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Abstract The nonparametric estimators of species richness
are some of the most widely used extrapolation methods in
studies of biodiversity. These studies need relative large
samples to achieve total diversity (including rare species),
and estimators are routinely used to alleviate this problem.
In the existing literature, parasite communities have
received little attention. In fact, the present study is the
first dealing with parasites in invertebrate hosts. Real data
on seasonal diversity of larval digeneans in the snails
Heleobia conexa and Heleobia australis from Mar Chiquita
coastal lagoon (Argentina) were used to evaluate seven
nonparametric estimators of species richness, observing the
behavior of each method and its ability to estimate the
richness using different subsample sizes. In addition,
estimated species richness was compared with the previ-
ously observed species richness in the parasite component
communities of both snail hosts, and the minimum sample
size, necessary to include all the observed species of larval
digeneans, was estimated using the nonparametric estima-
tors. The bootstrap method had the best overall perfor-
mance in the two communities. Although this estimator
required large subsamples to estimate sample richness, it
was in general the least biased and most accurate, and it
presented the most similar curve shapes with lack of erratic
behavior through the seasons. The results obtained from the
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comparison between the minimum sample sizes estimated
in previous studies of both snail hosts and those suggested
by the estimators also support the use of species richness
estimators as methods to calculate the minimum sample
size in studies of diversity.

Introduction

The effects of climate change, the threat of widespread
extinction, and habitat destruction on biodiversity have
attracted much attention from researchers. Species richness is
the simplest way to describe community and regional diversity,
is comparable across communities, and is well understood by
researchers, managers, and the public (Hellman and Fowler
1999; Mac Nally and Fleishman 2002; Magurran 2004).
Nevertheless, all biologists who sample natural communities
are plagued with the problem of how well a sample reflects a
community’s “true” diversity (Hughes et al. 2001). To deal
with this problem, a number of estimation techniques have
been developed to extrapolate from the known to the
unknown. These techniques can be grouped into three classes:
(1) parametric models, (2) nonparametric estimators, and (3)
extrapolations of species accumulation curves (SAC;
Magurran 2004).

The nonparametric estimators of species richness are
some of the most widely used extrapolation methods
mainly in studies of free-living animal and plant commu-
nities and have been suggested to perform better than SAC
and parametric methods (Baltands 1992; Colwell and
Coddington 1994; Walther and Morand 1998; Walther and
Martin 2001; Walther and Moore 2005; Hortal et al. 2006).
The success of these estimators probably lies in the fact that
they are simple to compute and require only data on the
presence—absence of all observed species in the samples
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(Colwell and Coddington 1994; Poulin 1998). The
observed species richness in the samples is strongly
influenced by sampling effort, and the use of extrapolation
methods is needed to control for the confounding effects
of uneven sampling effort (Walther et al. 1995; Poulin
1998; Foggo et al. 2003; Walther and Moore 2005;
Canning-Clode et al. 2008).

In studies of parasite communities, if the sample of host
is small or insufficient, only those species with high
prevalences will be represented and the values of species
richness will not be representative. Therefore, to estimate
the richness of a species-poor parasite component commu-
nity will require a smaller sample of hosts than that needed
to estimate the species richness of a richer parasite
component community (Poulin 1998). Sampling artifacts
can have serious effects on species richness estimates in
parasite communities.

The number of parasites recorded in a sample can be
highly correlated with the number of hosts examined, and
also with host size, population density, and geographic
range (Walther et al. 1995). Once controlling for sample
size, some of the relationships between host ecological
traits and parasite richness lose their significance (Gregory
1990; Walther et al. 1995). Besides controlling the effects
of uneven sampling effort, the nonparametric estimators of
species richness calculate the number of “rare” species
missed in the samples of hosts examined and add this
number to the observed species richness (Poulin 1998). In
other words, the simulation results of the nonparametric
methods “complete” the information about the species
composition in a parasite component community derived
from samples.

Another of the possible approaches is to estimate the
sample size needed to record all the species in a community
using traditional methods (e.g., McDonald et al. 1996).
Nevertheless, in studies conducted in protected areas with
strict regulations regarding the collection of animals and
plants and with restriction in the numbers of hosts that can
be killed, the minimum sample size required by the
traditional methods may be too large to be possible. This
is the case of Mar Chiquita coastal lagoon (Buenos Aires
province, Argentina), designated a Man and the Biosphere
Reserve by UNESCO.

Among the invertebrates inhabiting the lagoon, there are
two species of mollusks belonging to the family Cochlio-
pidae, Heleobia conexa (Gaillard 1974) and Heleobia
australis (d’Orbigny 1835). The larval digenean communi-
ties in both snail species have been studied exhaustively
from 1996 to the present, and these previous studies have
revealed that the two species of gastropods combined serve
as first intermediate hosts to at least 22 species of digeneans
(Etchegoin 1997, 2001; Merlo 2009). The larval digeneans
parasitizing the two species of mollusks present different
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seasonal patterns of presence/absence, related mainly to the
patterns of temporal and spatial distributions of definitive
hosts (Etchegoin 1997, 2001; Merlo 2009). To obtain a
complete overview of the diversity of larval digeneans in H.
conexa and H. australis, including digenean species present
throughout the year and seasonal species, an evaluation of
observed richness and sample sizes from previous studies in
both snail hosts is needed. For this reason, the purposes of
this study were:

1. To evaluate the nonparametric estimators of species
richness with real data, observing the behavior of each
method and its ability to estimate richness using
different subsample sizes;

2. To compare the estimated species richness with the
previously observed species richness in the parasite
component communities of H. conexa and H. australis;
and

3. To estimate the minimum sample size necessary to
detect all the observed species of larval digenean
component communities using the nonparametric
estimators.

Materials and methods
Study sites and sampling procedures

Data were obtained from a parasitological study dealing
with larval digenean communities in two snail species: H.
conexa (Gaillard 1974) and H. australis (d’Orbigny 1835;
Cochliopidae). The study was conducted during 1996 in
Mar Chiquita coastal lagoon, located in Buenos Aires
province (37°46' S, 57°27" W). The lagoon is divided into a
freshwater zone, characterized by continental water dis-
charge, and an estuarine zone which communicates with the
open sea, characterized by mixo-euryhaline waters and
great marine water influence (Reta et al. 2001). Two
different study sites were selected: “Juan y Juan” (fresh-
water zone) and Cangrejito channel (estuarine zone). A
total of 1,430 specimens of H. conexa and 1,353 specimens
of H. australis were collected seasonally in “Juan y Juan”
and in Cangrejito channel, respectively, from the reef-like
aggregates of the polychaete Ficopomatus enigmaticus
(Fauvel 1923; Serpulidae). The numbers of snails collected
seasonally in 1996 were: 346, 375, 328, and 381 during the
summer, autumn, winter, and spring, respectively, for H.
conexa and 360, 281, 314, and 398 during the summer,
autumn, winter, and spring, respectively, for H. australis. In
the study sites, random cores (15-cm diameterx 15-cm
depth) were taken and placed into plastic cups filled with
water from the lagoon for transportation. In the laboratory,
snails were removed from reefs and measured with a
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Vernier caliper (precision, 0.1 mm). Each snail was isolated
in a 45-ml plastic cup and exposed to a 100-W incandescent
lamp for 48 h to stimulate shedding of cercariae (patent
infections). Finally, all gastropods were dissected under a
stereomicroscope in order to detect the presence of
sporocysts, rediae and immature cercariae (pre-patent
infections; Curtis and Hubbard 1990). Shed -cercariae,
sporocysts, rediae, and immature cercariae were identified
according to Martorelli (1986, 1988, 1989, 1990, 1991),
Martorelli and Etchegoin (1996), and Etchegoin and
Martorelli (1997, 1998).

Data analysis

Data on absence/presence concerning the absence/presence
of cercariae in each snail host were grouped seasonally for
the two different study sites (and, consequently, for the two
species of snail hosts). For each data matrix, 100 random-
izations were generated using the software “EstimateS” ver.
8.2 (Colwell 2009). “EstimateS” was used to calculate the
mean species accumulation curve for each data set. Seven
nonparametric (NP) species richness estimators were
evaluated: Chao 1, Chao 2, the first- and second-order
Jackknife estimators (Jack 1 and Jack 2), the bootstrap
estimator (Boot), the abundance-based coverage estimator
(ACE), and the incidence-based coverage estimator (ICE).
For a detailed description of these estimators, see Colwell
(2009). The program also calculates the number of
observed species (Syps) Which is equivalent to the species
richness accumulation curve.

To evaluate the performance of NP richness estimators,
three indicators were used: bias, precision, and accuracy
(Hellman and Fowler 1999; Foggo et al. 2003; Walther and
Moore 2005; Schoeman et al. 2008). To quantify the
performance of the estimators, we compared the curves
generated by each estimator in the two study sites.

On the basis of these comparisons, we consider that in
the first 30% of the accumulation curves in Juan y Juan and
in the first 40% of the accumulation curves in Cangrejito
channel, the sampling effort required to achieve good
estimates is low. For this reason, we evaluated estimator
performance from the 30% and 40% of the curves,
respectively.

Bias indicates and quantifies the tendency of an
estimator to systematically overestimate or underestimate
the true species richness. Basically, bias indicates how close
is the mean of the estimates of species richness, derived
from the samples, to the true value of species richness
(Schoeman et al. 2008).

n

1
Bias = — Z (Si — Strue)

ne3

where St 15 the true species richness observed and S; (i=
1, 2,...n) are the measures of species richness estimated in
the n=100 randomizations.

Precision can be used to quantify the variance of the
estimates resulting from a given procedure. Precision
basically indicates how close repeated estimates are to one
another based on different species accumulations (Foggo et
al. 2003; Schoeman et al. 2008).

n
Precision = Variance = % Z (S — §)2

i=1
where S is the population mean of the species richness
estimates.

Accuracy indicates how close are the estimates of
species richness, made on the basis of many samples from
a population, to the true value of species richness. Being a
combination of bias and precision, accuracy could be
considered the most desirable property of an estimator
(Schoeman et al. 2008).

1 n
Accuracy = - Z (Si — Stme)” = Variance(S) + [Bias(S)]*

i=1

Although bias, precision, and accuracy are widely used
to assess the performance of species richness estimators,
Walther and Moore (2005) pointed out that comparisons
across communities containing different numbers of species
are invalid because the magnitude of these measures is
related to the number of species in the community under
study. These authors provided the following formulations
for bias, precision, and accuracy that correct for this scaling
effect, rendering measures from various sites more compa-
rable; these adjustments also provide results that are more
meaningful in terms of units, being either unitless or
expressed as a percentage:

1 n

Scaled Bias = SME = (Si — Strue)

Truell i—1

100+/Precision
S

Scaled Precision = CV =

Accuracy
S2

True

Scaled Accuracy = SMSE =

where SME is scaled mean error, CV is the coefficient of
variation, and SMSE is scaled mean square error.

To evaluate the performance of richness estimators, Melo
and Froehlich (2001) proposed four criteria considered by
the authors as more practical and realistic than bias,
precision, and accuracy when no subsample size is chosen
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two of the four season considered (spring and summer).
ACE and ICE were the least biased and most accurate in
autumn and were the most accurate in winter. In winter,
Jack 2 was the least biased, but also was the least accurate
(Table 3).

As observed in the larval digenean community of H.
conexa, the estimators ACE, ICE, Chao 1, Chao 2, Jack 1,
and Jack 2 tended to overestimate the observed richness
when the number of observed species increased. The
estimator Boot produced values of richness slightly higher
than the observed richness, but they were consistent for all
seasons (Table 3 and Fig. 2).

In reference to the three criteria proposed by Melo and
Froehlich (2001), in H. conexa, the Chao 2 and Jack 2
estimators had good performances in relation to the
constancy of minimum subsample size, followed by ACE,
ICE, Jack 1, and Boot, but Boot needed the biggest
sampling effort. The estimator that had the worst perfor-
mance was Chao 1, with high minimum sampling effort and
high variability (Table 4). Nevertheless, Boot presented the
best similar curve shapes with lack of erratic behavior
through the seasons, followed by Jack 1, Chao 1, and Chao
2. The estimators ACE, ICE, and Jack 2 did not have curve
shapes constant along all samples and showed some erratic
behavior (Fig. 1).

In H. australis, Jack 1 and Boot had good performances
in relation to the constancy of minimum subsample size,
and Jack 1 needed lower sampling effort than Boot. The
other estimators needed higher sampling effort and had
poor constancy (Table 5). Boot presented, as in the larval
digenean community of H. conexa, the best similar curve
shapes with lack of erratic behavior through the seasons,
followed by Jack 1, Chao 1, Chao 2, ACE, and ICE. The
estimator Jack 2 did not have constant curve shapes along
all samples and displayed some erratic behavior (Fig. 2).

Discussion

According to our results, the nonparametric bootstrap
estimator had the best overall performance in the two
larval digenean communities studied. Although bootstrap
needed large subsamples to estimate sample richness, this
estimator was in general the least biased and most
accurate, and it was the best estimator for two of the
three previously chosen criteria proposed by Melo and
Froehlich (2001). The Chao 1, Chao 2, and Jack 1
methods performed at intermediate level, whichever way
we evaluated their performance. The ACE, ICE, and Jack
2 estimators were in general the most biased and least
accurate and produced curves with erratic behavior.
Particularly, the ACE and ICE estimator had good
performance, regarding bias, accuracy, and minimum

Table 3 Performance evaluation of seven estimators using three indicators: bias, precision, and accuracy

Autumn

Summer

Spring

Winter

H. australis

S Bias S Precision S Accuracy S Bias S Precision S Accuracy S Bias S Precision S Accuracy S Bias S Precision S Accuracy

Estimator

0.0036
0.0057
0.0106
0.0107
0.0036
0.0356
0.1288
0.0201

6.0244
7.3784
5.7413
5.8236
6.0244
6.5251
8.4738
8.8248

—0.0057
0.0110

0.1511
0.0104
0.0370
0.0367
0.1405
0.0704
0.2388
0.0308

2.9162
9.2896
6.7304
6.7327
2.8706
7.7873
7.7883

0.3866
0.0347
0.1753
0.1744
0.3727
0.2469
0.4749

0.1997
0.0083
0.0139
0.0138
0.1995
0.0506
0.1527
0.0244

5.8490
8.6500
6.4698
6.4676
5.8538
7.3981
5.9374
9.9080

0.4389
0.0215
0.0945

0.0027
0.0037
0.0045
0.0045
0.0027
0.0187
0.0522
0.0067

3.0480
2.9245
4.3750
4.3750
3.0480
4.2805

—0.0432
0.0527

ACE

Bootstrap
Chao 1

—0.0884
—0.0888
—0.0057
0.1723
0.3405

—0.0524
—0.0524
—0.0432
0.1279
0.0309

0.0939
0.4386
0.2065

Chao 2
ICE

Jack 1

21.9480 0.3820

5.8643

Jack 2
Sobs

—0.1185

11.2899

—0.1465

—0.1303

—0.0606

The four sets of real data utilized in the simulation represent seasonal values of the presence/absence of the species included in the larval digenean community parasitizing H. australis
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Fig. 1 Larval digenean commu-
nity of H. conexa. Curves of
accumulation of observed spe-
cies and estimates for seasonal
samples. The total number of
species observed in each sample
is represented by the horizontal
line. Sy, number of observed
species

40 60 80 100

Estimates richness

40 60 80 100

Sobs
ACE

ICE
Chao 1
Chao 2
Jack 1
Jack 2
Bootstrap

Spring

+ ¢ O X » 0O ¢

sample size required, only when the number of observed
species was lower.

To our knowledge, only three studies have applied the
nonparametric estimators in studies of parasite diversity
and sampling effort (Poulin 1998; Walther and Morand
1998; Zelmer and Esch 1999). All these previous studies
were based on real and simulated data obtained from
vertebrate hosts (birds, mammals, and amphibians; for a
review, see Walther and Moore 2005). In consequence, the
present study is the first to estimate species richness of a

@ Springer

Percentage of sample

parasite community from invertebrate hosts. Our results
were consistent with those obtained by Poulin (1998) who
stated that the bootstrap estimator is the least likely to
provide a greatly inflated estimate and is thus more
conservative than either the Jackknife or Chao’s estima-
tors. Also, comparable patterns have been obtained by
Walther and Morand (1998) using real and simulated
parasite data. Nevertheless, further analyses of both real
and simulated data sets are required to establish the most
reliable estimators for a wide variety of ecological
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Table 4 Minimum sample size,

measured as percentage, re- H. conexa Sample size (%0) x SD

quired by the seven nonpara- ] -

metric methods to estimate the Winter Spring Summer Autumn

seasonal observed richness in

the larval digenean c()mmunjty Sobs 99.70 100.00 100.00 100.00 99.92 0.15

of H. conexa ACE 12.20 15.75 25.43 12.80 16.54 6.13
ICE 12.20 24.93 25.43 12.80 18.84 7.33
Chao 1 75.00 41.47 43.06 45.60 51.28 15.90
Chao 2 53.96 41.47 44.22 47.73 46.85 5.39
Jack 1 23.48 38.06 43.06 34.67 34.82 8.31

X mean of the four values Jack 2 13.72 22.05 27.75 20.53 21.01 5.77

corresponding to each season, Bootstrap 51.22 65.88 66.76 63.73 61.90 7.23

SD standard deviation

communities as this problem is far from resolved (Colwell
and Coddington 1994).

As mentioned earlier, in studies conducted in protected
areas or in geographical areas with restricted access, the
number of specimens that can be sampled represents a real
limitation for sampling effort. For this reason, species
richness estimators are needed to “complete” the informa-
tion derived from small samples. With respect to sampling
effort, some researchers have proposed different ways of
estimating the minimum sample size in ecological studies
of larval digenean communities parasitizing snail hosts
based on their previous experience with the snail-digenean
systems. For example, Lafferty et al. (1994) dissected snails
until they found a total of 100 that were infected, and
Huspeni et al. (2005) stated that 100 snails proved to be
good minimum sample size, sufficient to produce a small
variance when estimating prevalence.

To estimate the minimum sampling effort required to
reach a satisfactory level of completeness in a survey as
judged by the proportion of the species in the area that are
detected, species accumulation curves have also proven to
be useful (Moreno and Halffter 2000). Walther and Morand
(1998) proposed to stop sampling once the variance is <5%
of the estimated species richness. And Chazdon et al.
(1998) suggested sampling a representative community and
then selecting a sample size which incorporates a prede-

termined portion of the total species richness. In the present
study, we estimated the minimum sample size necessary to
include all observed species as a linear interpolation of the
crossover point where the estimators begin to overestimate
the true species richness. Similar criteria were used by
Poulin (1998), Hellman and Fowler (1999), and Melo and
Froehlich (2001).

In previous studies of the larval digenean communities
of Heleobia spp., we estimated that approximately 300
snails represented a good minimum sample size to estimate
species richness (Etchegoin 1997; Merlo 2009). This
estimation coincides with the results obtained here with
the bootstrap estimator (60%, approximately 300 snails).
These results would support the use of species richness
estimators as methods to calculate the minimum required
sample size in studies of diversity.

In the particular case of parasites, the use of species
richness estimators is advisable because their aggregated
distributions produce a concentration of parasites in few
host individuals and, in consequence, an underestimation of
the observed parasite diversity. In studies of diversity of
larval digenean communities in snail hosts, the spatial and
temporal distributions of the hosts involved in the complex
life cycles and the characteristics of the host’s habitat
(including biotic and abiotic factors) produce variations in
the diversity and in the structure of parasite communities

Table 5 Minimum sample size,

measured as percentage, re- H. australis ) Sample size (%) _

quired by the seven nonpara- Winter Spring Summer Autumn X SD

metric methods to estimate the

seasonal observed richness in Sobs 92.99 100.00 100.00 99.65 98.16 3.45

the larval digenean community ACE 96.18 23.37 21.35 60.99 50.47 35.51

of H. australis ICE 96.18 23.37 21.62 60.99 50.54 35.43
Chao 1 96.18 49.25 32.97 98.23 69.16 33.07
Chao 2 96.18 49.50 32.97 98.23 69.22 33.02
Jack 1 28.66 36.68 34.59 37.94 34.47 4.11

X mean of the four values Jack 2 71.00 23.37 21.89 19.86 34.03 24.69

corresponding to each season, Bootstrap 45.54 62.81 59.73 65.96 58.51 9.01

SD standard deviation
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(Fernandez and Esch 1991; Kuris and Lafferty 1994;
Etchegoin 1997, 2001; Kube et al. 2002; Fingerut et al.
2003; Huspeni et al. 2005; Poulin 2006; Rogowski and
Stockwell 2006; Faltynkova et al. 2008; Thieltges et al.
2008). Due to these variations in time and space, a sample
taken without considering such factors may not adequately
represent the diversity of the whole community. For this
reason, we strongly recommend the use of species richness
estimators in the early stages of investigation. Nevertheless,
while the bootstrap estimator proved to be the best for the
larval digenean communities of Heleobia spp., this result
cannot be generalized to other studies of diversity of
parasites. In each host—parasite system, the estimators
should be tested and analyzed in order to select the most
suitable for each particular study.
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