). Warming
associated with climate change is expected to reduce tourism in the
summer months in six of the 19 National Parks in South Africa, including
three parks in the Karoo (Coldrey and Turpie, 2020). Moreover a desire
to reduce the carbon footprint of travel may decrease conservation
tourism (Seymour et al., 2020), diminishing revenue available for park
management (Van Wilgen and Herbst, 2017).

3. Recuperation and restoration

Climate change and new forms of land use in the Karoo are super-
imposed on older, unhealed damage causing overgrazing, faunal deci-
mation and alien plant invasion. These impacts accumulate over time as
a result of aridity, low productivity, and slow recovery rates. The
accumulation of impacts (Fig. 2) is likely to have a cumulative effect
because past and present impacts interact. For example, overgrazing
causes soil erosion which silts rivers, facilitating invasion by alien plants
(Le Maitre et al., 2007). Cars using roads that intercept patches of
invasive alien plants may transport seed (Rahlao et al., 2010) that can
establish in the competition-free road verges and adjacent disturbed
areas (Milton and Dean, 1998). The risks to biodiversity, ecosystem
services, the economy and human welfare in the agriculturally marginal
Karoo will increase (Bourne et al., 2015) if the temperature continues
rise as it has done over the past 40 years (Jury, 2018), droughts become
more frequent (Otto et al., 2018), water sources decrease (Van Deventer,
2021) and the human population maintains its current rapid growth rate
(Jones and Inggs, 2003). The combined and interacting impacts (Fig. 2)
can reduce the diversity and the flow of services (Table 1) provided by
Karoo ecosystems. Understanding how ecosystems services are affected
by human activities can provide a framework for planning and imple-
mentation of mitigation and restoration under a scenario of climate
change that includes ongoing warming and intense but less frequent
rainfall.

Ecological restoration, embracing damage mitigation, recovery
through better land management, rehabilitation of essential ecosystem
services and return to a near natural state, is now being recognised as
essential for sustaining social-ecological systems (Ziervogel et al., 2014;
UN, 2019), and is particularly necessary in arid lands such as the Karoo
(Table 2). A paradigm shift in government, industry and the public will
be needed to support and value these activities (Aronson et al., 2017).

3.1. Policy and organisations driving restoration projects in the Karoo

The benefits to society of maintaining and restoring natural capital
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and ecosystem services are many, but inadequately quantified or valued
(Farley and Brown Gaddis, 2007). The rate of recovery and the costs of
restoration are far higher in arid than in mesic areas and greatly exceed
land values (Crookes et al., 2013). Despite this, there are large and small
scale restoration initiatives in the Karoo driven by national legislation,
public works programmes, non-profit organisations, businesses, pay-
ments for ecosystems services and individual initiatives.

3.1.1. National legislation

The numerous unrehabilitated mines in the Karoo (Cornelissen et al.,
2019)), vast areas invaded by alien plants (Wise et al., 2011; Shackleton
et al., 2017) or left cleared, eroded and overgrazed (Keay-Bright and
Boardman, 2006; Hoffman et al., 2018) attest to the need for national
environmental policy that enforces damage limitation and ecological
restoration, particularly in arid areas where restoration benefits may not
be cost effective within a human lifetime (Blignaut et al., 2010; Crookes
et al.,, 2013). Since 1998, restoration of areas cleared or damaged by
mining and other activities, has been required by law in South Africa.
The National Environmental Management Act (NEMA Act 107 of 1998)
seeks to make development socially, environmentally and economically
sustainable, requiring that the costs of environmental damage are borne
by the developer. Moreover the Act endeavours to limit damage,
particularly in areas mapped as Critical Biodiversity Areas, Ecological
Support Areas and Freshwater Protection areas (SANBI, 2017) by
requiring a basic ecological assessment report and management plan
before development can proceed. The developer, whether a crop farmer,
miner, road builder, renewable energy company or waste management
operator, needs to demonstrate that the activity will be sustainable, or if
unsustainable as in the case of a mining operation, how damage will be
mitigated and the land restored to its former capacity. For large devel-
opment projects there is a requirement for public participation and ac-
cess to all impact assessment reports (see for example NRF and SARAO,
2018). For phased developments such as extending surface mining,
permission to proceed is dependent on the progress of on-going resto-
ration described in management plans (Minerals and Petroleum Re-
sources Development Act 28 of 2002). The enforcement of this
legislation has resulted in large-scale restoration work on phosphate,
diamond and mineral sands surface mines in the Namaqualand area of
the Succulent Karoo (Carrick and Kruger, 2007; Van Eeden et al., 2007;
Pauw et al., 2018). Enforcement of the Ecological Reserve concept in the
National Water Act (Table 2, row 1) might similarly ensure persistence
of riparian ecosystems currently threatened by water extraction.

3.1.2. Public works programmes

The Working for Water (WfW) Programme is a long-standing public
works programme that aims to build capacity and create jobs through
the clearing of invasive alien vegetation to protect freshwater catchment
areas and biodiversity (Turpie et al., 2008). Within the Karoo the efforts
of the WfW have focussed on the control of deep-rooted Prosopis sp. that
threaten ground water security. In the Northern Cape Province alone
there are 167,000 ha of dense stands of this tree using 2800 m® of
water/ha/year, ca 20 % of the annual rainfall (Versfeld et al., 1998;
Dzikiti et al., 2018). The Extended Public Works Programme (EPWP)
designed to provide income through temporary work for the unem-
ployed to carry out socially useful activities has not been as successful as
it could have been, possibly because of inadequate supervision and the
short-term contracts (Maphanga and Mazenda, 2019). Projects are
usually managed by the National Parks, Departments of Agriculture,
Water Affairs and Sanitation or by local Municipalities that usually
outsource them to contractors. Projects have included ecological infra-
structure projects (Table 2, row.2) such as extensive rangeland reha-
bilitation and soil erosion control works in the Camdeboo, Karoo,
Mokala and Tankwa National Parks (EPWP, 2006; SANParks, 2015) as
well as a number of erosion control and alien clearing projects in
Namaqualand managed collaboratively by Conservation South Africa,
Working for Water and SANParks (https://mbgecologicalrestoration.wo
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3.1.3. Business and science ventures

Payments for ecosystems services such as carbon sequestration and
water production have potential to drive restoration; however, in the
arid lands this is currently limited by high costs and low vegetation
productivity (Crookes et al., 2013). The restoration of Portulacaria afra, a
large and relatively fast-growing, long-lived, evergreen, succulent shrub
that can be established by truncheon cuttings, has potential for earning
carbon credits (Table 2, row 3), and is currently the target of a number of
nationally and internationally-funded projects in the eastern Cape and
Little Karoo (Mills and Cowling, 2006; Mills et al., 2007, https://gouritz.
com/portfolio/jobs-for-carbon/). The implementation of ecological
restoration and the supply of resources such as knowledge, labour,
seeds, plants and specialised equipment for such work, have potential to
become business ventures and to generate employment in the Karoo
(Table 2, row 3) as they are doing in Western Australia (Carrick et al.,
2015). At present only two Karoo-based nursery businesses specialise in
contract growing of Karoo plants and supply of regionally appropriate
indigenous grass and shrub seed for Karoo restoration (Van Eeden et al.,
2007; Brouwer, 2012) and a few specialist consulting businesses advise
on indigenous game management in the area (Coetzee, 2005; Esler et al.,
2006). However, the demand for advice and materials for ecological
restoration is growing as owners of livestock and game ranches, lifestyle
farms, retreats and private and provincial nature reserves seek to
improve rangeland productivity or to make degraded environments
more attractive for their clients (Esler et al., 2006; Felmore, 2019).

A landscape scale restoration plan would be needed to revitalise
ecological processes such as large scale nomadic movements by herbi-
vores, high herbivore diversity and fluctuations in abundance (Dean and
Roche, 2007). This is probably beyond the scale of most National Parks
and private game reserves. The cost of taking large areas out of agri-
cultural production would be high and probably not substituted by
ecotourism revenue because of limited water supplies and landscape
fragility. The internationally-funded Square Kilometre Array radio
telescope project that covers 1350 sq km in the Northern Cape offers
potential for achieving such landscape-scale restoration because the
land will be managed as a National Park that excludes visitors, however
in addition to allowing for rewilding of a vast area, the roads and tele-
scope infrastructure will cause intensive, local-scale damage (Van der
Merwe et al., in press).

3.1.4. Non-profit and University-linked organisations

There are a number of international and national non-profit orga-
nisations (NPOs) that partner with university departments and govern-
ment agencies such as South African National Biodiversity Institute
(SANBI) and SANParks to fund and manage research and implement
projects dealing with conservation and ecological restoration in the
Karoo. The Critical Ecosystem Partnership Fund (CEPF) in collaboration
with the World Wildlife Fund (WWF-SA) and Lesley Hill Succulent Karoo
Trust, funded the establishment of the Succulent Karoo Ecosystem Pro-
gramme (SKEP) in South Africa and Namibia. Managed in partnership
with Conservation International and SANBI, this project is assessing
risks to biodiversity in the Succulent Karoo (Table 2, row 4). The pro-
gramme produced guidelines for restoration in the southern Namib
Succulent Karoo (Burke, 2005) as well as funding the Namaqualand
Restoration Initiative to develop regional protocols for ecological
restoration required by mining operations and engaging the local com-
munity in restoration in the Central Namaqualand Coast and the
Knersvlakte priority regions of the biodiverse Succulent Karoo. The
project endeavoured to encourage mining operators and other land users
to change the way they understood their responsibilities concerning
biodiversity conservation and restoration (Table 2, row 5; Carrick,
2008). Students from a number of German and South African univer-
sities contributed to research on ecological restoration of degraded
rangelands in southern Namibia and Namaqualand as part of the
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Fig. 2. Human activities have had diverse and cumulative impacts on biota, resources and physical processes in the Karoo over time. Some impacts are more
persistent than others. The cumulative effects on ecosystem services may ’increase (red dash), stabilise (orange dash), decrease (yellow line)’ over time.

Biota-Africa project that ran for 10 years funded by the German Ministry
of Education and Research (BMBF), (Schmiedel and Jiirgens, 2010;
Hanke et al., 2015). This was succeeded by a programme focussing on
climate change and adaptive management (Revermann et al., 2018).

In the Nama Karoo, the Drylands Conservation Programme of the
Endangered Wildlife Trust is developing techniques for restoring the
habitat of the Critically Endangered Riverine Rabbit and working with
farmers to improve rangeland management and reduce the negative
impact of predator control on wildlife (https://www.ewt.org.za/fs-july
-2020-farming-for-the-future/). The Wilderness Foundation is carrying
out restoration in privately-owned protected areas, such as Plains of
Camdeboo in the eastern Karoo, as well as collaborating with WWF-SA
to find new ways to fund conservation and restoration including tax
incentives, offsets (money paid in compensation for damage done by
development) and investment that can be used to fund natural resource
management interventions (https://www.wildernessfoundation.co.za/
projects/innovative-finance). Gouritz Cluster Biosphere Reserve that
incorporates riparian corridors and the coastal, fynbos, Succulent and
Nama Karoo ecosystems that they intersect, funds research and training
for implementation of ecological restoration in all these habitats
(https://gouritz.com/).

Decision support systems (e.g. EcoRestore) to assist in designing
appropriate restoration approaches for Karoo areas are being developed
by the North West University (https://www.ecorestore.co.za/), and the
non-profit Asset Research (Blignaut and Aronson, 2020). In partnership
with the South African Environment Observation Network (SAEON) and
the Department of the Environment, Forestry and Fisheries, Asset
Research has released interactive models to assess the likelihood for
market investment in various ecological restoration projects (https://ass
etresearch.org.za/econrestoration/).

3.2. Passive restoration: sustainable management practices

Vegetation recovery from overgrazing, ploughing and clearing is
most challenging under arid conditions where the annual rainfall is

insufficient in most years for recruitment of new plants (Wiegand et al.,
1995). The general improvement in cover and composition of Karoo veld
over the past 50 years (Kraaij and Milton, 2006; Van der Merwe et al.,
2018; Hoffman et al., 2018, 2019, 2020) suggests that the Karoo ran-
gelands are recovering from early overgrazing; periods of above-average
rainfall may be needed to facilitate this recovery (Hoffman et al., 2020;
Saaed et al., 2020). Moreover, recovery of vegetation to the state where
runoff and sediment loss is controlled is slow; even in the higher rainfall
uplands of the Karoo where it is estimated to take a century or more
(Boardman et al., 2010). Better management systems can reduce erosion
rates but the positive effects of improved management could be offset by
an increase in rainfall intensity that is predicted to be part of climate
change (Boardman et al., 2010). Cover and some palatable plant species
returned to Succulent Karoo areas that had been protected from grazing
for 20 years (Seymour et al., 2010). At Carnarvon in the Nama Karoo,
during 27 years of above average rainfall, vegetation cover increased
from 25.2-31.4%, but the increase was suppressed at higher stocking
rates (Van der Merwe et al., 2018). These long-term studies agree with
modelling time scales for Karoo vegetation change (Wiegand and Mil-
ton, 1996) suggesting that decades are required for passive recovery of
vegetation cover; species composition changes may take much longer
without active interventions and adequate rainfall.

Cover of biological soil crusts, which contribute to water retention,
flood control and maintenance of air and water quality as well as ni-
trogen fixation and carbon sequestration on fine soils, can regenerate
within eight months on small-scale disturbances <1.0 m? (Dojani et al.,
2011). However, the early successional crusts, that lack the texture and
complexity of mature crusts, dominate disturbed patches for at least two
years before colonisation by lichens and mosses begin. Extensive dam-
age to biological crusts by land use that disturbs the soil will require
active restoration to prevent soil erosion and fertility loss, particularly
under a scenario of continued global warming (Weber et al., 2018).

The benefits of passive restoration through resting the land from
grazing, include reproduction of palatable plants, soil stabilization,
improved water infiltration and carbon sequestration, but are slow to
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Table 2
Restoring resilience in the Karoo socio-ecological systems.

Trend Information

sources

Anthropogenic drivers Ecosystem good
and Services

affected

1 Enforcement of
environmental, water and
agricultural legislation to
prevent further land
clearing, implement
ecological reserve to
maintain aquatic systems,
sort waste to recycle as
much as possible and
minimise pollution and
carbon emissions

2 National job creation
initiatives in rural areas
including improved waste
sorting, recycling,
composting, investments
in ecological
infrastructure to manage
land and water
sustainably: control of
invasive riparian plants,
protect altitudinal
gradients, alien clearing,
erosion control
(management dependent)

3 Government facilitated
small business initiatives
removing waste from
roadsides combined with
seed collection, seed
banking and seed
industry serving mining,
renewable energy and
engineering restoration
needs (management
dependent)

4 NGO and privately-funded
small-scale rewilding,
restoration and alien
clearing, restoration
business opportunities,
citizen science
monitoring (management
dependent)

5 Changes in behaviour and
values including
limitations of travel,
revised interest in local
food production,
emigration from cities,
revival of small-town
economies, improved
pollution and waste
disposal problems, family
planning, social
responsibility.
(management dependent)

Biodiversity A
Carbon
sequestration A
Water quality

Mander et al., 2017;’
Shippey et al., 2018;
Bourne et al., 2015

>

Water quality A
Aesthetics A
Air quality A

Western Cape
Treasury, 2020

Biodiversity A Putative
Carbon
sequestration A

Air quality

>

Biodiversity A Putative

Carbon
sequestration
Air and water
quality

AV
AV

Rogers, 2020

The 1st column describes restoration activities required to reverse damage to
karoo socio-ecological ecosystems, the 2nd column lists ecosystem goods and
services affected by people, and the 3rd column indicates the direction of change
in goods and services. Sources of evidence, where available, are cited in the last
column.

manifest themselves and do not always benefit the current landowner
who bears the cost of lost production. For this reason, improved land
management will probably only be achieved through a combination of
state, industry and non-profit interventions (Table 2, rows 2, to 4). The
state is able to prepare and implement biodiversity and land use plan-
ning (SANBI, 2016), provide incentives through tax relief (Van Wyk,
2010) or payments for ecological services (Turpie et al., 2008), and

10

Anthropocene 36 (2021) 100307

disincentives such as fines for unsanctioned vegetation clearing (NEMA
Act 107 of 1998). The carrying capacity of land allocated as part of
restitution should be assessed and agricultural extension officers
appointed to assist inexperienced farmers (Davis and Terblanche, 2016),
and monitor vegetation condition. In addition to state funded extension
services, industry incentives for sustainable management through cer-
tification of meat and fibre products and provision of standards and best
practice guidelines (Todd et al., 2009; Cape Wools, 2020) can contribute
to better land management, as does training, research and information
offered by a number of non-profit organisations. The “Fairgame”
initiative uses upmarket consumer preferences for ethically-produced
meat to subsidise the costs of herding and kraaling (McManus et al.,
2018), rather than using fencing and predator control to manage grazing
resources and protect livestock (Anon, 2018), so predators, such as
jackals and leopards, and the services they provide, can co-exist with
livestock farmers in rangelands (www.fairgame.org.za).

3.3. Active ecological restoration interventions

The environmental diversity of the dryland Karoo means that no
single suite of restoration interventions can be recommended for the
whole region, or every degraded situation. Where both the physical
environment and the living component has been damaged or lost, as in
the case of mining, both abiotic and biotic barriers to recovery of
functional ecosystems will need to be considered when planning resto-
ration (Milton et al., 1994; Aronson et al., 2017). Most arid land resto-
ration interventions have, in common, the need to capture and retain
water, organic matter and propagules (Milton, 2001) and to restore at
least productivity and regulating services to the landscape, but others
require species additions of indigenous species or removals of invasive
alien species.

3.3.1. Mine site restoration

Environmental damage caused by surface mining (Mhlongo et al.,
2020), deposition of subsurface tailings and roadmaking involves
removal of vegetation and removal, or chemical and physical alteration,
of topsoil. All the barriers to recovery of functional ecosystems therefore
need to be considered when planning restoration (Aronson et al., 2017).
Salvage of plants, seeds, bulbs and other organic components of a mining
or construction site should be the first priority before development be-
gins (Milton, 2001). Where the site to be developed has been invaded by
alien vegetation, there may be few if any indigenous plants to salvage,
but cut brush can be stored and used for protection of restoration sites
(Van Eeden et al., 2007). Most restoration plans require removal and
storage of topsoil prior to mining or construction, so the return of topsoil
to a site facilitates vegetation establishment (Carrick and Kruger, 2007;
Burke, 2008). Where rocky ground is mined, or tailings from deep mines
need to be revegetated, available substrates need to be amended with
organic matter and slopes should be angled to optimise soil stability
(Liebenberg et al., 2013). Mixing of subsoil and topsoil, or topsoil
storage for many years, limits the potential of salvaged soil for returning
microbes and propagules to the site (Van Eeden et al., 2007). In coastal
areas, landscaping and use of nets, fences or brush packing to control
wind and prevent soil movement may be required for establishment of
vegetation (Carrick and Kruger, 2007). Surface heterogeneity needs to
be re-established on reshaped landscapes to provide diverse microsites
that contribute eventually to diverse vegetation (Milton, 2001). Rocks
and dead shrubs salvaged prior to mining can be reintroduced to protect
emerging plants from wind and sun (Avis et al., 2014).

The pre-mining vegetation of extensive mining areas may not always
be the ideal reference for restoring vegetation cover because of changes
in the landscape and soil chemistry and texture after mining (Carrick
and Kruger, 2007), and because the mining may have homogenised a
number of habitat types and vegetation units. Nevertheless restoration
should seek to establish indigenous and self-sustaining vegetation rather
than non-indigenous species that may require irrigation, die out or form
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low-value, potentially invasive monocultures (Carrick and Kruger, 2007;
Liebenberg et al., 2013). Restoration targets that specify only vegetation
cover or a percentage of the original number of species on site are less
useful than those that require the full complement of functional plant
types to be re-introduced, for example geophytes, grasses, annuals,
succulents, woody plants, and species producing nectar or berries that
are food for various vertebrates and invertebrates. Topsoil is likely to
return only short-lived plants to the mine site as most long-lived Karoo
plants do not maintain soil-stored seed banks (Esler, 1999; De Villiers
et al., 2001). Seeds and plants for reintroduction to mined areas should
include those salvaged on site and maintained in an on-site nursery,
nursery-propagated plants, and plants established from seeds collected,
preferably, within the local area (Burke, 2005; Van Eeden et al., 2007).

Regardless of the investment in restoration of highly disturbed arid
sites, biodiversity cannot be expected to recover within a few decades.
Rehabilitation trials involving landscaping, topsoil addition, soil
amendment, seeding and wind control were successful in establishing
vegetation cover on an open cast sand mine in Namaqualand (Pauw
et al., 2018) and on mine tailings slopes in Bushmanland (Liebenberg
et al., 2013), but were unable to return species richness and diversity to
reference levels within two to three decades.

3.3.2. Restoration of abandoned fields and natural grazing land
Rehabilitation following damage to natural vegetation by ploughing
and grazing usually requires a combination of interventions to curtail
soil erosion, improve water, organic matter and seed retention, protect
sites from herbivory and alien vegetation, and to reintroduce plant
species (Coetzee, 2005; Van den Berg and Kellner, 2005; Esler et al.,
2006; Saayman and Botha, 2010). Patches of bare ground, sometimes
extending over a hectare or more, develop in sites that were once
ploughed for subsistence crops (Keay-Bright and Boardman, 2006), or
else were trampled or overgrazed around water points or supplementary
feeding areas, and may remain devoid of perennial vegetation for de-
cades unless actively restored. The reasons that vegetation fails to
recover spontaneously is that such areas shed or evaporate, rather than
retaining, water, and wind erodes loose soil. The mainly wind-dispersed
seeds of Karoo plants blow across such bare areas because there are no
living or dead plants to trap seed or protect seedlings (Esler et al., 2006).
Whereas lichen soil crusts recover within a year on small disturbances
(<1 m? they do not do so on large disturbances (Dojani et al., 2011).
The interventions used to revegetate bare areas all focus on resource
retention, usually starting with control of soil erosion caused by rapid
runoff of rain water (Coetzee, 2005). This may involve the reshaping of
erosion gullies (dongas) and the reduction of the rate of runoff using a
combination of gabions, geotextile fences and brush-packing (Coetzee,
2005; Esler et al., 2006). The next step is the retention of water achieved
by hand or mechanically-dug hollows, with or without the addition of
mulch, brush-packing and seeding (Matthee, 2015; Jackson, 2016). The
use of mulch and added gypsum improves water infiltration (Beukes and
Cowling, 2003) and reduces sealing of soil caused by dispersion of clay
particles. The optimal depth for hollows appears to differ among soil
types as seedlings drown in deep hollows on poorly-drained soil types
(Snyman, 2003; Jackson, 2016), whereas very shallow hollows are
rapidly filled by silt. Mulching retains moisture in the soil for longer, but
when too densely applied reduces emergence of small seeds such as
those of most succulents endemic to the Karoo (de Abreu, 2011). In
denuded arid winter rainfall rangeland in Namaqualand, Hanke et al.
(2015) found that application of manure mulch 30 mm thick and
covering 90 % of the soil surface was as effective as translocation of
mature plants in reducing soil erosion and establishing vegetation on
bare ground, but manured patches were dominated by a dung-dispersed
alien saltbush (Atriplex semibaccata). Brush packing and hollows also
reduced soil erosion whereas fertiliser addition stimulated only growth
of annual plants that died in dry years (Hanke et al., 2015). Ripping was
generally more successful on sandy soils and produced a greater number
and diversity of plants establishing from seed (Van der Merwe and
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Kellner, 1999). A combination of tilling, brush packing and seeding was
more successful than single interventions in arid Nama Karoo ten years
after treatment (Saayman and Botha, 2010), whereas merely adding
seeds to degraded rangeland without surface preparation is generally
unsuccessful (Snyman, 2003; Saayman and Botha, 2010).

Selective grazing, and perhaps ploughing, trampling or burning,
sometimes leads to an increase in long-lived toxic or unpalatable shrubs
as more palatable species decline (Wiegand and Milton, 1996). This
problem is common in Succulent Karoo, and attempts to restore the
palatable component of the vegetation by reseeding are generally un-
successful because of competition for water from well-established
shrubs (Milton, 1994). To increase the ratio of palatable to unpalat-
able shrubs it is necessary to reduce competition by partial clearing
before reseeding (Milton, 1994; Saayman et al., 2009). Clearing or brush
cutting alone does not lead to regeneration of forage plants because most
long-lived shrubs in these ecosystems rely on frequent production of
fresh seed, rather than long-lived seedbanks, for regeneration (Esler,
1999; Saayman et al., 2009). Restoration to return grazing value ran-
geland dominated by toxic plants is costly (about five times the cost of
grazing land) and sometimes unsuccessful (Saayman et al., 2017). In
arid event-driven ecosystems, disturbances such as unusually prolonged
drought events that kill many long-lived shrubs may prove to be an
opportunity for a change in state (Westoby et al., 1989; Milton and
Hoffman, 1994); the ongoing drought (2015-2021) in large parts of the
Karoo presents an opportunity for reseeding restoration to bring about
positive change.

The timing, intensity, quantity and frequency of rainfall following
restoration interventions largely determine the outcome of rehabilita-
tion interventions (Beukes and Cowling, 2003; Snyman, 2003; Matthee,
2015; Bourne et al., 2017), but as rainfall patterns are unpredictable,
sowing or planting more than once in regions where high rainfall sea-
sons may be frequent is probably the best approach, but is costly. Her-
bivores can damage restoration efforts in their early stages (Van der
Merwe and Kellner, 1999; de Abreu, 2011; Saayman and Botha, 2010;
Matthee, 2015) and in most cases wild and domestic herbivores should
be excluded for at least three years from sites where restoration in-
terventions such as reseeding or replanting are being carried out.

3.3.3. Alien invasive vegetation control restoration

Clearing of invasive alien vegetation in the Karoo has been focussed
on Prosopis species in valley bottoms and riparian areas, and mainly in
the Prieska, Douglas, Hopetown, Van Wyksvlei, Britstown, Calvina,
Williston and Beaufort West where deep-rooted phraeatophytes are
depleting aquifers or are a threat to grazing land. Felling and stump
painting with herbicide (Ndhlovu et al., 2011), is complemented by
release of biocontrol agents including seed feeding and galling insects to
reduce the rate of spread and regeneration of Prosopis (Zachariades
et al.,, 2011). Felling and herbicide stump treatment is also used for
control of two other problem plants in the Karoo, Tamarix ramosissima
and Nerium oleander (Milton and Dean, 2010); follow-up clearing is
recommended (Zachariades et al., 2011). Attempted control of dense
stands of Spanish reed Arondo donax that have invaded eutrophic rivers
in the Little Karoo is mainly by brush-cutting and burning but is inef-
fective, and the control is controversial because of the value of the reeds
in the construction industry (Guthrie, 2007). Invasions of cactus species
in Karoo grazing land, particularly Cylindropuntia pallida, C. fulgida var.
mamillata, C. imbricata, Echinopsis schickendantzii, Myrtillocactus geo-
metrizans, Tephrocactus articulatus and Opuntia species are usually spot
sprayed with herbicides (Walters et al, 2011; Klein, 2012).
Species-specific biocontrol agents recently released in the Karoo are
successfully controlling C. fulgida var. mamillata, Harrisia martinii,
H. balansae, Opuntia aurantiaca and O. humifusa (Klein, 2002; Walters
et al., 2011).

Clearing of woody vegetation on alluvial plains and riverbeds ex-
poses soil to erosion and exacerbates the risk of flash floods, and also
releases sequestrated carbon when cleared woody plants are used for
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firewood (Goswein et al., 2021). In arid areas where damaged vegeta-
tion takes many decades to establish, rehabilitation interventions that
improve infiltration and microclimateic conditions and increase indig-
enous seed availability are the only way to hasten recovery, reduce rates
of re-invasion and return ecosystems services to land users (Coetzee,
2005; Milton, 2010). Costs of such labour-intensive interventions are
generally beyond the reach of individuals, but because they are in the
national interest and generate jobs and skills, are appropriate projects
for state funding.

3.4. Climate change mitigation

The mitigation of the negative impact of climate change on habitats,
biodiversity and water resources in the Karoo will depend on the po-
litical will to carry out both population and land use planning for the
nation and the region, because warming will continue to increase over
the next few decades. International treaties, such as the Kyoto Protocol
that require signatories to reduce the burning of fossils fuels, do not meet
goals and CO? levels in the atmosphere continue to rise (Ripple et al.,
2021). The global human population is growing by more than 200,000
people per day, and it is unlikely that CO? emissions and warming can be
controlled unless the population size gradually decreases (Ripple et al.,
2021). Since overpopulation exacerbates environmental and human
health problems, driven by climate change, biodiversity loss and pan-
demics, Gregus and Guillebaud (2020) urge that medical doctors should
educate people about the dangers of overpopulation, make health and
family planning more easily available to women (Table 2.5). Simply,
ensuring that girls receive schooling may be the best solution to the
population explosion problem since better-educated women have fewer
children than less-educated women (Kim, 2016). Continued growth of
the human population in South Africa by 1.9 % per annum will likely
result in considerable land transformation that will exacerbate effects of
climate change particularly in the arid regions (Erasmus et al., 2002).
Expansion of protected areas has been proposed as an approach to
reduce loss of biodiversity in South Africa under climate change, but as
land will probably be too costly for the state to purchase, this would
need to be done through conservation agreements with landowners
(Wise et al., 2012). Land use planning that protects rivers and wetlands,
and aquifers in South Africa urgently needs better enforcement partic-
ularly in arid areas (Van Deventer, 2021).

4. Future perspectives

Multiple interacting factors at different scales, including past
mismanagement driven by market demands, social changes and popu-
lation growth, have degraded arid ecosystems globally. Moreover pro-
hibitive costs of, and failure to implement effective ecological
restoration (Reynolds et al., 2007; Feng et al., 2015), has resulted in a
loss of ecosystem services, particularly those affecting production of
goods and retention of carbon, soil, water and biodiversity (Le Maitre
et al., 2007; Turpie et al., 2008; Ziervogel et al., 2014; Busso and Pérez,
2018; UN, 2019). Climate change, in combination with political expe-
diency and the quest for cheap energy, is likely to cause further land
degradation in the Karoo in the future, unless restoration becomes part
of the culture of development (Cross et al., 2019). Restoration costs in
arid areas typically exceed the current marketable value of the land and
its services, and recovery of vegetation takes decades (Ntshotsho et al.,
2011), whereas in mesic areas restoration of ecosystem services is often
economically viable over the medium term (Crookes et al., 2013).
Consequently there is little economic incentive for investment either in
better land management or ecological restoration in arid environments
(Crookes et al., 2013; Bourne et al., 2017). Quantification of the
long-term benefits of restoration and its contribution to achieve sus-
tainability is therefore a challenge and priority for economic, social and
ecological research particularly in arid areas.

Synthesis of the literature covered in this review suggest that law
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enforcement, public works programmes, facilitation of large and small
businesses, changed attitudes towards social and environmental re-
sponsibility, and private investment in conservation can all play a part in
restoring the Karoo and contributing towards protection of biodiversity,
resources and livelihoods in this region (Table 2). However, much un-
certainly remains as to how to prioritise and manage public works
programmes, how to change public attitudes towards the use and pro-
tection of natural resources such as land and water, how to achieve
family planning and reduce urban sprawl, and how to make it
economically feasible for large and small business to supply skills and
materials for ecological restoration.

An urgent need exists for research on techniques for ecological
restoration across the altitudinal and rainfall seasonality gradients
spanned by the Nama and Succulent Karoo. Important issues for
research are when, where and how to ameliorate soils, whether there are
trade-offs between achieving rapid cover and stabilization of soil, and
bringing back diverse communities with sufficient redundancy to
maintain ecosystem services during drought and grazing (Pauw et al.,
2018), and whether restoration interventions should include
extra-limital species more suitable for warmer drier climates. There is
also a need to understand the role of dosage in restoration — for example,
a global meta-analysis of reseeding restoration in arid area shows that
higher seeding rates increase the probability of species re-introductions
(Shackelford et al., 2021). Improved seed storage, dormancy manipu-
lation and pelleting have increased seeding success on Australian mine
sites (Erickson et al., 2017), but methods remain to be developed for
Karoo species. Irrigation accelerates vegetation development under arid
conditions (Bainbridge, 2002), but long-term trials are necessary to
determine whether initial irrigation reduces plant resilience to drought
and grazing.

Economic models evaluating benefit-cost outputs of restoration ac-
tivities are usually based on single sites or projects. A challenging field
for ecological and economic research is the investigation of the possible
synergies among multiple restoration activities within a landscape that
may produce cumulative benefits (Diefenderfer et al., 2021). So for
example the alien clearing, soil erosion control, improved rangeland
management and plant species reintroductions on different properties
may cumulatively improve biodiversity, productivity and water regu-
lation in the landscape in such a way that the whole is greater than the
sum of the parts. In mesic environments agricultural intensification and
diversification is a promising way of increasing productivity while
maintaining natural diversity (Kremen, 2020). In arid areas this
approach might be applicable in altered environments such as solar
infrastructure installations that create a range of light and hydrological
conditions. In addition to the need for research into the most cost
effective techniques for restoring cover, ecosystem services and biodi-
versity, solutions are required for social, political and economic prob-
lems that constrain restoration activities, such as limited training,
funding and data-sharing. Finding effective ways to repair the damage
and maintain biodiversity and ecosystem services must surely be more
valuable for earthlings than discovering new galaxies and putting boots
on the moon. As Bourne et al. (2017) point out, investment in restora-
tion, even where costs are high, is likely to be the only real option for
sustaining livelihoods in the Karoo over the longer term.

The Karoo is not unique in the ways that social history, global eco-
nomics and climate change have cumulatively contributed to land
degradation. Drivers of land degradation have widely been attributed to
complex interactions between government policy, human population
growth, and local land use practices, in combination with climate
change. In arid regions from China to Patagonia, urgent repairs to the
environment are now needed in order to return and sustain essential
ecosystem services (Shackelford et al., 2021). Despite differences in
culture, scale and economies of the affected regions, understanding the
challenges that past, present and future land use developments, com-
bined with climate change pose, and why ecological restoration is crit-
ical for ecological and economic sustainability, is relevant to
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development planning in arid regions in many other parts of the world.
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