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Abstract Quality conservation planning requires quality input data. However, the broad
scale sampling strategies typically employed to obtain primary species distribution data are
prone to geographic bias in the form of errors of omission. This study provides a quan-
titative measure of sampling bias to inform accuracy assessment of conservation plans
based on the South African Frog Atlas Project. Significantly higher sampling intensity near
to cities and roads is likely to result in overstated conservation priority and heightened
conservation conflicts in urban areas. Particularly well sampled protected areas will also
erroneously appear to contribute highly to amphibian biodiversity targets. Conversely,
targeted sampling in the arid northwest and along mountain ranges is needed to ensure that
these under-sampled regions are not excluded from conservation plans. The South African
Frog Atlas Project offers a reasonably accurate picture of the broad scale west-to-east
increase in amphibian richness and abundance, but geographic bias may limit its appli-
cability for fine scale conservation planning. The Global Amphibian Assessment species
distribution data offered a less biased alternative, but only at the cost of inflated com-
mission error.
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Introduction

Recent concern over negative anthropogenic impacts on species and ecosystems has
resulted in many studies detailing the necessity for large-scale, effective and timely con-
servation planning (Eken et al. 2004; Ferrier et al. 2004). Conservation planning requires
primary input data, the optimal nature of which is still debated in the literature. In the
absence of comprehensive species richness data, some authors have proposed the use of
surrogates and proxies i.e. land cover types or ‘indicator’ species (see Funk and Richardson
2002; Pressey 2004; Ferrier et al. 2004; Larsen et al. 2009a). However, research has shown
that surrogates perform poorly in regions where the spatial pattern of biodiversity differs
among taxa (Van Jaarsveld et al. 1998a, b; Margules and Pressey 2000; Pressey 2004).
Thus, most authors agree that robust conservation planning would benefit from accurate
and current species distribution data for a wide variety of taxa (Donald and Fuller 1998;
1998a, b; Ferrier 2002; Pressey 2004; Larsen et al. 2009a; Boakes et al. 2010).

This has consequently given rise to an increasing number of new biological atlases
(Elphick 1997; Donald and Fuller 1998; Rondinini et al. 2006). A biological atlas is usually
a grid-based, presence-only record of species occurrence for a specific taxonomic group,
region and time scale (Donald and Fuller 1998; Dennis et al. 1999; Dunn and Weston 2008;
Robertson et al. 2010). The South African Frog Atlas Project (SAFAP) is one such atlas with
potential for inclusion in conservation plans. Atlases often offer the only broad-scale,
current and spatially contiguous data available for conservation assessments; but their
limitations for these applications are still much emphasised (McCollin et al. 2000; Funk and
Richardson 2002; Telfer et al. 2002; Reddy and Davalos 2003; Tyre et al. 2003; Pressey
2004; Robertson et al. 2010). Atlases are particularly vulnerable to omission error, which in
turn introduces bias to the datasets. False-negative error (or omission error) occurs when an
organism or species is present but is not recorded (Williams et al. 2002; Tyre et al. 2003;
Rondinini et al. 2006). Atlases should, in principle, be immune to such issues as they are
systematic and aim to cover an area completely and thoroughly. However, in reality, atlases
are subject to geographic bias due to logistical, budgetary and time constraints (Donald and
Fuller 1998; Robertson et al. 2010). Geographic, or spatial, sampling bias refers to the case
in which omission errors occur non-randomly in space. This arises when certain areas are
favoured during sampling, thus receiving greater sampling intensity, and others are
neglected (Funk and Richardson 2002; Robertson and Barker 2006; Rondinini et al. 2006).

The nature of false-negative error means that the bias in atlases is often predictable:
higher sampling intensity in accessible areas or those favoured by researchers (Freitag et al.
1998; Funk and Richardson 2002; Parnell et al. 2003; Reddy and Davalos 2003; Robertson
and Barker 2006; Romo et al. 2006; Ferreira et al. 2007). It has been shown that conve-
niently located areas are better-sampled (Freitag et al. 1998; Parnell et al. 2003; Reddy and
Davalos 2003). In Thailand, there were many more plant records than expected within
4 km of populated places (Parnell et al. 2003). Records of passerine birds in sub-Saharan
Africa were significantly closer to cities, rivers and roads than random (Reddy and Davalos
2003). Areas within an easy-access distance of populated places or common travel routes
are therefore predicted to have higher sampling intensity due to greater accessibility.

In addition to conveniently accessible areas, collectors tend to favour areas that they
presume will be rewarding or valuable for research (Williams et al. 2002; Reddy and
Davalos 2003; Kiiper et al. 2006; Romo et al. 2006; Boakes et al. 2010). This includes
protected areas and those areas already known for high biodiversity. This phenomenon has
been termed ‘diversity tracking’ (Romo et al. 2006). On mainland Thailand, the three
provinces with the highest plant collection density were those associated with national
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parks (Parnell et al. 2003). The correlation between one-degree grid cells containing
protected areas and sampling of passerine birds in Africa was high (R*> = 0.74; Reddy and
Davalos 2003). Both Iberian butterflies (Romo et al. 2006) and plants in Thailand (Parnell
et al. 2003) were better sampled in mountainous regions as these are the preferred study
areas of researchers in an otherwise transformed landscape.

Variation in sampling intensity in space can result in incorrect species richness and
distribution measures. Higher sampling intensity results in a higher probability of species
detection (Elphick 1997; Williams et al. 2002). Thus, well-sampled areas appear to be
more species rich than poorly sampled areas (Reddy and Davalos 2003). Remote, poorly
sampled regions will appear to have low species richness and will consequently be erro-
neously excluded from conservation plans (Reddy and Davalos 2003; Kiiper et al. 2006).
These areas then appear of little scientific or conservation interest and continue to attract
few researchers (Reddy and Davalos 2003; Kiiper et al. 2006). Conversely, planners will
consider the placement of existing reserves particularly effective since high sampling
intensity in these areas results in over-estimated biodiversity (Freitag et al. 1998; Reddy
and Davalos 2003). Seemingly high diversity near to populated places also increases
conflict between conservation and human development (Kiiper et al. 2006; Romo et al.
2006). Low sampling effort can result in smaller documented range sizes (Gaston and
Rodrigues 2003; Kiiper et al. 2006; Ferreira et al. 2007). It is thus prudent to identify areas
of low sampling intensity before performing any conservation planning exercise.

The biodiversity information captured in biological atlases is usually incorporated into
systematic conservation plans in the form of species distribution maps. These distribution
maps can take a number of forms (Rondinini et al. 2006). They can simply be the
unprocessed grid cell maps that are commonly the product of atlas projects. Alternatively,
they can be generalised into interpreted distribution maps that display the broad areas in
which species occur within the study area. This manipulation aims to reduce the frequent
omission errors found in atlas data (Rondinini et al. 2006). Modelled distribution maps are
occasionally included, often also with the intention of managing uncertainty and reducing
omission error (Margules and Pressey 2000; Funk and Richardson 2002). Sometimes only
species of special interest are included: rare, threatened or endemic species (e.g. Rouget
et al. 2004). Some conservation plans use expert consultation to combine this information
into areas of concern for a specific taxon. Locations with high endemism or high numbers
of endangered species are thus included as biodiversity features (e.g. Desmet et al. 2008).

Once the biodiversity features have been mapped, specific targets are set which are
defensible and quantitative (Margules and Pressey 2000; Desmet and Cowling 2004).
These targets can range from a single occurrence of each species (e.g. Rouget et al. 2004)
to 100% of the distribution in cases of Critically Endangered species (e.g. Ferrar and Lotter
2007). Algorithms are then used to identify areas which can achieve the targets while
minimising costs and maximising complementarity (Margules and Pressey 2000). The
result is a map of irreplaceability, in which planning units that are very important for
meeting the targets are highly irreplaceable (Margules and Pressey 2000).

Previous atlas projects in the southern African region have been extensively used in
conservation planning exercises (Van Jaarsveld et al. 1998b; Larsen et al. 2009b), despite
limitations of resolution, taxonomy, geographic coverage and bias. Indeed, conservation
planning has been one of the major uses of the pioneering South African Bird Atlas Project,
completed in 1997 (Dunn and Weston 2008; Harrison et al. 2008). Similarly, both national
and provincial conservation planning efforts have already made use of the South African
Frog Atlas Project (SAFAP) (Harrison et al. 2004). The South African National Spatial
Biodiversity Assessment used the SAFAP for distribution data and conservation status of
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11 threatened frog species (Rouget et al. 2004). This assessment regarded the SAFAP as
one of the better datasets available and largely exempted it from acknowledged biases due
to systematic sampling (Rouget et al. 2004). The SAFAP has also been used in several
regional conservation assessments (e.g. GDACE 2004; Turner and De Villiers 2007),
although in these cases the Quarter Degree Grid Cell scale is often too coarse a resolution
and only those records with accurate GPS positions can be included (57% of the total
records). Most of these conservation planning efforts concede that bias-associated data
may be limiting, but rarely quantify the degree of bias.

The editors of the SAFAP clearly acknowledge that geographic bias was present within
the atlas data. Two specific restrictions were identified: arid and mountainous regions
(Minter et al. 2004). Dry weather in the arid northwestern part of South Africa meant that
trips to this region resulted in few records. In some cases, a visit to a grid cell returned no
frog records. Thus, trips to this part of the country were targeted at the larger Half Degree
Grid Cell (HDGC) scale to save money and time (Minter et al. 2004). Difficulty in
accessing mountain peaks resulted in limited sampling in the Cape Fold Mountains,
Drakensberg Mountains and mountainous areas of Lesotho (Minter et al. 2004).

In this paper we provide a quantitative measure of geographic bias to inform accuracy
assessment of conservation prioritisation efforts based on the SAFAP. We also include a
parallel assessment of geographic bias within South African species distribution data
available from the Global Amphibian Assessment (GAA), a possible alternative to the SA-
FAP. We evaluate the advantages and limitations of these data for use in conservation
planning.

Methods
The South African Frog Atlas data

The South African Frog Atlas Project (SAFAP) was a project managed by the University of
Cape Town’s Animal Demography Unit (Minter et al. 2004). The project was initiated to
improve the quality of the distribution data available for South African amphibians (Minter
et al. 2004). Twenty-eight universities and scientific institutions participated in the frog
atlas project, either by supplying historical data or by contributing to active data collection
(Minter et al. 2004).

The atlas data were collected between 1996 and 2003 by volunteers and herpetologists
who entered species information onto report forms (Minter et al. 2004). The report forms and
associated evidence were checked and processed by regional organisers before being sent to
the University of Cape Town for data capture. The methodology involved the systematic
survey of the majority the Quarter Degree Grid Cells (QDGCs) in South Africa, Lesotho and
Swaziland. At each grid cell, presence records for frog species were acquired based on either
visual or audio evidence (Minter et al. 2004). Frogs, like birds, have distinctive calls that are
unique to a species and this greatly enhances the ability to atlas frogs. Data collection was
usually timed to correspond with the breeding season to optimise the discovery and identi-
fication of species based on breeding calls (Minter et al. 2004). Historical museum and
archive data were included to augment the data collected during the atlas survey. Museums,
personal databases and literature records were used as sources for historical data that covered
approximately 100 years of sampling (Minter et al. 2004). Data were corrected for updated
taxonomic classifications and doubtful records were excluded. Ultimately, 16,983 historical
records were included to support the 25,486 records collected during the atlas period.
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Assessment of geographic sampling bias in SAFAP data

Two different methodological approaches were used to analyse geographic sampling bias
in the SAFAP data. The first approach used numbers of atlas records as an indication of the
spatial variation in sampling intensity (Freitag et al. 1998; Parnell et al. 2003; Reddy and
Davalos 2003). Relatively better-sampled areas were expected to have returned greater
numbers of amphibian records. Thus, the collection density was computed and related to
hypothesised sources of bias. The second approach employed species richness as a measure
of sampling intensity. Higher sampling intensity in certain areas would have resulted in the
detection of relatively more species. The number of species in each QDGC was used to
identify gaps in sampling (Robertson and Barker 2006).

Biased collection density in relation to geographical features

Collection density is the number of records per unit area (Freitag et al. 1998; Parnell et al.
2003). It is a reflection on both the abundance of amphibians and the sampling intensity in
an area. For comparison with previous studies (Freitag et al. 1998; Parnell et al. 2003), we
calculated the collection density ‘per 100 km?*" for the entire study area. The number of
records per QDGC mapped the spatial variation in collection density over the country.

The distribution of records was then spatially related to features hypothesised to allow
ease of access to researchers and thus act as sources of sampling bias: cities, roads and
protected areas. Observed numbers of records were computed as the number of records
falling within certain distance categories from these features.

Cities: The six major cities in South Africa were used in this analysis: Bloemfontein,
Cape Town, Durban, Johannesburg, Port Elizabeth, and Pretoria. These cities also house
the institutions that contributed the most records to the SAFAP. Thus, distance from these
cities was presumed to be the distance that herpetologists would have to travel to survey
frogs.

Roads: The largest national roads were used, since these are the main routes that connect
the major cities. QDGCs in the countries of Swaziland and Lesotho were excluded from
this analysis due to lack of roads data. Roads are much smaller than the QDGCs through
which they transect, and there are often many roads within a single QDGC. This meant that
QDGC:s could not easily be assigned to a certain distance from roads. So, roads data were
converted into distance image maps (ArcGIS Spatial Analyst, “Distance”), such that each
QDGC contained 25 smaller pixels. Each of these smaller pixels was assigned the distance
to the nearest road (Parnell et al. 2003). Thus, the distances used are the average distance
(km) to any national road within each QDGC.

Protected areas: Since there is a large variation in the size of protected areas, some
QDGCs are completely enclosed within reserves, while other reserves are completely
enclosed within a single QDGC. Thus, the zero distance class used in this analysis con-
tained QDGCs that were either completely or mostly covered by protected areas. The
1-10 km distance class included cells that either partially intersected reserves or were
located within 10 km of the reserve boundary. The QDGCs in the remaining distance
classes had no direct contact with any reserve, but were located within the indicated
distance from the protected area.
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In line with several previous studies, expected number of records was calculated as:

Expected number of records =
Number of QDGCs within category

Total ber of d
Total number of QDGCs x Jotal number of records

Hence, the expected number of records became a function of the area covered by each
distance category (Freitag et al. 1998; Parnell et al. 2003). Observed patterns in the
distribution of records were compared to expected numbers and the differences indicated
the level of sampling within a category (Freitag et al. 1998). Since observed and expected
proportions were available per category, the appropriate statistical test was the ;(2 test
(McDonald 2009). A separate X2 test was performed for cities, roads and protected areas to
test for a significant difference between the observed and expected patterns. Since the high
sample size resulted in an unsuitably high power for these tests, a power analysis was
conducted (Quinn and Keough 2002; Lenth 2006). A minimum effect size of 5% (or
22,000 records) was chosen as this was approximately the size of the sampling bias effect
found in previous studies (Quinn and Keough 2002; Reddy and Davalos 2003; Parnell et al.
2003). Thus, sample size of observed numbers of records was reduced proportionally for
each test to obtain a power of 0.8 (f = 0.2, a conventional choice for power; McDonald
2009; Quinn and Keough 2002). We corrected for multiple tests using both the step-down
Bonferroni and False Discovery Rate methods (McDonald 2009). Only the corrected P-
values are presented in the results section.

The location of cities, roads and protected areas are often correlated, since they are all
manifestations of human presence (population density) within an area. Three correlations
(cities vs. roads; cities vs. protected areas; roads vs. protected areas) were performed to test
whether this covariance was evident at the QDGC resolution utilised here. Non-parametric
(Spearman) correlations were used to account for possible non-normality in the measured
distances from each feature (McDonald 2009). These distances from features were the
same categorical distances assigned to each QDGC and used in the previous analyses.
Step-down Bonferroni and False Discovery Rate corrections for multiple tests were
performed.

Identifying sampling gaps based on species richness

Species richness is defined as the number of species per unit area. The term species
richness is usually used to describe real patterns of species location in space. However,
when there is significant geographic sampling bias, measured species richness can be a
function of the degree of sampling intensity (Dennis et al. 1999; Reddy and Davalos 2003;
Ferreira et al. 2007). As sampling intensity increases, so measures of species richness
become more dependent on the actual species richness and less dependent on the sampling
intensity.

Funk and Richardson (2002) plotted the mean annual temperature and mean annual
rainfall of all the QDGC:s in their study area, thus creating a climate space in which they
then plotted the rainfall and temperature variables of collecting sites. The gaps between
collecting sites on the graph were then related back to a map of the study area to identify
areas where conditions appear suitable, but which were not sampled. Robertson and Barker
(2006) expanded on this method by using species richness values and adding heterogeneity
variables to the analysis. The methods formulated by Robertson and Barker (2006) were
followed here and are described below.
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Mean annual rainfall and mean annual temperature were calculated for each QDGC
from interpolated climate surfaces produced by the Climate Research Unit and based on
weather station data (New et al. 2002). Each Quarter Degree Grid Cell was then plotted
in a two-dimensional climate space defined by mean annual rainfall and mean annual
temperature (Robertson and Barker 2006). A bubble-plot was used to show how species
richness varied within this climate space. The size of each bubble represented the
number of species within each QDGC. The climate space was then divided into units of
100 mm rainfall by 2°C temperature. The QDGC with the highest species richness within
each climate unit was then identified. QDGCs with less than 50% of this highest value
were ‘possibly under-sampled’ (Robertson and Barker (2006) used the more conservative
value of 20%). In addition, if these ‘possibly under-sampled’ cells had a greater topo-
graphic heterogeneity (standard deviation of altitude per QDGC; 900 pixels per QDGC)
than the cell with the highest species richness, these were considered to be ‘probably
under-sampled’ (Robertson and Barker 2006). These categories were then mapped to
illustrate which parts of South Africa were poorly sampled.

The proportions of well-sampled and under-sampled cells were then calculated for
locations near to cities, roads and protected areas; and similarly for locations further
from these features. The same distances that had significantly more amphibian records in
the previous analysis were used as the threshold value for proximity to features. Results
were presented as a stacked bar chart. Chi-square tests for independence were used to
determine whether the proportion of ‘well-sampled’, ‘possibly under-sampled’ and
‘probably under-sampled” QDGCs were the same at locations near to, or far from,
geographic features (McDonald 2009). Again, only the P-values after correction for
multiple tests are given.

Assessment of geographic sampling bias in the GAA species distribution data

The IUCN commissioned the Global Amphibian Assessment to evaluate the status of all
amphibians described worldwide. This analysis was completed in 2004 and updated during
the 2008 TUCN Red List categorisation (JUCN, Conservation International and Nature-
Serve 2008). A product of this assessment was a set of geographic data that mapped the
Extent of Occurrence of each amphibian species (IUCN 2009). Extent of Occurrence is a
measure of species distribution defined as the area within the shortest boundary drawn
around all presence records of a species (IUCN 2001). This measure reduces omission
error, and geographic bias, in presence-only record data by encompassing poorly sampled
areas within the boundary of known occurrences. It is therefore possible that GAA Extent
of Occurrence data, while undoubtedly based on the SAFAP presence records, is a feasible
bias-free alternative for use in conservation plans.

To test whether Extent of Occurrence measures reduce geographic bias, we obtained
the GAA amphibian distribution data from the IUCN website (IUCN 2009). The species
distribution polygons were spatially joined to the South African QDGCs, and the species
richness of each grid cell was calculated based on the number of species polygons it
intersected. Since this provided species richness information, we then performed the
same species richness analysis of sampling bias that was described above. The same
climate units as before were used. Grid cells were classified into “well sampled”,
“possibly under-sampled” or “probably under-sampled” and these categories were
mapped.
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Results
Sources of geographic sampling bias in the SAFAP

Collections from the entire dataset contributed an average collection density of 3.35
records per 100 km? (or 21 records per QDGC). However, the data were highly skewed,
with many QDGCs containing low numbers of records (13.3% had no records) and few
cells containing many records (742 specimens from a single cell in northern Swaziland).
There was a clear gradient in number of records from the east to the west of the country
with parts the northeastern region and eastern coastline having the highest number of
records per cell (>101) (Fig. 1). The northwestern region and a few cells along the Dra-
kensburg Mountains showed a paucity of records. The Cape coastline also contained many
records, particularly in the surrounds of the city of Cape Town. Urban centres of Johan-
nesburg, Pretoria, Bloemfontein and Durban also showed local increases in the number of
records.

The results showed that the observed numbers of records were significantly different
from expected in relation to cities (X2 = 91.452; P < 0.0001), roads ()(2 = 87.060;
P < 0.0001) and protected areas (Xz = 96.814; P < 0.0001). There were substantially
more records than expected within 100 km and even 200 km of cities (Fig. 2a). Areas
furthest from cities (more than 401 km) were poorly sampled, with 6,697 fewer records
than expected. For national roads, there were 4,966 more records than expected within an
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Fig. 1 The spatial distribution of South African Frog Atlas Project records by Quarter Degree Grid Cell.
The white dotted lines show the locations of the Cape Fold Mountains in the west and the Drakensberg
Mountains in the east
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Fig. 2 The difference between the observed number of records and expected number of records within
certain distance categories from: a cities, b national roads and ¢ protected areas. The insets show maps of the
same distance categories as the vertical axes, with progressively darker shades indicating increased distance

from the features

average of 30 km from national roads (Fig. 2b). Further than 30 km from a national
road, there were fewer records than expected. Similar to cities and roads, the degree of
sampling showed a decreasing trend with distance from protected areas (Fig. 2c).
QDGC:s that fell entirely within, or less than 10 km from reserves were well sampled in
comparison to other distance classes. The 1-10 km distance category was particularly
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well sampled, containing 10,482 more records than expected (Fig. 2c). The areas further
from reserves, in particular those further than 50 km, had many fewer records than were
expected. Most cities, roads and protected areas were located in the eastern half of the
country and along the southern coast (see inset maps in Fig. 2). Spearman correlations
confirmed the spatial associations between these features (r = 0.21-0.40, P < 0.0001).
This reflects that fact that human population density and infrastructure development is
higher in these areas.

Sampling gaps in the SAFAP based on species richness

Species richness showed a similar east—west gradient as collection density, with many
more species per grid cell on the eastern side of South Africa, and few species per cell in
the north-west (Fig. 3). The highest measure of species richness came from a grid cell on
the northeastern coast, with a value of 49 species. The majority of the QDGCs in the
country contained between two and ten species.

When species richness was plotted within a two dimensional climate space, the highest
species richness values were found with a combination of high temperature and high
precipitation (Fig. 4). QDGCs with lower than 400 mm mean annual precipitation had
consistently lower measured species richness.

The results of this climate and heterogeneity assessment of sampling bias showed that
the eastern and coastal areas were better sampled than the central and western interior
(Fig. 5). Thirty-six percent of all QDGCs were well sampled. This analysis highlighted
areas of high heterogeneity as the most likely to have been poorly sampled, in particular

Species richness
0
1
B0
-4

.
[
.
1.
.
'3
L]
.
.,

T aguf v mmns

0 80160 320 480 640
o s e Kilometers N

Fig. 3 Measured species richness of amphibians per Quarter Degree Grid Cell. The white dotted lines show
the locations of the Cape Fold Mountains in the west and the Drakensberg Mountains in the east
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Fig. 4 Each Quarter Degree Grid Cell is a point within a two-dimensional climate space defined by mean
annual temperature and mean annual rainfall. The size of the bubble indicates the species richness of the
QDGTC, such that the larger the bubble the greater the numbers of species recorded in that grid cell. Climate
variables are calculated from interpolated climate surfaces produced by the Climate Research Unit and
based on weather station data (New et al. 2002)
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Fig. 5 An assessment of the quality of sampling in the SAFAP database for each Quarter Degree Grid Cell,
based on climate and heterogeneity. The pale grey cells have more than 50% of the highest species richness
in their climate unit, and are considered to be well sampled. The darker grey cells have lower than 50% of
the highest species richness in their climate unit, but also have lower heterogeneity. These cells are possibly
under-sampled. The black QDGCs have lower than 50% of the highest species richness in their climate unit,
but higher heterogeneity, and are probably under-sampled. The white dotted lines show the locations of the
Cape Fold Mountains in the west and the Drakensberg Mountains in the east
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the cells which occur along the escarpment (Fig. 5). “Probably under-sampled” grid cells
made up 10% of the total number of QDGCs.

This species richness assessment again revealed significant differences in the quality of
sampling regarding proximity to cities, roads and protected areas. Areas near to these
features contained more well-sampled cells and fewer ‘probably under-sampled’ cells than
areas further away. Within 200 km of cities, only 7.0% of QDGCs were ‘probably under-
sampled’ (Fig. 6), while further than 200 km from cities 11.6% of QDGCs fell into this
category. This difference was significant according to a y* test (> = 10.742; P > 0.01).
Proximity to roads presented a similarly significant difference in sampling quality
()(2 = 26.170; P < 0.0001). In the vicinity of national roads, 41.5% of QDGCs were well
sampled. This percentage decreased to 30.4 further than 30 km from roads. Again, protected
areas showed the most pronounced difference (4* = 170.447; P < 0.0001). Only 25.5% of
cells more than 10 km from protected areas were well sampled. Near to protected areas, this
measure doubled, with 52.7% well sampled QDGCs within 10 km of protected areas.

Geographic bias in the GAA species distribution data

The GAA polygons reduced much of the geographic sampling bias that was evident in the
SAFAP presence data. The number of well-sampled grid cells increased to 86%, which
covered the majority of the country including much of the arid western half (Fig. 7). Only a
small number of northern QDGCs remain ‘possibly under-sampled’. The numbers of
“probably under-sampled” QDGCs dropped to less than 2%, but these were still centred on
the Cape Fold and Drakensburg Mountains.

100 1

Percentage QDGCs

€ €
X X
o o
=1 =]
q Y
\ A

Cities* Protected areas*

| Probably under-sampled B Possibly under-sampled B Well sampled|

Fig. 6 The percentage of well-sampled and under-sampled Quarter Degree Grid Cells within certain
distances of cities, roads and protected areas. An asterisk (*) indicates a significant difference according to a
* test for independence (P < 0.05)
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Fig. 7 An assessment of the quality of sampling of GAA species distributions for each Quarter Degree Grid
Cell, based on climate and heterogeneity. The pale grey cells have more than 50% of the highest species
richness in their climate unit, and are considered to be well sampled. The darker grey cells have lower than
50% of the highest species richness in their climate unit, but also have lower heterogeneity. These cells are
possibly under-sampled. The black QDGCs have lower than 50% of the highest species richness in their
climate unit, but higher heterogeneity, and are probably under-sampled. The white dotted lines show the
locations of the Cape Fold Mountains in the west and the Drakensberg Mountains in the east

Discussion

The observed distribution of amphibian records in the SAFAP results from a combination
of real biological pattern and geographic sampling bias. In deciding whether conservation
planning can be reliably based on an atlas dataset, researchers must make a determination
of which of these two processes has been foremost in producing the observed pattern (Funk
et al. 1999). If variation in sampling intensity is exceedingly high, then sampling bias may
completely obscure the real biological pattern. In this situation, use of the dataset for any
form of conservation planning would be inappropriate. However, many authors believe that
the general patterns of species richness and species range size can be reliably detected
despite known geographical bias (Williams et al. 2002; Parnell et al. 2003). The acceptable
level of geographic bias depends on many factors, including the objectives, scope, data
formats and methodology employed within any particular conservation plan (Rouget et al.
2004; Rondinini et al. 2006; Robertson et al. 2010). This research provides both a quan-
titative and spatial assessment of geographic bias in the SAFAP, so that conservation
planners can make an informed decision about whether the data are sufficiently complete to
provide a reliable assessment.
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In comparison to some other studies, the 3.35 amphibians recorded for every 100 km?”
represents relatively sparse sampling. Dunn and Weston (2008) conducted a review of bird
atlases, and found that sampling intensity ranged from 2 to 8,480 records per 100 km?
(with an average of 470 records per km?). The first South African Bird Atlas amassed 7
million records of avian occurrence, a collection density of over 550 records per 100 km?
(Harrison et al. 2008). This was due to the participation of over 5,000 members of the
public, who added substantially to the database (Harrison et al. 2008). In contrast, only 420
volunteers submitted amphibian records to the SAFAP, and the majority of the records
came from experienced herpetologists (Minter et al. 2004). This reflects not only the lower
level of public interest in amphibians, but also some of the difficulties involved in frog
atlasing: amphibians are nocturnal, they are generally restricted to water sources, are often
only seasonally active and cryptic species require expert knowledge to identify with cer-
tainty. However, conservation plans that only include well-sampled ‘indicator’ taxa are not
representative of all aspects of biodiversity (Larsen et al. 2009). The SAFAP is currently
the most comprehensive dataset for amphibians in South Africa (Minter et al. 2004). It
presents the only opportunity for this often-overlooked taxon to be included in conser-
vation plans.

Collection density of the SAFAP records varied widely over the country. This variation
followed a predictable pattern with a clear east-to-west gradient in collection density. The
eastern parts of the country and the southern coastline had many more occurrence records
than the arid central western interior. There was also a significant association between the
location of amphibian records and human infrastructure. Cities, roads and protected areas
are most commonly located within the eastern part of the country, where human population
density is highest (Chown et al. 2003; Evans et al. 2006). The association between these
features and a high collection density may be only a consequence of spatial congruence
between amphibian distribution patterns and human activities. Evans et al. (2006) found
that human population density in South Africa was well correlated with both bird and
amphibian richness along this east-to-west gradient. Neither human populations nor
amphibian species diversity were concentrated in desert areas. This relationship between
species richness and human population density is also evident for other vertebrate taxa in
Africa and is primarily attributed to similar use of environmental energy (Reddy and
Davalos 2003, Chown et al. 2003; Evans et al. 2006). Temperature, precipitation and net
primary productivity all follow an analogous variation from high values in the eastern part
of South Africa to lower values in the west (Evans et al. 2006; Chown et al. 2003). This
finding complicates the separation between sampling bias and real biological pattern that is
necessary to assess the worth of atlas data for conservation planning. Evans et al. (2006)
conclude that bias in sampling effort plays only a minor part, if any, in this correlation.
Conversely, Reddy and Davalos (2003) suggest that sampling bias may actually be
responsible for the correlation due to high sampling in populated areas.

A species richness approach, which accounted for climatic variables and topographical
heterogeneity, provided an alternative measure of sampling quality to facilitate the reso-
lution of this issue. Only cells with similar climatic conditions were compared and then
those with lower topographic heterogeneity were held to a lower standard of expected
species richness. A possible limitation of this method is that the choice of a threshold for
poorly sampled areas is arbitrary. Robertson and Barker (2006) used a threshold of 20% of
the value in the most species rich cell. Increasing the threshold value to 50% meant that our
assessment of sampling quality was more rigorous and more cells were considered under-
sampled. There was a distinct relationship between the climate in a QDGC and its
amphibian species richness. Had this not been the case, the use of this method would have
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been uninformative. High species richness was associated with a combination of high mean
annual rainfall and high mean annual temperature. Cells with low rainfall (below 400 mm)
all had low species richness values. Robertson and Barker (2006) found a similar rela-
tionship with rainfall when assessing species richness maps from the National Herbarium’s
plant database for southern Africa.

This method reiterates the fact that large parts of the central western interior were
under-sampled. This result is comparable to that of Robertson and Barker (2006) who
found that plants were also under-sampled in this region. Similarities in the locations of
under-sampled areas between amphibians and plants suggest that factors determining
geographic sampling bias may be consistent across taxa. ‘Probably under-sampled’ were
many topographically heterogeneous cells along the Cape Fold Mountains and Drakens-
burg escarpment. The same areas of incomplete coverage acknowledged by the editors of
the SAFAP are highlighted here, namely arid and montane regions (Minter et al. 2004).
Moreover, the specific grid cells in which this under-sampling manifested were pinpointed.

Relating this species richness measure of sampling quality to cities, roads and protected
areas confirmed that the higher numbers of amphibian records in close proximity to these
features were the result of significantly more well sampled cells. Herpetologists involved in
surveying frogs concentrated their efforts within a 100 km radius of their residences and
places of work in the major cities: the syndrome of the easy day trip. When travelling
further afield, they followed the major national roads and sampled preferably within 30 km
of these convenient routes. In addition to bias towards easily accessed areas, our results
indicate that researchers do focus on areas that they believe to have a higher biodiversity.
There were significantly more well sampled QDGCs within 10 km of protected areas.
Researchers likely target these areas due to their natural state and perceived higher bio-
diversity. Roads and protected areas may also provide sampling opportunities in publically
accessible areas. This minimises potentially time consuming and complex negotiations
with multiple private landowners. Thus, despite the attempt at systematic sampling on the
part of the atlas researchers, cities, roads and protected areas received a disproportionate
amount of sampling effort.

We have shown that the SAFAP data contains significant geographical bias and sub-
stantial sampling gaps, but is this bias extensive enough to mask the real pattern of bio-
diversity? There is some evidence that suggests that the observed patterns represent true
amphibian species richness and abundance in South Africa. The broad scale east-to-west
gradient is prominent in both the numbers of records and species richness. This gradient
follows a real moisture gradient across the country and species richness was consistently
low in low rainfall regions. Amphibian reproduction is highly dependent on the availability
of standing water and the pattern of rainfall (Carey and Alexander 2003; McCarty 2001) and
thus this relationship is theoretically valid. The observed species richness patterns are also
consistent with biogeographical theories concerning the relative distributions of tropical and
temperate species (see Alexander et al. 2004). Furthermore, this broad east-to-west gradient
is not unique to amphibians. Species richness of birds recorded from the South African Bird
Atlas Project (Fairbanks et al. 2002) and plants from the National Herbarium’s plant
database (PRECIS; Robertson and Barker 2006) showed a similar gradient. In the SAFAP, it
is likely that both the real pattern in biodiversity and the pattern of sampling bias both follow
an east-to-west gradient. Thus, the east-to-west gradient in amphibian richness is a real
pattern, but it may well have been exaggerated by sampling bias. While the broadest scale
patterns are generally discernable from the SAFAP, significant levels of geographic sam-
pling bias mean that the dataset may not be sufficiently accurate at the finer scales optimal
for systematic conservation planning (Rouget et al. 2004).
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The GAA species distribution data generalised the pattern of amphibian species richness
in South Africa, decreasing local heterogeneity in the number of species recorded. This
reduced, but did not altogether eliminate, the geographic bias that was evident within the
SAFAP. The same arid and mountainous regions still displayed some geographic bias.
Whilst minimising much of the concern with bias associated data, these simplified species
boundaries do not necessarily provide a superior alternative to biological atlases. The
global nature of the GAA data means that they provide little more than the broad-scale
amphibian distribution patterns already apparent within the SAFAP data. Despite
decreased omission error, the data are now subject to increased commission error: the
incorrect assumption of species presence (Rondinini et al. 2006). Commission error renders
most alternative datasets ineffective for conservation planning at a scale suitable for
implementation. Accurate, up-to-date and formally documented species occurrence data is
generally a better option for including species distributions into fine scale conservation
planning. Until a dataset is available that minimises both omission and commission error,
conservationists must consider the implications of including flawed data in their plans.

Any biodiversity-based conservation planning requires the comparison of biodiversity
between regions. In datasets that contain significant geographic sampling bias, these kinds
of comparisons are ill-advised, since species richness can be both under- and over-esti-
mated relative to regions with differing sampling intensity (Reddy and Davalos 2003;
Williams et al. 2002; Robertson et al. 2010; Boakes et al. 2010). Over-estimated biodi-
versity may seem an unlikely difficulty, since the better sampled an area, the closer the
measured species richness is to the true value. However, when certain areas are prefer-
entially sampled, the species richness appears elevated in relation to poorly sampled areas.
Conservation plans will consequently afford greater priority to those areas for which
sampling was more intense, rather than areas with real high biodiversity. If the distribu-
tions of important species are included in the conservation plans, geographic sampling bias
will have a similar effect. These species will have had a higher probability of detection,
and more presence records, in well-sampled grid cells and will therefore impart higher
irreplaceability to these areas.

The association between high sampling intensity and human infrastructure is likely to
increase conservation conflicts around metropolitan areas. Conservation conflicts occur
when high biodiversity coincides spatially with high human activity, and land-use planners
must make difficult decisions between conservation and development (Van Rensburg et al.
2004; Chown et al. 2003). Conservation conflicts may be unavoidable when species
richness correlates with high human population density, as is the case in South Africa
(Chown et al. 2003; Van Rensburg et al. 2004; Evans et al. 2006). However, it would be
unfortunate if these problems were amplified by sampling bias. Geographic sampling bias
towards cities and roads in the SAFAP means that the perception of species richness near
to these features is inflated relative to other areas. The cells surrounding cities and roads
will contain an apparently high number of species occurrences within a smaller area,
increasing their value in complementary selection algorithms. Areas near to human
infrastructure are generally highly transformed and priority for reserve selection in these
areas should be avoided rather than enhanced.

The symptoms of this bias are evident in the irreplaceability map for endemic and
threatened animals in the National Spatial Biodiversity Assessment. Seven datasets,
including the SAFAP, formed the basis for this map (Rouget et al. 2004). Grid cells in the
province with the highest human population density, Gauteng, showed high irreplaceability
scores in this assessment. Other populous cities: Cape Town, Durban and Port Elizabeth
also had high irreplaceability. This bias is also carried through to regional biodiversity
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assessments, such as the Gauteng State of the Environment Report, which asserts that the
province “represents a relatively large proportion of South Africa’s biodiversity in a small
area” (GDACE 2004). In Gauteng and other provinces with high population density, the
priority for conservation may be exaggerated due to high sampling intensity and this may
be incompatible with essential social development.

Another important part of systematic conservation planning is the assessment of the
current reserve system. This gap-analysis stage identifies how well current reserves meet
the conservation targets (Margules and Pressey 2000). Historically, issues of biodiversity
conservation received little attention during the placement of South African reserves. The
current protected area system is thus an inadequate representation of biodiversity (Driver
et al. 2005). However, if a biased dataset is used in the evaluation of current reserves, they
may appear to conserve either high species richness or a high percentage of an individual
species distribution.

In the SAFAP database, there were considerably more amphibian records and double
the number of well-sampled QDGCs within 10 km of protected areas. This result was
similar to that of Reddy and Dévalos (2003) who found that bird species where much better
sampled within and surrounding the protected areas of sub-Saharan Africa. Since con-
servation of frog species is rarely the primary justification for the establishment of pro-
tected areas and amphibians are not restricted to reserves, this situation signifies a
legitimate and substantive sampling bias. This bias will negatively affect evaluations of the
effectiveness of the current reserve network for the conservation of amphibians. Current
reserves will apparently contribute highly to amphibian biodiversity targets, when in reality
these areas have just been preferentially sampled in comparison to other regions. Using the
GAA alternative data will yield a similar problem. Commission error may mean that many
species appear to be protected when in reality there are few actual occurrences within the
current reserve system (Rondinini et al. 2006). Furthermore, this may result in future
conservation plans assigning priority to areas in which the important biodiversity features
do not occur (Rondinini et al. 2006).

Over-estimated species richness may falsely enhance the conservation priority of certain
areas, or make protected areas seem particularly effective. Under-estimated species rich-
ness is an equally severe problem. It causes conservation plans to neglect areas that should
have received high priority (Reddy and Davalos 2003). Sampling of amphibians was poor
in remote areas, which consequently had low measured species richness. In the SAFAP,
large parts of the arid west had poor sampling intensity. These areas represent almost the
entirety of the Succulent Karoo, Nama-Karoo and Desert biomes. While it is unlikely that
these arid areas would ever achieve the high species richness of the tropical eastern parts of
the country, additional records will possibly result in the discovery of further species
occurrences. Thus, these areas may have an important contribution to make to biodiversity
conservation in the country, but at present, they will be overlooked during the conservation
planning process. Exchanging SAFAP presence records for species distribution polygons
in poorly sampled areas would enhance the inclusion of these areas into conservation plans.
However, when few occurrence data are available (as is the case for arid specialist
amphibians in South Africa), the construction of species distributions becomes more
speculative and less precise (Rondinini et al. 2006), with obvious implications for the
accuracy of conservation plans.

Gaston and Rodrigues (2003) tested the effects of different data types on reserve
selection, and found that even presence-absence datasets with low sampling effort can be
effective in producing reasonable reserve networks. However, the scenario that they
applied maintained equal sampling for every grid cell i.e. no geographic bias. Thus, if the
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geographic bias in the SAFAP could be minimised without concurrent increase in com-
mission error, the dataset could become invaluable to conservation planning. To achieve
this, sampling should be intensified in areas and for taxa known to have poor sampling
effort in the past (Parnell et al. 2003; Reddy and Davalos 2003; Kiiper et al. 2006). The
SAFAP itself has been helpful in identifying the areas that require additional sampling
(Donald and Fuller 1998; Dennis and Shreeve 2003; Graham et al. 2004). Dennis and
Shreeve (2003) found that focused sampling as part of a new atlas of French butterflies
addressed extensive under-sampling in previous atlases.

The geographic bias within the SAFAP could be minimised by additional targeted
sampling. The arid northwestern region of the country held few well-sampled QDGCs and
many grid cells with no amphibian records. This entire region would benefit from addi-
tional sampling. The distributions of common and widespread species undoubtedly extend
further into this region than is currently documented (Minter et al. 2004). More records of
little known arid specialists would improve knowledge of their distributions and life his-
tories. Precipitation is scarce and unpredictable in this region. In these situations,
amphibians are generally fossorial and breed opportunistically, awaiting good conditions
before emerging (Skelly et al. 2003). It may take many sampling trips, specifically timed to
brief periods of amphibian activity, before the bias in this region is completely reversed.
Conversely, the under-sampled QDGCs in topographically heterogeneous mountainous
areas require only that researchers overcome the logistical travel difficulties. These areas
should then return additional records and species occurrences within a short timeframe.
The Cape Fold Mountains, Lesotho Highlands, Limpopo Highlands and some QDGCs
along the Eastern Escarpment should be the target of supplementary sampling.

It is unlikely that any projects harnessing ‘citizen science’ could be completely free from
geographic sampling bias. Volunteers are increasingly vital contributors to broad-scale atlas
datasets (Boakes et al. 2010), but systematic and standardised sampling cannot be demanded
of them (Robertson et al. 2010). Since standardised surveys are seldom achievable, it is
imperative that sampling effort is precisely recorded. Person-hours, the number of visits to
an area, the distance travelled whilst observing, search methods or some combination
of similar survey effort variables must be documented (Dennis et al. 1999; Gaston and
Rodrigues 2003; Romo et al. 2006; Robertson et al. 2010). The second South African Bird
Atlas Project attempts to achieve this by requiring a strict sampling protocol per datasheet
submitted. A single datasheet provides for a maximum 5-day sampling period in a particular
pentad. Sampling must begin with an initial continuous 2 h of observation, and hourly
observations thereafter must be noted (www.sabap2.adu.org.za). Thus, a temporal unit of
sampling has been created (Robertson et al. 2010). Furthermore, technological advances
have increased the options for communication between project administrators and volun-
teers. Improved information dissemination means that participants can be notified of
locations requiring additional sampling whilst the project is ongoing (Robertson et al. 2010).
Again, the South African Bird Atlas 2 website provides a monthly updated gap analysis map
and reports on the achievement of the project goals (www.sabap2.adu.org.za).

Improved surveys will no doubt amass far superior data in terms of coverage, com-
prehensiveness and quality. However, there is urgency in the requirement for data with
which to analyse the anthropogenic effects on species ranges and for the prioritisation of
conservation. Concern for certain taxa, especially amphibians, means that investigations
aimed at identifying threats and creating conservation plans must proceed without
unnecessary delay (Skelly et al. 2003; Tyre et al. 2003).

In the interim, the SAFAP presents the best available dataset of amphibian occurrence
in South Africa. Conservation planners will have to employ methods that reduce the effects
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of geographic sampling bias. While using GAA species distributions presents an easily
available opportunity to reduce geographic bias, the global scale of this data means that
uncertainties arising from commission error are maximised. We have provided a simple
score of sampling quality in the SAFAP based on climate and heterogeneity for each
QDGC. This could be used to weight analyses in a manner similar to initiatives that have
measured recorder effort (Elphick 1997). Other options include bioclimatic modelling,
which can fill gaps in sampling and enhance incomplete datasets. Modelling predicts the
probability of occurrence of species based on environmental relationships discovered from
the primary data (Dennis and Shreve 2003; Reddy and Davalos 2003; Graham et al. 2004;
Segurado and Aratijo 2004; Kiiper et al. 2006). Prior to this assessment of sampling bias,
there were only vaguely stated concerns about the standard of SAFAP occurrence data and
its potential biases. The applicability of the SAFAP as the primary data for niche modelling
was indeterminate. It would now be possible to state the sampling quality of QDGCs
included in particular species models, and hence give an assessment of model quality.
Some conservation planners choose only to include adequately sampled species and
regions. For this reason, only threatened and endemic amphibians were included in the
National Spatial Biodiversity Assessment (Rouget et al. 2004). In areas with poor biodi-
versity data, expert knowledge can be used to define areas of high biodiversity (Berliner and
Desmet 2007). All of these measures rely to a greater or lesser extent on the original survey
data and geographic bias will influence their accuracy. We therefore recommend that a
detailed description of geographic bias accompany any use of an atlas dataset. In addition,
preliminary conservation plans constructed using biased data must be re-evaluated once
improved data becomes available.
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