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ABSTRACT

Aim Maps of species richness are the basis for applied research and conservation
planning as well as for theoretical research investigating patterns of richness and the
processes shaping these patterns. The method used to create a richness map could
influence the results of such studies, but differences between these methods have been
insufficiently evaluated. We investigate how different methods of mapping species
ranges can influence patterns of richness, at three spatial resolutions.

Location California, USA.

Methods We created richness maps by overlaying individual species range maps
for terrestrial amphibians and reptiles. The methods we used to create ranges included:
point-to-grid maps, obtained by overlaying point observations of species occurrences
with a grid and determining presence or absence for each cell; expert-drawn maps;
and maps obtained through species distribution modelling. We also used a hybrid
method that incorporated data from all three methods. We assessed the correla-
tion and similarity of the spatial patterns of richness maps created with each of these
four methods at three different resolutions.

Results Richness maps created with different methods were more correlated at
lower spatial resolutions than at higher resolutions. At all resolutions, point-to-grid
richness maps estimated the lowest species richness and those derived from species
distribution models the highest. Expert-drawn maps and hybrid maps showed
intermediate levels of richness but had different spatial patterns of species richness
from those derived with the other methods.

Main conclusions Even in relatively well-studied areas such as California, different
data sources can lead to rather dissimilar maps of species richness. Evaluating the
strengths and weaknesses of different methods for creating a richness map can
provide guidance for selecting the approach that is most appropriate for a given
application and region.

Keywords
Amphibians, California, distribution model, herpetological fauna, Maxent, range
maps, reptiles, species richness.

INTRODUCTION

Orme et al., 2005) or predicted with species distribution models
(Ferrier, 1997; Loiselle et al., 2003). If sufficient point observa-

Research in biogeography, macroecology and conservation
planning is often based on the analysis of grid maps of species
richness. There is considerable variation in how such maps are
generated. A common approach consists of overlaying range
maps of individual species. Such range maps can be expert-drawn
(Rahbek & Graves, 2001; Burgess et al., 2002; Brooks et al., 2004;
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tions of species occurrences are available, species richness can
also be directly generated from these points by counting the number
of distinct species for cells on a grid (Hijmans & Spooner, 2001).

Given the strong interest in the analysis of species richness maps,
there has been remarkably little attention given to the question of
how much these maps are affected by the data and methods used
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to create them, and how this variation influences inferences drawn
from these maps. Guralnick & Van Cleve (2005) compared species
richness patterns generated from museum and survey data and
found that richness patterns varied substantially with the data
source. Hurlbert & White (2005) showed that differences between
richness maps created with different expert-drawn range maps and
survey information influenced the correlation of environmental
factors with richness patterns. In addition, the spatial resolution of
richness maps affects the relative importance of different environ-
mental correlates (Rahbek & Graves, 2001; van Rensburg et al., 2002).
Recently, distribution modelling has been put forth as an alternative
for creating species range maps to produce richness maps (Loiselle
et al., 2003; Guisan & Thuiller, 2005), but such maps have not
been compared to richness maps produced by other means.

Here we map species richness of the herpetological fauna
of California using four types of range maps at three spatial
resolutions. The types of range maps used are ‘expert-drawn’ and
‘point-to-grid’ range maps, range maps obtained with a species
distribution model, and a ‘hybrid’ method that integrates data
from the other three methods. In all these methods, the first step
is the creation of grid-based range maps for individual species.
These individual range maps are subsequently combined to
obtain richness maps. In ‘point-to-grid’ mapping, range maps are
obtained by overlaying point observations of species occurrences
with a grid and determining presence or absence for each cell.
With this method, range sizes, and ultimately species richness,
are likely to be underestimated (‘error of omission’) in many areas
(grid cells), due to insufficient and spatially biased sampling
(Hijmans et al., 2000). Estimated species richness will generally
be highly influenced by sampling effort (i.e. related to the
number of records for an area). It follows that the accuracy of the
estimate of species richness should increase as the resolution of
the grid decreases (i.e. larger cells). For this reason, point-to-
grid mapping is often done using a grid with a relatively low
resolution, which can be a serious limitation to its usefulness.

Another approach is overlaying expert-drawn range maps. Such
range maps are commonly published in field guides, and often
referred to as ‘range maps), but we prefer the more specific term
‘expert-drawn range maps’ because expert-drawn range maps
represent only one type of range map. The information used to
generate these maps varies; some are based only on occurrence
data (e.g. a polygon around known occurrences), whereas
others incorporate varying degrees of knowledge, such as habitat
requirements or elevational limits of the species, in essence using
an informal distribution modelling approach. Compared to
point-to-grid richness maps, richness maps derived from expert-
drawn range maps are more likely to overestimate local richness
(‘error of commission’), because they are generally drawn to
include all areas where a species is known to occur without
excluding areas in between where the species may not exist. They
tend to map the ‘extent of occurrence’ of species that includes
the, perhaps much smaller, ‘area of occupancy’ (Loiselle et al.,
2003; Habib et al., 2004; Hurlbert & White, 2005).

Range maps can also be created with species distribution
models. In this approach known occurrences of a species and
spatially continuous environmental data layers are used to infer

the ecological requirements of a species. The geographical distri-
bution of a species is then predicted by mapping the area where
these environmental requirements are met (Austin, 1985; Nix,
1986; Graham et al., 2004a; Guisan & Thuiller, 2005). Given that
modelling extrapolates species ranges from point occurrences,
a successfully modelled range map should have lower omission
errors than maps made from points alone. They might be less
prone to error of commission because they can provide range
maps of a high spatial resolution that exclude unsuitable habitat
within the overall range. However, distribution records are often
spatially biased (Hijmans et al., 2000) and if the full environmental
distribution is not captured, predicted ranges are prone to error
of omission (Kadmon et al., 2004). Moreover, because distribu-
tion models rely solely on environmental characteristics, and are
ignorant of the effect of factors such as dispersal limitations or
species interactions on ranges, models often predict the presence
of species in areas where they are known to be absent. Because
of this limitation, hybrid methods have been developed that
capitalize on the high spatial resolution obtained from distribution
modelling but limit the possible error of commission. This can
be accomplished by restricting the predicted ranges using expert-
drawn range maps (Loiselle et al., 2003), biogeographical regions
(Peterson et al., 2002) or distance to the known occurrences
(Rissler et al., in press).

In this paper we compare richness maps created using each of
the four different methods presented above: (1) point-to-grid
mapping of species distribution records; (2) overlay of expert-
drawn range maps; (3) overlay of modelled species ranges; and
(4) a hybrid approach, which combines aspects of the three others.
We also investigate how spatial resolution (the grid cell size)
influences patterns of species richness generated by these methods.
We conducted this study with the herpetological fauna of California
because the availability of detailed range maps and the relatively high
number of occurrence records allowed us to make a meaningful
comparison of the four different methods.

METHODS

Point occurrence data

Point occurrence data representing specimen collection sites were
obtained from the Museum of Vertebrate Zoology (MVZ)
(http://mvz.berkeley.edu). We included records for all species
that occurred in California or nearby to avoid edge effects that
would have resulted if only Californian data had been used in
modelling (Fig. 1a). The specimens were collected between 1861
and 2003 with 25% collected before 1940, 50% before 1959
and 75% before 1979. All data were extensively examined for
errors by checking for geographical outliers with visual and
overlay methods (Hijmans et al., 1999) and by checking the
environmental outliers in DIVA-GIS (Hijmans et al., 2005).

Expert-drawn range maps

We used expert-drawn range maps from the California Wildlife
Habitat Relationships System (California Department of Fish
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Figure 1 (a) Point occurrences used for the
point-to-grid mapping and the distribution

model. (b) The Jepson regions of California. Hlomenee
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and Game & California Interagency Wildlife Task Group, 2002).
These maps are based on species—habitat relationships and represent
the maximum geographical extent over which the species can be
reliably expected to occur given suitable habitat conditions
(Airola, 1988; Davis et al., 1998; California Department of Fish
and Game & California Interagency Wildlife Task Group, 2000).
Expert-drawn range maps focused on the currently known dis-
tribution of a species. Historical occurrences of known extinct
populations were only considered for inclusion in the current
distribution if the expert was moderately confident that the species
could reoccupy the area within the foreseeable future without
human intervention. We used Stebbins (2003) to make expert-
drawn range maps for 11 species for which there were no maps
available, or that needed adjustment to accommodate taxonomic
revisions, notably in the genus Batrachoseps (Jockusch & Wake,
2002). We also edited the California Wildlife Habitat Relationship
map for Ensatina eschscholtzii because there was a clear error in it,
completely misplacing its extensive range in the Sierra Nevada.

Species distribution models

Species distribution models combine information from point
occurrence data and environmental variables to predict the geo-
graphical distribution of a species. Various statistical approaches
have been employed in this type of modelling. We used one
modelling method, Maxent (Phillips et al., 2006), which per-
formed very well in a recently completed model comparison
study (Elith eral., 2006). Maxent is a machine-learning tech-
nique based on the principle of maximum entropy. It estimates
the probability distribution of maximum entropy (i.e. that is
most spread out, or closest to uniform) of each environmental
variable across the study area. This distribution is calculated with
the constraint that the expected value of each environmental
variable under this estimated distribution matches the empirical
average generated from environmental values associated with
species occurrence data (Phillips et al., 2006). The output of the
Maxent model for a given species is a continuous surface of

© 2006 The Authors

values ranging between 0 and 100, where high values indicate a
higher probability of finding a given species.

We used the point occurrence data described above and the
following seven climatic variables to run models: (1) annual mean
temperature; (2) mean diurnal temperature range; (3) maximum
temperature of the warmest month; (4) minimum temperature
of the coldest month; (5) annual precipitation; (6) precipitation
seasonality (coefficient of variation across months); and (7) pre-
cipitation of the driest quarter. These variables were used because
they represent variables that describe the general trends (i.e.
means), variation in temperature and precipitation as well as
those variables that potentially represent physiological limits
for species. All variables were obtained from the WorldClim
data base (Hijmans et al., 2005). From this global data base we
extracted data for western North America from approximately
the eastern base of the Rocky Mountains between the Canadian/
US border and the southern tip of Baja California. Using ArcInfo
(ESRI, Redlands, CA, USA) we transformed the data to the
equal-area Teale—Albers projection that is commonly used in
California, using a spatial resolution of 1 km.

We divided the occurrences for each species into training
(75%) and test (25%) points. Background (‘pseudo-absence’)
points were taken for each species by random sampling from the
area within a bounding box around the occurrence points. The
bounding box was 1.5 times the minimum rectangular bounding
box that could be drawn around the points. The test and
background points were used to calculate the Cohen’s x (kappa)
statistic and receiver operating characteristic (ROC) curves.
Cohen’s k¥ (Cohen, 1960) is a measure of model performance. It
requires a threshold for true (species is present)/false (species is
absent). We calculated k using 100 different thresholds to deter-
mine the threshold that produced the highest k (max-x). We
then used this threshold to transform the continuous model out-
put to a presence/absence prediction for each species. The area
under the ROC curve is commonly used to evaluate models in
species distributional modelling. A ROC curve is created by
plotting the true-positive fraction against the false-positive
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fraction for all test points across all possible probability thresholds
(Fielding & Bell, 1997). The curve goes from (0,0) to (1,1) and a model
that produces a curve with a high true-positive fraction at low values
of the false-positive fraction is considered good. This is commonly
quantified by calculating the area under the curve (AUC). The
AUC ranges from 0 to 1 where a value of 0.5 indicates that a model
is no better than random and a value of 1 indicates that the model
can discriminate perfectly between presence and absence records.

Hybrid approach

We developed a hybrid approach that incorporated information
from the occurrence points, modelled ranges and expert-drawn
range maps. First, the expert-drawn range maps were modified
to include buffered occurrence points for each species; this
was necessary because many occurrence points were outside the
range maps. We used a buffer of 25 km. Buffer size is somewhat
arbitrary, and its choice should depend on the data at hand.
Based on preliminary analyses we determined that a smaller
buffer would lead us to exclude many areas where a species is
likely to occur, and a larger buffer size would lead us to include
many areas that appear to be climatically suitable but where the
species does not occur, for example because of competition or
limited dispersal ability. We then cut the modelled ranges by
these point-modified expert-drawn range maps in an attempt to
remove error of commission (Fig. 2).

Richness maps and spatial resolution

For all four methods, we made range maps for individual species
at a spatial resolution of 1km. The expert-drawn range maps
were converted from polygons to grids. To create richness maps
based on expert-drawn range maps, distribution models and
hybrid range maps, we combined, through summation, the
presence/absence maps for individual species. A spatial resolution
of 1 km is clearly too small for creating richness maps based on
point occurrences alone (i.e. point-to-grid method), but we
include it for comparison purposes as an example of worst

Figure 2 Schematic depiction of the hybrid richness mapping
approach. (a) Occurrence data, where circles represent occurrences
within and the square outside the expert-drawn range map. All
occurrences were buffered. The hatched area represents the expert-
drawn range map and the grey represents the modelled range map.
(b) Hybrid range map which is the intersection of the expert-drawn
range map, buffered points and modelled distribution.

practice. Each 1-km spatial resolution range map was aggregated
to 25- and 50-km resolution, such that if a species was present in
any of the component cells at the finer resolution it was considered
present in the aggregated (larger-resolution) cell. We then summed
these lower-resolution range maps of individual species richness
to create richness maps for the 25- and 50-km resolution. All
these analyses were done in DIVA-GIS (Hijmans et al., 2004).

RESULTS

Point occurrence data

We obtained a total of 108,854 observations (specimens) for the
159 species of terrestrial reptiles and amphibians occurring in or
near California. There were 23,708 unique localities and 32,098
unique occurrences, i.e. combinations of species and localities
(of which 24,397 were actually within California). The median
number of observations per species was 94, the 10th percentile
was 17 and the 90th percentile 505 observations per species.
Within California there were point occurrences outside the
expert-drawn range maps for 112 of 128 species that occur in
California. Of these species, the median proportion of occur-
rences outside the expert-drawn range maps was 10.8%, and the
maximum was 66.7%. Frequently, these occurrences were within a
relatively short distance (< 25 km) of the range maps. There were
only 36 species with an occurrence further then 25 km from
their corresponding expert-drawn range map, and for these
species the median proportion of occurrences beyond 25 km was
1.0%. The median year of collection of the records from out-
side the range maps was similar to those collected inside the
range maps, whether calculated across all records (outside, 1971;
inside, 1951) or after first calculating the medians for each
species individually (outside, 1965; inside, 1961). Based on the
Jepson regions of California (Hickman, 1993), there was a
median of 49 observations per 1000 km? with Central Western
California having the highest density of occurrence records and the
Modoc Plateau the lowest (Table 1, Fig. 1b). The Jepson regions
are based on a combination of the Jepson flora, describing

Table 1 Availability of species occurrence data by Jepson region in
California

Number of  Area Density

Jepson region observations (1000 km?)  per 1000 km?

Cascade Ranges 953 21 46.1
Central Western California 4973 37 133.3
East of Sierra Nevada 693 13 52.8
Great Central Valley 1902 59 324
Modoc Plateau 220 23 9.6
Mojave Desert 3243 74 43.8
North-western California 4661 56 83.3
Sierra Nevada 4113 63 65.1
Sonoran Desert 1339 29 45.9
South-western California 2300 34 68.0
© 2006 The Authors
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Figure 3 Comparison of range sizes of amphibian and reptile species from California for four mapping approaches and three spatial resolutions.
The four different types of range maps are expert-drawn (horizontal axis), point-to-grid (circles), distribution model (crosses) or hybrid approach
(squares, which used data from all other range map types), at three spatial resolutions (A, 1 km; B, 25 km; C, 50 km). The line represents y = x.

where plant species were known to occur, and by natural
features, including broadly defined vegetation types, and geological,
topographical and climatic variation (Hickman, 1993).

Species ranges

The mean value of max-« across all models was 0.64 (SD = 0.15)
and the AUC was 0.82 (SD = 0.13). Acceptable values of max-x
vary in the literature, but generally 0.6 and above are considered
‘good’ (Czaplewski, 1994; Fielding & Bell, 1997). The AUC result
can be interpreted as the probability that the model has correctly
classified presence and background points for a given species,
and values above 0.75 generally indicate adequate model perform-
ance for most applications (Pearce & Ferrier, 2000).

Range sizes varied strongly by method used and spatial resolu-
tion (Table 2). The 10% quartile and median show that point-to-
grid maps give the smallest ranges, the hybrid and expert-drawn
range maps have similar, larger ranges, and the distribution
model ranges are the largest. The 90% quartile shows a similar
pattern, but modelled ranges are much closer to the hybrid
and expert values. While this pattern applies at all resolutions,

differences between the approaches generally decreased with
larger cell size (Table 2, Fig. 3). Only at the lowest resolution (50 km)
do the range sizes of the point-to-grid range maps approach
those of the expert-drawn range maps; however, the distribution
model-based range maps deviate more from the expert-drawn
range maps at this resolution (Fig. 3).

Species richness

Correlations among richness maps created with different
methods increased with decreasing resolution (Table 3), and the
differences between methods at 1-km resolution all but dis-
appeared at 50-km resolution. Nonetheless, the spatial differ-
ences among the methods persisted, though more in terms of
actual number of species predicted than in the location of
regions of relatively high richness (Fig. 4). For example, all
methods showed relatively high richness in the Sierra Nevada
and Central Western California regions and the contact zone
between the Central Western California, Mojave Desert and
Sonoran Desert regions in southern California, and low richness
in the north-east of the state (Figs 1b and 4).

Table 2 Comparison of range sizes (km?) and median richness values for grid cells for species richness maps derived from four different types
of range map (expert-drawn, point-to-grid, distribution model and hybrid approach using data from all others), at three spatial resolutions. The

median and 10th and 90th percentiles of range sizes are reported

Spatial resolution

1 km 25 km 50 km

Expert- Point-  Distrib. Expert- Point- Distrib. Expert-  Point- Distrib.
Range type drawn to-grid  model Hybrid  drawn to-grid  model Hybrid  drawn to-grid  model Hybrid
10th percentile 1386 8 4437 1407 5625 1875 20,625 6875 10,000 5000 35,000 12,500
Median 33,602 60 70,759 31,248 55,000 16,250 128,750 61,875 80,000 40,000 180,000 92,500
90th percentile 196,665 391 212,861 171,669 268,125 106,250 298,125 267,500 347,500 237,500 367,500 332,500
Median richness 26 0 36 23 30.5 9 50 31 34 20 58 34

© 2006 The Authors
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Figure 4 Species richness of amphibian

and reptile species in California based on
summation of four different types of range
maps (I, expert-drawn; I, point-to-grid;

IIL, distribution model; IV, hybrid approach
using data from all others) at three spatial
resolutions (A, 1 km; B, 25 km, C, 50 km). The
polygons are the Jepson regions of California.

Table 3 Correlation coefficients among richness maps created with four different methods: expert-drawn, point-to-grid, and distribution

models, and a hybrid method

1 km 25 km

50 km

Point-to-grid ~ Distrib. model ~ Hybrid  Point-to-grid  Distrib. model ~Hybrid  Point-to-grid

Distrib. model ~ Hybrid

Expert-drawn ~ 0.038 0.445 0.794 0.487
Point-to-grid 0.035 0.056
Distrib. model 0.766

0.635 0.839 0.727 0.729 0.868
0.393 0.492 0.622 0.717
0.859 0.890

The distribution model richness map had high richness values
compared to those generated by other methods (Table 2, Fig. 4),
consistent with the large modelled range sizes (Table 2). Richness
in the Central Western California region, especially the San
Francisco Bay area, the Central Valley and, to a lesser extent, the
Mojave Desert region and the contact zone between the Central
Western California, Mojave Desert and Sonoran Desert regions
in southern California, was markedly higher on the distribution
model richness map than on that derived from the expert-drawn
range maps (Fig. 5). Correlations among the expert-drawn range
maps and distribution model derived richness maps increased
from 0.45 at 1-km resolution to 0.73 at 50-km resolution
(Table 3).

The hybrid richness map had slightly lower richness values
per grid cell than the map based on expert-drawn ranges and much
lower values than the richness map created with distribution

models (Table 2, Fig. 4). As the hybrid richness map draws on the
expert-drawn range maps and on the distribution model range
maps, it has a relatively high correlation with the richness maps
derived from either of these sources, across spatial resolutions;
the highest correlation, 0.89, is with the distribution model
richness map at 50-km resolution (Table 3). There are substantial
differences between the expert-drawn richness map and the
hybrid richness map, even though species range sizes were
similar (Table 2). Certain areas, such as the Central Valley and the
Central Western California region, especially the San Francisco
Bay area, and to a lesser extent the greater Los Angeles area in the
South-western region, have higher richness on the hybrid
richness map than on the expert-drawn richness map. Other
areas, including the North-western region and the Modoc
Plateau in the north and the Mojave and Sonoran Deserts in the
south-west of the state, have higher richness on the expert-drawn

© 2006 The Authors
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Figure 5 Difference in species richness of
amphibian and reptile species in California
based on the summation of four different
types of range maps (I, distribution model —
expert-drawn; II, hybrid approach — expert-
drawn) at three spatial resolutions (a, 1 km;
b, 25 km; ¢, 50 km); habitat intactness

index (F. Davis, personal communication)
(d), and the number of observations at

two resolutions (e, 25 km; f, 50 km). The
polygons are the Jepson regions of California.

richness map (Fig. 5a—c). These differences decrease with resolu-
tion, with very few cells having a difference of more than five
species at a resolution of 50 km (Fig. 5a—c).

DISCUSSION

Each of the four methods explored in this study yielded different
richness maps, highlighting the importance of considering the
method used to create such maps. Richness maps had a higher
correlation at lower spatial resolutions, but even at a resolution
of 50 km high correlation masks pronounced regional differ-
ences that might strongly affect inference based on these maps.
Progress in macroecological analysis, and other research that
depends on species richness maps, would therefore be well
served by continued efforts to improve knowledge of species
distributions, and to account for the effect of uncertainty in the
patterns analysed. However, not all analyses will be affected
equally. For example, Hurlbert & White (2005) found that different
environmental factors were better correlated with richness maps
based on bird survey data than with maps based on expert-drawn
ranges, while Mathias et al. (2004) found no significant differences
when comparing different sets of expert-drawn range maps.

© 2006 The Authors
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Distribution models predicted the largest range sizes of any

method and corresponding higher levels of species richness,
indicating that they might ‘over-predict’ the range size of a given
species. Such error of commission can arise because the models
are based on climate factors only and are ignorant of species
interactions or limited dispersal ability (Pulliam, 2000; Anderson
et al., 2002; Guisan & Thuiller, 2005; Soberén & Peterson, 2005).
California is topographically complex and has major mountain
chains such as the Sierra Nevada and Coastal mountains, which
are separated by the large Central Valley. Such topography is
likely to generate barriers to dispersal for many of the amphibi-
ans in California, which often have low dispersal ability and may
therefore not exist in all suitable habitats (Wake, 1997; Jockusch
et al., 2001; Jockusch & Wake, 2002). While over-prediction is
undesirable in many applications where precise estimates of
richness are required it has been illuminating in several ecological
and evolutionary applications (e.g. Peterson et al., 1999; Raxworthy
etal., 2003; Graham et al., 2004b). In the context of richness
mapping it may be interesting to compare the predicted and
observed species richness across space to identify regions of
discrepancy between the two measures and to test abiotic and
biotic hypotheses leading to this discrepancy.
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The expert-drawn range maps for California attempt to
capture current species distributions. The large number of distri-
bution records outside (but close to) the ranges indicates that
the expert maps do not exactly delineate ranges. Most of the
occurrence data base, also thoroughly checked by experts, was
not yet available when the expert-drawn maps were created
because retrospective georeferencing of the MVZ collection had
not been completed. In might be that in some cases the species
was considered extinct in locations were it was previously
collected, but our analysis suggests that this is not generally the
case, because the records outside the range maps tended to be
more recent than the ones inside the range maps. Nevertheless,
the attempt to capture current distributions may explain some
of the differences between richness maps derived from expert-
drawn and modelled species ranges. Richness based on modelled
ranges is higher in the Central Valley where land use is domi-
nated by agriculture and in the urban Los Angeles area (Fig. 5d).
While experts are likely to have excluded such areas as suitable
habitat for many species, distribution models indicate that parts
of the Central Valley have suitable conditions for many species
based on climate. In this case, richness maps based on distribu-
tion models may provide a more accurate estimate of historical
species richness in the Central Valley, while expert-drawn range
maps may better portray the current distribution.

A second difference between richness maps based on modelled
ranges and those based on expert-drawn range maps is likely to
stem from biases in the point occurrence data used in the distri-
bution models. In general, models tend to predict lower richness
as compared to range maps in the north-west (North-western
and Madoc Plateau regions) and south-west (Mojave and Sonoran
Desert regions). For these regions we had few point occurrences
relative to other parts of California, indicating that they are
relatively under-sampled (Fig. 5e,f), perhaps a reflection of relying
solely on a collection housed in central west California. Such
under-sampling can influence species distribution models; if
there are no records of occurrence in an area with an environ-
ment that is distinct from areas from where there are records,
then a model will generally predict this environment to be
unsuitable (Kadmon et al., 2004). On the other hand, in cases
where species only use environmentally restricted parts of such
areas, the modelled ranges are likely to be more accurate than the
expert-drawn range maps.

It is likely that the point-to-grid method does not capture
actual species richness unless a rather large grid cell size is used.
While they may serve as a conservative bench mark at large grid
sizes, the other methods for creating richness maps seem more
promising unless observational data are very dense. Nonetheless,
point occurrence data can provide valuable additional informa-
tion to expert-drawn range maps. First, expert-drawn range
maps tend to be somewhat static; once created they are difficult
to revise or evaluate by others than the experts who created them.
In contrast, through on-going georeferencing (Wieczorek et al.,
2004) and species occurrence data-sharing initiatives (Stein &
Wieczorek, 2004) additional occurrence records are continuously
becoming available. These new records may represent areas outside
the expert-drawn range maps and provide valuable information

about species ranges. Further, because much of this information
comes from museum collections each point can — to some
extent — be evaluated for veracity (Graham et al., 2004a). Second,
expert-drawn range maps, in the case of California and perhaps
more generally, reflect current species distributions. For areas
with a long sampling history, records of occurrence that fall
outside these maps may provide information on the historical
range (i.e. pre-anthropogenic disturbance) of a given species.

The hybrid approach uses all sources of information: point
occurrences, expert-drawn range maps and modelled distributions.
By limiting models with point-modified expert maps we can
capitalize on the strengths of each method. The high spatial resolu-
tion of ranges predicted with a species distribution model can be
used, but errors of commission outside of the known range of
a species are removed. In the case of the California data, the
modification of range maps may have resulted in the inclusion of
areas that currently are not suitable for a given species because of
alteration of the habitat by humans. Whether species distribution
and richness maps should aim at representing the current situation,
a potential future situation or the situation at some point in the
past depends on the application for which the maps are made.

There are several sources of variability and error associated
with point occurrence, expert-drawn and modelled ranges, and
the magnitude of these errors is generally unknown and likely to
vary on a case-by-case basis. Point occurrence data will almost
always underestimate the true area of occupancy for a species
because of sampling bias and stochasticity of occupancy of
locations over time. Further, the availability of point occurrences
varies and is likely to be higher in California than in many other
regions, especially in the species-rich tropical countries. The
nature of expert-drawn range maps depends upon their intended
use and on the expertise available, and they are usually much larger
in extent than the true area of occupancy. While the expert-drawn
range maps used here may provide relatively accurate distributions,
such maps are likely to be much less accurate for many other
regions. Finally, the benefit of the hybrid mapping technique
used here is dependent upon both the magnitude of under- or
over-estimation of expert-drawn and modelled range maps and
the relative spatial disjunction of these ranges.

We have not explored the possibility of varying the method
used in different areas within a given region or assessing the
uncertainty associated with a given method. For example, where
an expert-drawn range map predicts that a species is present but
a distribution model predicts its absence, an expert-drawn range
map might be accepted as correct if there is reason to believe that
the sampling was biased in geographical or environmental space,
whereas the model result might be accepted in other cases. Further,
overall sampling effort in terms of environmental coverage,
based on point occurrences in a geographical region across all
species, might be used to indicate confidence in richness patterns
since both expert maps and distribution models are likely to be
affected by a lack of data. Information about historical barriers
and/or competitors could be used in lieu of expert-drawn range
maps to limit species distribution models.

Even in relatively well studied and sampled areas such as
California, different methods and data sets lead to rather distinct
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maps of species richness. We cannot readily evaluate which
method was most accurate because we do not have perfect
knowledge about how species are distributed. Nonetheless,
by exploring different methods of creating richness maps we can
evaluate the weakness of different approaches and this may help
us determine how to create a richness map for a given application
and region. In most cases, this is likely to be a hybrid approach
that combines the high spatial resolution of distribution modelling
with expert opinion.
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