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Abstract Subsampling has been widely applied in the
laboratory to process freshwater macroinvertebrate sam-
ples. Currently, many governmental agencies and re-
search groups apply the fixed-count approach, targeting
a number of individuals per sample, and at the same time
keeping track of the number of quadrats (fraction of the
sample) processed. However, fixed-areamethods are still
in use. The objective of this paper was to evaluate the
reliability of macroinvertebrate taxonomic richness esti-
mates developed from processing a standard number of
subsampling quadrats (i.e., fixed-area approaches). We
used a dataset from 18 tropical stream sites experiencing
three different levels of human disturbance (most-,
intermediate-, and least-disturbed). With 12 quadrats
processed (half the sample), the collection curves started
to stabilize, and for more than half of the sites studied, it
was possible to sample at least 80 % of the total taxo-
nomic richness of the sample. However, we observed

that the minimum number of quadrats to achieve 80% of
taxonomic richness was strongly negatively correlated
with the number of individuals collected in each site: the
fewer the individuals in a sample, the greater the pro-
cessed proportion of that sample needed to represent it
properly. Thus our results indicate that for any given
areal subsampling effort (any fixed fraction of the sam-
ple), samples with different numbers of individuals will
be represented differently in terms of the proportion of
the total number of taxa of the whole samples, those with
greater numbers being overestimated and those with
fewer numbers being underestimated. Therefore, we do
not recommend the use of fixed-area subsampling meth-
ods alone if the main purpose is to measure and analyze
taxonomic richness; instead,we encourage researchers to
use fixed-count approaches for this purpose.

Keywords Subsampling methods . Taxonomic
richness . Laboratory procedures . Disturbance
categories . Stream research

Introduction

Taxonomic richness is a key measurement for assess-
ing biological assemblage diversity at many spatial
scales (Gotelli and Cowell 2001), including macro-
invertebrate assemblages (Melo and Froehlich 2001).
Taxonomic richness is the basis for many ecological
models (MacArthur and Wilson 1967; Lande 1996;
Arita and Vazquez-Dominguez 2008) and a common

Environ Monit Assess
DOI 10.1007/s10661-012-2850-3

R. Ligeiro (*) :W. Ferreira :R. M. Hughes :M. Callisto
Departamento de Biologia Geral,
Universidade Federal de Minas Gerais,
Belo Horizonte, Minas Gerais, Brazil
e-mail: ligeirobio@gmail.com

R. M. Hughes
Amnis Opes Institute,
Corvallis, OR 97333, USA

R. M. Hughes
Department of Fisheries and Wildlife,
Oregon State University,
Corvallis, OR 97333, USA

Author's personal copy



component of multimetric indices used in ecosystem
biomonitoring (Barbour et al. 1999; Klemm et al.
2003; Baptista et al. 2007; Stoddard et al. 2008;
Suriano et al. 2011). Thus, taxonomic richness is a
cornerstone of both basic and applied studies dealing
with macroinvertebrate assemblages, as well as for
developing conservation strategies for watersheds
(Clarke et al. 2010; Richardson and Whittaker 2010).
Accordingly, measuring taxonomic richness, whether
expressed in terms of species, morphospecies, genera,
or families, is often a key objective when processing
samples of freshwater macroinvertebrate assemblages
(Clarke et al. 2008).

Despite the importance of taxonomic richness in mac-
roinvertebrate studies, representing taxonomic richness of
samples is not an easy task (Vinson and Hawkins 1996).
In the laboratory, processing the whole sample is often
impracticable because programs and researchers have
limited time, money, and personnel resources (Nichols
and Norris 2006). In many studies dealing with large
spatial extents and high numbers of samples, processing
the whole sample is not a viable option (Hughes and Peck
2008). Taking portions of the samples, i.e., subsampling,
has been widely applied to resolve this dilemma. There
are two major ways to subsample: fixed-count and fixed-
area methods (Barbour and Gerritsen 1996). Both can be
applied to represent different sampling spatial extents,
from microhabitat samples to site composite samples. In
fixed-count methods, a fixed number of individuals is
randomly picked and identified from the homogenized
sample. In the fixed-area methods, also known as fixed
fraction and proportional subsampling, the whole sample
is homogenized and a fixed proportion of it is then fully
processed. This is usually accomplished by spreading the
sample in a divided tray and processing a certain number
of “quadrats,” proportional subdivisions of the tray
(Oliveira et al. 2010).

Currently, many governmental agencies and re-
search groups apply the fixed-count approach, target-
ing a number of individuals per sample, and at the
same time recording the number of quadrats pro-
cessed, to also measure individual densities (e.g.,
Moulton et al. 2000). The number of individuals pro-
cessed usually varies between 100 and 500, depending
on the study objectives, the amount of available
resources, and the agency/research group (Carter and
Resh 2001). For example, the United States
Environmental Protection Agency applies a combined
quadrat, fixed-count (500 individuals), including a

large/rare search, in its macroinvertebrate sample pro-
cessing (Stoddard et al. 2008). However, we doubt
whether every research group follows this approach.
Fixed-area subsampling has been considered a tradi-
tional method for a long time (Barbour and Gerritsen
1996), and recently, many publications presented
results on subsampling effort and metric variability
for different fractions of the sample processed (e.g.,
King and Richardson 2002; Petkovska and Urbanic
2010; Oliveira et al. 2010). However, these authors
were concerned with many other metrics in addition to
taxonomic richness.

The purpose of subsampling methods is to reduce
the amount of work in the laboratory and still obtain a
dataset not biased by the procedure, capable of reliably
representing the samples and precisely answering the
research questions (Wrona et al. 1982; Barbour and
Gerritsen 1996). Our objective in this paper was to
evaluate the reliability of macroinvertebrate taxonom-
ic richness estimates developed from processing a
standard number of subsampling quadrats. To do so,
we used a dataset from tropical stream sites experienc-
ing three different levels of human disturbance (most-,
intermediate-, and least-disturbed).

Materials and methods

Field sampling

We sampled 18 headwater stream sites located in the
Araguari River Basin, Minas Gerais, southeastern
Brazil, during the dry season of 2009. In this period,
discharge is more constant, habitats are most distinct,
and macroinvertebrate densities are usually higher
(Callisto et al. 2001). Sites ranged from Strahler order
1–3 on 1:50,000 scale maps, with mean wetted chan-
nel widths ranging from 1–5 m. The altitudes varied
little, ranging from 823 to 954 m. According to the
disturbance level of the sites and their catchments,
sites were classified a priori as least-disturbed, most-
disturbed, and intermediate-disturbed. Least-disturbed
sites had clear water, well-developed riparian vegeta-
tion, and high in-stream habitat complexity. Their
catchments were inside well-preserved areas, some of
them inside conservation units, with minor or no hu-
man habitation and land use. Most-disturbed sites
were inside catchments of small urban areas and/or
high agricultural land use. They had poor water
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quality and evidence of numerous human alterations in
their channels, such as absence of riparian vegetation,
presence of trash, pipes, fine sediments, and simplified
habitats. Our most-disturbed sites lacked high organic
impairment; rather they were characterized as having
simplified hydromorphology. Intermediate-disturbed
sites, although having little evidence of human alter-
ations of their channels or riparian vegetation, were
inside highly disturbed catchments, mostly by agricul-
ture and pasture. Six sites of each disturbance level
were sampled. At each site, 11 kick net samples
(500 μm mesh, 30 cm mouth width) were taken sys-
tematically in a zigzag pattern along the whole site and
combined, generating one composite macroinverte-
brate sample per site (Peck et al. 2006; Hughes and
Peck 2008). A total area of 1 m2 was sampled in each
site, and all samples were preserved in 10 % formalin
and stored in tightly sealed plastic buckets.

Laboratory and subsampling procedures

In the laboratory, the samples were first washed
through 500 μm sieves to remove much of the mineral
substrate (mud, sand, fine gravel, etc.) and larger twigs
and leaves. Sample material was then placed in a white
enamel tray 36×66×7.5 cm. The tray was half filled
with water and the sample was homogenized for
5 min. After that, a metal grid of the same dimensions
as the tray was placed upon the sample. This metal
grid consisted of 4×6 quadrats (24 in total); each
quadrat measured 8.5×10.5 cm and corresponded to
nearly 4.2 % of the total sample. The material of each
quadrat was carefully removed and stored in plastic
jars containing 70 % alcohol. All material that was
more than halfway inside a quadrat was considered as
part of that quadrat. The macroinvertebrates of each jar
were fully sorted and identified to family through use
of taxonomic keys (Pérez 1988, Fernández and
Domíngues 2001; Costa et al. 2006).

Data analyses

We calculated processing effort (collection) curves for
macroinvertebrate taxonomic richness for any given
number of quadrats using a randomization technique
(1,000 times). We used box plots to show the mean
relative richness sampled in each stream along the 24
quadrats processed. We also used the slope of the
collection curves to determine when the curves were

starting to level off. For each stream site, the slope was
calculated by dividing the mean richness predicted in a
quadrat n by the mean richness predicted in the quad-
rat n+1. These values expressed the average percent-
age of richness that is gained by processing a
subsequent quadrat. A threshold slope of 3 % was
defined as indicating curve leveling. A 3 % slope is
less restrictive than a 1 % slope (which occurred with
few curves, even when almost all the quadrats were
processed) and not as permissive as a 5 % slope (which
represents a curve still increasing considerably).

We calculated the minimum number of quadrats
(MNQ) for each stream to achieve 80 % of the total
richness observed in its whole sample, which we
deemed a satisfactory amount in terms of subsam-
pling. The MNQ values were regressed against the
number of organisms, equitability, and Shannon–
Wiener and Simpson indices of the macroinvertebrate
assemblages calculated for the whole samples to verify
which sample characteristics influenced the MNQ ob-
served, i.e., which characteristics were responsible for
differences in the subsampling effort.

Lastly, we calculated the average number of quad-
rats necessary to produce 200 and 300 individuals
from the stream site samples. These numbers are com-
mon goals in many subsampling protocols (e.g.,
Norris et al. 1995; Carter and Resh 2001; Lorenz et
al. 2004). Some protocols require 500 individuals per
sample (e.g., Stoddard et al. 2008), but the invertebrate
densities of the sites we studied were low and many of
our samples did not yield 500 individuals.

Results

We collected 11,994 macroinvertebrate individuals
and 66 families from the 18 sites. The Insecta com-
prised the majority of both individuals (96 %) and
families (89 %). The relative abundance of taxa fol-
lowed the common pattern of stream invertebrate
assemblages, with few very abundant taxa and many
rare ones. The six most abundant families were, in
decreasing order: Chironomidae, Elmidae, Simuliidae,
Leptophlebiidae, Leptohyphidae, and Baetidae. Each
family was represented by >500 individuals, and togeth-
er, they included 78 % of all individuals collected in the
study. On the other hand, almost half of the taxa collect-
ed (31 families) can be considered rare; each family
being represented by <0.1% of all individuals collected.
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The majority of the families of the insect orders Diptera
(Dixidae, Dolichopodidae, Psychodidae, Phoridae,
Muscidae, Syrphidae, Tabanidae, and Stratiomyidae),
Heteroptera (Belostomatidae, Gerridae, Veliidae,
Mesoveliidae, and Notonectidae), and Coleoptera
(Curculionidae, Gyrinidae, Dryopidae, Lutrochidae,
Noteridae, Scirtidae, and Ptilodactylidae) were rare.

Biotic metric values, based on entire samples, dif-
fered among sites with different disturbance levels
(Table 1). Both least-disturbed and intermediate-
disturbed sites had higher median values than most-
disturbed sites for taxonomic richness, number of
organisms, equitability, and Shannon–Wiener and
Simpson indices. Median metric values and ranges
for least-disturbed and intermediate-disturbed sites
were similar, with least-disturbed values being slightly
higher in most cases.

The box plots generated from the mean values of
subsampling effort for all 18 stream sites show that the
curves did not reach an asymptote (Fig. 1a). Some
proportion of the richness sampled is gained until the
last quadrat (the 24th) is processed, although the gain
ratio decreases greatly after the 12th quadrat is pro-
cessed. We observed an average slope of 3 % or less
with 12 quadrats processed (half the sample), for more
than half the sites studied (Fig. 1b).

With 12 quadrats being processed, it was also pos-
sible to gather at least 80 % of the total richness of the
whole samples for at least half of the sites studied.
However, we observed from the regressions that the
minimum number of quadrats to achieve 80 % of
taxonomic richness were strongly negatively correlat-
ed with the number of individuals collected in each
stream (linear regression, adjusted R200.58, F024.53,
p<0.001, Fig. 2a). The other metrics of the whole site
samples (equitability, Shannon–Wiener and Simpson

indices) were not correlated significantly with the
subsampling effort (p value >0.05 in all cases,
Fig. 2b–d).

There was considerable variation in the mean num-
ber of quadrats processed needed to achieve a prede-
termined number of 200 and 300 individuals (Fig. 3).
On average, from 3 to 24 quadrats were needed to
yield 200 individuals and from 5 to 24 quadrats were
needed to yield 300 individuals. Five sites did not
yield 300 individuals even when their entire samples
were processed. A mean of four more quadrats were
needed to produce 300 individuals versus 200 individ-
uals. In sites with high invertebrate densities, an aver-
age of two to three quadrats more were needed, and in
sites with the lowest invertebrate densities, four to
eight more quadrats were needed (Fig. 3). Most-
disturbed sites tended to require more quadrats, which
were associated with their lower organism densities
compared with the intermediate- and least-disturbed
sites. On the other hand, the intermediate- and least-
disturbed sites included sites with low and high organ-
ism densities, and the number of quadrats varied ac-
cordingly (Fig. 3).

Discussion

Some authors advocate towards processing entire sam-
ples in the laboratory (e.g., Courtemanch 1996;
Doberstein et al. 2000). Their argument is that this
would be the only way to record all the rare species
collected, which represent a major part of macroinver-
tebrate biodiversity. However, it has been long recog-
nized that subsampling procedures are necessary to
complete most studies dealing with large spatial
extents and many samples, in this way saving money

Table 1 Median values and ranges (in parentheses) of biotic variables for the entire samples from the 18 study sites (six sites for each
disturbance category)

Characteristics of the macroinvertebrate assemblages (whole samples) Category of human disturbance of the streams

Most-disturbed Intermediate-disturbed Least-disturbed

Total assemblage family richness 19 (13–32) 29 (21–39) 30 (27–40)

Total assemblage number of individuals 415 (172–986) 780 (184–1,620) 676 (215–1,423)

Total assemblage equitability 0.53 (0.33–0.74) 0.61 (0.52–0.68) 0.62 (0.59–0.71)

Total assemblage Shannon–Wiener index 1.63 (0.89–2.25) 2.10 (1.77–2.25) 2.20 (2.03–2.36)

Total assemblage Simpson index 0.65 (0.38–0.72) 0.79 (0.70–0.82) 0.81 (0.73–0.85)
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and obtaining viable and timely answers (e.g., Vinson
and Hawkins 1996; Hughes and Peck 2008).
Currently, an increasing number of research groups
are opting for subsampling methods (Carter and Resh
2001) and, besides knowing about the uncertainty
associated with the subsampling methods, it is impor-
tant to ensure that the methods are appropriate and that
the data obtained are being properly interpreted.

Hurlbert (1971) distinguished between numerical
species richness (or simply species richness), calculat-
ed as a function between the number of species ob-
served and the number of individuals present in a
sample, and areal species richness (or species densi-
ty), calculated as a function of the number of species

observed in a given field plot. Some researchers argue
that fixed-area subsampling approaches are a solution
to standardize areal richness among different samples,
enabling comparisons among them (e.g., Courtemanch
1996; Petkovska and Urbanic 2010). However, we
observed a strong relationship between the number
of individuals in the whole sample and the difficulty
in representing its macroinvertebrate areal richness
(i.e., to reach some proportion of the total number of
taxa in the sample). That is, the fewer the individuals
in a sample, the greater the proportion of that sample
that must be processed to represent any proportion of
its total richness. In our study, for a most-disturbed site
with low abundance of individuals, a mean of 16
quadrats were necessary to achieve 80 % of the total
richness of the sample. On the other hand, in a least-
disturbed site with high abundance of individuals, a
mean of nine quadrats sufficed to achieve 80 % of the
total richness of the sample; almost half of the number
of quadrats needed in the first case. Other character-
istics of the samples, like equitability and diversity
indices, were not affected by subsampling effort.
Initially, we assumed that when few individuals were
present in the whole sample, it would be easier to
determine sample taxonomic richness by processing
few quadrats; however, we observed the opposite.
When a sample contained few individuals distributed
evenly among the quadrats (the standard subsampling
procedure), the taxa were not evenly distributed in the
tray. Consequently, we continued to find new taxa
even after processing many quadrats. This pattern
was strengthened by the existence of many rare fam-
ilies in the samples, as mentioned previously.

Our results indicate that for a given proportional
subsampling effort (any fixed number of quadrats),
samples with different numbers of individuals will be
represented differently, in terms of the percentage of
the total number of taxa of the samples. Samples with
high numbers of individuals will be better represented
than samples with low numbers of individuals. This
pattern is likely to create a bias that is difficult to avoid
using a fixed-area subsampling approach when one
has samples with a wide range of abundances, thereby
artificially enhancing statistical differentiation of tax-
onomic richness between low and high density sites.
Therefore, although knowing about areal richness
would be useful and ecologically meaningful in some
cases (Courtemanch 1996; Gotelli and Cowell 2001),
it is only possible to measure and analyze it reliably
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when the entire sample is processed. This finding adds
to the list made by Larsen and Herlihy (1998) regard-
ing some practical disadvantages of the use and im-
plementation of fixed-area subsampling approaches.

Sensu Gotelli and Cowell (2001), who revisited
established concepts in community ecology
(Arrhenius 1921; Preston 1948), stated that taxonomic
richness found in a given sample depends on both the

area sampled in the field and the number of individu-
als collected. Gotelli and Cowell (2001) clearly dem-
onstrated that sites usually differ in the “densities” of
their richness distribution, and if the number of indi-
viduals is not standardized, it is likely to produce
erroneous richness comparisons and interpretations.
Gotelli and Cowell (2001) compared tree species rich-
ness of old-growth and second-growth forests. Given
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the same area sampled, they observed greater tree
richness in second-growth forests, a pattern that is
inverted when the tree density of the plots was also
considered and the comparisons calibrated through
individual rarefaction. The same analytical artifact
was observed in a study with stream macroinverte-
brates, regarding the effect of disturbance on the mac-
roinvertebrate richness of artificial substrates
(McCabe and Gotelli 2000). Not surprisingly,
Barbour and Gerritsen (1996), Vinson and Hawkins
(1996), and King and Richardson (2002) found indi-
vidual rarefaction a more efficient way to compare
sites. The standardization of the site area sampled
has become a common procedure in field protocols
(e.g., Barbour et al. 1999; Hering et al. 2004; Peck et
al. 2006; Hughes and Peck 2008; Oliveira et al. 2011).

The standardization of the number of individuals has
not been used with the same frequency, but increas-
ingly researchers are using rarefaction, statistical esti-
mators, or sampling effort standardization to calibrate
statistical comparisons (Cao et al. 2007).

If a given number of individuals is defined (fixed-
count method), it is also pointless to set a minimum
number of quadrats to process. Because samples usu-
ally vary greatly in their individual abundances, the
numbers of quadrats necessary to achieve a given
number of individuals will also vary greatly. In our
study, this varied from as few as three quadrats to the
whole sample if the goal was to reach 200 individuals.
Setting a minimum number of quadrats can overesti-
mate richness in highly abundant samples, which for
instance need fewer quadrats to reach any given count
of organisms.

Conclusions

Although measurement of taxonomic density (the
number of species found in a certain area) is the goal
of some researchers, it is not reliably accomplished
though fixed-area subsampling procedures. The con-
sequence of fixing any fraction of the sample is an
overestimation of the areal richness in some samples
and an underestimation of it in others. Considering
this, and also the importance of the use of individual-
based rarefaction to compare taxonomic richness of
different samples, we do not recommend the use of
fixed-area subsampling alone if a key purpose of the
research is to measure and analyze taxonomic rich-
ness. We encourage researchers, as is being imple-
mented by many groups, to set a given number of
individuals per sample as a goal (preferably enough
to reach some stability in richness) and at the same
time to record the number of quadrats processed,
thereby also providing information about individual
densities.
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