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INTRODUCTION

Several organisms have been used to investigate
the health of aquatic systems and to assess environ-
mental impacts (Attrill & Depledge 1997). Benthic
invertebrates are among the most common organisms
used in biological monitoring, since this group gener-
ally reflects anthropogenic impacts (e.g. Rosenberg &
Resh 1993). Benthic fauna present some advantages
in relation to other biological groups (e.g. plankton,
fish and marine birds): (1) a high species richness
with a variety of life history patterns and tolerances
to habitat disturbance, including organic enrichment

and contamination of sediments; (2) the majority of
the species are sedentary; (3) their responses inte-
grate water and sediment quality changes; (4) some
species have relatively long life spans; and (5) they
are key elements in the food web of aquatic systems
and affect chemical fluxes between sediments and
water columns through bioturbation and suspension
feeding activities (Boesh & Rosenberg 1981, Aller
1982, Dauer et al. 1982, Hartley 1982, Hargrave &
Theil 1983, Gray et al. 1988, Warwick et al. 1990,
Weston, 1990, Weisberg et al. 1997).

Although benthic macroinvertebrate communities
have many advantages as indicators, it is often partic-
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ularly difficult to distinguish between natural and
anthropogenic changes. Benthic communities vary
considerably according to environmental conditions
(e.g. Boesch 1973, Chester et al. 1983, Flint & Kalke
1985, McLusky 1989). Most benthic macroinverte-
brates have a highly aggregated small-scale distribu-
tion induced by several environmental variables, such
as substratum type, food availability and predation
(Cummins 1962). In this context, the development of
sampling strategies to estimate benthic organism
abundance has long been a major concern in many
studies, since estimates generally vary considerably
according to the sampling design and effort (e.g.
Statzner 1998). 

The optimization of precision, accuracy and cost in
relation to the objectives of the study is difficult to
achieve (Statzner et al. 1998). A large variety of sam-
pling strategies have been used, namely random, strat-
ified, systematic and sequential designs (Jackson &
Resh 1988, Beisel et al. 1998, Statzner et al. 1998).
Although some theoretical properties associated with
these methods are known in depth, comparisons
between their efficiencies in real case studies are
scarce. The selection of a particular method may have
marked implications on estimates. This is particularly
relevant for the highly clumped distributions that ben-
thic invertebrates generally present. More recently,
adaptive sampling approaches have been proposed,
which are especially suitable when contagious distrib-
ution patterns are found. 
The aim of the present work was to assess the accuracy
and precision of the estimates for mean density and
variance of benthic invertebrates obtained with differ-
ent sampling designs. Here, 3 random (simple, strati-
fied and systematic) and 4 adaptive sampling strate-
gies, at 4 levels of sampling effort, are compared.

MATERIALS AND METHODS

Sampling procedures. A census was made of the
benthic macrofauna in a square area with a side of
2.25 m. This area, located on an intertidal mudflat in
the upper Tagus estuary, was divided into 225 small
quadrats, the upper 20 cm of sediment in each quadrat
being removed with a 0.15 × 0.15 m square core sam-
pler (the total area sampled was 5.0625 m2). The
225 pieces of sediment were separately washed
through a 0.5 mm mesh sieve and the remains put in
buffered formalin for later identification. 

Data analysis. Dispersion indices were determined
for each species in order to identify species with simi-
lar spatial distribution and abundance patterns. Two
indices were calculated: one based on quadrat counts
(DIA) (Krebs 1998), and one based on distance methods

(DIB) (Hines & Hines 1979), given by the following
expressions:

(1)

(2)

where x and s are, respectively, the mean and SD of
the number of individuals over the 225 quadrats.

A cluster analysis was performed using the index
values, occurrence frequency and mean density data.
The Euclidean distance and the average linkage me-
thod were used to select a sub-set of species for further
analysis. 

Monte Carlo simulations were carried out for each
sampling scheme:

(1) Random sampling (RS): n elements of the 225
quadrats were randomly sampled;

(2) Stratified random sampling (SS): 4 strata of
approximately equal size were defined, and n quadrats
from each stratum were sampled, allocating the sam-
pling effort proportionally to the size of the strata;

(3) Systematic sampling (SyS) : 1 quadrat out of the
225 was randomly selected and, starting from that one,
n – 1 evenly spaced quadrats were sampled;

(4) Adaptive sampling (AS): n quadrats out of the 225
were randomly selected, and whenever the number of in-
dividuals of the considered taxa in a quadrat was higher
than a critical value (crit), the spatially contiguous qua-
drats were also selected. The procedure was repeated
with all the newly sampled quadrats, until sample size
reached N.

In the function simulating AS, mean abundance (µ)
was estimated according to the Horvitz-Thompson esti-
mator, as proposed by Thompson (1992): 

(3)

where N is the total number of sampling units in the
study area, v is the number of networks identified in the
first stage of sampling n units, yi is the sample mean ob-
tained for network i, Ji is an indicator variable that is
zero if the ith unit in the sample does not satisfy the se-
lection criteria, otherwise Ji = 1, and π'

i is given by

(4)

where N is as defined above, n is the initial sample size
at the first stage and mi is the number of sampling units
in network i.

To compare the sampling procedures, abundance
estimates were calculated from samples with 15, 20, 30
and 40 elements. For the adaptive sampling scheme,
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initial sample sizes of 5 and 10 were considered and
2 critical values were used (1 and 5). A higher number
of AS designs were considered compared to the other
methods, since the estimates obtained by adaptive
designs are extremely dependent on the initial sample
size and the selection criteria. It is therefore important
to assess the influence of such criteria on the estimates.
A total of 28 sampling procedures were compared in
this study, each one being repeated 1000 times in the
Monte Carlo procedure. The effects of sampling
design and sampling size on bias were tested for each
species by a 2-way ANOVA. Data (absolute difference
between each estimate and the real value) was log-
transformed to account for homoscedasticity. A 0.05
significance level was used in all test procedures.

RESULTS

A total of 15 macroinvertebrate species were identi-
fied in the survey area. The density and frequency esti-
mates determined from the census of the ca. 5 m2 mud-
flat area differed considerably according to species
(values between 1.58 and 246.52 ind. m–2 and between
3.6 and 84.4%, respectively), as did the dispersion
indices. Since one of the objectives was to study the

performance of the sampling designs according to spe-
cies abundance pattern, 4 species were chosen, one
from each dendrogram cluster identified. This sub-set
was intended to be representative of the major species
abundance patterns identified in the study area. Con-
sidering the mean density as ind. m–2 (D) and the fre-
quency of occurrence (FO), the 4 chosen species repre-
sented the following patterns: (1) Polydora ciliata: low
D and FO, (2) Sphaeroma monodi: moderate D and FO,
(3) Streblospio shrubsolii: high D and moderate FO,
and (4) Scrobicularia plana: high D and FO. These spe-
cies showed a gradient in the dispersion values and
frequency of occurrence varying from 0.96 (P. ciliata)
to 22.75 (S. shrubsolii) for DIA, from 1.21 (P. ciliata) to
7.56 (S. plana) for DIB and from 4.4 (P. ciliata) to 84.4%
(S. plana).

The mean values of the density estimates obtained
by the various sampling designs and sample sizes
showed marked differences (Table 1). The factorial
ANOVA for each species resulted in significant inter-
actions at the 5% level between ‘Sample size’ and
‘Sampling design’ (F > 3.79, p < 0.05, in all tests). The
distributions of the density estimates obtained in the
simulations are shown in Fig. 1. Differences between
sampling designs and sample sizes are clearly visible,
and also show variations between species.
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Table 1. Mean density (ind. m–2) values and estimates obtained by simulations of the different sampling designs for each species,
according to sample size (N ) (SD and bias in brackets); RS: random sampling; SyS: Systematic sampling; SS: stratified sampling;
AS5.1: Adaptive sampling with n = 5 and crit = 1; AS10.1: Adaptive sampling with n = 10 and crit = 1; Results obtained with 

AS5.5 and AS10.5 not shown, since they performed very poorly (see ‘Materials and methods’ for details)

Sampling design N Polydora ciliata Sphaeroma monodi Streblospio shrubsolii Scrobicularia plana

RS 15 2.01 (2.26; 0.03) 20.43 (11.67; 0.08) 131.72 (91.05; 1.94) 251.59 (65.2; 5.07)
RS 20 2.08 (2.05; 0.10) 20.44 (10.31; 0.09) 130.24 (76.4; 0.46) 243.08 (53.74; –3.44)
RS 30 1.95 (1.55; –0.03) 20.21 (8.03; –0.14) 128.92 (58.89; –0.86) 247.97 (43.24; 1.45)
RS 40 1.98 (1.3; 0.00) 20.14 (6.7; –0.21) 131.53 (49.57; 1.75) 247.46 (36.79; 0.94)
SyS 15 2.68 (3.45; 0.70) 22.12 (10.66; 1.77) 114.35 (80.26; –15.43) 239.42 (65.52; –7.10)
SyS 20 2.22 (2.16; 0.24) 22.45 (11.34; 2.10) 156.89 (72.30; 27.11) 243.9 (45.22; –2.62)
SyS 30 2.3 (2.02; 0.32) 19.77 (10.96; –0.58) 131.71 (57.04; 1.93) 261.55 (74.38; 15.03)
SyS 40 2.24 (0.91; 0.26) 20.35 (8.64; 0.00) 128.55 (54.32; –1.23) 257.45 (54.28; 10.93)
SS 15 2.08 (2.35; 0.10) 21.08 (11.56; 0.73) 125.88 (81.89; –3.90) 244.17 (57.45; –2.35)
SS 20 2.14 (2.11; 0.16) 21.2 (10.20; 0.85) 130.98 (74.25; 1.20) 244.85 (51.34; –1.67)
SS 30 2.07 (1.56; 0.09) 21.11 (8.16; 0.76) 131.21 (57.02; 1.43) 245.69 (39.65; –0.83)
SS 40 1.92 (1.25; –0.06) 20.78 (6.69; 0.43) 128.44 (50.22; –1.34) 246.01 (35.95; –0.51)
AS10.1 15 2.11 (4.2; 0.13) 68.66 (30.87; 48.31) 14.98 (10.32; –114.8) 106.22 (78.83; –140.30)
AS10.1 20 2.01 (4.16; 0.03) 69.95 (27.91; 49.60) 16.16 (12.79; –113.62) 108.31 (75.43; –138.21)
AS10.1 30 1.75 (3.9; –0.23) 77.2 (23.12; 56.85) 17.84 (13.66; –111.94) 109.67 (71.67; –136.85)
AS10.1 40 1.76 (3.9; –0.22) 85.37 (20.09; 65.02) 19.34 (15.13; –110.44) 115.27 (87.15; –131.25)
AS5.1 15 1.89 (2.71; –0.09) 38.28 (18.46; 17.93) 10.38 (4.21; –119.4) 70.65 (39.18; –175.87)
AS5.1 20 1.93 (2.85; –0.05) 42.35 (17.21; 22) 11.80 (5.56; –117.98) 76.79 (37.01; –169.73)
AS5.1 30 1.86 (2.70; –0.12) 49.75 (15.32; 29.4) 14.83 (6.87; –114.95) 83.73 (31.49; –162.79)
AS5.1 40 2.02 (2.83; 0.04) 58.77 (14.55; 38.42) 17.19 (7.65; –112.59) 90.13 (37.84; –156.39)

Mean density valuesa 1.98 20.35 129.78 246.52

aDetermined from 225 samples
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For Polydora ciliata, the mean values of the density
estimates obtained by RS, SyS, SS and AS with selec-
tion criteria equal to 1 (AS1) were similar to the real
value of 1.98 ind. m–2. Those from the AS design with
selection criteria equal to 5 (AS5) differed consider-
ably. As Fig. 1 shows, the estimate distribution ob-
tained for the AS1 design is extremely biased, with a
median close to that obtained for AS5. 

Similar results were obtained for Sphaeroma monodi,
the lowest variance and bias estimates being those ob-
tained by RS, SyS and SS. Unlike the results obtained
for Polydora ciliata, the estimates from AS designs
tended to overestimate density, particularly when the
selection criterion of 5 was used. The variance of these
estimates was also considerably higher than those from
the other sampling methods (Table 1, Fig. 1).

A different pattern was registered for the abundant
species, i.e. Streblospio shrubsolii and Scrobicularia

plana. For these species, the mean values of the esti-
mates obtained by RS, SyS and SS were similar and
presented a negligible bias, although their variances
were high. AS designs produced strongly biased esti-
mates, although with low variance. The mean esti-
mates were considerably lower than the true mean
density value (especially when the selection criterion
used was 5) (Table 1, Fig. 1). Some of the variance esti-
mates obtained for S. plana with AS designs were
higher than those obtained with the other sampling
schemes, which was not the case for the S. shrubsollii
data set. 

Comparison of the mean variance estimates for the
sample sizes considered for each sampling design with
the RS variance estimates reveals that the lowest vari-
ance ratios were obtained with SS (Table 2). SyS also
presented values lower than 2, while AS methods had
high variance ratios (generally above 2) (Table 2).
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Fig. 1. Polydora ciliata, Sphaeroma monodi, Streblospiio shrubsolii and Scrobicularia plana. Bias of density estimates obtained by
simulating different sampling designs and sample sizes (middle square: median; box: 25% and 75% percentiles, whiskers: mini-
mum and maximum). RS: random sampling; SyS: systematic sampling; SS: stratified random sampling; AS: adaptive sampling

Polydora ciliata

Streblospio shrubsolii Scrobicularia plana

Sphaeroma monodi
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DISCUSSION

The sampling method has a considerable impact on
abundance estimates, and the development of sam-
pling designs to obtain density estimates of macro-
invertebrate populations has long been a major con-
cern in benthic ecology studies (Statzner et al. 1998).
Sampling design should optimize precision, accuracy
and cost, which is generally difficult to achieve. To a
large extent, this difficulty lies in the contagious spatial
distributions of most benthos populations. If a common
random sampling design is applied in this context, the
sample size required to obtain a conventional standard
(e.g. 95% confidence limits for ca. 40% error) for pop-
ulation estimate is extremely high (Elliott 1977, Resh
1979, Norris et al. 1992, Statzner et al. 1998). To over-
come these problems several alternative sampling
methods have been developed, in particular the adap-
tive sampling design introduced by Thompson (1990),
which is expected to produce more precise and low
variance population estimates whenever individuals
are spatially clustered.

Besides the theoretical properties of estimators, the
practical aspects related to the application of samp-
ling designs should also be considered. Among the
schemes considered in the present study, the implica-
tions for the sampling process are considerably more
complex in the case of adaptive sampling. Generally,
adaptive sampling requires, among others, that (1) the
individuals of the target population(s) can be identified
rapidly, (2) the spatial distribution of individuals is suf-
ficiently patchy to be worth the extra effort of adaptive
sampling, and (3) selection of a suitable critical value
(Lo et al. 1997). These requirements are difficult to
meet in studies on benthic invertebrates, especially
with regard to the effort needed for the identification
of organisms and the acquisition of extra samples.

The results obtained in the present study show that
random, systematic and stratified sampling designs
tend to produce more precise density estimates than
adaptive sampling, although, for some cases, the vari-

ance of the estimates was considerably high. Also, the
performance of the sampling designs differed accord-
ing to the species abundance and spatial pattern of
occurrence, which emphasizes the importance of some
key aspects of adaptive schemes, namely the critical
value and the patch distribution and size.

The impact of the critical value in abundance and
variance estimates has been discussed by several
authors. Lo et al. (1997), in a study of Pacific hake lar-
val abundance, concluded that the variance estimates
are considerably lower when the critical value is set at
a higher level. It has been suggested that a large criti-
cal value would increase the precision of an estimate
(e.g. Lo et al. 1997), but according Lo et al. (1997) this
is only true as long as the value is not so high that it
substantially reduces the chance of sampling patches.
This was seen with Polydora ciliata in the present
study, when the critical value of 5 was used. The esti-
mates were strongly biased (far below the real mean
value) and the variance was negligible, since almost no
sampling units presented such a high value of individ-
uals. Some authors have suggested alternative criteria
for the selection of a critical value. Thompson & Seber
(1996) developed a method based on order statistics,
according to which the neighboring units of the initial
site are sampled in cases where observations produce
values higher than a determined percentile. However,
as outlined by Lo et al. (1997), this procedure may not
be practical for marine surveys. Patch size and distrib-
ution have also been recognized as critical factors
affecting estimation under adaptive sampling designs
(e.g Lo et al. 1997), but few studies have focused on
this topic. 

The variance ratios show that the estimates obtained
from stratified designs were similar to those from random
designs. This result may be due to the homogeneity of
the surveyed area. If the study had also considered areas
with different sediment compositions or subjected to dif-
ferent environmental conditions, stratified designs
would be expected to produce estimates with higher
precision and lower variance than random sampling (e.g.

Thompson 1992). Stratified designs
have almost the same cost and difficulty
as a random sampling scheme, although
it is valuable to develop a pilot sampling
survey in order to define strata and the
optimal sample size allocation (Krebs
1998).

Selection of the best sampling me-
thod is extremely dependent on the
particular case under analysis, and
some authors point out that benthic
macroinvertebrate sampling should be
optimized using a flexible stategy.
Statzner et al. (1998) have developed a
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Table 2. Mean values of variance ratios in relation to random sampling (RS) vari-
ance estimates. SyS: systematic sampling; SS: stratified random sampling; AS:

adaptive sampling

Sampling Polydora Sphaeroma Streblospio Scrobicularia 
design ciliata monodi shrubsolii plana

SyS 1.4 1.4 1.0 1.7
SS 1.0 1.0 0.9 0.9
AS10.1 5.7 7.9 0.0 2.9
AS10.5 0.0 32.5 0.1 6.3
AS5.1 2.8 3.4 0.0 0.6
AS5.5 0.0 4.9 0.0 1.9
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particular method (the joint preference factor method)
and demonstrated its efficacy. Nonetheless, the devel-
opment of such particular methods could constrain the
comparison of results obtained in studies with different
sampling approaches.

Although adaptive sampling may improve the preci-
sion of density estimates in certain cases of highly
aggregated spatial patterns, this sampling scheme pro-
duced extremely biased estimates in the present study.
Further studies based on simulation of patch distribu-
tion and size are of extreme importance in order to
evaluate in which conditions adaptive designs produce
better estimates than random sampling methods. 
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