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ABSTRACT
Aim Despite the accelerating loss of biodiversity and the increased number of
methods for conservation planning, the availability of information about the
spatial distribution of biodiversity remains limited. One way to overcome this
problem is to focus on surrogate resolutions that are able to represent specieslevel data and can be efficiently measured. Surrogates are only useful if the ecological patterns detected at the species-level still hold when based on coarser
taxonomic identification, and if these responses are consistent across regions.
We present a comprehensive analysis using data from a large-scale evaluation
of ground-dwelling ants, to evaluate the use of surrogates.
Location Amazon basin.
Methods The sampling design covered 13 sites in eight phytophysiognomies,

which in conjunction with other environmental characteristics (altitude, soil
granulometry and slope) were used to validate the ecological patterns (ability of
the surrogates to reproduce the ecological responses identified for species) of
coarser surrogate taxa (indicator taxa, mixed-level approach, genus and subfamily). The surrogates were evaluated for their capacity to predict variation in total
species richness and composition. We also estimated the monetary and time
costs, in order to evaluate the cost-effectiveness of using different surrogate levels.
Results Genus was the most cost-effective surrogate: it predicted 81% of site

variation in species richness, was highly correlated (r2 = 0.76) with species
composition, very highly correlated (r2 = 0.97) with ecological patterns detected
at species level and saved ~40% of total project costs. The mixed-level
approach, indicator taxa and subfamily were not effective in representing the
species-level data.
Main conclusions Genus can be used as a surrogate for species, due to its high
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predictive value, independent of environmental heterogeneity. Genus may be
useful as a surrogate for species in other megadiverse regions, especially where
savings in project costs can be applied to increase sampling effort.
Keywords
alpha diversity, amazonia, beta diversity, latitudinal gradient, monitoring,
sampling standardized protocol, tropical forest

Biodiversity loss is accelerating rapidly in response to increasing human influence on the Earth’s natural ecosystems
(Laurance et al., 2012). Despite the increased availability of

methods for conservation planning, adequate information
about the spatial distribution of biodiversity in large regions,
such as the Amazon basin, remains sparse for most biological
groups (Margules et al., 2002). One way to overcome this
problem is to focus on fewer taxonomic groups or surrogate
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taxonomic levels that are able to represent other taxa and
provide satisfactory answers within a short time (Andersen,
1995; Landeiro et al., 2012). Surrogates could be a higher taxonomic unit (i.e. Genus or Family) to bridge a taxonomic gap
for species identification in the same group. Organisms can
often be easily and quickly identified to coarser-resolution
taxonomic categories (Olsgard et al., 2003), but these levels of
identification are only useful if patterns identified from coarser-resolution sorting reflect the patterns that would be found
by identifying the specimens to species level.
The use of coarser taxonomic units as surrogates is more
common for highly diverse taxa, such as terrestrial or aquatic
invertebrates (Gaspar et al., 2010; Gallego et al., 2012). For
example, ant genera have been proposed as taxonomic surrogates for ant species (Andersen, 1995; Oliver & Beattie,
1996a). Ants comprise a highly diverse group, can be sampled
quickly and easily (Agosti et al., 2000; Souza et al., 2012), are
associated with important ecological functions (Hoffmann &
Andersen, 2003), and the colonies are relatively stationary,
hence facilitating long-term monitoring (Kaspari & Weiser,
2000). Ants normally represent a high proportion (~30%) of
terrestrial-animal biomass, especially in forested areas (Fittkau
& Klinge, 1973; King et al., 2013). Unfortunately, comprehensive ant surveys normally result in thousands of individuals
and hundreds of species to be sorted and identified (e.g.
Lopes & Vasconcelos, 2008; Souza et al., 2012) and require
much more time than vertebrate taxa, increasing the project
costs (Pik et al., 1999; Moreno et al., 2008).
Three main recommendations have been made to shorten
the identification process for ants. The first is to use morphospecies as a surrogate for species (Oliver & Beattie, 1993,
1996b). This recommendation usually generates a large number of morphotypes, which are generally difficult to align
with morphotypes erected by other researchers. To reduce
this problem, several recent studies in the Amazon Basin
have established standardized morphotypes based on morphological characters for investigations of different areas (e.g.
Souza et al., 2012). The second shortcut is to use species rich
genera to represent ant diversity, which may be more informative than genus richness (Andersen, 1995). Higher taxonomic levels, such as genus and family, can also be used as
surrogates for species (Pik et al., 1999; Gardner et al., 2008).
In Australia, Andersen (1995) and Pik et al. (1999) found a
strong correlation between the number of species and the
number of genera in mesic areas and eucalyptus plantations
respectively. The third shortcut is based on the concept of
taxonomic sufficiency (Ellis, 1985), in which the identification is carried to species level, but focuses on specific ‘indicator taxa’, which are sometimes referred as ‘biological
indicators’ (sensu McGeoch, 1998). Groc et al. (2010) suggested the use of a mixed-level approach that combines the
species listed as indicator taxa with identifications only to
genus for those genera for which specifies-level identification
is difficult.
Some studies have used ecological responses, based on
environmental variables that determine the distribution of
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organisms, to evaluate the decision to reduce the number of
sampling techniques (Souza et al., 2012) or sample volume
(Santos et al., 2008), or the selection of surrogate species
(Franklin et al., 2013). Investigating the ecological relationships between surrogate taxa and environmental variables is
of more practical importance than simply showing correlations between numbers of taxonomic entities. In many tropical areas, topography and soil texture are correlated with
water availability, with better-drained clayey soils on the plateaus and relatively poorly drained sandy soils in the valleys
(Hodnett et al., 1997). This landscape feature generates
microhabitat variability that can affect spatial patterns of
ground-dwelling ant assemblages at local scales (Mezger &
Pfeiffer, 2011). Ant diversity and activity seem to be correlated with moisture availability and are higher in wetter seasons and localities (Kaspari & Weiser, 2000). Therefore,
useful surrogate taxa should retrieve trends related to topographic and soil texture variation at the local scale, similar to
those found when using species-level identification.
In this study, we evaluated the use of coarser-resolution
taxonomic categories as surrogates to describe patterns in
ground-dwelling ant assemblages distributed over a latitudinal range covering 1800 km in the Brazilian Amazon. First,
we documented differences between species composition and
four potential surrogate resolutions (subfamily, genus, indicator taxa and mixed-level approach) at 13 sites covering
eight vegetation associations and different topographical and
soil characteristics across the region. Then, we measured the
degree of congruence between the species-level data and
the four potential surrogate resolutions. The aim was to find
the coarsest level of information that could be used as a substitute for the species-level identifications and to test whether
the ecological patterns observed with the species-level dataset
could be retrieved from the data on higher taxonomic categories. We also estimated the monetary and time costs to
obtain data at different taxonomic resolutions, in order to
evaluate the cost-effectiveness of using the different surrogates in monitoring programs.
METHODS
Study sites
The study was conducted at 13 sites associated with the
Brazilian Biodiversity Research Program (PPBio). The sites
cover a latitudinal gradient of 1800 km in the Amazon Basin
(Fig. S1), the coordinates, vegetation types, elevation range,
rainfall and spatial sampling design of the study sites are
summarized in Table 1.
Sampling design
We sampled ants using the RAPELD sampling design, which is
based on a system of trails and permanent plots where a
diverse range of taxa can be sampled (Magnusson et al., 2005).
The permanent plots are 250 m long and positioned to follow
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2°380 26.51″S
60°50 44.55″W
2°570 51.69″S
59°560 27.26″W
3°410 31.25″S
60°140 51.60″W
4°590 2.39″S
61°340 30.00″W
5°360 36.00″S
62°120 0.00″W
5°580 11.99″S
62°290 24.00″W
8°500 28.50″S
64°30 43.92″W
9° 90 6.56″S
64°300 6.97″W
9°100 36.22″S
64°360 38.83″W
9°270 44.43″S
64°230 32.97″W

2°520 12.00″N
60°380 24.00″W
1°270 49.28″N
61°10 30.59″W

3°220 56.73″N
61°270 52.31″W

Coordinates

2246
2246

46–110
30–36
36–61
70–72
70–72
69–112
82–115
76–113
103–134

Open ombrophilous forest (10)

Dense ombrophilous forest (5)

Dense ombrophilous forest (5)

Dense ombrophilous forest (5)

Dense ombrophilous
forest (6)
Dense ombrophilous forest (6)

Dense ombrophilous forest (6)

Dense ombrophilous forest (6)

2246

2246

2200

2200

2200

2200

2507

2362

Dense ombrophilous forest (30)

1682

43–130

42–130

1650

1718

67–85

54–85

Mean
rainfall
(mm)

Open ombrophilous forest (12),
Campinarana seasonal forest (8),
Seasonal campinarana (6),
Seasonal shrubby campinarana (4)
Dense ombrophilous forest (21)

Open ombrophilous forest (14),
Deciduous forest (7), Semideciduous forest (8), Campinarana
seasonal forest (1)
Open savannas (12)

Vegetation type (number of plots)

*Amounts related to 30 samples taken four times.

Jaci-Parana

Ilha Pedras

Ilha B
ufalos

Teot^
onio

Jari

Campan~a

Orquestra

Manaquiri

Ducke

UFAM

Virua

Cauame

Maraca

Sites

Elevation
range
(m.a.s.l.)

5

5

5

5

5

5

5

5

25

24

25

5

25

Sampling
area (km2)

6

6

6

6

5

5

5

10

30

21

30

12

30

Number
of plots

5

5

5

5

10

10

10

10

10

10

10

10

10

Number of
samples
per plot

Table 1 Vegetation, rainfall, elevation range, number of samples and sampling techniques for the 13 sites in the Brazilian Amazon.

Winkler

Winkler

Winkler

Winkler

Pitfall

Pitfall

Pitfall

Pitfall & Winkler

Bait, Pitfall & Winkler

Pitfall

Bait, Pitfall & Winkler

Bait & Pitfall

Bait, Pitfall & Winkler

Technique used

120*

120*

120*

120*

50

50

50

200

850

210

900

240

900

Total of
samples

September/2011 to June

September/2011 to June

September/2011 to June

September/2011 to June

November/2010

November/2010

November/2010

November/2009

September/2006

September/2011

February/2007

February/2011

February/2007

Sampling date

Surrogates to enhance monitoring efficiency
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terrain contours, to minimize the effects of topographical
variation within plots. At each site, the plots were 1 km distant
from each other and all plots were sampled in a standardized
spatial design. We used two arrangements, with five or ten
samples per sampling technique in each permanent plot. The
number of plots per site ranged from 5 to 30 and the number
of samples per site ranged from 50 to 900 (number of samples
X number of plots X number of techniques used). Collections
were made four times at the Teot^
onio, Ilha B
ufalos, Ilha Pedras and Jaci-Parana sites, during September 2011 and June
2012. In total, we sampled 369 plots and took 3930 samples
(Table 1). The differences in the number of sampling units
per sampling site did not affect the conclusions, because
the study was focused on comparisons between different
taxonomic resolutions within sites, not on comparisons of
assemblages among sites.
Ant sampling
Ground-dwelling ants were collected using pitfall traps, sardine baits and litter samples obtained with a Winkler extractor. One to three sampling techniques were used per site
(Table 1). At each sampling station, the ants were extracted
from 1 m2 of sifted litter in a Winkler extractor through a
1 cm2 mesh sieve and placed in Winkler sacks. The sieved
litter was placed in a mesh bag suspended inside a cotton
bag for 48 h. Pitfall traps and sardine baits were placed at
the same stations after the litter was collected. The pitfall
traps were 8 cm deep and 9.5 cm in diameter and were buried with the rim at ground level and left open for 48 h. After
the pitfall traps were removed, approximately 5 g of canned
sardine was placed on a plastic card on the litter surface. All
ants on the plastic card were collected after 45 min and preserved in 90% ethanol (see Souza et al., 2012 for further
details).
All ants were sorted to morphospecies, and whenever possible were identified to species, using available taxonomic
keys or by comparison with specimens in collections previously identified by experts. Vouchers are deposited in the
INPA Entomological Collection. The raw data used here
(except for those from Santo Ant^
onio) are available from the
PPBio web site (https://ppbio.inpa.gov.br). The species list
per study site is provided in Table S1.
Surrogate resolution
We tested four levels of potential surrogates for ant species.
First, we reduced the taxonomic resolution by pooling species into subfamily and genus (higher-taxon surrogacy; Bolton et al., 2005). Second, we selected a subset of genera to be
used as indicator taxa, based on the concept described by
Andersen (1995), where widespread genera and with higher
species richness can be good predictors of all species. To be
used as indicator taxa, genera were chosen that fit the following criteria: (1) had at least one species in 10 of 13 sampling
sites, (2) had at least 10 species in all pooled site data, (3)
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were taxonomically well known and (4) contained species
that can be easily identified from morphological characters.
The genera that satisfied these criteria were Camponotus, Crematogaster, Dolichoderus, Gnamptogenys and Pheidole. Third,
we used the mixed-level group proposed by Groc et al.
(2010). This approach combines two identification levels,
genera and species. The matrices of the mixed-level approach
are composed by the five genera selected above (indicator
taxa) identified to species level, plus the other ants identified
taxonomically to genus level. Fourth, as the indicator data
matrix comprises genera with high species richness (speciose), we also tested each individual genus as a predictor for
the level of species. In general, individual species rich genera
were less effective for predicting patterns of species compared
with the results of the indicator taxa matrix, and therefore,
these data are presented only in the supplemental material.
All plot-dissimilarity matrices based on surrogates were
compared with the species-level matrix at each study site
(see data analysis).
Data analysis
All analyses described below were undertaken with site as the
unit of analysis. Data for each identification level (species,
mixed-level, indicator taxa, genus and subfamily) were standardized (mean = 0; SD = 1). All analyses were run in the R
environment for statistical computing (R Development Core
Team, 2014). We used the reference values proposed by Leal
et al. (2010) for predictions of species richness by surrogates
and expanded its use for surrogates in predicting species
composition, recovery of ecological patterns and efficiency in
maintaining ecological patterns. A surrogate was defined as
‘reasonable’ if it predicted ≥ 60% and < 70% of the variation
found with species-level data, ‘good’ if it predicted ≥ 70%
and < 80%, and ‘excellent’ if it predicted ≥ 80%. Surrogates
were considered useful when they could predict species richness, species composition, information about ecological patterns of species and the ability to maintain the relative order
of importance of the predictor variables in > 60% of cases.
Surrogate resolution and richness
We individually regressed an index of ant species richness
(the number of species found per site) against indices of
richness of all surrogate levels (subfamily, genus, indicator
taxa and mixed level), to estimate whether surrogate richness
can predict species richness. The significance level (alpha) for
multiple tests of the same hypothesis was adjusted with the
Bonferroni correction.
Surrogate resolution and composition
We used relative-frequency data (i.e. number of traps in a
plot in which a species was collected) to avoid giving more
weight to species that have larger nests when constructing
the taxa-composition matrix (Gotelli et al., 2011). We used
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the Mantel test with the Bray–Curtis distance to test the
correlation between site-dissimilarity matrices calculated with
species resolution, and all other resolutions (Mantel, 1967).
Mantel correlations were used to assess whether coarser taxonomic resolution (subfamily, genus, indicator taxa and
mixed level) would change the structure within the dissimilarity matrices (i.e. pairwise similarity). The statistical significance of the Mantel tests was estimated based on 1000
permutations. Differences in how much each surrogate
matrix predicted the species matrix across sites, as measured
by Mantel correlations, were tested for by analysis of variance (ANOVA), followed by the Tukey multiple-range test.
Ecological analysis
We evaluated if datasets with coarser taxonomic resolutions
showed similar responses to environmental variables, to those
of species-resolution datasets. The main focus of the analysis
with environmental variables was not to detect how species
and potential surrogates are distributed along environmental
gradients. Therefore, we were not interested in higher or significant values, but rather in whether potential surrogates were
able to reproduce the responses identified at the species level.
Data on percentage of clay content, slope of terrain and altitude were used as predictor variables in the analyses. The environmental datasets are available in the PPBio web site (http://
ppbio.in pa.gov.br/), as are details of the sampling protocols
(metadata) for each variable. Altitude, slope and soil clay contents were selected because they were sampled using the same
protocol at all 13 sites, and previous studies have shown them
to be associated with variations in ant-assemblage composition (Vasconcelos et al., 2003; Oliveira et al., 2009).
We used redundancy analysis (RDA) to estimate how much
of the variation in the response data (species-level or surrogate matrices) is explained by the environmental variables.
RDA is a direct extension of multiple regression analysis to
model multivariate response data (Borcard et al., 2011). Species- and surrogate-frequency matrices were transformed
using the Hellinger transformation, as recommended for this
kind of analysis (Legendre & Gallagher, 2001). The statistical
significance of RDA models was based on 1000 permutations.
The variance explained by the environmental variables was
estimated by the adjusted R2 (adjR2) of the RDA models. To
evaluate the capacity of the surrogate candidates in predicting
the ecological patterns detected with species, we regressed the
adjR2 values obtained for each surrogate resolution, within
each sampling site, on the adjR2 obtained with species-level
identification for the respective sampling site.
We also calculated the adjR2 of each environmental predictor to assess the relationship between the variance
explained by each predictor when using species data or surrogate data. To evaluate the capacity of the candidate surrogates to predict the ecological patterns detected with species,
we compared the congruence between the responses of the
surrogate matrices (significance of explained variance of the
partial RDA) and those obtained with species identification.
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As the significance of predictions of ecological patterns
may change between surrogate levels, we evaluated the capacity of the surrogates to identify ecological patterns revealed
by the species-level analyses. By ‘capacity to identify patterns’, we mean that an environmental effect, whether statistically significant or not, detected in one analysis with
species level, can still be detected in a subsequent analysis
based on a coarser taxonomic resolution. Similarly, the individual contribution of each environmental variable to the
model may change between the surrogate levels and reduce
the capacity of the surrogates to reproduce the conclusions
based on species. The ability to identify ecological patterns
was determined by comparing the change in order of importance of the predictor variables in the RDA models (surrogate and species matrixes). The percentage maintenance of
conclusions about ecological patterns (relationships with clay
and slope) was estimated from the number of times
that each surrogate level captured the pattern identified with
species-level data.
Time and monetary cost
Ant sampling performs particularly well, according to the
criteria of monetary cost, time spent and ease of surveying
(e.g. Majer et al., 2007; Souza et al., 2012). Therefore, the
time and monetary costs for the four surrogates were considered in relation to the finest identification level (species),
and the fractions of these costs were calculated for each surrogate resolution. The costs were based on expenses for field
and laboratory material, field sampling and staff costs (i.e.
salary and scholarships). The laboratory costs included those
related to species sorting, mounting, identifying and chemicals for conservation of voucher species. The staff costs were
estimated as the time taken during field and laboratory activities. All costs were measured for each site and salary, and
scholarships were based on current Brazilian federal government payments. The mean value of currency conversion rates
for the Brazilian currency (Real = R$) used to estimate costs
in US dollars was 1US$ = R$ 1.94 (average of annual means
from 2006 to 2013; source: Brazilian Central Bank). Costs of
laboratory equipment and accommodation buildings for field
staff were not included, as there is no qualitative change in
total cost (Gardner et al., 2008).
Time and monetary costs were estimated to evaluate how
much could be saved if a surrogate resolution is used instead
of species-level identifications. The total effort spent on identification to species level was determined. This effort represented 100% of the costs of time and money invested. For
each surrogate resolution, the costs were calculated for each
site, and we calculated the proportion of the total effort used
for species processing and identification.
RESULTS
A total of 515 species/morphospecies distributed in 11
subfamilies and 79 genera were identified. The number of
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taxonomic units identified in mixed-level and indicator taxa
was 261 and 187, respectively (Table S2).
Richness estimates for all surrogate resolutions were able to
predict site variation in species richness, with the r2 ranging
from 0.45 to 0.81 (Fig. 1). Genus was rated as an ‘excellent’
surrogate, and the mixed-level approach was rated as a ‘good’
surrogate for species richness. The lowest values were detected
for indicator taxa and subfamily, which did not reach the
minimum reasonable values of species richness prediction.
The Mantel correlation coefficients were statistically different (ANOVA, P < 0.001). In the pairwise test, differences
were detected between mixed level and subfamily (Tukey
test, P < 0.001), indicator taxa and mixed -level (Tukey test,
P < 0.05), and genus and subfamily (Tukey test, P < 0.05).
The Mantel correlation coefficients were significant in almost
all comparisons between the potential surrogate resolutions
and the species-level matrix. The number of non-significant
values of Mantel correlation coefficients increases inversely
with the quality of prediction of potential surrogates
(Table 2). The highest correlations with species-level determinations were for the mixed-level approach (mean = 0.89),
which was rated as an ‘excellent’ surrogate for species composition. Genus (mean = 0.76) was rated as a ‘good’ surrogate for species composition, followed by indicator taxa
(mean = 0.69), which was rated as a ‘reasonable’ surrogate
for species composition. The lowest correlation was for subfamily (mean = 0.55), which did not reach the minimum
reasonable value for a species-composition prediction. In
nine of the 13 Mantel correlations, the coefficients obtained
for genus were higher than those found for indicator taxa. In
Mixed−level

two of the 13 Mantel correlations, the coefficients obtained
for genus were higher than those found for the mixed-level
approach. Subfamily had higher coefficients than indicator
taxa in five of the 13 Mantel correlations (Table 2).
Redundancy analysis indicated that the ant-assemblage
composition was significantly related to environmental variables within sites, and all potential surrogate resolutions were
able to predict the ecological pattern demonstrated by species
reasonably well, with r2s ranging from 0.97 to 0.84 being
rated as ‘excellent’ surrogates (Fig. 2). In general, significant
RDA values were restricted to sites with a larger sample area
and number of plots; usually at these sites, environmental
variables tend to have a wider range. Conversely, non-significant RDA values were restricted to the sites with a small
sample area, which had less environmental variation
(Table S3).
The ecological patterns captured with species-level data
were also captured for genus in all of the comparisons. The
capacity of this surrogate resolution to identify the ecological
pattern captured with species level was high (100%), but
dropped to 77% for the mixed-level approach and to 54%
for indicator taxa and subfamily (Table S3).
The efficacy of surrogates in capturing the ecological patterns detected with species was moderate to high, with the
r2s ranging from 0.35 to 0.99 (Fig. 3). The best model fit
obtained using altitude as the predictor was found for the
mixed-level approach (0.99), followed by genus (0.89), subfamily (0.86) and indicator taxa (0.85), that is all four
ranked as ‘excellent’ surrogates. Using clay content as the
predictor, the highest value was detected for the mixed-level

Indicator taxa

r 0.79

r 0.47
2

−0.5

0

−1.5

−1
−2
−2.0

−1.0

0.0 0.5 1.0 1.5

−2.0

−1.0

r2 0.45

0.0

0.5

0.0

1.0

1.0

1.5

r2 0.81

–1.0

−2.0
–2.0

−1.0

0.0 0.5 1.0 1.5

–2.0

–1.0

Standardized species richness
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0.0 0.5 1.0 1.5

Subfamily

Genus

−1.0

Standardized surrogate resolution richness

0.5

1

1.5

2

0.0 0.5 1.0 1.5

Figure 1 Regression between overall
species richness and surrogate richness
for the four levels of potential taxonomic
surrogate resolutions used for 13 study
sites. The statistical significance of
models was tested using 1000
permutations. All regressions were
significant at P < 0.001.
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Table 2 Values of Mantel correlation coefficients for comparisons between matrices of species and all potential surrogate levels, for 13
sites.
Sites

Sample Techniques

Maraca
Pitfall, Winkler and Bait
Cauame
Pitfall and Bait
Virua
Pitfall, Winkler and Bait
UFAM
Pitfall
Ducke
Pitfall, Winkler and Bait
Manaquiri
Pitfall and Winkler
Orquestra
Pitfall
Campan~a
Pitfall
Jari
Pitfall
Teot^
onio
Winkler
Ilha B
ufalos
Winkler
Ilha Pedras
Winkler
Jaci-Parana
Winkler
Mean of Mantel coefficients

Mixed-level

Indicator taxa

Genus

Subfamily

0.9342***
0.9173***
0.9662***
0.9431***
0.9182***
0.8689***
0.9183**
0.5809
0.9133*
0.8985**
0.9610**
0.9905***
0.8045***
0.8935

0.7240***
0.7354***
0.8635***
0.8397***
0.7819***
0.6795***
0.4384
0.6676*
0.6548*
0.5483
0.4959
0.9585**
0.5569*
0.7604

0.8779***
0.8195***
0.9014***
0.7133***
0.6351***
0.6637***
0.6706**
0.7576*
0.3938
0.7926**
0.9094***
0.9902**
0.6633*
0.7558

0.7793***
0.7975***
0.8211***
0.4748***
0.3132***
0.1946
0.0980
0.5491
0.3382
0.4653
0.6612**
0.9842**
0.6332**
0.5548

Significance levels: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

Indicator taxa
1.0

r 2 0.93

0.5

0.5

−1.0

0.0

0.0
−1.0

−0.5

0.0

0.5

1.0

−1.0

−0.5

0.0

0.5

1.0

0.5

1.0

Subfamily

Genus

r 2 0.84

1.0

r 2 0.97

0.0

0.0

0.5

1.0

−1.0

−1.0

−1.0

Figure 2 Regression between
standardized r2 of RDA of species and all
potential taxonomic surrogate resolutions
for 13 study sites. The statistical
significance of models was tested using
1000 permutations. All regressions were
significant at P < 0.001.

Standardized RDA r 2 using surrogate resolution data

1.0

Mixed−level
r 2 0.95

−1.0

−0.5

approach (0.97), followed by genus (0.89), ranking both as
‘excellent’ surrogates. The lowest values were for indicator
taxa (0.52) and subfamily (0.35), which did not reach the
minimum reasonable values. Using slope of terrain as the
predictor, high values were detected for the mixed-level
approach (0.98), genus (0.95) and indicator taxa (0.84),
ranking the three as ‘excellent’ surrogates. The lowest value
was for subfamily (0.65), ranking this surrogate as ‘reasonable’. Similarly to the RDA values, the values of significant
partial RDAs were also restricted to sites with larger areas
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−1.0
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0.0

Standardized RDA r 2 using species data

and numbers of plots sampled, and consequently the nonsignificant values were mostly for sites with smaller areas and
fewer plots sampled (Table S4).
Estimates of maintenance of the magnitudes of the effects
of altitude, clay content and slope varied among sites
(Table S4). Only genus met the eligibility criteria, being reasonably effective (~62%) in maintaining the order of importance of the variables and had 14 inversions in the
importance in 39 comparisons (i.e. the variable that contributed most to the model of species was in the second or
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Figure 3 Regressions of standardized partial r2 of RDA of species and all potential taxonomic surrogate resolutions for 13 study sites.
The statistical significance of models was tested using 1000 permutations. All regressions were significant at P < 0.001. Open symbols
and continuous trend line refer to the altitude, closed symbols and dashed trend line refer to soil clay content, and cross-symbols and
pointed trend line refer to slope of terrain.

third position in the model for mixed level). Nineteen inversions were recorded for subfamily, reducing the capacity to
maintain the order of importance of the variables to 51.3%.
Twenty-one inversions in the importance of the variables
with the mixed-level approach and indicator taxa were
detected, resulting in retention of the order of importance of
the variables in 46% of the tests for these surrogates
(Table S4). Among the environmental variables used, the clay
content most influenced the distribution of ant species. It
was the first variable in order of importance in the model
tested in six of 13 locations. The second most important
variable for the distribution of species of ground-dwelling
ants was the altitude, followed by the slope of the terrain.
Similarly, using genus level, the variable that best determined

118

the distribution of ants was the clay content, followed by the
altitude. The slope of the terrain was not the most important
variable for any of the 13 sites (Table S4).
The surrogate resolutions differed in their relative costs
(Table 3, Table S5). The mixed-level approach was the surrogate combination that required the most effort, on average
accounting for ~82% of the cost for species-level sorting for
the 13 sites. This was followed by the indicator taxa and
genus level, which required averages of ~74% and ~62% of
the total costs, respectively. Sorting ants to subfamily was
cheaper, reducing the total costs to ~28% of that of specieslevel. Similarly to the monetary cost, the potential surrogate
that required the most time to obtain the final identification
was mixed-level (~79%), followed by indicator taxa (~72%),

Diversity and Distributions, 22, 111–122, ª 2015 John Wiley & Sons Ltd

Surrogates to enhance monitoring efficiency
Table 3 Summary of the relative effort (cost and time) required for each surrogate resolution for 13 sites in the Brazilian Amazon.
Mixed-level

Indicator taxa

Genus

Subfamily

Sites

Cost (%)

Time (%)

Cost (%)

Time (%)

Cost (%)

Time (%)

Cost (%)

Time (%)

Maraca
Cauame
Virua
UFAM
Ducke
Manaquiri
Orquestra
Campan~a
Jari
Teot^
onio
Ilha B
ufalos
Ilha Pedras
Jaci-Parana
Mean

84
85
84
80
84
81
81
81
81
80
80
82
81
81.8

81
82
81
78
81
78
78
79
78
78
78
78
78
79.1

80
79
80
72
80
72
72
72
72
72
72
71
72
74.3

76
74
76
69
76
69
69
69
69
71
71
71
71
71.6

63
67
63
62
63
61
61
61
61
62
62
62
62
62.3

54
59
54
57
54
57
57
57
57
58
58
58
58
56.8

31
33
31
28
31
27
27
27
27
28
28
28
28
28.8

13
17
13
18
13
18
18
18
18
20
20
20
20
17.4

genus (~57%) and subfamily. Subfamily was the fastest,
reducing the time to ~17% of that needed for species-level
sorting.
DISCUSSION
In the present study, four surrogate resolutions for ant species recovered much of the information on assemblage composition (taxonomic approach) and ecological patterns
(ecological approach) across the Amazon basin. Indicator
taxa and genus had the highest predictive values for specieslevel data and were the most cost-effective surrogates. Variation in the composition of ground-dwelling-ant assemblages
among sampling techniques and sites has been documented
in the Amazon previously (Souza et al., 2012). Nevertheless,
the relationship between species and surrogates remained
strong regardless of the geographic location of the sampling
site or the type of vegetation. The use of a coarser taxonomic
resolution for terrestrial species generally reduces time and
monetary costs (Williams & Gaston, 1994; Grimbacher et al.,
2008), especially if non-specialists are involved.
The number of studies on the effectiveness of surrogates
has grown in recent decades, for diverse environments and
scales (Andersen, 1995; Ricketts et al., 2002; Sætersdal et al.,
2005; Bhusal et al., 2014), and these studies have produced
varied and often inconsistent results (Lawler & White, 2008;
Neeson et al., 2013). Andersen (1995) indicated that idiosyncrasies in results might be due to differences in the number of
species within the genera. As studies differ in spatial scale, in
the methods used to test surrogate levels, and in the groups
tested, it is difficult to generate uniform conclusions or derive
general trends (Lawler & White, 2008). To reduce these problems, we can standardize sampling methods to better describe
diversity distributions at large scales (Andersen, 1999; Reyers
et al., 2000). However, there is no consensus on the surrogate
group or taxonomic resolution to be used, because studies at
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large scales are relatively few or were carried out in small
numbers of vegetation associations. Our sampling design covered a latitudinal gradient of approximately 14 degrees in the
Amazon basin, and gave consistent results. Regardless of sampling area, geographic site or type of vegetation, we found a
high correlation between surrogate matrices and the matrix of
species (taxonomic approach). Furthermore, our results
demonstrated high congruency in RDA, which reflects ecological patterns shared among groups of potential surrogates and
data based on sorting to species level (ecological approach).
The significant results of the environmental analyses were
restricted to sites with larger areas covered and more plots
sampled, whereas non-significant values were associated with
sites with smaller areas and fewer plots. Souza et al. (2009)
obtained similar results in a study of ants, using both genusand species-level taxonomic identification in the Amazon.
Following the criteria suggested by Leal et al. (2010), we
concluded that the mixed-level approach and genus were
well able to predict (i.e. to predict > 70% of the variation in
species data) the richness, composition, ecological patterns
and quality of the ecological patterns detected with species.
Indicator taxa and subfamily did not reach the minimum
reasonable values of species prediction (i.e. < 60% of the
variation in species data) for the taxonomic or ecological
approaches. The cost to identify ants to genus level was
lower than the cost to use the mixed-level approach. The
mixed-level approach proposed by Groc et al. (2010) also
had a total cost very similar to species-level identification,
reducing the cost by only 18%. The lowest costs were
achieved using subfamily, which represented only 29% of the
cost for species, but this surrogate did not perform well
(≥ 60% congruence) in predicting species associations.
The best surrogate resolution to maintain the ecological
patterns observed with the species-level data was genus,
which maintained the ecological pattern in all cases. Genus
was the best surrogate in maintaining the quality of the
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ecological pattern detected with species in 24 of 39 comparisons. Therefore, genus was the most efficient and reliable of
the four surrogate resolutions tested in this study, and met
the criteria suggested by Leal et al. (2010), predicting at least
76% of the patterns detected with the species, reducing costs
by about 40%, maintaining the ecological patterns at all sites,
and retaining the ranking of the ecological variables in 62%
of the cases tested.
Previous studies have found inconsistent results between
regions (Andersen, 1997; Heino, 2014), and as sampling
intensity and spatial extent increase, the predictive power of
surrogates may weaken (Cardoso et al., 2004). However, our
results were surprisingly consistent, considering the wide latitudinal and environmental coverage (from open savannas to
dense forests). We did not detect changes or weakening of
the predictive power of the surrogate resolutions along the
latitudinal gradient studied, indicating that these relationships between surrogate resolutions and species persist
among various vegetation types in the Amazon basin. Our
results echo the findings of other studies that genus level was
the most effective surrogate resolution to capture the patterns detected with species-level data (Pik et al., 1999; Heino
& Soininen, 2007; Gallego et al., 2012).
The use of genera as taxonomic surrogates for species is
helpful to answer many questions, especially in situations
where the available resources are limited, such as in biodiversity monitoring (Kallimanis et al., 2012). One of the main
benefits of the approach proposed here is the saving of time
and money, since the genus has a high predictive value for
species-level data. This allows inclusion of new sampling sites
or additional replicates in existing sampling sites, increasing
the number of species encountered, and the statistical power
and the generality of the results (Costa & Magnusson, 2010).
Identification to genus will be sufficient to predict specieslevel relationships in studies of ant community ecology and
environmental monitoring programs. Also, specimens deposited in collections will have a much higher chance of eventually being identified to species level by experts if collection
lots are already sorted to genus level. In biodiversity monitoring, the aim is to survey a given study area several times
over many years, which is much more expensive than a
fine-scale taxonomic inventory. This is an example of the
practical limitations and restrictions of time and money in
biodiversity assessment, which can be overcome using a surrogate approach. The cost (time and money) of environmental monitoring is a crucial factor for its viability (Margules &
Pressey, 2000), and any reliable alternative should be used to
increase the area covered or the length of the time series.
In 2010, approximately US$ 0.01 per hectare was invested in
monitoring actions in the Brazilian Amazon, and increases in
this investment are not expected in the near future (Magnusson et al., 2013). Therefore, we propose that the use of
higher taxonomic surrogates can be applied to large-scale
surveys of ants in the Amazon, despite the wide environmental heterogeneity, and that this taxonomic resolution should
be tested in other megadiverse regions.
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