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Genetic diversity is critical for conservation of endemic populations. It enhances adaptation to rapid envi-
ronmental changes and persistence over evolutionary time-scales. In small and isolated populations, such
as on islands, this is even more relevant. Nevertheless, few studies regarding the establishment of pro-
tected areas (PAs) on islands have taken genetic diversity into account. The Cape Verde Islands are in a
biodiversity hotspot and present to resource planners unique problems and possibilities, hence are a good
case study. This work primarily aims to compare targeting evolutionary significant units (ESUs) versus
species in reserve selection algorithms for the conservation of the endemic Cape Verdean reptile diversity
by assessing the PAs network adequacy, identifying its gaps, and optimizing it based on ‘realistic’ (con-
sidering areas inside PAs with lower cost) and ‘ideal’ (considering all non-humanized areas with higher
potential for conservation) cost scenarios. Results clearly indicate that analyses targeting ESUs are more
effective in the protection of genetic diversity and less costly in terms of selected area, in total and inside
PAs. Results also indicate that most ESUs and species are insufficiently protected and that extra PAs are
needed on most islands to reach conservation targets. Surprisingly, the total area selected in ‘ideal’ and
‘realistic’ prioritization scenarios are identical on most islands both for analyses targeting ESUs or species.
Therefore the ‘realistic’ scenario should be largely followed. The work provides an innovative methodo-
logical framework for supporting the use of genetic diversity in reserve design and its results should
assist in local-scale conservation planning.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Genetic diversity is critical for conservation of endemic popula-
tions since it provides the raw material for the persistence of spe-
cies over evolutionary time-scales, and is also of particular
relevance at present time-scale in terms of providing the basis
for adaptation to rapid environmental changes (Höglund, 2009).
Genetic diversity is correlated with adaptive capacity of popula-
tions and fitness (Soulé, 1986). Furthermore, in small isolated pop-
ulations, the synergy of genetic and demographic factors
substantially increases their probability of extinction (Frankham,
1997). The dynamics of isolated populations can often be observed
on islands (e.g. Caujapé-Castells et al., 2010), which are frequently
affected by catastrophic events, such as volcanic activity or
droughts that can cause bottleneck effects (Whittaker and Fernán-
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dez-Palacios, 2007). Moreover, islands usually have higher num-
bers of endemic species than equivalent continental areas
(Whittaker and Fernández-Palacios, 2007) and high levels of
uniqueness of genetic variation, especially on large or highly re-
mote ones (Wilson et al., 2009). As a result, study and protection
of endemic island taxa and their genetic diversity, considering all
evolutionarily significant units (ESUs), is particularly relevant.

Designation of protected areas (PAs) safeguards habitats impor-
tant to wildlife and preserves genetic resources and species diver-
sity, provides a baseline against which human-caused changes can
be measured, and allows evolutionary processes to continue with-
out human disturbance (Quigg, 1978). The best way to represent
genetic diversity in a subset of populations is to base conservation
decisions on known levels of diversity within, and distribution of
diversity among, populations (Neel and Cummings, 2003). Never-
theless, most studies focus on optimizing biodiversity representa-
tion at species and/or habitat level (e.g. Cowling and Pressey, 2001;
Cowling et al., 2003; Bonn and Gaston, 2005; Kremen et al., 2008),
while studies accounting for intra-specific genetic variability in
terrestrial systems are scarce (e.g. Wei and Leberg, 2002; O’Meally
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and Colgan, 2005; Rissler et al., 2006; Grivet et al., 2008; Thomas-
sen et al., 2010). To our knowledge, only four studies of this nature
have been performed on island-like system. Smith et al. (2000) and
Kahindo et al. (2007) studied mitochondrial lineages of avian
species in African mountain regions, and considered distinctive
lineages worthy of conservation. Moritz (2002) studied the conser-
vation value of intraspecific mitochondrial lineages of rainforest
fauna from northeast Australian mountains, and Setiadi et al.
(2009) tested whether the two disjunct blocks constituting a
National Park of an Indonesian island adequately captured the
full breadth of genetic diversity of endemic species of herpetofa-
una. These works showed that the study of the distribution of
genetic variation within species can provide useful information
for biodiversity conservation. However, its concrete application
in demonstrating how the selection of priority areas would
perform comparatively to protecting species or habitats remains
unexplored.

Because financial resources for conservation are limited, sys-
tematic methodologies and optimization algorithms have been
developed to optimize biodiversity representation and persistence
within PAs (Moilanen et al., 2009). The establishment of PAs is usu-
ally constrained by the existing reserve system (Pressey, 1994) and
forms of land use that are, in the short term, financially more viable
than conservation (Ferrier et al., 2000). Implementation of new PAs
in most developed countries is also usually hampered by high den-
sities of human population and infrastructures. Cape Verde is an
exception to some of those points, since most islands of the archi-
pelago have less than 75 habitants/km2 (Lobban and Saucier, 2007)
and few impacting human infrastructures. The PAs network in the
country is sparse and was chosen in a non-systematic way, based
on ad hoc presences of endemic flora and nesting bird sites and also
on scenic and recreational reasons (Anonymous, 2003). Currently,
only four of the 46 legally proposed terrestrial PAs of the network
(Anonymous, 2003) are lawfully established and only three of
them have management programs, and can thus be considered
fully operational (Fig. 1), which correspond to merely 2.47% of
the area of the country (IUCN and UNEP-WCMC, 2011). Addition-
ally, biodiversity inventories are still scarce, and distribution data
are still poorly documented. Hence, the degree that fully opera-
tional PAs and the ones to be implemented serve to protect impor-
tant elements of biodiversity at different scales, species and genetic
diversity, and the gaps in its representation are insufficiently un-
known. Thus, there is still a real window of opportunity to enhance
the remaining 42 PAs which are not currently implemented for
representing and ensuring long-term persistence of endemic
biodiversity.

The Cape Verde archipelago is a biodiversity-rich area, included
in the Mediterranean biodiversity hotspot (Conservation Interna-
tional, 2005). Among vertebrates, reptile’s biodiversity in the coun-
try stands out in total number of taxa and high level of endemism,
since it is the richest of all Macaronesian archipelagos (Vasconcelos
et al., in press). Contrary to other groups, all native taxa are ende-
mic (Schleich, 1987) and have recently updated taxonomy, well-
known genetic diversity and defined ESUs for conservation (Arnold
et al., 2008; Vasconcelos et al., 2010, 2012; Miralles et al., 2010),
but were neglected in the PAs network design due to lack of distri-
bution data. The group presents a manageable number of extant
taxa, 30, within only three genera: the Hemidactylus and Tarentola
geckos and the Chioninia skinks (Vasconcelos et al., in press).
Hence, Cape Verdean endemic reptiles are ideal models to study
reserve design and perform gap analyses taking into account ge-
netic diversity.

The aim of this study is to compare conservation planning anal-
ysis targeting ESUs or species as conservation features, with the
following specific objectives: (1) to assess the adequacy of the
PAs network by quantifying the protection that it guarantees or
will guarantee and its gaps, and the amount that is still missing
for achieving conservation targets; (2) to map optimized priority
planning units (PUs), by using two different reserve design cost
scenarios: a ‘realistic’ (considering PUs inside PAs with lower cost)
and an ‘ideal’ scenario (considering all non-humanized PUs with
higher potential for conservation); (3) to evaluate the differences
in the prioritization exercises, by quantifying the amount of se-
lected PUs in total, and that will be inside PAs in each island, by
assessing the percentage of target achievements for each conserva-
tion feature, and by spatially depicting the combined outputs.

This work provides an innovative methodological framework
for testing the usefulness of targeting genetic diversity in reserve
design and its results contribute for local scale conservation plan-
ning of endemic biodiversity on islands.
2. Materials and methods

2.1. Study area

Cape Verde is located in the Atlantic Ocean around 500 km off
the west coast of Africa (Fig. 1). With an area of 4067 km2, the
study area was divided into 76,414 grid cells, of 225 � 225 m each,
hereafter referred as planning units (PUs), the units for reserve
design.

Data on the existing PAs was compiled from MAAP-DGA (2012)
website. Digital maps of the terrestrial portions of the PAs network
were created based on information available from government
internal reports (Fig.1; Appendix A).

2.2. Taxon occurrence data and distribution models

Given that only a small fraction of the territory was sampled
(around 11%), and that sampled locations were spatially biased, it
is most appropriate to use ecological models to predict potential
distributions of occurrence, when attempting to identify priority
areas for conservation (Carvalho et al., 2010).

2.2.1. Taxon occurrence data
A total of 953 observations of all 30 extant Cape Verdean reptile

taxa from the most recent distribution atlas were used to develop
models (Vasconcelos et al., in press). For 752 observations, the geo-
graphic location was recorded with a Global Positioning System
(GPS) on the WGS84 datum, whereas the remaining 201 observa-
tions were georeferenced using topographical maps to a precision
of 225 m. Given that there was spatial bias in survey effort that re-
sulted in presence clumps, observations were removed from clus-
ters of occurrences to decrease the level of spatial autocorrelation
in taxon presences (for details see Brito et al., 2009). The Nearest
Neighbor Index was used to assess the degree of data clustering
(clustered if < 1; dispersed if > 1): 0.42, 0.66, 0.85 and 0.89 in
Chioninia delalandii, Hemidactylus boavistensis, Tarentola fogoensis
and Tarentola substituta, respectively, and above 0.90 for the
remaining taxa, indicating some degree of clustering for the former
four species and dispersed distribution for the remaining ones.
Spatial analyses were accomplished with ‘Spatial Analyst’ exten-
sion of ArcGIS 9.3 (ESRI, 2008). From the available observations,
791 were used for developing distribution models for each taxon
(for details see Appendix B).

2.2.2. Environmental factors
Fourteen ecogeographical variables (hereafter EGVs), were used

in the ecological models (Appendix C) and included altitude (Jarvis
et al., 2006), slope derived from altitude with the ‘Slope’ function of
ArcGIS, normalized difference vegetation index (NDVI), and 11
habitat types digitized from agro-ecological and vegetation zoning



Fig. 1. Location of the study area and distribution of the protected areas (PAs) in the Cape Verde Islands (see Appendix 1 for PA designations).
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maps (for details on habitats see Vasconcelos et al., 2010). NDVI
16-day L3 Global 250 m data series from 01.01.2006 to
31.12.2008 were downloaded from USGS (2009) website, corre-
sponding to the years when sampling was performed, and then
the maximum of that data series was calculated to input into the
models. The Euclidean distance of each grid cell to the closest hab-
itat-type was calculated for each individual habitat grid using the
‘Euclidean Distance’ tool of ArcGIS. Advantages of using Euclidean
distances to analyze habitat data include use of more than linear or
point habitat features, absence of explicit error handling, and
extraction of more information from data than classification-based
approaches alone (Conner et al., 2003). Finally, the EGVs resolution
was decreased from 0.00083 to a grid cell size average of 0.00211�
(about 225 m) to match the observations resolution.

2.2.3. Predicted occurrences
Models were developed for each taxon (Appendices D and E)

using the Maximum Entropy approach (Phillips et al., 2006, Phillips
and Dudík, 2008). This modeling technique requires only presence
data as input, but consistently performs well in comparison to
other methods (Elith et al., 2006), especially with low samples
sizes (Wisz et al., 2008). Even so, for seven taxa with extremely
low sample size (n 6 5) models were not developed. In these cases,
the pixels of taxon occurrence and/or all pixels of the islet where
the taxon occurs were used in subsequent analyses (Appendix B).

Reptile observations and EGVs were imported into MaxEnt 3.3
software (Phillips et al., 2006). A total of 10 model replicates were
run with random seed which allows a different random training/
testing data partition in each run. Observations for each replicate
were chosen by bootstrapping. Percentages assigned for testing
models varied according to sample size: 10% for four taxa with less
than 20 observations, 20% for 18 taxa with more than 20 observa-
tions, and 15% for one taxon with only seven observations (Appen-
dix B). Models were run with auto-features (Phillips et al., 2006),
and the Area under the Curve (AUC) of the receiver-operating char-
acteristics (ROC) plot was taken as a measure of individual model
fit (Fielding and Bell, 1997).

The individual model replicates (n = 10) were used to generate
an average probability forecast of species occurrence (Marmion
et al., 2009). Standard deviation between individual model proba-
bilities of presence was used as an indication of prediction uncer-
tainty (Buisson et al., 2010). Average models were reclassified to
display areas of probable absence and presence for each taxon.
The 10th percentile training thresholds calculated by MaxEnt were
used, which considered the value of the 10 percentile species pres-
ence record to define all areas with a lower predicted value as ab-
sent, and with a higher value as present (Phillips and Dudík, 2008).
This threshold was chosen because ‘true’ absence data was not
available to estimate adjusted thresholds for each taxon, which
would allow optimizing omission and commission rates (Liu
et al., 2005). Also, it provides more parsimonious models than
the minimum training presence threshold, minimizing over-pre-
dictions. To evaluate the models quality, the total observations
(n = 953) were intersected with the threshold models to calculate
the percentage of correct classification of presences for each taxon
(Appendix B).

Predicted occurrences of species that included more than one
subspecies were obtained by combining the individual-taxa mod-
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els using the ‘Combine’ and ‘Reclassify’ tools of ArcGIS. For non-
modeled taxa, predicted occurrences corresponded only to the pix-
els were species were detected.

2.3. Conservation planning

A systematic approach was performed to identify priority PUs
for the conservation of Cape Verdean endemic reptiles. To include
genetic diversity into reserve design, conservation targets were
first applied on ESUs. Then, the analysis was repeated targeting
species to evaluate differences in the selection of priority areas,
efficiency and protection of diversity.

2.3.1. Evolutionarily significant units
Considering the definition of Fraser and Bernatchez (2001) ESUs,

the units for conservation action, are defined as lineages demon-
strating highly restricted gene flow from other such lineages within
the higher organizational level of species. Delimitation of ESUs for
endemic species of each genus, based on independent mitochon-
drial DNA networks and significant Hudson’s Snn values, were per-
formed on recently published papers that updated the taxonomy of
the three reptile groups based on molecular markers, population
and morphological analyses (see Arnold et al., 2008; Vasconcelos
et al., 2010; Miralles et al., 2010). Hence, the 23 reclassified models
with predicted taxon occurrences (Appendices D and E) were
clipped into individual files to correspond to the 31 previously iden-
tified extant ESUs. For example, the reclassified model for C. delalan-
dii was clipped by Santiago, Fogo, Brava and Rombos shape files,
respectively, to obtain the predicted distributions of the four genet-
ically identified lineages (see Table 1). In the case of two taxa
(T. darwini and Chioninia spinalis santiagoensis) with two ESUs occur-
ring on the same island (Santiago), the distribution data of lineages
was plotted over the reclassified models to define the extent of occur-
rence of each ESU and then models were clipped into two adjacent
polygons. For the seven taxa for which distribution models were
not developed, only observed records were accounted for reserve
selection. The ESU corresponding to the extinct Chioninia coctei was
not considered in the analyses, thus 38 ESUs were considered in total.

2.3.2. Adequacy of the protected areas network
A gap analysis was performed to evaluate the adequacy of the

PAs network. The predictive models were intersected with PAs
polygons to assess the percentages of each ESU/species distribution
which was currently protected or that will be protected if the full
PAs network is implemented, and the amount of PUs still missing
to reach conservation targets (see below).

The adequacy of the PAs network was also indirectly evaluated
by comparing solutions of reserve design algorithms using scenar-
ios unconstrained or constrained to PAs (for details see Sections
2.3.3. and 2.3.4.).

2.3.3. Optimized priority planning units
A software for spatial conservation prioritization, ZONATION v2.0

(Moilanen et al., 2009) was used to evaluate if the PAs network
was optimal for protecting all ESUs of endemic reptiles from Cape
Verde and to compare effectiveness of two analysis, one targeting
ESUs versus another targeting species as conservation features.
ZONATION uses a gradient-like iterative heuristic, which gives a solu-
tion very close to the global optimal (van Teeffelen and Moilanen,
2008) to produce a sequential removal of PUs throughout the plan-
ning region. PUs with less conservation value are removed first,
thus, PUs with highest rank have highest conservation value.

Target-based planning was chosen as PUs removing rule since
the goal was to find the best solution in which the maximum num-
ber of ESUs or species met conservation targets. Conservation tar-
gets were set as 12% for this analysis because it appears to be
widely used in similar analyses (Wright and Mattson, 1996; Cantú
et al., 2004). Hence, any resource category with at least 12% of its
area protected was considered ‘adequately protected’. The only
exception was applied to taxa considered endangered (Critically
Endangered or Endangered), according to IUCN Red List criteria
(Vasconcelos et al., in press) to which a higher target was set
(100%), following recommendations of similar works (Carvalho
et al., 2010; Jackson et al., 2004).

In order to generate spatial aggregation into the solution, the
rule ‘only remove from edges’ was selected. The warp factor was
set to one with an aggregation level of 0.04. The Boundary Length
Penalty (BLP), which devalues reserve structures with lots of edge,
was chosen as the method for inducing reserve network aggrega-
tion (Moilanen and Kujala, 2008).

Two cost scenarios, one ‘realistic’ and one ‘ideal’, were simu-
lated in each analysis, constrained and unconstrained by the
46 PAs, respectively. In ‘realistic’ scenarios, cells with main roads
and small and large urban areas and other infrastructures (with a
buffer radius of 112 m or 1 km, respectively) were given a cost of
100, with secondary roads a cost of 75, with PAs 1, and remaining
cells 50. All different PA categories were thus treated with the
same weight. In ‘ideal’ scenarios, PAs were not taken into account,
thus cells with main roads and urban areas were given a cost of
100, with secondary roads 50, and remaining cells 1. The minimum
set of PUs with higher rank in the final solution, which assured that
all ESUs or species were represented with the desired target, was
selected for each scenario in reclassified binary files.

2.3.4. Differences in the prioritization exercises
The selected PUs in each scenario (‘ideal’ or ‘realistic’) and anal-

yses targeting different conservation features (ESUs or species)
were counted and intersected with PAs polygons using ArcGIS to
calculate the amount of PUs encompassed in the PAs network,
and to identify differences in outputs according to cost scenarios
and target analyses in total and per island/islet. The selected PUs
in each cost scenario and target analyses were also intersected
with predicted occurrences to estimate the percentages of conser-
vation targets achievement of each ESU and species. The output
calculations of the two analyses (targeting ESUs or species) were
subtracted to quantify differences in amount and percentage of se-
lected PUs between the two prioritization exercises per island/islet
and per conservation feature.

To identify where PUs selected by ‘realistic’ scenarios differed
from ‘ideal’ ones, these were combined for each analysis using Arc-
GIS. To identify areas where the analysis targeting ESUs differed
from the one targeting species, the analogous scenarios of each
analysis were combined using ArcGIS.

3. Results

3.1. Evaluation of ecological niche-based models

The ROC plots exhibited high average AUCs with low standard
deviations (SD) for both training and test datasets in all model
types (Appendix B). Average AUCs for training and test datasets
were 0.985 ± 0.003 and 0.970 ± 0.018, respectively. Thresholded
models identified suitable cells for each species. The average per-
centage of observations identified in suitable cells was 80.8%
(Appendix B).

3.2. Adequacy of the protected areas network

Presently, with three PAs fully operational, only Chioninia spina-
lis spinalis fulfils the conservation target (Table 1). All remaining
ESUs are insufficiently protected. When considering all PAs to
be implemented, these figures are quite different. In these



Table 1
Number (n) of planning units (PUs) where each evolutionarily significant unit (ESU) and species are predicted to occur, targeted for conservation, inside protected areas (PAs) fully
operational (present) or to be implemented (future), and missing to meet conservation targets (see Section 2 for details). Percentages (%) are given between brackets.

Taxon/ESU ESU Species Island/Islet Predicted Targeted Inside PAs Missing

Present Future

n n % n % n % n %

Hemidactylus lopezjuradoi � � F 1 1 (100) 0 (0.0) 0 (0.0) 1 (100.0)
H. boavistensis � BV, S 5889 707 (12) 0 (0.0) 2986 (50.7) 0 (0.0)

ESU Sal � S 2225 267 (12) 0 (0.0) 517 (23.2) 0 (0.0)
ESU Boavista � BV 3664 440 (12) 0 (0.0) 2469 (67.4) 0 (0.0)

H. bouvieri � SN, SA, SL, ra 111 111 (100) 1 (0.9) 109 (98.2) 2 (1.8)
H. bouvieri, SN population � SN 2 2 (100) 1 (50.0) 1 (50.0) 1 (50.0)
H. bouvieri bouvieri � SA 1 1 (100) 0 (0.0) 0 (0.0) 1 (100.0)
H. bouvieri razoensis � SL, ra 108 108 (100) 0 (0.0) 108 (100.0) 0 (0.0)
Tarentola boavistensis � � BV 2994 359 (12) 0 (0.0) 1261 (42.1) 0 (0.0)
T. bocagei � � SN 384 46 (12) 0 (0.0) 0 (0.0) 46 (100.0)
T. fogoensis � � F 1099 132 (12) 17 (1.5) 17 (1.5) 115 (87.1)
T. darwini � ST 9801 1176 (12) 153 (1.6) 318 (3.2) 858 (73.0)

ESU North � ST 3819 458 (12) 153 (4.0) 153 (4.0) 305 (66.6)
ESU South � ST 5982 718 (12) 0 (0.0) 165 (2.8) 553 (77.0)

T. substituta � � SV 1934 232 (12) 0 (0.0) 24 (1.2) 208 (89.7)
T. raziana � � SL, ra, br 582 71 (12) 0 (0.0) 582 (100.0) 0 (0.0)
T. caboverdiana � � SA 4180 502 (12) 0 (0.0) 97 (2.3) 405 (80.7)
T. nicolauensis � � SN 2359 283 (12) 78 (3.3) 78 (3.3) 205 (72.4)
T. gigas � br, ra 153 153 (100) 0 (0.0) 153 (100.0) 0 (0.0)
T. gigas brancoensis � br 46 46 (100) 0 (0.0) 46 (100.0) 0 (0.0)
T. gigas gigas � ra 107 107 (100) 0 (0.0) 107 (100.0) 0 (0.0)
T. rudis � � ST 2380 286 (12) 0 (0.0) 29 (1.2) 257 (89.8)
T. maioensis � � M 2013 242 (12) 0 (0.0) 601 (29.9) 0 (0.0)
T. protogigas � F, B, ro 671 671 (100) 0 (0.0) 59 (8.8) 612 (91.2)
T. protogigas protogigas � F 4 4 (100) 0 (0.0) 0 (0.0) 4 (100.0)
T. protogigas hartogi B, ro

ESU Brava � B 608 73 (12) 0 (0.0) 0 (0.0) 73 (100.0)
ESU Rombos � ro 59 7 (12) 0 (0.0) 59 (100.0) 0 (0.0)

Chioninia vaillanti � ST, F, ro 4084 4084 (100) 157 (3.8) 292 (7.1) 3792 (92.9)
C. vaillanti vaillanti � ST 3510 3510 (100) 157 (4.5) 233 (6.6) 3277 (93.4)
C. vaillanti xanthotis � F, ro 574 574 (100) 0 (0.0) 59 (10.3) 515 (89.7)
C. delalandii � ST, F, B, ro 7828 939 (12) 253 (3.2) 483 (6.2) 456 (48.6)

ESU Santiago � ST 4541 545 (12) 167 (3.7) 338 (7.4) 207 (38.0)
ESU Fogo � F 2238 269 (12) 86 (3.8) 86 (3.8) 183 (68.0)
ESU Brava � B 990 119 (12) 0 (0.0) 0 (0.0) 119 (100.0)
ESU Rombos � ro 59 7 (12) 0 (0.0) 59 (100.0) 0 (0.0)

C. nicolauensis � � SN 1432 172 (12) 149 (10.4) 149 (10.4) 23 (13.3)
C. fogoensis � � SA 3668 440 (12) 0 (0.0) 319 (8.7) 121 (27.5)
C. stangeri � SV, SL, ra, br 1046 1046 (100) 0 (0.0) 811 (77.5) 235 (22.5)

ESU Desertas � SL, ra, br 811 811 (100) 0 (0.0) 811 (100.0) 0 (0.0)
ESU S. Vicente � SV 235 235 (100) 0 (0.0) 0 (0.0) 235 (100.0)

C. spinalis � S, ST, F, M, BV 16,345 1961 (12) 303 (1.4) 4274 (26.1) 0 (0.0)
C. spinalis salensis � S 2356 283 (12) 0 (0.0) 465 (19.7) 0 (0.0)
C. spinalis santiagoensis ST

ESU North � ST 684 82 (12) 0 (0.0) 0 (0.0) 82 (100.0)
ESU South � ST 4056 487 (12) 0 (0.0) 0 (0.0) 487 (100.0)

C. spinalis spinalis � F 2118 254 (12) 303 (14.3) 303 (14.3) 0 (0.0)
C. spinalis maioensis � M 1635 196 (12) 0 (0.0) 559 (34.2) 0 (0.0)
C. spinalis boavistensis � BV 5496 660 (12) 0 (0.0) 2947 (53.6) 0 (0.0)

Total 38 21 10 + 3 68,964 8276 (12) 1111 (1.6) 12,652 (18.3) 4376 (52.9)

Islands/Islets: SA, Santo Antão; SV; S. Vicente; SL, Santa Luzia; br, Branco; ra, Raso; SN, S. Nicolau; S, Sal; BV, Boavista; M, Maio; ST, Santiago; F, Fogo; B, Brava; ro, Rombos.
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circumstances, 15 of the 38 ESUs’ potential distributions (40%)
considered in the analyses will have the targeted percentage of
its distribution inside PAs (Table 1). However, 9 of those 38 ESUs
(24%) would not have a single PU inside a PA and only Hemidactylus
bouvieri razoensis, Tarentola gigas brancoensis and T. g. gigas would
be fully protected (Table 1).

If conservation priorities targeted species instead of ESUs, the
present PAs would fail to achieve conservation targets for all of
them, and after the establishment of the full PAs network two of
them would not have a single PU inside a PA (10%), and only six
out of 21 species (29%) would reach conservation targets (Table 1).

The PAs network adequacy was also indirectly evaluated by
comparing the ‘ideal’ and ‘realistic’ cost scenarios, unconstrained
and constrained to the PAs network, respectively (see Section 3.4).
3.3. Optimized priority planning units

The maps with selected priority PUs for conservation, consider-
ing ‘realistic’ and ‘ideal’ scenarios of analyses considering ESUs or
species as conservation targets are presented in Fig. 2A and B,
respectively.
3.4. Differences in the prioritization exercises

Overall, in both analyses targeting ESUs or species, more PUs in
total and inside PAs were selected in the ‘realistic’ than in the
‘ideal’ scenarios (8127/8558 versus 8036/8458 total PUs and
30.9/32.8% versus 21.2/21.9% of PUs inside PAs) (Table 2).



A B

Fig. 2. Selected planning units (PUs) necessary to reach conservation targets for reptile ESUs (A) and species (B) from Cape Verde Islands considering the ‘realistic’ and ‘ideal’
scenarios inside and outside protected areas (see Section 2 and Appendices F–J for details).
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In total, more PUs in total (5% on average) and lower percent-
ages of PUs inside PAs (up to 7% less) were selected in the analysis
targeting species than ESUs, comparing analogous scenarios (Ta-
ble 2). Additionally, more ESUs and species reach conservation tar-
gets more efficiently in the analysis targeting ESUs (Table 3). Apart
from quantitative differences, the spatial configuration of the se-
lected PUs differed considerably between the two target analyses
in some islands (see Section 3.4.1 and Fig. 3).

3.4.1. Differences per island/islet
Variation in the amount of PUs (in total and within PAs) selected

within each island/islet was large. For four islands and three islets,
almost the same amount of PUs was selected, both in total and
within PAs, in both cost scenarios and target analyses (Santo Antão,
S. Vicente, Sta. Luzia, Branco, Raso, S. Nicolau and Rombos) while for
other islands a large difference was detected between solutions.

When just comparing results obtained with ‘ideal’ and ‘realistic’
cost scenarios, differences between the total number of selected
PUs was very low for most islands, both when targeting ESUs or
species. Using ESUs as target units, solutions were almost identical
in all islands, except on Sal, where the ‘ideal’ model would be more
effective, since much less area would be needed to protect reptile
diversity (Table 2). In this analysis, it was also on Sal where PUs se-
lected by each scenario spatially coincided by the least amount,
followed by Maio; in the remaining islands, concordance of PUs se-
lected by both scenarios was relatively high (Fig. 2A and Appendi-
ces F–J). Using species as target units, solutions only substantially
differed on Boavista, Santiago, Fogo and Maio islands and only on
Boavista did the ‘ideal’ scenario perform better than the ‘realistic’
one (Table 2). In these cases, it is again on these islands, especially
Maio and Boavista, where the PUs selected by each scenario spa-
tially coincided by the least amount (Fig. 2B). However, as ex-
pected, differences between cost scenarios were higher when
considering PUs selected inside PAs, which were considerably lar-
ger in the ‘realistic’ scenario in several islands regardless of target-
ing ESUs or species, except on the uninhabited islands/islets of the
archipelago (Rombos and Desertas group), where 100% of selected
PUs would be inside PAs regardless of the cost scenario and tar-
geted feature for conservation (Table 2).

Comparing just targeted conservation features, they little
differed in the above referred four islands and islets and presented
almost the same percentage of selected PUs inside PAs on five oth-
ers (Santiago, Fogo, Brava, Boavista and Maio) in a least one cost
scenario. However, they differed in the number of total selected
PUs on six islands (Sal, Santiago, Boavista, Brava, Maio and Fogo),
with the analyses targeting species selecting no PUs on Sal and
more total PUs than the analysis targeting EUSs in the latter four
islands. There were also noticeable differences in the number of se-
lected PUs inside PAs. In the analysis using ESUs as targets, Sal
would reach 100% of PUs inside PAs in the ‘realistic’ scenario, while
Fogo and Brava would present all PUs selected by both scenarios
unprotected (Table 2 and Fig. 2A). On the contrary, in the analyses
using species as targets, Sal would not have a single PU inside PAs
in both scenarios, while some PUs would be selected inside PAs on
Fogo, under the ‘realistic’ scenario, although below the 12% thresh-
old of protection (Table 2 and Fig. 2B).

Spatial agreement between analyses targeting species or ESUs
was relatively high in most islands. However, on Sal analyses to-
tally differ and on many northern and southern Santiago cells
where PUs were selected only on the analyses targeting ESUs,
and also in most area of Brava, where most PUs are only prioritized
by the analysis targeting species (Fig. 3).

3.4.2. Differences per conservation feature (ESUs or species)
Considering ESUs, 19 out of the 38 presented no differences in

the amount of selected PUs to meet conservation targets between
analyses targeting different conservation features in both cost sce-
narios (Table 3). However, the analysis targeting species was more
costly for 10 ESUs, and considerably more costly (selecting 50%
more PUs) in at least one cost scenario for eight of them. In addi-
tion to that, it failed to reach conservation targets for four ESUs
(H. boavistensis and C. s. salensis from Sal and northern and south-
ern ESUs of C. s. santiagoensis from Santiago), completely failing
targets for three of them in both cost scenarios (Table 3). The anal-
ysis targeting species was slightly more effective only for four ESUs
considering at least one cost scenarios, and considerably better for
one (Tarentola rudis), considering the realistic scenario only
(Table 3).

Considering species, 12 out of the 21 presented no differences
between analyses targeting different conservation features in the
amount of selected PUs to meet conservation targets in both cost
scenarios (Table 3). However, the analysis targeting species was
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less effective for six species and considerably less effective in at
least one cost scenario for five of them. Targeting species was
therefore slightly more effective only for three species, and consid-
erably better for one (Table 3).

In summary, solutions found when targeting species failed to
achieve targets for some ESUs and were generally more costly,
but the inverse was not true, as solutions found when targeting
ESUs successfully achieved targets for all species and more effi-
ciently, regardless of the cost scenario used.
4. Discussion

4.1. Evaluation of the methodology

Ecological niche-based models provided fairly robust predic-
tions of occurrences and the reserve design algorithm identified
priority PUs for conservation of endemic reptiles. Hence, this study
may turn into an important tool in planning and designation of PAs
in Cape Verde. Additionally, the novel approach used may prove
useful to other studies attempting to maximize representation of
genetic diversity in conservation prioritization. It also showed
the increased importance of targeting ESUs instead of species as
conservation features.

Several studies assumed predicted probabilities of occurrence
of taxa to be surrogates of probability of persistence, and targeted
areas where probabilities were high (e.g. Margules and Stein, 1989;
Williams and Araújo, 2000). In this study, the most effective selec-
tion algorithm incorporated the most probable occurrence areas of
all ESUs, thus potentially enhancing taxa persistence even more.
Nevertheless, potential pitfalls might have emerged because pat-
terns of neutral variation, as measured by molecular markers,
may not reflect levels of adaptive variation for all traits across all
populations (Le Corre and Kremer, 2003). However, given the diffi-
culty in measuring adaptive variation for wild species, molecular
markers are valuable surrogates and, in some cases, may be conser-
vative estimates of the expectations of loss and recovery of quan-
titative genetic variation (Lynch et al., 1999). Additionally,
adaptive features may be best protected by maintaining the con-
text for selection, such as heterogeneous landscapes (Höglund,
2009). Since habitats in this archipelago are most different among
islands than within them (data not shown), targeting 12% of the
area of each island for conservation potentially enhances the cover
of adaptive variation. Another question that might be addressed is
if ecological models should have been based on ESUs instead of
taxa. Nevertheless, in doing so, sample sizes would have been
greatly reduced, which would probably compromise analytical
methods chosen. More importantly, the comparison of targeting
ESUs instead of species would be biased, as some predictions of
occurrence would be necessarily different from taxa predictions,
as in the case of species with no subspecies occurring on different
islands and subspecies with more than one ESU. Furthermore, in
those cases, the probability of occurrence of those ESUs might be
more related to isolation by the ocean, genetic drift and other fac-
tors than with ecogeographical factors, as frequently they are not
reciprocally monophyletic (see Arnold et al., 2008; Miralles et al.,
2010; Vasconcelos et al., 2010), and do not present any evidence
for local adaptation, a determinant condition for modeling them
(Pearman et al., 2010).

Concerning the representation targets set for each ESU and spe-
cies, choosing the 12% target for non-endangered taxa makes these
results comparable to other natural resources conservation studies
but does not suggest that this figure has any established scientific
validity to assure that populations selected for conservation are
viable. The question of which target should be used is a paramount
in conservation planning but remains largely unsolved (Tear et al.,



Table 3
Number (n) of planning units (PUs) where each evolutionarily significant unit (ESU) and species are predicted to occur, targeted for conservation, selected considering each target analyses and cost scenarios to meet conservation targets
(in bold if higher than 150% and in italic if not reaching targets), and subtracted between the two target analyses (see Section 2 for details). Percentages (%) are given between brackets.

Taxon/ESU Island/islet ESU Species Predicted Targeted ESUs target analysis Species target analysis Species – ESUs target analyses

Ideal scenario Realistic scenario Ideal scenario Realistic scenario Ideal scenario Realistic scenario

n n % n % n % n % n % n % n %

Hemidactylus lopezjuradoi F � � 1 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 0 (0) 0 (0)
H. boavistensis BV, S � 5889 707 (12) 940 (133) 922 (130) 855 (121) 1048 (148) �85 (�12) 126 (18)

ESU Sal S � 2225 267 (12) 283 (106) 267 (100) 0 (0) 0 (0) �283 (�106) �267 (�100)
ESU Boavista BV � 3664 440 (12) 657 (149) 655 (149) 855 (194) 1048 (238) 198 (45) 393 (89)

H. bouvieri SN, SA, SL, ra � 111 111 (100) 111 (100) 111 (100) 111 (100) 111 (100) 0 (0) 0 (0)
H. bouvieri, SN population SN � 2 2 (100) 2 (100) 2 (100) 2 (100) 2 (100) 0 (0) 0 (0)
H. bouvieri bouvieri SA � 1 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 0 (0) 0 (0)
H. bouvieri razoensis SL, ra � 108 108 (100) 108 (100) 108 (100) 108 (100) 108 (100) 0 (0) 0 (0)
Tarentola boavistensis BV � � 2994 359 (12) 652 (182) 652 (182) 850 (237) 789 (220) 198 (55) 137 (38)
T. bocagei SN � � 384 46 (12) 47 (102) 47 (102) 47 (102) 47 (102) 0 (0) 0 (0)
T. fogoensis F � � 1099 132 (12) 220 (167) 220 (167) 306 (232) 235 (178) 86 (65) 15 (11)
T. darwini ST � 9801 1176 (12) 2936 (250) 2908 (247) 2747 (234) 2547 (217) �189 (�16) �361 (�31)

ESU North ST � 3819 458 (12) 1343 (293) 1339 (292) 1256 (274) 1256 (274) �87 (�19) �83 (�18)
ESU South ST � 5982 718 (12) 1593 (222) 1569 (219) 1491 (208) 1291 (180) �102 (�14) �278 (�39)

T. substituta SV � � 1934 232 (12) 233 (100) 233 (100) 233 (100) 233 (100) 0 (0) 0 (0)
T. raziana SL, ra, br � � 582 71 (12) 582 (820) 582 (820) 582 (820) 582 (820) 0 (0) 0 (0)
T. caboverdiana SA � � 4180 502 (12) 502 (100) 502 (100) 502 (100) 502 (100) 0 (0) 0 (0)
T. nicolauensis SN � � 2359 283 (12) 284 (100) 284 (100) 284 (100) 284 (100) 0 (0) 0 (0)
T. gigas br, ra � 153 153 (100) 153 (100) 153 (100) 153 (100) 153 (100) 0 (0) 0 (0)
T. gigas brancoensis br � 46 46 (100) 46 (100) 46 (100) 46 (100) 46 (100) 0 (0) 0 (0)
T. gigas gigas ra � 107 107 (100) 107 (100) 107 (100) 107 (100) 107 (100) 0 (0) 0 (0)
T. rudis ST � � 2380 286 (12) 529 (185) 515 (180) 423 (148) 286 (100) �106 (�37) �229 (�80)
T. maioensis M � � 2013 242 (12) 242 (100) 242 (100) 368 (152) 356 (147) 126 (52) 114 (47)
T. protogigas F, B, ro � 671 671 (100) 330 (49) 330 (49) 1338 (199) 1338 (199) 1008 (150) 1008 (150)
T. protogigas protogigas F � 4 4 (100) 4 (100) 4 (100) 4 (100) 4 (100) 0 (0) 0 (0)
T. protogigas hartogi B, ro

ESU Brava B � 608 73 (12) 104 (142) 104 (142) 608 (833) 608 (833) 504 (690) 504 (690)
ESU Rombos ro � 59 7 (12) 59 (843) 59 (843) 59 (843) 59 (843) 0 (0) 0 (0)

Chioninia vaillanti ST, F, ro � 4084 4084 (100) 4084 (100) 4084 (100) 4084 (100) 4084 (100) 0 (0) 0 (0)
C. vaillanti vaillanti ST � 3510 3510 (100) 3510 (100) 3510 (100) 3510 (100) 3510 (100) 0 (0) 0 (0)
C. vaillanti xanthotis F, ro � 574 574 (100) 574 (100) 574 (100) 574 (100) 574 (100) 0 (0) 0 (0)
C. delalandii ST, F, B, ro � 7828 939 (12) 2751 (293) 2686 (286) 3224 (343) 3199 (341) 473 (50) 513 (55)

ESU Santiago ST � 4541 545 (12) 2248 (412) 2183 (401) 2162 (397) 2218 (407) �86 (�16) 35 (6)
ESU Fogo F � 2238 269 (12) 325 (121) 325 (121) 413 (154) 332 (123) 88 (33) 7 (3)
ESU Brava B � 990 119 (12) 119 (100) 119 (100) 590 (496) 590 (496) 471 (396) 471 (396)
ESU Rombos ro � 59 7 (12) 59 (843) 59 (843) 59 (843) 59 (843) 0 (0) 0 (0)

C. nicolauensis SN � � 1432 172 (12) 285 (166) 283 (165) 285 (166) 283 (165) 0 (0) 0 (0)
C. fogoensis SA � � 3668 440 (12) 504 (115) 475 (108) 504 (115) 474 (108) 0 (0) �1 (0)
C. stangeri SV, SL, ra, br � 1046 1046 (100) 1046 (100) 1046 (100) 1046 (100) 1046 (100) 0 (0) 0 (0)

ESU Desertas SL, ra, br � 811 811 (100) 811 (100) 811 (100) 811 (100) 811 (100) 0 (0) 0 (0)
ESU S. Vicente SV � 235 235 (100) 235 (100) 235 (100) 235 (100) 235 (100) 0 (0) 0 (0)

C. spinalis S, ST, F, M, BV � 16,345 1961 (12) 2595 (132) 2597 (132) 2341 (119) 2108 (107) �254 (�13) �489 (�25)
C. spinalis salensis S � 2356 283 (12) 283 (100) 283 (100) 0 (0) 0 (0) �283 (�100) �283 (�100)
C. spinalis santiagoensis ST

ESU North ST � 684 82 (12) 83 (101) 83 (101) 0 (0) 0 (0) �83 (�101) �83 (�101)
ESU South ST � 4056 487 (12) 487 (100) 487 (100) 381 (78) 148 (30) �106 (�22) (�339) (�70)

C. spinalis spinalis F � 2118 254 (12) 270 (106) 270 (106) 358 (141) 285 (112) 88 (35) 15 (6)
C. spinalis maioensis M � 1635 196 (12) 242 (123) 244 (124) 368 (188) 356 (182) 126 (64) 112 (57)
C. spinalis boavistensis BV � 5496 660 (12) 660 (100) 660 (100) 853 (129) 1171 (177) 193 (29) 511 (77)

Islands/Islets: SA, Santo Antão; SV; S. Vicente; SL, Santa Luzia; br, Branco; ra, Raso; SN, S. Nicolau; S, Sal; BV, Boavista; M, Maio; ST, Santiago; F, Fogo; B, Brava; ro, Rombos.
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A B

Fig. 3. Combination of selected planning units (PUs) necessary to reach conservation targets for reptiles ESUs and species from Cape Verde Islands considering the ‘ideal’ (A,
reddish colors) and ‘realistic’ (B, bluish colors) scenarios inside and outside protected areas (see Section 2 for details). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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2005), although the solution might involve using variable targets
regarding taxon ranges (Rodrigues et al., 2004; Maiorano et al.,
2007).

Regarding cost scenarios, the selected PUs of ‘ideal’ models spa-
tially coincided with the ‘realistic’ model scenarios in most cases
(Fig. 2). In addition, different scenarios presented identical effi-
ciency (similar number of selected PUs) in most islands. These re-
sults are surprising since ‘ideal’ scenarios theoretically minimize
costs for PUs selection in comparison with scenarios constrained
by PAs, because PAs are generally biased for other factors rather
than protecting biodiversity. Three complementary rationales
might explain this result. First, both scenarios are congruent in
selecting many PUs outside PAs, in order to encompass 12% of most
ESUs or species distributions (100% in threatened taxa), and in
those areas, selected PUs by both scenarios are likely to overlap.
Second, in regions less affected by anthropogenic disturbance,
selecting an ideal network that maximizes representation of diver-
sity most times does not lead to significantly different results from
a selection by chance (Bonn and Gaston, 2005). This pattern might
be especially noticeable in small areas. In Cape Verde, where few
impacting human infrastructures are present in most islands and
PAs were designed using ad-hoc criteria, reptile distributions are
little restricted by anthropogenic actions. Thus, some PUs inside
PAs selected by the ‘realistic’ scenarios (that prioritizes PUs inside
PAs) are likely to be also selected by the ‘ideal’ models. This is most
noticeable on islands like Boavista, Maio and Santiago. Third, alter-
natively, the extensive overlap of solutions from different models
may suggest that PUs selected ad hoc for other endemic groups
on which PAs locations were based on, such as birds, are also good
for reptiles and vice-versa. Thus, reptiles may be good surrogates of
priority PUs for endemic birds and flora, although they might not
be as good for other groups such as invertebrates (Rodrigues and
Gaston, 2001). In fact, some recent ad hoc data on endemic birds
confirms several selected PUs outside PAs depicted by this work
as important for conservation. For instance, the threatened Cape
Verde cane warbler (Acrocephalus brevipennis) also occurs on the
northeast of Fogo, and a large colony of the Critically Endangered
purple heron was confirmed (Ardea purpura) around ‘Montanha’,
Santiago (see Appendices I and J, respectively), following Hazevoet
(2010). It would be important to cross-update information about
georeferenced nesting sites of the endemic birds and accurate dis-
tribution maps of the endemic flora with the performed analyses,
whenever they become available, to confirm this result.

Regarding the analyses using different conservation targets, it is
quantitatively more effective and less costly to target ESUs since a
lower number of total PUs are selected (around 5% less) in compar-
ison to targeting species. This is mainly because less PUs would be
selected targeting ESUs on Brava, Boavista, Maio and Santiago. The
selection of less PUs on Brava is explained by very different conser-
vation status and associated conservation targets (12% and 100%)
of the two subspecies of Tarentola protogigas, forcing the analysis
targeting species to select much more PUs to protect the endan-
gered species as a whole. This fact reinforces the importance of
using subspecific taxonomy to evaluate conservation status and
to prioritize areas for conservation (Neel and Cummings, 2003).
On the other islands, that is explained by the lower number of tar-
geted PUs per island when targeting ESUs due to the species frag-
mentation among different islands/islets corresponding to
different ESUs. Although the analysis targeting species presented
higher total numbers of selected PUs inside some PAs (around 9%
more) when comparing to the analysis targeting ESUs, the overall
percentage of PUs inside PAs is lower (Table 2). The first is ex-
plained by the fact that aggregation of the selected PUs is necessar-
ily easier when targeting fewer features (21 species versus 38
ESUs), what might seem a disadvantage of targeting ESUs, and
the latter because no PUs were selected in Sal in that analyses.
However, the choice of targeting species instead of ESUs would
also necessarily imply failing to reach conservation targets for four
unique lineages, completely for three of them (two from Sal and
one from northern Santiago; see Section 3.4.2.). Moreover, it would
generally imply the selection of considerably more PUs per ESU
and species. Hence the analyses targeting ESUs is also qualitatively
more effective for the conservation of diversity at different levels,
with the additional advantage of considering its persistence.

4.2. Adequacy of the protected areas network and optimized priority
planning units

Currently, Cape Verde presents the lowest proportion of land
(about 2%) devoted to conservation in comparison to several other
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oceanic islands (40% on average; Caujapé-Castells et al., 2010). The
implementation of the full PAs network is thus needed to guaran-
tee partial protection of the biodiversity of the endemic reptiles
and their habitats (Tables 2 and 3). In addition, implementation
of new PAs based on the proposed scenarios targeting ESUs, is
needed to fully protect the genetic diversity of these reptiles.
Otherwise, nine ESUs and two species, Hemidactylus lopezjuradoi
and Tarentola bocagei, both considered threatened species (follow-
ing Vasconcelos et al., in press), would fail completely to reach tar-
gets and several other threatened taxa would not be adequately
protected (Hemidactylus bouvieri, Tarentola boavistensis, Tarentola
raziana, T. rudis, T. protogigas, Chioninia vaillanti, and Chioninia
stangeri).

Reserve design analyses targeting ESUs indicated two main pat-
terns in the Cape Verde Islands. On a group of islands, namely
Desertas group, Sal, Boavista, Maio and Rombos, designation of
new PAs is not a priority, since PAs that are going to be imple-
mented will guarantee total targeted protection of all endemic
reptile species and ESUs occurring there and their habitats. On
the remaining islands, the planned PAs are clearly insufficient,
since about 60% of ESUs would not achieve conservation targets
(Table 1–3 and Appendices F–J). In the extreme case of Fogo and
Brava islands, no scenario selected a single PU inside a PA
using ESUs as conservation targets (Table 2 and Appendix I).
Recommended conservation actions are described in Appendix K.

This study addresses one of the major constraints of conserva-
tion in the Cape Verde Islands, namely the lack of basic information
in formats that policymakers and administrators can interpret and
use (Miller, 1993). It is expected that this innovating framework
can be applied to other island systems with well-know genetic
diversity such as the Canary Islands, where extensive work has
been carried out on the endemic reptiles (e.g. Brown and Pestano,
1998; Carranza et al., 2002; Cox et al., 2010) or other island-like
systems, such as mountain ranges.
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Supplementary material 
 

Appendix A 

Location, area (km2) and perimeter (km) of the protected areas (PAs) of the Cape Verde Islands. PAs presently fully 

operational are marked (*); (land) indicates the terrestrial portion of PAs that also cover marine zones. 

Code  Protected area category/ Name  Island/islet  Area  Perimeter 

1  PL Cruzinha  SA  1.11  1.04 
2  NP Tope de Coroa  SA  7.08  1.14 
3  NP Moroços  SA  1.87  7.28 
4  NP Cova/Ribeira Paúl/Torre  SA  14.71  2.59 
5  NP Monte Verde  SV  2.12  8.30 
6  NR Santa Luzia   SL  34.80  3.49 
7  IR Ilhéu Branco e Raso  br, ra  8.58  10.69 
8  NR Monte do Alto das Cabeças  SN  0.62  3.73 
9  NP Monte Gordo (*)  SN  9.52  2.21 
10  NR Serra Negra (land)  S  3.28  1.26 
11  NR Costa da Fragata (land)  S  3.47  1.20 
12  NR Ponta do Sinó (land and Peripheral Zone of Protection)  S  2.37  6.75 
13  NR Rabo de Junco  S  1.53  5.78 
14  NR Baía da Murdeira (land: Ilhéu Rabo de Junco)  S  0.03  0.81 
15  NM Morrinho do Açúcar  S  0.05  0.84 
16  NM Morrinho do Filho  S  0.11  1.26 
17  PL Buracona-Ragona  S  5.35  1.99 
18  PL Monte Grande  S  13.09  1.97 
19  PL Salinas de Pedra Lume e Cagarral  S  8.04  1.56 
20  PL Salinas de Santa Maria  S  0.74  3.68 
21  IR Ilhéus dos Pássaros  BV  0.01  0.41 
22  IR Ilhéu de Baluarte  BV  0.10  2.02 
23  IR Ilhéus de Curral Velho  BV  0.01  0.55 
24  NR Tartaruga (land)  BV  17.57  6.65 
25  NR Morro de Areia (land)  BV  21.42  2.97 
26  NR Boa Esperança  BV  31.25  2.59 
27  NR Ponta do Sol (land)  BV  4.61  1.58 
28  NP do Norte (land and islets)  BV  89.74  8.68 
29  NM Monte Estância  BV  7.31  1.07 
30  NM Monte Santo António  BV  4.56  8.97 
31  NM Rocha Estância  BV  2.52  6.69 
32  NM Ilhéu de Sal-Rei  BV  0.93  6.34 
33  PL Monte Caçador e Pico Forçado  BV  33.60  2.84 
34  PL Curral Velho  BV  16.36  2.44 
35  NR CasaVelhas (land)  M  1.39  1.07 
36  NR Praia do Morro (land)  M  0.22  3.64 
37  NR Terras Salgadas (land)  M  19.79  7.11 
38  NR Lagoa Cimidor (land)  M  0.51  4.38 
39  NP Barareiro e Figueira (land)  M  10.55  3.01 
40  PL Salinas de Porto Inglês (land)  M  3.42  1.37 
41  PL Monte Santo António  M  8.76  1.23 
42  PL Monte Penoso e Monte Branco  M  11.10  1.48 
43  NP Serra da Malagueta (*)  ST  7.74  2.71 
44  NP Serra do Pico de Antónia  ST  7.98  1.94 
45  NP Bordeira, Chã das Caldeiras e Pico Novo (*)  F  84.79  4.92 
46  IR Ilhéus do Rombo  ro  3.04  16.08 

PA category: IR, Integral Reserve; NR, Natural Reserve; NP, Natural Park; NM, Natural Monument; PL, Protected 

Landscape;  

Island/ Islet: SA, Santo Antão; SV; S. Vicente; SL, Santa Luzia; br, Branco; ra, Raso; SN, S. Nicolau; S, Sal; BV, 

Boavista; M, Maio; ST, Santiago; F, Fogo; ro, Rombos 



     

Appendix B  

Number of observations (n) of endemic Cape Verdean reptile taxa in each data set, average (and standard deviation, SD) of training and test AUC for the 30 model replicates, correct classification rate 

(CCR) of training data according to the threshold models (see Section 2 for details), and average percent contribution of each variable for the models. Taxa that were not modelled due to low sample size are 

marked (*). Description of the environmental factors codes are given in Appendix C. 
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Hemidactylus lopezjuradoi 1* - - - - - - - - - - - - - - - - - - 
H. boavistensis 44/ 9 20 0.977±0.005 0.964±0.017 85.2 2.7 7.8 0.0 11.7 0.5 1.0 57.6 1.5 4.1 1.6 3.5 4.9 1.6 1.8 
H. bouvieri, SN pop. 2* - - - - - - - - - - - - - - - - - - 
H. bouvieri bouvieri 4* - - - - - - - - - - - - - - - - - - 
H. bouvieri razoensis 5* - - - - - - - - - - - - - - - - - - 
Tarentola boavistensis 30/ 6 20 0.983±0.006 0.956±0.025 76.7 1.1 12.9 0.0 2.4 0.9 3.6 64.9 5.2 1.0 0.2 1.6 2.5 3.1 0.5 
T. bocagei 11/ 1 10 0.997±0.001 0.994±0.002 63.6 26.3 14.0 4.6 0.0 0.4 19.4 8.2 5.9 0.3 0.7 13.0 2.4 4.3 0.6 
T. fogoensis 25/ 5 20 0.991±0.003 0.977±0.015 76.0 0.0 0.8 2.4 0.2 47.2 5.4 2.6 4.2 0.7 0.8 27.7 2.0 5.6 0.5 
T. darwini 62/ 12 20 0.958±0.007 0.924±0.016 87.5 1.3 1.7 3.2 0.1 0.4 73.0 1.3 2.3 1.3 3.0 3.4 1.7 6.2 1.0 
T. substituta 45 /9 20 0.991±0.001 0.982±0.006 82.3 40.7 1.3 18.7 2.3 0.0 3.4 1.2 17.9 6.4 3.2 0.6 1.1 2.9 0.2 
T  raziana 26/ 5 20 0.998±0.000 0.997±0.001 84.6 7.7 1.0 7.1 7.7 0.0 0.8 29.7 30.4 10.8 0.2 0.8 0.6 0.5 2.6 
T. caboverdiana 35/ 7 20 0.980±0.005 0.965±0.023 80.4 2.4 3.5 56.8 4.0 4.0 1.5 2.8 1.9 3.7 2.0 3.3 6.3 7.0 1.0 
T.  nicolauensis 33/ 7 20 0.990±0.001 0.985±0.008 89.8 36.3 4.1 29.7 0.0 6.2 1.9 0.7 1.9 3.0 4.5 2.3 3.9 4.7 0.7 
T.  gigas brancoensis 3* - - - - - - - - - - - - - - - - - - 
T.  gigas gigas 3* - - - - - - - - - - - - - - - - - - 
T. rudis 28/ 6 20 0.986±0.004 0.954±0.026 71.4 1.7 0.8 4.1 0.0 0.0 66.4 4.3 3.0 10.5 1.9 1.9 0.8 3.7 0.6 
T. maioensis 21/ 4 20 0.992±0.004 0.981±0.010 75.8 2.4 5.3 3.9 2.6 9.0 3.3 21.7 42.4 0.0 0.0 2.5 1.9 3.5 1.4 
T. protogigas protogigas 4* - - - - - - - - - - - - - - - - - - 
T. protogigas hartogi 22/ 4 20 0.998±0.000 0.996±0.002 86.4 9.4 0.0 0.4 77.7 0.9 0.4 0.8 0.7 1.6 1.1 2.5 0.9 3.1 0.4 
Chioninia vaillanti vaillanti 11/ 1 10 0.970±0.014 0.972±0.050 72.7 0.4 1.8 16.8 1.1 0.6 40.1 1.8 2.0 19.4 1.0 10.0 1.8 0.6 2.6 
C. vaillanti xanthotis 7/ 1 25 0.996±0.003 0.989±0.010 71.4 0.2 0.4 5.5 0.0 8.3 12.9 0.3 0.0 2.2 4.2 49.6 2.5 3.3 10.5 
C. delalandii 140/ 28 20 0.964±0.005 0.927±0.015 81.1 6.5 1.5 11.2 2.3 42.2 2.6 0.9 2.7 2.7 9.6 1.5 5.0 6.6 4.8 
C. nicolauensis 21/ 4 20 0.994±0.002 0.985±0.008 85.7 32.8 2.8 28.8 0.0 5.6 3.1 5.0 2.4 4.4 4.9 2.4 0.9 6.0 0.7 
C. fogoensis 52/ 10 20 0.981±0.003 0.969±0.011 84.6 0.4 8.7 64.2 0.4 1.0 2.0 2.1 1.1 0.7 4.9 2.6 5.5 4.2 2.1 
C. stangeri 33/ 7 20 0.995±0.001 0.989±0.007 84.8 3.8 1.4 15.9 36.0 1.5 4.0 7.2 7.8 13.9 3.3 2.7 0.3 0.8 1.6 
C. spinalis salensis 15/ 2 10 0.989±0.002 0.953±0.098 71.4 0.3 0.2 0.1 0.2 0.8 0.9 78.7 1.0 1.5 11.3 0.9 3.0 1.0 0.2 
C. spinalis santiagoensis 28/ 6 20 0.978±0.003 0.956±0.019 84.6 0.0 0.8 2.3 0.0 0.1 63.0 0.9 1.8 11.3 0.5 2.3 3.0 12.8 1.1 
C. spinalis spinalis 18/ 2 10 0.993±0.002 0.964±0.034 94.4 0.0 0.5 0.4 0.3 52.9 4.9 1.9 4.8 4.0 5.0 17.9 3.2 4.2 0.1 
C. spinalis maioensis 29/ 6 20 0.990±0.003 0.981±0.008 78.4 2.1 4.7 2.7 1.2 14.3 2.3 20.5 46.7 0.0 0.0 1.9 1.6 1.4 0.6 
C. spinalis boavistensis 55/ 11 20 0.976±0.004 0.954±0.009 89.7 0.8 8.7 0.1 5.5 3.1 1.9 65.4 3.4 0.1 0.6 2.0 3.3 3.0 2.2 

Total 791/ 153 0.985±0.003 0.970±0.018 80.8 8.5±13.5 3.3±4.1 10.2±14.3 7.1±18.4 7.8±15.0 15.6±24.2 16.0±24.6 9.3±14.0 4.8±5.5 2.4±2.7 7.5±12.1 2.2±1.4 3.9±2.8 1.5±2.3 



     

Appendix C 

Environmental factors used for model the distribution of reptiles in Cape Verde and their codes, units and original 

resolution. 

Code Environmental factor Original resolution 
description (degrees) 

alt Altitude 0.00083 

slope Slope 0.00083 

NDVI Normalised difference vegetation index 0.00211 

d_salty Distance to costal-salty lowland areas 0.00083 

d_beach Distance to beaches 0.00083 

d_cliff Distance to cliffs 0.00083 

d_dune Distance to dunes and sandy areas   0.00083 

d_lava Distance to recent lavas 0.00083 

d_v_arid Distance to very arid areas 0.00083 

d_arid Distance to arid areas 0.00083 

d_s_arid Distance to semi-arid areas 0.00083 

d_s_humid Distance to sub-humid areas 0.00083 

d_humid Distance to humid and mountains areas 0.00083 

d_water Distance to water lines and floodplain areas 0.00083 

 

  



 

Appendix D 

Probability of occurrence of Cape Verdean endemic Hemidactylus and Tarentola geckos at a 225x225 m scale 

estimated using Maximum Entropy environmental niche-based models (see Section 2 for details). 

  



 

Appendix E 

Probability of occurrence of Cape Verdean endemic Chioninia skinks at a 225x225 m scale estimated using Maximum 

Entropy environmental niche-based models (see Section 2 for details). 



     

Appendix F 

Selected planning units (PUs) necessary to reach conservation targets for all reptile ESUs from Santo Antão and S. Vicente Islands considering the ‘realistic’ and ‘ideal’ scenarios (see 

Section 2 for details). 

 

  



 

Appendix G 

Selected planning units (PUs) necessary to reach conservation targets for all reptile ESUs from Desertas and S. Nicolau Islands considering the ‘realistic’ and ‘ideal’ scenarios (see Section 2 

for details). 

 



     

Appendix H 

Selected planning units (PUs) necessary to reach conservation targets for all reptile ESUs from Sal and Boavista 

Islands considering the ‘realistic’ and ‘ideal’ scenarios (see Section 2 for details). 

 



     

Appendix I 

Selected planning units (PUs) necessary to reach conservation targets for all reptile ESUs from Maio and Santiago Islands considering the ‘realistic’ and ‘ideal’ scenarios (see Section 2 for 

details).  

 



 

Appendix J 

Selected planning units (PUs) necessary to reach conservation targets for all reptile ESUs from Fogo and Brava Islands and Rombos Islets considering the ‘realistic’ and ‘ideal’ scenarios 

(see Section 2 for details).  

 



     

Appendix K 

Recommended conservation actions to change the protected areas network in order to attain conservation targets for all 

taxa and ESUs of endemic terrestrial reptiles. 

 
New PAs proposed by the ‘realistic’ and ‘ideal’ scenarios targeting ESUs should be implemented on several 

islands to reach conservation targets for all ESUs. Among the island group that needs extra PAs, three cases of priority 

were detected. In some islands, the figures of 12% widely cited as the percentage of a nation that should be dedicated 

to nature reserves (WCED, 1987) would be achieved for the selected priority areas for reptiles (Table 2), despite not 

protecting all ESUs, namely on Santo Antão and S. Nicolau. Thus, those two islands, would at least contribute, after the 

PAs implementation, to the protection of the habitat diversity of the archipelago. Nevertheless, the creation of new PAs 

on Santo Antão and S. Nicolau would be necessary to protect single island endemics (Appendix F and G) and unique 

diversity of those islands.  On Santo Antão, the creation of two new PAs and the establishment of a corridor between 

the ‘Moroços’ and the ‘Cova/Ribeira Paúl/Torre’ Natural Parks (Fig. 1 and Appendix F) would be necessary to protect 

the two single island endemics, T. caboverdiana and C. fogoensis and the Critically Endangered H. bouvieri gecko, 

respectively. On S. Nicolau, extensions of the already existing ‘Monte Gordo’ National Park (Fig. 1 and Appendix G) 

would be needed as a partial and least costly solution for protecting unique diversity on that island, including T. 

nicolauensis and C. nicolauensis. It is also needed to create new PAs along the coast to reach the conservation targets 

for those taxa and above all to also fully protect the threatened and genetically differentiated H. bouvieri population and 

the Vulnerable T. bocagei, another island endemic. In addition, the creation of three PAs on S. Vicente is especially 

important to protect the ESU of both the Endangered C. stangeri and its habitat and the island endemic gecko, T. 

substituta (Appendix F).  

On other islands, neither the target of 12% of their selected priority areas for reptiles to be protected nor the 12% 

target of their ESUs would be achieved after the future implementation of the full PAs network (Table 2 and 3; 

Appendices F, I and J), such as on S. Vicente and Santiago. On S. Vicente, a new PA around Calhau would be needed 

to protect the Endangered C. stangeri which has a limited range in the island, and a unique ESU of the species, different 

from the Desertas one. Also, two new PAs at West of Madeiral and North-West of Baía das Gatas would be needed to 

protect T. substituta since the he planned PA Monte Verde is not suited for the species occurrence (and hence 

protection) due to its high location in altitude. On Santiago creation of PAs and implementation of the planned ones is 

even more crucial since it is one of the islands with the highest number of reptile taxa and the island with the highest 

number of ESUs. Even though human infrastructures were avoided in the present results, the goal of protecting 

endemic ESUs might be more difficult to fulfill as time passes in this island since Santiago contains more than half of the 

national inhabitants (Lobban and Soucier, 2007) and an increasing pressure on its natural habitats. On Santiago, all the 

inland mountainous area should be protected to guarantee the viability of the two allopatric ESUs of T. darwini (see 

Vasconcelos et al., 2010), the Endangered C. vaillanti vaillanti, the southern lineage of C. spinalis santiagoensis, and 

the distinct lineage of C. delalandii and their habitats. This measure will ensure that the largest possible pool of genetic 

material of the metapopulations to which they belong is protected and that opportunities for gene flow are provided. Also 

new PAs should be designed to ensure the conservation of the northern lineage of the C. spinalis and the Vulnerable T. 

rudis; both single island endemic taxa (Appendix I).  

Finally, in the extreme case of some islands, neither the ‘ideal’ nor the ‘realistic’ scenario selected a single PU 

inside a PA using ESUs as conservation targets (Table 3 and Appendix I) such as on Fogo and Brava. The PA 



 

implemented on Fogo, although it might be important to protect endemic flora (Miller, 1993; Duarte et al., 2008), is 

totally inadequate to preserve the genetic diversity of the reptiles. On Fogo, the priority PUs selected by both scenarios 

depicted the north-eastern part of the island as optimal for covering the targeted distributions of two island endemics, T. 

fogoensis and the Endangered C. vaillanti xanthotis. Brava presents no PUs inside PAs for a different reason: there are 

no planned PAs for this island. However, previous studies already depicted Brava as important in conservation terms 

due to high diversity for both total and endemic species of flora; jointly occupying with São Nicolau the leading position 

(Duarte et al., 2008). On Brava, both scenarios are congruent in depicting at least two important areas for conserving 

the genetic variability of C. delalandii and the Vulnerable T. p. hartogi, which has its largest population on this island 

(see Vasconcelos et al., in press). Brava also might harbor the Critically Endangered H. bouvieri (see Arnold et al., 

2008) highlighting the importance of establishing a PA on the island 

 
Table K 

Summary of the recommended conservation actions 

Island  Targeted taxon/ ESU  Conservation action 

SA  Tc /Tc  Expansion to the East of the Tope da Coroa Natural Park, untill near Água Amargosa;  
Creation of two new PAs around Chã da Queimada and near Chã de Porto Novo;  
Corridor between the Moroços and the Cova/Ribeira Paúl/Torre Natural Parks. 

 Cf /Cf  
   Hbb/Hbb SA  
SV   Ct/Ct SV  New PA around Calhau. 
   Ts/Ts  Two new PAs at West of Madeiral and North-West of Baía das Gatas. 
SN  Hb ssp./Hb SN  Extensions to South and East of the implemented Monte Gordo National Park;  

Creation of three new PAs along the coast around Preguiça, around Ribeira da Prata and Praia Branca;  
Addition of Fajã de Cima e Lombo Pelado Natural Park (excluded from Decree nr. 3/2003). 

 Tn/Tn  
 Cn/Cn  

   Tb/Tb  Creation of a new PA at North-East of Carriçal. 
ST  Hbb/Hbb ST  Creation of a new PA at inland mountainous area or a corridor connecting the two Natural Parks;  

Expansion to north of the Serra da Malagueta Natural Park untill Ribeirão Sal; 
Expansion to northwest of Serra do Pico de Antónia Natural Park untill Palha Carga (beyond João Teves) 

 Td/Td North, Td South  
 Cvv/Cvv  
 Cst/Cst STNorth  Creation of a new PA at South-East of Tarrafal. 
 Tr/Tr  

Creation of a new PA at North of Cidade Velha. 
   Cst/Cst STSouth  

F  Hl/Hl  

Expansion to the North-East of the Bordeira, Chã das Caldeiras e Pico Novo Natural Park until the coast; 
Creation of two new PA at North of Cova Figueira and around S. Jorge. 

 Tf/Tf  
 Cvx/Cvx  
 Cd/Cd F  
 Css/Css  

   Tpp/Tpp  Creation of new small PAs around Lagariça, Monte Grande and Monte Vermelho. 
B  Tph/Tph B  

Creation of two new PAs at North-east of Baleia and around Palhal. 
   Cd/Cd B  

 
Island: SA, Santo Antão; SV; S. Vicente; SN, S. Nicolau; ST, Santiago; F, Fogo; B, Brava 

Taxon/ESU: Tc, T. caboverdiana; Cf, C. fogoensis; Hbb, H. bouvieri bouvieri; Ct, C. stangeri; Ts, T. substituta; Tn, T. 

nicolauensis; Cn, C. nicolauensis; Tb, T. bocagei; Td, T. darwini; Cvv, C. vaillanti vaillanti; Cst, C. spinalis 

santiagoensis; Tr, T. rudis; Hl, H. lopezjuradoi; Tf, T. fogoensis; Cvx, C. vaillanti xanthotis; Cd, C. delalandii; Css, C. 

spinalis spinalis; Tpp, T. protogigas protogigas; Tph, T. protogigas hartogi. 
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