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AbSTRACT

A recent debate concerns the relative merit of the two major types of sur-
rogates for biodiversity, biological surrogates and environmental surrogates. 
Evidence, in the form of direct comparison of these two surrogate types, is 
scarce. We conducted a direct comparison of the performance of a series of 
biological and environmental surrogates, at a local scale (300 km2), which 
is often the relevant scale for land planning and management. Performance 
was referred to as the degree of surrogate congruence with a spatial pattern of 
diversity of woody species, of geophytes, and of land snails. “Environmental 
domains”, surrogates based on numerical classification of environmental 
variables (topography, soil, and vegetation cover), outperformed other envi-
ronmental surrogates (qualitatively delineated vegetation units and physio-
graphic land types). The environmental domains surrogates were robust to 
subjective decisions on a number of classes and on input variables that drove 
the classification. The best biological surrogate was the woody species diver-
sity pattern, with performance similar to that of the environmental domains. 
Our results support the notion that environmental domains may be reliable 
and cost-effective surrogates for biodiversity at small scales, particularly in 
data-poor regions.

Keywords: biodiversity surrogates, environmental domains, K-means clas-
sification; protected areas, Mt. Carmel

INTROdUCTION

The entire range of biodiversity can never be fully mapped, and surrogate maps are used 
for conservation-oriented decision making (Belbin, 1993; Faith and Walker, 1996b). 
There are two major types of surrogates, biological and environmental. biological sur-
rogates are measures of richness, endemism, rarity, and complementarity of taxonomic 
or functional groups that are presumed to be indicators of biodiversity patterns at large 
(Prendergast et al., 1993; Gaston and Blackburn, 1995; Myers et al., 2000).
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Environmental surrogates involve the partition of the land into spatial units, in which 
each unit is supposed to be relatively homogeneous in its environmental traits and dif-
ferent from other land classes (Mackey et al., 1989; Kirkpatrick and Brown, 1994). The 
rationale behind environmental surrogates is that environmental variation should indi-
cate organismal diversity (Belbin, 1993; Faith and Walker, 1996a). Thus, congruence is 
expected between mapped land classes and the actual distribution of the myriad species 
that make up biodiversity. There are two distinct ways to delineate spatial boundaries 
between land classes: (1) qualitative classification of an area into land classes, based 
on information on soil properties, topography, or other land cover types (Cardillo et al., 
1999; oliver et al., 2004) or into vegetation types (Ferrier and Watson, 1997; reyers 
et al., 2001), and (2) numerical classification of the land into environmental domains 
(Kirkpatrick and Brown, 1994; Fairbanks, 2000; leathwick et al., 2003). in numerical 
classification of land, environmental layers (digital Gis maps of soil, topography, etc.) 
are used to classify the geographic space into spatial domains under explicit classifica-
tion rules. The principal advantage of environmental domains is that they can be mapped 
remotely, providing full geographical coverage of large regions relatively cheaply and 
rapidly (Ferrier and Watson, 1997; Ferrier, 2002).

Criticism has been leveled at the biological-surrogates approach to biodiversity 
mapping (Franklin, 1993; Prendergast, 1997). among the main problems are (1) the 
unknown, possibly large, cumulative error produced in the process of overlaying many 
species-distribution maps, where errors inherent in each data set are multiplied (Flather 
et al., 1997; lenton et al., 2000); and (2) the low congruence between spatial patterns of 
diversity in different taxa (lombard, 1995; Howard et al., 1998).

Most studies that have assessed the performance of environmental surrogates have 
yielded supportive results (e.g., Ferrier and Watson, 1997; Wessels et al., 1999; Mac-
nally et al., 2002; Trakhtenbrot and Kadmon, 2005; see Table 1). Yet environmental 
surrogates have also received criticism, (1) because of low congruence between land 
classes and actual species distributions (araujo et al., 2001, 2003; but see Faith, 2003, 
for another interpretation), and (2) because different weighting schemes of input vari-
ables and different classification procedures may yield entirely different environmental 
domains (e.g., Ferrier and Watson, 1997; Macnally et al., 2002; Trakhtenbrot and Kad-
mon, 2005).

Given the limitations of both surrogate types, a recent debate in the scientific litera-
ture concerns the merit of these surrogates, and which is most appropriate to use (Araujo 
et al., 2003; Faith, 2003; Brooks et al., 2004; Cowling et al., 2004; Pressey, 2004). This 
debate has little direct evidence to rely upon: although a fair number of studies have 
assessed the performance of surrogates for biodiversity (Table 1), most of them related 
to either biological or environmental surrogates. Surprisingly few studies compared the 
performance of both surrogate types directly (Kirkpatrick and Brown, 1994; Ferrier 
and Watson, 1997; reyers et al., 2002; Bonn and Gaston, 2005). These studies used 
similar methods to compare surrogates. They assessed the proportion of area required to 
represent the same biodiversity elements using each surrogate (Kirkpatrick and Brown, 
1994; reyers et al., 2002; Bonn and Gaston, 2005). in these studies, both surrogate 
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types had some degree of success in representing biodiversity elements, and in all four 
studies neither surrogate type performed consistently and significantly better than the 
other (Kirkpatrick and Brown, 1994; Ferrier and Watson, 1997; reyers et al. 2002; 
bonn and Gaston, 2005). Environmental surrogates tended to miss rare species with a 
small distribution range (Kirkpatrick and Brown, 1994; reyers et al., 2002). in some 
cases, environmental surrogates performed no better than expected by chance (bonn 
and Gaston, 2005).

Most studies (Table 1) were conducted in relatively large areas, typically 104–106 
km2 (Table 1). one of the reasons for the scarcity of fine-scale studies is that both en-
vironmental and biological data are often available at coarse scales only. Yet, questions 
asked by local planners and managers typically address smaller areas (often at the scale 
of 102–103 km2; Kerr et al., 2000; Ferrier, 2002; ricketts et al., 2002). Conclusions de-
rived from coarse-scale studies may not hold at much finer scales (rahbek, 2005). The 
typical use of environmental domains, the selection of a network of protected areas, is 
irrelevant at these small scales. Yet, local-scale environmental domains could prove 
particularly useful in delimiting the boundaries of a specific reserve and locating specific 
development projects. Our goal here is to compare directly the relative performance of 
biological surrogates and environmental surrogates in representing actual biodiversity 
patterns at a local scale.

MeTHods

STuDy ArEA
Mt. Carmel, israel, typical of the Mediterranean region, provides a challenging scene 

for surrogates for biodiversity patterns owing to its fine-scale heterogeneity in topog-
raphy, soil properties, and vegetation, and to the heavy human impact that confounds 
the impact of environmental determinants on species distributions. The study area was 
330 km2, with an altitude range of 40–520 m and annual precipitation between 600 and 
770 mm.

bIologICAl SurrogATES
We surveyed intensively three functional groups (woody species, geophytes, and 

land snails) across the entire region. Each group served as a reference to validate the 
two other biological surrogates and the environmental surrogates. We applied a strictly 
random sampling scheme in which 110 sites were distributed across the area (excluding 
urban areas and agricultural lands, Fig. 1). Site size was 0.1 ha. We recorded presence 
and absence data at three sample points within each site, with a distance of 20 m be-
tween sampling points. The sample area was 75 m2 for woody species and geophytes 
and 1 m2 for land snails. We surveyed plants and land snails from October 2002 through 
May 2003 and geophytes during March 2003. Yair or of roTeM, israel Plant informa-
tion Center, and Henk Mienis of Tel aviv University confirmed species identifications 
for plants and snails, respectively. We intentionally chose to use presence and absence 
data, in spite of the lower information content. The use of presence and absence data, as 
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opposed to abundance data, decreases detectability of possible correlations between bio-
logical and environmental data sets because spatial patterns are less pronounced (Oliver 
et al., 2004). However, when such correlations are found, they are more likely to reflect 
profound biodiversity patterns than ephemeral patterns of abundance.

In order to construct biological surrogates compatible with the environmental surro-
gates (spatially explicit domains), we used species presence/absence data to classify the 
110 sampling sites into 10 clusters (or classes, Ferrier et al., 2002). We chose K-means 
partitioning for this process (legendre and legendre, 1998). K-means partitioning is a 
least-squares nonhierarchical classification method that allows the user to divide a col-
lection of objects into K groups (K is user-determined). In this procedure, each species is 
represented as an axis in an n-dimensional space (where n is the number of species). The 
Euclidean distance between sites in this space is used to classify these sites into classes. 
These biological classes allowed us to test the performance of each biological group 
as a surrogate for the two other groups, and for various environmental surrogates. This 
procedure was conducted separately for each of the three functional groups.

EnvIronmEnTAl SurrogATES
Qualitative surrogates. Two qualitative surrogates were evaluated, based on two 

existing maps of Mt. Carmel: (1) a map of physiographic units (Kaplan and edelman, 
1996; see Fig. 1), based mainly on topography, and (2) a map of vegetation units, (lahav, 
1983; see Fig. 2), based on a detailed field survey of woody species.

Numerically classified environmental domains. These surrogates are typically based 
on numerical classification of readily available digital Gis layers. Here, we used avail-
able Gis layers of Mount Carmel: soil maps, climate maps, topographic maps (deM 
and its derivatives, slope and aspect maps), and a binary vegetation map (woody or 
herbaceous) derived from an aerial photo. We chose K-means partitioning (burrough et 
al. 2001) to construct the numerical classifications (Fig. 3). We selected K-means par-
titioning over alternative classification methods because it can incorporate categorical 
variables, such as soil type, as well as continuous variables, such as elevation, without 
making assumptions about the statistical distribution of these variables. The user deter-
mines which variables are included in the iterative clustering process and the number 
of groups in the classification (here, the number of environmental domains in the map). 
eight Gis layers were included in the classification: three climatic layers (mean daily 
temperature in January, mean daily temperature in August, and mean annual precipita-
tion), three topographic layers (altitude, aspect, and slope), and two thematic layers 
(soils and vegetation cover). The vegetation-cover layer was derived from a supervised 
classification of a 1999 orthophoto of the region into two classes (woody or herbaceous). 
Pixel size in all layers was set to 25 × 25 m.

We constructed a basic surrogate that included 11 environmental domains and three 
groups of input variables (topography, vegetation, and soil properties; see Fig. 3). next, 
we constructed two sets of surrogates, as modifications of the basic surrogate, to assess 
the robustness of environmental surrogates to subjective decisions on (1) input variable 
composition and (2) number of classes. eight maps comprised the first set, which was 
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Fig. 1. Geographic units of the study area, Mt. Carmel, israel. Polygons represent physiographic 
units. Triangles show sampling locations. Urban and agricultural lands were not sampled. Source: 
Kaplan and edelman, 1996. inset: study area (shaded) on map of israel.
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Fig. 2. vegetation units map of the study area. after lahav, 1983. The white areas, representing 
urban / built areas, were excluded from all analyses.
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Fig. 3. Environmental domains map of the study area, results of a K-means par-
titioning of topography, vegetation cover, and soils (T V S) into 11 classes. Each 
class represents a unique combination of environmental parameters.



20 Y. CarMel and l. sToller-Cavari Isr. J. Ecol. Evol.

produced with different combinations of environmental variables in each classification. 
Thirteen maps comprised the second set, in which we varied the number of domains in 
each classification process (range 6–18) based on the same set of variables in all clas-
sifications.

SurrogATE pErFormAnCE
surrogate performance was defined as the degree to which the particular classes 

in a surrogate correspond to specific species assemblages. environmental surrogates 
were evaluated against each of the three biological groups. Each biological surrogate 
was evaluated against the two other biological groups. We used analysis of similarity 
(anosiM; Clarke, 1993) to test differences in species assemblages among surrogate 
classes for all the surrogates (both biological classes and land classes). If classes are 
different in their species composition, then compositional dissimilarities between the 
classes ought to be greater than those within the classes. anosiM is a nonparametric 
technique that allows formal comparisons of multivariate data sets similar to analysis of 
variance. This procedure uses the Sorenson similarity matrix to calculate r:

  (1)

where rWITHIn is the average of all rank similarities for samples within the same class, 
rbETWEEn is the average of all rank similarities for samples between different classes, and 
n is the total number of samples under consideration. Values of r near 1 indicate com-
plete separation of sample groups, while values near 0 indicate no separation between 
groups.

in order to evaluate the significance of the r statistic, we applied a generalized per-
mutation test (legendre and legendre, 1998; Manly, 1998): The rows and columns of 
the similarity matrix were randomly rearranged and the r statistic was recomputed for 
the new matrix. The distribution of r values was generated via many iterations (1000 
iterations in our case for α = 0.05; Manly, 1998). The permutation test allowed us to 
assess whether the observed pattern of similarities among classes (biological groups 
and land classes) is unlikely by chance alone. We performed anosiM tests for each of 
the environmental domains maps in order to assess the sensitivity of the classification 
to the number of classes and to various specific combinations of input variables in the 
classification process. The PriMer software package (Clarke, 1993) was used for all 
anosiM calculations.

RESULTS

bIologICAl SurrogATES
We found 56 species of woody plants, 52 species of geophytes, and 17 species of 

land snails. The highest richness for geophytes and woody species was on the eastern 



Vol. 52, 2006 environMenTal and BioloGiCal sUrroGaTes For BiodiversiTY 21

slope of the mountain, and the lowest richness was on the southern, lower part of the 
mountain. Land snail richness had a somewhat opposite trend, with the highest richness 
on the southern part of the mountain. Woody species were good surrogates for both geo-
phytes and land snails (Table 2). Geophytes were good surrogates for woody species, 
but not for land snails; land snails were not a good surrogate for either woody species 
or geophytes (Table 2).

EnvIronmEnTAl SurrogATES
The distribution of woody species among physiographic units was nonrandom (Table 

2). In contrast, congruence between physiographic units and between both geophytes 
and land snails was insignificant. similarly, the vegetation units were strongly associ-
ated with spatial patterns of woody species but not with those of geophytes and land-
snails (Table 2). The environmental domains (produced by numerical classification of 
environmental variables) were the only surrogate type that significantly reflected the 
patterns of all three functional groups (Table 2).

The numerically classified surrogates were robust to modifications in the composition 
of the input variables in the classification, for both woody species and geophytes. We 
constructed eight surrogate maps with various combinations of at least two of the four 
groups of input variables: vegetation (% woody vegetation); topography (slope, aspect, 
and elevation); climate (temperature, precipitation); and soil. anosiM r values and 
their respective p values varied relatively little between simulations with alternative 
compositions of variables, for woody species and geophytes (Table 2). For land snails, 
however, results were less consistent: five specific combinations yielded moderate or 
high values of congruence, while three other combinations yielded insignificant statisti-
cal values (Table 2).

When we modified the number of domains in the numerical classification, within 
the range of 6–18 domains, the resulting surrogate maps performed consistently well in 
reflecting diversity patterns of woody species. Congruence between these surrogates and 
geophytes was somewhat lower, and in two of thirteen cases it was only nearly signifi-
cant. Congruence with land snail diversity patterns was more variable. Six surrogates 
were significantly congruent with land snail diversity patterns, while for four surrogates 
congruence with land snail diversity was nearly significant, and for three other surro-
gates it was insignificant (Table 2).

dISCUSSION

Our results revealed clear differences in performance between various surrogates of 
biodiversity. biological surrogates: woody species were a good surrogate for the two 
other groups, geophytes corresponded to only one of the two other groups, while land 
snails did not reflect either of the other groups. environmental surrogates: the qualitative 
surrogates (physiographic units and vegetation units) were good surrogates for woody 
species, but neither one reflected geophytes or land snails. The only environmental sur-
rogate that successfully captured the patterns of all three biological groups was the map 
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Table 2
Congruence* between various biodiversity surrogates and spatial patterns of species diversity in 
three biological groups. values are anosiM r statistic (p value). Cells with 0.10 > p > 0.05 are in 

bold

  anosiM r statistic (p value)
Woody species Geophytes Land snails

biological  
surrogates

Woody species 0.068 (0.022) 0.109 (0.003)

Geophytes 0.072 (0.019) 0.046 (0.06)

 Land snails NS NS

Environmental sur-
rogates

Physiographic 
units

0.123 (0.013) 0.085 (0.054) NS

Vegetation units 0.348 (0.001) NS NS

Env. domains 0.203 (0.001) 0.103 (0.001) 0.08 (0.005)

Combinations of 
input variables in 
K-means:

T—topography
V—vegetation
S—soils
C—climate

TV 0.203 (0.001) 0.079 (0.009) NS

VC 0.102 (0.003) 0.051 (0.042) 0.057 (0.045)

TC 0.19 (0.001) 0.102 (0.001) NS

TVS 0.203 (0.001) 0.103 (0.001) 0.08 (0.005)

TVC 0.151 (0.001) 0.056 (0.023) 0.073 (0.006)

TSC 0.151 (0.001) 0.056 (0.026) 0.073 (0.008)

VSC 0.148 (0.008) 0.141 (0.014) NS

TVSC 0.151 (0.001) 0.056 (0.021) 0.073 (0.013)

Number of clusters 
in the K-means clas-
sification

6 0.103 (0.001) 0.069 (0.002) NS

7 0.12 (0.001) 0.051 (0.019) 0.041 (0.069)
8 0.163 (0.001) 0.074 (0.008) 0.043 (0.069)
9 0.129 (0.001) 0.057 (0.016) 0.046 (0.06)
10 0.175 (0.001) 0.045 (0.063) NS

11 0.203 (0.001) 0.103 (0.001) 0. 08 (0.005)

12 0.185 (0.001) 0.097 (0.003) 0.076 (0.007)

13 0.214 (0.001) 0.081 (0.008) 0.093 (0.003)

14 0.182 (0.001) 0.058 (0.04) 0.048 (0.082)
15 0.276 (0.001) 0.077 (0.009) 0.043 (0.093)
16 0.234 (0.001) 0.046 (0.054) 0.065 (0.002)

17 0.215 (0.001) 0.071 (0.022) NS

18 0.228 (0.001) 0.071 (0.031) 0.062 (0.05)

*anosiM r statistic denotes degree of congruence between matrices of similarity between sam-
pling sites, in species assemblages, and in environmental characteristics, respectively. 
T —topography (slope, aspect, elevation), V—vegetation cover (either woody or herbaceous), 
S—soils, C—climate (precipitation, January temperature, and August temperature), NS—not sig-
nificant.
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of environmental domains produced using numerical classification of environmental 
variables. For woody species and geophytes this result was robust, consistent, and insen-
sitive to the number of classes defined and to the specific composition of environmental 
variables in the classification. land snails had a lesser degree of congruence with envi-
ronmental domains and a variable response to changes in the number of domains and 
specific combination of input variables.

QuAlITATIvE ClASSIFICATIon vErSuS numErICAl ClASSIFICATIon
Qualitative classifications generally aim to identify discrete units in geographic space 

and are therefore characterized by larger within-land-class environmental heterogeneity 
compared with numerically classified environmental domains. in contrast, numerical 
classification is based on similarity in a multidimensional environmental space. The 
resulting land classes are relatively homogeneous in their environmental traits but tend 
to be spatially irregular and fragmented (Fairbanks, 2000; leathwick et al., 2003). These 
differences may explain the better performance of numerical classification, compared 
with qualitative classification, in representing diversity patterns of the biological groups 
studied.

Fine-scale maps of vegetation units have the potential to reflect the fine-scale en-
vironmental variation in structural features (Faith et al., 2001) or landform features 
(Macnally et al., 2002). This technique is a product of extensive field survey, so it is not 
surprising that patterns of woody species diversity were strongly reflected in this map. 
However, this map did not correspond to the spatial distribution of geophytes and land 
snails. Apparently, factors that affect distributions of these species were not represented 
in the classification, which was based on communities of woody species.

The K-means partitioning requires only two subjective decisions, namely, selecting 
input variables and determining the number of domains. Input variables are typically 
determined by data availability. No single number of domains is likely to be “optimal” 
in all situations (belbin, 1993), and the choice is largely arbitrary. The numerical clas-
sification was insensitive to these two subjective decisions within a relatively wide range 
of values. For mapping environmental domains, the nonhierarchical nature of K-means 
partitioning may be a disadvantage; however, this problem can be solved by hierarchical 
clustering of domains, using the respective Euclidean distance between domain centers 
in the environmental space.

EnvIronmEnTAl DomAInS AS SurrogATES
numerically classified environmental domains significantly reflected the distribution 

patterns of the three biological groups studied, except for land snails in several cases. 
The lower performance for land snails may be attributed to the very small sampling unit 
(1 m2 vs. 75 m2 for the two other groups) and the smaller total number of species (17 vs. 
56 and 52, for woody and geophyte species, respectively).

In our study, an environmental surrogate (environmental domains) and a biological 
surrogate (woody species) were the two best surrogates and performed similarly. The 
woody species diversity pattern was the best surrogate for land snails, while the envi-
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ronmental domains map was the best surrogate for geophytes. This finding indicates that 
in certain situations, biological surrogates may outperform environmental surrogates in 
representing certain taxa. However, in data-poor regions, lack of resources for collecting 
biological data may preclude biological surrogates, while environmental surrogates may 
still be a viable option.

The link between underlying determinants of species diversity and environmental 
surrogates is scale- and taxon-dependent (reyers et al., 2001, 2002; Ferrier, 2002; Fer-
rier et al., 2002). Here, the underlying determinants seemed to have been captured by 
numerically classified environmental surrogates that reflected diversity patterns of three 
biological groups at a local scale (300 km2). If these conclusions hold for other spatial 
scales, taxa, and regions, then it may turn out that the most time- and cost-effective 
method to map biodiversity is also one of its best surrogates.
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