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Anthropogenic activities have led to long-term range contraction in many species, creating isolated populations
in ecologically marginal and suboptimal habitats. ‘Refugee’ species have a current distribution completely re-
stricted to suboptimal habitat. However, it is likely that many species are partial refugees, where one or more
populations are managed in ecologically unsuitable habitat. Here, we develop a framework to assess potential
refugee populations in marginal habitats using a model species: the Cape mountain zebra. We assessed habitat
quality by the abundance andpalatability of grass anddiet quality using proximate nutrient and element analysis.
High grass abundance was associated with higher population growth rates and zebra density and less skewed
adult sex ratios. Furthermore, faecal nutrient and dietary element quality was also positively associated with
grass abundance. Our results show that poorly performingpopulationswere characterised by suboptimal habitat,
supporting the hypothesis that the Cape mountain zebra has refugee populations. In addition, we found more
variance in sex ratio and population growth rates in smaller populations suggesting they may be more at risk
for random stochastic effects, such as a biased sex ratio, compounding poor performance.We show how the ‘ref-
ugee’ concept can be applied more generally when managing species with fragmented populations occurring
across marginal habitats. More broadly, the results presented herein highlight the importance of recognizing
the range of habitats historically occupied by a species when assessing ecological suitability. Identifying andmit-
igating against refugee, relict and gap populations is especially critical in the face of on-going environmental
change.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Current protected area coverage

Globally, protected areas are biased towards areas that have low
value for human conversion for agriculture or development (“rock and
ice” landscapes, Joppa and Pfaff, 2009). Given these biases, it is unsur-
prising that many species have distribution ranges that do not coincide
with formally protected areas (Rodrigues et al., 2004a). In fact, over 92%
of critically endangered fauna can be considered as ‘gap species’, as their
ranges do not occur within any protected area (Rodrigues et al., 2004b).
Many more species can be considered as ‘partial gap species’, where
only a small proportion of their range is protected (Rodrigues et al.,
2004b; Maiorano et al., 2006).

Whilst inadequate range overlap with protected areas is a clear im-
pediment to successful conservation, confinement of a species in poor
Michael Smith Building, Dover
quality or unsuitable habitat is an equal but often overlooked problem.
Thus, a simple focus on protected area overlap with species' ranges
may not be an appropriate measure of adequate protection. In addition
to overlap, habitat suitability of protected populations needs to be con-
sidered. Species that are restricted ormanaged inmarginal habitatsmay
have poorer long-term prognosis than is apparent by evaluating
protected area coverage. An extreme case is the ‘refugee species’
(Kerley et al., 2012), where anthropogenic pressures across a species'
historical distribution leaves little available optimal habitat, and man-
agement interventions now restrict species to lower quality areas of
their range where fitness is reduced. Whilst a gap species has a range
that is absent from any protected area, a refugee species' range is con-
fined to a protected area consisting of suboptimal or inappropriate hab-
itat. The refugee concept builds on the ideal free distribution theory of
habitat selection (Fretwell, 1972): population density will be highest
in optimal habitats, but individualswill disperse into low quality habitat
creating a gradient from high performing ‘source’ to low density
‘sink’ populations that are maintained by immigration from source
populations (Pulliam, 1988) where reproduction and mortality rates
vary across sites (Pulliam and Danielson, 1991). Habitat loss and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2016.09.017&domain=pdf
http://dx.doi.org/10.1016/j.biocon.2016.09.017
mailto:jmd.lea@gmail.com
Journal logo
http://dx.doi.org/10.1016/j.biocon.2016.09.017
Unlabelled image
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/bioc


208 J.M.D. Lea et al. / Biological Conservation 203 (2016) 207–215
fragmentation can lead to populations that are restricted to poor quality
habitat. These populations will have a higher extinction risk than large,
high-density populations in optimal habitats (Pulliam and Danielson,
1991), due to slow population growth rates and/or low population den-
sities (Kerley et al., 2012). Convincing evidence for refugee status has
been compiled for the European bison (Bison bonasus) and theMediter-
raneanmonk seal (Monachus monachus) (Kerley et al., 2012; Bocherens
et al., 2015; González, 2015).

Importantly, when range contraction occurs over several decades or
longer, relict populations can be perceived as occurring in ‘natural’ or
core habitat, due to the acceptance of an altered state as a baseline.
‘Shifting baseline syndrome’ has been discussed in detail with regard
to fishing stocks (Pauly, 1995; Pinnegar and Engelhard, 2008), and has
been identified as a real concern for conservation policy-making
(Papworth et al., 2009). Counter-productive management strategies
can be implemented under shifted baselines, for example translocations
and introductionsmay be targeted towards areas of suboptimal habitat.
As with partial gap species (thosewith a portion of their range outside a
protected area) it is likely there are many cases of partial refugees, with
at least some populations actively managed in protected, but marginal,
habitat. In fact, many species may be both partial gap and partial refu-
gees, where their current distribution is limited to poorly protected,
suboptimal habitats. Thus, long-term conservation of species that have
undergone extensive range contraction demands the recognition that
relict populations may not occur in optimal habitats across their histor-
ical distribution. Successful management and conservation of such spe-
cies relies on the implementation of novel interventions to overcome
such constraints (Kerley et al., 2012).

A second consequence of long-term range contraction is habitat
fragmentation leading to small, isolated populations. Such populations
are more vulnerable to extinction as a result of multiple processes in-
cluding environmental and demographic stochasticity and inbreeding
(Lande, 1998). Thus, refugee populations are likely to be small, stochas-
tic and isolated (Lesica and Allendorf, 1995), which can also result in
Allee effects, where population performance is reduced in small or
low-density populations. However, the causes of Allee effects are noto-
riously hard to document in vertebrate populations (Courchamp et al.,
2008). Thus, historical fragmentation can impose both ecological and
demographic challenges for populations.
1.2. Cape mountain zebra as a partial refugee

The Cape mountain zebra (Equus zebra zebra) is a candidate for par-
tial refugee status (see Kerley et al., 2012 for assessment criteria). Dur-
ing the 20th and 21st centuries they underwent a large-scale population
decline due to excessive hunting, persecution and habitat loss, leaving
three relict populationswith fewer than 80 total individuals. Active con-
servation has resulted in reintroduction across their historic range, with
numbers now in excess of 4791 individuals (Hrabar and Kerley, 2015).
Although this represents a great improvement and a rare conservation
success story, many difficulties are still faced in their management.
Cape mountain zebra occur as a complex of N75 small, fragmented
and isolated populations, on both formally protected and privately-
owned land. Individuals cannot freely disperse between these
populations, rendering long-term natural metapopulation dynamics
impossible without human intervention. Apart from one historical
translocation, slow and stochastic growth in two of the relict popula-
tions has precluded the removal of individuals, such that 95% of the
global population derives from the single relict population in theMoun-
tain Zebra National Park. The prolonged bottleneck and isolation has re-
sulted in the relict populations (and their daughter populations)
becoming genetically distinct from one another (Moodley and Harley,
2006). Consequently, a large proportion of the remaining genetic diver-
sity remains unrepresented by the majority of the subspecies, and is
under threat of being lost altogether if the two relict populations
(Gamkaberg Nature Reserve and Kammanassie Nature Reserve) are
not secured.

Cape mountain zebra are an ideal model species for understanding
how confinement to marginal habitat impacts on population perfor-
mance because the current populations, both relict and reintroduced,
occur across a range of habitat types. Most of the Capemountain zebra's
current (and historic) range is foundwithin the Cape Floristic Region in
South Africa (Boshoff et al., 2015; Hrabar and Kerley, 2015). The north-
eastern areas are characterised by summer rainfall and escarpment
grasslands, whereas the southwest is dominated by winter-rainfall,
with fynbos and succulent Karoo vegetation communities and low
grass cover, much of which is not suitable for grazing animals (Boshoff
et al., 2002; Kerley et al., 2003). The distribution of protected areaswith-
in the Cape Floristic Region is heavily biased towards marginal upland
habitat (Rouget et al., 2003a), with few lowland areas large enough to
support even small populations of large mammal herbivores (Kerley
et al., 2003). Paleontological evidence suggests that Cape mountain
zebra occupied open grassland, and persisted in low densities in fynbos
habitat (Faith, 2012). There is evidence that, where possible, Cape
mountain zebra seasonally move between habitat types and predomi-
nantly select areas with high grass cover (Penzhorn, 1982; Grobler,
1983; Winkler and Owen-Smith, 1995; Smith et al., 2008).

Two of the relict populations, Gamkaberg Nature Reserve and
Kammanassie Nature Reserve, are dominated by fynbos vegetation
and it has been suggested that b40% of each reserve is appropriate hab-
itat for Cape mountain zebra (Watson et al., 2005; Watson and
Chadwick, 2007). Most importantly, these populations have been ac-
tively managed in upland areas with restricted access to year-round
grass-rich habitats and drinkingwater, which is likely a key factor lead-
ing to limited population growth. As relict populations were restricted
to upland fynbos habitat in recent memory, these areas have been per-
ceived by managers as core habitats for Cape mountain zebra, despite
poor population performance. Thus, introductions and translocations
of individuals into similar, andmore arid, habitats have been supported
as a key part of the species management plan (Novellie et al., 2002).

Here, we assess partial refugee status in the Capemountain zebra by
evaluating variation in habitat quality and population performance
across reserves. We predict that: 1) populations in grass-poor habitats
will have slower population growth rates and lower population densi-
ties, and 2) habitat quality (grass availibility) and population perfor-
mance will be associated with nutrient profiles derived from faecal
diet analysis. We use three measures of population performance,
which reflect different aspects of populaiton health: population growth
rate, zebra density and foal:mare ratio. We then provide a framework
for identifying refugee populations both in Cape mountain zebra and
other potential refugee species, and discuss the importance and applica-
tion of this concept within conservation biology.

2. Methods

2.1. Vegetation index

Habitat assessments were made for a subset of 21 Cape mountain
zebra populations (both public and private reserves, representing 28%
of extant populations) where long-term population records were avail-
able, and which varied in terms of grassiness. We developed a perceived
grass vegetation index (VI) that incorporates fine-scale differences in
vegetation communities by qualitatively assessing the abundance of
palatable grass species within each reserve. Although this technique
does not quantify the biomass of palatable grass, it provides a systematic
and repeatable assessment of grass dominance and richness that can be
readily estimated across populations. Themajority of the resources used
(vegetation map and reserve boundaries) are freely available online
(SANBI, 2006). Where geo-referenced maps were not available for pri-
vate reserves, boundary information was obtained from reserve man-
agers and shapefiles were created using Google Maps, with imagery
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provided by 2015 AfriGIS (Pty) Ltd., Google Imagery 2015, CNES/
Astrium, CNES/Spot Image, DigitalGlobe, Landsat and TerraMetrics
TruEarth Satellite Imagery. The boundary of each reserve was overlain
on the National Vegetation Map of South Africa, Lesotho and Swaziland
(Mucina and Rutherford, 2006) using ArcGIS Desktop v.10, and the area
of all vegetation types occurring in the reserve was estimated. Each de-
fined vegetation type has an associated list of ‘Important Taxa’ that have
a high abundance or frequent occurrencewithin the landscape, and also
highlights dominant taxa (Mucina and Rutherford, 2006). The number
of graminoid species in this list (excluding Cyperaceae, Juncaceae and
Restionaceae) was used as a proxy for grass abundance; dominant spe-
cies were weighted by a factor of two (see Table A1 for the list of vege-
tation types and the number of grass species present). Each grass
species was ranked in terms of palatability (1 = low, 2 = medium,
3= high) using information from published resources and online data-
bases (see Table A2 for full list of species; Van Breda et al., 1990;
Quattrocchi, 2006; Van Oudtshoorn, 2012; Andersson et al., 2015).
Graminoid species listed in the ‘Endemic Taxa’ section (Mucina and
Rutherford, 2006) were included. Graminoids,mainly endemic to a par-
ticular vegetation type,were excluded if therewas no information avail-
able for palatability, which constituted 42 out of 154 described species
or 65 out of 558 (~12%) of total occurrences. This resulted in a vegeta-
tion index for each vegetation type (VIV) present within a reserve that
was calculated by:

VIv ¼ ΣPTþ Σ2PD

where T is the total number of non-dominant grass species listed in the
vegetation type description, D is the number of dominant grass species
listed and P is the palatability of each grass species found within that
vegetation type.

Finally, a standardised VI for each reserve was calculated as:

VI ¼ ∑ CVIVð Þ
VIMAX:

where C indicates the percentage area of each vegetation type within a
reserve and VIMAX is the highest VI attained by any reserve in this study.
The grass cover of three reserves was adjusted to reflect anthropogenic
removal of fynbos habitat and replacement with disturbed, cultivated
grasslands containing highly palatable grass species (De Hoop Nature
Reserve: 1.70%, Swartberg Private Game Reserve: 21.52% and
Welgevonden Game Farm: 41.72%). The boundaries of these distur-
bance grasslands were demarcated using Google Maps® and given the
same VIV as the high quality Karoo Escarpment Grassland as transfor-
mation of land in these reserves was managed for grazing stock and
therefore constitutes a high abundance of palatable grass species.

2.2. Diet quality

Faecal analysis has been used to estimate diet quality across several
wild herbivore taxa (Erasmus et al., 1978; Hodgman et al., 1996;
Mésochina et al., 1998; Putman, 1984; Landman et al., 2013). We used
this approach to evaluate Cape mountain zebra diet quality variation
across reserves. During April andMay2014, a total of 106 faecal samples
were collected from Mountain Zebra National Park, Gamkaberg Nature
Reserve, De Hoop Nature Reserve, Camdeboo National Park, Mount
Camdeboo Private Reserve and two sites in Karoo National Park (the
Potlekkertjie Loop and the Mountain View area in the east). Fresh sam-
ples (b1 h) were collected from as many individuals as possible,
although if necessary older samples were also collected and age esti-
mated (b24 h or N24 h). Samples were oven dried at 60 °C and milled
using a 1 mm sieve, then subject to proximate diet analysis to estimate
the content of crude protein, ash, fat, acid detergent fibre (ADF) and
neutral detergent fibre (NDF) in the Cedara Feed Laboratory, South
Africa (for full protocols see AOAC, 1980 and Goering and van Soest,
1970). The minerals Ca, Mg, K, Na, P, Zn, Cu, Mn, and Fe were deter-
mined by dry-ashing samples and atomic absorption spectroscopy. Fae-
cal crude protein content from the proximate diet analysis was
converted to faecal N by dividing by 6.25 (Rivera and Parish, 2010).
Crude protein represents all sources of nitrogen in the faeces and is di-
rectly positively related to the palatability and digestibility of the diet
(Erasmus et al., 1978), while ash represents the inorganic minerals.
Conversely, the fibre content (shown here as NDF and ADF) coincides
with low digestibility, where NDF represents the total amount of fibre
in the diet and ADF the component of that fibre that is indigestible
(Rivera and Parish, 2010). N and P are themost frequentlymeasured el-
ements as indicators of forage quality and both are limiting nutrients in
South Africa (Wrench et al., 1997; Grant et al., 2000).

2.3. Study sites and population performance measures

Collection of demographic data took place at the following reserves
(Fig. 1): Bakkrans Nature Reserve, Camdeboo National Park, De Hoop
Nature Reserve, Gamkaberg Nature Reserve, Karoo National Park,
Mount Camdeboo Private Reserve, Mountain Zebra National Park, Sa-
mara Private Game Reserve, Swartberg Private Game Reserve and
Welgevonden Game Farm. Data were collected during seven sampling
periods: Aug.–Sep. 2010, Feb.–June 2011, Dec.–Mar. 2012, Nov.–Dec.
2013, Apr.–May 2014, Jan.–May 2015 and Sep.–Dec. 2015; eight re-
serves were visited a minimum of four times across these sampling pe-
riods whilst the remaining two were visited twice. Each visit entailed a
minimum of three reserve-wide surveys. Surveys were conducted both
by vehicle and on foot, using public access and/or management roads.
Whilst surveys are likely biased towards the areas covered by roads,
the use of binoculars from key vantage points enabled most reserves
to be surveyed extensively. The most notable exception to this is
Karoo National Park, which is large, mountainous, and has a large sec-
tion in thewest not covered by a road network. Upon encounter, overall
group size and each individual's sex and age class (foal ≤ 12 months,
sub-adult 13–36 months, adult N36 months) were recorded. Where
possible, and for the majority of zebra sighted, each individual was
photographed and repeated sampling of individuals was accounted for
usingHotSpotter identification software (Crall et al., 2013). The number
of foals per mare observed at each reserve was averaged over all sam-
pling periods to give the mean number of foals per mare (foal:mare).
In addition, the following information for a further 16 populations was
made available by the management team at each reserve from their re-
cords and 2015 ground and aerial counts: founding year, founding
number, current population size, number of introductions and removals
and the reserve area. Population growth rate was calculated using:

Nt ¼ Noert

solved for r:

r ¼ lnNt− lnNo

t

where r is the rate of increase, Nt is the current population size, No is the
starting population size (or founding number), t is the time in years, e is
the mathematical constant and ln the natural log. Current population
size was adjusted for any recorded introduction or removal events
since the population was founded: introductions were added to the
founder population number and removals were added to the current
population size. Populations range from 5500 to 146,000 ha, with the
youngest founded nine years ago and the oldest relict population,
Mountain Zebra National Park, established 79 years ago. Population
density was calculated as current population size/reserve area (number
of individuals/ha). Poorly performing populations were defined as
scoring at least 50% worse than the best performing population on
each measure. Mountain Zebra National Park was excluded from this



Fig. 1. Variation in Vegetation Index scores across populations where population performance and demographic data were available. Some focal populations are labeled.
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calculation as it has an extremely high density of individuals that likely
reflects its substantially longer time since establishment than any other
reserve in similar habitat, and if included would unfairly make all other
populations poorly performing on this measure. The three measures
(growth rate, density and foal:mare) reflect different aspects of perfor-
mance. Newly founded populationsmay still be growing quickly as they
have not yet have reached carrying capacity, whereas older established
populations, such as in Mountain Zebra National Park, support a high
density but have relatively moderate population growth rates. The ob-
served number of foals per mare gives an indication of female fecundity
at each site. In addition, the mean number of adult males and adult
females observed from surveyed populations were used to calculate
adult sex ratio (male:female).

2.4. Statistical analyses

Statistical analyses were performed using RStudio v.0.98.976 and
IBM SPSS Statistics v.22. To reduce the proximal nutritional components
(crude protein, ash, fat, NDF and ADF) to fewer explanatory variables,
we performed a principal component analysis (PCA). Fat was removed
as it formed its own principal component (PC), leaving the remaining
four variables loading on to one PC (crude protein and ash loading pos-
itively and ADF and NDF loading negatively) that explained 46.6% of the
variation with a Keiser-Meyer-Olkin (KMO) score of 0.610. A second
PCA was performed on the mineral components of the diet analysis;
Ca and K were removed as they did not load with the other minerals;
the remaining eight minerals loaded onto two PCs (PC1: N, P, Na, Zn,
Mg and PC2: Cu, Fe, Mn). The two components explained 65.6% of the
variation in the analysis with a KMO score of 0.714. VI scores had a bi-
modal distribution (see histogram in Fig. 1), and are presented as both
a categorical factor with ‘high’ and ‘low’ grass categories and a continu-
ous variable in the performance measure analyses. Diet quality was
compared across reserves and with categorical VI using Generalized
Linear Models (GLM), with age of sample included as a factor and
subsequently removed if not significant (p N 0.05). GLMs were used to
evaluate relationships between continuous and categorical VI and pop-
ulation growth rate, foal:mare ratio, zebra density and with continuous
VI and adult sex ratio. Reserve size and years since establishment were
included as fixed factors in the population performance analyses, and
removed if not significant. Zebra density was cube root transformed
before statistical analysis to normalise the data. F tests were used to
compare variance in sex ratio and population growth rate between
small (b 50 individuals) and large populations (stats library, R Core
Team, 2016).
3. Results

3.1. Habitat and diet quality

The distribution of VI scores was bimodal; reserves with less than
half the abundance of palatable grass than that of the highest of this
study were characterised as having low habitat quality for Cape moun-
tain zebra (Fig. 1). High VI scores are associated with summer rainfall
areas on the Karoo escarpment where there is high abundance of palat-
able C4 grasses, whereas low VI scores are found in arid and/or winter
rainfall regions, primarily, but not exclusively, in the fynbos biome.
The levels of faecal nutrients (F6,98 = 26.29, p b 0.001) and macro
(F6,99 = 34.46, p b 0.001) and microelements (F6,99 = 18.52,
p b 0.001) varied significantly between reserves (Fig. 2). Faecal nutrient
(F1,104 = 9.74, p b 0.01), macroelement (F1,104 = 10.90, p b 0.01) and
microelement (F1,104 = 14.87, p b 0.001) content were all positively as-
sociated with VI. However, between-reserve differences in faecal diet
profiles accounted for more variation than did grassiness. Overall, faecal
samples from Camdeboo National Park and Karoo National Park
Potlekkertjie Loop contained the highest levels of crude protein, macro
and microelements, while samples from Gamkaberg Nature Reserve
contained the lowest (Fig. 2; Table A3).

Image of Fig. 1


Fig. 2.Mean values of a) proximate diet component (crude protein, ash, acid detergent fibre (ADF) and neutral detergent fibre (NDF) content, where crude protein and ash load positively
on the principal component and ADF and NDF load negatively), b) macroelement and c) microelement content of Cape mountain zebra faecal samples across reserves. Reserve
abbreviations are: CNP: Camdeboo National Park, DHNR: De Hoop Nature Reserve, GNR: Gamkaberg Nature Reserve, KNP-MV: Karoo National Park, Mountain View, KNP-PL: Karoo
National Park, Potlekkertjie Loop, MCPR: Mount Camdeboo Private Reserve; MZNP: Mountain Zebra National Park. Colours represent the Vegetation Index score as in Fig. 1. Boxes
show the median, upper and lower quartiles while the whiskers show the range of the data.
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3.2. Population performance indicators

Performance measures and VI scores for each reserve can be viewed
in Table 1. Population growth rate was significantly correlated with
zebra density and foal:mare ratio (R = 0.60, 95% C.I. 0.24 to 0.82,
p b 0.01 and R = 0.72, 95% C.I. 0.16 to 0.93, p = 0.02, respectively).
There was a positive trend between zebra density and foal:mare ratio,
though not significant (R = 0.61, 95% C.I. −0.03 to 0.90, p = 0.06). All
three performance measures were significantly higher in reserves
with a high VI (Fig. 3)when treated as a categorical variable (population
growth rate: β=−0.05 ± 0.02 s.e., t1,19 =−3.01, r2 = 0.29, p b 0.01;
zebra density: β=−0.09± 0.03 s.e., t2,18=−3.33, r2= 0.44, p b 0.01;
foal:mare ratio: β = −0.16 ± 0.05 s.e., t1,8 = −3.45, r2 = 0.55,
p b 0.01). Population growth rate and zebra density increased signifi-
cantly with continuous VI (population growth rate: β = 0.07 ± 0.03
s.e., t1,19 = 2.22, r2 = 0.16, p = 0.04; zebra density: β = 0.14 ± 0.04
s.e., t2,18 = 3.62, r2 = 0.48, p b 0.01), and there was a positive trend be-
tween continuous VI and foal:mare ratio (β = 0.20 ± 0.09 s.e., t1,8 =
2.27, r2 = 0.32, p = 0.05). Zebra density decreased with increasing re-
serve size in both models (β = −7.61e-07 ± 3.52e−07 s.e.,
t2,18 = −2.16, r2 = 0.48, p = 0.04 and β = −8.12e−07 ±
3.63e−07 s.e., t2,18 = −2.24, r2 = 0.44, p = 0.04).
Table 1
Population performance measures, relative assessment of palatable grass abundance (Standard

Reserve Standardised
Vegetation Index

Current
population size

Anysberg Nature Reserve 0.06 23
Bakkrans Nature Reserve 0.02 43
Baviaanskloof Wilderness Area 0.32 51
Bontebok National Park 0.25 9
Camdeboo National Park 0.72 236
Commandodrift Nature Reserve 0.95 136
Coppermoon Private Reserve 0.49 46
De Hoop Nature Reserve 0.13 100
Gamkaberg Nature Reserve 0.24 42
Hottentots-Holland Nature Reserve 0.27 6
Kammanassie Nature Reserve 0.13 80
Karoo National Park 0.81 843
Mount Camdeboo Private Reserve 0.89 71
Mountain Zebra National Park 0.93 1191
Oorlogskloof Nature Reserve 0.12 19
Samara Private Game Reserve 0.80 26
Swartberg Private Game Reserve 0.29 29
Tankwa Karoo National Park 0.23 41
Tsolwana Nature Reserve 1 144
Welgevonden Game Farm 0.51 34
West Coast National Park 0.23 42
3.3. Demography and population performance

For the subset of populations with demographic data, sex ratio and
population growth rate variance was higher across small populations
(b50 individuals) than large populations (F4,4 = 21.81, p = 0.01 and
F8,11 = 4.26, p b 0.05, respectively). The ratio of adult males to adult fe-
males was negatively associated with VI (β = −0.96 ± 0.41 s.e.,
t1,8 = −2.33, r2 = 0.33, p = 0.05), such that populations in grass
poor habitats were more likely to have a male biased sex ratio. Adult
sex ratiowasmarginally, but not significantly, associatedwith foal:mare
(β=−0.14± 0.06 s.e., t1,8 =−2.04, p=0.08, r2= 0.34), but not with
population growth rate (β=−2.45± 1.82 s.e., t1,8 =−1.35, p=0.22,
r2 = 0.18) or zebra density (β = −0.004 ± 0.004 s.e., t1,8 = −1.11,
r2 = 0.15, p= 0.30,), suggesting that VI had a stronger impact on pop-
ulation performance than demography.

3.4. Identification of refugee populations

The distribution of scores in the standardised Vegetation Index
was bimodal (see histogram in Fig. 1); therefore populations in the
lower half were highlighted as potential refugees. Populations were
subsequently confirmed as refugees if they performed poorly in one or
ised Vegetation Index), and refugee status for 21 Cape mountain zebra populations.

Population
growth rate

Density
(individuals/ha)

Mean foal:mare
(±s.d.)

Refugee
population?

0.019 0.0003 Yes
0.066 0.0038 0.208 ± 0.06 Yes
-0.009 0.0026 Yes
0.025 0.0027 Yes
0.076 0.0122 0.347 ± 0.13 No
0.075 0.0227 No
0.068 0.0077 Yes
0.038 0.0017 0.186 ± 0.06 Yes
0.047 0.0040 0.083 ± 0.12 Yes
-0.086 0.0003 Yes
0.067 0.0037 Yes
0.062 0.0091 0.369 ± 0.06 No
0.076 0.0059 0.235 ± 0.11 No
0.078 0.0558 0.385 ± 0.12 No
-0.022 0.0034 Yes
0.099 0.002 0.332 ± 0.04 No
0.085 0.0145 0.278 ± 0.16 No
0.035 0.0003 Yes
0.074 0.0185 No
0.145 0.017 0.436 ± 0.02 No
0.067 0.014 Yes

Image of Fig. 2


Fig. 3. Population growth rate, zebra density (individuals ha−1), and female fecundity (foal:mare ratio) of Cape mountain zebra are all positively associated with habitat quality
(Vegetation Index), shown as both a continuous and a categorical variable. Boxes show the median, upper and lower quartiles while the whiskers show the range of the data.
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more of the population performance measures (scoring at least 50%
worse than the highest performing population on each measure).
Using this criterion, we identified 12 refugee populations out of a total
of 21 (i.e. 57%) in this study (Fig. 4).

4. Discussion

4.1. A model partial refugee species: the Cape mountain zebra

Our results support the hypothesis that the Capemountain zebra has
refugee populations, which are confined to protected areas containing
suboptimal habitat within its historic range and are characterised by
poor population performance. The habitats currently occupied by Cape
mountain zebra differ substantially in terms of their grass availability
and nutrient and elemental dietary composition. We identified 12 refu-
gee populations of Cape mountain zebra in this study, which have low
habitat quality and score poorly in at least one performance measure.
Populations in habitats with less palatable grasses performed worse
across all performance indicators (population growth rate, foal:mare
and density) and had more male-biased adult sex ratios. Low density
populations were also associated with lower growth rates and male bi-
ased sex ratios were weakly associated with female fecundity
(foal:mare)., This which raises two questions: 1) howdoes demography
impact on population growth rates?, and 2)what is the cause of skewed
sex ratios? That smaller populationshad higher sex ratio and population
Fig. 4. Potential refugee populations were identified as those with relatively low habitat quality
than the highest performing population in at least one of the following performance measures
growth rate variance could either be the result of random demographic
stochasticity or could suggest differential fecundity or survivorship in
small populations. This also highlights potential feedback between hab-
itat quality, population demography and long-term performance.

The three populations that contain themajority of the genetic diver-
sity of the sub-species (Gamkaberg, Kammanassie and De Hoop Nature
Reserves;Moodley andHarley, 2006)were all identified as refugee pop-
ulations, suggesting that habitat, and specifically palatable grass avail-
ability, is limiting performance for these key populations. Moreover,
other refugee populations recently re-introduced into reserves with a
lower abundance of palatable grasses (e.g. Anysberg Nature Reserve
and Bakkrans Nature Reserve) have performed worse than the two rel-
ict populations. These results corroborate studies that have argued that
only small areas of some reserves have sufficient grazing for Cape
mountain zebra (Watson et al., 2005; Watson and Chadwick, 2007;
Smith et al., 2011; Weel et al., 2015). It is important to note that there
are seasonal rainfall differences between reserves that could affect diet
quality at different times throughout the year. It is likely this is a contrib-
uting factor leading to between-reserve differences in diet quality ac-
counting for more variation than VI in this study. This said, faecal
samples collected from individuals utilising different vegetation com-
munities in the same reserve (Karoo National Park) reflect marked dif-
ferences in nutrient and element quality (Fig. 2, Table A3). A large
proportion of the Cape mountain zebra's historic range covers the
Cape Floristic Region, where soil nutrients are often low (Goldblatt
. Of these, 12 were confirmed as refugee populations as they performed at least 50% worse
: population growth rate, zebra density (individuals ha−1) and foal:mare ratio.
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and Manning, 2002). The widespread transformation of lowland areas,
where rainfall and fertility are sufficient for agriculture, has pushed
wildlife out of these areas (Rouget et al., 2003b). Whilst the overall
lower abundance of grasses in this region would have likely meant
that Cape mountain zebra would have occurred at lower densities
here than in the east, the inability of individuals to migrate to lowland
habitat on a seasonal basis (Kerley et al., 2003), and on a larger scale be-
tween populations, is inhibiting the performance of individual popula-
tions and the metapopulation as a whole. This results in small
populations that are vulnerable to the impacts of demographic
stochasticity.

Whilst some Cape Floristic Region species have been completely ex-
tirpated, including the global extinction of the blue antelope
Hippotragus leucophaus (Kerley et al., 2009), others, such as Capemoun-
tain zebra, nowhave disjunct populations often restricted to lower qual-
ity, ecologically unsuitable habitat within their historical distribution.
To improve the performance of refugee populations, Cape mountain
zebra require access to suitable habitat, either through land acquisition
or by activemanagement of the currently available habitat (e.g. burning
regimes or ecological restoration in heavily grazed areas) (Watson et al.,
2005; Watson and Chadwick, 2007; Smith et al., 2011). Ideally, this
should be focused on securing the poor performing key relict popula-
tions, with the intention of increasing numbers to such an extent that
individuals can be translocated to new areas of good quality habitat to
form mixed stocks with individuals from other populations. Most im-
portantly, our results highlight the on-going management of Cape
mountain zebra populations in inappropriate habitat, often due to a
misconception ofwhat constitutes optimal, or core, habitat by conserva-
tion managers.

4.2. Implications and uses of the partial refugee species concept

Of the 21 Cape mountain zebra populations in this study, over half
were identified as refugees. We propose a framework to assess species
and populations for refugee status (outlined in Table 2). A potential par-
tial refugee is likely to have undergone extensive range reduction,
resulting in disjointed populations that occur across a range of environ-
mental conditions. Refugee populations occur where there is low eco-
logical suitability, which could be due to a number of factors including
resource limitation, anthropogenic disturbance, or predation; such pop-
ulations have little or no opportunity to disperse in order to find more
suitable conditions. In confirming refugee status, it is important to de-
velop objective measures of one or more ecological correlates and pop-
ulation performance, such as those usedhere, and a thorough analysis of
the species' historical distribution and ecology. In some cases, where
there is limited information available from historical records, popula-
tion performance data from either closely related or ecologically similar
species may provide a better baseline than do the potential refugee
populations.

The prevalence of partial refugee species globally is potentially quite
high, given the aforementioned bias of protected areas towardsmargin-
al upland habitat (Joppa and Pfaff, 2009). Partial gap species, or those
specieswhere protected areas cover fragments of their range, are partic-
ularly likely to also be partial refugee species. Using the framework pro-
vided here, such species could be readily identified. For example, the
Mediterranean monk seal has already been identified as a refugee spe-
cies, due to a reduction in its prehistoric range resulting in confinement
to suboptimal breeding habitat (González, 2015). However, the Hawai-
ian monk seal (Monachus schauinslandi) is a likely candidate for partial
refugee status as population growth rates varywidely, andphysiological
evidence suggests that poorly performing populations are resource lim-
ited (Gobush et al., 2014).

A key factor in the refugee species concept is the negative impact of
active management, where the confinement process has been rein-
forced due an inaccurate perception of what is ecologically suitable for
the species (Kerley et al., 2012), the latter aspect being termed ‘shifting
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baseline syndrome’ (Pauly, 1995). Identifying and understanding such
misconceptions, and then managing accordingly, is vital for improve-
ment in conservation planning. As is often the case, the conservation
needs of one species may clash with another (such as that of Cape
mountain zebra with the endemic fynbos flora); this said the needs of
all species cannot be properly considered if they are not understood.
Once refugee populations have been identified, the principal mitigation
strategies are to expand and manage protected areas to promote more
optimal ecological conditions and/or to translocate individuals to
more suitable areas. This can only be successful if the historical distribu-
tion and ecology of the species is properly understood, and has broader
implications for the areas targeted as conservation priorities. The indica-
tors developed when evaluating refugee status could be used to assess
new areas for species range expansion; indeed the framework present-
ed here has the potential to be expanded and used to assess the suitabil-
ity of protected areas for ecological communities rather than just single
species. In any case, future conservation planning needs to avoid
preconceived ideas about habitat suitability and incorporate a way to
assessmarginality andwhether or not species (or communities) are ad-
equately protected. More broadly, our results highlight the issue of in-
ferring ecological preferences from current distribution patterns.
Species distribution and climate envelope models are often based on
current distribution patterns (Kerley et al., 2012). If ranges have under-
gone historical contraction, especially intomarginal areas, then inferred
suitability and adequacy of protected areas derived from such models
would be strongly biased (Cromsigt et al., 2012). Using poorly informed
assessments of habitat suitability or solely anecdotal evidence may
grossly over-estimate the conservation value of existing protected
areas. The importance of understanding ecological suitability within a
historical context becomes evenmore critical in the face of on-going an-
thropogenic environmental change. As habitats shift with land use and
climate change, the current distribution of protected areasmay be inap-
propriate to meet our future conservation goals.
5. Conclusions

The conservation of species or populations in ecologically unsuitable
conditions is extremely problematic and ineffective, and has far-
reaching consequences for broad-scale conservation planning. A core
issue lies in the active management of a species in suboptimal habitat
due to the inaccurate or poorly informed perceptions of its historical
distribution and ecology. Here, we provide a framework for identifying
such species and apply it to a model species, the Cape mountain zebra.
We identify 12 out of 21 populations as ecological refugees, due to
low habitat and diet quality and poor performance. The framework pro-
vided here can be used to assess other species for refugee status, and
will bemost important in highlightingmisconceptions by conservations
managers in what habitats a species occupied historically, and where it
should be conserved now.
Acknowledgements

We would like to thank the staff at SANParks, CapeNature and
ECPTA for providing us with accommodation and a lot of help finding
zebra. Our thanks also go to Bakkrans Nature Reserve, and Samara
and Swartberg Private Game Reserves for allowing us to survey
their zebra populations, and in particular Mount Camdeboo Private
Game Reserve whose staff always made us feel so welcome. In
addition, we would like to thank John Jackson for his comments
throughout the revision process. This project was funded by a
University of Manchester Faculty of Life Sciences Research Scholarship,
a Royal Society University Research Fellowship (grant #UF110641),
and with the support of Chester Zoo through their Chester Zoo
Conservation Scholar Scheme.
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2016.09.017.
References

Andersson, M., Cameron, D.G., Dear, B.S., Halling, M., Hoare, D., Frame, J., Houérou, H.L.,
Izaguirre, P., Koivisto, J., Ladner, J., et al., 2015. Grassland Species Profiles. Food and
Agricultural Organisation of the United Nations, Rome, Italy Available from http://
www.fao.org/ag/AGP/AGPC/doc/Gbase/Default.htm accessed July 2015.

AOAC, 1980. Official Methods of Analysis. 13th ed. Association of Official Analytical Chem-
ists, Washington DC.

Bocherens, H., Hofman-Kamińska, E., Drucker, D.G., Schmölcke, U., Kowalczyk, R., 2015.
European bison as a refugee species? Evidence from isotopic data on early Holocene
bison and other large herbivores in northern Europe. PLoS One, e0115090 http://dx.
doi.org/10.1371/journal.pone.0115090.

Boshoff, A.F., Kerley, G.I.H., Cowling, R.M., 2002. Estimated spatial requirements of theme-
dium- to large-sized mammals, according to broad habitat units in the Cape Floristic
Region, South Africa. Afr. J. Range Forage Sci. 19, 29–44.

Boshoff, A.F., Landman, M., Kerley, G.I.H., 2015. Filling the gaps on themaps: historical dis-
tribution patterns of some larger mammals in part of southern Africa. T. Roy. Soc. S.
Afr. http://dx.doi.org/10.1080/0035919X.2015.1084066.

Courchamp, F., Berec, L., Gascoigne, J., 2008. Allee effects in ecology and conservation. En-
viron. Conserv. 36, 80–85.

Crall, J.P., Stewart, C.V., Berger-Wolf, T.Y., Rubenstein, D.I., Sundaresan, S.R., 2013.
HotSpotter – patterned species instance recognition. Applications of Computer Vision
(WACV) 2013 IEEE Workshop. IEEE, pp. 230–237.

Cromsigt, J.P.G.M., Kerley, G.I.H., Kowalczyk, R., 2012. The difficulty of using species distri-
bution modelling for the conservation of refugee species – the example of European
bison. Divers. Distrib. 18, 1253–1257. http://dx.doi.org/10.1111/j.1472-4642.2012.
00927.x.

Erasmus, T., Penzhorn, B., Fairall, N., 1978. Chemical composition of faeces as an index of
veld quality. S. Afr. J. Wildl. Res. 8, 19–24.

Faith, J.T., 2012. Palaeozoological insights into management options for a threatened
mammal: southern Africa's Cape mountain zebra (Equus zebra zebra). Divers. Distrib.
18, 438–447.

Fretwell, S.D., 1972. Populations in a Seasonal Environment. Princeton University Press,
New Jersey.

Gobush, K.S., Booth, R.K., Wasser, S.K., 2014. Validation and application of noninvasive
glucocorticoid and thyroid hormone measures in free-ranging Hawaiian monk
seals. Gen. Comp. Endocrinol. 195, 174–182.

Goering, H.K., van Soest, P.J., 1970. Forage fibre analysis. USDA-ARS Agric. Handbook No. 379.
Goldblatt, P., Manning, J., 2002. Plant diversity of the Cape region of southern Africa. Ann.

Mo. Bot. Gard. 89, 281–302.
González, L.M., 2015. Prehistoric and historic distributions of the critically endangered

Mediterranean monk seal (Monachus monachus) in the eastern Atlantic. Mar.
Mamm. Sci. 31, 1168–1192.

Grant, C.C., Peel, M.J.S., van Ryssen, J.B.J., 2000. Nitrogen and phosphorus concentration in
faeces: an indicator of range quality as a practical adjunct to existing range evaluation
methods. Afr. J. Range Forage Sci. 17, 81–92.

Grobler, J., 1983. Feeding habits of the cape mountain zebra Equus zebra zebra Linn 1758.
Koedoe 26, 159–168.

Hodgman, T., Davitt, B., Nelson, J., 1996. Monitoring mule deer diet quality and intake
with faecal indices. J. Range Manag. 49, 215–222.

Hrabar, H., Kerley, G.I.H., 2015. CapeMountain Zebra 2014/15 Status Report. NelsonMan-
dela Metropolitan University, Port Elizabeth.

Joppa, L.N., Pfaff, A., 2009. High and far: biases in the location of protected areas. PLoS one,
e8273 http://dx.doi.org/10.1371/journal.pone.0008273.

Kerley, G.I.H., Kowalczyk, R., Cromsigt, J.P.M.G., 2012. Conservation implications of the ref-
ugee species concept and the European bison: king of the forest or refugee in a mar-
ginal habitat? Ecography 35, 519–529.

Kerley, G.I.H., Pressey, R.L., Cowling, R.M., Boshoff, A.F., Sims-Castley, R., 2003. Options for
the conservation of large and medium-sized mammals in the Cape Floristic Region
hotspot, South Africa. Biol. Conserv. 112, 169–190.

Kerley, G.I.H., Sims-Castley, R., Boshoff, A.F., Cowling, R.M., 2009. Extinction of the blue an-
telope Hippotragus leucophaeus: modeling predicts non-viable global population size
as the primary driver. Biodivers. Conserv. 18, 3235–3242.

Lande, R., 1998. Anthropogenic, ecological and genetic factors in extinction and conserva-
tion. Res. Popul. Ecol. 40, 259–269.

Landman, M., Schoeman, D.S., Kerley, G.I.H., 2013. Shift in black rhinoceros diet in the
presence of elephant: evidence for competition? PLoS one, e69771 http://dx.doi.
org/10.1371/journal.pone.0069771.

Lesica, P., Allendorf, F.W., 1995. When are peripheral populations valuable for conserva-
tion? Conserv. Biol. 9, 753–760.

Maiorano, L., Falcucci, A., Boitani, L., 2006. Gap analysis of terrestrial vertebrates in Italy:
priorities for conservation planning in a human dominated landscape. Biol. Conserv.
133, 455–473.

Mésochina, P., Martin-Rosset, W., Peyraud, J., Duncan, P., Micol, D., Boulot, S., 1998. Predic-
tion of the digestibility of the diet of horses: evaluation of faecal indices. Grass Forage
Sci. 53, 189–196.

Moodley, Y., Harley, E.H., 2006. Population structuring in mountain zebras (Equus zebra):
the molecular consequences of divergent demographic histories. Conserv. Genet. 6,
953–968.

doi:10.1016/j.biocon.2016.09.017
doi:10.1016/j.biocon.2016.09.017
http://www.fao.org/ag/AGP/AGPC/doc/Gbase/Default.htm
http://www.fao.org/ag/AGP/AGPC/doc/Gbase/Default.htm
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0010
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0010
http://dx.doi.org/10.1371/journal.pone.0115090
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0020
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0020
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0020
http://dx.doi.org/10.1080/0035919X.2015.1084066
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0030
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0030
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0035
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0035
http://dx.doi.org/10.1111/j.1472-4642.2012.00927.x
http://dx.doi.org/10.1111/j.1472-4642.2012.00927.x
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0050
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0050
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0055
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0055
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0055
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0060
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0060
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0065
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0065
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0065
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0070
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0075
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0075
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0080
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0080
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0080
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0085
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0085
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0085
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0090
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0090
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0095
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0095
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0100
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0100
http://dx.doi.org/10.1371/journal.pone.0008273
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0110
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0110
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0110
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0115
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0115
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0115
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0120
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0120
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0120
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0125
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0125
http://dx.doi.org/10.1371/journal.pone.0069771
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0135
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0135
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0140
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0140
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0140
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0145
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0145
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0145
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0150
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0150
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0150


215J.M.D. Lea et al. / Biological Conservation 203 (2016) 207–215
Mucina, L., Rutherford, M.C., 2006. The vegetation of South Africa, Lesotho and Swaziland.
South African National Biodiversity Institute, South Africa.

Novellie, P., Lindeque, M., Lindeque, P., Lloyd, P., Koen, J., 2002. Status and action plan for
the mountain zebra (Equus zebra). In: Moehlman, P.D. (Ed.), Equids: Zebras, Asses
and Horses: Status Survey and Conservation Action Plan. IUCN Press, Switzerland,
pp. 28–42.

Papworth, S.K., Rist, J., Coad, L., Milner-Gulland, E.J., 2009. Evidence for shifting baseline
syndrome in conservation. Conserv. Lett. 2, 93–100.

Pauly, D., 1995. Anecdotes and the shifting baseline syndrome of fisheries. Trends Ecol.
Evol. 10, 430.

Penzhorn, B.L., 1982. Habitat selection by Cape mountain zebra in the Mountain Zebra
National Park. S. Afr. J. Wildl. Res. 12, 48–54.

Pinnegar, J.K., Engelhard, G.H., 2008. The ‘shifting baseline’ phenomenon: a global
perspective. Rev. Fish Biol. Fish. 18, 1–16.

Pulliam, H.R., 1988. Sources, sinks, and population regulation. Am. Nat. 132, 652–661.
Pulliam, H.R., Danielson, B.J., 1991. Sources, sinks, and habitat selection: a landscape per-

spective on population dynamics. Am. Nat. 137, S50–S66.
Putman, R.J., 1984. Facts from faeces. Mammal Rev. 14, 79–97.
Quattrocchi, U., 2006. CRC World Dictionary of Grasses: Common Names, Scientific

Names, Eponyms, Synonyms, and Etymology. Vol. 1. CRC Press, Florida.
R Core Team, 2016. R: A Language and Environment for Statistical Computing. R Founda-

tion for Statistical Computing, Vienna, Austria.
Rivera, J., Parish, J., 2010. Interpreting Forage and Feed Analysis Reports. Mississippi State

University, Mississippi.
Rodrigues, A.S.L., Akçakaya, H.R., Andelman, S.J., Bakarr, M.I., Boitani, L., Brooks, T.M.,

Chanson, J.S., Fishpool, L.D.C., da Fonseca, G.A.B., Gaston, K.J., et al., 2004b. Global
gap analysis: priority regions for expanding the global protected-area network. Bio-
science 54, 1092–1100.

Rodrigues, A.S.L., Andelman, S.J., Bakarr, M.I., Boitani, L., Brooks, T.M., Cowling, R.M.,
Fishpool, L.D.C., da Fonseca, G.A.B., Gaston, K.J., Hoffmann, M., et al., 2004a. Effective-
ness of the global protected-area network in representing species diversity. Nature
428, 640–643.

Rouget, M., Richardson, D.M., Cowling, R.M., 2003a. The current configuration of protected
areas in the Cape Floristic Region, South Africa—reservation bias and representation
of biodiversity patterns and processes. Biol. Conserv. 112, 129–145.
Rouget, M., Richardson, D.M., Cowling, R.M., Lloyd, J.W., Lombard, A.T., 2003b. Current
patterns of habitat transformation and future threats to biodiversity in terrestrial eco-
systems of the Cape Floristic Region, South Africa. Biol. Conserv. 112, 63–85.

Smith, R., Marais, A., Chadwick, P., Lloyd, P., Hill, R., 2008. Monitoring and management of
the endangered Cape mountain zebra Equus zebra zebra in the Western Cape, South
Africa. Afr. J. Ecol. 46, 207–213.

Smith, R.K., Ryan, E., Morley, E., Hill, R.A., 2011. Resolving management conflicts: could
agricultural land provide the answer for an endangered species in a habitat classified
as a World Heritage Site? Environ. Conserv. 38, 325–333.

South African National Biodiversity Institute (SANBI), 2006. Vegetation Map of South Af-
rica, Lesotho and Swaziland [Vector Geospatial Dataset] 2006. Available from Biodi-
versity GIS website http://bgis.sanbi.org/vegmap/map2006.asp downloaded
February 2014.

Van Breda, P.A.B., Nel, E.J.J., Bayer, M.B., 1990. Palatability of Common Karoo Plant
Species – Winter Rainfall Region. Department of Agriculture and Development
(Winter Rainfall Region), South Africa (Unpublished).

Van Oudtshoorn, F., 2012. Guide to the Grasses of Southern Africa. 3rd edition. Briza Pub-
lications, Pretoria, South Africa.

Watson, L.H., Chadwick, P., 2007. Management of Cape mountain zebra in the
Kammanassie Nature Reserve, South Africa. S. Afr. J. Wildl. Res. 37, 31–39.

Watson, L.H., Odendaal, H.E., Barry, T.J., Pietersen, J., 2005. Population viability of Cape
mountain zebra in Gamka Mountain Nature Reserve, South Africa: the influence of
habitat and fire. Biol. Conserv. 122, 173–180.

Weel, S., Watson, L.H., Weel, J., Venter, J.A., Reeves, B., 2015. Cape mountain zebra in the
Baviaanskloof Nature Reserve, South Africa: resource use reveals limitations to zebra
performance in a dystrophic mountainous ecosystem. Afr. J. Ecol. 53, 428–438.

Winkler, A., Owen-Smith, N., 1995. Habitat utilisation by Cape mountain zebras in the
Mountain Zebra National Park, South Africa. Koedoe 38, 83–93.

Wrench, J., Meissner, H., Grant, C.C., 1997. Assessing diet quality of African ungulates from
faecal analysis: the effect of forage quality, intake and herbivore species. Koedoe 40,
125–136.

http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0155
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0155
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0160
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0160
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0160
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0160
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0165
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0165
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0170
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0170
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0175
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0175
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0180
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0180
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0185
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0190
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0190
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0195
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0200
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0200
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0205
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0205
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0210
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0210
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0215
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0215
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0215
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0220
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0220
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0220
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0225
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0225
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0225
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0230
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0230
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0230
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0235
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0235
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0235
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0240
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0240
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0240
http://bgis.sanbi.org/vegmap/map2006.asp
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0250
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0250
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0250
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0255
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0255
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0260
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0260
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0265
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0265
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0265
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0270
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0270
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0270
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0275
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0275
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0280
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0280
http://refhub.elsevier.com/S0006-3207(16)30424-4/rf0280

	Recognition and management of ecological refugees: A case study of the Cape mountain zebra
	1. Introduction
	1.1. Current protected area coverage
	1.2. Cape mountain zebra as a partial refugee

	2. Methods
	2.1. Vegetation index
	2.2. Diet quality
	2.3. Study sites and population performance measures
	2.4. Statistical analyses

	3. Results
	3.1. Habitat and diet quality
	3.2. Population performance indicators
	3.3. Demography and population performance
	3.4. Identification of refugee populations

	4. Discussion
	4.1. A model partial refugee species: the Cape mountain zebra
	4.2. Implications and uses of the partial refugee species concept

	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


